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ABSTRACT

In areas with rapidly changing loads of large magnitude, utility companies often
experience large deviationsin frequency and areacontrol error. |nadvertent tie-line power
flow also occurs. The purpose of this research is to examine the effects a large scale
energy storagedevice hason the system response to a rgpidly changing load. Two control
areas connected by atie-line are moddled and simulationsare performed to determinethe
response to astep changein load and dso to afive-stand rolling mill load. For each typeof
load, three cases are studied: no energy storagein the system, a superconducting magnetic
energy storage device in the system, and a battery energy storage device in the system.
Each case is analyzed and the improvementsin system operation for eech of the energy
storage devicesisdiscussed.




GHAPTER1
INTRODUCTION

1.1 Motivation and Scope

The main objective of utility companies isto provide enough energy to meet the
energy demanded. In doing this, they must concur with a set of environmental,
economic, and regulatory requirements. The energy should be provided at minimum cost
with minimum effect on the environment. System operation should meet al local, state,
and federal requirements, along with any contractual agreements. An effort should be
made to maximize safety for employees and customers and also to maximize power
quality.

There are many measures of quality in the operation of power systems. For
example, system reliability isan integral part of operating philosophies and procedures.
Environmental impact, area control error, and cost minimization are also important
parameters. One of the magor concerns of both producers and consumers of power, and
perhaps the most important measure of quality, is the maintenance of the proper system
frequency. System frequency isamajor indicator of the robustness of the system. The
above measures of quality are used in developing the control strategies for system
operation. Perhaps the most important of these controls is the automatic generation
control.

The minimization of both area control error and inadvertent tie-line power flow
and the maintenance of system Frequency are accomplished mainly through the use of

automatic generation control. Area control error isdefined as the required changein an




area's generation in order to restore frequency and net tie-line power flow to their desired
values [33]. Inadvertent tie-line power flow occurs when an area has either too much or
too little generation for itsload. In smple terms, when thereis too little generation, the
load is met by an import of power from other areason the tie-lines. Excess generation
creates an export of power to other areason the tie-lines.

Automatic generation control dictatesthe governor action at the generating plants
based on certain inputs (i.e. system frequency error). The power outputs of the
generating stationsare set so as to force the frequency error to zero. Due to the dynamic
nature of the loads on a power system, there is an ever present mismatch between
generation and load. Although usually small, this mismatch means that the frequency
error and the area control error are never forced to zero for an extended period of time.
With this fact in mind, the North American Electric Reliability Council (NERC) has
created guidelinesintended to keep area control errors near zero. These guidelinesareto
be followed by each of the utilitiesholding membershipin NERC.

In highly industrialized areas, there are often specia challenges in system
operation. Load swings on devices such as arc furnacesand rolling mills are often very
large and very rapid. Due to the relatively longer time constants involved in the boiler
operation, the power generated cannot meet the load instantaneoudly. Therefore, the
energy required is taken from the rotational kinetic energy of therotor, causing the rotor
to slow and the frequency error to rise. The frequency error and corresponding area
control error can be relatively large, often in violation of the NERC guidelines. A
possible solution to this problem is the use of a large-scale, fast-acting energy storage
device, which can meet the rapidly changing load instantaneoudly. This lessens the
impact on the generators, thereby reducing the area control error and the frequency error.

In this chapter, the NERC area control error guidelines are presented. The use of

energy storage devices on the power system is also presented. A general description of



automatic generation control systems and their implementation is provided. Also,

aternativetypes o energy storage devices will be discussed.

1.2 Reliahility Criteria

Due to the large number of interconnectionsin the power network as it exists
today, each utility company depends on the reliable operation of neighboring utility
companiesin order to maintain its own reliability. It isfor this reason that the North
American Electric Reliability Council has created control performance criteria which
apply to all North American utilities. These criteriaare intended to establish minimum
standards of control performance and provide a means for measuring the relative control
performancefor each control area[1]. The control performance criteria used by NERC
consist of two distinct measurements, A1 and A2. They apply under normal operating

conditions (no contingencies).

Al Criterion
The area control error (ACE) must cross zero within any ten-minute period.
A2 Criterion
The average ACE for each of the 6 ten-minute periodsduring the hour must be
within specified limits (Ld) that are determined from the control area's rate of

changeof demand [1].

These requirements are intended to keep system frequencies a desired levels,
minimizing area control error and time error. They are also intended to keep a utility

company from leaning on itstie-linesfor any extended period of time.



1.3 Automatic Generation Control

Automatic generation control (AGC) is the means by which frequency is kept to
schedule, generation is balanced with load, and the system is operated at an adequate
level of security and economy [8,25,26,33]. The purposeof AGC is to replace some of
the manual control operations necessary to change generation levels when thereis aload
changeor aftrip.of agenerating unit. Numerouspapersdelveinto the different aspects of
AGC and a brief listingisgivenin references[25-32].

Automatic generation control is essentially a multi-loop feedback controller [26].
It has evolved from the eras of manual and analog control to high speed digital control
schemes. Within the control scheme, severa inputs, such as tie-line power flows,
generation operating points, vave points, and frequency deviation, may be taken [26,29].
From this input, the operating levelsaof the generating stations are determined. Several
other factors are taken into consideration when determining the operating levels. The
type of plant is an important factor to consider when faced with fluctuating loads. For
example, large coal-fired plants and nuclear plants are not designed to change their
operating levels very often. Economics also plays an important role in the control
strategiesas the lowest possiblefuel cost isawaysdesired [25].

The operating levels of the generating stations are set by sending "raise" or
"lower" signalsto each of the plants. Theinputsfor the AGC system are usually received
at acentral system control center. Thisinput is processed and the operating levelsof the
individual plants are determined according to the criteriamentioned above. A raise or
lower pulse, or no pulse, is then sent to each of the generating stations indicating,
respectively, an increase, decrease, or maintenanceof the current generation level. The
pulse received a each station is used to set the governor, which regulates the power
output a that plant. The pulseistypicaly sent out every two seconds[30].




Unfortunately, the purposes of AGC are limited by the physical processes
involved. Generating stationsare not able to change their power outputs instantaneoudy
to meet alarge, rapidly changing load. Theinertiaof the rotating shaftsin the system are
the only energy storage devices in mogt power systems so the energy required
instantaneoudly is taken from there. Energy taken from the inertia of the rotating shafts
results in their deceleration and a consequent frequency error. The effectivenessof AGC
is aso limited by deadbands that are set throughout the system. For instance, in most
control areasin the United States, a frequency deviation of 0.2 Hz or more is necessary
before AGC is activated. This meansthat AGC hasalimited rolein decreasing theinitial
frequency swing associated with a large, rapid changein demand. Trying to maintain a
constant frequency or instantaneoudly reduce area control error to zero would be an
exercisein futility. Strategies which yield an acceptable area control error trend and an
acceptablerange of the unavoidable inadvertent tie-line power flows are preferred {25].

14 Energy Storagein Electric Utility Companies

The use of energy storage devices in the electric power system is not a new
concept. Thomas Edison used lead-acid batteries in his early electric power business
[2,20]. They were used to store energy during the daytime for use at night when the
generating stations were shut down. Ironicaly, the most common use of energy storage
devices in utility companies today is just the opposite. Energy is stored at night when
the cost islow for use during the day when the cost is high.

The need for energy storage in the power industry arises mainly due to the
variations in electric power demand. Electric power demand is constantly changing.
Rapidly changing loads can bring about problems with maintaining the desired system
frequency, large area control errors, and with inadvertent tie-line flow. Mog of the

variations are periodic, with periods ranging from a few seconds to a few months {31



Thadaily load cycle isadramatic example of the variation of electric power demand. A
typical weekly load curve is shown in Figure 1.1 [4]. The eectric power demand may
range from approximately 50% peek load at night to nearly 90% peak load during the
day. Thisdaily cycle presentsspecid chalengesin pesk shaving and load leveing.

Large coal-fued plants and nuclear plants are designed to meet the base-load
needs. These plantsare created to run for extended periodsof timeat maximum or near-
maximum power output. They are not designed to fluctuate in their power output as
demand changes and frequent cycling of the plants can greatly reduce ther life
expectancy. As demand rises above the base-load levd, it is met with older coal-fired
generation, gas-fired generating stations, hydroelectric units, and oil-fired units. These
types of plants are designed to better accommodate changes in their power output.
Unfortunately, these plants, which are used to meet intermediate and pesk loads, are
relatively expendve and lessefficient to operate [3].
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In the United States, load factors on base-load generating stations have been
declining in recent years, while peek demands have risen (5]. It isestimated that, on a




yearly basis, utility companies use only about 60% of their generating capacity [6].
Though some generation must ke in the form of power plants to meet intermediate and
pesk loads, a portion of it could bein the form of energy storage plants(3].

The magjor application of energy storage devicesin the power industry today is
the use of pumped-hydro stations for load leveling. Presently, about 38 pumped-hydro
stations are in operation or being planned in the United States. Thisrepresentsabout 3%
of the total generating capacity in the United States [7]. It has been estimated that
between 5% and 15%af the generating capacity in the United States could be in the form
of energy storage {3]. Figure 1.2 [4] shows arevised weekly load curve with a large

scale energy storage device on the system.
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Figure 12 Revised Weekly Load Curve with aLarge Scale
Energy Storage Device on the System

With the development of new technologies (i.e. battery energy storage,
superconductingmagnetic energy storage), the usefulnessaf energy storage devicesin the
power industry is increasing. Battery energy storage plants and superconducting

magnetic energy storage (SMES) plants with thyristor power converters provide




advantages that pumped hydro cannot offer. Thyristor control, combined with these
typesof storagedevices, alowsfor nearly instantaneous change from charge to discharge
modeor vice-versa. This createsa whole new set of applicationsfor energy storage on
the power system. Two of the major applications for this type of fast-acting energy
storage systems are frequency regulation and area control error correction. These
systems are capable of providing instantaneousreserve to meet rapidly changing loads.
The perturbations caused by these sudden changesin load are absorbed by the energy
storagedevice and not so much the kinetic energy of therotating shaft [8]. Therefore, the
effects on system frequency are lessened.

Some other applications of energy storagedeviceson the power system include;
reactive power compensation, voltage regulation, damping of subsynchronoup

oscillations, and providing black start capability [9].

15 Energy Storage Devices

The ability to store energy in large quantitieswould greetly effect the operating
practices and philosophies of electric utilities. Power demand could be met
instantaneously with stored energy and the system would rely less on strategies such as
automatic generation control or load prediction. Large generating stationscould berun at
their optimum output 24 hours a day, meeting base load during the day and providing
power, along with charging energy storage devices, a night. Pumped hydro plants havo
already proven their worthiness, with about 38 stationsexistingtoday [7].

New technologies have arisen providing more options to electric utiligy
companies in their use of energy storage devices. Superconducting magnetic energy
storage facilities and battery energy storagefacilitieswith thyristor controlled converters

are capable of providing instantaneous supply or demand of power. This can improve



power quality and improve system operation in terms of frequency maintenance,
reduction of areacontrol error, and inadvertent tie-line flow.

The following subsections discuss the proven technology of pumped
hydroelecmc storage and the largely experimental, but highly promising, technol ogies of
SMES and battery energy storage.

1.5.1 Pumped Hydroelecmc Energy Storage

Pumped hydro technology is the only truly proven technology available for
energy storage in the power industry. This technology dates back to 1879, when a unit
was put into operation in Zurich, Switzerland[10]. Thefirst pumped hydro unit installed
in the United States was the Rocky River unit for Connecticut Power and Light in the
year 1929 [11]. It was not until the early 1950's that pumped hydro became a widely
accepted means of meeting peak demands. This acceptance coincided with the
development of the reversible Francis pump-turbine. Today, there are over 150 plants
worldwide with a total installed capacity of about 100,000 MW. These plants range in
szefrom afew megawattsto over 2000 MW. In the United States, 38 plants account for
18,000 MW of capacity. Thisis 18% o worldwide pumped hydro capacity and 3% of
the total generating capacity of the United States[7].

A pumped hydro plant uses potentia energy as its means of energy storage. A
diagram of the North of Scotland Hydro-Electric Board, Crauchan Station is shown in
Figure 1.3 [4]. During pesk demand hours, the energy contained in the water falling from
the upper reservoir is converted into el ecmcity by the turbines. When the demand islow,
the water is pumped back up to the upper reservoir, thereby restoring its potential energy.

The main function of pumped hydro energy storage is that of load leveling. A
large-scale pumped hydro plant is capable of increasing demand during the night, while
in pumping mode, and meet pesk demand during theday, whilein generating mode. This
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resultsin arevised load curve like the curve shown previoudy in Figure 12 Depending
on the individual plant parameters, pumped hydro plants consume 13 - 14 kWh in
pumping for every 1 kWh generated [10].
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Figure 13 The North of Scotland Hydro-Electric Board, Crauchan Station

Some of the mgjor pumped hydro facilities in the United States include:
Northeast Utilities, 1000 MW Nonhfidd Mountain Plant in Massachusetts, Pacific Gas
and Electric Company, 1200 MW Hems Plant in Cdifornia; and Virginia Power, 2100
MW Bath County Plant in Virginia[10].

1.5.2 Superconducting Magnetic Energy Storage

Superconducting magnetic energy storage (SMES) is a relatively new
technology. An early peper by Femer [44) conddersthe use o alarge energy storage
cail for France[3]. In the United States, sudiesof SMES began in theearly 1970 at the
University of Wisconsn. Since that time, other groups have undertaken large-scale
feasibility and applicability studies of SMES. These groups include: Los Alamos
Setentific Laboratory, the United States Atomic Energy Commission, Bonneville Power
Adminigtration, and the Elecmc Power Reseerch I ndtituteamong others[3].
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The principles behind SVIES arerdatively sraightforward. A coiled wire, caled
a solenoid, carries current and generatesa magnetic fidd.  If the ends o the wire are
connected and there is no circuit resstance or sources, the resulting current does not
decay [14]. The state of no resstance is achieved by usng a superconducting wire.
Superconductivity is achieved by cooling certain materias (i.e. Niobium or Titanium) to
their critical temperatures and maintaining those temperatures. The literature on
superconductivity is very extensve with references[36 - 39] being representatived the
low temperature superconductivity phenomena and references [40 - 43] being
representatived the high temperaturetype. Superconductivity has two main advantages.
First, no hest is generated due to the lack of resistance, meaning large currents can be
carried with little degradation o the wre. Secondly, since their are no resistive losses,
the energy in the magneticfidd is maintained without the need for additiond energy [14].

An SMES facility would consist of several mgor subsystems: the
superconducting coil, a Helium refrigeration system, an AC/DC converter, a structural
support system, and accompanying control and protection systems|[2,15,16). The basic
componentsaf an SVIESfacility are shown in Figure 1.4 [8].

The transformersconvert the high voltageand low current of the power sysemto
the lower voltage and higher current required by the coil [3]). The AC/DC converter
changesthe dternating current from the power grid to direct current. The controller may
use severd inputsfrom bath the AC system and the SMES sysem. These inputsare used
to dictate the firing angle of the semiconductor-controlledconverter, which determines
the voltage across the inductor. The firing angle mey be changed rapidlx, dlowing an
SMES unit to change from full charge to full discharge on the order of tens of
milliseconds[3]. The voltage, shown as V{ in Figure 1.4, is postive when charging the
superconducting coil, negative for discharging, and zero for maintaining a constant

energy leve in the superconductingcoil. Thecurrent, 14, fluctuates between maximum
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current and some set minimum current. The large forces associated with the
electromagnetic field in the superconducting coil require a large and costly structural
support system for the SMESfacility. A Helium refrigeration unit is also a necessity ina
low temperature SMES system to remove heat generated in the coil and maintain
superconducting temperatures. The resistor shown in Figure 14 is the "dump" resistor.
When needed, it can be switched in series with the superconducting coil causing the
energy stored in thecoil to be dissipated as heat through the resistor.

Obviously, the two mgjor advantages of an SMES unit would be the fast reaction
timeof the AC/DC converter and the nearly lossless storagedevice. It has been estimated
that the efficiency of an SMES unit would be in the range of 92% to 95% [3,14,16]. The
losses would come in the AC/DC converter and in the power needed to run the
refrigeration system.

In February of 1983, an 8.4 kWh SMES demonstration unit with a 10 MW
converter was energized at the Tacoma substation of the Bonneville Power
Administration [12,13,17]. It was designed to damp the dominant power swing mode of
the Pacific AC Intertie [12]. The plant was the first major application of superconducting
technology in the utility industry. The plant ran intermittently for over a year and was
retired in March of 1984. Although in service for arelatively short time, tests on the
SMES unit provided valuable information on the control-law design, electrical
characteristicsof thedevice, and its effectivenessas a power system stabilizer[12,13].

The applications of an SMES unit within a power system are numerous. The
following applicationsare considered in this thesis: minimization of frequency deviation,
minimization of areacontrol error, and minimization of inadvertent tie-line power flow.
Other applications include: load leveling, peak shaving, damping of subsynchronous
oscillations, VAR control, spinning reserve, black start capability, and improvement of

system transient performance [14,18].
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1.5.3 Battery Energy Storage

Battery energy storage technology is nearly 200 yearsold. Alessandro Volta
developed the galvanic battery in the year 1800 [19]. Thomas Edison used Lead-acid
batteriesin his early power busnessto store energy during the daytime for use a night
{2,20]. It wasnot until thelate 1960's though thet large-scal e battery energy storage units
were serioudy consgdered for usein the eectric power industry in the United States.

A battery facility uses eectrochemica energy storage. The operation of abasic
Lead-acid battery isexplained by Anderson and Carr [21].

"Each cdl of acharged Lead-acid battery comprisesa positivee ectrodedt Lead

dioxideand a negativee ectroded sponge L ead, separated by amicroporous

materid. When these e ectrodesare immersed in an aqueous sulfuric acid
eectrolyte, contained in a plastic case, a nomina open circuit voltagedf 2 volts
iscreasted. When the circuit between the two el ectrodesis closed, the battery
dischargesits sored energy; the Lead dioxide on the poditiveelectrode is

red to Leed oxide, which reacts with sulfuric acid toform leed sulfate; and

the sponge Lead on the negatived ectrodeis oxidized to lead ions that react wth

sulfuric acid to form Lead sulfate. In thisway, chemica energy stored in the
baitery isconverted to dectrica energy.”

A block diagram of a battery energy storagefacility isshownin Figure 15 [2]. It
conggts of several mgor subsystems, including: AC/DC converter, battery subsystem,
and thecontrol and protection circuitry.

The transformer converts the low current and high voltage of the AC system to a
higher current and lower voltage more suitable for battery operation. The AC/DC
converter is a semiconductor-controlleddevice, which changes the aternating current to
direct current. The control system tekes inputsfrom both the battery system and the AC
sysem. From theseinputs, thefiring angleof the AG/DC converter is determined. The
firing angle dictates the voltage across the terminals of the battery subsysem. The
battery subsystem usudly conssts o a large number of cellsin some pardld of series
configuration. The series connections st the voltage df the battery subsystem, ‘whilethe

parallel connections are used to increase the storage capecity. If the AC/DC converter




voltage is set greater than the voltage of the batteries, the batteries will be charged. If the
converter voltage is set lower than the voltage of the batteries, the batteries discharge.

As in SMES systems, battery energy storage systems alow for amost
instantaneous reversal of power flow. Although their efficiency is not as high as an
SMES system, it is dill relatively good. Efficiencies have been estimated up to 84%
[22].

The applications of a battery energy storage unit on the power system are
numerous and well documented. This thesis focuses on applicationsin the areas of
minimization of frequency deviation, minimization of area control error, and
minimization of inadvertent tie-line power flow. Other applications include: load
leveling, peak shaving, instantaneous reserve, voltage regulation, damping of
subsynchronousoscillations, providing black start capabilities, and improvement of base-
load efficiencies[2,5,9,23,24].

There are severa mgjor battery energy storage facilities at this time. Southern
Cdlifornia Edison uses its Chino 10 MW, 51.2 MWh demonstration plant for load
leveling. In Berlin, al17 MW, 14.4 MWh battery energy storagefacility has been used
since 1987 to regulate frequency [2]. Between 1992 and 1995, the Puerto Rico Electric
Power Authority is scheduled to install over 100 MW of battery energy storage capacity
[21]. These examples, dong with several others, point out the feasibility and growing

importanceof battery energy storagefacilitiesfor utility usage.
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CHAPTER 2
SYSTEM MODELING

21 Overal Modd

In order to determine the effect of an energy storage device on a power system,
it is necessary to devise a modd for the system and use this model to smulate system
operation. This section steps through the derivation of the different components of the
overal sysem modd. The objectiveistoformulate an overal modd of a power system

on automatic generation control.

2.1.1 Dynamic System Modd

The dynamic modd of the rotating mass in a power system essentially relates the
frequency of the system and the net power in the system. It is hecessary to assume that
within a specified control areg, the ties are strong enough to dlow a single frequency to
characterize the entire area {27]. Following a disturbance AP4, the net surplus of power
in the area will be APg - AP MW, where Py is the generated power and Py s the demand
power. This power mismatch is absorbed by the system in three ways: thefirst way is by
increasing (or decreasing) the area kinetic energy. The rate of change of the kinetic
energy isgiven by [27]

- 2
gt_wkin {wkm‘{_) :l
f 2.1)
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= i W;in 1+2A_£
f 2.2)
f (2.3)

where Wyip is the system tota kinetic energy, Wiin is the rated kinetic enagy o the
system (i.e. & rated frequency),f is the areafrequency, and £* is the rated frequency (60
Hz).

A second way the power migmatch is absorbed by the systemis by increased(ar
decreased) load consumption.  Since motor loads are a major part of the tota demand,
their change in load due to change in frequency must be modded [33]. The rdationship
ischaracterized by acongant D, where

AP] = DAf. (2.4)

The third means of absorbing the changing load in the sysemis by varying the
export of power over the tie-lines by an amount APgje.
Therefore, an overall equation can be used to describe the system response
following a disturbanceAPq [27]

f* (2.5)

Dividing by Py, the totd rated power in the specified areg, the AP terms are writtenin per
unit and the equation becomes
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APg - AP; - APy = 2?1 -gt{Af)- D(Af).

where H istheinertia constant in seconds. Taking the Laplace transform, 0
Af5)= 1 BrARys) - APYs)- APucls] on
The block diagram form is shown in Figure 2.1 where
Ko= ad TIPS z(fqu )‘(2.3) -(29)

Af

Figure2.1 Block Diagramadf the Dynamic Sysem Modd

2.1.2 Governor Modd
The governor is a device which adjusts the input vave that controls the seam
flow to the prime mover. The governor control action is usudly set by the sysem

frequency. The governor action increasesor decreases the mechanica power output to
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restore the system frequencyto itsdesred value. The block diagram of a governor modd
is given in Figure22. Theload reference input dlows the governor characteritic to be
set to give reference frequency at any desired unit output [33]. The value of RI
determinesthe change in the generating unit output for a given change in frequency. The
time constant Tg represents the delays inherent in the opening or closing of the vave.
The output, APyalve, determines the setting of the mechanica power output of the prime

mover.

Af

¢

1

R4
+ 1
load reference ———g Z — AP, ive
1487

Figure2.2 Block Diagramd the Governor Modd

213 Steam Turbine Sysem Modd

Steamn turbine sysem modds vary widdy depending on thet ype of system (i.e.
single reheat, double reheat) and the amount of detail desired. A common smplified
modd used to represent asteam system with rehest turbinesis shown in Figure 2.3.

The input to the system is APyalve, Which represents the openingor closing of
the governor-controlled valves. The time constants Ty and Ty are representative of the
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delaysintroduced by the seam chest, inlet piping, reheaters, and crossover piping [34].
Theoutput, APg, is the mechanica power output of the turbine. Thisisalso assumed to
be the eectrical generator outpui.

1+sKgTp

valve

(148T5) (14sTy)

Fgure 2.3 Block Diagram o the Steam Turbine System

2.1.4 Tie-LineModd
Usng the DC load flow method [33], the power flow between two aress acrossa
tielineisexpressed as

P, =1 (8, -6,
t iﬁj‘ 2) 2.9)

where Ptie is the power flowing from area 1 to area 2, Xtie is the impedence of thetie-
ling, and ©1 and % are the phase angles of the respective aress. If a disturbance is
applied, the equation becomes

Piic + APy = 'XJL;[(GI +46,)-(8, + 46, (2.10)
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X0 - 82+ it-:(Ae‘ -48,) @2.11)

Then

APy, = -1(A8, - A8,).
te i{j 1-48,) 2.12)

The difference of the changein the anglesis found by integrating the difference d the
changein frequencies. The new equation becomes

APye(s) = N2 Afy(s) - Afyfs)). .13)

If the two systems have different power ratingsand if Equation (2.13) isexpressed in per-
unit on adistinctive control area base, a constant must be¢ included to account for these
distinct bases The block diagram for the tie-line power flow isshown in Figure24. The
term a1?2 isdefined by the power ratingsof the two sysems

-P
APgc2 = PLed'lAPtie.l

rated.2 2.19)

a2 = -P rated,1
Prated 2 (2.15)
APyge = ayg(APyge,1 ). (2.16)

2.1.5 Automatic Generation Control Modd

Automatic generation control (AGC) is the control system whose mgor function
on the power system is to match generated power with demand. There are numerous
factors which could contribute to the AGC configuration. These include: reducing the
static frequency error following a step change in load; keeping the time error within
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certain maximum and minimum values; maintaining the correct value of interchange
power between control areas; reducing the area control error to zero in the steady state
[25,27,33].

The selected control scheme was one in which each areacontrol error isdriven to

zeroin the steady state. The areacontrol error isdefined as

ACE = -B{(Af) - APye (2.17)

where By isthefrequency biasfactor, af1 is thefrequency deviation in the specified area,
and AP¢e is the change in tie-line power flowing into the area. In order to reduce the
ACE to zeroin the Seady state, the ACE is integrated and the resultingsignal is used as
the load reference signal to the governor. This signal input can be seen in Figure 2.2,

Idedlly, this sets the unit output so as to force the ACE to zero. A block diagram of the

automatic generation control logic is shown in Figure2.5.

Af,
APtie,l +
2xpixT
AP tie,2 a2 |- 12 — Z
]

Figure2.4 Block Diagramof theTie-Line Power How



Af

-K
- " load reference

Figure25 Automatic Generation Control Logic

2.1.6 Load Modd

Two different load models were ussd in the sudies. Thefirs modd isasmple
step changein load of 0.025 p.u.. and it isshown in Figure 2.6. Thisload was gpplied to
the system in order to observe the sysem response to arapid changein load. The second
load models a 5-stand rolling mill with a maximum change in load of 0.025 p.u.. This
type of load is common in the stedl industry. The modd, shown in Figure 2.7, is basd
on the strip chart recording of thered power demand of an actua 5-stand rolling mill.

2.1 Overdl Modd

The models of the different parts of the power system are brought together to
form the overall modd. Thisoverall modd is a model of two different control areas
connected by atie-llineand it is usad in the smulationsdescribed in thisthess. Areal



has 1000 MW of generating capacity and thisis used asa per unit basein thisarea. Area
2 has 3000 MW of generating capacity and its per unit terms are on a 3000 MW base. A
block diagram of the overall model is shown in Figure 2.8. The values for the constants

in the overall model areshown in Table 2.1.

.023000 1

JIE’IBJ’S'J
.018750
.015625+

012500 <

load . (p.u.>

.009375 1
0062350 4

003123 -1

0.00000 T Tr——
1.9

.00 .63 1.3 E.'S 3;1 3.'8 ‘0."! 5.'0

time.¢seconds> ¢x101)»

Figure 26 Step Changein Load
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Table21 Vduesd Congantsin the Overdl System Modd

28

Constant Units Value
Pri MW 1000
Pr2 MW 3000

Kp!l, Kp2 | Hz/p.u. MW 100

Tpl, Tp2 seconds 20

Tgl, Tg2 seconds 0.08

Tt Tt2 seconds 0.3

Krl, Kr2 0.5

Tri1, Tr2 seconds 10

R1, R2 Hz/p.u. MW 2.4
B1, B2 0.425
T12 0.0866
al2 -0.333
Kil, Ki2 |Hz/p.u. ACE 0.3
2.2 Energy Storage System Modds

In order to Smulate the effect d an energy storage device on a power system, it
is necessxy to devise amodd for the energy storage device and incorporate this modd
into the overall system modd shown in Figure 2.8. All of the energy storage devices
discussed in this thesis use an AC/DC converters as the interface between the energy
storage device and the electric power system. A typica configurationis a cascaded
bridge converter. The thyristorsin the converter are controlled by a firing circuit. The
firing circuit sends pulses to the thyristors, causing them to conduct. The pulseis sent a
a specific time during the 16.67 millisecond cycle. This is done to keep the average
voltage across the converter DC terminds at the desired leve [3]. The firing angle,
which can vary over arange o 0 to 180 degrees, determines the value of the average
voltage across the DC terminalsof the converter. Thisaverage voltageis given by the
equation

—
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V4 =V cosa (2.18)

where ais the firing angle and Vg is the maximum value o the average voltage. By
changing the firing angle, the average voltage across the energy storage device can be
changed the from maximum positive vaue to the maximum negative value within afew
milliseconds. Since the voltage across the energy storage device dictates the direction
and magnitude of the power flow, the device can go from maximum charge to maximum
discharge nearly instantaneoudly.

In the energy storage system models, the voltage across the converter is a

function of the frequency deviation. The Laplace transform of the equation [8] is

K
AV, = 0 _A
ds) =157 A%) 2.19)

where AV{ is the change in voltage across the energy storage device and Af is the
frequency deviation. The constants are Ko = 30 kV/Hz and Td = 0.026 seconds. The
voltageis set s0 that when the frequency deviation is negative, the change in the average
voltage across the energy storagedevice is negative. Therefore, the average voltage, Vd,
decreases and the device discharges. When the frequency deviation is positive, the
change in the average voltage across the energy storage deviceis positive, the average
voltage increases, and the device charges. In order to avoid operation of the energy
storage device in responseto small frequency deviations, adeadband of £ 0,005 Hz was

set. The new overall system modd with the energy storage device in place is shown in

Figure 2.9. The output of the energy storage device, APd, is the charge or discharge

power.
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2.2.1 Superconducting Magnetic Energy Storage Model

A diagram of a superconducting magnetic energy storage (SMES) unit is shown
in Figure 1.4.

As shown in Equation (2.19), the voltage across the superconducting coil is
continuously controlled by the frequency deviation (unless the frequency deviation lies
within the £0.005 Hz deadband). A rapid increase in load causes the area frequency to
drop. Subsequently, the voltage across the inductor becomes negative and it discharges.

Theact of discharging causestheinductor current todrop. The equation

_19dly
Va=Lg (2.20)

applies. By taking the Laplace transform of the relaxed system and rearranging, the
equation becomes

Alds) = (EIL')AV" 2.21)

whereAlq isthe deviation in inductor current, L is the inductanceof the coil, andAVd is
the deviation in the average voltage across the superconducting coil given by Equation
(2.19). Theequationsfor the voltage across the DC terminals of the converter, V4, and

the current in the superconducting coil, 14, are

Vg =Vg+AV, 2.22)
and =14+ Al (2.23)

The charging or discharging power is given by

P=V 4l (2.24)



The parametersof the SMES unit were based on typical parameters found in
references(3, 8, 12]. TheSMES unitistypicaly alow voltage, high currentdevice. The
upper and lower limits on the converter voltage were chosen as 500 volts and -500 volts
respectively. The maximum power output of thisenergy storage deviceis chosen to best
match the type of loads on the system. In this study, the maximum power during charge
or dischargeis25MW. For the maximum desired power, the maximum current isfound

using theequation

Pmax=VmaxImax- (2.25)

The maximum current is found to be 50 kA. In practice, the inductor current, I4, should
not be allowed to reach zero. This prevents the possibility of discontinuous conductionin
the case of a large disturbance [8]. A lower limit of 30% of I4o, which is the rated
conductor current, was chosen. An upper limit on the conductor current must also be
chosen. It is chosen such that the maximum alowable energy absorption is equal to the
maximum allowableenergy discharge. Using theequal energy charge/discharge criterion
[8] and knowing that the minimum inductor current is 0.3 Ido, the maximum inductor
current is found to be 1.38 Igo. For the SMES system, Ido ischosen as 36 kA. The
maximumcurrent is then 50 kA and the minimum currentis 10.8 kA.

The application of this energy storage device for frequency control does not
require alarge amount of energy storage capacity. A maximum storage capacity of 2
MWh is sufficient to supply frequency control for loads such as the, rolling mill load
shown in Figure 2.7. Based on the maximum amount of energy storage capacity required
and the maximum current in the inductor, the inductance of the superconducting coil is

found. Theequationis
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=1 2
wmax 2 L(Imax) (2.26)

and theinductance, L, is5.76 H.

The limits set on the SMES unit effect the energy storage device operation.
When the frequency is within the £0.005 Hz deadband, the voltage across the inductor is
set to zero and the deviceis neither charging nor discharging. In this mode, the energy
stored in the magnetic field remains constant because the superconducting coil has zero
resstance. If thecurrent, 14, reaches the maximum value, the voltage acrossthe inductor,
Vd, is set to zero until the frequency deviation is negative once again. Thereupon, the
deviation of the voltage, AV{, isonce again dependent on the frequency deviation. If the
current, |d, reaches the minimum allowable current, the voltage across the inductor, Vd,
is set to zero until the frequency deviation is positive again. At this point, the device
resumes normal operation. If the voltage, V{, reachesits maximum positive (or negative)
value, it is not alowed to increase (or decrease) beyond that value.

The"round-trip" efficiency of thedeviceis 95%. The losses, which occur in the

converter, are modelled by setting the discharge power to

P4 =0.95(Valy), (2.27)

2.2.2 Battery Energy Storage Modd

A diagram of a battery energy storage unit is shown in Figure 1.5. The battery
energy storage unit is somewhat different in its operation than the SMES unit. In the
SMES unit, the current is unidirectional and varies between some minimum and
maximum positive values. The voltage acrossthe converter isaso the voltage across the
superconducting coil and this voltage is positive or negative depending on whether the

device is charging or discharging. In contrast, the voltage across the batteriesis aways
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postiveand is not equa to the voltage across the converter. The current is bidirectiona
and its direction depends on whether the unit is charging or discharging. The battery
sydemisactudly aset o 25 series connected smngsof batteries connected in pardld to
acommon DC bus. The voltagedt the battery unitsis afunction of their Sate of charge.
At full charge, the batteries are & thelr maximum voltage level, which decrease as the
datedof charged the batteriesdecreases.

As given in Equation (2.19), the voltage of the converter is afunction of the
frequency (if it lies outside the £0.005 Hz deadband). A drop in area frequency caused
by arapid increase in load causes the voltage across the converter to drop.  As this
voltage, Vd, drops bdow the voltage of the betteries, Vp, current flowsout of the battery
system and the unit discharges. The equation determining the current flowing in eech of
thestringsdf batteriesisgiven by

la= y%/h (2.26)
where R is theinterna resstanceof the bettery system, V{ is the average voltage across
the converter, and Vy is the voltage across the battery sysem. As current flowsintoor
out of the battery system, its state of charge changes. T he equation determining change
in theenergy stored in the overd| bettery systemis

AW =25 j Vi(t) I{t) dt}.

to

(2.27)

The factor of 25 is present because the current Ig represents the current flowing in each of

the 25 gringsdf batteries, whileAW representsthe changein the overdl energy stored.
The parameters o the battery energy storage unit are based on the systems

described in references (22, 23, 25]. As in the SMES system, the maximum
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charge/discharge power and the energy storage capabilitiesare tailored tofit theload. In
this case, the maximum charge/discharge power is 30 MW and the maximum energy
storage capability is 7200 MWs (2 MWh).

The voltage level d the common DC bus is determined by the sum of the
voltages  the batteriesin the pardld strings. These are typicdly low voltage devices
with very low interna resistances (on the order of afraction of an ohm) [22, 35]. Each
string of batterieson the common busin the battery system is moddled with an internd
resstance of 1.48 ohms (total) and a voltage which varies between 1020 volts and 1200
volts  As mentioned before, the voltage across the batteriesis a function of the Sate of
charge. In actud batteries, the voltage characteristic resembles a function that is the
square root of the energy stored [35]. In this thesis, the voltage characteristic is
gpproximated as alinear function of the energy stored, W. The minimum voltage across
the batteries occurs & the minimum energy storage limit of the system. This minimum
voltageis set to 85%of the maximum beattery voltage. Between the minimum alowable
energy stored and 83% of the maximum alowable energy stored, the voltage is alinear
function of the stored energy, W, and rises from 85% of maximum voltage to full

maximum voltage. Above 83% of the maximum alowable energy stored, the voltage
across the batteries, Vp, isset toitsmaximum vaue. Theequationfor Vp isgiven as

Vp=0.031414W *+ 1019.058 30 MWs 5\W < 6030 MWs
Vp=1200V W16030 MWs (2.28)

Note that in gpplication, two converter bridges an used (one for charging and one for
discharging) in order to accomodate the reversa of current. The voltage across the DC
terminasof the converter in the smulation, V4, is dlowed to vary between 2500 volts
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(charge) and -280 volts (discharge). This limits the maximum current per string of
batteries t0 1000 A. The equationfor Vg isgiven by

Va=V4+AVq (2.29)

where AV4 is given in Equation (2.19). The charge/discharge power of the battery

systemisgiven by
Py=Vilg (2.30)

As in the SMES unit, the constraints effect the battery energy storage unit
operation. \When the frequency deviation is within the deadband, the voltage of the
converter, V4, isset equa to the voltage of the battery system Vp. With the voltages
equal, no current flows in the circuit and no power is transferred, If the energy stored
roaches its maximum value, only energy dischargeis alowed and if the energy stored
reaches the minimum value, only charging isdlowed. Finally, if the current flowing out
d the batteries, 14, reaches maximum vaue and the device continues to discharge, the
voltage Of the converter iSset so that the current does not exceed this maximum value.
Similarly, if the current flowing into the batteries reaches its maximum value and the
device continues to charge, the voltage of the converter is set S0 that the current does ned
exceed thismaximum value.

The "round trip" efficiency of the battery energy storage system is 81%. The
fosses are accounted for in the energy stored and the discharge power. The model is
revised such that during charge the AW is only 90% of the lossless change in energy
shown in Equation (2.27). Also, during discharge, the discharge power isonly $0% o
the discharge power given by Equation (2.30).

—
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CHAPTER 3
SYSTEM RESPONSE TO RAPIDLY CHANGING LOADS

3.1 Smulation of the System Response

Congder again an interconnected power system containing two control aress. A
block diagram of the two control aress and the tie-line connecting them is shown in
Figure 2.8 and the derivation of the equationsdf the syssemisdescribedin Chepter 2. An
analysisof the system is accomplished using the forward Euler method to approximate
the derivatives in the sysem equations. Thus, a set of linear difference equations
describe the system. An example of this method is shown using Equation (2.7) which
describes the relationship between frequency deviation and net power in the system.
Equation (2.7) is repested for convenience,

Af(s) = l—f-&,;{APg(s): APj(s) - APygc(S)]-

3.1
Rearranging the terms,
Af(s)(1 + sTp} =K, [APg(s) - AP,(S)F.‘ APgqs)] 52
aﬂ N
safs)= K2 [APg(s) - AP;(;) - APge(s)] - Af(s)
P (3.3)

Thisequation can be transformed to the time domain where
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d
s o 34
Equation (3.3) becomes
4 [Af1)] = Kp [APg(t) - APy(1) - APye(t)] - Af{1)
a T (3.5)
Theforward Euler gpproximationis
dx . Xt +dt)-x(1)
dt dt ' (3.6)
Using the forward Euler method, Equation (3.5) isapproximated as
fit+ ) - ) Kp[APg(t) - APY1) - APeio(t)] - Afft)
o P 3.7)
Findly,
e+ dty= ot Kp [APg(t) - APy(t) - APe(t)] - Af{8)] + 0
Tp J 3.8)

Similar transformations were performed in order to determine the equations for
the rest o the system parametersin the timedomain. Theselinear differenceequations
were then usad to perform thesmulaion. The time step, dt, is0.001 seconds.



32 Syst emResponse to Changing Loads

In thisthess, the system response is analyzed for two different types Of load
inputs. Thesetwo load inputsare the step changein load, shown in Figure 26, and the S
gand rolling mill load, shown in Figure 27. Fr each of these types of loads, three
separ at e Smulationswen performed. Thefirst simulation iSthe Bas¢ case with I'D energy
storage device present in the system. The second smulation is the cart where a
superconducting magnetic energy Storage deviceiSpresent in area 1.df the system. The
third Smulationisonein which a battery energy storage system is present in area 1 of the
system.

Chapter 4 containsthe anadysisdf the sysem response far t he step changein load
input. The bast caseis analyzed in section 4.2; the SMES case in section 4.3, and the
battery energy storage case in section 4.4. Comparisonsare also mads between the
different cases.

Chapter § containstheanalysisdf the sysemresponse {0 ¢ S-stand rollinig mill
load input. The bease case isandyzed in section 52, the SMES case in section 3.3; the
battery ener gy storage case in section 54. Inthis chapter, acomparison is made between
the different cases also.

Due to the large number of plots that arise framthe following simulations, a
tdble has bean included to smplify the search for specific plots. Table 31 isthe man
index and givesreferenceparticular figures for each goecific case,




Table 3.1 Qunmary o Cases Sud ed

Case Load Energy Figure

Type Storage Numbers

| Step None 41 -4.7
Load

2 Step SMES 4.8-4.17
Load

3 Step Battery | 4.18 - 429
Load

4 Rolling None: 51-57
Mill

5 Rolling SMES 58-517
Mill

6. Rolling Battery [5.18-'529
Mill
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CHAPTER 4
ANALYSISOFTHE SYSTEM RESPONSE TO A STEP CHANGE ITILOAD

41 Introduction
In order to providea basic comparison between the different cases srudied in this
thesis, the first analysis involved a smple step change in load, shown in Figure 26, in
area 1 and nochangein load in arca2 of the sysem. The thres cases studied for thisload
are: the base case Vith no energy storage device present, the case \ith an SMES device
present in area 1, and the case with a battery energy storage device presentin arsa 1 The
parameters of theseenergy storage devicesarc outlined in Chapter 2
For each of the three cases, the following plots were made:
 frequency ih area |
* frequency in area 2
* tie-linepower flow
*ACEin area 1
*ACEinarea 2
« change in generated power in aea l
» change in generated powerin ares 2.
Measurementswere aso taken to help determine system performance. For each
case, th¢ following measurements were taken:
 minimum and maximum frequency in area 1
e minimum and maximum frequency iN area 2

e minimum and maximum ACE in area 1
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e minimum and maximum ACE in area 2

« maximum tie-lineflow into area 1

« maximum tie-lineflow out of area 1

« tota energy imported to area 1 across the tie-line

« total energy exported from area 1 across the tie-line

* net energy acrossthetie-line.
These measurements were used to compare system performance with and without an
energy storage device. These measurements are important as far as determining the

robustnessof the system and the effect of one area'soperation on a neighboring area.

4.2 Case 1: Step Changein Load with No Energy Storage Device

Case 1 is the system response to a step change in load in area 1 with no energy
storage device present in the system. The step load is applied at t = 5 seconds and the
simulation is run for 89.5 seconds. The plots mentioned above (frequency, tie-line
power, ACE, change in generated power) are shown in Figures4.1 - 4.7. The system
measurements mentioned above (i.e. maximum freguencies, minimum frequencies,
maximum ACE, etc.) are shown in Table4.1.

The following observations can be made about the system response:

 The frequency in area 1 begins its descent simultaneous with the load being
applied. It reaches a minimum of 59.9414 Hertz and beginsto riseagain asthe demand is
met by increased generation and power flowing in acrossthe tie-line (the negativetie-line
power flow shown in Figure 4.3 indicates power flowing from area 2 to area 1). The
frequency overshootsthe desired value of 60 Hertz due to the fact that the tie-line power
and the rapid rise in generated power due to the large frequency error have exceeded the

power demand. The area 1 frequency arrives a amaximum vaue of 60.0131 Hertz and
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Table 4.1 System Performance M easur ements- (Step Load - No Energy Storage)
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dowly oscillatesback to 60 Hertz as the power generated in area 1 increases 0 mest the
lodad and the tie-lineflow decrease to zero.

* The large and rapid increase in tie-lineflow from area 2 to area 1 iSessentially
the same as a large increase in load being applied to area 2 Therefore, area 2 aiso
experiences a drop in frequency to 59.9673 Hertz, dthough somewhat delayed with
respect to the gpplication of theload in areal. The changein generated power in area 2
increases as the frequency dropsdue to the tie-line power flow. Asthedemand iSmet in
area 1 by area 1 generation, the tie-line flow decreasesand the generated power in area 2
goes back toitsorigina vaue.

 The shaped the ACE in area 2, shown in Figure4.5, isinteresting. Asthe tie«
line flow out of area 2 increases with the gpplication of the load in area 1, the ACE in
area 2 decreases dightly. Asmentioned above, thechangein frequency in area 2 lagsihw
tie-line power flow dightly so when the frequency in area 2 dropsrapidly due to the tie-
line flow, the ACE in area 2 rises to its positive maximum rapidly. As the te-line flow
decreases and the frequency in area 2 increases, the ACE increases to a pogdtive value

onceagan.

4.3 Casz 2 Step Changein Load with an SVIES Devicein Area t

Case 2 is the sysem response to a step change in load in area 1 with an SMES
device present in area 1. Theimportant parametersin the operation of the SVES device
are plotted. Theseare: the voltage of the converter, which isaso the voltage across the
superconducting coil (Vg4); the current in the superconducting coil (Iy); and the power

output of the device (Pg). These plots are shown in Figures 4.8 - 410. The plots
mentioned above (frequency, tie-linepower, ACE, changein generated power) ars showh
in Figures4.11-4.17. In thesefigures, the base case data are superimposed on t he SMES

case data. This dlows for a visud comparison of the different system outputs and
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smplifiesanalysis. In each plot, the solid line represents the system output for the case
with the SMES present and the dashed line represents the same system output for the base
case. The system measurements mentioned above (i.e maximum/minimum frequencies,
etc.) are shown in Table4.2 dong with the system measurementsfor the base case.

The following observations can be made about the response of the SMES device
to the step change in load:

« The voltage, Vd, drops to its negative maximum vaue amost instantaneoudy
in responseto the rapid drop in frequency in area 1 with the application of the step load.
As the frequency increases back to its Seady state value of 60 Hertz, the voltage and the
power output of the SMES device decreases. The spikesin the converter voltage and the
power output are evident in Figures4.8 and 4.10. This occurs as aresult of the SMES
device having adeadband of $0.005 Hertz. As the area 1 frequency exceeds the valueof
59.995 Hertz, the voltage and the power output of the SMES device go to zero as this
frequency is within the deadband. As this power goesto zero, the power produced in area
1 no longer equals the power demand and the frequency drops again. This occurs
because the time constantsin the turbine-generator system are much dower than thosein
the SMES device, so the rapid initial increase in frequency back towardsits steedy state
value is due largely in pan to the power produced by the SMES device and not because
thereisamore rgpid increasein power generated. As stated above, the subsequent power
mismatch occuring at the 59.995 Hertz limit of the deadband as the output power of the
SMES device goes to zero results in adrop in frequency. Thisdrop in frequency causes
the convener to discharge again. These spikes in voltage and power output of the
converter continue to occur until a point where the generated power in area 1 and the
power flowing into area 1 acrossthe tie-lineis sufficient to keep the frequency in area 1
a 59.995 Hertz. Again, thistimeis limited by the dower time constants present in the

turbine-generators.
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Table 4.2 System Performance Measurements - (Step Load - SMES Device)

Parameter Base Case SMES Case
max f1 60.01309Hz | 60.0032 Hz
min f1 59.9414 Hz 59.9782 Hz
max f2 60.0035 Hz 60.0013 Hz
min 2 59.9673 Hz 59.9868 Hz

max ACE1 | 0.043378 p.u. | 0.015349 p.u.

min ACE1 | -0.001904 p.u.| -0.001578 p.u.

max ACE2 | 0.008694 p.u. | 0.002774 p.u.

min ACE2 { -0.003370 p.u.| -0,001297 p.u.

max Piein | -0.02563 p.u. | -0.00936 p.u.

max Ptie out | 0.001529 p.u. | 0.001337 p.u.

Witie import | -409.51 MWs | -399.57 MWs

Wite export | 98.1249 MWs | 88.814 MWs
Wtie net -311.40 MWs | -310.769 MWs

94

* By observing Figure 4.9, it is evident that this step change in load reduces the
current in the superconductingcoil by only a small amount relative toits overall energy
storage capabilities. This suggests that, for a load such as arolling mill in WhICh the
SMES device will be continuously charging as well as discharging, the energy storage
device can be smaller.

The following observations can be about the system responses when the SMES
deviceis present in the system:

e Asseen in Figure 4.11, the initia drop in frequency in area 1 is much lessin
this case than the case with no energy storage device in the system. The large initial
frequency drop only goes to 59.9756 Hertz (as opposed to 59.9413 Hertz with no energy
storage). It can also be seen that the frequency does not reach its steady state valueof 60
Hertz significantly faster with the SMES device in the system than without the SMES




device. It isasoevident thar the system frequency lingersat avaue of 59.995 Hertz for
about 12 seconds. The 59.995 Hertz value marks the lower limit of the deadband of the
SMVES device. At 59.995 Hertz, the SMES device produces just enough power to keep
the frequency in area 1 a this vaue until the power generated plus the tie-line power are
sufficient to keep the frequency a 59.995 Hertz. At that point, the power produced by
the SM ES device goesto zero.

- Asthe frequency in area 1 is hdd a 59.995 Hertz, the SMES power output is
dowly decreasing while the change in power generated in area 1 is dowly increasing,
Thiskeeps the tie-line power flow fairly congtant for that period where the frequency is
being hdd at 59.995 Hertz, as seen in Figure 4.13. At thislevd o tie-line power flow,
the power being generated in area 2 is equd to that power being exported to area 1
Because thereis no migmaich in power, the frequency in area 2 remains fairly congtant a
approximately 59.995 Hertz as seen in Figure 4.12. Also, the ACE in areas 1 and 2
remain fairly constant for that same period when the frequency in area 1is being held &
59.995 Hertz (Figures 4.14 and 4.15).

* By obsarving Figure 4.16, it is seen that theincrease in power generated in area
1 with the SMES device in placeis not as rapid as in the case with no energy storage
device. Thisisdue to the fact that the governor sets the vave postion to increase or
decrease the power output of the generator. The input signd for the governor is
proportiona to the ACE of the specified area. In the case with an SMES device in the
system, the ACE is not aslargeasin the case without an energy storage device, therefore
the Sgnd that dictatesthe power generated will not be as large and the power generated
will increase at adower rate.

* It isevident from the plots that the SMES device acts asa "buffer” between the
load and the system responses. The system responds at a dightly ower rate to the
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change in load, and the oscillationsin all of the responsesare much smaller if not totally
gone.

* It is also evident from the plots that the SMES greatly effects the system
operation in the short run by reducing the initial large and rapid changesin frequency,
ACE tielineflow, and power generated. In the long run though, the system operation is
still constrained by the longer time constants present in the turbine-generator. In effect,
the system response does not reech steady state vaues faster with an SMES devicein the
system (perhapsactudly slower), but it greetly reducesthe large initial deviationsin the
responses.

By observing the amount of energy imported to and exported from area 1
(shownin Table 4.2), it isevident tha there is someimprovement in thisarea. Thereisa
drop in the total energy imported of approximately 8 MWs and adrop in the totd energy
exported of about 8 MWs. The net tie-line energy exchange is nearly identical for the

case with an SMES device and the case without an energy storagedevice.

4.4 Case 3. Step Changein Load With a Battery Energy Storage Devicein Area 1
Case 3 is the system response to a step changein load in area 1 with a battery

energy storage (BES) devicein operationin area 1. The important parametersof the BES
unit are plotted. These are: the voltage of the converter (V4); the voltage of the common

DC busof the battery system (Vy,); the current flowing into or out of the device (I3); the
power output of the device (P4); and the tota energy stored in the unit (W). These plots
are shown in Figures 4.18 -4.22. The system response plots (frequency, ACE, tie-line
power flow, change in generated power) are shown in Figures4.23 - 4.29. In these plots,
the base case data is super-imposed on the BES case data. This alows for a visua
comparison of the different system parametersand smplifies analysis. In each plot, the

solid line represents the system output for the case with the BES present and the dashed




line represents the same output for the base case. The system measurements (i.c.
maximum/minimum frequencies, etc.) are shown in Table 4.3 aong with the
measurements from the bese case.

The following observations can be made about the operation of the baitery
energy Storage unity in response to the sep changein load:

« The converter voltage, shown in Figure 4.18, behaves very smilarly to the
converter Voltage in the SMES case. Initidly, the voltage drops very rapidly as the step
changein load causes the frequency to drop. Thespikes presant in the converter voltage
and also the current, Figure 4.20, and the power output of thedevice, Figure 4.21, once
again occur as the system frequency rises back to the lower end of the deadband of the
device & 59.995 Hertz.

« It is evident that 'the step change in load produces on a smal change in the
energy stored in the BES device, as seen in Figure 4.22. This suggeststhat the device
may besmadler for asmilar goplication, such asarolling mill load.

The system response (i.e. frequency in area 1, frequency in areg 2, ACE, tie-line
power flow) is nearly identica to the system response with an SMES deviceon line. Fa
this reason, an explanation of thesystem responsewith a battery energy storage device on
tine will not be repeated here. An explanation of the sysem responseis given in section
42.
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Table 4.3 System Performance M easurements- (Step Load
Parameter Base Case BES Case
max fl 60.01309 Hz { 60.0034 Hz
min f1 599414 Hz 59.9756 Hz
max 2 60.0035 Hz 60.0013 Hz
min f2 59.9673 Hz 59.9847 Hz
max ACE1 | 0.043378 p.u. | 0.017278 p.u.
min ACE1 | -0.001904 p.u. | -0.001612 p.u.
max ACE2 | 0.008694 p.u. | 0.003256 p.u.
min ACE2 | -0.003370 p.u.| -0.001399 p.u.
max Ptie in -0.02563 p.u. | -0.01095 p.u.
max Ptic out | 0.001529 p.u. { 0.001359 p.u.
Wtie import | -409.51 MWs | -401.382 MWs
Wiie export | 98.1249 MWs { 90.6369 MWs
Wtie net -311.40 MWs {-310.769 MWs

- BES Device)
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CHAPTER 5

ANALYSSOF THE SYSTEM RESPONSETO A
FIVE-STAND ROLLING MILL LOAD

5.1 Introduction
In order to provide a more redlistic comparison of the different cases studied in
this thesis, the second analysisinvolved a five-stand rolling mill load, shown in Figure
2.7, applied in area 1 and no change in load in area 2. The three cases studied for this
load are: the base case with no energy storage device present in the system, the case with
an SMES device present in area 1, and the case with a battery energy storage (BES)
device presentin area 1. The parameters of these energy storage devicesare outlined in
Chapter 2. As mentioned previoudy, the five-stand rolling mill load is based on a strip
chart recording of an actua five-stand rolling mill.
For each of the three cases, the following plots were made:
e frequency in area 1
« frequency in area 2
« tie-line power flow
«ACEinaeal
*ACEinaea?
« changein generated power in area 1
« changein generated power in area 2.
M easurements were al so taken to help determine system performance. For each

case, the following measurements were taken:




e minimum and maximum frequency in area 1

» minimum and maximum frequency in area 2

» minimum and maximum ACE in area 1

e minimum and maximum ACE in area 2

* maximum tie-line power flow into area 1

» maximum tie-line power flow out of area 1

- totd energy imported to area 1 acrossthetie-line

» totd energy exported from area 1 acrossthe tie-line

* net energy acrossthe tieline
These measurements were ussd to compare sysem performance with and without an
energy storage device. These measurements are important are far as determining the
robustness of the system and the effects that the energy storage device has on system
operation.

5.2 Case 4: Ralling Mill Load with No Energy Storage Device

Cas= 4 is the system response to a rolling mill load in area 1 with no energy
Storage device present in the sysem. The rolling mill load is shown in Figure 2.7. The
smulation is run for 3647.8 seconds (gpproximately 61 minutes). The plots mentioned
above are shown in FHgures5.1 - 5.7. The sysem measurements mentioned above (i.e.
minimum/maximum frequencies, minimum/maximum ACE, etc.) ae shownin TableS1

Thefollowing observations can be mede about the sysem response:

* Since the five-stand rolling mill load resemblesa seriesof "step yo'* and "'sep
down' functions, the system behaves essentidly the same as in case 1, discussed in
section 4,2, With the"siep up” in load, the demand in area 1 is now greater than the
power produced and the frequency in area 1 decreases. This drop in frequency causes a
differencein the phase angles between the two areas and causes power to flow acrossthe
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Base | Case
Parameter Value
max f1 60.03119 Hz
min fl 59.96936 Hz
max f2 60.01726 Hz
. min f2 59.98314 Hz |
max ACEl | 0.025275 p.u.
min ACE1 | -0.023288 p.u.
max ACE2 | 0.003873 p.u.
min ACE2 :-0.0045009 p.u.
max Ptiein | -0.01599 p.u.
max Ptie out | 0.014954 p.u.
- Wtie import {-1989.879 MW§
Wtie export | 1993.609 MWs
Wiie net 4.1427 MWs
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Table 5.1 System Performance Measurements (Rolling Mill Load - No Energy Storage)

tie-line from area 2 into area 1. The frequency drop aso means that the input sgna to
the governor is no longer zero, asin Seady Sate. Thesgnd is now postive, producing
an increasein generation. With the step down' in load, the power generated in area 1
now exceeds the load and the power mismatch drives the frequency upward. This
increased frequency and excess power force power to flow out of area 1 and into area 2
across the tie-line. The input signd to the governor is now negative and the power
generated in area 1 decreases. The maximum frequency achieved in area 1 for the base
case is 60.03119 Hertz and the minimum frequency is 59.96938 Hertz. The maximum
tie-line power flow into area 1is0.01599 p.u. and the maximum tie-lineflow out of area
1is0,01495 p.u..

*The power flowing into and out of area 2 dong the tie-line produces a power
mismachin area 2 aswdl asarea 1. Subsequently, thefrequency in area 2 varies asload
isgpplied in area 1. Thisisdue to thefact that power flowinginto or out of area 2 dong
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the tie-lineis essentialy the same as aload being applied or teken away in area 2. The
maximum frequency achieved in area 2 is 60.01726 Hertz and the minimum frequency
achievedin area 2 due to the changesin load in area 1 is 59.98314 Hertz.

« The sharp decrease in frequency in area 1 resultsin asignd to the governor to
increase generation rapidly. Asseen in Figure 5.6, the changein generated power in area
1 risesfairly rapidly and also oscillatesas it rises. Although the generation in area 1 is
rising rapidly, itsincrease is dow relative to the changing load and power is needed from
area 2 across the tie-linein order to meet thisdemand. The changein generated power in
area 2, shown in Figure 5.7, risesin response to the load changein area 1. As the power
generated in area 1 rises (or falls) to meet the changing demand, the change in generated

power in area 2 returns to zero.

5.3 Ca= 5: Ralling Mill Load with an SMIES Devicein Area 1

Case 5 is the system response to a rolling mill load in area 1 with an SMES
device present in area 1. The important parameters of the SMES device are plotted.
These are: the voltage of the converter, which is also the voltage across the
superconducting coil (Vg); the current in the superconducting coil (1d); and the power
output of the device (Pg). These plots are shown in Figures 5.8 - 5.10. The plots
mentioned in 5.1 (frequency, ACE, tie-line power flow, change in generated power) are
shown in Figures 5.11 - 5.17. For the sake of clarity, the base case data was not
superimposed on these plots, as in Chapter 4. The figuresfor the SVIES case have been
plotted on the same scales as those in the base case. Thisalowsfor visual comparison of
the two cases. The system measurements mentioned above (i.e. minimurn/maximum
frequencies, etc.) are shown in Table 5.2 aong with the sysem measurementsfor the

base case with the rolling mill load.
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Table5.2 System Performance Measurements (Rolling Mill Load -SMES Device)

Parameter Base Case SMES Case
max f1 60.03119 Hz { 60.01022 Hz
min f1 59.96936 Hz { 59.9897 Hz
max f2 60.01726 Hz § 60.00723 Hz
min 2 59.98314 Hz | 59.99286 Hz

max ACE1 | 0.025275 p.u. | 0.010294 p.u.

min ACE]1 | -0.023288 p.u.{ -0.010602 p.u.

max ACE2. - | 0.003873 p.u. { 0.001307 p.u.

min ACE2 {-0.0045009 p.u.j-0.0012301 p.u.

max Ptiein | -0.01599 p.u. | -0.007593 p.u.

max Ptie out | 0.014954 p.u. { 0.0074762 p.u.
Wtie import |-1989.879 MW{-1953.981 MWg
" Wi export | 1993.600 MWs| 1957.144 MWs
Wtie net 4.1427 MWs § 3.687 MWs
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The following observationscan be made about the response of the SMES device
to the rolling mill load:

» When the rolling mill load is applied in area 1, the SMES device responds
essentially in the same way as when a step load is gpplied. During the "step up” portion
of the rolling mill load, the converter voltage, Vd, dropsin response to the dropping
frequency in area 1. Asin the step load case, the spikesin voltage and power output are
recognizable as the frequency in area 1 increases to the lower limit of the deadband at
59.995 Hertz. These spikesoccur because as the power output of the SMES device goes
to zero at 59.995 Hertz, a mismatch in power in area 1 occurs. This mismatch in power
causes the frequency in area 1 to drop thereby forcing the converter voltage negative
again, which resultsin the device discharging. These spikesin voltage and power output

continue until the power generated in area 1 plus the power flowing intoarea 1 across the
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tie-line are sufficient to keep the frequency in area 1 within the frequency deadband of
the SMES device.

¢ During the "step down" portion o the rolling mill load, the SMES device
operatesin an opposite manner to thet described above. During the "step down” portion,
the power generated in area 1 exceeds the demand and forces the frequency above 60
Hertz. The positive frequency deviation causes the converter voltage, V4, to go postive
and the device charges. Similar to what happens during the "step up" portion of the
rolling mill 1oad, during the "step down"portion, voltage spikes occur as the frequency
enters the frequency deadband of the SMES device. As the frequency in area 1 entersthe
deadband, the power output of the device goesto zero. At this point,,there is a power
mismatch in area | due to excess generation and the area 1 frequency rises above the
60.005 deadband limit and the SMES device begins to charge again. This resultsin the
spikes present in the converter voltageand the power output of the SVIES device, as seen
in Figures 5.8 and 5.10. These spikes continue until the power generated in area 1 minus
the power flow our of area 1 across the tieline is sufficient to keep the frequency in area
1 a or below 60.005 Hertz.

» Asin the step load case, the time between the application of the load and the
timein which the areafrequency iswithin the SVIES deadband is limited by thereatively
dower time constants present in the seam system.

« By observing Figure5.10, it isevident that the SMIES device is only charging or
dischargingduring the initia changein load, which is ardatively short time compared to
the overal time. For the mgority of the time, the area 1 frequency is within the SMIES
devicedeadband and the device.power output is zero.

« By observing Figure 5.9, it isevident that the rolling mill load does not greatly
effect the amount of current in the superconducting coil relative to its overall storage

capabilities. The "step up" and "step down" natureif the load causes the SMIES device to
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discharge and then to charge back to approximately its original valueof current. This
impliesthat, for this application, the energy storage device can be smaller than originally
estimated.

The following observationscan be made about the system responses when the
SMESdeviceis present in the system:

*Asseen in Figure 5.11, the frequency in area 1 tends to linger at the lower (or
upper) limit of the SMIES deadband after the appropriateload is applied (or removed).
These lower and upper limits are 59.995 Hertz and 60.005 Hertz respectively. This
occurrence was explained in section 4.2 for the step load and applies here. At these
frequencies, the SMES device will discharge (or charge) just enough to keep the
frequency in area |1 at the lower (or upper) limit of the deadband. The SMES device
continuesdischarging (or charging), but by a smaller and smaller amount as the generated
power is increasing. When the generated power in area 1 plus the tie-line power is
sufficient to keep the frequency within the SVIES deadband, the power produced (or
absorbed) by the SMES device goes to zero.

» With the SMIES device on line, the instantaneouspower mismatch in arealis
not as large as in the case with no energy storage device. Therefore, the frequency
deviations, area control errors, and tie-line power flows do not achieve the same
magnitudes as in the base case. Since the ACE is the input which essentially sets the
output of the turbine-generators, the smaller magnitudein ACE results in adower change
in the generated power in each area.

* Asthe frequency is held at the lower limit of the SMES deadband, the SMES
power output is dowly decreasing as the generated power in area 1 is dowly increasing.
As aresult, the tie-line power flow from area 2 during this time is held fairly constant.
Since thereis no changein load in area 2, this tie-lineflow to area 1 isequal to the power

generated in area 2. Therefore, the generated power in area 2, along with the frequency
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in area 2, is hdd fairly constant for the period in which the frequency in area 1 is being
held constant. A similar phenomenon is seen when the frequency in area 1 is being held
a the upper limit of the SMIES deadband.

'+ As mentioned above, the change in generated power is ower with the SMES
device than without it. This resultsin the system parameters (frequencies, ACE) taking a
longer time in approaching their steady state values. It is also seen in the plots thet the
oscillationsin the responsesare much smaller in the SVIES case (or gone atogether) than
in the base case. Thisisaresult of the fact that the SMES device acts as a "buffer"
between the rapidly changing load and the system. Its ability to respond quickly to the
load eliminates the large deviationsin the syslem parameters and many of the oscillations
in the system.

* Asmentioned in case 2, the SMES device effects the system operation more in
the short run than in the long run. It eliminates the large deviationsin frequency, ACE,
and tie-line power flow. It also eliminates the oscillatory nature of rapidly increasing
generation. In the long run though, the system operation is still constrained by the longer
time constants present in the steam system. In effect, the SMIES device does not force the
system parameters to their steady state values any faster , but it greetly reducesthe large

initid deviationsin the responses.

5.4 Case 6. Ralling Mill Load with a Battery Energy Storage Devicein Areal

Case 6 is the system response to a rolling mill load in area 1 with a battery
energy storage (BES) device present in area 1. The important parametersof the BES
device area plotted. These include: the voltage across the converter (Vd); the voltage of
the common DC busaf the batteries (V b); the current (1d); the power output of the device
(Pd), in which a negative value indicatesadischarge of power; and the total energy stored
(W). These plots are shown in Figures 5.18 - 5.22. The plots of the system outputs
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(frequencies, ACE, tie-line power, generation) are shown in Figures5.23 - 529. Asin
case 5, the datafrom the base case was not superimpaosed on the the case 6 data, dthough
thefiguresare plotted on the same scae as the figure from the base case. Thisalowsfor
an easier visual comparison of the cases. The system measurements
(minimum/maximum frequencies, etc.) are shown in Table 5.3 dong with the system
measurementsfor the base case with the rolling mill load.

The system response with the battery energy storage system in area 1 is nearly
identicd to the system response with the SMES devicein area 1. Bath are ableto charge
or discharge nearly instantaneoudy and both reduce the initial large deviationsin
frequency, area.control error, and tie-lineflow. The mgor changes and improvementsin
the system response are the same as in the SIVES case so they will not be repeated here.
Although it is nat clearly visble in this case, the BES device does not supply as much
power as the SVIES device does when theinitid step up in load occurs. This has severd
effectsasfar as the sysem response is concerned:

» The magnitude o the initia change in frequency a the points of rapidly
changing load for the BES case isdightly larger than in the SMIES case. Thisresultsin
the initid area control errors baing dightly larger and adso alarger initid tie-line power
flow.

* Since the initid magnitude o the area control errors is dightly larger in the
BES case than in the SMES case, the Sgnd to increase (or decrease) generaionis larger
also. This results in a more rgpid change in the generated power in both areas. As
discussed earlier, the time congtants o the seam system are the limiting factor for the
frequencies, area control errors, and tie-line power flow to reach their Seedy state vaue.
Therefore, the dight increasein initid frequency deviationsand area.control errors results
in an increased rate o change o generated power and an improved settling time for the
sysem response.
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Parameter Base Case BES Case
max f1 60.03119Hz { 60.01343 Hz
min f1 59.96936 Hz | 59.98729 Hz
max f2 60.01726 Hz { 60.00871 Hz
min 2 59.98314Hz | 59.99152 Hz

max ACE1 | 0.025275 p.u.| 0.01207 p.u.

min ACEl | -0.023288 p.u.{ -0.01278 p.u.

max ACE2 | 0.003873 p.u. | 0.001640 p.u.

min ACE2 {-0.0045009 p.u.|{ -0.001684 p.u.

max Ptiein | -0.01599 p.u. | -0.008596 p.u.

max Ptie out | 0.014954 p.u. | 0.089160 p.u.

Wtie import {-1989.879 MWg-1969.109 MW

Wiie export {1993.609 MWsi 1972.395 MWs
Witie net 4.1427 MWs §{ 3.7175 MWs
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Table 5.3 System Performance Measurements (Rolling Mill Load - BES Device)
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CHAPTER 6
CONCLUSIONS

In areas with rapidly changing loads of large magnitude, utility companies
often experience large deviationsin frequency and areacontrol error. Inadvertent tie-
line power flow can also be a problem in these Situations. A summary was given of
automatic generation control strategies currently used in power systemsto: reduce the
deviationsin frequency, reduce area control error, and to match the generation with
the demand. Three different types of energy storage devices were discussed. The
most commonly used form of energy storage in the power industry - pumped
hydroelectric storage - was discussed. An old energy storage technology with new
applicationsin the power industry - battery energy storage - was aso discussed dong
with arelatively new technology with many possible applications- superconducting
magnetic energy storage. To study these storage devices effectively requires
integration of modelsaf the devicesinto an overal power system model.

The focus of this research was to examine the effects that different types of
energy storage devices have on power systems with rapidly changing loads. The
specific loads tested were a step change in load and a five-stand rolling mill load.
The three different cases for each of the two types of load were: no energy storage
device in the system, a superconducting magnetic energy storage device in the
system, and a battery energy storagedevicein the system.

There are severad general conclusions that can be reached by analyzing the

system response with and without an energy storage device on the system. It is
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evident that the system response with an SMES device present is very similar to the
system response when a battery energy sorage deviceis present. Although they are
devices with digtinctly different methods o operation, they are bath adle to chargeor
discharge nearly instantaneoudy. The converter voltage, which regulates the power
output of the energy storage device, respondsin the same way to the changing loads
regardiessdf the type of energy soragedevice. The power output of the two different
devicesis nearly identica meking the sysem response nearly identicd in both cases.
From the syslem point of view, the energy sorage device is Smply a means of
providingor absorbing power instantaneously regardlessd what ison the DC Sde o
the AC/DC converter.

An energy storage device in the system is able to respond very quickly to
rgpidly changing loads and is ale to greatly effect the syslem operation in the short
term. This meanstha the large initid deviaionsin frequency, areacontrol error, ad
tie-line power flow are greatly reduced. The long term peaformance o the system,
though, is condrained by the relatively dower time congtants present in the seam
sysem. Therefore, the system parameters (frequency, tieline power flow, area
control error) do nat reech their Seedy State vaues any faster with an energy Sorage
device in the system than without an energy storagedevice. In fact, they mey teke
longer to reach their steedy Sate vaues because the energy storage devicereducesthe
large devidion in areacontrol error. Thiscontrol error isasgnd which sets the area
generation. Sincethedeviationin thissgnd issmdler then in the case o no energy
dorage, the change in generation occurs & a dower rate. Therefore, the tielline
power flow, frequencies, and area control errors may teke a longer time to reech
Steedy State.

By observing Figures5.9 and 5.22, it isevident that the energy storagedevice
for this gpplication hes bean overszed. The rolling mill load has a"step p - Sep
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down" pattern and alows the energy torage device to charge as wdl as discharge.
Therefore, the energy levd in the device remains fairly constant throughout the loed
cycle, especially in the SMES case whm thelossesareonly on the order of 5%. For
this application, it is estimated that the energy storage devices could be sized down
from 2 MWh to approximately 0.25 MWh.

The system response was affected by setting a £0.005 Hz deadband on the
energy storage devices. The intent was to keep the energy storage devices from
responding to smal deviationsin frequency, which are ever-present in the power
sysem. Thisis especidly important in the baitery energy storage device where the
batteries have alimited charge/discharge cyclelife. Although the deadband reduced
the effectiveness of the energy storagedevicesto sone extent and produced "spikes'
in energy charge/discharge, its elimination produces new problemsin the system
response. Without a deadband, the system respondsto al deviationsin frequency ad
is congtantly charging or discharging in an atempt to track the system frequency.
This gppears to be an ingppropriatemode of operation. In the case of alarge, repidly
changing load, the area frequency is driven to its Seady state value more rapidly
without the frequency deadband than with the frequency deadband. Thisis because
the energy storage device supplies (or demands) enough power to eliminate the power
mismatch in the area ad thusdrives the frequency deviation and area control error to
approximately zero. Recdl, the area control error is a signa that increases or
decreases generation. \When the areacontrol error is near zero, theeffect of thisinput
sgnal is to change generated power dowly. This means that the energy Storage
device will have to charge (or discharge) for a much longer period of time as the
generation dowly increases (or decreases). This requires a larger energy storage
capability for the device and acorrespondingly higher cost.




There are different types of logic that can be used in controlling the firing
angle of the AC/DC converter in the SMES and BES systems. One is a scheme
which uses the area control error as input instead of the frequency error. Another isa
control strategy which may be helpful in reducing the size of the energy storage
device. It isacontrol which usesthe frequency or area control error to set the firing
angle during periods of rapidly changing loads, but during periods of relative steady
state, the energy stored is slowly driven to its initial value. At thisinitial value, the
energy storage device isequally ready to charge or discharge. This could reduce the
chance that the energy stored in the device would reach its upper or lower limit.

It isevident in Figures 4.16, 4.17, 4.28, 4.29, 5.16, 5.17, 5.28, 5.29 that the
rapid increase in generation is less oscillatory when there is an energy storage device
in the system. This is due to the fact that the energy storage device supplies the
power demanded in the short term and the power generation is able to increase a a
slower and steadier rate.

As mentioned in section 5.4, the initial power output of the BES device in
response to a rapid increase in load is not as great as with the SMES device. This
provides an example of the advantages and disadvantages of arapid response. If the
frequency deviation and ACE are minimal, the change in generation is slower and the
system parameterstake alonger time to reach steady state. If the frequency deviation
and area control error are larger, the change in generation is faster and the system
parameters reach steady state faster.

Although large superconducting magnetic energy storage devices are still an
experimental technology, they are certainly feasible. In 1983, the Bonneville Power
Administration successfully built and tested an 8.4 kWh SMES device with a10 MW
converter. The lossless nature of the device is certainly an advantage as far as

efficiency is concerned (typical estimates range from 92% to 96%), but it is also
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advantageous because the lack of resistance eliminates heating of the wire and the
associated degradation of the wire. The rapid response time of an SMES device
would provide a new means of system control in areas with rapidly changing loads.
Different control methodologies could be used to optimize the effectiveness of the
device. The two major drawbacks of an SMES device are the high cost and the fact
that a large-scale device has never been built. The technology exists and numerous
studies have shown the feasibility and advantages of a large-scale SMES device, but
the actual construction of a large-scale device has not been accomplished. Even the
cost of a small-scale device isexpensive. A 2800 kVAs SMES device costs on the
order of 2.2 million dollars. As mentioned above, an energy storage (deviceused to
reduce the detrimental effects of the rolling mill load would be approximately 0.25
MWh. Based on References |3, 15, 16], the cost of an SMES device with energy
storage capacity of 0.25 MWh would be on the order of 100 million dollars.
Large-scale battery energy storage facilities have been used in several
applications in recent history. A 17 MW, 14.4 MWh BES plant in Berlin is used for
frequency regulation. A 10 MW, 51.2 MWh BES plant is used in Californiafor load
leveling. Also, a 20 MW, 10 MWh BES plant is being planned for frequency
regulation in Puerto Rico. Although the efficiency of a BES plant (approximately
80%) is not as high as an SMES plant, battery energy storage technology has the
advantage of being well established and aready having several facilitiesin use. The
BES plant is able to respond as rapidly as an SMES plant to changing loads and it can
provide all of the corresponding advantages as far as new methods of system
operation. One drawback of the BES facility would be the limited cycle life of the
batteries. An advantage when compared to the SMES option would be the relative
inexpense of a BES facility. A 0.25 MWh BESfacility would cost on the order of 5

million dollars.
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