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While energy storage technologies do not represent energy generation and transmission facilities have not been able to

sources, they provide valuable added benefits to improve stability, grow to meet these new demands as a result of economic,
power quality, and reliability of supply. Battery technologies have environmental, technical, and governmental regulation

improved significantly in order to meet the challenges of practical . . ;
electric vehicles and utility applications. Flywheel technologies constraints. At the same time, the growth of electronic loads

are now used in advanced nonpolluting uninterruptible power sup- has made the quality of power supply a critical issue. Power
plies. Advanced capacitors are being considered as energy storagesystem engineers facing these challenges seek solutions

for power quality applications. Superconducting energy storage to allow them to operate the system in a more flexible,
systems are still in their prototype stages but receiving attention controllable manner.

for utility applications. The latest technology developments, some Wh tem disturb h
performance analysis, and cost considerations are addressed. This en power system disturbances occur_, synchronous gen-
paper concentrates on the performance benefits of adding energyerators are not always able to respond rapidly enough to keep

storage to power electronic compensators for utility applications.  the system stable. If high-speed real or reactive power con-

Keywords—Battery energy storage, custom power, energy Lr0lisavailable,load shedding or generator dropping may be
storage system, flexible ac transmission systems (FACTS), flywheeRvoided during the disturbance. High speed reactive power
energy storage, high voltage dc transmission (HVDC), hyper- controlis possible through the use of flexible ac transmission
capacitor, power electronics, supercapacitor, superconducting systems (FACTS) devices. In a few cases, these devices are
magnetic energy storage, ultracapacitor. also able to provide some measure of high speed real power

control through power circulation within the converter, with
|. INTRODUCTION the real power coming from the same line or in some cases
from adjacent lines leaving the same substation. However, a

Electnc_ power SyStemS. are experiencing - dramatic better solution would be to have the ability to rapidly vary
changes in operational requirements as a result of deregu-

lation. Continuing electric load growth and higher regional real powervylthout impacting the system through power cir-
> i culation. This is where energy storage technology can play
power transfers in a largely interconnected network lead to

. a very important role in maintaining system reliability and
complex and less secure power system operation. Power : . C .
power quality. The ideal solution is to have means to rapidly

damp oscillations, respond to sudden changesin load, supply
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Fig. 1. Specific power versus specific energy ranges for near-to-midterm technology.

gies were initially envisioned for large-scale load-leveling ~ When compared with other energy storage technologies,
applications, energy storage is now seen more as a tool totoday’s SMES systems are still costly. However, the integra-
enhance system stability, aid power transfer, and improve tion of an SMES coil into existing FACTS devices eliminates
power quality in power systems. the cost for the inverter unit, which is typically the largest
portion of the cost for the entire SMES system. Previous
studies have shown that micfec0.1 MWh) and midsize
Il. ENERGY STORAGE SYSTEMS FORTRANSMISSION AND (0.1-100 MWh) SMES systems could potentially be more
DISTRIBUTION APPLICATIONS economical for power transmission and distribution applica-
tions. The use of high temperature superconductors should
Electrical energy in an ac system cannot be stored elec-also make SMES cost effective due to reductions in refriger-
trically. However, energy can be stored by converting the ac ation needs. There are a number of ongoing SMES projects
electricity and storing it electromagnetically, electrochemi- currently installed or in development throughout the world
cally, kinetically, or as potential energy. Each energy storage [2].
technology usually includes a power conversion unitto con-  An SMES unit is a device that stores energy in the mag-
vertthe energy from one form to another. Two factors charac- netic field generated by the dc current flowing through a
terize the application of an energy storage technology. One issuperconducting coil. The inductively stored energyif
the amount of energy that can be stored in the device. This isjoules) and the rated poweP(n watts) are commonly given

acharacteristic of the storage device itself. Another is the rate specifications for SMES devices, and they can be expressed
at which energy can be transferred into or out of the storage gs follows:

device. This depends mainly on the peak power rating of the 1 dE dl
power conversion unit, but is also impacted by the response E= §L12 P = i LI% =VI
rate of the storage device itself.

The power/energy ranges for near-to-midterm technolo- where L is the inductance of the coil, is the dc current
gies are projected in Fig. 1. Integration of these four possible flowing through the coil, and” is the voltage across the
energy storage technologies with flexible ac transmission €Oil. Since energy is stored as circulating current, energy can
systems (FACTS) and custom power devices are amongbe drawn from an SMES unit with almost instantaneous re-
the possible power applications utilizing energy storage. SPonse with energy stored or delivered over periods ranging
The possible benefits include: transmission enhancementfrom a fraction of a second to several hours.
power oscillation damping, dynamic voltage stability, tie ~ An SMES unit consists of a large superconducting coil at
line control, short-term spinning reserve, load leveling, the cryogenic temperature. This temperature is maintained
under-frequency load shedding reduction, circuit break Py a cryostat or dewar that contains helium or nitrogen

reclosing, subsynchronous resonance damping, and powefquid vessels. A power conversion/conditioning system
quality improvement. (PCS) connects the SMES unit to an ac power system, and

it is used to charge/discharge the coil. Two types of power
conversion systems are commonly used. One option uses a
current source converter (CSC) to both interface to the ac
Although superconductivity was discovered in 1911, system and charge/discharge the coil. The second option
it was not until the 1970s that SMES was first proposed uses a voltage source converter (VSC) to interface to the
as an energy storage technology for power systems [1].ac system and a dc—dc chopper to charge/discharge the
SMES systems have attracted the attention of both electriccoil. The VSC and dc—dc chopper share a common dc bus.
utilities and the military due to their fast response and high The components of an SMES system are shown in Fig. 2.
efficiency (a charge—discharge efficiency over 95%). Pos- The modes of charge/discharge/standby are obtained by
sible applications include load leveling, dynamic stability, controlling the voltage across the SMES c@i.i1). The
transient stability, voltage stability, frequency regulation, SMES coil is charged or discharged by applying a positive
transmission capability enhancement, and power quality or negative voltageV,., across the superconducting coil.
improvement. The SMES system enters a standby mode operation when

A. Superconducting Magnetic Energy Bige (SMES)
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Fig. 2. Components of a typical SMES system.

the averagé’..; is zero, resulting in a constant average coil
current, /.-

Several factors are taken into account in the design of the
coil to achieve the best possible performance of an SMES
system at the least cost [3], [4]. These factors may include
coil configuration, energy capability, structure, and operating
temperature. A compromise is made between each factor
considering the parameters of energy/mass ratio, Lorentz
forces, stray magnetic field, and minimizing the losses for
a reliable, stable, and economic SMES system. The coil
can be configured as a solenoid or a toroid. The solenoid
type (as shown in Fig. 3 [5]) has been used widely due t0 rig 3. solenoid configuration.
its simplicity and cost effectiveness, though the toroid-caoil
designs were also incorporated by a number of small-scalesystem transmission control and stabilization and power
SMES projects. Coil inductancél) or PCS maximum  quality.
voltage (Vinax) and current(/,ax) ratings determine the The cost of an SMES system can be separated into two in-
maximum energy/power that can be drawn or injected by dependent components where one is the cost of the energy
an SMES coil. The ratings of these parameters depend onstorage capacity and the other one is the cost of the power
the application type of SMES. The operating temperature handling capability. Storage related cost includes the capital
used for a superconducting device is a compromise betweerand construction costs of conductor, coil structure compo-
cost and the operational requirements. Low temperaturenents, cryogenic vessel, refrigeration, protection, and control
superconductor devices (LTS) are available now, while high equipment. Power related cost has the capital and construc-
temperature superconductor devices are currently in thetjon costs of the power conditioning system. While the power
development stage. related cost is lower than energy related cost for large-scale

SMES'’s efficiency and fast response capability (milli- applications, it is more dominant for small-scale applica-
watts/millisecond) have been, and can be further exploited tions.
in applications at all levels of electric power systems. The
potential utility applications have been studied since the B- Battery Energy Stage Systems (BESS)
1970s [6]. SMES systems have been considered for the Batteries are one of the most cost-effective energy storage
following: 1) load leveling; 2) frequency support (spinning technologies available, with energy stored electrochemically.
reserve) during loss of generation; 3) enhancing transientA battery system is made up of a set of low-voltage/power
and dynamic stability; 4) dynamic voltage support (VAR battery modules connected in parallel and series to achieve
compensation); 5) improving power quality; and 6) in- a desired electrical characteristic. Batteries are “charged”
creasing transmission line capacity, thus enhancing overallwhen they undergo an internal chemical reaction under a
reliability of power systems. Further development continues potential applied to the terminals. They deliver the absorbed
in power conversion systems and control schemes [7], energy, or “discharge,” when they reverse the chemical
evaluation of design and cost factors [8], and analyses for reaction. Key factors of batteries for storage applications
various SMES system applications. The energy—power char-include: high energy density, high energy capability, round
acteristics for potential SMES applications for generation, trip efficiency, cycling capability, life span, and initial cost
transmission, and distribution are depicted in Fig. 4. The [9].
square area in the figure represents the applications that There are a number of battery technologies under consid-
are currently economical. Therefore, the SMES technology eration for large-scale energy storage. Lead-acid batteries
has a unique advantage in two types of application: power represent an established, mature technology. Lead-acid
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Fig. 4. Energy—power characteristics of potential SMES applications.

batteries can be designed for bulk energy storage or forrectional voltage polarity) with rapid response. Advances in
rapid charge/discharge. Improvements in energy density andbattery technologies offer increased energy storage densities,
charging characteristics are still an active research area, withgreater cycling capabilities, higher reliability, and lower cost
different additives under consideration. Lead-acid batteries [10]. Battery energy storage systems (BESS) have recently
still represent a low-cost option for most applications emerged as one of the more promising near-term storage
requiring large storage capabilities, with the low energy technologies for power applications, offering a wide range
density and limited cycle life as the chief disadvantages. of power system applications such as area regulation, area
Mobile applications are favoring sealed lead-acid battery protection, spinning reserve, and power factor correction
technologies for safety and ease of maintenance. Valve[ll]. Several BESS units have been designed and installed
regulated lead-acid (VRLA) batteries have better cost and in existing systems for the purposes of load leveling, stabi-
performance characteristics for stationary applications. lizing, and load frequency control [12]. Optimal installation
Several other battery technologies also show promise Sit¢ and capacity of BESS can be determined depending
for stationary energy storage applications. All have higher UPON its application. This has been done for load leveling
energy density capabilities than lead-acid batteries, but at@Pplications. Also, the integration of battery energy storage
present, they are not yet cost effective for higher power with a FACTS power flow controller can improve the power
applications. Leading technologies include nickel-metal System operation and control.
hydride batteries, nickel-cadmium batteries, and lithium-ion
batteries. The last two technologies are both being pushed
for electric vehicle applications where high energy density ~ Capacitors store electric energy by accumulating positive
can offset higher cost to some degree. and negative charges (often on parallel plates) separated by
Due to the chemical kinetics involved, batteries cannot op- an insulating dielectric. The capacitancé, represents the

erate at high power levels for long time periods. In addi- relationship between the stored chargeand the voltage

tion, rapid, deep discharges may lead to early replacementbez’(\;eennt?r:a platrerrfi{t’tiSist, sh;);/;:n Igi (Il).gr'.hetﬁaparmtan;:tehde-
of the battery, since heating resulting in this kind of opera- pends on the pe y of In€ dielectrie, the area of the

tion reduces battery lifetime. There are also environmental plates,A, and the distance between the platésas shown

concerns related to battery storage due to toxic gas gener—'nagz.t)(‘)rE dq:a;:?;s(g% ?Egvzz tgi;:iggig%;ﬁfg onatrzeo??r;e
ation during battery charge/discharge. The disposal of haz-Pac! P pac qu

C. Advanced Capacitors

ardous materials presents some battery disposal problems\./Oltage

The disposal problem varies with battery technology. For ex- q=CV (1)
ample, the recycling/disposal of lead acid batteries is well es- cA

tablished for automotive batteries. C=— 2

Batteries store dc charge, so power conversion is required 1.
to interface a battery with an ac system. Small, modular E :§CV 3)
batteries with power electronic converters can provide o dt
four-quadrant operation (bidirectional current flow and bidi- dv =i+

+ S Rtot- (4)

tot

RIBEIRO et al. ENERGY STORAGE SYSTEMS FOR ADVANCED POWER APPLICATIONS 1747



The amount of energy a capacitor is capable of storing canand voltage-withstand capabilities) [15]. Several different
be increased by either increasing the capacitance or thecombinations of electrode and electrolyte materials have
voltage stored on the capacitor. The stored voltage is limited been used in ultracapacitors, with different combinations
by the voltage-withstand-strength of the dielectric (which resulting in varying capacitance, energy density, cycle-life,
impacts the distance between the plates). Capacitance caand cost characteristics. At present, ultracapacitors are
be increased by increasing the area of the plates, increasingnost applicable for high peak-power, low-energy situations.
the permittivity, or decreasing the distance between the Capable of floating at full charge for ten years, an ultra-
plates. As with batteries, the turnaround efficiency when capacitor can provide extended power availability during
charging/discharging capacitors is also an important consid-voltage sags and momentary interruptions. Ultracapacitors
eration, as is response time. The effective series resistance&an be stored completely discharged, installed easily, are
(ESR) of the capacitor has a significant impact on both. The compact in size, and can operate effectively in diverse (hot,
total voltage change when charging or discharging capaci-cold, and moist) environments. Ultracapacitors are now
tors is shown in (4). Note that; and R, are the result available commercially at lower power levels [16].
from a combined series/parallel configuration of capacitor  As with battery energy storage systems, application of ca-
cells to increase the total capacitance and the voltage level.pacitors for power applications will be influenced by the
The productR;.;C;.¢ determines the response time of the ability to charge/discharge the storage device. At present, ul-
capacitor for charging or discharging. tracapacitors and hypercapacitors have seen initial applica-
Capacitors are used in many ac and dc applications intion in low-energy applications with much of the develop-
power systems. DC storage capacitors can be used for enment for higher energy applications geared toward electric
ergy storage for power applications. They have long seenvehicles. Near-term applications will most likely use these
use in pulsed power applications for high-energy physics and capacitors in power quality applications. For example, ultra-
weapons applications. However, the present generation ofcapacitors can be added to the dc bus of motor drives to im-
dc storage capacitors sees limited use as large-scale energgrove ride-through times during voltage sags [17], [18]. Ul-
storage devices for power systems. Capacitors are often usedracapacitors can also be added to a DVR or be interfaced to
for very short-term storage in power converters. Additional the dc bus of a distribution static compensator (DStatCom)
capacitance can be added to the dc bus of motor drives and19], [20].
consumer electronics to provide added ability to ride voltage
sags and momentary interruptions. The main transmission orD- Flywheel Energy Stage (FES)

distribution system application where conventional dc capac-  Flywheels can be used to store energy for power systems
itors are used as large-scale energy storage is in the distribuwhen the flywheel is coupled to an electric machine. In most
tion dynamic voltage restorer (DVR), a custom power device cases, a power converter is used to drive the electric machine
that compensates for temporary voltage sags on distributionto provide a wider operating range. Stored energy depends
systems [13]. The power converter in the DVR injects suf- on the moment of inertia of the rotor and the square of the
ficient voltage to compensate for the voltage sag, such thatrotational velocity of the flywheel, as shown in (5). The mo-
loads connected to the system are isolated from the sag. Thenent of inertia(7) depends on the radius, mass, and height
DVR uses energy stored in dc capacitors to supply a compo-(length) of the rotor, as shown in (6). Energy is transferred to
nent of the real power needed by the load. the flywheel when the machine operates as a motor (the fly-
Several varieties of advanced capacitors are in develop-wheel accelerates), charging the energy storage device. The
ment, with several available commercially for low power ap- flywheel is discharged when the electric machine regenerates
plications. These capacitors have significant improvementsthrough the drive (slowing the flywheel)
in one or more of the following characteristics: higher per-

mittivities, higher surface areas, or higher voltage-withstand E :1]w2 (5)
capabilities. 22

Ceramic hypercapacitors have both a fairly high 7T mh (6)
voltage-withstand (about 1 kV) and a high dielectric 2

strength, making them good candidates for future storage The energy storage capability of flywheels can be improved
applications. At present, they are largely used in low either by increasing the moment of inertia of the flywheel or
power applications. In addition, hypercapacitors have low by turning it at higher rotational velocities, or both. Some
effective-series-resistance values. Cryogenic operationdesigns utilize hollow cylinders for the rotor allowing the
appears to offer significant performance improvements. mass to be concentrated at the outer radius of the flywheel,
The combination of higher voltage-withstand and low improving storage capability with a smaller weight increase
effective-series-resistance will make it easier to use hy- [21].
percapacitors in high power applications with simpler  Two strategies have been utilized in the development of
configurations possible [14]. flywheels for power applications. One option is to increase
Ultracapacitors (also known as supercapacitors) arethe inertia by using a steel mass with a large radius, with ro-
double layer capacitors that increase energy storage capatational velocities up to approximately 10 000 rpm. A fairly
bility due to a large increase in surface area through use of astandard motor and power electronic drive can be used as the
porous electrolyte (they still have relatively low permittivity ~power conversion interface for this type of flywheel. Several
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pumped hydroelectric systems, compressed air energy
UM storage (CAES), and flow batteries (a variation on the fuel

Nﬁ | | cell now in the demonstration stage).
~ Vi=C |

T~

= ,.’}j [ll. POWER SYSTEMS APPLICATIONS
I ! Currently, each storage technology has advantages and
Fig. 5. Flywheel energy storage coupled to a dynamic voltage cllisadvantages when ConSider.ed for power §y3tem applica-
restorer. tions. SMES systems are environmentally friendly and can

respond rapidly to changes in power demand, but battery and
flywheels utilizing this type of design are available commer- flywheel systems are modular and cost effective. Flywheels

cially as uninterruptible power supplies (UPSs). This design @nd capacitor technologies are still being developed and

results in relatively large, heavy flywheel systems. Rotational &€ €Merging as promising storage technologies as well.
energy losses will also limit the long-term storage ability of 1h€ capabilities of energy storage systems in power system
this type of flywheel. applications are summarized in Table 1.

The second design strategy is to produce flywheels with
a lightweight rotor turning at very high rotational velocities A. Integration of Energy Stage Systems Into FACTS
(up to 100 000 rpm) [22]-[24]. This approach results in com- Devices

pact, lightweight energy storage devices. Modular designs Second generation FACTS controllers are power elec-
are possible, with a large number of small flywheels pos- qnics based devices that can rapidly influence the
sible as an alternative to a few large flywheels [25]. HOwever, ynqmission system parameters such as impedance, voltage,
rotational losses due to drag from air and bearing 0sses ré-;4 hhase to provide fast control of transmission or distribu-
sult in significant self-discharge, which poses problems for . system behavior. The multi-MW FACTS technologies
long-term energy storage. High-velocity flywheels are there- 1,50 heen introduced to the utility industry to enhance the
fore operated in vacuum vgssels to eI_iminate air reSiStance'existing transmission assets as opposed to construction of
The use of magnetic bearings helps improve the problems ., transmission assets. Several tilities have installed such
with bearing losses. Several projects are developing sUper-qqirgjlers in their system [25], [26]. The FACTS controllers
conducting magnetic bearings for high-velocity flywheels .+ can penefit the most from energy storage are those that
[26]-{28]. The near elimination of rotational losses will pro- iji;e a voltage source converter interface to the power
vide flywheels with high charge/discharge efficiency. The system with a capacitor on a dc bus. This class of FACTS
peak power transfgr ratings depend on the power rgtings Ncontrollers can be connected to the transmission system
the power electronic converter and the electric machine. ;4 ajiel (static compensator, or StatCom), series (static
Flywheel appllcat_lons under c_:on5|derat_|on include au- synchronous series compensator, or SSSC) or combined
tomobiles, buses, high-speed rail locomotives, and energy nified power flow controller, or UPFC) form, and they can
storage for electromagnetic catapults on next generation,yjize or redirect the available power and energy from the ac
aircraft carriers. The high rotational velocity also results in system. Without energy storage, FACTS devices are limited
the need for some form of containment vessel around the, 1, gegree of freedom and sustained action in which they
flywheel in case the rotor fails mechanically. The added ., help the power grid. The integration of an energy storage

weight of the containment can be especially important in gt (ESS) into FACTS devices can provide independent
mobile applications. However, some form of containment oo and reactive power absorption/injection  into/from

is necessary for stationary systems as well. The largesty,o 4yjg |eading to a more economical and/or flexible
commercially available flywheel system is about 5 MJ/1.6 angmission controller. The addition of real power transfer
MVA weighing approximately 10 000_ Kg. i capability does not necessarily result in a large increase in
Flywheel energy storage can be implemented in severaly,o \ya rating of the converter, since the real power is
power system applications. If an FES system is included with i, ¢ adrature with the reactive power from the converter,
?FACTS or custom power device with a dc bus, an inverter as shown in Fig. 6. The addition of real power capability
is added to couple the flywheel motor/generator tg the dc may improve the performance of the converter enough that
bus. For example, a flywheel based on an ac machine couldy,o"tota) converter MVA rating could even be reduced. If
have an inverter interface to the dc bus of the custom power , yansmission line experiences significant power transfer
device, as shown in Fig. 5. Flywheel energy storage has been 4 iations in a short time notice, a FACTS/ESS combination
considered for several power system applications, including .o, pe installed to relieve the loaded transmission line. The
power quality applications [29]-{32] as well as peak shaving gnhanced performance of combined FACTS/ESS will have

and stability enhancement [33]. greater appeal to transmission service providers (Fig. 7).
i To illustrate the significant impact of FACTS/ESS, several
E. Other Technologies simulation and experimental studies were carried out, with

Several other energy storage technologies have beerthe results presented in the following sections. The first in-
considered and applied for utility applications, including tegrates a StatCom with an SMES for the damping dynamic
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Table 1
Summary of Energy Storage Systems Capabilities

Performance \ ESS SMES BESS FES Capacitor
Dynamic Stability VI L v[47] ]
Transient Stability VAN [ v[*]
Voltage Support I VAl V1 Needs to be
. 10 10.11 explored
Area Control/ Frequency Regulation Y17 vI] -
Transmission Capability V1M [ -
Improvement
Power Quality Improvement A A AR v []
* sions, but has little impact on damping the generator rotor
’ oscillations. The reactive power injection capabilities of the
’/ StatCom enables the voltage to be rapidly controlled, but
Device ’ FACTS Device W|th9ut a<_:t|ve power capabilities, the rotor oscillations are
MVA ’ Reactive Power (Q) relatively impervious to the effect of the StatCom. When an
4 SMES caoil is added to the StatCom, both the voltage and
’ ’ rotor oscillations are quickly damped. If the StatCom/SMES
7, is placed close to the generator, the SMES coil acts as an
= —— energy booster for the generator and yields better damping
lf?eal g?\fl"gg . performance.
om Converter Losses FACTS With BESSThe independent control of both ac-

tive and reactive power of a FACTS/BESS system make it
an ideal candidate for many types of power system applica-
tions, including voltage control and oscillation damping. To
power oscillations. The second integrates various FACTS de-show the effectiveness of the FACTS/BESS compared to a
vices (StatCom, SSSC, and UPFC) with BESS for voltage traditional FACTS system, a lightly damped mode at 1.4 Hz
control, power flow control, and oscillation damping. is induced between two synchronous areas shown in Fig. 10
StatCom With SMESThe dynamics of the integration of by removing one of the interconnecting tielines.
a +160 MVAR StatCom, and 100 MJ SMES coil (96 MW For an even comparison between controllers, the same
peak power and 24 kV dc interface) was modeled and sim- control approach was applied for both the FACTS and the
ulated [27], [52]. The StatCom is modeled with two-GTO FACTS/BESS system. The active power flow was controlled
based six-pulse voltage source inverters. The voltage sourcausing a PI control where the target active power output of
inverters are connected to the ac system through two 80 MVA the FACTS/BESS is given b¥* = PFiine — Pline, scheduled-
coupling transformers, and linked to a 10 mF dc capacitor in The ideal control is to inject the FACTS/BESS active
the dc side. The dc link capacitor establishes equilibrium be- power in opposition to the tieline oscillations to rapidly
tween the instantaneous output and input power of the in- damp them. The voltage control is accomplished using a
verter. The SMES coil is connected to the voltage source linear-quadratic-regulator (LQR) control.
inverter through a dc—dc chopper, as shown in Fig. 8. The A comparison of the effectiveness of the controls is
chopper controls the dc current and voltage levels by con-shown in Figs. 11 and 12. The presence of the lightly
verting the inverter dc output voltage to the adjustable voltage damped oscillatory mode can be observed in Fig. 11(a)—(c).
required across the SMES coil terminal. The purpose of the Immediately following the loss of one of the parallel lines,
interphase inductors is to allow balanced current sharing for the active power flow from area 1 to area 2 drops. This
each chopper phase. sudden topology change perturbs one of the interarea os-
The StatCom/SMES is applied to a system with two syn- cillatory modes, resulting in a lightly damped active power
chronous areas coupled via parallel tielines. Dynamic oscil- oscillation on the remaining tieline. However, since the total
lations of approximately 3 Hz are induced between the two power demand and generation in the system do not change,
areas by applying a 0.15 second three phase fault at the midthe power flow from area 1 to area 2 will return to the
point of one of the parallel lines. Fig. 9 shows the system scheduled value over time. To fully mitigate the resulting
dynamic response caused by the short circuit for the systemoscillations, the low frequency oscillatory mode must be
with and without the StatCom/SMES. sufficiently damped by the FACTS controllers. Note that in
Without a controller, the system response shown in both power and voltage cases, the FACTS/BESS is more
Fig. 9(a) exhibits lightly damped oscillations in both fre- effective than any FACTS device alone. This is due to the
guency and generator rotor speed. Adding a StatCom toadditional degree of freedom in control and the presence
the system at the tieline bus stabilizes the voltage excur-of active power capabilities, especially in the interarea os-

Fig. 6. Device MVA rating.
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cillation damping control. Since the FACTS/BESS has two simple point-to-point layouts with a single rectifier and a
degrees of control freedom, both control objectives can be single inverter. More complicated multiterminal systems
met independently, whereas the StatCom and SSSC controhave been considered, but the complexity of a reliable
must be optimized to achieve both the oscillation damping control scheme allowing operation without communication
and the voltage control objectives with a single input. during a disturbance severely limits the number of converters
These study results establish the viability of using in the system.
FACTS/ESS to enhance power system operation [53]. The \boltage source converter based dc systems allow for lower
FACTS/ESS combination exhibits increased flexibility over voltage dc transmission systems capable of supporting a
the traditional FACTS with improved damping capabilities large number of standard “off the shelf” inverters. Energy
due to the additional degree of control freedom provided by storage can be added to the dc system, providing improved
energy storage systems. response to fast load changes drawn by the inverters (see
Fig. 13). The addition of energy storage to superconducting
transmission systems is explored in [55], and battery storage
Improvements in power electronic device technologies to a dc distribution system based on voltage source con-
have led to significant improvements in the flexibility of verters is discussed in [56].
dc transmission systems through the ability to use voltage There are several key features that the dc system must pos-
source converters [54]. Traditional direct current systems sess to be able to provide high quality power to the loads. The
see limited use as high power, high voltage dc (HVDC) system should try to emulate the desirable features of a UPS
transmission systems. These HVDC systems operate at higtas far as the loads are concerned. Key features to include are:
voltage levels to reduce resistive losses. The systems usasolation from ac supply system voltage fluctuations, lim-
line-commutated, thyristor-based converters and have fairly iting nonlinear interactions with other loads and sources on

B. HVDC Transmission and Distribution Applications
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the system, and ride-through capabilities for ac faults and in- be corrected for by the converter controls and the energy
terruptions. Disturbances on the dc system itself should alsostored in the passive elements in the system. But a longer
have minimum impact on the voltage waveforms seen by the lasting voltage sag or an outright interruption requires the
loads. presence of some form of energy storage on the dc system.
The system should also have the ability to ride though The storage element will be interfaced to the dc system
voltage sags on the ac system. A small, subcycle sag carthrough a power converter. The converter will be controlled
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(DStatCom) is similar to the DVR, except that the voltage
source converter is connected in parallel with the line. Energy

E storage can also be added to the dc bus of the DStatCom.
AC
= LOAD

Ry

=< IV. CosT CONSIDERATIONS

T Energy storage system costs for a transmission application
Fig. 13. DC system with capacitive energy storage added to the are driven by the operational requlrem_ents [57]_[63_]- The
dc system through a dc-to-dc converter. costs of the system can be broken down into three main com-

ponents: the energy storage system, the supporting systems

to keep the storage element charged during normal operatior(refrigeration for SMES is a big item), and the power con-
and then support the dc voltage at a minimum level during a version system. The cost of the energy storage system is pri-
disturbance. marily determined by the amount of energy to be stored. The
configuration and the size of the power conversion system
C. Power Quality Enhancement With Energyrage may become a dominant component for the high-power low-

Custom power devices address problems found at dis-€nergy storage applications. For the utility applications under
tribution level such as voltage sags, voltage swells, voltage consideration, estimates are in the range of $10K-$100K per
transients, and momentary interruptions. The most commonMJ for the storage system. The corresponding cost of sup-
approaches to mitigate these problems focus on customePorting systems is within the range of $2K-$15K per MJ.
side solutions such as UPS systems based on battery energyh€ power conversion system is estimated to be in the range
storage. Alternative UPS systems based on SMES and FES&f $150 to $250 per kW. The reason for the wide variation
are also available. On the utility side of the meter, studies havein the cost of the power conversion system is its dependence
indicated that using power line conditioners and redundant on the configuration of the system. For example, if an SMES
feeder systems operating in conjunction with fast acting cir- IS connected to an ac system, a dc—dc chopper and a voltage
cuitbreakers and faultisolators can eliminate a majority of the Source converter or a current source inverter is needed, but
load disruptions. Custom power devices are entering serviceif the SMES is connected to an existing FACTS device with
to act as fast circuit breakers and perform line conditioning. & dc bus, only the dc—dc chopper is required. Therefore, the
The dynamic voltage restorer (DVR) is a pulsewidth-mod- Percentage of relative cost of each subsystem with regard to
ulated (PWM) converter in series with the lines, having a the total system cost is dependent on the application.
dc link stabilized by an energy storage element, usua”y a Inorderto establish a realistic cost estimate, the following
large capacitance. The DVR is distinguished by having a dc Steps are suggested:
energy source, often dc storage capacitors, supplying the dc < identify the system issue(s) to be addressed;
link as well, as shown in Fig. 14, although ultracapacitors, « select preliminary system characteristics;
FES, and SMES can all be used to allow the DVR to operate  « define basic energy storage, power, voltage and current
over longer/deeper voltage sags. A distribution StatCom requirements;
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* model system performance in response to system de-proved power quality. Adding energy storage to power elec-

mands to establish effectiveness of the device;

tronics compensators not only enhances the performance of

» optimize system specification and determine system the device, but can also provide the possibility of reducing

cost;
 determine utility financial benefits from operation;

the MVA ratings requirements of the front-end power elec-
tronics conversion system. This is an important cost/benefit

« compare system’s cost and utility financial benefits to consideration when considering adding energy storage sys-

determine adequacy of utility’s return on investment;
» compare different energy storage systems performance
and costs.
While each system will be tailored to individual utility
needs, target costs for a basic energy storage system on a per
kilowatt basis are less than the costs on a per kilowatt basis

(1]

of the lowest cost generation units. On a per unit active or re- g
active power basis, energy storage costs will be higher than
the costs for FACTS that do not provide the full range of ser- 3]
vices that a FACTS- Energy Storage device can provide.

Deregulation, together with transmission limitations and  [4]
generation shortage, have recently changed the power grid 5]
condition creating situations where energy storage tech-
nology can play a very important role in maintaining system
reliability and power quality. The ability to rapidly damp 6]
oscillations, respond to sudden changes in load, supply load
during transmission or distribution interruptions, correct
load voltage profiles with rapid reactive power control, and [7]
still allow the generators to balance with the system load at
their normal speed, are among the benefits of energy storage [8]
devices.

[9]

V. CONCLUSION

Among the potential performance benefits produced by [10]
advanced energy storage applications are improved system
reliability, dynamic stability, enhanced power quality, trans- [11]

mission capacity enhancement, and area protection. An en-
ergy storage device can also have a positive cost and environ-
mental impact by reducing fuel consumption and emissions [12
through reduced line losses and reduced generation avail-
ability for frequency stabilization.

FACTS devices which handle both real and reactive power
to achieve improved transmission system performance are
multi-MW proven electronic devices now being introduced
in the utility industry. In this environment, energy storage is
a logical addition to the expanding family of FACTS devices.

As deregulation takes place, generation and transmission
resources will be utilized at higher efficiency rates leading
to tighter and moment-by-moment control of the spare ca-
pacities. Energy storage devices can facilitate this process, [16]
allowing the utility maximum utilization of utility resources. [17]

The new power electronics controller devices will enable
increased utilization of transmission and distribution systems
with increased reliability. This increased reliance will result
in increased investment in devices that make this asset more
productive. Energy storage technology fits very well within
the new environment by enhancing the potential application
of FACTS, custom power, and power quality devices.

This paper shows that energy storage devices can be in-
tegrated to power electronics converters to provide power
system stability, enhanced transmission capability, and im-

(13]

(14]

(18]

(18]

(19]

(20]
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tems.
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