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ABSTRACT

A MODEL OF THE EFFECTS OF AUTOMATIC GENERATION CONROL SIGNAL

CHARACTERISTICS ON ENERGY STORAGE SYSTEM RELIABIL¥T

No electrochemical batteries constructed to date lthe storage capacities necessary for
integration into conventional energy markets; aggten will be required to meet industry-
standard metrics for reliability and availabilitfhis aggregation of individual energy storage
devices into a distributed energy storage (DESesywill be useful not only to allow standard
connection to the grid, but to provide higher-qgiyalast-response grid services with low-cost
technologies. These smaller installations willdnéower capital costs than traditional energy
storage facilities. Ancillary services, and mopedfically frequency regulation services, are
understood to be the most technically viable ammhemically valuable market available to DES.
Accordingly, this study is based on the propeniethe frequency regulation market.

This study presents a simplified model of a DE®uese, its frequency regulation
actuation signal, and its mode of market partiegpat The inputs to the model are scaling
parameters of the DES system and of the actuatjmals The outputs from the model are the
individual and aggregated reliability of the DEStgym. An analytical calculation of reliability
is performed and analytical results are compareditoerical simulation solutions. Results
show that the reliability of the energy storageidean be characterized using a set of non-
dimensional parameters. These device-level rdélabesults are then translated into system-

level reliability through several different modelsancillary services contracting and dispatch.



Previous studies of DES systems have assumecdthanergy storage system has no
energy storage limitations and that the actuatignas has no net or instantaneous energy
content. This model includes these conditionsssio @apture the interaction between the energy
content of the Automatic Generation Control (AG@nsal and the device-level and system-level
reliability of DES systems. These results are hovéhat they can guide the independent system
operator/balancing authority in constructing an A§&@hal specific to the needs of DES system

resources.
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1.0INTRODUCTION

Batteries for automotive use allow hybrid-elect(ldEV) or battery-electric (BEV)
vehicles to have many advantages over conventigoehicles, such as increased engine
efficiency, decreased driving costs, and decreaseidsions [1-3]. One of the disadvantages,
however, is that a battery can be utilized for gportation only for so long because
manufacturers desire driveability and performarcéd the same throughout the usable life of
the battery [4]. This so-called “end-of-life” f@utomotive batteries occurs after no more than
20% energy and power capacity loss for BEVs or 28BHEVs [5]. After the batteries have
served their useful lives in vehicles, they arerentty either discarded or their components
recycled. Since there is a significant amountrefrgy and power capacity left in each battery, a
“second-life” usage program has been proposed \whdratteries can be connected to the
electric power grid [4]. A second-life program malgo offset the initial costs of new batteries
[3]. This system is known as Battery-to-Grid.

Battery-to-Grid (B2G) is the idea of using batsrio add energy storage (ES) capacity to
the electric power grid. Currently, the grid cansaonly about 2% storage; power generation
must match power demand at all times [6]. This lsarcostly at times of high demand because
peak generators need to ramp up their output talm@dmand [7]. ES would permit the grid to
store excess energy generated during periods ofleawand and to dispatch the energy during
high or peak demand periods, allowing traditionath@rators to operate at a more constant rate
[8]. This would increase generator efficiency aeduce operating and maintenance costs to
generators by reducing transient operations [gmé&areas have already integrated ES capacity
into their dispatch, typically in the form of puntpéiydroelectric generation [7]. Pumped

hydroelectric generation is advantageous to the lggicause of low costs, near-zero emissions,



and fast response to peak loads [10]. For are#sowmti access to hydroelectric resources,
batteries could serve an ES role.

Another use of ES on the electric grid is for ngables firming. Firming refers to
conditioning of the power output of a generatorirtgprove compatibility with the grid [11].
Because renewable resources such as solar andhasedpower output that is highly variable,
energy storage is necessary to either strictlyestrergy during low-demand periods when it
cannot be used, or to collect energy temporarilyl threre is enough capacity to be of use in an
energy market [7], [12]. B2G is already in useaenewable resource management, such as the
current largest lithium-ion B2G system, run by AESergy Storage, which is connected to a
98MW wind power facility [13]. While renewablegrhing is an important aspect toward the
motivation of energy storage connectivity and sjpeadly B2G, it is not in the scope of this
paper and is mentioned only to provide thorougtkfamnd on potential B2G uses [3], [6], [8],
[14], [15].

Currently, ES devices for B2G have been desigmeldcanstructed specifically for B2G.
By enabling second-life automotive batteries tdipigate in B2G, the energy storage capacity
on the electric grid will rise dramatically [8]. oFexample, the power capacity of electric-drive
vehicles (EDVs) in California in 2008 was estimatede 4% of the state’s generating capacity
[16]. HEVs have already achieved mass commereai@iz and plug-in hybrid-electric vehicles
(PHEVs) are forecast to achieve this by 2015, wkidhincrease the EDV total power capacity
[17]. Assuming the connection of a hypotheticalfa fleet of EDVs at 25% that of the national
fleet, the power capacity of the total electricgdtem will be doubled, with the energy capacity
growing proportionally [12]. In addition, battesielesigned for automotive use are especially

well suited for energy markets due to their higiwpoand low cost [18].



2.0VEHICLE -TO-GRID AND RELATIONSHIP TO B2G

Vehicle-to-Grid (V2G) is the use of energy and powapacity from parked EDVs for
stability of the electric grid [12], [19]. V2G ar82G share the concept of bidirectional power
flow with the electric grid, as long as vehicles mmt provide remote generation through either
an internal combustion engine or a fuel cell [ZP]} [20]. Most studies to date have been on the
viability of V2G with respect to EDVs such as PHEWs plug-in fuel cell hybrid-electric
vehicles. Many of the cited studies assume rengateeration is allowable and generally
preferable, but because of potential safety ansliti@idy concerns, this study considers battery-
supplied energy only [21].

V2G and B2G are also related in that they areidiged resources [20], [22]. For either
of these to be viable as grid-attached ES, an ggtpeis necessary to combine the relatively
small capacities of each vehicle battery into aesydarge enough to effectively serve the grid
[23], [24]. This aggregation allows ES devices dombine their capacities and create a
distributed energy storage (DES) system. Oncecdehave been aggregated into a DES system
to meet or exceed the typical 1MW minimum markeureement, there are a number of energy

services that are available for contracting [25].



3.0B2G AND TYPES OF GENERATION SERVICE

Many types of generation services in use todayehpreviously been analyzed for
viability with V2G. Due to the similarities betwe&/2G and B2G, these analyses are also useful
to determine viability of DES systems as B2G resesir The subsequent subsections will
outline those services, the potential advantagesdisadvantages for B2G and DES systems,

and conclusions about each with respect to B2G.

3.1BASELOAD

The baseload service is the most basic generséiniice in that it provides the majority
of energy used at all times (Fig. 1). Becausehef constant demand for power, baseload is
typically contracted long-term and at a relativébyv per-kWh price [18], [22]. Baseload
provides near-constant power, which is benefical €oal-fired, nuclear, hydroelectric, or
natural-gas plants as these devices are moreegffiat steady-state [7], [18]. Several studies
have shown that baseload power is not suitablepfoduction by batteries for a variety of
reasons [7], [12], [18], [22], [26]. First of allhe low per-kWh revenue from baseload is much
lower than the costs incurred from providing B2®][2 The durability of batteries is also 10-50
times lower than traditional generators; the camsp@wer requirement would cause accelerated
deterioration of B2G resources [12]. Furthermdhere is opportunity cost associated with
baseload power not taking advantage of the quispamse time of batteries [22]. These

analyses all conclude that baseload power is legsrgted by traditional means.
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Fig. 1: Difference in scale between regulation seices and generation (as iif6])

3.2PeEAK POWER

Another generation service considered is thateatkppower. Peak power is a type of
generation applied only at times when high levdlpawer consumption are expected (Fig. 1)
[22]. Because it is only needed a few hundred fi@mach year, peak power is traditionally
generated by gas generators since they have asltattup time and lower capital costs than
larger plants [7], [18], [22]. Due to its low tbtperating time, peak power has been studied for
V2G extensively [2], [3], [7], [14], [18], [21], [2]. While earlier studies assumed that peak
power would be the primary operation for vehicldatér@des, more recent research has had
differing results. The early analytical exercigfprmed by Kempton et al. suggested that peak
power would be economically feasible [2]. Kambbjé also suggested that vehicle batteries
may be suitable for peak power, but their capaitiay limit the power that can be provided
economically [7]. A later study by Kempton et sthowed that peak power from V2G could be
viable if electricity rate schedules are adapted,di the time of writing, battery vehicles were
too costly to run in this service [14]. A stilltéa study by Kempton et al. could not conclude that
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batteries would be viable for peak power becausthefprice variability of the market [22].
Based on the variation in results, it is reasonableconclude that peak power is not an
immediately viable service in which to participatdonetheless, after saturation of more-feasible
services, peak power could be revisited [12]. B2Ehis area would allow older, less efficient
peaking units to retire [21].

A use of B2G similar to peak power is that of pesdiaving. Peak shaving is also
matching of peak demand to generation, but by ddmaduction through generation on the
customer side of the meter rather than increasestility-side generation [27]. General
preliminary analyses shows that batteries couldviable for peak shaving [15]. Analysis
specific to residential peak shaving shows thatagembattery types have low enough costs to
allow profit, although never with levelized electniates. More promising results have been
shown in commercial and industrial (C&l) applicatsp where monthly demand charges are
based on the peak power used during the monthovigring the peak power, the largest part of
C&l electricity bills can be decreased. Under atads of high electricity rates, C&l peak
shaving may be viable. Peak shaving, like peakgopthas lower margins than other available
services which suggests that it is not the idealfas B2G, but it has been encouraged in some

cases because there are no infrastructure updatessary [22].

3.3ANCILLARY SERVICES

Ancillary services (A/S) are energy markets thaintain the integrity and reliability of
the electric grid and have lower power and enesguirements than peak power or baseload
services [15], [19]. Included in A/S are spinnimgii-spinning reserves and regulation services.

Studies have shown that short-term A/S are the tmastficial use of automotive-type batteries



[18], [21], [22], [27-30]. Because of the techmniadvantages that batteries have over traditional
generation for A/S, such as fast response timeladlety in small increments, their distributed
nature, and ability to offset traditional generatend improve system efficiency, A/S is the most
economically viable service for DES systems [12]1]] [22], [31]. Both capacity and energy
payments are associated with A/S contracts; thergéor is paid not only for energy transferred,
but for being available for dispatch [7], [12]. da&ise DES systems are nearly always available,

this capacity payment is often the main sourceeeénue for B2G [18], [32].

3.3.1SPINNING RESERVES

The first type of A/S considered are spinning aod-spinning reserves markets. The
spinning reserve market specifies contracts forggaapacity that is already synchronized to the
grid to provide fast response (within 10 minutescommand). Non-spinning reserves are
similar, although they are not required to be prasly synchronized [15], [27]. Non-spinning
reserves do not appear to be as profitable a makedpinning reserves, so they will not be
discussed further. Spinning reserves are in opearanly 10-20 times per year for 10 minutes to
two hours [7], [18]. Batteries have been studidthiis type of market because this low overall
usage may not affect battery life considerablytdvas can provide faster response than typical
reserves capacity, and synchronization to the igramccomplished by simply plugging in to the
wall, so the capacity payment does not incur cpgts[22]. Analyses of spinning reserve
feasibility have shown mixed results, however. tAdy by Cready et al. showed that costs
incurred from spinning reserves were higher thatemq@l revenue, while another study by
Kempton et al. found most vehicle batteries woutdppofitable with spinning reserves [11],

[22]. Moura concluded that EDVs are unappealingsjpinning reserves, but Sioshansi et al.



considered spinning reserves to be the most vigitien [16], [31]. Either way, due to energy
constraints, batteries become less useful as thieaod period increases, so a market with even

lower net energy would be more advantageous to B35

3.3.2FREQUENCYREGULATION

The final A/S market for discussion is frequenegulation, which controls the minute-
by-minute matching of power supply to instantaneposver demand [7]. Resources that
currently provide regulation are conventional poyéants and hydroelectric generators [27].
Because it is inherently a quick-response markehégators must respond to the command
signal sent every 2-4 seconds), it is intuitivet thdattery system would be a superior candidate
for this market in particular [7], [11]. Furtherneo regulation services account for 80% of the
A/S expenditures by the Independent System Ope(#&®); it is a much larger and more
valuable market than spinning reserves [6], [7B][2Because the market is meant to control
slight deviations (Fig. 1), the signal has beerspneed to contain significantly less energy than
the other markets and services, which is benefiolathe small energy capacities of batteries
[18], [19], [22], [24], [26], [28]. Because frequey regulation has been demonstrated by many
as the best choice of energy market for DES systemsanalysis is based on this market [7],

[11], [12], [16], [18], [19], [22—24].



4.0PROJECT OBJECTIVES AND RESEARCH CHALLENGES

While low-power, low-energy distributed energy sige systems have the capability to
meet the strategic goals of frequency regulatiotoat cost because of the low capital costs
associated with smaller installations, the faspoese available from smaller resources, and the
availability of low-cost technologies including auototive-type batteries, there are still
uncertainties as to some technical aspects ofaggulfor DES systems [12], [18]. The barriers
to implementation of DES systems are the problensso@ated with system-level
communication and control of a large number ofritisted devices [30]. In order to realize the
benefits of DES systems, the Balancing AuthoritpBeeds to develop new methodologies for
contracting and dispatching distributed storageesys. Recent work by Quinn et al. and
Kempton et al. have shown that actuating DES usiogventional systems leads to low
reliability, low availability, and lower economi@iue [6], [33]. At present, many BAs and ISOs
do not have a frequency regulation market spedibicDES [19], [30]. The Automatic
Generation Control (AGC) signal that is presendgdifor frequency regulation is a combination
of Interchange Error, a frequency deviation term, adfset term for automatic time error
correction, and an Hourly Inadvertent Energy Pakliaom. In general, these AGC components
and the resulting AGC signal contain an overallrgpéias [30], [33], [34]. The traditional
AGC signal is tailored to the characteristics affitional generators and will not be viable with
energy-limited storage systems [6].

To enable the technical feasibility of storagetays for the electric grid, the ISO/BA
will have to construct low-energy frequency regiolatsignals and a corresponding low-energy
frequency regulation market product [35]. Foramste, PJM has developed a fast-response, low

net energy frequency regulation signal specificedlyencourage the commercialization of DES.



This new signal had a net energy of ~1MWh in aqaestudied, whereas the conventional

frequency regulation signal had a net energy ofMMb [36]. At present it is unclear what

effect this net energy has on the reliability anddtion of DES, as described in my research

guestions:

RQ1. How can | characterize the acceptable amount oémettgy on the AGC signal for DES?

RQ2. What capacities of DES will be able to participetehe PIM experimental market with
reliability relative to production-market participa?

RQ3. What will be the characteristics of A/S systemgd tan enable the participation of small-
scale DES?

RQ4. What method of aggregation of the command signaililshbe used to maximize benefit
for DES systems?

In order to quantify and compare the effects esthAGC signal characteristics on the
reliability of DES systems as A/S providers, thiady proposes a simplified computational
model of the performance of DES resources. Thatseedemonstrate the stochastic performance
of these resources when actuated by synthetic AG@ls. Discussion focuses on evaluation of
methods to improve DES system reliability, synthesf system reliability under varying AGC
signal conditions, and assessment of the curravwljlable AGC signals within the proposed

modeling framework.
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5.0M ODELS AND METHODS

A DES system is comprised of numerous ES devigesttze reliability of the whole can
be deduced from the reliability of each device.isThodel consists of a simple representation of
an ES device subject to a power command (repregeatportion of the AGC signal). The ES
device attempts to meet the power command to thedfets capability. For simplicity, the ES
device is assumed to have 100% coulombic and etegféciency, such that the device energy
content can be calculated from the integrated pameermand. The ability of the ES device to
meet the power command is limited only by the epeapacity of the device; the current and
voltage that might be required at any given power assumed to be within the physical and
electrochemical limits of each device.

The power command to each ES device is assumed sodomponent of the area-wide
AGC signal. For this study, the AGC signal is ased to be a sinusoidal signal of constant
period, constant amplitude, and zero offset. Tlaestwo possible means for distributing this
high-power (Byna) Signal to the low-power (Bragd ES units. The stacked call method (Fig. 2)
divides the high power signal into a number of dizad signals with a power ofsBage
Commands issued to the individual ES devices cay lvave values of +fage0r zero. The
power outputs are summed from numerous distribE8ddevices to meet the total power
command. Alternatively, the proportional call madh(Fig. 3), as used by PJM Interconnect
(PJM) and the California 1SO (CAISO), divides thegth power signal into a number of
continuous, time-varying signals [24], [36]. Eastbrage device is commanded with a constant
fraction of the instantaneous AGC. To model these control strategies, the power command
to the ES device is modeled as either a square wasgesinusoidal wave. Both commands are

characterized by their period and peak amplitude.
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Fig. 2: Stacked call method for DES signal distribtion
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Fig. 3: Proportional call method for DES signal digribution

A/S are assumed to be procured by the BA usingiassef 10 minute contract periods

which matches the dispatch period used by CAISQ. [3During this contract period, each
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device can perform either regulation down (drawpayver from the grid) or regulation up

(sending power to the grid), based on the commagmdis

5.1NZETRATIO DEFINITION

In this study, | characterize the power commandhieyparameter Net-Zero-Energy Time
(NZET). NZET is the time at which the command sighas requested equal amounts positive
and negative energy. In this model, where symmeperiodic signals are used, NZET is
equivalent to the period of the power command. TWNZEn be normalized by the capacity of the
ES device (@) to calculate NZETRatio, a dimensionless paranmagéined in (1). This ratio is
used because it not only accounts for the effeicteengrid signal (power and period), but also
the energy storage capability of the ES device.usigg the ratio as opposed to strict NZET, the
simulation results are non-dimensional in ordeshow ES device performance independent of
scale.

In order to establish the basis for the NZETRdtarbitrarily assigned an ES device size
to the model. For ease of calculation and gerwraitf results, Bna= 12 kW and @ = 1 kWh.
Using (1), for NZETRatio = 1, NZET = 1/12 hour =n8n. For a NZETRatio of 1 an ES device
with an initial state-of-charge (SOC) of zero valarge to 50%, then return to zero in one net-

zero-energy period, as shown in Fig. 4.

Pgignal * NZET

NZETRatio =
Qks (1)
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Fig. 4. SOC of ES device over time with NZETRatio =1 and 100% call ratio, with the grid command signh

above

5.2RELIABILITY DEFINITION
Reliability in this study is calculated so as todralogous to the ratio of NERC reported

Equivalent Forced Derated Hours (EFDH) and Semdicers (SH) as defined in (2) [38].

SH )

For my purposes, the EFDH is the time at whichESedevice is contracted to provide
regulation but is unable to transfer energy (dua 8OC of 0% or 100% for regulation up or

down, respectively). SH is the total time a dewscender contract to provide regulation.
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The steady-state reliability of the system is sated by removing the first 30 minutes
(three contract periods) of each simulation from téliability calculation. This ensures that the

simulation is at steady-state before its religpibtassessed.

5.3CALL RATIO DEFINITION

Call ratio is defined as the ratio of SH (the tich&ing which the resource is providing
energy) to available hours (AH, the time during ethihe resource is available for contracting).
In my model, this is a stochastic factor based ow loften the aggregated ES devices are
commanded to provide energy services. For exanapf@mwer command with 50% call ratio
will allow the DES system to participate in a ramdtme series of 50% of the contract periods.
Studies of distributed energy services to date laagemed 10% call ratio (based on the fraction
of required A/S power to contracted A/S resourcds)t NERC reports that pumped
hydroelectric generators can approach 70% calb ridi8], [23], [38]. Because fast-response

DES systems provide high-value service to the I8@h call ratios are likely to result [33].

5.4DEVICE-LEVEL STATE OF CHARGE MANAGEMENT

One method used by this simulation manages SOleatdvice level using non-contract
charging, wherein when not dispatched to providgilegion services, each ES device charges or
discharges to achieve 50% SOC. This would be aptisined by switching between regulation
markets when contracted and the energy market wbércontracted. By employing a non-
contracted period to charge to 50%, the reliabdityhe fleet increases due to the ability for each

ES device to provide for either regulation up owdpas opposed to providing just one or the
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other due to incurring a saturation limit [11], [L1B3]. This device-level SOC management will

be applied to the simple symmetric market (see@ect0).

5.5A/S MARKET STRUCTURE

There are two A/S regulation markets consideredhiwitvhich to bid in this study: a
symmetric structure, where participation in the ke&requires one symmetric regulation up and
regulation down contract (used by PJM [7]), andasymmetric structure, wherein an A/S
provider may bid into either regulation up or regidn down markets or both (used by CAISO
[37]). The latter gets its name because of theouging of the bidding capacity of the ES
device for each market (i.e. 1MW regulation up argiMW regulation down would be valid).

The asymmetric bidding is controlled for each ESiake based on the SOC at the
beginning of each contract period. If the SOChewe the upper control point, the ES device
will participate in only the regulation up marketegice discharging). Similarly, an SOC below
the lower control point results in only regulatidown contracts (device charging).

Control points for this simulation were chosen taximize the reliability over the largest
possible NZETRatio range. A study was run to aetee which of five pairs of control points
would provide the highest reliability (see sectiithl). Because optimization of these control
points is beyond the scope of this paper, all pased in this study were symmetric about 50%
SOC. 100%-0% control with a 0.5% offset to allaw humerical error (where 99.5% SOC is
the upper control point and 0.5% SOC is the loweas shown to provide one of the most
reliable DES in the range NZETRatia2 and the highest DES reliability for 2 < NZETReti 4
by a point-to-point minimum of 9.0% with an averagerease in reliability across all points in

this range of 15.0% for square-wave input. Theimar simulated command signal period is
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NZETRatio = 4 because reliability here is too lawlte of use and the general trend of each
curve is understandable over this range.

Results under the symmetric market structure veiltitsplayed as-is to show current PIJM
markets with no modifications, as well as pairethwion-contract charging to show the effects
of bidding into A/S markets alternatively with teeergy market. The asymmetric structure will
also be presented as an example of CAISO marketsaananother method with which to

increase DES system reliability.

5.6 COMPUTATIONAL METHODS
The individual ES device is Monte Carlo simulatesthg a constant distribution of initial

device SOC. A sample size of n = 200 was usedred@och this sample size, | ran a characteristic
study of reliability for the Monte Carlo methodNMZETRatio = 5. This NZETRatio was chosen
because that point has a consistently low religlaind therefore has a low probability of a string
of simulations achieving 100% reliability and skegihe results. Also, the NZET is 25 minutes
in this case, which allows for a sufficient numbécontract periods to promote high confidence
in the calculated reliability. The error in relibly of the 100-sample case is within 0.004% of
the 10,000-sample case (Table 1). | thereforeladed that 200 samples are enough to quantify

stochastic reliability.

Table 1: Reliability of a selection of sample sizdsr NZETRatio = 5

Sample Size (n) Reliability
20 0.4319
100 0.4316
1000 0.4288
10000 0.4299
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The output of the simulation is the expected valuthe stochastic reliability for a single

ES device as a function of market structure, @lbr and NZETRatio.

5.7ANALYTICAL SOLUTION
To validate the simulation results, | developedaaalytical solution for each distribution
method at 100% call ratio. Equation (3) relates ¢mergy of the command signal over the

reliable time of the ES device to the storage cigyat the device.

t_deplete
0 3)

where CS is the power command signal. The variablgerepresents the time at which an ES
device can no longer transfer energy for the cicemmand signal request and therefore is no
longer reliable. Furthermore, the ratio @fyteto contracted time is the reliability of the ES
device for that contract.

This is related to reliability through (2) in whithe EFDH is the time remaining in one-

half the command signal NZET aftggdeicOCCurs (4a).

. SH — EFDH _ 2tgeplete
~ SH  NZET (4a)

Reliability is then related to NZETRatio by incorping the signal and ES device

components directly (4).
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_ 21:‘signal * tdeplete
NZETRatio * Qgg (4)

5.7.1STACKEDCALL AGCDISTRIBUTION

The energy of the square waveform can be calculbiedntegrating the Heaviside
function H(t) for a full net-zero-energy period%a). A net-zero-energy period is represented by

a through c, where for the first period, a = 0, NZET/2, and ¢ = NZET (Fig. 5).

CS = Pgignal (Hap + (—Hpe)) (5)

where

Habzl ifa<t<b

Hp. =1 ifb<t<c (5a)
10}
5,
'"-; c
E= o \
AN 7
= a b
_5,
-10+
0 5 10 15
Time, min

Fig. 5: Position of values a, b, and c for the fitsnet-zero-energy period of a power command signathere
NZET =15 min
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Integration of the Heaviside function with respexitthe initial conditions (6) results in

the ramp function R(t) (7-7a).

{ Esignal @=0

Esignal (b) = Psignal *(b—a) (6)
Esignal = Psignal (Rab + Rbc) (7)
where
(

J Rab=fHabdt=t—a ifa<t<b
ItRbC=becdt=2b—a—t ifb<t<c

(78)
From (7), the time at whichsfghai= Qes (taepletd Was calculated and entered into (4).
5.7.2PROPORTIONAICALL AGCDISTRIBUTION

The sinusoidal command signal energy content wées tabbe calculated directly from

(3), with the results shown in (8-9a).

2mt
NZET = Psignal (1 —cos (W))

IEsignal = o

(8)
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Solving for Eignai= Qes gives

—NZET(2sin™ ! x — 1)

t =
deplete ATt (9)
where
X = NZET * psignall - 2“TQES
NZET = Psignal (ga)

5.7.3ANALYTICALRESULTS

Shown in Fig. 6 are the results of the analyticdlitson for both sinusoidal and square
wave command signals. These results will be shimagorrespond directly with the 100% call
ratio results from the symmetric simulations. Qalios below 100% are not addressed in the
analytical solution because the stochastic effeétdower call ratios necessitate numerical

simulation.
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Fig. 6: Analytical solution to reliability of DES at 100% call ratio

The NZETRatio at which the reliability curve begits decline is labeled as the
breakpoint. This breakpoint occurs at NZETRati@ for a square-wave input (when the ES
device capacity is equal to the command signalggfneand NZETRatio =t for a sinusoidal
input. This can be easily explained by computirgehergy of a sinusoid over half its period and
comparing it to that of the square-wave with thensaalf-period. The sinusoid of the same
peak power contains lower energy content thandbare wave by a factor af2; therefore, the

curves are shifted by this factor and the relipflor a given sinusoidal NZETRatio is higher.

5.8LIMITATIONS

This model and the accompanying analyses are ntegmiovide guidelines for future
development, not to develop specific results. athor realizes that certain parameters are not
necessarily as they would be in real-world situadio Constant call ratio simulations serve to

show the reliability trend, even though call rasonot actually constant for extended periods.
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This model uses sinusoidal waves for the propaaticall; | realize an AGC signal will not be
that smooth, but sinusoids provide a good comparisdhe stacked-call method at most points.
Also, | refrain from studying specific NZETRatias detail because ranges are more pertinent to
a constantly-varying real-world AGC signal.

Even though points below approximately 95% religb#ére unusable to the ISO (NERC
reports a representative reliability of gas turbite be 98.89% [33]), | feel it is important to
show the overall trend. In these ways, the resudts be instructive about methods to increase

reliability of DES systems, not simply output stilmperatives.
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6.0RESULTS FOR SIMPLE SYMMETRIC STRUCTURE
6.1 RESULTS WITHSQUARE-WAVE INPUT

The following sections discuss the reliability réswf the simulated ES device with
varying NZETRatio and call ratio. Fig. 7 showslat pf the ES average reliability over time for
four values of call ratio: 10%, 50%, 80%, and 100%vo areas of specific interest are marked

on the plot and will be discussed in detail.
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Fig. 7: Reliability vs. NZETRatio for three call ratio values and square-wave input and simple symmetr

market
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6.1.INZETRTIO<?2

For any call ratio through NZETRatio = 1, ES desiege very reliable (>97% for most
NZETRatios). The 100% call ratio is 100% reliabiethis range, while the other call ratios
display predictable deviations as described inised2.2 (Fig. 8. After the transient period is
filtered out, the 100% call ratio ES device will ineeither the 0-50% SOC range or the 50-100%
SOC range because this range of NZETRatio is d¢fasdess than 50% use of the DES. During
the deviations, lower call ratio curves show slidigs in reliability, increasing with decreased
call ratio. This is because the lower the caliorathe higher the probability of the ES device
being commanded two or more consecutive calls thighsame sign (i.e. up, up). Signals with
NZETRatio< 1 are preferable for energy-limited storage systbetause all ES devices are near

100% reliable regardless of call ratio.

! For result plots in sections 6.0 and 8.0, prebietaeviations occur in the range NZETRatia. This is due to the relationship
between energy input to and output from the ESagevUnlike single-point increases or decreasesliability, these
macroscopic deviations are indicative of real-waodiiability variations. For more information ooth types of deviation, see
section 12.2.
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Fig. 8: Reliability vs. NZETRatio for three call ratios and square-wave input with simple symmetric meket

for NZETRatio <2

In the range 1 < NZETRatio < 2, the difference all catio has more effect. For the
100% call ratio scenario, ES device reliability eens at 1 for all NZETRatios 2. Resource
reliability again decreases with call ratio in a&dglictable fashion that is more dramatic in this
range. The 100% call ratio curve maintains a béltst of 1 because there are no non-contracted
periods; the ES device will oscillate between 0% 460% SOC. Fig. 9 shows that after the
initial transient period, the ES device does indegdllate exactly between the saturations limits

for NZETRatio = 2.
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Fig. 9: SOC over time with 100% call ratio and inital saturation in the disregarded transient periodat

NZETRatio = 2

6.1.22< NZETRTIO< 4
For DES, the lower the call ratio, the lower thiatslity not only for NZETRatio < 2,

but the entire range 2 < NZETRatio < 4 due to thabability of consecutive same-sign calls
(NZETRatio = 2 is covered in section 12.2). Irstrange, the reliability difference between the
maximum and minimum curves decreases as NZETRatieases. This is because as command
signal NZET increases relative to the energy capadithe ES device, consecutive contracted
periods become less valuable; the oscillation i@ dommand signal is slow enough that
saturation will be incurred regardless. This soahe reason for the decrease in the reliability

difference between call ratios over this range teaximum of 0.11% for NZETRatio = 4.

6.2RESULTS WITHSINUSOIDAL INPUT
The reliability curve for the NZET sweep with sioidal input (Fig. 10) has a similar

shape to the results from section 6.1 with some dégrences. The predictable deviations

27



mentioned above are not shifted in the same fashsothe breakpoints. This is because the
deviations are associated with the length of thetrect period rather than command signal

energy content (more in section 12.2).
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Fig. 10: Reliability vs. NZETRatio for three call ratio values and sinusoidal input with simple symmeic

market

The main difference is associated with the diffeeenn energy between the two
command signals. There is a smaller reliabilitifedence between maximum and minimum
with sinusoidal input for equivalent NZETRatiosorFange (1) (NZETRatig 2), the sinusoidal
command signal has a maximum reliability deviatmtween the studied call ratios of 7.1%
(occurring at NZETRatio = 1.54) while the squaresv&ommand signal has a maximum of
13% occurring at NZETRatio = 1.90. This large @ifince in maximum deviation shows that a
sinusoidal command signal will provide overall regheliability with an equivalent call ratio in

this range.
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In range (2), the opposite is true regarding rditgbdifference. The square-wave
command signal reliability displays a much narroveserall difference, with a maximum
deviation between call ratios of 14% at NZETRati®2 24 while the sinusoidal input has a
maximum deviation of 29% at NZETRatio = 3.20. Thend shows that for NZETRatio > 2 a
decrease in call ratio has a larger effect on lvéiig with a sinusoidal input than with square-
wave. While the resource reliability differencemsich greater, all of the studied call ratios with
sinusoidal input have greater reliability than theximum square-wave reliability over nearly
the entire range (2) (Fig. 11). Therefore, a sied command signal provides higher reliability

in this range as well.
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Fig. 11: Comparison of maximum square-wave reliabity with minimum sinusoidal reliability for simple

symmetric structure
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7.0RESULTS FOR SYMMETRIC STRUCTURE WITH SOC MANAGEMENT
7.1 RESULTS WITHSQUARE-WAVE INPUT

The following sections discuss the reliability réswf the simulated ES device with
varying NZETRatio and call ratio. Fig. 12 showglat of the ES device average reliability over

time for four values of call ratio: 10%, 50%, 80&thd 100%.
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Fig. 12: Reliability vs. NZETRatio for three call ratio values and square-wave input with SOC managemée

The difference in simulation structure between #astion and the previous is that here
results are shown with the same DES and markettates but with non-contract charging
applied. For example, the 100% call ratio curvedentical to that of section 6.0 because non-

contract charging is not applicable.
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7.1.INZETRTIO<1

All ES devices for any call ratio through NZETRatol are 100% reliable. Non-
contract charging is responsible for the lack oédwtable reliability deviation seen in the
previous section. This is the range<d80% use of the device, so by applying SOC manageme
that dis/charges the device to 50% SOC during monracted periods, a saturation limit will
never be reached. Signals with NZETRatib are preferable for energy-limited storage system

with SOC management because reliability is 100%iadependent of call ratio.

7.1.21<NZETRTIO<3

For ES devices, the lower the call ratio, the lotier reliability not only for NZETRatio
= 2 (unlike section 6.0), but the entire range NZETRatio < 3. The main difference between
this and the simple system (section 6.1) is thelh €arve with SOC management has a smoother
profile. This is because when the SOC managenresets” each device to 50% SOC during
each non-contracted period, it is more probablettteaES device will have reliability similar to

other samples in the simulation.

7.1.3NZETRTIO> 3

This range is different than that without SOC mamagnt: for NZETRatio > 3, a lower
call ratio results in greater reliability. Thisasfunction of large NZET and dis/charging to 50%
SOC. Because the NZET is large, there will be eou8ve contract periods with the same
command. When the SOC of a device is "reset” t&,5hat device can then respond to a

command for which it had previously been saturatds. NZET increases, SOC management
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continues to increase the reliability of the catios under 100%. For NZETRatio > 3, lower call

ratio improves the reliability of the DES.

7.2RESULTS WITHSINUSOIDAL INPUT

The sinusoidal command signal results are showRign 13. They are qualitatively
similar to those of the square-wave input in tHatall ratios are 100% reliable halfway to the
breakpoint, then lower call ratios result in lowetiability. All points are significantly more
reliable than the corresponding square-wave point$iese results are also similar to the

sinusoidal command signal of section 6.2, barfeggredictable deviations not seen here.
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Fig. 13: Reliability vs. NZETRatio for three call ratio values and sinusoidal input with SOC managemén

The clear difference between the two sinusoidalilteds that the SOC management

smoothes the predictable declines in reliabilityMZETRatio< 2. This dis/charge to 50% SOC
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has the effect of increasing the reliability of alints in this range, except for the rise to
NZETRatio = 2.

The reliability at each point for NZETRatio > 2 @lss slightly increased by SOC
management. For 80% call ratio, the reliabilitthwvBOC management is an average 1.7%
greater than without SOC management. Unlike theasgwave command signal with SOC
management, there is no range studied with thessidal command signal in which lower call
ratios produce greater reliability. The simila#ibetween these results and those of the simple
symmetric sinusoidal results of section 6.2 warrtéwet same general conclusion be drawn: if
using SOC management, a sinusoidal command sigoaides better resource reliability for all

ranges studied.
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8.0RESULTS FOR ASYMMETRIC STRUCTURE
8.1 RESULTS WITHSQUARE-WAVE INPUT

The following sections discuss the resource rdligbresults of the simulation with
varying NZETRatio and call ratio with a different/A structure (Fig. 14). Through the
asymmetric structure | will discuss key points bé tB2G average reliability. Two areas of

specific interest are marked on the plot and velidiscussed in detail.
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Fig. 14: Reliability vs. NZETRatio for four call ratios and square-wave input with asymmetric market

8.1.1INZETRTIO<2

This region is nearly identical to the symmetricusture without SOC management
(section 6.1), including expected deviations. Thefficients of determination between the two
curves are 0.83, 0.88, 0.86, and 0.84 for the 180&descending call ratios, respectively. Fig.
15 shows a graphical comparison of the two martkettures for 10% call ratioAccounting for

the random nature of all results and the slightsean the asymmetric data due to added
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complexity and rigid control points, these coe#itis present very similar results between this
and the simple symmetric structure in this ran@ae identical nature of the two plots has to do
with the small NZET in this range and the strichitol used for the asymmetric structure.
Because the NZETRatio is small, the ES device @milyemanage the energy content of the
command signal and the probability of a saturationt incurring is low. My control strategy
for the asymmetric structure is for the device i in one market only if a saturation limit is

nearly encountered; very few are encountered,esoetbults are nearly identical.
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Fig. 15: Comparison of simple symmetric market andassymmetric market for square-wave input at 10% call

ratio

8.1.22< NZETRTIO<4
Just after the breakpoint, the asymmetric reshiésvsmixed improvements and declines
relative to section 6.1. For any call ratio largean 50%, the asymmetric structure is less

reliable than the simple symmetric structure imraeely after the breakpoint (Fig. 16). This
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length and depth of this reliability dip are inv&isrelated to the call ratio; the 100% call ratio
has a maximum relative reliability drop of 5.7%9%8@all ratio is 2.4%, and the 50% call ratio
relative reliability drop is 0.96%. For the nexllcratio studied, 10%, the relative drop is an
insignificant 0.24%. After the short reliabilityap for 2< NZETRatio< no greater than 3, the

asymmetric structure shows dramatic increasesliabity compared to the simple symmetric

structure, with a maximum of 12% for every caliogfFig. 16).
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Fig. 16: Reliability vs. NZETRatio for 80% call ratio and square-wave input with simple symmetric and

asymmetric markets

The asymmetric structure performs as expected wbempared with the single market
structure with SOC management described in segtibnconsidering the comparison between
sections 6.1 and 7.1. The dual market structuseni@are in common with the results of section

6.1 than of those with SOC management.
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An advantage of the asymmetric structure is thatNNBETRatios greater than roughly
2.5, there is no significant reliability differendetween the call ratios studied except for the
100% call ratio in the range 3.Z8NZETRatio< 3.98. In this range for very large call ratide t
NZET interacts with the market structure in suchay that unreliable periods are reduced and
average reliability increases. Any non-contragtedods will upset this balance; the 80% call

ratio and lower curves do not display this trend.

8.2RESULTS WITHSINUSOIDAL INPUT

As with the square-wave command signal, sinusadaimand signal with asymmetric
markets (Fig. 17) have the same predictable trasdfiose without SOC management (section
6.2) and the same features as the square-wave agyimsiructure. The predictable deviations
are visible here as well (note that they are inddpat of energy content), along with the
breakpoint associated with the command signal gneogitent. The main feature associated
with the previous section is the increase in rdiiglafter the breakpoint; reliability in this rge
reaches a maximum of 6.7% (100% call ratio) to 1199 call ratio) greater than section 6.2

(Fig. 18). Nearly all regions result in greatdrataility than the results of 6.2.
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Call ratio is more important with a sinusoidal ihpian with square-wave. Although the
reliability difference between curves in converginigloes not reach parity in the range studied.

As before, higher call ratios command a higheralglity. Also, while there is a reliability
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difference among call ratios in this case, it sdolbé noted that the least-reliable sinusoidal
command signal provides greater reliability thae thost-reliable square-wave signal over
almost the entire range studied. Because of thes,sinusoidal command signal is the most

advantageous for ES devices with this market siract
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9.0DiscussION
9.1EVALUATION OF METHODS FORIMPROVING ESDEVICE RELIABILITY
9.1.1INZETREDUCTION

The first solution to improve ES device reliabilisyto decrease the NZET. For the same
ES device size, a decreased NZET would decreasd Ratto by the same factor. NZETRatio
< 1 ormx/2 (for square or sinusoidal command signal, retbgedg) would be the ideal choice,
because devices with any call ratio would be vetiable. Practical implementation of NZET
reduction is uncertain, however. In order to daseeNZET of an AGC signal, the energy
content of the signal must be altered. Since ridsiced-NZET signal will not correct for the
entire energy content necessary to balance theigiglunclear how useful such a signal would
be to the ISO/BA. Until it is apparent that thiswnsignal can accommodate some significant
portion of the full AGC signal energy, NZET redwetimay not be the most viable method to

increase ES device reliability.

9.1.2SOCMANAGEMENT

The proposed SOC management strategy of non-cominacging provides an alternate
method to increase ES device reliability. Thiseneficial because reliability of ES can be
increased relative to a simple symmetric structuhde using the same command signal. To
utilize this method, however, each ES device mesalile to transfer between A/S markets and
the energy market while still monitoring contraetsd bids. While SOC management shows
greater resource reliability than the simple symmimestructure, its implementation may
counteract the potential benefits. By virtue o€ tHevice-level management, if a device

discharges in an A/S contract, it will recharge tiegt time it is not contracted. If these contract
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periods are adjacent, the discharge to provideuéeqgy regulation could be negated by the

subsequent recharge.

9.1.3ASYMMETRICREGULATIONMARKETS

The third and most valuable option is to have amasetric A/S market structure. This
will allow for similar or better resource relialtyithan the symmetric structure (Fig. 19) without
the drawbacks of device-level SOC management. $ymenetric structure would allow each
device to manage its own SOC in a way that is beaéto both the device and grid stability.
Also, as mentioned above, the control points usedhis study were not optimized for the

device, which indicates potential reliability gaingh further study.
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9.2SYNTHESIZING DESSYSTEM RELIABILITY WITH FREQUENCYREGULATION

Using the reliability of each type of signal, | Wpresent two differing methods of
aggregation (Fig. 2 and Fig. 3, shown below as B@.and Fig. 21, respectively) with the
asymmetric structure. Fig. 20 is an example ofdfaeked call method, for which the square-
wave command signal is an approximation. With thisthod, the power from the simulated
AGC signal is divided into discrete sections, ooedach individual ES device (in this example,
five). Because the magnitude of power is equalefich ES device in the stack and reliability
calculations are based on NZETRatio, the differeimceeliability will depend only on the
differing period. Based on the previous calculagidhe AGC signal period in Fig. 20 equates to
NZETRatio = 3. Therefore, the contract labeledas NZETRatio = 32 has NZETRatio = 3 -
3/5,3 has NZETRatio = 3 - 6/5, and so on. Since theaWBES system reliability is defined
by the least-reliable ES device, and 1heS device has NZETRatio = 3 (for a possible rdiigb
of no greater than 75.0% (Fig. 14)), a DES systemguthe stacked call method in this case has

an overall reliability of up to 75.0%.
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Fig. 21: Proportional call method for DES signal détribution

Fig. 21 is an illustration of the second utilizatimethod, which was approximated with
the sinusoidal command signal: proportional céilthis method, the input signal is divided into
time-variant sections (in this example, five). Bese each of the five ES devices receives equal

magnitude and the period for each is the samehadteries are operating at NZETRatio = 3.
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Referring to Fig. 17 for a sinusoidal input, NZETiRa= 3 corresponds to maximum possible
DES system reliability of 100%. Contrasted witle tstacked call reliability of 75.0%, the

proportional call method is the more reliable mefanglivision of an AGC signal to DES.

9.3BENCHMARKING AGAINST CURRENTLY-AVAILABLE AGC SIGNALS

Using historical regulation data from PJM and CAJSia definitions and results of this
study can be used to rate production signals on dfedity to support DES systems [36], [39],
[40]. Table 2 shows the maximum absolute power @idulated NZET for PJM and CAISO
standard regulation signals over a 24-hour period7423/11 and 8/31/11, respectively. The
calculated NZET for the PJM signal is not an exatue because the signal energy did not

return to zero within the period studied.

Table 2: Pertinent specifications for regulation gjnals over a 24-hour period

Max Abs. Power, MW Calculated NZET, hr
PIM 1475 >21.7
CAISO 238 8.25

In order to have only DES systems contracted téoparregulation during that period,
the regulation signal must be divided proportionadimong enough systems to reach the
maximum power. Assuming each system is equivalenthe world’s largest commercial
lithium-ion DES system (as of October 2011), witbwer capacity of 32MW and energy
capacity of 8MWh, the minimum number of contracsgdtems can be calculated to be 47 for
the PJM standard regulation signal and 8 for théSTAsignal [13], [41]. Table 3 shows the

NZETRatio for the DES system using the rated eneapacity. Table 4 shows the necessary
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capacity for each DES device to obtain a NZETRatio3, which is the largest realistic
NZETRatio to guarantee high reliability for progortal call. This calculation uses the same

number of contracted systems as Table 3.

Table 3: NZETRatio for world’s largest commercial DES system

NZETRatio for SMWh DES
PIM 85
CAISO 30.7

Table 4: Necessary energy capacity to obtain NZETRi& = 3

Necessary Energy Capacity, MWh
PIM 227
CAISO 81.8

The necessary energy capacity required for a DE&yto achieve workable reliability
with the standard regulation signal from either 180much larger than is presently feasible.
Even for the current largest commercial lithium-DRS system, the distributed NZETRatio is at
minimum an order of magnitude above acceptableegaluFor DES systems to be viable in
regulation markets, the ISO/BA will need commangdnais with much less energy content.
Currently, PIJM has a non-production Frequency @R)) command signal that is based on the
AGC but without the tie error component [36]. Thisamatically reduces both the required
maximum power and the NZET. Table 5 shows redaltsiecessary DES energy capacity to
achieve NZETRatio = 3 with a 32MW DES system asl| wasl calculated NZETRatio for a
32MW, 8MWh DES system using PIM’s FO command sigoab 24-hour period on 8/31/11.
These values are much more technically feasibleoagh the value of the FO signal is not yet

defined.
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Table 5: Necessary energy capacity and NZETRatio f&-O command signal

Necessary Energy NZETRatio for
Capacity, MWh 8MWh DES

PJM FO 5.25 1.97

Several other studies have used similar energggsspecific regulation command
signals. In an early work, Kempton et al. sugge#tat EDVs could rebalance the Area Control
Error (ACE) directly, rather than through the AG@mal [22]. Hawkins used a specialized
signal that had many more charge-discharge cyblms the traditional AGC, allowing smaller
offsets from nominal SOC and was therefore bett#ed to small-capacity ES devices. The
study also proposed official Automatic Storage @anand Automatic Load Control signals to
better contract DES systems [30]. Quinn et al.usated filtering and feedback control of the
ACE to create a signal that increased reliabilit{p&S systems over the traditional AGC signal.
They concluded that this type of signal would beassary to maintain system reliability [33].
Entriken et al. also proposed a frequency-spedaignal by correcting the energy bias
periodically. This lagging bias correction evemefminutes greatly reduced the energy content
of the signal [32]. In a subsequent study, a 3fxsé correction was added to the original
correction as a secondary filter, further decrepgiie energy content as well as decreasing the
necessary power capacity [42]. Similarly, Brookspmsed a Processed ACE (PACE) signal for
CAISO regulation, in which he filtered out the emeroffset from the CAISO ACE. This
produced a long-term average net-zero-energy sigméth was shown to be valuable to energy-

limited DES systems [24].
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9.4 AGGREGATION TOIMPROVE DESRELIABILITY

Table 6 displays the calculated NZETRatio for agkinautomotive-type battery
commanded by the PIJM FO signal. Using proportiaadll and asymmetric market structure
(Fig. 17), this NZETRatio is two orders of magniudreater than the largest acceptable
NZETRatio. Itis also much larger than that of gitedied DES system with standard regulation
signals (Table 3). This NZETRatio would providdiakility far below any displayed in this
study, which is why aggregation of ES devices isessary for connection to the grid to be

viable.

Table 6: NZETRatio for DES and individual ES devicewith FO command signal [33]
NZETRatio for 10kWh

vehicle battery
PJM FO 1574

Further aggregation, beyond the necessary mininsampe used to decrease NZETRatio
and therefore increase reliability. The NZETRdbto two aggregated 10kWh automotive-type
batteries is 787, a factor of two lower than a rgattery. While this is still unacceptable, the
trend continues with added devices. Due to (1)thasDES capacity increases, NZETRatio
decreases proportionally. In association with propnal call and asymmetric markets, an

increase in DES capacity is another method to asgesystem reliability.
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10.0CONCLUSIONS

This study has developed a model of the behavidistfibuted energy resources under a
model of ancillary services contracting. Incorgedaare analyses of the reliability of DES
systems under various grid conditions, includinyj iggio and the energy structure of the AGC
signal.

The model was used to determine relationships lestvilee characteristics of the AGC
signal that commands the individual energy storageurces and the resulting reliability of the
system. The reliability of the DES can be chamdmtd based on the NZETRatio of the AGC
signal and the call ratio for both square-wave amisoidal power commands. Analysis of
these power commands demonstrates that the simlispmdver command, associated with
aggregation via proportional call, provides thehieist system reliability in nearly all ranges and
market structures studied. Furthermore, an asynow&tS market structure is the most valuable
method for increasing resource reliability, with BF reduction and device-level SOC
management as other potential approaches. Tlabifgli of the DES systems in meeting the
power commands is shown to decline with NZETRatie® as well as with call ratio.

Analysis of production AGC signals have shown tekaen the largest commercial
lithium-ion DES system cannot adequately parti@pat commercial markets. This same
system, however, provides enough energy storagmatiicipate in the experimental PJM FO
market. This market is characterized by a low-gn&GC signal, which effectively decreases
the NZET from that of the standard signal.

Previous studies have assumed that automotive rieattare especially capable of
regulation services because the net energy regeneraventually nets to zero or battery

discharge will be minimal [6], [18], [22], [27]. his paper has shown that this is not necessarily
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true and has derived the guidelines for NZETRatid aall ratio that BAs can use to design
command signals specific to DES systems. By implging power commands that can enable

DES systems to maintain high reliability, theirwlin improving the stability and value of the

electric grid can be maximized.
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12.0APPENDIX
12.1CONTROL POINT ANALYSIS

Fig. 22 shows the results of the analysis compl&iatetermine the control points for use
in the asymmetric structure study. As can be sesiapility is lowest for the 50%-50% control
points (where if the SOC is below 50%, the ES dewidl charge only, and if it is above 50%,
the ES device will discharge only) and increaseth Weroadening control point range up to
100%-0% control with the aforementioned 0.5% buffarhis control structure gives the best

overall resource reliability.
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12.2EXPLANATION OF DEVIATIONS

There are several deviations in this simulation #na due to the mathematic precision of
computer software and will not be a factor in reaHd applications. Certain discrete points in
the simulations resulted in severe drops in rditghiwhile other points resulted in swift
increases. This is caused by the relationship detvVNZET and contract length. Whenever the
length of a contract is a multiple of the NZET, ®8@C trace of each subsequent contract will be
similar or identical to the first for each devieehich could either artificially drop or raise the
reliability at that point. This irregularity is h@pplicable to real-world applications because
such a strict NZET would not occur; a real-worldreoand signal is constantly varying in all
aspects, so the probability of the NZET being aacexnultiple of the contract length for several
consecutive contracts is extremely low.

An important exception is the stark reliability rease at and around NZETRatio = 2.
This increase and decrease encompasses many NZ&JRad is indicative of real-world
reliability values. The predictable reliability\dations for 0 < NZETRatia< 2 (Fig. 8) can be
explained with Fig. 23. This plot is based onnbeninal energy absorbed or depleted at the end
of one contracted period. The depth and shapaeWvalleys are dependent on call ratio and
taeplete (Which varies both with NZET and command signaelaure), so these parameters cannot
be matched analytically with the simulation resuitst the position of the reliability peaks match

this solution exactly.
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The reliability of DES for limzetratio-2 IS €specially interesting because the reliability
difference between maximum and minimum at thistlideicreases dramatically for both square-
wave and sinusoidal command signals. This NZETRa&#tlue is specific to this model,
however. NZETRatio = 2 for this study is equivaléon a NZET = 10 minutes, which is
equivalent to the contract period. As mentionedvabit is not practical to assume real-world
applications will follow each point of the simulati curves exactly, but the numerous points
trending toward considerably higher reliability dZET equal to contract period suggests that if
NZET for DES can be controlled closely, it may lbwantageous to have a setpoint near or equal

to the length of the contract period.
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