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Abstract

The large grid integration of variable wind powelda to the imbalance of a power system. This ndaéss the
need for additional reserve power for regulationDienmark, the growing wind penetration aims foreapedited
change of displacing the traditional generatorscilare currently supplying the reserve power regménts. This
limited regulation services from conventional geners in the future power system calls for othew meserve
power solutions like Electric Vehicle (EV) basedtbey storages.

A generic aggregated EV based battery storageoiog-term dynamic load frequency simulations is nilede
Further, it is analysed for regulation servicemgghe case of a typical windy day in the West Darknpower
system. The power deviations with other controbari an interconnected system are minimised byasbier up

and down regulation characteristics of the EV lvgtséorage

INTRODUCTION

The share of total electricity consumptiorDenmark covered by wind power is more than 20%,
which is the largest in the world. By 2025, it immed to integrate 50% of wind power into the Banglectric
power system [1]. However, the major constrainsoéh large scale integration of renewable liestsnvariable
nature and poor load following characteristics.

This especially is highly challengifog a stable power system operation and controhyMaptions
to negotiate the variable renewable power are etudnd explored in the form of heat pumps, demasganse,
electrolysers and energy storages [1]. The bat@srgy storages are one of the most efficient andpatible
technology for an improved power system operatiod eontrol. The operation of storages is compleargnto
stochastic nature of renewable energy. They cangehahenever there is excess of electricity in ¢cbanected
system and discharge when required.

The battery storage of electric vehicles is onthefemerging technologies, which can act as areacting
to the change in power supply. The concept of emwrental friendly vehicles has encouraged many car
manufacturers to develop clean vehicles, especialyicles powered from electricity. Electric vek&l when
coupled to an electricity network can act as a rotlable load and energy storage in power systeritls kigh
penetration of renewable energy sources. The iljabf the renewable electricity will be enhancedth the vast
untapped storage of electric vehicle fleets whemeacted to the grid. This could be consideredlasge aggregated
MW battery storage which is termed as “Vehicle tid'g(V2G) system. With fleets of electric vehicleke balance
between the supply and demand could be achievetthéoyoad reacting to change in generation. Vehiclgrid
systems could provide backup electricity storagevall as quick response generation to the changgsower
balance of the electricity grid. Now is the titoeestablish the business models for electric Vehiteraction
with the grid, so that the business is developad ready for rapid expansion as electric vehiclgsrethe market
place in the coming years. AC Propulsion of Calfifarhas designed an electric drive system using+paxiuced
18650 lithium-ion batteries and a patented powectsbnics unit that is ideally suited for Vehicte-Grid (V2G).
They have also created electric and plug-in hyhsédhicles by converting existing gasoline vehicl&ther

manufacturers, including global auto manufactursh as Renault/Nissan, Mitsubishi Motors, and BNMAKg
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producing all-electric vehicles for some marketsl dmave announced full-scale production plans fbtelaktric
vehicles.

This paper analyzes the dynam&pease of electric vehicle based battery storagpot@er system
regulation signals.
VEHICLE TO GRID SYSTEMS
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Vehicle to grid (V2G) systems uses fra-eleatdsalathattancatprages to transfer power with thd ghen the cars
are parked and plugged in to the UFlfjure n2.2. sots, at offices or at homes, where thdy have

bidirectional power transfer capability. The elaity supplied by the V2G will reach the consumérsough the
grid connection and in return, any surplus enengythe grid could be stored in the electric vehicléhe
Transmission System Operator (TSO) can request foower transfer through an aggregator (intermediatity)
who manages the individual vehicle or fleet of wéds through control signals in the form of a povliee carrier,
radio signal, internet connection or mobile phoeéwork. The aggregator appears to the TSO as a batfery
storage with regulation capabilities.

Energetique specializes in battery-powered energy-efficielecieic vehicles as well as vehicle-to-grid (V2G)
systems. These vehicle-to-grid systems help in giagapeak electricity demand and. Vehicle-to-gngtems
include a dedicated electric vehicle (EV) chargaiguit, gateway systems that connect the EV toghéd and
export-capable meters. Vehicle-to-grid systems exguort power up to 7kW to the grid through the snesport
meters. V2G power export systems can be enhancedpfoly 23kW or the power equivalent to the qugritiey
draw from the grid systems making the net energysamption of these vehicles zero. Electric vehiassd in V2G
systems have lithium polymer batteries with higbeergy densities and higher cycling lives. Thesrgnstorage
batteries can withstand overcharge, over-dischangeshort circuit as well as thermal, vibratioma puncture or
impact issues. The energy storage batteries aigndglsfor energy storage as well as energy suppéy average
daily vehicle miles travelled in Denmark is 36km/d@he light motor vehicles are idle almost 90%twf time or
for a period 20-22 hours a day.
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In general, the utilization factor of the vehicliesless than 10%, compared to an average 40-50¢atitin of
central power plants. With less than 10% of electehicles under V2G mode, it could support grigutation
services in a power system with 50% wind powergragon .Many models of electric cars are how comaidy
available in the market operating with highly eiat lithium-ion batteries. The 2008 model battelsctric vehicle,
“Tesla Roadster” has a vehicle efficiency of 5.68esikWh and energy storage capacity of 53kWh. Fram
calculation based in the reference article [7], tle¢ energy available in the battery after thedgpdaily driving
requirements by this battery electric vehicle i@ Banish context is approximately

40kwh functions and the EVs act as mobile powerticma supplying excess power to the grid
2.1 BATTERY STORAGE MODEL ELECTRIC VEHICLES
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Figure no.2.1.1

The Thevenin-based model is the most commonly essrtric-circuit based representation of a battery
published research works. This model consists dflaal voltage source in series with an internalstance and a
parallel RC networks. The inaccurate estimatiothef battery state of charge is the drawback ingutirs model.
Figure 2.1.1 shows such a modified Thevenin eqaivtalepresentation of a battery. For power systaimlgy and
frequency regulation studies, simple transfer fiomst blocks are also used to represent batteryggretorages. The
combination of the Thevenin equivalent circuit amhverter models are also suggested for dynamiepsystem
stability studies. In this paper, aggregated eilegdtrvehicle based battery storage is modeled 26 \fegulation
services responding to load frequency control dggndhe model is used for long-term power systemadtyic
simulations in load frequency control (LFC). Itrepresented by a model equivalent to that in tigaile2.3 which
could provide the battery capacity and state ofgdaapabilities. The block diagram of a generigragated battery
storage model representing V2G service used infi@agiency simulations in this work is shown in Eigure 2.1.1
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Figure no.2.1.2

The aggregated battery output is controlled basethe load frequency control signal. The input alga

passed through a first-order filter to remove no#sel further the signal is applied with an actimatiand
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communication delay. From experimental field testsducted on a V2G system as reported in the wsgele
communication delay between a vehicle and the agdoe is less than 2 seconds and that betweengtregator
and TSO is less than a second. As a worst casaafed seconds is assumed in this work for sirtiore.

The electrical parameters for the MW range aggesbdiattery are adopted from reference where an
existing 10MW, 40MWh battery power plant unit isedsfor frequency regulation. The parameters oflthitery
model used for simulations in this paper are bdssu the discharging characteristics and are asdumde the

same for the charging conditions. The model do¢snatude the self discharge resistance as shoviigume 2.1.1,

as longer periods of battery characteristics are t notaken into account.
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VEHICLE TO GRID FOR POWER SYSTEM REGULATION
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Figure no.3.1

Table3.1.1shows the main power system capacitydgjof West Denmark [14]. The larger power plants
are either coal or gas based thermal units. Mar 80 % of the installed power capacities for eleity generation
are from the land based wind turbines and decérdthICHP units. The capacity of the offshore wiachf Horns
Rev A is 160MW which is connected to the 150kV H¥nsmission system. On an average, the wind power
supplies more than 20% of electricity consumptiorWest Denmark. The system is AC connected withraey
which it is dominated by thermal and nuclear powkmts and fast growing wind power. To the northestV
Denmark is connected to Nordel synchronous areagfir HVDC links to Norway and Sweden dominated Ygrb

power plants.
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TABLE 3.1.1: WEST DENMARK POWER SYSTEM CAPACITY FIG URES IN MW

Today in Denmark,

Centralized power plant units

3400

Decentralized CHP units

1750

Wind turbines

2400

Offshore Wind - Horns Rev A

160

Maximum demand

3767

Minimum demand

2669

Transmission capacity from Germany

W. Denmark

t®50

to Germany

Transmission capacity from W. Denmarki500

Transmission capacity with Norway

1040

Transmission capacity with Sweden

740

the regulating power to balarfee planned generation and unpredictable load are

provided by the central and local power plants foh external connections from abroad. The varialdlieire of the

wind power also contributes to the power systermailaatice. The wind farms are not often equipped dwvige these

regulation reserves, as they are not dependablke.“Mikionary Danish energy policy 2025” plans toubtte the
present wind power capacity in Denmark to 6500MVewiver, this aims for an expedited change of répiathe
central power stations in the whole of Denmark bowt 40% of the present capacity to 4100MW. Thisiri

scenario is highly challenging for a reliable opieraof the power system as it demands for alternatans of faster

and larger regulating reserve power capacity. T@&blelgives the reserve power types in West Dennibile

primary control is used as instantaneous reserdeab with sudden power imbalances. The droop cheriatics of

the generators are adjusted to a new operating pginvhich the frequency deviations are minimiz&étey are

completely activated within 30seconds. The secondantrol is a slow process which will replace fmémary

reserves to restore the nominal frequency and niEeirthe power exchange deviations. Secondary doma&es

use of a centralized automatic load frequency cbmthich will be activated fully within 15 minute$he manual or

tertiary reserves are slowest of all the contreérees used in order to restore the secondarywesser
TABLE 3.1.2 DETAILS OF RESERVE POWER IN WEST DENMAR K

Regulation reserves Primary Automatic | Manual
Capacity (MW) +/- 24 +/- 90 +290/- Activation

310
Time 0 - 30sec 30sec -15min Contracting approach
Voluntary Tender Voluntary tender
Regulating Power market Payments Negotiate
capacity and energy prices Negotiated capacity and
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Alternate methods to provide future reserve powavehbeen proposed in the form of wind power
regulation, increased grid transmission capacitiesit pumps and boilers, electric vehicle storages[1]. This
paper mainly focuses on the use of electric vehiesed storages (V2G) which is considered to beafrtee
feasible future regulation reserves in Denmark. Téwsibility projects for implementing the same éadween
initiated in Denmark as mentioned in section Il. dovalyze how V2G system storage could participateam
automatic regulation reserve in West Denmark, ac@ypday with large wind production is consider&igure 4
shows the electricity consumption and productiomdwpower, load frequency control (LFC) signal (region
power requirement) and power deviation with UCTEhatGerman border for a weekday in January 2088. fime
series data of five minutes resolution from the WBenmark SCADA system is obtained from the Enargik, the
transmission system operator in Denmark. A positiF€ signal indicates regulation up and negatigmal gives
regulation down values. Similarly a positive poveechange deviation with Germany indicates lessrgdmower
being transferred and negative value gives sugpbwger exchanged. From the data available, the powler meets
an average of 45 % of the total daily electricignsumption, where the total production exceedsddmand. The
need for more down regulation during the day is aislicative of high proportion of wind power.

The aggregated battery is assumed to have an stiite of charge of 50%. The aggregated battgygaity
is normalized to current secondary regulation cipaf West Denmark which is 90MW as given in tallle A
battery storage capacity for four hours (360MWh)l @anV2G power line connection of 10kW is consider€ke
above storage capacity hours of V2G system is basedhe “Tesla Roadster” electric vehicle which has
approximately 40kWh after the daily driving requirents (Ref Section Il). A total of 9000 electrieghicles are
required and it is assumed as 50% of the vehictesazailable all the time. The remaining 50% sterag
accountable for the uncertainties related to thHacle availability and management. So, a total 8000 electric
vehicles must be contracted for V2G regulation Whic approximately equivalent to less than 2% tditfleet of
vehicles in West Denmark. In Denmark, the total hanof cars available is 2 million and the totapplation is 5.5
million. Approximately one in three persons possassar in Denmark which accounts to roughly momnti

million cars in West Denmark, where the populai®f million.

ELECTRIC POWER SYSTEM BACKGROUND POWER SYSTEM AND R EGULATION

The power system infrastructure is essentially tavork of wires and sophisticated switchemtrolled by
high-speed computers. Its basic function is to mpewer from where it igenerated to where it is utilized. The
power system must balance load and generatiodemand and supply while the energy flow is in terf of real
and reactive power.

The system frequency must be kept at, or very tegats nominal frequency — 60Hz in the United &sat
or 50Hz in many other countries. Any deviation fréms requires action by the system operator.dfftequency is
too high, that means there is too much power begegerated in relation to load. Therefore, the loadst be
increased or the generation must be reduced to tkeegystem in balance. If the frequency is too, lthen there is
too much load in the system and the generation imeishcreased or the load reduced. As mentionedqudy,
these adjustments are called frequency reguladiosimply “regulation.” Regulation is performedthe local level
but accomplishes the desired effect on frequendhegrid level. Sufficient accumulation of adjustms to local
generators or loads will adjust the frequency ef éimtire interconnects. A more detailed descriptibthis multi-

layer and multilevel hierarchical nature of the powystem and load and frequency control can bedfou
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4.1: THE VALUE OF STORAGE TO THE GRID

With the restructuring of the power system funcsiotihe primary role of the system operator is tamee
reliability and cost. Most Americans take powerikaklity for granted, but this must be designed ah additional
cost. Most power system design and operations agineered with extra margin, to allow for certaisd
probability. Large scale inexpensive storage wauobgrove today’s grid, by increasing reliability ameducing
power system costs. As the power system develops nemewable generation, the need for electricabge is
likely to increase. Today’s predominant renewaltle/gr generation fluctuates with the input (for exden sunlight
or wind). At today’s levels, fluctuating renewalgeneration is adjusted for with existing mechanigfmsexample,
by adjusting today’s fossil generators up and dowrompensate).

At higher levels of renewable generation, storag@smission, and controllable loads all becomdulise
resources to smooth fluctuating power. Electriciclels have the ability to provide two of these fiimes — energy

storage and controllable loads.
4.2 THE VALUE OF ELECTRICITY STORAGE IN DOMESTIC HO MES:

Our goal in this research is to assess the valuenefgy storage for domestic homes in the presefice
renewable micro-generation such as small wind t@®iand solar collectors. To this end, we proposaifed
framework to estimate the value of energy storagedffferent energy mixes in domestic homes. Splgciave
consider a house having of a portfolio of typicalergy facilities (such as a boiler and gas and tiédéy
connections) and the potential alternative techgie® (such as a solar collector, water tank witkilaumy heater, a
small wind turbine and a power battery); see Figjure

The battery can charge electricity from both thi&l gnd wind turbine and discharge electricity te th
auxiliary heater (AH) or meet electricity demandheTwater tank can be heated either by the soléatot or the
boiler and thus the heat demand is met by the watds or/and the boiler directly. Given demand jpesf weather
conditions (wind speeds and solar radiation levahg) gas and electricity price patterns, the mddeldes when to
charge or discharge the battery and water tank,vereh to use the boiler or the hot water tank t@tntlee heat

demand. The objective is to minimize total energgsumption cost over a finite period of time (aitgbday).

T — _Solar Collector TS Wind Irput
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Figure no. 4. & | eHdRE

4.3. VEHICLES AND GRID INTERCONNECTION ELECTRIC
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The average US car is driven only one hour a day2@01, the average US driver drove 62.3
minutes/day).9 In other words, these cars are parkest of the time doing nothing. Suppose those ware a
source of energy storage the remaining 23 hours®, Md's also suppose the car can be driven witlgastand can
store up the needed energy when the wind is blowirthe sunlight is at maximum. Such cars enabliifian free
driving while also providing value, and thus potelty payments, for providing electric servicesthe electric grid.
The above scenario is not far-fetched. The piecesaailable today but the cost of storing the gpnén the car —
through battery technology — is still high. As arsition, we postulated that the regulation mackedd provide the
needed funds to jump-start the process if apprigppablic policy is implemented. To prove this, demonstrate
that an electric vehicle can provide regulation.edectric vehicle can be used as both a load aygharating source
to balance the system frequency by charging thedyaivhen there is too much generation in the gnd acting as a
generator by discharging the battery when theteasmuch load in the system. In addition to regokgtvehicles
can provide other services including: spinning resewhich contracts for the availability to progiggower during
unplanned outages of base load generators; baskiwjre, where one or more vehicles can be conhéoteether
to serve as a micro-grid during power outage invergneighborhood; and peak management, when trerex
significant number of V2G cars parked and connedtedielp reduce system peak. With enough V2G-capabl

electric vehicles, a truly dispersed storage for ecteic energy will emerge.

M : Meter -
9y

Sata:lliie

o | s § [~—] —

e Solar :

o m  am wmm Wind
e

[1 1

oo}

T\ DI@

p - Y o

Management
Canter Power Plant

Figure no4.3

VEHICLE TO GRID IN LOAD FREQUENCY CONTROL

Figure5.1 shows the block diagram of a Load frequecontrol model for West Denmark integrating
aggregated models of power plant units and the &tély storage. The power capacities of generatiirs use the
figures from table 5.1. The LFC models and simalagiare performed using Dig SILENT Power factorfivgare.

The models of generator units used in the simulatiére thoseecommended by IEEE and are available in the
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global library of the Power factory. The centralized power plant is modelled basechersteam turbine units and
that for the decentralised CHP plant is modellededdaon gas turbine units. The wind power units extérnal
connections are modelled as negative loads. Thepsystem model is based on a single bus bar noddie¢ West
Denmark system connected with system load, Nordehections, aggregated model of generation unitsthe
UCTE connection as a slack bus. The transmissigndapacities and constraints are neglected instbidy as it
primarily focuses on the collective performance aegulation capabilities of the generators in thisteam. For a
large variable wind power integrated power systemre power imbalance and power deviations couldltéarger
power deviations result in congestions which caukeselectricity market and balancing prices toiatevlargely
from the system prices. If a V2G regulation servgavailable in the grid, the appropriate charging discharging
of the aggregated battery storage could minimizeatimd variations and power congestions thus reiggjahe price
variations. The secondary control operation usirggload frequency control model with V2G in Wesnark is
shown in figure 5.1. The area control error of mieliconnected system due to power imbalance indiyeACE =
B.Af + APt, whereB is the frequency bias factokf is the frequency deviation and\P total power deviation with
the interconnected system. As the West Denmark pew&em is interconnected to a larger synchrond@3E
system which could be considered as an infinite thesfrequency deviations are assumed to be rielgligrhe LFC
operation is accomplished through a tieline conivbkre the inter-tie power must be maintained atstheduled
values. The difference between the planned andbekchange power gives the power deviations betwee two
areas. The deviation is passed through a firstrdiitkr to eliminate noise.

Arca conmol orro,
ACE= R L+ A5

AP e Clentradased
1w povrer g koot -
” Svetem Load
Taad
frequsimy AP,
T(:‘lﬂllol 2 AP, > Trecentralised - y AF
= ! = powrer plant > AP
el — | e Porver syrtem
Offsbore wind | = >
'Y I AP
— 3 [
AR, AP
OUmzhore wnd
™
AP, = Azerecated WV
oy Lattery storaze
Flgu re no 5 1 Fxtermal prawer e
exclanges

CONCLUSIONS AND FUTURE SCOPE

The vehicle to grid can provide faster reservegkardonventional generators, by charging and disghg
the stored energy during the regulation servicas Timique property is well suited and essentiakupport the
integration of large amounts of fluctuating windwaw in future Danish power system. The V2G is asifile
solution for a large future reserve power requineinwehich could substitute the traditional genematiesources. The
investigation is carried out with a simplified lo&@quency control model with aggregated V2G systeatel for

the  West Denmark power system. The simulated poweleviations and regulation.
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6.1POSSIBLE FUTURE RESEARCH

This first step in the project shows that a batoywered car can be tied to the grid, power floveath
direction can be controlled, and the output capoed to the PJM Frequency Regulation signal. Séeelditional
guestions can be answered with research time lioutirequiring additional vehicle purchases.

1. Using databases of driving patterns, one coolchpare V2G resources based on actual patterns of
people’s vehicle use. This information would giwe tzetter insight into limits to charge/dischargeichh in turn,
would allow an understanding of how many times ihistorical year those limits would likely be hitcdawhether

that variability would effect the desirability ofqviding regulation at certain.

2. To analyze alternative parking scenarios. Fangle, how would the cost for a large parking lot
electrical interface compare with the distributedts discussed here? Will plug-in parking alongets or roadways
be Conducive to V2G participation, or is time patkeo short?

3. Modeling a number of typical service drops fbermal capacity as well as for flicker. This could
compare one household hooked into a 25 KVA transéorwith one car, 31 several sizes of service cahtk a
typical load mix; two or three households with s on one transformer; different size transfoepand different
typical load mixes.

4. Modeling distribution feeder saturation levetsdashow when multiple installs may affect the faede
Perhaps a “good” ramp rate could be establishelthewmh the rapid response is beneficial to thel Ibalancing
exercise, there may be a practical limit so thdtage regulation devices in the distribution systeam maintain

proper feeder voltage.

5. To avoid non-participation when a battery isrged and the signal requires import of Power to the
battery, it might be worth triggering the vehicleater with a bypass that will blow heat outsidewébkicle (in warm
weather). In this case it would be important tolgre the cost of electricity consumption not saveith storage

versus the benefit of meeting a regulation dowrtremh requirement even when the battery is full.
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