Responsive Electricity Gid Substation The present
invention relates to electricity power supply grids

wa@pa@s/osgeiparti cul ar, substations connecting thBCT/EP2004/012504

10

15

20

25

30

35

synchroni sed parts of a grid. Mddern Electricity Gids

are inherently unstable. In nost circunstances and for

nost of the tinme, the inherent instability can be

cont ai ned andResgpi@lvedEbycarvaltetGrid Swnstation
actions and so, for nost of us nost of the tine, the
lights stay on. Unfortunately, failures of equipnent

do occur Thef pescdi limveniossi hidliabeshas mdtediesieity power

ant'gﬁgﬁ&egxﬁ@% %&@pnqgl&%&ﬂfaﬁﬂg%‘xgﬁﬁéﬁgﬁﬂdﬂ§1éghnectlng

hen it can trigger consequent changes in
t he theh SYINGIT O5FL e PAYTE &ifd o I8V of el ectricity
that in turn can trigger a cascade of further failures

. Various contrql. strateqgie actians are SI n

to nlnle9§9ﬁﬂ3%$§ﬁﬁqﬁqfh %%?Eghéﬁfcé' &@?t Sple.
m niTm msttlﬁejuroﬁmte&rammraﬁdﬁ@pxdmmcmﬁ Hie H:rmmm the
cont ! % St I a 2 Hpvda%e k%h?o%a%%d?%g{&]%OM1ed by

fai I'0Fe casca es ari si ote ext
Tot & vieaiilednye odf @avr@mqi avt dsinec sgf, dlar sagsi L us most

remymsa ROgR, b't'hlé Wi NG, &ff ective

i mpleément ation ‘of good practice can make this prospect
renote, and can shorten the period of a blackout. In

Aut wm&ftu%&&%we r@\fﬁd&%@l dfhefopseqitemeodfut hisE the

i nherent instabili y |n four ni fi cant. bl ackouts.. A
huge 351 fb&Pq%+q §ﬁ%%?) qﬁﬁ’gﬁ%éc arid ‘planned
f ai 1agrre im tllrreandxzumh@urmtororf aifl ures iGrisl,. tSeendithanara,
and % bl%%ko E} déﬁ %ﬁ rICFP e@kﬂﬁﬂﬁf JF tthe Grid

31 urkd: ave driven
t he a@d dldes @t eleEfth@amt\m Hhedt am avan eagf trigger a

transiu SOV E @d%%ﬂéf”ﬂéﬁld%est'V@ﬁﬂdhéinﬂﬂﬂbﬂM§6¥étegles

at fractions of the speed
and actions are de81gned to minimise the possibility of
such cascades, and to minimise their extent when they do
occur. No known control strategy can provide guarantees
against such failure cascades arising, or their
potential extent. Total failure of a Grid and blackout
of all supply remains a possibility, although effective
implementation of good practice can make this prospect
remote, and can shorten the period of a blackout.
In Autumn of 2003 we have seen the consequences of this
inherent instability in four significant blackouts. A
huge blackout in the US, a short but high impact failure
in London. A major failure in S. Scandinavia, and a

blackout in Italy.

_The inherent instability arises from fundamental
features of electricity that have driven the Grid

design:

- Effective instantaneity of transmission. Electricity



light. Although various equi pnent del ays the

propagati on of effects, the effects will still
w@e@pagate nmuch faster than any status or contPOI/ERED&012504
needed if control is to react to actual events. - The

synchroni sation of the Gid. The instantaneity of

transm ssion allows all conponents of the Gid to be

| ockedvied sorthsygfhr oriireed atto tfhectiinglse o& itthe speed of

fre y. ATh e N rent.  (.or t A :
ﬁlig@l(‘t A-Iit?{é?@%&ls rv%%o & gtﬁg.\l%ghren%a rc}lye/igag)% thtlgx% ﬂx%pagatlon

coré to thi's o t he basi

f eabdir e feleas  mihe Afeche Middamsntldl Dxesiagagfe aiuch faster

el eehbiCiby, Grislits b iconfhE1t bk aldurd tifre dpdarss to
of the eleCtricity industry to transmt power |ong
5 di sF&ﬁ@és,toaﬁd:tﬁJ@%g@rY@P&tge electricity at the large

scal e tripat syaddriohd sedviloy ofChthel agiies mMoke iefddgitemteity of

A/ C can be transfqrnmed into very high val tages, f.
ef f itéﬁ‘wllsc?&é’ndiaﬁ%%?’@e aﬁﬁaﬁgmpégﬁe S Sd o prid to be
t r adstireded nback styachireniewer twolthagesndiat Gariel Safeguency.

and et.yl_ _for .i. ri or i es.q hsequent .o
evoIu%igﬁtﬁggaﬁéag%?%%%%%ﬂf}$%§§9§bI%ggﬁéﬁf%nlsed%#b%hls 8

10 t headagme thembers ifsr dQieneyly &Fd thchiferdigiep dhat make A/C

traRsa $SHARmeIREV RS icakE BhUS MAdagesky .
| evel of the hierarchy links with | ower anaﬁhlgher

| evel s through substations. Substations consi st

pri mar iilsy agfc $Waltchad dweldettenfecindag o e toanfleomrisity

whi ¢ch conver% or__transformthe voltggg. I n_gener
&ive

t r anSPYFErers B8 & TGES Yo &S TprSviTd wehd to
15 ser geaesate %i&emrdpitwramstaenéﬁggey$ddﬂﬁ_Uha£Imada'the
vol £ages FoMhlaRALACHHLE bt Fi%iagher alRd dab, pe
transfornmed Tnto the high voltages of the long
di staacs feirgiecc dpdel prhr Rioh yoildmaest dork efdicient long
di St isRU-RN thRRedi QRS , Wl ¢hetORYRIHs AFRBANERY to the
vol tages to_the | ower voltages suitable for nore | ocal |
ot WOWES. VSATEERE dTSEr At Fon S GPCagE S &el S Tidustrial
20 or domestic uses. Subsequent evolution has now created
Grids, all synchronised to the same common frequency,
and a hierarchy of transmigsions services (and thus
voltages). Each level of the hierarchy links with lower
and higher levels through substations.
25
Substations consist primarily of switches
interconnecting the transformers which convert or
transform the voltage. In general transformers are
designed to provide one of two services:
30 . "step up" transformers, so that the lower voltages
at which electricity is generated is transformed into
the high voltages of the long distance high capacity

transmission network, or

distribution transformers, which convert from

35 higher voltages to the lower voltages suitable for more

local networks. Several distribution voltage levels will

normally exist before reaching the 230 volts now



normal Iy exi st before reaching the 230 volts now 3 -
Standard for donestic and office use in Europe.

wEb@shidoed ty Gri ds have general ly been desi gnePCDRP1004£012504
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assunption that power will flow fromthe high voltage
Gid, down through the hierarehy to | ocal demand.

Large generators will be providing the power, and are
assaheddeodf et theestpowendi nfditheulghasEuvobeage

| evel s, usually via step up transforners. In Gids,
electricity flows according to the physical properties
of Ehechei@bEk, Cahdsahyver 9gnpraléyt Prerl dggiAnEe: RBefhe

twoaaghmﬁﬁlaﬁytﬁatrpoﬁéchﬁumlEYOWaEb@mttﬁ@na&?ﬂesoltage
e tra ficient

with its volta sforned en r th.s

noWF &tlge ot RETHUEROr Re FRETS5hREeCoabaCai ke Large
eIegéﬁeeatyrsawdlnhbecpﬁbvgdﬁagi0he0boWbe sehtiches tBeumed
flo an .b nDdeII o_pre d wi th reasonabl e
accﬁ%a%?edT eaggan§t§ftg fﬂ Sﬁ VPEtaggngvegs’
fIousubylacVn&eSbeppasstvensﬁnrmersof voltage and

reactive power. This control is exercised through

generators (ad&ustnent ofﬁgensets for vol tage and
poweR BREASPNgFLleCEFARSEYr FEPYS(BFCORBiEE 6P WRRdPRYPical

by p@&pérﬁeégebtetﬁe(ﬁét@bﬂ§||¥nHDbﬁy @@nauat@ue&ek§ca1
common tic Converter

ancPEEBrPBLVEGH: HrBUEOLBE BclrEn COr LT SHSRFEaraRY, albeit

C|rsuméslméﬁldlnhnagerSOEKageiSEanBﬁbrméﬂoeh route. With

pre 0 0 artic I n
o Puf EaCdRat AT R LR ar v o e bR B, EREDREER pgeane
net abnks afidelsthyicheye pnédibei onsftigudetine afidtbet

CO”%%QHEHEEOEﬁet?ﬁBwérSahobérﬁBHeQEeEOHHgnEBt redlcted with

failures. Dependi ng upon the planning an sechl

obj E8RFQB8LLEnBSEUERRAYI gurati ons are nornal |y deS|gned

to avoid S|gn|f|cant |nterrupt|ons fromany single

possj bl e failure. | ures _do peeur | anni n

naThahar SueaRPngE L o pbubbranpnghe resul EEn8"2100e by
active or passive control of voltage and reactive power.
This control is exercised through generators (adjustment
of gensets for voltage and power phasing); transformers
(by choice of winding); by power converters (originally
motor generator sets but more commonly now Static
Converters or STATCONS), and even by judicious selection

of transmigsion circuits.

Grid managers exercise much effort in predicting flows
in event of particular component failures and thus
involuntary reconfiguration of the network, and using
these predictions to define and set configurations that
are tolerant of component failures. Depending upon the

‘planning and security objectives, these conflguratlons

are normally designed to avoid significant interruptions
from any single possible failure. When failures do
occur, replanning and manual switching to restore the

levels of security become a high priority, so that once



| evel s of security becone a high priority, so that
once- 4 - again the systemis able to cope with single

w0 a00610460%2 Thi s repl anni ng depends critical |y RPQPDRPRE04/012504
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proper understandi ng of what has actual |y happened.

Thi s understandi ng can often emy-be achi eved by

i ndi rect neans, dependi ng upon a range of status

si gaahsnfedebaykten iheablanhersopadwopbraingie Sathures.
status signals are always slower than the effects they
are_measuring and can be inaccurate_and unreliable so

it EAhsbEehbhraNsRI| APBSBAB| eriblgat &Y ni'Aert AeP¥BBET

CaUéﬁderé@&néET%abffﬁhéﬂrﬁaérQﬁtﬁﬂﬁbylngﬁéﬁéd Thls
measur.enent s is makes auto #@ 5ﬁ§9|0t|0 and th
Y,

con??@?r?B%n§¥BﬂlF6nb8 EBReCRLY eXERal¥s laélrect
f ai heses, Sﬂ@p@nﬁhﬁgpopentaakaﬂgaagé shatusaalgna$e fed back

the_in ast ucture fr rapri e
f1 o8 % ﬁgt?%phl ?QQO?ge géghp%gﬁﬁﬁg g% %S are
pro&bﬂ&y@nSIQEﬁd tbabethanefifeotequhprearepneasuring, and

and, %H'Be'ﬁnQEéﬁ Qéé'%ﬁdaﬁﬂkéi§%b?¥ di 399”8§ﬁtbenh§F8 or

shut down - ackout e sca e of poten I a
bl atkpREsERtents detereinforbecrpat Buseng hbet petual

C}|§§1§u§e|nt?féﬁ”@ﬁ@heQnQYréég:méaguféﬂéﬁtsn @hl s makes
parts are | nfluenced, by all E%her
a

n ar
ot S PR hAET SALCE Y ARPaties: RETFESH EaRdsTRl to be
condbgdr abi pneweht oébeadebenfbéaEMapproprlate for the
new ci rcunstances . So further overloads and failures
are triggered. In synchronised Gids as a whole, the
fr egileneythtagstantealr dhmegoat tbhtrofe. arisgntpchhes

theiﬁf£ﬁ§E§u9€ﬁ¥§eErSﬁ”?ﬁaﬁkaﬁr?QQe'8@Qct£§ci@9r91b§s can

too nmuch generation he frequency rises and
| i tPeecatesErppPlic f@raah?|@ggppm@pg,oﬁutﬁ@aéﬁpdprotectlons

Mngges t& be enssaecbhafutpreft apeoeeBtiohs hAdptAags, is

usually fromthe ener tors,.so that the g gerﬁ £8

chaﬂ@%ﬁ %@%nlﬂlﬁﬁ igve by disconnection and shutdown - and
thus blackout.

The scale of potential blackout extends to the whole
Grid. So long as the Grids are interconnected by A/C,
the flows in all parts are influenced by all other
parts. If one part gets disconnected, this impacts the
rest, and the configuration will often then be
inappropriate for the new circumstances. So further

overloads and failures are triggered.

In synchronised Grids as a whole, the frequency plays a
central control role. It indicates the balance between

_generation and load. If there is too much generation,

the frequency rises and if too 11tt1e, it falls. A
traditional role of the Grid manager is to ensure that
there are controls in place, usually from the

generators, so that the generation changes according to



frequency. That is, if frequency rises, generators
reduce output, and vice versa. An alternative and

whedsetoomny of managi ng the frequency is to haREI/EPRO4/012504
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devi ces that operate by a duty cycle, such as
refrigerators, adjust their dutdy €ycle according to
the frequency. UK Patent Nunber GB2361118 descri bes
sucfreqesgstem THat sigont F of regukmoyn: dseRespenseatong

IS A ke¥e PLS: &@CU Loneof & id ”ﬁﬂa&f{érﬁé’tﬁ{?éuéﬁd better

that there | enou to_respond to the normal random
chafge sof Mmaeagies a%h%ﬁeca%e%&x ep®| %‘ﬂallla'é@e%@%d d@hces

as diadd %ﬁératyg‘e?rféil a@iﬁ%{@we pach 8 ﬁeﬁii@lef@t@ﬁs,
a

| ost t | and
of AT E (LR ey of Vol G O RC P et gy - UK

t hapatdrer Slmlpxp)bgr(cg@mnn&rdead:tdl}d@smmdc](ll @aslys’o@mt hehis
renral n|n ppart, (s) i ere not

enou it splo%s]‘érg%‘%'/%l %Lbﬁgé%(?ﬁlg n’]lé(gl %%cge ]\(;‘\néfl be

r efpectecdcupethamges ¢nid healﬁa@qmntg enpgur@ethat there is

”e&lﬂﬁ}?ﬂ %Vféé}t?én& O@of@lﬁefﬁ%é} r&ﬁ@é&xa&héﬁ £h ngm demand

t hen ther protective relays w open, urt her
pards ¥l s @¥eERFiPnapk ¢6RRtS) fS‘tl‘Pﬂé @%s%%h%%rﬁa% not
approprl ately bal anced across the Gid, then this can
res creased electricity f at the pojnts or

o e oFad DGR SF R fo gt hnet 2 T R Dt PEE oF ¢ he

G i sepaeated el Clohaels eldx;wmm da¢ hislasdbfigenf romavskenfpart

ecHhe S 5 aPhent GhL (HERS TREEY Attty MBFAR  Shef e
par$1spN\H’I g@mlrat)l@m‘lff@md @ﬁdaltl@e(b%%\@ ngR ot he heema Gring

in the tup partse bhodhvergerndfet iergo e@ﬁbn%@nﬁesponse

i nt'er connecti ons et ween the two arts 0]
(evdrpiiabhesethie bmbylares dwﬂe%rlaﬁtr%%%eqi nippghanges

vol iﬁg@%ﬂ ﬁ&ﬁ@éﬂ& If\: ?lﬁ@hﬂﬁ@q@éﬁﬁ?rf?@ﬁﬁawéy t6A8USLr from
unpredic e pgsua ve ar u avl ou

o €8 Fee R, S0P Wl T P BT pedr oFERYe ofPaye will
pl asgewnl yndhturther t worphasEstlae eGrod nei tenbe hosit .

If the response is not appropriately balanced across the
Grid, then this can result in increased electricity
flows at the points or circuits (ie substations) where
different parts of the Grid are interconnected, and this

is often a cause of a further failure in a cascade.

If two parts of a Grid become disconnected, then the
frequency of the two parts will tend to differ, and the
phasing of the A/C in the two parts will diverge. If
there remain any interconnections between the two parts
of the Grid (even 1f these are at quite different levels
- in the voltage hierarchy), this phase difference will
cause unpredictable (and usually very harmfuljr o
behaviours where they meet. Later reconnection must also
take place only when the two phases are coincident, and

must have sufficient capacity to carry the flows that



nmust have sufficient capacity to carry the flows that-
S - are needed to keep the two reconnected parts in

w@peogoudoge synchroni sation. This is hard, and nePeOBP2004/012504
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addi ti onal specialised equi pment at various sw tching
substations. Until very recently, -it has been the

habit of Gid controllers to manage the systemas a

si nglre @Geedleand ca ksiepgltdief rteguaercpniaTd etdo rsinits dowon-going

[ tJ al t
(l""”% %‘ﬁ‘é‘:o%‘its%'{%tdéxc.l gi‘a?g{sf s SEHLME Dl aéfsg)xg;i)aotnal

al | "generation and In any separate islan _

m gPeCdehippds geavimmest fAtoMatHeussisngltehiqg dulvirations.
recently, the possible reliability benefits of

permtting separate islands . to renain_have been

r ec difiide e and aac&Ed Yar & Le 06T &S thHG Mttt (i Grid
?:)e/stcejm_ lxﬁl&fe;@h It@Ng&We_attelé ?y@‘lt(&n Tag; Sauz.ls\[ﬂrigﬂ-e Grid and a
rtainly, Ahigher densitjes of distributed generation . .
ok TR e d bt i oo dewe Hde¥haric
approptiraile syGtietts ¢pertatsbng atowi)f fedrlegerforeduiencisesl load
can 1he Jhgt eonneet abaapt st i HUaldh 490 ratson

| ong distance DC circuits. ese operate by converting
t he IRoD frhem"eAadds"d Grdco Morec &i9optd WhéBC o sstidrie
or hNg oHigHRRC BerdF GO Hdritd tthaPeRrclk tHed iN1GREs to

the frequency of the receiving Gid Recently great
T Rl hele” bt EoREE a0 A SPekrD Seft e s to

Wi t I cseimicontdddl efys tefsandiast el candefiaades digl.andabls
to take.larg nd_larger. currents.. This i wel.l

est SHT VSNEU FREIG " S0 9CaT AT Pigirart Cistiibuted
t r agshemmtricoh amadeptlrer scaper tisrlenar ecanraidlalgphs fomophy

many JRur %§§?§ and.n many sizes. Mst DC

i nterconn ns are engi neered to enable power to
flowin either direction, comonly so that peak | oads

ON @ReJdy iheeaR iPg BRI JifF fRAch tby reeiRhfile@m-arotier

whose peaks arg gtdiffe_r nt tines . This is [EDS;HO

usefBESHEOPRE SRSy aRCE EO U SFPALY. 908R DY do8%ce

DC distance DC circuits. These operate by converting the
A/C from one Grid into DC; carrying the DC a short or
long distance; and converting the DC back to A/C at the
frequency of the receiving Grid. Recently great strides
in the electronics to do this have been made, with
semiconductors (transistors and diodes etc.) able to
take larger and larger currents. This is a well
established field, and so called "digital transformers"
and power converterg are available for many purposes and
in many sizes.
Most DC interconnections are engineered to enable power
to flow in either direction, commonly so that peak loads
on one Grid can be met in part by power from another
Grid whose peaks are a different times. This is most
useful 1f the distance is substantial. Long distance DC
transmission lines are used to connect the separate N
American electricity Grids, and the cross channel link

between the UK Grid and the European continental Grid is



transm ssion |lines are used to connect the separate N
American electricity Gids, and the cross channel |ink

wheddeanie he UK Gid and the European conti nenP@I/EER004012504

is- 7 - extensively used (albeit nostly to inport
electricity fromFrance) . Power converters are also

an increasingly inportant conponent of many generating
andegopagtived ydagedegalber texasply, toanypeitd eflechiies ty

mﬁl% i c? wer electronics to nodul ate their
con FP@U %%%C% ‘the Gid. Substations exist wherever

~there is a connection between different levels in the
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Tr apsS{b$S eRvaRd cHsS bbbt iken shi 8hakeR Bl vt REHeR ain%
t he hi ghest voltage level - the Transm ssign Nefwork -
opeFaIPRESHE Offe TBRYaESHEERY1TG REF COURUFLEY (syices. For

difEQ&&@Fevohb@gewipﬁb%hrﬁahég_g&ﬂ&faﬁbﬂ@F&t@FM@&S

i nj ect ectricity int e i.d at I evel vi :
ot eBLEF RS PO PSaoTAES RAFL T, APP) aPRCa P iy the Crid,
around the country to Gid substations. In nost

countries, the Transm ssion Gid has nultiple voltage

levels - in the UK the lower voltage Gid is 275kV -
andStbkasibosacikdns Whereveansherm tive aelcepnectiiop between

for gt kirg rReEWILKe1A tineaek ewelmilhe o0& hdhaCastdibution
| east in theor be partitioned into nultiple separate

y ,
net W6 EESTCHYer cBfinéBEedowi 45t hBehhdREeStevel tRgENGENEL -
So separabeshissk¥nnEewabkk cabpetdtimhodiihf @ehentukpart 200kv.

f ol I,ce, h k [
BB F o MO RHEE | BAe AL S5 SThe "R GREF vl EAge 17oe

t r apsmessitangnetatiknsupplees ellectriiciity timto the Grid at

di st.ri:huti net. wor, at__| S -

subé%é?igﬁgglugﬁgfﬁgéﬁipﬁ g@%&FF%gﬁéggdqg??gnﬁl%l'carry

vol edgetriciicy suppng PoHEnFOUNAESPsFoafEisl sobeftpgrions. In

poi pbstWaehetrthest r apsf erahamiBkebed arad nbkere1may ke

a change in_the omnenshlg of th% infrastructure now_ .

carW?ﬂ @g@héevels - in the UK the lower wvoltage Grid is
275kV - and Grid Substations will transform the

electricity for this network.

At each level, the Grid can, at least in theory, be
partitioned into multiple separate networks
interconnected via the higher level network. So separate
275 KV networks can run in different parts of the
country. In practice, such networks usually have direct

connections also.

The higher voltage transmission network supplies
electricity to distribution networks at lower voltages
via substations, usually with a further reduction in
voltage. Grid Supply Points (GSPs) are also often points
where the transfer is metered, and there may be a change
in the ownership of the infrastructure now carrying the

electricity.



electricity.- 8 - Multiple distribution networks nmay
be fed froma single GSP, and carry the electricity to

W@ b@sqoeiy9 poi nts at which it is consuned, agai PCT/RPIOYHN2504
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a succession of |ower voltage networks, wth

substati ons where they intercenfieet . |ndividual

di stribution networks nay take their electricity from

mul Mupke pESPEL st iberhvinn gettvoirk sd epan dendedugoeommy single
sin S I ' a i

by g oo Eepdy b M R R S Ay Fhar ot

t hemllich d6mdsseensemes) e@opiidalthFeiRh gurssicdessieon of

hi ghgterokbaga gkl ARTMCEKION wABIWRLKs tBY. i WhisCihere they
electricity can flow between different GSPs. These

nul £PHFECE fi-cal paths are one of the features that
drive the desire to synchroni se as nuch of the network

as possible to the singl.e Gid frequency. The. network
Con?P%FV&QQEEpFPEEIﬁgggdgﬁePg%ﬁ?rggeﬁm¥%§ﬁié &t ty

fl oed ebtonctihy Hirgh wolltage en€iSResr k sto remeviiggertheir

vol reflecti : conceny . R ey ;
st a%ﬂ'lg%%gg%c Cieeg%g?lt tﬁg@/grstégl éLst e?)?)i gltgﬁ%ingsg(a%or e ° enéurlng
r ecERely affe UsREItePYgemeT &ioede feddiwg el dbils dinvpriably
I Nt gebie dhskr khtieon shabwer kohave rheqei® ratdanagiitke.
Electricity %%gggtgé§ "enbedded %%PenatLon" IS

gen&HEPifeas HETh¥ L bRITMES FREHFR L1Ofe RETWOTK, by

di swhiilktit edechetiwirtk canwiilol betweetodigdica@dntddsrg. These
no nopre.than duci.ng -t h lows fr the higher
voIFggglﬁe?m&?%F%%Bﬁ%&eP%tég %%Feogggfgigﬁfé €atures that
gendratieotthies desdtral [ted syachratieeees aweh of tthe network
net war g oWkl @t il , Relx & power than

'S ?%n?&ﬁ% b%ﬁtﬁfntphesgkg?%iE%?iongkg%%%¥§t so maki ng
export to the higher level Gid necessary. This nakes

t he piel gxlefé%kkobo%lﬁ:%lﬁ@s%ﬁ&@)t%he P@@ﬁ@é@éx&ﬂdy been that

A A S N T L Ty S

be lower voltage one, reflecting the concept that big power
gstations achieved the greatest efficiencies. More
recently the smaller generators, feeding electricity
into the distribution network have become attractive.
Electricity from this "embedded generation" is generally
assumed to be consumed within the distribution network
to which it is connected, doing no more than reducing
the flows from the higher voltage network. However, as
more distributed generation is installed, at whatever
level in the network, this will, at times, generate more
power than is consumed within the Distribution Network,

so making export to the higher level Grid necessary.

_This makes the Grid control problem even more complex
and potentially unstable than the simple one way
electricity flows. How should the embedded generation be
controlled, and how should the electricity flows from

distribution networks up to the transmission network be



control |l ed, and how should the electricity flows from
di stribution networks up to the transm ssion network

whesosP4601deci ded? What shoul d happen when t herBCT/BPR04/012504
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fault in any of these networks, and how can these

faults be m nimsed? The presend invention seeks to

sol ve the problens identified above. The present
inwﬁ@éi@@d?iWhatféhéﬁl@s@&ppenpwhathBeﬂesﬂbS&afhoht in any

Freohonbree ARirorSe o Pa8 ARE, drb Chdee ChELFERTBs

of the electricity available fromand/ or the
electricity required by the two grid_parts and
r esPoRsPY@SPRbw. BEREE 6P nBaRkS T BP EBRYP oF e nBreRESTH ow

of eiectifcédyabstaeen the two grid parts in response
to the paraneter of the two grid parts. Preferably,

the paraneter of one or both of the grid parts
conprisesha pregaencinoént henpnénoa bHbtat gasdepyr tsrovides

Preferabliac 1he grhdoparhs ene diffiecent.leuelscingtbe

I erarc
dlsdxfb@re@h ﬁeeqn¢m01©$ andisrrvoltion hevebek bhd a

doneshd €, APPLi @9GSridhe O?SHQ§ﬁ§tb?nmgﬁ¥t8§1£§0§t§Qrameter

bet ween any two parts frequency |
pro#?@é%a%hv¢nﬂfc%@?o%l%$tr§?%%§sav%%l§hkegFFﬂmp%P@/%F the

net@@é&tri@ﬁtﬁeﬂé@uﬁﬂgﬂtbﬁﬁyh@etﬁoggr@ﬂ p@ﬁ@buéﬁd
fre uengx valuE%or a fr

tl
Stabieattfly frebtohcystpantohceahr io bl thnoflow
und@f sleessicsytbetgeen pPhet swonygrbé ppetat ingrasponse to

SLff re”éré%&S&?”&% endnd, g8 r?&v ?E%ﬁtChed AC

neans may pr ovi de t he AC phases
or to keep themas close as possible. This nay be e.qg.

in the f@f@f@fa@ly;othe parameter of one or both of the
grid parts comprises a frequency of the one or both grid

parts.

Preferably, the grid parts are different levels in the
Grid hierarchy, e.g. a transmission network and a
distribution network, or a distribution network and a
domestic appliance. The substation may be located

between any two parts of the Grid.

The frequency level provides an indication of 'stresg'
of the grid part or network. The measurement may be
e.g. an absolute frequency value or a frequency
deviation from a 'normal' operating freguency when the

grid part is not under stress.

As the grid parts may be operating at different
frequencies and may have unmatched AC phases, means may
be provided to match the AC phases or to keep them as

close ag possible. This may be e.g. in the form of a



swi tch such as described in the specific description.
According to another preferred aspect, the paraneter

wo@Roosneoer both of the grid parts conprises a BCTRP1004/012504
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i ndicative of an inbal ance between the electricity
avai l abl e and electricity requilited by the one or both

of the gird parts. The managenent unit regul ates

r espwhsehwstibhnashdegreirdbpdr inorhedeparaficl tepayinkdon.
contain information as to the value of electricity to
the grid part as a whole,_ at particular operatln%

f r equencRESOrEhBEIpEET BRPERCE eBBBHSE Y8 BERESEN o le

[ﬁ595¥§§et8§ ébOMEGEBEIBBeH §§nth@|gt§auﬁérbﬁ ebaBkiBes a
e (i

E ransn1%S|on %Bd D str gtlon t wor ks

- 1 819B2pat PPEFBREYS RE02Ful BF@“F?ebG W@?nd ins.

't alé&tﬁEGlayCanbﬁmhbmblhndophycthatlayl@HQuhhed by the
dlfggéent Eo@ﬁu890¥ ongkaspggtgnteract w th each

ot h8t"i R-a 36 sta way, m nimsing the inpact
of di sturbances, and offerlng a controlled (and

ecoﬂﬁg‘ﬁ&nHBQﬁEnEoﬁnEEn§%§H§QEe9fr&Eﬁoﬁ%QshéEhQBStﬁedgrld

ower he control phil osophy principle
andPPﬁEsthédQWéﬁPtectEFemﬁﬁda%FPu€PﬂFélﬁf1Fﬁ@rmat1°n as to

RES@EQSvaﬂﬁﬁbétab&@BtQQB&t9|t@fthéfgriﬁepéﬂﬂeaéta whole, at
what ever ivel int rarchﬁ?one chooses to apply

i t. PRECARR ?Esoﬁﬁﬁﬁgﬁﬂgefgﬁﬂﬁﬁ ifig-bet ween fromthe

natlonal Gid Transm ssion Network to a Distribution

T e e i s
pr efient édnadr apgereht sssupe bmvéﬁ@bbhngsth@sﬁﬁmélVethe

addf?éﬁsmﬂgéhéHCSﬁd'51§E§1EMBSBhOHé§@9rQE'dStotB%
i nvention may also find E@lcatlon as a trading_too

- Ea{tltpeﬁsédFHEPymuﬂﬁla t REPIPPREYr FeMaaBfeclt PRevides
paranebetrel pRE1BEcPRYhtBRALt HBlewkdtRar §S FE@FBAHESESeduency

domains to interact with each other in a self
stabilising way, minimising the impact of disturbances,
and offering a controlled (and economic) model for

management of the substations and power flows.

The control philosophy and principles, and thus the
architecture and structure of the ResponsiveSubstation
controller, are the same at whatever level in the
hierarchy one chooses to apply it. It applies when
interconnecting between from the national Grid
Transmission Network to a Distribution Network, or from
a local suburban distribution network into an individual

home or office.

Although, in the preferred arrangements, the invention
ig responsive to address imbalances in the synchronised
grids, the invention may also find application as a

trading tool.



val ue paraneter indicative of the value of electricity
to the one or both of the grid parts. The val ue

w@araetoer may (but need not) be a price whi chP€HEP2004/012504
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grid part is prepared to pay or charge for

electricity. This price may vany depending on the
frequency or stress level of the grid part .

Accor di miyctordl sebpndiendodi nent preherred emspent, the

or oy ol pctrici n : i T
e TG T R el
t hevdlpstpaspeeier wiet bt Fee o rflee pertue oppresest vhelty

Or d®riend ORds @B%@tmg@@%ri@i%af@é. providing said
paranmeter. In a preferred aspect of the electricity

supply grid system said nmanagenent unit is for
r egrhatvaipuéd heatansteptmon Gbuel eeéd i coty by sapdiodewhich
nor.e qugs i n_dependence

or ce on ghe frgguqﬁgg of tpe

r esPRd i Vet YR par T . PIRREETAs PRt of © t AET AV ehTT on
ar esleqtaioisy . prEfiss redi esrboay memty depending on the
congyj ' L1 hy LIS e the: i ion, so
thg?%§$%$ﬁ%¥w%%ec%$?%%%y %%@%gn§%o e d%%g%%?%g on

frequency or 'stress' levels of the connected grid

parts angkbdheamad Ueo 0f &LE6Hd | Ehbyd phehhal thé EOMEEEYion
to the grid parts. The post preferred_application

r of .
t hé®Th T COREpt eI | %u%p{%s%h‘éi 65 BT B CEPTRY t§tng
gr i s ygit BN SO1PE | SdMgedesHansi & essbbisdal dwnscé@srding to

defi.ned. above, _in conbination wth responsive |oad
devtll%eesflslﬁ%% %Sspe eét%%%éllrg Wﬁ 19515 é)%]?%n‘sorf{ﬁé Se?s one
GB @361d48. Llads eand e endvoztiements wilt fow peoviding said

deg&gf&mg&epy way of exanple only, with reference to
t he acconpanying drawings . Fig. 1 shows a schematic

view of an electricity grid system having substations
bet ween g 4 e5eatet L@ Sspet NEF tEROSH St LB supply
dlstrhgutlon |eran§qX; o .
grid gystem, sail anagement unit is for regulating the
consumption of electricity by said one or more loads in

dependence on the frequency of the respective grid part.

These aspects of the invention are, in a most
preferred embodiment, used in combination with the first
aspect of the invention, so that flow of electricity is
controlled depending on frequency or 'stress' levels of
the connected grid parts and the value of electricity at

that frequency to the grid parts.

The most preferred application of the inventive concepts
ig in a responsive electricity grid system comprising
regponsive substations as defined above, in combination

~with responsive load devices such as described in UK



Fig. 2 shows a bl ock diagram of a responsive
substation in accordance with the present invention;

wo2@s/0&0shows a bl ock diagramof a grid stressPOBERNE012504
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for use in the preferred enbodi ment of the invention;
Fig. 4 shows a bl ock diagramoefia responsive flow
controller for use in a preferred enbodi nent of the

i nvadtenrt, Nrinthbed Glh®s A 1d ock di agram of a
substation flow controller; Fig. 6 shows a bl ock

di agram of a substation neasurenent controller; Fig. 7
shows a Husflentied rembatineiidhageiemovedm r&escribed, by way

Ref &/ IdAGld IS tod &, Fivgh 1l rd g GrNe &%‘%&%&nﬁﬂﬂ%ﬂ%
the present invention and preferred enbodi nents w |
now F&"Hé¥tT+ bed. As described above, an electricity

grid is made up of a hierarchy of |evels or networks
connect ed, by substations .. At the top is.the hjghest |,
Comtage 1y L et D cndta it b B ot Tty

t he ddd cats AV . hettihery sudaitatiesnsudetdiddrerdeinfferent levels
vol t. I ge tq. taf.d . .
ol edtf T AR A M SRl S0P Ry
up transffoidrers shihiss aiblodardipsran rafcia yrearanmi wehe
COUunyE @ i@ dsuhsitd Al WitHMHe GMELHESInddI® i on;

Transmi ssion Gid has multiple voltage levels - in the

UK the | W& voIFRR)E & iRk SHESaran gy agqid stress
Subsicald s Widd ddeansd ats e flwadd igidod fignd B the
network. At _each level, the Gid can, at least in

t he ,enr?eloﬁla(rt itioned into nultiple separate networks

i nt er confdect.edt dhowshen gtk diegstametfiver keesSpnsive flow

SepYHt&oller for use in a preferred embodiment of the
invention;
Fig. 5 shows a block diagram of a substation flow
controller;
Fig. 6 shows a block diagram of a substation
measurement controller;
Fig. 7 shows a block diagram of a management

centre.

Referring first to Fig. 1, the general concepts
behind the present invention and preferred embodiments

will now be described.

As described above, an electricity grid is made up of a
hierarchy of levels or networks connected by

substations.

At the top is the highest voltage level - the
Transmission Network - operating in the UK at 400kV.
Other countries use different voltages. Most large

generating stations inject electricity into the Grid at



275 kV networks can run in different parts of the
country. In practice, such networks usually have

waleoospscoconnect i ons al so. The hi gher voltage PCT/EP2004/012504
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transm ssion network supplies electricity to

di stribution networks at | ower A®ltages via

substations, usually with a further reduction in

vol tage. l@vied SupplsfeRoiupt ¢ rEESEOrT@wLs -ally sofwtidd carry

POi AL MREIE (L he 1F ARS8 IpuRLES €% ANY MR JBNRE 1n

a change in the ownership of the’ infrastructure now

car F@iSkg CONatELest r itée ramamiissilend GG has onltiple
nlet wgu?&&_g;éante%tlﬁed firomnR letKn @'h% @Sﬁeﬁa&%m@@é exildes
electricity to the many points at ,whi [ S

coné&%& ~ag&n @H%“%é%’%%&@@@sﬂlﬁ %frai“zﬁzééﬁr"{/&hteage
net wdkks riwith Solstatiisometwosdke they interconnect .
Core to the ResponsiveSubstation concept is the

energent feature of synchronous networks that al
devAtesagh tflkevedet Wiek Carigl sypmcheénilsedtt dra tdiewglye be

frequenay; oaRd tihgl Hlmifpg%g%%@%&a\t@ri 836 ding to

t he”i nbal ance o% suppl y and demand on {he ‘net wor k.

Thi dnfesgeenegties i fha highem 1leyeli diefaivrk a$a geparate
t he ogtake ektibekiaeidwrr kunnth GRE FesRehtbY)aS@#e of the
partici pants_to nDd%Late t heir bﬁhav our to ﬁro ide .

st afPPEY Y- TR PTRRid C& g fECH SSh8PLYS 1Suet é('ti\cﬁa%ﬁ“r“t
and cdone ctdpthisnadesl.y accordi ng to i nstantaneous

changes in demand and supply. To mnimse the extent

of this fluctuation and so make clearer the signal it

i s Rékephabhes wekéagee tycosaissivhe ngtivgrés siprgd eas

posgiBleribiey $hallithahity otMPREDIRG sl BE Yl voltages

fluctuations across a larger population. This is one

of VAE MPPERSLOBRar H&ParyeM G ds Turhbrey &edyation in

thekelisgan agequaippRkovicsiner atsResparse allisdedlfittn Boints

thew&%%gl%EeR%%%%g%g¥eE%a%e %%E%?Sahdsgggkgrmay be a change
in the ownership of the infrastructure now carrying the

electricity.

Multiple distribution networks may be fed from a single
GSP, and carries the electricity to the many points at
which it is consumed, again through a succession of
lower voltége networks, with substations where they

interconnect.

Core to the ResponsiveSubstation concept is the emergent
feature of synchronous networks that all devices on the
network are synchronised to a single frequency, and that
this frequency varies according to the imbalance of
supply and demand on the network. This frequency is a
signal to all participants as to the state of the )
network, and one used by some participants to modulate

their behaviour to provide stability.



duty cycl e devices that nodul ate their consunption
according to the Gid frequency, and so hel p achieve a

worees/oenen bal ance) then stability of the fregREnER2004/012504
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signal can be achieved within nmuch small er domains.

Wth Responsi veLoad devi ces, 4 mb¥al-ance can al so be

tolerated for much | onger w thout disturbing the

st aBhliet gighaflhé sdomaisy, 4dAdcsoagiiviongiropper donit i es

for [ S I - A
W R R P Mo e TRerE T et (TP Bes, 17

neeflemgndganer &P@P&ﬁr e Tor "iadgisre&he @Pfﬂ?)@w i frhge

?g”@gﬁctubﬁl%ﬁn?ﬂaeS6Dh?k@rcﬂ%&%e?'%ﬁbrfﬁgh$€Mh$hh% helpful
e _dona r to inpor rt electrici rq

ot hEP H8KE, f13Es FCORRe OG0l iive CoR ot RS néd@e aRebREciote, thus
notsthh&sh&&ab&gnsmeduhedihhﬁhnlduﬁ&twumktﬂbtgbm@ across a
par operatlon Q nsi_v ad devi can
dlrggféﬁrngP gtﬁron1t %dEV|§b%oﬁfo§%t %ﬁF géﬁegowards

frofmtrbercBodds.central or control frequency (e.g.

SOFE or 60Hz) of the domain. Wth know edge of the
"normal " demand t he extent of the instantaneous

shoHPraVEr(i Af ftHETrexafpPE, 2RAEUPS CaPEONEEIIOR OF Rgeponse

SEPQ&Hééﬁlinlﬁfﬁﬂéeﬁéfmfb@?ﬁb%@o@@ﬁ?@@ba?ﬁd%v1ceﬁ —tsmaller
requency al on W ane a re eq
t hoaBEr e Frtaf Tk Br 8 Endt BoRRI AR FheisnaomraeRgon

t heapebridest ka ithecaridalfirequentty, tbmﬁ gepaellyr echdeve a

per | e r [ h l; d rred
(|n§1 o% %YS% gg%&ﬁ%)gg%ebegéﬁgéﬁgﬁy er%bgd Eeq%%ncy
|nteggaaﬂnganh@ed@paﬁﬁueé vfithhe mn@@u§m@91§mnd@mauns With

wasgpha Bn@ﬁvb}%aﬁe§b5§@eeo'th@@gnégabgntg9856$e tolerated

parane ers reflectin espon3|ve oad Erac |1 Ce,
t hi §oEaAuEE %ﬁﬁgﬁweH16V0ﬁ§a§aﬁﬁﬁgbﬁaw-F&e gtebddpty of the

dri yehaby,t Badf E80YERNEYNg opportunities for considered
actions to restore the imbalances.

Within these smaller domains, there will still be a need
to:

generate more or less electricity within the
domain;

to consume more or less electricity within the
domain; or

to import or export electricity from other

domain (s) .

The volume of the need, whether or not this has been
reduced within a network or grid part by operation of
Responsiveload devices, can be directly derived from the
~deviation of the frequency from the chosen central or
control frequency (e.g. 50Hz or 60Hz) of the doméin.‘
With knowledge of the "normal" demand the extent of the
instantaneous shortfall (in, for example, kW) is a

function of the departure in frequency from the control



departs from an accurate cl ock. Since the know edge of
the "normal " demand of the network does not change

w@ioskiep19 it is a paraneter that can be readi | pCHEPI00€012504
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and passed to all participants (whether automatic or

human) who can nodul ate their-cohsum ng or generating

behavi our. While it does change over a day and a week,

it ifsegmigaldyy Gui tHe)predding abltd, rembmsd cosn tiat reflect the

di S%‘?{@e@ﬁt ‘iiﬁf X RAYAd Fdf%‘?ltes ReRoddl-Rdvanc e ff « thermal

ere are i_nbal ances, participants can
t he l@ﬂréma gt 978 il afced fardiide Sepatiows Hep mersisted

gOI Fehrt %oh%a(t]tcllme T%é’fﬁﬁaﬂ.@ﬁid@@f @ef@iﬁré‘d?ﬂ#{%ﬁﬁ’ (lll'l for
omai n can influence_these i si.ons or, exanpl e,
PUbFPSHENG PP a Ttde ) Ak B bt aigng the
pay d@@bxﬁ:ﬂ&feg@)f tma:o?ﬂeepiermyeulho@d JJte\uealss 1@fst at its

| rrb%l ANCs Ir'lg% a}gaé.élg)&%rg)lk%%% e etrgsatretﬁeeycting

wi | [#5e pre or ex
el ettt @elS\pomJauwép@di (it ppnecd ieet et hjer iced) bshereashered by

shogdfal rl?féc?ﬁﬂis f452%) MM éis %—e‘{’P‘H fa] uency

readi |y be éxpressed in secon of clock el ay
t haRleRAR LS £ e Gt sestegkel ectricity del i vered
Is exactly equivalent to el ectr| city not consuned. So

Feathis EHs ROCACRo O APty POl S of the
sensneﬂ:mmrﬂcy dddsgmatoraﬂlaamgaag @hﬂ\ﬂ]«i@s (1$udjm as psatetetelr that
nlyg%ﬁ%%r? e%;i&o%QQQVQ%@%Sdf%a%%% c§%hl?%%§%f%¥£%nts

re’i’'s no shor SO avol
ext lahesdes. aTiesatiict lPrbackam) omhse skin gogeriatat ¢lheir

can y 1+-Q 1 I r ‘), 12t
o S AL Y SRR A BLIRLT MELe (8LB chane

GenbV&ToPs d@é{n I Pe € ar IfedFcdstidily awifet nrgdictable,

ref beet sbheagh@rgeliigketlsatedAN®0participants well in

Resp%n5| veSui%st at i ons can choose whether to
vance real

When there are imbalances, participants can know the
extent of the imbalances and decide how they are going
to react. The management of the frequency domain can
influence these decisions by, for example, publishing in
advance the price they are prepared to pay (or charge)
to correct specified levelg of imbalances. They can, for
example, declare that they will be prepared to pay $50
per MWh for extra electricity delivered (within a meter
period) when the shortfall exceeds (gay) S5MWh. The
shortfall can readily be expressed in seconds of clock
delay rather than MWh. In this context, extra
electricity delivered is exactly equivalent to

electricity not consumed.

So all participants can set their control systems to
react to this signal according to their price

sensitivity. High consuming devices (such as water



i ncrease or reduce the electricity that flows to or
fromthe other network to which they are connected.

wah@g/oeond rol a portion of the inport and expoPCT/EP2004/012504
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fromthe domai n. Responsi veSubstations have a further

conplication, in that they nustiéetake i nto account the

state of the other network. However, the other network

W | helowesi b8 QMﬁrégeqheatyrdbnaan bandesotpt sop@ume only
I s to the exf, a I i

hav@ﬁ??sééﬁﬁenﬁﬁa enen{gEt fhehabgb ?98%gcggéﬂéktra

pubtoshed Tbosehmtuohachumﬁé ReakbRgi 9@8@5@?8??0??&“ set

CantHéErtQ&?F@ﬁéC@oCQH?éEtS@meEQrQ@Qt?elﬂhﬁtBﬁé t@id when
change t he ows passing thr

g &Pe Erlce on

onet @tRﬁFRe|§hﬁ?§h°1§n8X8ﬁe ﬁetB?EErcPﬁ PRBRTPEOTS can
'nciﬁ§§§§sé|@ﬂsréﬁﬁﬂéthﬁehQMbﬁthe sbdeefbethetheghhange in
price side (or reduces flows the other way) . These
chafig€5-in flows will, perhaps only in a small way,

change the i nbal ances on each network and so change

t he requg ' I I u

sovr LEEToBREbEReL PIELYSCaeTS Mol ool ebutnomes e

pri ¢ecrenvespranddyeecthei Rhectsimpayl hhatt hépws to or from

beh@ﬁéogﬁheknn@§989ksterwﬁqgﬁdtﬂQQt&r@fcbhﬁebﬁé@ﬂtmﬁﬁy
where a 'value' of electr %pls t ak n into a count

t hi SoRETPrefePaBEYOP N el BF|c@n PPFERTs by ©r from
conyeni gBtnaand very powerful way of expressing the

nodul ation of- 1 7 - generation and consum ng

behavi our in ways that stabilise the Gid. It may al so

pr oRedeocas iwredabkybiigoasohanic ar fuirthalre cCoFPdAcCotiage in
th'%hQ%h%ﬁ'?uhu%gakakgfl%%Bsakgguﬁﬁoﬂﬁg'%tﬁﬁg of the other
comyerci al” rel ations often exi st between

par tietivpait. s HoBgverhe tpei O& hege @k e Wiilnameiva 1t own

. SOMg @%cyf@bnﬁ&%ﬂpb%dMSBhhﬁsa%whn@d§bbﬂ%|a%SE@IQhe

the "prices’ passed Respon i veSubst ati ons and
Resﬁ§ﬁ§P@eBév|@€sl 3 % % ade Ay A%

management, and the set of prices published for that
domain. The ResponsiveSubstation can use this price
comparison to decide whether to change the flows passing
through it. If the price on one network is high, and on
the other low, then it increases flows from the low
price side to the high price side (or reduces flows the

other way) .

These changes in flows will, perhaps only in a small
way, change the imbalances on each network and so change
the frequencies involved. This will, in turn move
devices on both side to different points on their price
curves, and so continue to modulate their behaviour.
—igyéséééfévor embodiments of the invention where a
tvalue' of electricity is taken into account, this is
preferably in terms of price. Price is a convenient and

very powerful way of expressing the modulation of



the outcone of conplex control optimsation anal yses,
wWith the price no nore than a conveni ent paraneter to

woremwagesothe co-ordi nati on of the devices. | n nPGI/EP2004/012504
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countries, electricity is metered at the whol esal e

| evel over quite short periods,ivyn-the UK every half
hour. Whol esal e deal s specify the price and

el eejenadtyi drp 4Rl dedristatiedy iveleaciolialin Meyrs tareck

thi s can . r.eadi used. to set t he defa d flow

f1 oW P et eﬁ% l%%_‘lds A S ST B tLhn h“ﬂ'lng
a R@wmwmeﬁtﬂtsxtcatalcm th@gmqu;nam ftrmrﬁ tHﬂ@'\dleflmlltthat
flow.d t_ S [

deal L A R e s i P e
rranafgé#emft@‘n teli@ﬂ‘tré?jifé‘fﬁ%n Feh e iPRIbS . by £hsy ingelce

pl a)h%e@ rrﬁ:'te Hd GGl nQrI @%rrfe! QW-iQfs e'ﬁﬁt ré}é‘slrﬁpae within
t here shoul d be .a neasure he Res onS| veSubst at’i ons

conff BAGUHE13G c?rStc?&ﬁJcttl "f%rﬂ 'h&Fs55 gt ti ve
Gi d&sﬁdnsmaegiﬂ)dﬂaaaildrhf aﬁ’icgmw@di&adfdnbm‘dsf Oday reflect
flo w |l be ac%eptab somacterln recor

S,
ReS|c‘)C Si \}letﬁ%%et |ocr?smprray a1 8o |ncI e erlsor% analYSGS,
r ecoridheltdet mwicey fd ows-e THhege mm\@n‘i@v: ipRmEndier to
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t he ence I n ow fromthe default by the price,
as calculated fromthe frequency signal, and

accuihets ddighivwaldes, @%d&ﬁltfy Qg tﬁ&éﬂe&nw%e
domain_or qri ar.t mana domai n. (or, grid

par P VR quero §élor BeTLGMg neldt e UK
r ec ervergf Hahﬁ |1rmﬁiranmmﬂmlry idee 1 sarngbewdilfly altso duiee a

nd
f)cgrt %th%l Ctl ly tfoI %W %Ce[r'l.gl%ser%d?%%oony V%SL'.ILbbeth%tulro,n and this
consiagt ereaddiltvh hehelsmd d® cledi ilsf ddf@ult flow (the flow if

RespopsiyvaSubsy qbnruo%rlan&ero% (SRS @1%98%1@3% a.I hat

t he Responswes statiron wll have "

el e&EERENS vasaiarda tties H AP InHERSS tir BF WHe dqfdi flow

in response to imbalances are not set in the base deal,
and it is these prices that are moderated by the

management of the frequency domain.

Thus, where price plays a role in controlling the flow
of electricity, there should be a measure of the
ResponsiveSubstations' contribution to (or deduction
from) their respective Grids. It may be that the signals
used to control flows will be acceptable as metering
records, but ResponsiveSubgtations may also include
meters to record electricity flows. These meters feed
into the ResponsiveSubstation controller, which then
multiplies the difference in flow from the default by
the price, as calculated from the frequency signal, and
accumulates the value due to or from the frequency

domain or grid part management.

The domain (or grid part) management will, of course,



for its own profit. (For exanple, by flow ng extra
electricity at low prices and reducing flow at high

WwWEri0se$60)9 G ven the unpredictability of the prPCEEPENG012504
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the inbal ances, this will either result in

i nconsi stency of nmeter readi ngsi®r-in | osses of profit
opportunity when the gam ng i s bei ng unwound.
Nevegtihtbdss a metcarion g fadiec tigis¢panthacomst rolices, med will

neeglggnk&gg, and 'E‘g;‘e%%ge'ﬁ%ﬁlﬁexbfl%ﬂz X efal, verifier.

There shoul d al so a "“central” price for each Gid.
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and narket.az%a%;a Wi ?%;nallélensure t hat, the
pri@@sgﬁnﬁﬁg s&addon s TG G LERR1nSs 8y possibility that
Respaers Reefohsti stistibstees on Wwawlf hegeenopmed "ore @lichking
its i : i_t.ional_,el ect ri Gi tQ.it not,_h

ot PR g5 e PR S0P e (RSB Ty G e Brd and
t hi ol éer point prodatot (Ferf ceempia | bye fiotdsgmmxtra
0CCUA o kB WHIEGN ONTFAGHE Bl Gy !x%'d}i%i@@esﬂw it Won

and this can gg treated as an equival ent “reverse f
t haPrAceds )t ivenpaihg tePredickebiditiyasife)hs ipgdces and

i ndicgat edhbBY ahlk@ seXROrld RA 1@ ied tHRRAgRERNE SYSti®Bonsistency
VWhen there are failures, it y
[

may be &el pfg:tu, to ,
at t PEbBEESThECRET e OFo 16N OSPEE G RRGTHEr CPRRF thadEY
a pwhee dhkf epenticalisadedaicatedonnidh tNeecfaiHelle®s, metering
at LeLBULEAN. - £ BesponshyeSybst ablan s, i and
ready™t o export, but no élrectricity 1s availabl'é; it
i s mhoagrpenti by eysexvernhal yesdfderot receive the
full value of its "exports".- 1 9 - If, on the other
hand, the inporting ResponsiveSubstation or Gidis
unaBheTreoshesdrly @ 1eRe PRI G/ CERER3L{'s AR 08 GRgih Crid.

"expanksisshael grhiecdioFcaurhadgeFaah eGelctl riRiagerablys while
Wil | e,to.derive its own price f

n . lae f
conVBFt PRyt HE BPRI=Froguehcy SFrbsPaRed Trequency, and

market arbitrage will normally ensure that the price on
the two sides is identical. If a ResponsiveSubstation
sees a low frequency on one Grid, its import of
additional electricity to it may not be material on the
frequency of the exporting Grid, but this electricity

cannot be free.

Failure modes may occur, in which contracted electricity
does not flow, and this can be treated as an equivalent
reverse flow that needs to be paid for at the (variable)

price indicated by the exporting Grid management system.

When there are failures, it may be helpful to attribute
the failure to one side or another, and have a price ~
differential associated with the failure attribution. If
a ResponsiveSubstation is fit and ready to export, but
no electricity is available, it is the exporting system

that should not receive the full value of its "exports".



signal into a value that it will pay (or charge) ,
Responsi veSubstations on its Gid. This is a conpl ex

wa@apabspsdocal and market exercise (outside the SPOPEPWN4/012504
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this application) , and needs to be designed to give
appropriate signals to partictpasts (including demand
participants) as to the value of security of supply.

Therl€ ,neon Hdes erdichl dnangsi ndss imgettsingher eby sets of

Res ' j 1.0 e I

opor B R e Bl oA ) iy IRy s b
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syst®mmouitese Gid nmanagenent systens may publish
prices that are offered only to correspondi ng

Responsi veSubst ati ons on the Gid. To preserve Gid
st aliiadldh Yirs@immasnrterei tc oridrldinzatd ao krtvieen itdie i rice

t he desi l. t the inh t
o ABTT 6t e RS Rar e arie ! ey THaTHnce
unnedgssdr yintan sevariplee tihgita igossilll @agvolart idhrmugfe)t,he
UK %te@g)%n%i[v%tsﬂﬂst%ltﬁgrfé G % HRIKALS, ML r}Ls‘“cl:lu'c%mplezsc

require caonpeting suppliers to have their own
i nf PasyEdCrle gRefretocaterelisg i (Putivd deortepfsadms of

own thRegPeRpIveStnsnat, i emd Meh tehibeh RlBgHdLidy disre
flowed to neet the ngeds of their, custoners, each th

t he APPERRTdGEs L8 R Sp &7 RIS S PN 6n (domhiidiidist idsgend
W t Ipatrite coipapitiser .sGticd tiwn agamento £S yeicerni thn cucupply .
circunstances, it is possible for nultiple

Responsi veSubstation controllers - the control and- 2

0 - Theirei Mgyl &gi senstiylse Iyedineatse hade leacthesgint iserts of
but @b dde @ittt btlibhl e sl it 8ar alidd Uy R
singl e physical set of power controllers. The owWs
den@bgEatiey Sachifdspendi pegapdEatiionscomntoldash i these

SUNERY aho s@itdend takahatleehdiel wnf lewa aRtalftent
netere% flom15§ pro ortlonatehy %ﬁtrlbuted to ea% ,
Cont¥SEeEE - These G id management systems may publish
prices that are offered only to corresponding
RegsponsiveSubstations on the Grid.
To preserve Grid stability some sort of co-ordination
between the Grid management systems may be desgirable,
but the inherent stability of the ResponsiveGrid may

make this unnecessary.

An example is a possible evolution.of the UK Stage 2
retaill electricity markets, which could require
competing suppliers to have their own infrastructure on
each local Grid in the form of their own
ResponsiveSubstation through which electricity is flowed

to meet the needs of their customers, each with their

_own domestic ResponsiveSubstation communicating with the

suppliers Grid management system.

In such circumstances, it is possible for multiple

ResponsiveSubstation controllers - the control and



Such "virtual" Responsi veSubstations are one way in
whi ch the owners of the distribution network can

w@e@sid®iser vices to conpeting suppliers. MstPCOI/EP1v64/012504
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time and in nost cases short departures from bal ance,
and thus short termvariations 2m the centra
frequency are of no commercial or engineering

congequemee.1o4itch -artcape cﬁmdiaiaetq@msd adan Slfpplier but
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| Mpariopor tdicssitRatye t taafi0sf edl Ity Go 0 Mdradrdin &f.
devices, giving tinme for corrective control or narket

reaction. After such events on a synchronous Gid,

ver yughi Chiiytiued. "e|Resrarsiitve ubeis tdores sl ©ne way in

sub 0 Wi 0 1 [

o TS e Foahig S g iy, provide
den sty isfe sRésH SIesInAdiged sdeElde)s r educi ng t hem If

the networks are connected only by

Responsi vest?ﬁeatl ons respon3| ve to price or 'value'

par EHEENGAE dit WRiSEh SaRE Sl dapardures from

happenandd,| aswfterusamapu&m lvml(a@flcrnssa)n ithe central
frecj_:uemitsé,rl but t efel ectr| cit ows_acrass the- 2 1 -

substations YcShmectedd & n}me:%ﬁalr é)ﬁaleﬁl%%%’e%
unt idonslegrugmices i dtarins mrpropriimteampdttietion of
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reaction to ange in fre uency, thus changi ng t he
f r e§OORERESH EvEY it ke ldy ﬁ}”ét S-hus bringing in
Response (and ResponsweLoad) on these networks. In

o) cases this nmm o slow and it, may be
rT%ne ) %. iey'%eneff%s of Respons1veﬁéad is its

capacity to let the Grid absorb big fluctuations, such
as loss of a big power station, or loss of a major
transmission line, with minimum impact on the operation
of the Grid. The impact is dissipated across a large
population of devices, giving time for corrective

control or market reaction.

After such events on a synchronous Grid, very quickly
the electricity flows across A/C substations will
change, some increasing flows and some (particularly
those feeding an area with a high density of

Responsiveload devices) reducing them.

If the networks are connected only by
ResponsiveSubstations responsive to price or 'value'
parameters, the network on which the major failure
happens will suffer a steep decline (or rise) in

frequency, but the electricity flows across the



appropriate for ResponsiveSubstations to nodify their
flows immedi ately in response to fast changes in

wo e@geney on one side or the other of their cPCER1004€012504
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networks . The frequency domain in which big failures

take place may (at least initialy) have a

preponderance of |arge generation, and so be able to
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tryraggoneek (bhe Rapporedvencised begehkee nSewdiks.
Responsi veSubstati on nodul ates its flowto strive to
keep the two frequencies as cl ose as possi bl e,

chaigi sgnkl owseisn thhsediagt der épordeowt anfr édueryy be

cha i-th ' rate

B e e e A
t he fResBoATIMEESABSILAT ilon TESRONES 6 Sritte emgas V&

fl ?\ﬁ@e Eléh% ol drle sléLrag ?rftertbﬂ%d o\%ﬁle@nhdﬁ/ @hi%ﬁllrt Gdnnected
Wi |n eson veosubst a | C 1,S.Cl.QSse
"Re§§5ﬁ§€k§as BETGH Yo C%béﬁgyaﬁﬁﬂqfes

G i dakier @i&dehhﬁ@hdla(i il@arsaaolﬁﬁdtlallﬂyv)n Havtehen theeponderance
cl osed.agai n when il |s St d.(a
Q§ Ife Inera o%. ;ﬁé o f% t% @%éﬁgaé\gﬂly

net 5 p035| |I|t
incaﬂpwﬂate@ mheOChh@gﬁesp@n§i¢@$@mswatﬂ@nls then

2 CRILGLUER & Yo% 2ot SUeha0BREE i 100l 58, che

conpli cations concerning ha i ngt nevi t abl e)
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be handl ed by contracted paynents to cover

Thi s n
t he "k ﬁ R GRUCeBNTEESSe subject to fault events,

such as the failure

One possibility is to have a "Response Pass-through"
mode of operation of ResponsiveSubstations in which the
control is to try and lock the two frequencies together.
So the ResponsiveSubstation modulates its flow to strive
to keep the two frequencies as close as possible,
changing flows in immediate response to frequency
changes on either Grid. This mode operates until the
stress on the overall Grid exceeds a threshold, and the

ResponsiveSubstation reverts to price sensitive flows.

This could be implemented as an A/C switch within the
ResponsiveSubstation, which is closed in "Response Pass-
_through" operation, but opens when a Grid stress
threshold is reached. It will then be closed again when
stability is restored (and the two networks are in
phase) . This possibility is incorporated into the

ResponsiveSubstation architecture.



of a transmssion line or the failure of a substation.
If the fault causes a loss of supply to a Gid, or

wo o®s/oefordemand fromthe grid, the inpact of tPEI/EPXS4/012504
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on the frequency will depend upon the proportion of
the total electricity flowto-or2fromthe Gid that
was carried by the failed system If, as will often be
t he Sacsk, opdeatiow doea Gridei solel hgataons edobyetmbng
sub i t I f iLlsre e
oo ot e ettt APELPEplLy Lh B ] Bom che
W t heomlerzge@nde frnbl aflow andsihehrotvas §iodsarinisg from

| ossRdp@h&LHE i GdhyviboW, f 10D 08gn SHOSH AL h DAy W, | Bt racted
i nst ant'aneously transferred to the other. In the words

of tPRYEERERNENt CPEEY heRRoRELIENEPES - and Conmer ce
Commttee for its hearing on the Northeast Bl ackout of
August. 2003 "Wien. an el enent. trips, existing power .

(| Ve PR TR A AaeoUET yEFRHF SETERER na Ok 2Bt pap £ailure
el enehts ofahdrei ggian attne dongthe faelbhassobf a phylsécstion.
irrespective of state boundaries or ownership of the
transm ssion facilities.” |If ResponsiveSubstations are

i n ukk, theefaeli sta s i dNlof$ | OhosubRpperc a Grid, or loss

| nstent daeoms | Fromnehd herDehavihOulm@d ot her Fhd YWohi on the

depend upon the, dfp h o Res$onse avai lable. If_the

chan%ée‘?f SRyt F PSR &R r C i R PR b | 3| ghe total
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change their electricity flows inmthe desire

di r ¥R L ¢HeY clhkeadarttantirt pfei@nt ed. The

Responsi veSubstati on may al so detect failures whose

direct inpact is nore on the voltage raktlher than the .
With e current generation of “synchronous grids, this

loss of electricity flow from one substation will be
instantaneously transferred to the other. In the words
of the Statement to the House Energy and Commerce
Committee for its hearing on the Northeast Blackout of
August 2003 "When an element trips, existing power
flows are instantaneously redistributed onto other
elements of the grid according to the laws of physics,
irrespective of state boundaries or ownership of the

transmission facilities."

If ResponsiveSubstations are in use, the redistribution
will not happen instantaneously, and the behaviour of
the Grid will depend upon the depth of Response
available. If the change is significantly greater than
the available response, the Grid will cascade to
Blackout.

There is, however, a short time during which the



frequency. Delivering such rapid changes of flowis
likely to be of econom c value far greater than any

w@omsikdoed val ue of the flowed electricity, so PCT/EB2004/012504
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reasonabl e to suspend, at least for a while, the price
based nmechani sns for control |4 @B f41 ow, and reward

instead the event recovery action. Such event recovery

act foaguenkl wsddl bg Belpiogpfegtamved mifld sheéll be within
RespoRs kueSystalikodarand ARk RbkCE Dased ey can

al so be pre-programmed. This is achieved by having an
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desFPEbFESEEIF PP ORe PFESWF6%r fromany Grid

t hrough any one ResponsiveSubstation to approxi mately
theThgtﬁ%sé%@%#%%b%b@%geﬁgﬁem39.BEEOG%E%ec% failures whose
Responsi vesubstation wlT, via“’its power €l ectronics,
havéioppbr tmpiacited st ioiraf Puehbe vhéteget agéhemd than the
tragzghﬁghg9.of reactive electricity on both the Gids

to I¢h 1t is connected. Such influence is, by its

nature, nore local than the Gids involved, but may

al speheverbneChukd aeblivechaagksf egdifack Genti®elysidIbe of
paraneters set _by the Gid managenent Centres.. Th

St RERBGTR 6T VBHBPCESIng ERES I A FAEY POSBayRavEngs of

2 Athescapeedf eflkics rdpdcif,i sat ianisHawewemnable to suspend,
Resggn%ggg§u?g&ag M?Ei W‘kéengEgggl%a%%dagg%h%%isms For
provi dée voltage con 7ol and r 8active oad Services o

val gentgolpangr fdowwi ehdutreadde instepgenhet evielng recovery
RespgnsikyeSubst ati on services. ResponsiveGids should

very rarely black out. Wen they do, the

Responsi veSubst ati on provi des support for rapid

recguehy evéwd €eacepls aceikay wolBl agkadtigr be The

usep%&—%@%&%%%m%%'%n o thd ggg%oggg S G%g%%tion, and any

price based reward can also be pre-programmed.

This is achieved by having an "Event Recovery" mode for

the Flow Decider element of the ResponsiveSubstation.

If the speed of detection and change of flow cannot be
achieved, it would become desirable to limit the flow to
or from any Grid through any one ResponsiveSubstation to

approximately the total available Response on the Grid.

A ResponsiveSubstation will, via its power electronics,
have opportunities to influence the voltage and
transmission of reactive electricity on both the Grids
to which it is connected. Such influence is, by its
nature, more local than the Grids involved, but may also
be subject to active local feedback control using
parameters set by the Grid management Centres.

The strategy for exercising this influence is beyond the



This uses a separate lower Gid frequency that is used
only during crisis and start up. This will nornmally be

waoshomey than the Gid frequency for nornal PSEEPRN(012504
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will be the frequency used when a Gid is first

energi sed. Appointnent of a Btaz« Start

Responsi veSubstation. This is a substation that, when

it seepeawiutdner girsed Gdat,1dsut Huaewslmctricity

avai
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sees no eI ectricity on |ts other Gid, there may al so

rior e rot coI th and WI
use%o BOKE lvynetGSI)r/l rgl'iouléiemed:é’ elaIAcI‘I}II Yo éﬂt% they
firsto,stdéye Rﬁmsaaw%ihatdtedmmmldaso sdgteptt iffor rapid
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Et her net Thec kiR FPSdsInEtichICriddie Gl firgsaiencies.
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and the managenment of flows between part
overtdils &5 & Wl%ml wWieE dénESsS ady wRslergised

devigad,s tgethials e\aertuﬁlcqrtqf $hag 1eblth&rom its other Grid,

ResponsiveSubstatinis reduced t9.a simple and basig
ResponsiveGrid will have only a single Black Start
ResponsiveSubstation. However, since this creates the
possibility of a blacked out Grid not being re-energised
if the single Black Start ResponsiveSubstation has
failed, or itself sees no electricity on its other Grid,
there may also be a priority system, with protocols,
with and without use of the internet, to decide which
one will take the first step. There can also be feedback
to detect i1f there appears to be a conflict, with
multiple sources of unsynchronised electricity. When
this happens, the Ethernet technique of exponential back

off can be applied to decide.

~ These two concepts allow the ResponsiveSubstatiqu_Qn‘a
Grid to progressively flow more electricity using theA
pricing mechanism (perhaps using special pricing tables
/ parameters initially) until normal Grid Frequency is

approached, and loads can again consume. This will be



generating or consum ng device. So long as: it is
economcally sensible for the ResponsiveDevices to

whaons/ognmmuni cati ons (likely via the internet)P@I/EP2004/612504
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appropriate Gid Managenent Centres, and so have

access to default flows and priges- the device can
incorporate a nmeter acceptable to the Gid managenent;

and MU d@gter clan apesrati gy sgmit qurm Tlamed marual
behaydatidden a ResponsiveSubstation may exi st

wi thin honme, a cooker, a washing machine a heater, a
boiler, a CHP plant, mcrogeneration, a wind or tide
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arr of int i gent_devi ces . erri.ng now to Fig.
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is al so connected (optionally via the step up services
of &raisforner 3) to a DC to AC Power

then a ResponsiveSubstation may exist within home, a
cooker, a washing machine a heater, a boiler, a CHP
plant, microgeneration, a wind or tide turbine, even a
photovoltaic array. Indeed a vast array of intelligent

devices.

Referring now to Fig. 2, a preferred embodiment of the
responsive substation will now be described in more
detail.

Fig 2 shows a possible embodiment of a
ResponsiveSubstation. It provides and controls
electricity flow between two Grids, known as Grid A 1
and Grid B 2. For purposes of explanation, Grid A is
assumed to he higher in the ResponsiveGrid hierarchy
than Grid B, and so may operate at a higher voltage.
When it does so, the higher voltage is reached by an
(optional) step up down transformer 3, which converts
the working internal voltage of the ResponsiveSubstation

to the Grid A voltage. Grid A (optionally via the step



Converter (Bto A) 5. Wen electricity is flow ng
into Gid Athe DC to AC converter controls the

waelosageiand phasing of the electricity. Gid BCREPR04/012504

10

15

20

25

30

35

simlarly connected, but will not normally need a step
up down transforner. It is coangéted to the ACto DC
Power Converter (B to A ) 6 which, when electricity is
f | owlawn fearmi@esl &F comy eftansimryg? tD) DG dteormmmsted to
the ' | @b il Bd s @l %Wﬁ& ed,
t he %ié%t[% t%%[gg C%n%‘/t_er AB%O 4 ltlwhe}%éh
el e@leaai ity f4%vﬂf§~mﬁ ofl@m d’&lstéeo%x rEPRVEHes the
vol tage @t Rhasid@fadd edtieadrd ady -mideser ppyer
converters together are one enbodi nent of power
el ectronics able to control the quantity of
el eddiciA yid |avéd gdrinetterer (i trienid Ny bet aveene ca;tmts up
A & B and kno ) es V. 0 ert
powdi~“conver ter st%vm 6‘?I%horma Ie é;)v\é?% %&a)[g% ?e"‘t{c Ower
i nf IQeensertevr diB eot |4) cﬁ)ntwl’cﬂn teheeatof taigey ats tifﬂeomgwtlnto
at We A heye %r@&tAé Cd e P d % oo e CESS Y1 tage and
vol tage control systens and associated paraneters W7
nor il S sk htidtRieil S 4 Hi Gl te Responsi ve Subst ati on,
but are beyond the scope of this speC|f| cation. The
Respo ve FIOM/CpntroIIer 0 ex further
Dol G ek, )1 R1eth ke ot S Cr i Tt gt HOF rfopally
and reed raolsstetp_hmpRekpﬂnsummMezﬁorWteriyconnected to the
acc%dcd't%g'ﬁ’c ﬂéwedzoec?oﬁx}‘éxscef”éhc% Q{Efeerv&h b, when

prices, ers ‘and- poli'ci'es
publﬂlﬂﬁdflalﬂdlYZﬂS flmmnmufcmr@&zﬁrd)rﬁtmqurctmtﬁaemﬁ to DC
MBNAGEMENIRIIRANS Ghe Wfarttihs] A4 ALOTIRe TEVAN Ofk also

controls the flow of electri‘city accordin

condidisfsEssh hehe Mot JIC AR i PPy gfse%o%ér& & 7.
t 0 ighicH syHay @%éﬂﬁ%@ﬁﬁﬁs{tﬂ&&ﬂgﬁmlmd% controls

i mbal ances) and/or sqme ot her ter such as the
pri c?@eeaéﬁ q}asgld}gép?ﬁfrgg‘ o< Har ge for
electr|C|ty In the preferred

These power converters together are one embodiment of
power electronics able to control the gquantity of
electricity flowing in either direction between Grids A

& B and known as a Responsive Power Converter.

The power converters will normally have a capability to
influence or directly control the voltage at the point
at which they connect to the Grids. The necessary
voltage control systems and associated parameters will
normally be embedded within a Responsive Substation, but

are beyond the scope of this specification.

The Responsive Flow Controller 8 also explained further
below (Fig 4) decides how much electricity is to flow/
and controls the Responsive Power Converter accordingly.
It does this, in the preferred embodiment, by using

prices, parameters and policies published and



enbodi nent, both frequency and price are taken into
account. The Gid A Managenent Centre 9 publishes
wW@ri0sessoinf or mati on concerning Gid A . The G PdI/BP2004/012504
Managenent Centre 10 publishes information
corresponding to each Gid, andatthe Substation
Managenent Centre 21 publishes information directing
t he dResponsdaesiibstati ©ime Theselae by eSanayehbut 0€gbres.
not r_differen wnership. Fig 6 sho ho
hestT GGt TP et ELE or e O S Pl of
ar e ¢lekedi¢oty hecResponsi ve Subsd bt ions usingne or both of
ConV&%i%ﬁh SOPTUINEGALLORSq LSNPl 001esy hikely Ep
include The internet 13, andd tcﬁi S may esrea%he% % sqreney
5 Radi 6F? t@rfrRIPAREESS 10 imprlaneemmneaeT openei PEhee
pr Ot@é;:f&ﬁétbé/r VA0 Uss cmwe@fi@@aétza@m%%p? | Ot t :ﬁs prepared
technol ogi es ta ensurg co ni catjons between em are
Socure B st CHFERR et SSEOrE Fi 1 ouGh ness s e area
key drtaddimgernts, tiheith t fiee quamai arad | prscdeireemakde into
Resp ' Fl I ] er e Vvari.ous n nt
AP O L e AR LI b SADAORTEL
10 Res poirist & Subsrend ol ocopesan g Berd vherThdeGrid B
COMMUALRAONS ARG | SBLL; 110 s Gt L Srd@ngoperi 0ds

(even indefinjtely) the ResponsiveSubstation w |
contFHIE IR EIAL & FREProvide 3¢ e FEegtationoes

SO hyaraddnighantereast 2 Nop ISl S 5nf&:aRR©ON6n 0fli FBE€ing the
Gi %Stress. Deé ctors, assq&bgt ed with each Gék:)d. So
G | RRHO AT URR TR OHE o THE 96 SITHSRE ATkt Brut s mot

15 G i B haslet dicadtrane cmerdhiS r sy Rteodws How these
Thes gg%' e n-gg ' t] re descri bed
furt(ﬁeer ée§0%§21 -eéég%pe %C%{%Ig Gid Stress

Detectors may al so nonitor a variety of threshol ds

t'“HTHéHb‘ﬂBHE%ééiH%é“EEhEgd(%E”@H%(KéégoﬁgE%eSubstation

Responsive Flow Controller. Miultiple G d Stress

Det &0t AW FHaiPnpt AIMMRIEai i ReBiraeds likely
20 are d4d igdlkide @ thweMgedBlerk and this may be reached by a

Radio Internet Access 14. These communications will be
protected by various conventional encryption
technologies to ensure communications between them are

secure against unauthorised or malicious messages.

25
A key feature is that the communications between the
Responsive Flow Controller and the various Management
Centres need not be in real time for the
ResponsiveSubstation to operate. Even when the

30 communications are unavailable for quite long periods

(even indefinitely) the ResponsiveSubstation will

continue to operate and provide its services.

It does so by taking and reacting to signals from one or

more Grid Stress Detectors associated with each Grid. So
35 Grid A has at least one Grid A Stress Detector 11 and

Grid B has at least one Grid B Stress Detector 12. These

devices can be identical and are described further below



Start. At these tines it can be useful to define a
crisis node of operation used only for energising the
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al | Responsi veSubstations need the extra capability

even in crisis. By conmparing thggG&Gid stress state of

the two Gids, A & B, the Responsive Flow Controller
makesededisy Ny athd Eujargt tes OfDel ettanCintay tadl §d awonitor

bet he G| 1.1, .8U as. to ort, th

st a\t%s Iq;l%ll)/l%g%y 50 %hgrrel %%Oclg%asgetn A gcsaﬁb ocnﬁafqﬁ%e s‘{k%eesngoc%% eoyf
ar e aped@mtidwraf ddtaiRempaaiian&lion Ginthowtdr s is
done is given below (see Fig 4). Changes in
electricity fl ow have econom c inplications for both
G i A8l g lieh &3S Fdia sie IR Th GaHE GHFdf &t ePle when

Wea%ir&f&nt thtoxsstgﬁtefr@t txticasr sz&:!t. o rf f&%&w{ afrid)veflhﬁrtdg Black
conver e i.nto transactions. is e orm

o Wy ko Ry BT e ahPon 185 B DS M L1 2

and cer i its0 mddaC dfe togre i i okhergedd ceslst Miproferidrgyineitrer the
ready [ ' S : el S Ej . Gid

" B et R e SRS R ekt i ot

di stadilo Respensistesmostatiione prasfudtherexginmtcagabipcy even
t herjef Qiyg ne, appropriate to distribute electricity on

a Low Voltage DC Bus 18, with the voltage on this bus
formed by a DC to DC Power Converter 17. If Gid Bis

3ma!1;1y ddrngmsdﬂgle_t&@r@mda_ai@:dslk E?;t%ﬂé ?ﬁ G%fg ralo Arids, A &
evi_ces.and appliance irect romthe Responsive

I o G, RS Bt g Sedles ongas to
an Af@nEiity. ofhies esitgniadith9 troe (flame Detthveesi gisd Grids in

i ntry nsj cal ried, | e ' e , d so
conts s 5 Y SR et Bl (e, YRR M A s
exafsipenddmaappidraide coulassdhegrEne padsr alMreia detailed
ver Yo SR 198 o FAQo M d N Fidbne? is @gi%rrﬁqael%“gngi,ee Fig
19 t4% the appliance fromthe flow controller 8 woul

be .

Changes in electricity flow have economic implications
for both Grids. So the ResponsiveSubstation incorporates
measurement systems to record the power flows and
convert these into transactionsg. This takes the form of
Meters recording the flows: An A to B DC Meter 15, and a
B to A DC Meter 16. The processing of the meter readings

is discussed further below (see Fig 6).

Grid B may be very small, perhaps a single home or a
power distribution system within a product or plant. It
may therefore be appropriate to distribute electricity
on a Low Voltage DC Bus 18, with the voltage on this bus
formed by a DC to DC Power Converter 17.

If Grid B is small, it may be appropriate to exercise
control of devices and appliances, directly from the

Responsive Flow Controller, whether or not they are fed



used, making it possible to do w thout the power
converters and just use the price of Gid A to guide
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AICfromGid Ato feed, for exanple, its notors
and/or its heaters etc. The |l aw to the appliance
woul d be controlled by the Gid A stress (or price) in
corthy et i HHCWEL DAt hehGe i siiddhpp? | aepbicés xelde signal

pargﬁ%%fﬂé c§¥§¥e§§€?l§dognt@§ef Ly Of ﬁréﬁégﬂc% and so

par coul d be a button set “on

ap phorireel 9 the capnpemeieion 0k $hed Budgehntesor

“cheap” . In some circunstances it may be desirable to
reduce the time in use, of the Responsive Poc\ﬁxer ,
Corf/e¥F t FRTP HRd %ra@mjel%?%?%i@r%?.%n%% tRRTEr i gkbelt a
A anghcP $Ompeefethéy syschiiowmn sed. Fien2| hasdisBect signal 19

d f ul
20 Gan % FPRLERCAnTEOR, BUF debodn Gl BET Y T £al O PRI e
betwssd, theking & idsssibls keepd ngitheut f the ypower
Sy”&?x‘i Y-S Qﬁ‘? i&éﬁ’ 3 t %ﬁPQQSbEGGEQ&BA to quide the

Conver ers out ver Ccl rcunst anc
ar i b Wherce he Eynehe ofﬂnsrat i Une papBL bRRCEr Bt WSOf tlhfeh/C

twor fh ds- 84 Al ek, réde, Respoaghy, Iﬁléﬂ Oﬂ\t@rﬁéféféeén&%r its
| nstruct an openin R&st he switc frm n% an¥ flows
o PR Rrdgh ttﬁ}g %%nt's‘?vteh?’o@%ﬁ’ verversd Bfd

br | cEkgﬂl’ﬂﬂﬁolh@d e}bjact]ﬁdla cetydfAoptfabsy (dﬁdﬁflééﬁ‘R cant r ol
Responsi ve, F en_t he.Responsi ve

2 S TRreRor e i e PR e Bemiy e TR IR

f | ovaranaiests abl @nei¢xawmplei oSttluet fotm AC @wfi:_sehdand

Ph ﬁzzﬁféﬁé%{» OF o f OG:Pﬁd ch Oé&Y@ &P NEXEy, & @gnt 40 %h dspare

as belng phase synchroni sed.
pr AP} baneaboEe readn ope t PRt gf P desEress” ‘éllég@é’tl brer "cheap".
menti oned above will now be described with reference

to Fig. 3 Pig 3 shows a possi bl e enbodi nent of a (%
St rEs sSPRE e%%%?um%%%‘?%% £F ghaY sPab %%1%‘"" fd-Pnfelepe the

time in use of the Responsive Power Converters, and for
the normal operation of two Grids A and B to be fully
synchronised. When this is necessary and useful the AC
Switch and Phase Detector 20 can be fitted. This
provides an electrical path between the two Grids, thus
keeping them fully synchronised, and leaving the
Responsive Power Converters out of use. When, however,
circumstances arise when the synchronisation puts one or
both of the two Grids at risk, the Responsive Flow
Controller can instruct an opening of the switch,
forcing any flows to pass through the Responsive Power
Converters, and bringing the electricity flow fully
under the control of the Regponsive Flow Controller.
When the Responsive Flow controller again determines
that a direct A/C flow is desirable, it will instruct
the AC Switch and Phase Detector 20 to close when next

the two Grids are detected as being phase synchronised.



Responsi ve Flow Controller. The input is fromthe Gid
22, which feeds a Frequency Meter 23. The Frequency
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paral | el series of devices, one set involved when the
Gid frequency is above the nomgal central frequency
and a correspondi ng set involved when the Gid

fr equgméyfeirireae kaodiecneniofak heentrid stregsedey.ecBord

fre C|es ab e the ntra uen in Ve

ConPPEF CERBL AR cradd: s DBeCEEor e it B rgpoe wo
a tFuggeB si gnal mhenever t he C}Id frequency passes
frombel ow the Nom nal Central Gid Frequency to above
it. The Nom nal Central Gid_Frequency NCGF A NCGF

B i §18 PaFBAwEer FRssddleo srbofisrng Ok f @Wéd ‘Stress

ReSD@Eéb%@rF|@@b@ﬁ&bf@hb@blsTa§ohkl ggeris dndlo ithe
passed to a gigw %SP Conparator 25, which uses
t

it BSSPSEEPV?t 7&F0 and to |ock the start

of the clock conparison. Fron1then on until reset the

S | i
P ertend-Ehecte IR el ROt R Al U i Sihuency
NCGMetadeBheT@ﬁfEéﬁgw@@cweﬁﬁééﬁ PRethap flesde itdet he

C}'gréﬁﬁ%ﬁ%gshgﬁéhr%%eQﬁs%%gotQ FQ%aEQ%EO@%%&%sﬂd@Ndev1ces,
Cont r ol his si is a. function of the

acc&ﬁﬁl§?§d1€Y@é§§dg@ﬁ€PaFP6nGéﬂ dt fESEYRRETt d§ @PPye the
snnﬁ@m&halNeaﬁtwag IFas u@@@@ asdl 8 toegeepenas nkelsew

ve furt Central Freq c 0SSi n
Dot 4006199 HHEeh CoPaGted ATERREaEY SPaNet linGhey Bpiinal
t hecN@GGrapassesukenam.above to- 3 1 - bel ow t he NCG-.
NCGF is as descri bed above. The trigger signal is

passed to the Sl owi ng Clock Conparator 28, which uses
it Poidedweduescdespabore zbeoCgnired Foekueneystamolve a

of baﬁtghgc%r%%g%ﬁEySQQOSE&agIba%acgaruahlIwﬁs%%tc&aﬁtes a
Sl owi n nparator 28 conpares a clock
trlgger signal whenever the id frequency passes from

below the Nominal Central Grid Fregquency to above it.
The Nominal Central Grid Fregquency NCGF A or NCGF B is a
parameter passed to it from within the Responsive Flow
Controller. The trigger signal is passed to a Speeding
Clock Comparator 25, which uses it to reset its output
to zero and to lock the start of the clock comparison.
From then on until reset the Speeding Clock Comparator
25 compares a clock driven from the Grid frequency with
a clock driven by the NCGF, and the difference between
the two clock is the Grid Excess Signal 26 passed to the

Responsive Flow Controller 8.

This signal is a function of the accumulated excess
generation of the connected Grid since the NCGF was last
seen.

Grid frequencies below the NCGF involve a further
Central Frequency Crossing Detector 27 which creates a

trigger signal whenever the NCGF passes from above to



driven fromthe Gid frequency with a clock driven by
the NCG-, and the difference between the two clocks is
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Fl ow Controller . This signal is directly

proportionate to the accunul ategigenerati on shortage

(equi val ent to demand excess) of the connected Gid

Si néeliche HNEGNQES. INXIF sieerms Alqssidde above. The trigger

B LB A0 0 O UGS oo
i nt é‘flb{_ﬁ uﬁe@cmtcmpa?em@ sits Thwpuiotte Geumbd Brgksso lock
and +@d &+3her tage s gnalcsk wg%ﬁesarﬁsestm%%ém%r{“;ﬁm

is seen. A further alternativé Is to also maintain
on- §&iSRF GHed SBerEdy Slaed Camanadorark awammaess ¢f clock

hi stoafiyre@V €from }Mm‘é ﬁ;ﬂisa rf&'}éagu{%!ﬂtgﬂgzi@}h%r cqmt ic%i%ﬂzte%. by
al e 0S e W e eat ur el n an out pu ,
PPN Ao bt S Ree e bt T duf cLocks is
excéde Gri@ ishosttercagdyrsiinee® pasesel tpoithe ReBpnsive

reset; PO, TR 1R6- tthe Grid frequency passing the
, or, In or&er to avoid frequent resetting when

the frequency is very close to NCGF, it may be a nore

co f ion ofy 4t [ ; [ NG
Thgmhcfi)éd S%t@,?%%s &[S)ezdég{é%rﬂg:tggﬂbggf&lg)gl%f%gpg:gta%%pr owcélénulated
a. SFUF&AtREESHOLFEIE R Verdsitetondemaad excassddef the

t 0 EBke cepicdmemide ¢iisicens heoneernivag thetf lsaws, bet ween
Gids. For greater choice in configuration during
transition stages, the Gid Stress Detector may al so-

3 2A- poseclibde BamphAer icerpomnentss tbohdeteat s@nigde Central
str t eci de e of .
ope?%t%ie%relhg acg.%essgglﬁ{;?\%geél%g% %lggt F%Eﬁe;g.% AGA, trigger
t he§agapa éi’lvpdb@t%n?éo@&mp@ﬁ@m@tpﬂmol Todswherrht eid

G i gxbeaguaney airs gabaveth and,anelher 0
V\helr%;{tggeigr isge;r equency ig%bgﬁg!%:lvat he I\ICGFUl B. §%tseft when the

A further altermative is to also maintain an on-going
Grid Excess signal, so that an awareness of history over
a while is maintained.

Other embodiments are possible with the key feature
being an output functionally related to the accumulation
of Grid excess or Grid shortages since a reset point.
The reset point may be the Grid frequency passing the
NCGF, or, in order to avoid frequent resetting when the
frequency is very close to NCGF, it may be a more

complex function of the history of passing the NCGF.

The Grid Stress Detector described so far can provide a_
"pure" Responsive Flow Controller with all it needs to
make optimum decisions concerning the flows between
Grids. For greater choice in configuration during

transition stages, the Grid Stress Detector may also



The Hi gh Frequency Limts Detector 30 conpares the
nmeasured frequency with [imts defined by paraneters
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of the Flow Policy Paraneters 53 of Fig 4). There are

two frequency limts: FHGC whi ctedefines the Gid
frequency at which the Gid is deened to be under high

f r edmedoyles thadhe rAadniedvien t swticc adefdtn & itthest@dsbes that

frequency dlaophiveh dda 48 idhd sdirensd J.be ddh ol
frequency crisis. e I ncreasing Frequency Limt
Det &ssorgivisofgaveSatealdes -of change of the Gid

frequency with a limt FD GS. This defines the maxi mum
rate (Delta) at which ,thee&i,d frequency can | ncr.ease

bef 588 ithe TESSE 17 S SEied S0 1BE URRIPIAER 1T ediréticird when
stress GMien farueihdyhdse ddavid sy el esdedndBlied set for

Stress _Alarm Si. s 34 are .passed tq.th :%%sponsive
FI oW Eh {5 I(%rl,q{1 ieg%ler?ag t Ser$1oec Ogl"ngcémi S ode
accordingly. The Low Frequency Limts Detector 35

co res..the 1 | i t I
R
Confmegisugied & qemencyt witkd RigW teoldeadiinest e ararsgers 33
of Hagebld FIRRM e @doMidieRuenyy |ddfths11IREQ ahigdvt of
defi nes (L]ngvald freguency at which the G.id is deened

Lo BOSURIEH EoH e GaRREEatess. OAnd LM, W aTe two
def ifresyudneyGliithifteequeitry witi ckhidedt itrtess Gted Grsi defargfhency
to be in.l ow frequency. Crisis. e .Reducy ng.Frequenc
Lt el Sresliatte detihs FOf £t sa gy tidhency
G i étineeguednyd WitMaxa Mhiich FRRGSesThihe defidhdsrachency at
Max LU b, @Qe_%it 8)s HeMiLh d he 951 Q'Ilgg‘x Frequen crisis.
frequency can reduce before the Gid is cemed to Be
undéhe FRTIEEFRISRE ¥ TEFUESSY WIEH taBeteictdiese 9afinesres the

?r etrﬁt)&%;%e%ha_(ﬁ'ded gl%t rt@%so Gt‘i«lialr Irﬁx%icﬂﬁai_cgf ¥R %haqsﬁ&,d FDIGS.
0] € Rresponsi ve ow ntroller, 1 C nm en .
charge S td'?%r?ﬁ’@eq‘ SO PEGIYR YAk Ss ofe 'agc&%t“%ﬂf&,thfet Grid
may fiecdesiavaldas fiorcrdameGhdedfore the Grid is deemed to be

under low frequency stress.

When any of these limits are exceeded, Grid Stress Alarm
Signals 34 are passed to the Responsive Flow Controller,

which may then change its mode accordingly.

The Low Frequency Limits Detector 35 compares the
measured frequency with limits defined by parameters 33a
passed from the Responsive Flow Controller (as part of
the Flow Policy Parameters 53 of Fig 4). There are two
frequency limits: FLGC which defines the Grid frequency
at which the Grid is deemed to be under low frequency
stress. And FLMin, which defines the Grid frequency at
which the Grid is deemed to be in low freguency crisi;:
The Reducing Frequency Limit Detector 36 compares the
rate of change of the Grid frequency with a limit FDRGS.
This defines the maximum rate (Delta) at which the Grid



Stress Detector to determne for itself the NCG and
ot her paraneters from neasurenents available fromthe
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Frequency and Paraneter Detector 39. The Gid Central
Frequency and Paraneter Detectdd3 has three mgjor

roles: 1 . Wien a Gidis first energised, and so a

G i §recqugnent yars nesher disiferfotheh&fiid sts tdemmed e be

G i dnGent nak, FegeRey, ardf2aranmeter Detector uses the
fi rstn few readi ngs to deci o?e what the NCGF coul d be.

So, if there is no NCGF available froma Gid
ManagereahyCoft teedeha iRgsRORYEY eRdRSGRId, 0 Gal dHridds Alarm
del iver yseful function. i f %G‘Id i.s capabl e of
operAERRd Switth ko PG SRSy ONéé@s, ERORsiNe Eliqy Controller,
CenwhdkhFmeguehey ahdndar dnet exdBebecioard iwdlly .choose :
which one is current, and thus decide the node within

which the Giid is running. For exanple, there nmay be a
G i dncepgies clireyueteyncesat iits oyl b desti nadde ifior the Grid

Nor BRk-QRe Mkl o Pk td%%‘ex‘rrﬁnlés%@x‘ Ht@g’]ﬁf TS e and

Bl ack_Start circunstances. Wen t IS operating
in Pﬁh@rnsaéamgﬁ@r§oﬁﬁonhm@ﬁﬁ§fﬁ@@ﬂ¢ﬁe@6@ﬁé@h%§ tiyem the

NCGFregliegicki dietierf.| animay sbensheblly oesemneedfier cantdal
SUI‘%I val and re t%r ati on, uses of

| | ot
el eCtFREFEY YA PEGTOFRE %gﬁ%FEIO%Fsgauency and

Par ameter Detector will also decide when the Gid

fre%Hgn&¥1@a%eﬁ%%éae%r%g§%é%%bs gr§ag%&%t%%rgﬁgector gas

operati on of t espon ation 1s possi
shi threremROCEF Tolelwe normal central frequency.- 3 4 -

| 8 nor fRknOBeLR4 0 st 78 Gt dneeBlikal, FL BEANEICY 2 g

Paranet er Detector uses. the frequéncy readings it
recé?@@aePSYbaﬁ|&eéswﬁébé@yf@% the éﬂwﬁtfﬁéa@en@%eaﬁald
i t scaaemal vaegaknes. aﬁar P@@%m@&é@”@b@é&tb@’f ude® khe first

defaylt shbyations waers r¢hlabl e PREATPLELS 218 NAL,
there is no NCGF available from a Grid Management
Centre, the ResponsiveSubstation can still deliver
useful function.
2. If a Grid is capable of operating with two or more
NCGFs, then the Grid Central Frequency and Parameter
Detector will choose which one is current, and thus
decide the mode within which the Grid is running. For
example, there may be a Grid crisis frequency that is
below that used in normal operation, but that is used in
Grid crisis or Black Start circumstances. When the Grid
is operating in this mode, and so with this low
frequency as the NCGF, electricity flow may be wholly
reserved for Grid survival and restoration, and all
other uses of electricity prevented. The Central
Frequency and Parameter Detector will also decide when
the Grid frequency has reached a point where more normal
operation of the ResponsiveSubstation is possible, and
shift the NCGF to the normal central frequency.



avai l abl e to the ResponsiveSubstati on can then be
derived fromthis history. For exanple, FHGC, FHWax,

wWO-DISB60FLGC, FLM n, and FDRGC can all be deriredEP2004912504
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an analysis of the variations in frequency over a

period using default proporti-orsst of the experienced
variations. \Wen operated in conjunction with a Fl ow
Decidder 48 hofrmBilgoppratthienGtig Gentr fenfreduéreguamdy and

Par aaeLkcReChlee 6ol A38esEHlowaLRRL S IR AL,

on the uenc% ecific cha %ﬁv
el eeer:ieeveg £Pro utlﬂndo@g 1pherRe Opo @sa@stfmerq@@ncy and
Mhemte ae&manbvaeleEeench@eeeoue @b@%&bt@k%YﬂHﬂmﬂéé5ln
%e g %he fre chagg g rrng t he .
Rl En G i Rk ora: STere: "o 1dRbie PerRER . sguare no
|ndaoahuableftbhehelRe@pbmsuweeebamdtdbnthancmmenc&e
eri.v Thi.s, . S o d
defauF%vEg EthgﬁgParSQbF F%% %FE%P%ure%@hME gMaX’
def 8DLECpr FEGRg paMamet ensl FJDIRG§ weul dldi ve teeived from an
Res@ﬂ%ig%%é“??t%Ebo@a§ﬁ%ﬁh%n%e EQ%%e%E %%gt%Q%g'%gperlod

electricCity ows even I n the absence o
Mand§érenfefant fe PEPPOgintoRec 8L Sheweikperienged variations.
preferred enbodi nent of the responsive romrcontroIIer

now be d ri.bed wi,th referen

S
B R CREREERe EPo R Pl HrbRPE, WEh BoESRY, DEGifar 18 (of
decirdgng) whahet Beid €etntirailt FrEQoenthr augh Pltemeter Decider

Resegﬂsggggg% %%R'%Qeg@oﬁgdtgg éﬁgggt on tge fgeg%ency of a

Responsivesu have
Fl owpESALRGl Chpnge é@e§h§I§éeF¢qlS}ty fﬁpy cdoughs the

theRB%%BEB%b%%gB%W%E1€%nvﬁh%%r% %%hﬂ%bhﬁ%“%% %J%%b%%% in

or ders . The multip ders
(anBlgsssdrated ey ép ameleee@ﬁeérretrlﬁe fm@r@en@ﬁf chenges.

3 5By Be&peeehgeSHQSt&bl@ﬂahglﬁglba@embteme efretithe short
Responsi veSubst at.i

paci t ot articipants
thePRELRtnsFURE: FiLPRGL OB G FHG FRRSE LGithvERpang of the
I nf Guerdceatr bd Helmdaviedur Shikn eéhf eotn,acsnnpeeused to

derive default Flow Policy Parameters 53 of Figure 4,
and default pricing parameters. This would give the
ResponsiveSubstation stable methods of controlling
electricity flows even in the absence of a Grid

Management Centre or communication with it.

A preferred embodiment of the responsive flow controller

will now be described with reference to Figs. 4 and 5.

The Responsive Flow Controller is responsible for
deciding what the electricity flow through the
ResponsiveSubstation should be. Each
ResponsiveSubstation will have a single Substation Flow
Controller 40 (see also Fig 5). This controls tﬂe
Responsive Power Converters, using inputs from one or
more Flow Deciders 48. The multiple Flow Deciders (and

associated logic) are to enable the owner of the



Responsi veSubst ati on can behave as several virtual
Responsi veSubst ati ons . The Responsive Flow Controller

Wo@p®sa1@s by deriving and conparing the pri cesPCT/EP2004/012504
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avai l able on the two Gids Gid A and Gid B . Each
Gid has its own pricing tabless@and paraneters, its
own Gid Stress Detector (s) and its own Current Price
CalﬁmamnmsiwaﬂubsAaﬁdbmim@ Balllle poartd dPar anfettdres 41

and R%s? l’%e%%g%%%ltqt%glre %%%rac_ldlﬁ:f qed t'ilxt 9 %&Qt &%ants in

Curren r ce uses

or Ghied Responggeesirgnal thuemensd ldmad mrﬁate%:tlwty to

det @elraf b @ eCah G ¥le@aQfi AR Ve ke MIdice :GdidAd S
prepar ed tovgﬁ%lfor |ncreaseg¥;I(nN (when the &ridis

sho bPongt Fiecd Ot R OF AV SwAs qﬁﬁﬁrﬁédd@éﬁual
f|OWES@Q@S&W@@@&@E@El@&SLhIS calculation is to use the
Gid Excess (or Gid Shortage) signal to select an

entry fromthe set of entries in the Gid A Pricing

TabTés ReBpoarsiver §1oM Centatilvere mpediarmest bymaenisdng and
one [ ar, N
operaiTan o the B B S Shger e i gpid »

si gRad. GoikeB -eFiB6H ﬁéfmdsh@@ylél%@wmmlau@@l é@thl@ﬁ? @fﬂd

t he B Glet@rEablies bwhaicaet et ek® Prtusedd @)t Red its own
price cal cul_at,i on dgg%gdln upon circunst ances. For

exafpre SntnEFd SRaf ault set of pricing tables

/| paraneters, mhlch are to be used if there has been a

ool AoERaRl hap i Dol B NBAGS TR SN

and as t e expi e
be StﬁE@Se@Bt§@t9r0ﬂ2pﬁeedngndata G@ndeﬂnﬁmgr@mtfémawe

met @@1@@1@%&0% erm's u%e%axeheomg%es%r o%vg;fri%r 3

%er perlod rreerln%[rerlo IS a perio
for §|hﬁ> BHE Fagnal drovoktrabiing PelPéeresisc @qteﬂt@xs to

andcb'l@'u‘lal@é' ©8S dekAvihe ndKpthice cxid IAallfs g)% arlél to pay
oth countries a%g/or 0 her %Tlds gp{ erent
per 8aslncreased ow (w en t Gri S s ort), or the

price at which it will buy reduced flow.

One embodiment of this calculation is to use the Grid
Excess (or Grid Shortage) signal to select an entry from
the set of entries in the Grid A Pricing Tables /
Parameters. Alternative embodiments may use one or more
parameters to be used in an arithmetic operation on the

Grid Excess Signal to derive a price signal.

Other embodiments may also make a selection of the
Pricing Tables / Parameters to be used in the price
calculation depending upon circumstances. For example,
there may be a default set of pricing tables /
parameters, which are to be used if there has been a
loss of communication with the Grid Management Centre,
and the information has time expired. There may also be
different sets of pricing data concerning different

metering periods within a day, or a week, or over a



The choi ce of enbodinent will depend upon design
obj ectives for the specific ResponsiveSubstation.

w@edsns@nbodi nrents may al so use i nformation frPOT/EP®04/012504
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Gid Stress detectors to derive paraneters that

refl ect the experience of the Responsive Flow

Controller over tinme, and so that provide a basic

wor kahbersperabdparanetersngopeusedwhienat period forming the

R h
SRy veSUORL LA UG U9.SOUTL G2k i
a sprlgESC}ldnBthelHKnghIQbﬂésa/hPéﬁa @nsbmﬂ @ﬁber

(}'90@n§§5§§5a99489t8Ehé§ %gﬂd@ =y dugecaaﬁ%e&eﬁklggrlods

| cul at or rrent rice and the Gid
cur Fefat chpiiee PEegmPRESTETPr Féé L CIRBSRGt HPOR7 deTRPE

cgﬂ@@ @ét&ﬁ@stF@rfth@e?péﬂdf&bURebbanédﬁéSﬂbs%aEQQan
cha ectrici .
ecPHBFE4BMBoRREPbe BaYi Ao, uES TRECFIRGAR Foqm LA rid

avastabbe detbttbrentmademmyesparaestEGSdEhaderdeECt the

HUC§X§%%EEEE8i5¥ ggg g %hﬂ@%yghﬁéggubgﬁ%r@ﬁﬁ tBGer time,

requency regquenc
|nf@ndaspohhaboprOVhéecarbéﬁ@CfWkaﬁbéﬁ1sﬁé s@b@ﬁaam@ﬁers

NEa%HEeUEBthQHtEEE|Réséénééﬂgsﬁbgtgi1oﬁhﬁa§t%EUS of
each Gid fromthe Gid A_Stress Detector 42 and the

C}uHOBmSFF€§§1B€€eUFEF 25GrPﬁ|@PH69§W8nFeF§FF€€
Pricing information fromthe Price Conparator, and a

t Fl t 3
s IEheoRrDR! By CPaFaNY BREa IR L ont  BRoAaF NP LoP Lt He
FIoﬂmﬁbmngeﬁabsest/fPa$adeerdeé4thadnﬁdédiB Ssriens
abougtggxso?e%'\'gpeiag Madg. pl pu&%ﬁtwmcgh %ﬁna BES46.

glng el'ectricity fllow are derive rom
Pol Tbg¢ Pxidndt Epsrend Bripei ead ¢heSGr§dtﬁeCy¢éﬁ@ﬁr8alce

nvdﬁeeanqnﬁblg bglbe epRpatheBri hconditi eBmpdirekathBgtwo
ot her npdes- - are not active. Res

Pasgrﬁﬁﬁéuaﬁdwﬁaés FﬁetﬁPErﬁBHeVP%H?cﬁgl§han91n9 the
electricity flow. This is fed to the Flow Decider 48.

The Flow Decider usesg the information available to it
from various sources to decide how much electricity
should flow. The sources are: the Grid A Frequency 49
and the Grid B Frequency 50. Information about the
current flow from the Substation Measurement Controller
51 (and Fig 6). The status of each Grid from the Grid A
Stress Detector 42 and the Grid B Stress Detector 45.
Pricing and relative Pricing information from the Price
Comparator, and a number of parameters, Flow Policy

Parameters 53 and Response Policy Parameters.

In one embodiment of the Flow Decider 48 it first
decides the mode it is in, which may be: ) )
Normal Mode. In this mode the decisions about
changing electricity flow are derived from Flow Policy
Parameters and on price. This is the preferred mode, and

will be in operation if conditions dictating other modes



optional in some enbodi nents) decisions about changi ng
electricity flows are based on the changes in

woe@gueney of Gid A, so that the Response avedT/EPR1084/012504
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on Gid Bis passed through to Gid A. In sone
enbodi nents this node may be inprerented by using the
AC Switch and Phase Detector 20 of Fig 2 . This node
i s acte weot facneiveher Gri d is under stress (as

det er mi n %%/)nse Sﬁgﬁ}_%&&t Of 3 é%éﬂﬂoé )éwhich is

and the s set wthi
Respzm‘sﬂeam i gy W@n@ﬂm@wtﬂx %@@cwepzb%c@tn@st changing

St r esiedt 01 o B ef o | $HS basedles dath hddge & {4 Frequency
Stress Det ctors the Fl.ow Decider will Revert to

Nor AarRf i3t the eSS 2 Gpklplbte o Grid B is
Swi treds et ﬂmm@wmddzo Jthaszknh eSteaﬁ]ion@ntJhmis mode
nod arlsesfrm i S Mode, i f .t.he St.art

oy SRl PEP ARG RS AL e AL A6 Ri8dng migee
Gené?ailecbnmnﬂ Cbu:rf Fig he. Fﬁypﬁ)md@stﬁbacaum,lﬁsnelther

descgihed QIn ﬁ%l%@ét ad Sdé%é@{}nﬁﬁéc%tﬁgt %@ﬁ%tress

t he Fl ow Decl One subset 0
MerP%F@mccr&*o;ﬂe% and 4) a aslt%cu@est%ﬁqpqﬂr%@qmtmugh Flag

bb: aGk ié@rﬁlﬁﬂﬁg;&[@meéﬁo@sfegtrph&lfgyeg:‘hﬁ&ﬁ/de‘éé@% 35,

e t he. no requency o e [ and, use ,

o e ] T ool SN ila (I sfingre WS as decidea
t ablas /s m&r&mma&e&:&wd h tHe SF']Im/dGD@i’tﬁi@r will

sim i,Cl h m can se S, dlLtes onS| Ve
operl-‘laq’lreollriCr tlonr}gjnlg}?%nb&}g n’\en"’%rld Bﬁl lth Jﬁa Serat e Y o OPeR the
i ncrighshrittiah farl‘e:hLﬁrﬂﬁ/e Lﬁﬂ‘qdctldr rEaches FH for that

NCGE.  Thigy iy 'sﬁf ber}'f_i/é ahoyve ahlah f‘ﬁ%fﬁ@‘fq sis Mode

Frequency. \Wen @ﬂqency reac
G i dIsittes Slptle dttor vﬁﬂo ¥ tF ke in créteecﬁw Policy

centrraadaﬁert%%ew,lsargbﬂ h@&r&mewmga_erowﬂﬂe nmove

to Stress Nbde a Bl ack ta enc bei n
operSRIRPI TS U i ot 88 1 T H A Ak,
t he tirdrciqegrdiahl ehmaregtsdiy tm1eerR:1(mr ager irdarer e Oafubset of

theEﬁ.%ﬂy%ﬁ£¥ft mode is when a Grid operates at a Black
Start Frequency. A 'black start frequency' is a grid
frequency that is below the normal frequency of the
Grid, and used during recovery. There may be a set of
pricing tables/parameters associated with this mode and
a similar pricing mechanism can be used as in responsive
operation. In one embodiment, this will operate to
increase the frequency until it reaches FH,., for that
NCGF. This will normally be 5% above the Black Start
Frequency. When the grid frequency reaches this, the
Grid Stress Detectors will shift their detected central
frequency, and the Frequency Decider will move to Stress
Mode. When a Black Start Frequency is being operated,
only a single Flow Decider is active, but the pricing
tables are set to encourage movement of the frequency
towards its highest frequency, when it will flip to

Stress or Normal Mode.



towards its highest frequency, when it wll flip to
Stress or Normal Mbde.- 3 8 - Crisis Mode. This node

waeiosesorhenever either (or both) Gids beconmePCI/EP2004/012504
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deenergi sed or either Gid Frequency drops bel ow the

FLM n set for the normal NCG~s& for the Gid. In

this node the Flow Decider will first act to m nimse

or make £fZerigianylodeow fihcm aosier \aim'ismgs @hiedheviefr teiecher (or

Bl agleBhact:- {3 flbneFladetgigld biidileyamy el Baiuency

renal
untd¢0pﬁeb@ﬂpw Fh@q@@ﬁ@me§eﬁe§§ﬂttﬁ@oMQﬂmﬁergqﬂuaﬁt for

| evehs, gehen ith whiils MR ithed rShedeciede: Win ICHi%sY act
node only .a single, default, Flow._Decider is active.

St r &8s ™pdALisen L 2R R e dd Mot 168 Pmsiigriay Grid.
in &E|thﬁbﬂdh@RnBSarar@&&&rﬂﬁytE&a@ﬂbﬁﬂsﬁﬁghtO&uﬂhﬁnege to
Gid_Stress r__ei.t her G i1ds conngcte

o ERE RELBERe TE8n L REE Endf i s et pbag Crieis Mode
al anmsilThihe Godd Wirkkugewdesl dppeetraferom thied rsgird sis

way 1a3eft r”%he%?@% wadl %%R%ﬂ&%%%ﬁ%t%%& sURRd 'fﬁﬁ{%ﬁ551s
Pricing l'es / Paramneters re there are nulti

vi r fgge R@éyoﬁsﬁ@@séﬁstéﬁﬁéwétphE§OWb@@C#§¢rbéSu@@@IW@

di sabl e @k&ea@tmga@ Oﬁhh%eﬁbd%ndw%ﬁ%han%bllb%tﬂb@N

Deci,der with S of Prl ci ng .Tabl es. Event
Rec @ ?"ﬂ%‘&@g i Il|5r0& O\ﬁﬁﬂ?ﬁ‘ feed? rg?&tseﬁe E
|wpbmbeﬂheénmnoalthewn@ddnsmt@ssauesestwﬁeﬁoa1@mWMer of the

o1 9838l COILLNR O L0 S1Leas BRISS akurlie LY LR Gria

Fréquency ange ector
Si gﬁltfresantalﬁamlsuré’he\?iempd@nwaﬁé Gengraliy dledemenrdy the

a|5%agé'%% f%%”h%?hhﬁg%oﬁga”%%% %%%%EE%Q £BU, h%é S

beyond the“scope of this_specification. en s
evefi$LarEsE, PFﬁélRésB@ﬁ%ﬁ@eéu8§ﬁaﬂﬁéﬁﬁﬁ |Mh@ﬁ§n§@eﬁﬁeare

el eglinkgbliy fHewuas Ré%boﬂ%lb%S@@@t&%ﬁ@h%lB%l%omodg may be

D B AT e Lo et O IS AUt O e
Flow Decider with a specific set of Pricing Tables.

Event Recovery Mode. This mode, which need not be

implemented on all embodiments, arises when alarm
signals from the Grid Stress Detector, principally the
Grid Frequency Rate of Change detector, indicate a
significant failure event on the Grid. The alarm may
also arise from voltage changes detected, but this is
beyond the scope of this specification. When such events
arise, the ResponsiveSubstation will change the
electricity flow as fast as it can according to
pre-programmed event recovery actions. The amount by
which the flow changes may be some preset function of
the existing flow, or may be a simple step change. The
change does not need to be a exact replacement of the
electricity flow lost from the failure, but move
substantially in the right direction. Once this change
has occurred, the ResponsiveSubstation can move to

Stress Mode and from there back to normal operation.



the existing flow, or may be a sinple step change. The
change does not need to be a exact replacenent of the

web@shidoed ty flow | ost fromthe failure, but nRPYBEEP2004/012504
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substantially in the right direction. Once this change
has occurred, the ResponsiveSub3ation can nove to
Stress Mode and fromthere back to normal operation.-

3 9EntEpt rytionfEyeBie RecRyesve Mpdkbde 1i [dreaiteatee sppecial

speghaleVakue e ent, 1.9 i RO Vel eRAd thl N8 apitity
reliability enhancement rather than for the
el eéPhpEcepentokddhete feea for theselpsdad ajdy flowed.

" pr seiBgall BiFOkEMR0mobie sdegked® pelieghrCiity frhPWSon to

al bgi t \g th_sonme ,vari atfl on in tl e, our,cgdof ricing . ,
and 9561E8y SPaChreery, fanys i RIEGAE ¥rthdui Jangefon 1o
chothe kputrhe Gfi drSriags abet polldcyupadamEtergenemnal, in
nod f rati is: Lot ence  of . her
congriEoaaEo e, 4L R e ha e SRt TGRS a

par Beteetoirnugke .Fl ow Policy Parameters. If no

up-to-date Contracted Flow is avail able, then the

equi val ent Default. Flow will be chosen. Wi chever of

t he$BE| geBRESeN TP8ler OFePPEFF3O8s 16e Normal Flow |f
Response 1Rasset BReghckbde baySethetheondawibeel dehe flow is

il aimt h t he f| [ I
Lo PRE HBpAPEULETGFeERETGH L8 7A fr BQRBREy Fr o ChE Flow
NCGPolAcpaParemetereal [Ednbr app towdilien Cone rilespdn$dow is
Po 9¥i535§getﬁpggg%he'%qﬂi%glgﬂtnBEE%§h¥hgﬁagfﬁ%ﬂl be

i
freéuency vari a I'nto*a variation .
Fl oghoBhins Whs chisweaf Pécthebemiki rioRespdRseeifpr@eidd tB as

avakhabigQ1GrhewA . 'Droop is a paraneter used to
convert the percent a%e degarture of Gid 1‘requenc>l:/‘1
Oow

from t he IRCBESPRP§SaFpeEcERPEGE MRrERge Si Fetthe the
el epkehigetywhllowaiith tbi shande. tABY Febange bh Bhewnks

SUbkggéo%%igtht%b Iﬁg departure of the Grid A frequency
from the NCGF. A parameter, called Droop, within the
Response Policy Parameters 54, is used to multiply the
frequency variation into a variation to the Normal Flow.
This has the effect of making Response in Grid B
available to Grid A. 'Droop' is a parameter used to
convert the percentage departure of Grid frequency from
the NCGF into a percentage change in the electricity
flow in this mode.

Any change in flow is subject to limits. Two
maximums, AtoBFlowMax and BtoAFlowMax which is a Flow
Policy Parameter 53, and defines the maximum flow
available in each direction to the Flow Decider. For
each direction a maximum rate of increase or reduction:
AtoBFlowDI, AtoBFlowDR, BtoAFlowDI and BtoAF%quR %g
used to limit the rate of change of flow. These are Flow
Policy Parameters 53.

In Normal Mode, the Flow Decider will choose to

make electricity flow changes that are "profitable’.



maxi muns, At oBFl omvax and Bt oAFl owvax which is a Fl ow
Policy Paraneter 53, and defines the maxi numfl ow

warashablie i n each direction to the Fl ow Deci de¢T/EFO04/012504
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each direction a nmaxinumrate of increase or

reducti on: AtoBFl owDl, AtoBFl-owdOR - Bt oAFl owDl and

Bt oAFlowDR is used to limt the rate of change of

f | oWhathese dife cHeoWRd iicy "Ricapetrdr ss53lediniddhymlthe

Mbde,, jLie ok der i I Ghersa o9 RRKA &Rt
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elecgtricity flow fromthe " aper." [ 0 nor e
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In F:%%?)%E‘l%% 9, ﬁﬁli%% Siigpahs cam Re howr: tham Léheﬁ other
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set re§edefpehcany tdmdércy THORSr @S raaEto At oM &fe set to
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deseiliebed licd thi ¢ lows,| whiehe pale, prosrieleectta ditt YoyFltdss
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Resgg%% it\%ééh)glsy%ta%\gn, %Et% tcr?\g:rtLefl O%lai% rb%lc if?%l}%tlla%essc ribed
i n whi RSt Be dasideag¢rillowsher eleot ractitay &d.owen dsorigled by

enbedmanty hagiHeawBaai der JBy-ichoese i adjust its
deci sions hy taking such divergence i nto account. The

Fl ofeBRergd v efistaltdempaditi tEerrofeye Hesicdisuistances in
FLowhv@hu ehgablﬁsliab@r df5_2>-wsTBir_% \t\iio|t:¢ aballﬁ_%;{ieml:.)o_:[@lc%@ﬁfét

the I ncrease W teprlces o t he rce ., X
oorsPeriert el cBE F15, DR Rt Babn heohe, o pedust its

chadgeisions by taking such divergence into account.

The Flow Decider will also pass its flow decisions to a
Flow Value Calculator 52. This will take into account
the increased flow and the prices from the Price
Comparator to record a value associated with the change
of flow, and calculated as often as is necessary. The
Flow Value Calculator 52 may also adjust the value
according to the actual flow rather than the flow
instructed by the Flow Decider 48. This information is
passed to the Substation Measurement Controller 51 and

see Fig 6.

The various operations are moderated by several sets of
Parameters. These are: Flow Policy Parameters 53, which
are explained above and which modulate decigions about
electricity flow; Response Poiicy Parameters, which

modulate decisions about electricity flow when operating



of flow, and calculated as often as is necessary. The
Fl ow Val ue Cal cul ator 52 may al so adj ust the val ue

wa@ewsndionyg to the actual flow rather than the PCDRP2004/012504
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instructed by the Flow Decider 48. This information is
passed to the Substation Measur&iment Controller 51 and
see Fig . The various operations are noderated by
sevenaRespbasef PRasambirengh FTodse aseexBllevnedl iabpve, and

Par ang E%%glgﬁ’PW&E% 8GRk sne@hﬂg Vﬁw@% M Foisions

nodul a eci.si ons about el ectricit esponse
Pol rn@ylepawaﬁbteeﬁslbsmté@nn@&WaF@n&é@uléleén§xavt}@l}ﬁled below.
el ectricity fl ow when operating- 4 1 - |n Response

Pass-t hrough Mde, as_explai ned above, u an"
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Substation Fl ow Contro as“shown in Fig 5
PowBESLERPAVESHLESALAEN-er 58 is responsible for
controlling the various power converters that conprise

th Res. Cont.r ol | ¢ th
{1 caETCY EoBRaLe EERaUPOUP Bt AESE CBAIar PavE, © Finsle

Substation Flow Controller, as shown in Fig 5.

The Power Converter Controller 58 is responsible for
controlling the various power converters that comprise
the Responsive Power Controller. It can control the
frequency & phase behaviour of these converters.
It receives a signal defining for the desired
electricity flow from a Flow Summer and Limiter 57. This
accepts signals from one or more Flow Deciders 48 within
the Responsive Substation, and sums them to define the
total electricity flow desired collectively by all Flow
Deciders. It is possible that different Flow Deciders
will instruct electricity flow in different directions,
_in which case the Flow Summer and Limiter will balance

these flows to produce the net flow.

The Flow Summer & Limiter 57 may also detect the mode of

the Flow Deciders, and choose to accept input from only



It receives a signal defining for the desired
electricity flow froma Fl ow Sunmer and Limter 57.
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wi thin the Responsive Substation, and suns themto

define the total electricity floav desired collectively

by all Flow Deciders. It is possible that different

FI owneeaifdehemi Any mEiow e telotetyr iicl BladdkoBtart Mode will

dif |

O e Bl Y g UL B BRI RKSYIT e
net ibmoewedT e tRllovwhsu Mkl iStatmdr rr'@ziem:,hamgﬁs déirectome
t heem%%uq{entt%e %lh%WFQ%% %%mexa%qmp fmﬁecetxo WRAGERhoose

i nput from onl y- 2 - one Any w Det ect or

in BRRLE Srdet fmb aniFlLiow a@@lﬂ%ﬂwat&m@ dmn Gtifdes or
Fl owalagir@e s atitl RRviegRonRAaUNtTH & R aloa@u%mapdhe owner

node changes. In SOne, 0 nt t he FIowSu
e e E g SR iy o Ao RISt e Services
opepabrvﬁgiednb@ritﬂesR@tSmeldmesmmmtnmi& is a
Th| %T_Jl%l (}1%1 oWt I%?ne é/of t he Responsi veSubstation

S

nmanag erent the se provi ded by the
Resﬁ@a@suﬂ@%@ﬂmaroﬁc \Mﬂ@ﬂtleh?eﬁe? ivel1d @hiegkerting siedr total

ene (eg%%%l chRe FEhow %E;@I%rs & 1kinfidLser? (M knet e tta_'t‘i on

net total electricity flow against Limts set in th
Sub$CAECHN PREIGTEF ST arfeiCe FEX 1THE RebiCrhihcelte thriaw tf)}fom

f: ovgxfltaom} @df ;d;xAdt @t @t}o@SBngwgﬁ&H @M(?mamhﬁmvmemtmlmty

el e rlcCi e om |

Bt ORSEH S CHTL G Ruc bR BrePsaidoyprax; the

el emapqlcrrunry rfalt@no@r ilcichkeaseGoifd eB cAttaBSSEoWRIom tdred A to
g@igﬂ Eaﬁq%/ggggggg Wi 0n el elach i ‘:‘t'att% oI 4 1%fn of

OoWDR,maxi mum rate of 1 ncrease .
eI e@tllelc@lxtly:lfCIYOIf]I@ﬂ 1B & GO GrAd Bt MARSSSIFWHIDR; maximum

and (aRd MRt 0k bed %q@c%&l%flth el ety i @ @rid A,
0 &rid A Bt oASSFI owDR. Not e t hat these limts may

B
be. PESAEERET RS 1o GRtoMFLATS T8l (96d TG USSP by

Deciedelctefi ca tsetfrom Yrildu@ to Grid A BtoASSFlowDR. Note
that these limits may be less than the sum of limits
applied to each Flow Decider of a set of Virtual
ResponsiveSubstations. Optionally, the flow limit
setting BtoASSFlowMax may be set to zero so that
electricity flow can only be from Grid A to Grid B.
When set in this way, the embodiment of the Responsive

Power Converter may be simpler.

Optionally, there may be a further set of Grid Stress
maximum flows, each associated with a maximum time over
which such flow is permitted. This may be useful to help
the Grid survive for short periods beyond its normal

operating limits.

The Power Converter Control 58 may also receive inputs
giving the Grid A voltage levels 60 and the Grid B
Voltage levels 61. These have two purposes: first, to



Responsi veSubstations. Optionally, the flow limt
setting Bt oASSFl owvax nmay be set to zero so that
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When set in this way, the enbodi mrent of the Responsive
Power Converter may be sinpler.4Xptionally, there may

be a further set of Gid Stress maxi mumflows, each
asseciatled cwirttred rEX iphamimigmencl eo Iwligsh fudthe lioyection
per miet [ ; ful : id..survj Vv :
for ?ghgﬁ?}w&gieogs@)éé%gﬁ%ﬁﬁtngongt?ﬁegﬁje%%r a nﬁwg(gillsdrjﬁ tése .(?“akmg
The Pomessdldverfiar thenthowe s §arpraledo Gasdaiale tnmdigist

gi viieg bhe Gt d Anidage kevalbssa %@éﬂ%@fﬁd@ve@ flows.

Vol t age | evel.s 61. These_ have ,two _purposes: first, to-
2 35eonsiird Ford & Lo Phids Sigard tolastgdlomh tdie health

i nj ect ichie afrifd.owed el ectricity into the receiving

Gi sQ,_maki it possible faqr _the Power Convert.er

Conirs BoFRE e RRES ol mal® AU RINE Hput £rom
r eathiev €upswert ifdnoWeasSeeoeddr idoptas ld erurlithier sgitgnals a

to %%h%&'ﬁr%'g; 1l he Jreahth Iquoptefie f@ﬂc@iom%ig%\’ie the

Converter ntrol rray al SO recel ve |nput romthe
Subspatired lgas egehedtt cesessere Tradlest fegshack control.

confrnen®iver efortRe tRirORRK, Huret io%&}pﬂﬁ Qf dikRct signal to
controller, and, if neceﬁﬁgrﬁﬁegﬁq e% f eedback

confPB 1aFeSpdvier TR &P tldr TRaEPealso Dsu it 2 DAY ea

Si ghak etrdaAp plonaes s at9 onEhing twicdk , n@maldy weil\d dea

DAN_qr. i nt.ernal__caonmuni. cati Qn t.work, and so woul

bo BoceeaiEnE rs any rrar TRslieaRnt BUAE MR ihe
houselsklioldA DANDAY & sdemdomestdceanset werthiorkhi s Thes is
the cAMEHERALIAR 18K LORUREAoRY €5Y Q3 M Bk ' UM Rome
to exchange information) . One use’of this signal Is

to CRdeE nge dpForartdomihet RBe ssenef tthd scgdigmel is to

pL | 68d9katketly a@ill Y anscBekdwitie h esholktheSetuf@ht price
t eo%p%ﬁégﬁ%ibity is below the threshold set for the

appliance.

As mentioned above, in a preferred embodiment, the flow
of electricity through the substation should be measured
and records of electricity flow and value flow should be
accumulated and maintained for use in other parts of the
system. A preferred substation measurement controller
for controlling any meters incorporated into the
responsive substation to provide such measurements will

now be described with reference to Fig. 6.

The purpose of the Substation Measurement Controller is
to control any meters incorporated into the Responsive
Substation, to provide measurements to other parts of
the ResponsiveSubstation, and to accumulate and maintain

the records of electricity flow and value flow.

In some embodiments, the Substation Measurement



A s nentioned above, in a preferred enbodi nent, the
flow of electricity through the substation should be
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fl ow shoul d be accunul ated and mai ntai ned for use in
other parts of the system A-pueferred substation
nmeasurenent controller for controlling any neters

i ncOoporal édri mbyp bheundspomshagemehst anflonwherphdpi de

such; Peasunenealy WLl Bovhe deseribedou th reference

pose of t stati on Measurenent
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fl ovsand yaleethbowppbaranae eﬁbaéumaatsngtb@ectrlclty

Sub t Me t Co t :
ranBUGHEN DT AN A SAREP SR R PREFeHET t Bk HE: PBE™: e ivered.
rest of the ResponsiveSubstation. In sone business

nDdﬁEéeEhFén@9Uhd6§V9h okggrgﬁéé'ghékééu chH@rOl ig

commercCl a Interests o onsi ve st at'i on owner
t anPeEEAgavlyt hot ArcraEer d8dsechseeb gpva frem the chosen

appgatapse of ﬂ&ébé@ftﬁe @é@ﬁlthﬁgt¥e§BQH§SOEoS€héICes
whi ch, have, not ivered. Meter Contro

63 ?H@%FﬁBFﬁPegiﬁHaFQQEFoigﬁFr5? PE ﬁé@eésaﬁ?rtﬁse in
openah&gand thél étbweat atf absot bassbeseheMekatdsingkt to Flow

d h
ConePaPT BroBESHF Prg ETforPbgbli R eRbonhgorREeFI o, "ot
It alsw passnd1Vhéuaéadungsa1oREBpmnﬁ@perFﬂownﬁnntﬁzllers
Fl o%ARRATHE008RELCALLBEBEESOhDCABES v ELOWLA the

i ndirvidual Vvirtua sponsi ve ntrollers
accotarhglestyhélpropemnengfsnadei PEdtheonpepeiated Flow

ele@é&i&ék& ft@@hdémaae§la§d bychh@sa§§961§a§geEle@/the
Deci ders. éh el e tr|C| %ﬁ Eo al so paﬁ to the
I Rl

cor reshoREPHgtEPo (R ﬁ&%?i?Eorﬁh 1Fgt GpRur™
recaedsrdssaesabedtmﬂthlthethéeenéctrtylﬁyoﬁ&oaldamdthlth

the flow of value. The Electricity Flow Records 64
record the flows attributable to each virtual
RegponsiveSubstation as well as the physical
RegsponsiveSubstation as a whole. The Value Flow Records
65 record the value, as calculated from the current

price and the current electricity flow.

These Records are then made available to Communications
Management for passing back to the Grid Management
Centres. All records may be passed back to the
associated Grid Management Centres of both Grid A and of
Grid B, to provide each with the capacity to verify the
value claims of the other.

In the preferred embodiment, in which the responsive



the flow of value. The Electricity Fl ow Records 64
record the flows attributable to each virtua

wRempon®iveSubst ati on as wel |l as the physical PCTI/EP2004/012504
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Responsi veSubstati on as a whole. The Val ue Fl ow

Records 65 record the val ue, -ag=al cul ated fromthe
current price and the current electricity flow These
RecsuldstatéonhenntadélavarpabreleotBonfunivcalti ehsctricity

Managegent, Pgﬁcga§gtﬂgv9§95ugOpéggmg{égsNhaggﬁngﬂbstatlon

Centres. recor ﬁg assed back to
assUél it s6cEivE WaRage thcﬁﬁPmeg BRUBEERRE| SRt ERd

of &%chBateg0w@tBVéQ@heQEmthbhnéBee@a@acthé bBGbstation
verlfén%he val ue, cl aj s of the other the preferre

enbBBFmERP™ PnSHRPERCLRB PRERBRTFTE- cﬁn T€-su %gatloﬁgows a
consebeheticontienl £t bref managémehectentirey and thelr

accordance wLh, Xﬁé'gﬂé %ﬁi?"ﬁ&%rﬁe sgggrﬁgeatgh' Bre

wi | T Feterve TRt ormation froma man cen

assdetatés with each grid connected to the substation

and from a substation nanagenent centre. Fig. 7 shows

a schematic view of the managenent centres and their
|ntEV@@KnB@ﬁP@H§lXﬁ8uRFFPth@ﬁ/Uélée§§P?b¥@ thfpppation from
det ahtec EMBLY¥cBgSpPONSI VeSubstation wll receive

information fromt e _so e ssocjated Gid
A nnocheneeeant rheg o2& “Habaurateh *a0Rk o
Managenenh &enbreatdd andd. BAMaasgeneatedeSubst avi; oand

Managermenf, &?QEE%aEed XpﬁéﬁﬁEESnRﬁiﬁggéhéﬁf B§§%25094

i s désigned
is @hﬁbﬁe§hﬁCRE§prﬁSV$§§hB§@§@PEnl67de$hgn3db§93tUaﬁ in

Nhn@ﬁ@”EB&eC?8£r§ BRY1 8 serhechasediknat BEmBRER: SO

bei ng a Donmestic Substation Managenent Centre. It w |
t heREABPRELVHSBESFAt egRabéd hPEnBPRERThEReMARASGBREAL

Sergefitse. may also be based in the home, so being a
Domegtic Substation Management Centre. It will then
normally be integrated with other home management\

services.

In some business models, and with appropriate
co-ordination between then, a single ResponsiveGrid may
have multiple Grid Management Centres, with each Grid
Management Centre being a Grid Management Centre to some
of the ResponsiveSubstation or Virtual
ResponsiveSubstations on the Grid. For example, a
supplier would have a Grid Management Centre for every
Grid to which customers are connected, and would have at
least one ResponsiveSubstation or Virtual

ResponsiveSubstation on that Grid.

The Grid Management Centres are responsible for all

aspects of setting the prices and contract flows that
are used within ResponsiveSubstations. Thus it creates
sets of Grid Pricing Tables / Parameters 41 and 44 of



In sonme business nodels, and with appropriate
co-ordi nati on between then, a single ResponsiveGid
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Gid Managenent Centre being a Gid Managenent Centre

to sonme of the ResponsiveSubstatd on or Virtual

Responsi veSubstati ons on the Gid. For exanple, a

suthge& wantidehaueea Ghey MarageaedbbCentre tommewécption.

O 1ol 8oWhel CURLOTRL $1206 - 6RNNGCLEA 0A00 KAU EpBRKR sona

oneé " Res S|ve st at
RESMensgemsubspétpomp@nlﬁﬁaﬁCGﬁVGlyThﬁaénma WRREGEASALY

CenLrgswath E@éeeaékglanOBraghpeiﬁeggsaefaiﬁtqeoglghgn the
prices and contract flows that are_used wthi

RESﬁéhéuhéSEB§F§V|oﬁ&lSTﬁB§rﬁF1€Péét@énégﬁgeBF Wil choose
PrighagndéllkesahdPatauetars 4f ahd 44iaf priclng Fuplés /

, and ensures they are.available for co ni cati on. To
do Pﬁ?gwegﬁﬁﬁ &PI%uﬁgrﬁgﬁl§W8yrﬁﬁ8éFePﬁgg%peratlona
Managenent of conpanies actively trading electricity,

andT%%Eg %g%&%ﬁgr%1§¢ht8hsSBEEEhe£§ g%s@ 1aE§&eb§tF|Trading

erar Ch}'/1 IS oper at'i onal rranagerren
chosgetemne, nandr shgngesul st gfePsiorhérediggpiiscpagt of the

Tabk ggotmBRL BABESER %ﬁléH'Ehét§09WBaE%€H'F@g%ﬁtéxpected of
These systens will th ten be associated wth

TraanﬁgVé9§ﬁénBeSaﬁaS&ﬁgsvggaﬁFgoaﬁ FRPoPet FPeEitNgd s The
par &re8 MbaagehengabyefehsomiMi aisbhgetiontiagt ddve a

e HEFROBHC THECG Pl KERGboRERECCye: BALHADI apgpnetd"

geneoalE Lguhatéoa, debabketdonogelimotet hber cogpecbédthe

g : . '
R T R A
conpeting Gids. Gid nanagenent Centres will also be

reS@QEé'QEﬁa&@heﬁ@'béﬁ&k@g ﬁhQQtERthbeerﬁﬁgﬁ%deé for
and Val ue Fl ow_Recor ds ﬁt he Substatio ﬁsur enent

conFPéﬂF€F§n8fE%ﬁetﬁégbBﬁs 8% BSEREFSnERi VRIWAI EROV
t hegeabeden¥ebmedhe Substation Measurement Controllers of

the ResponsiveSubstations with which they are involved.
These will feed transaction accounting and
reconciliation systems that to ensure that value flows
are ultimately paid for. This may be segregated into
separate systems to allow independent controls on

records of commercial significance.

Substation management Centres are responsible for making
available the various other parametexrs that enable a
ResponsiveSubstation or virtual ResponsiveSubstation to
optimise its behaviour. There will be a Substation
management Centre associated with every physical
ResponsiveSubstation on a Grid, and these may take
additional responsibility for managing the behaviour of
the Grid under Stress, Crisis or Black Start conditions.
Grid Management Centres will need instrumentation

agssociated the Grid they control. This will need to



These will feed transacti on accounting and
reconciliation systens that to ensure that value flows
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separate systens to all ow i ndependent controls on

records of commercial significaywe. Substation

managenent Centres are responsible for nmaking

avaehabkre thetvaheotizequkecypaehawtengs tliathenatrie ds

FesBansiuesuba! Al Lay byl hUBh BeRRANSLYASIRSLALANCo pe
rmse its viour st at

nanagéwﬁhﬁdceﬁheeGaséoﬁtaﬁée Retrceesr yiphy becal component

ResgenshuesHbst-alibgRaPRoa. Gid, and these may take
addi tional responsibility for managi ng the behavi our

of the &id under Stress, Crisis or Black Start
condéhé@as1yGdedwﬁaagg@mahtceahteéswﬁbk meeg Grids will be

instrﬁrrent tldon ssgc ated the 9 ntroI Thi s
wi PhEER0EEu°Inl8 80 1 8LEE- MERCERS HIER SRR,
behHMahagemehtt ﬁenaredfps“ pecondedidnad (E‘mydt bathg only a
e”a?é§§ﬁépeg¥§ku8fR%88r8%e&8196 g@%b&'ed The Grid

Stre or Wi ll 'be a conponént of the
instrunmentation. Generally Gid Managenent Centres for

nanYhé?mﬂﬁewhéh Be wehﬁarabgaaum Opa EﬁégﬁbdQGBEfe
with the Gid l\/hnggemsnt Centre for agﬁl ndi,vi dual

bei AGTBHPYCECLEYi OSF VSRt RGFPPRELEREH Fa§9§PeﬁPdTﬁ€elr
IntaBBebléEeﬂDMbdangﬁﬁt|therébe Thde ebmmunication would
conmuni.c n e en_Responsi yeSubst a and their
SooBEPd: B PRnigetenPreERtras BY, PBeLBhkaRrt kR kA8 6oy £xom
wouindlneédusoibeetrfelrgnpeot seteg bpnerocyphrdntechnologies.
technol ogy from malicious interference, using

conventional technol ogi es. Donestic
RespenskEéSuBserPRsAy b SERbbENFeALS Gfbodiments of

Rbsnegﬁbﬁs§ve§hgbtae§oﬁ§e§péb§@hbalnyngdnéarf@%eube 1n the
oms my be necessary have an

Gr| Bomﬁutw ﬁFﬁeFteSE‘@VCPQE PSnP?SFS%EV Rﬁppfié{ﬁcég Z?‘@ “eri,

nor Butdi rachky. ekercexanpbatral Dotrest Appliances 70 more

ResBQQ%E%?%Qbﬁg%tE%Qmple, a Domestic ResponsiveSubstation
may control the electricity output of a small CHP
system, or a micro turbine, as well as direct the
behaviour of consuming devices where there is discretion
as to when they run. In a possible embodiment a domestic
RegsponsiveSubstation can provide Responsiveload control
for all the applicable devices in the home.
Communication between devices in the home will use many
technologies. Here the generic term Domestic Area
Network implies all the available technologies,

-including radio, cable, power line carrier.

Many of the functions of a Grid Management Centre can .
become vestigial if the Grid being managed is a single
home. It may be common for a domestic system to be
controlled by the utility or supplier under contract,
thug relieving the householder of any detailed
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di scretion as to when they run. In a possible

enbodi nent a donesti c Responsi véSubst ati on can provide
Responsi veLoad control for all the applicable devices
i n théehshtendCognuofii thei opelbetwesn devices in the hone
will use many technol ogies. Here the generic term
Donestic Area Network inplies all the available

t echnol ogi es, including radio, cable, power |ine

Egr%heﬁenﬁﬁgﬁeafabeﬁegUBEE:9€§p©%s§z§?Edﬁ@@ﬁ&ﬂ@ﬁ@nbfdthe
ntre can econe,vestl gi | I, el n manaqge

o BreFRUFciRERBEIPE Fal b8 BREONIFol goaBREet e 15 all
systiefitépehe papteobfed byitheysteh bgteeeaugplfiferent
under_contract, .thus_reli [ he, ho hal.der of _an ,
ot SEyERSt att: kMR SLLEH! DEENERROUSET 8R! Bk 30 ey 1n
menthenédtubeveant he medpomsihemeupsedfionsndf byhmodifying

pre ﬁ@tehBY§8t§9EgC€8 QESB§BBE5£¥ k@&g&ﬁgﬁééegubgtékkons at
different partS_of a grid system between different .
| eveld. oFt MpBY ehoV8A§eanEhat SPhECUSBCBFPRFBEEr FEFPPREAVE

thgl§§auﬂ§¥ﬁ@68b?pﬁﬂdésﬂgéFcﬂQb@deﬁﬁiGFGQB6@118 _Such a
noal I N e entire gri o .1 nNcorporate _res nsi ye
SUbEEEPPERLVE SAFE oF ABAGTIREE) SPamarel S5tags Delow.

i ncorporate responsive | oad devices such as descri bed

in 2 i i i d ri Ln

¢ e R espofs IS SulaLERRANS EaBLLE LAATESAELRE] blve been
andexphatped haveabdéaregprhinad, i hubatheebebsviponsof

but ot hgsbeha¥-BYEaLinG RESPHAEPVRLESE! BHA
Responsi veLoad and ReSponsiveSubstati ons Substations -

RespefRPRELy egubstaFdoBRpPBPERRREPRS exPREPARAGVERELdS -

ben&fétéx%hékearhé@e,Aekpngmhgﬂgh@ﬁe Pespenskvethtdatise.
nei ghbour hood ResponsiveGid is one to which a nunber,

possibly all, houses and offices (subscribers) in an
A Neighbourhood ResponsiveGrid

A neighbourhood ResponsiveGrid is one to which a number,
possibly all, houses and offices (subscribers) in an
area are connected. There is a cable network connecting
all the subscribers and one or more

ResgsponsiveSubstations.

The ResponsiveSubstations connect, on the A side, to a
higher voltage Grid, 11kV (say) and on the other to the
three phases of a 230v network. Individual homes may
connect either through conventional metering, or through
a Domestic ResponsiveSubstation. Subscribers will, over
time, use Responsiveload devices in their homes, and
will be able to use ResponsiveDevices (such as waghing
machines) . Those with Domestic ResponsiveSubstations
(ResponsiveHomes) may also choose to connect devices,
such as computers and photovoltaic arrays, through a
domestic 42V DC bus.
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connect, on the A side, to a higher voltage Gid, HkV
(say) and on the other to the #loree phases of a 230v
networ k. | ndividual hones may connect either through
conkesponsaveietes i mgll onotrhadblghhav®oblksiicown home
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Rt T Ry | She A Rar GgRRERr e, dpEkeep, Such
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Control centre of the ResponsiveHone. ResponsiveHones
mayTla¢ se halveoweherat Ragreeyi vesrid ekl hsagso have its own
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G | BespOnBOTEBhLOPLE 8bhONon THRe NBE 9GhBEnFRO6d Gat- 94 .
managenent centre (s) wll
In normal operation:

The neighbourhood Grid management centre(s) will
negotiate the purchase of the expected need for
electricity for the neighbourhcod from the higher
voltage Grids to which its ResponsiveSubstation(s) are
connected.

Thé expected electricity flows for each meter
period are passed to the ResponsiveSubstations. This may
be done well in advance, but may also be fine tuned as
the period approaches. They key point is that this is
not time critical, and so can, in principle, be done
over a slow or very slow communications link.

The neighbourhood ResponsiveSubstations will also
~receive (from the A and B Grids management cent;gsl’the
"pricing tables & parameters" defining how the pficév
will change if the imbalance (and thus the frequency)
varies. The B pricing tables and parameters are also

available to the ResponsiveSubstations in the



negoti ate the purchase of the expected need for
electricity for the nei ghbourhood fromthe higher
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are connected. The expected electricity flows for each
neter period are passed to the5Responsi veSubstati ons.
This may be done well in advance, but may al so be fine
t urisbEsn ¢ reeeneéod Appimachdsfadhey keycedi cinilet hat
NS5 A LI £413dPRlee ANh@ O £AD, £ EARA0Ch Périog
be "done over a slow or very sl ow conmuni cations ITnk.
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f r eRpresSYs i vaghiest atdhend wilTi fiow abhe se bact pac hpt &6 S
are_al so. avai | e to the iveSubstations in
st VR T2 AR EIRA TN LA 8 atance,
cartlen Redpehetvébrad dediese evi Bhdofonede upeababity, and

per oth apPHORCHes . t HDeF fedrSe n§§&1£9r?€réﬂﬁaﬁiétﬁ8a§11

conmunj cations to acﬁi eve” st a% e contro I n nor nal
opefeifi®?S - t he nei ghbour hood Responsi veSubst ati ons

Wi Il 1 omnd hea el 86d rdsvivedsviEDoisat €de ffediéncy (and the
nei hbourho%g Gijidis not in balance, then .,

ReSTRART VRL AP HEYF Ho st T R He QERLIFFIgionmas to how
Wi lto steddtt | SEntdpendraueitcyisi hladlwaviao | ladl €hé o al |

devi ces.., The vari ice ' e C
(e R TR o i FeS Qe BSE (AN L P UED Ve most
decasions. as to howto react. In general, it is likely

to pe t%é‘@i&“&&’é‘f@%ﬁ Repponsiye béti@éé}]%‘néf‘% t8Ltation
are the nost active, Should there be a failure of a
Re s370 ns7s &SSoRY af P ol orthdie pemefre@uency twehl t fgop. The

fr agienCcyg W ddd dhep. &, in whole or in part, be taken up
by other ResponsiveSubstation(s). If this is
insufficient, the frequency will continue to be low, and
the various devices will move along their pricing
curves. Eventually, only the loads worth a high price
will stay connected, and all other loads will have been
disconnected.

If the failure represents a fraction of the total
flow to or from the Grid that is greater than the
available Response, then the frequency may start to drop
very rapidly. Such failure events can be quickly
recognised by other ResponsiveSubstation(s), and they
can take rapid, pre-programmed actions, outside the
basic price control, that will approximately compensate,
for the detected event.

The ResponsiveSubstation that failed will have to
compensate its Grid for loss of income, and the
ResgponsiveSubstation that took extra load will have to
compensate the Grid (at the appropriate price). These

will not necessarily be equal, and will, in general



m ssing |load may then, in whole or in part, be taken
up by ot her ResponsiveSubstation (s). If this is

wo pwahidoed ent, the frequency will continue to PET/EPWD4/012504
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and the various devices wll nove along their pricing
curves . Eventually, only the Bdads worth a high price
w Il stay connected, and all other |oads wll have
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have: Lo fouhensebectie, (%deﬁféstaﬁaépﬂéﬁf&'é%@e?récfgrger
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gergeegraBhicali ayeryedny #or weBke #%@denn@%w. city

(anye RGO RPBHORELPMECUBLESOIB)s. The flows
taken by the nei ghbourhood ResponsiveSubstations will

i mpact the Gid frequency of the next |level in the
hieIﬁrphyncyﬁleh mbenemceubﬂobe oﬁbﬁlﬁpﬁingbandooompeting

.k Re Nei o] sive&ids,
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In principle, ere coul e overlappln% conpet I ng
hi ghee %@ﬁla@]acz;ha%d the PEigRbowP HBBRLished by the

RES@@@ﬁéwﬁéyb@fﬁaspnﬁeﬁQUéﬁpfépM&@t@ctIfCtha frefuencies of
competlng higher level Grids were both at their central
frequency, the flows would then be from the higher level
Grid publishing the lowest prices. However, with
frequencies of the higher level Grids varying
independently, the actual flows would depend also on

differences in the pricing tables or variables.

In failure conditiong, this provides deep resilience. A
neighbourhood Grid can flow electricity from any Grid
that is operating, and, as each level in the hierarchy
has the same opportunity, flows will occur according to
the price each level in the Grid was prepared to pay. If
electricity is scarce, frequency declines will cascade
down the hierarchy, prices will rise, and more and more

devices will switch off.

Failures will, of course, still occur, and could close
down one Grid in the hierarchy. Depending upon the

desired security of supply, every level of the Grid



hi gher voltage Gid only when the demand (i ndi cated by
the frequency) and the price (as published by the
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of conpeting higher level Gids were both at their
central frequency, the flows -ws2 & then be fromthe

hi gher level Gid publishing the | owest prices.
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occur according to the price each level in the Gid
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multiple units can provide resilience in case of

fallures G ven the oggortun%tles for arbltrage
bet weehi %§?d§1r§gmﬁﬁa §fegt ? @ﬁé management centre could
RespabsiyeSthst abromnsre) sets of prices applicable to

different ResponsiveSubstation locations. So prices at
one end of a transmisgssion line can be different to those
at the other, and the frequency dependent pricing tables
can be adjusted to encourage flow behaviours that both
optimise the value of the transmission line to its
owners and minimise the risks of operation outside
design limits.

Such market behaviours do enable market priced rewards
to Grids that transfer electricity flows over a network,
with imports at one place and exports at another. The
price differentials which can vary over a day or period
give profit opportunities to Grids that transfer power
most efficiently, and give market signals that encourage

generation at places where demand is greatest.

There is also scope for different parts of the

transmission Grid to be operated at different



respondi ng to published prices, there is scope for
price differentials between different subsets of a
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these circunstances, the Gid nanagenent centre could
publish two (or nore) sets of pBices applicable to

di fferent ResponsiveSubstation locations. So prices at
onef eeguefic bed r amsdi Slsionisi hikeln be befhesenusedbul on

thQ§§m§t1$%§ SLbesn @ng1£@§1E§eﬂH@P&yl§§Q§n§?§%uen01es can

pricin es can usted to encour age
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of operation outside design limts. Such market

behavi ours do enabl e market priced rewards to Gids
that transfer electricity flows over a network, with
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I Mivevedch rbassi ssi on characteristics. At the extrene,
of course, this corresponds to DC transm ssion.
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surviving, that is renmining energi sed, even when th
vastaihj PRI ¥e mBhHS arA bt b%ﬁ%?a%?%ﬂo%%%vesubStatlonS

di seonnest &dl. td hewexteids ot i Iresish |l dral $@energised or
i TR At SR o agpec Al fofs Béhave when one or

other Grid is reenergised?

Clearly, the first step is to use any source of

electricity to operate the Responsive Flow Controller
and associated Grid Stress Detectors. Normally, these
will be low consuming devices and can be protected by

their own power supplies.

Once the ResponsiveSubstation control systems are
functioning the sequence will normally be as follows:

1. Set the Responsive Power Converters to the safest
possible configuration. This will normally be with all
electricity flow prevented.

2. When a Grid Central Frequency and Parameter
Detector in a Grid Stress Detector sees a frequency 55»
their associated Grid, they will decide the Nominal Grid
Central Freguency to use and will reset any Central

Frequency Crossing Detectors and thus all Clock



Responsi veGids, and even nultiple ResponsiveGids
wll fail conpletely. This could | eave

wRempon®iveSubst ati ons connected to two Gi ds POL/RPD4/012504
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whi ch are unenergi sed or Bl ack. How do

Responsi veSubst ati ons behave-whén-one or other Gid is
reenergised? Clearly, the first step is to use any
sogeafatbost r$idngls calopet atlee t el Rewpbhsflew Flowp the
Conie ol OGRS b 801 (S 1 €55 Detectors

ese wll be | ow consum ng, devices and can
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opportunlty to stay switched off until the Grid

frequency approaches normal again.

5. For some Grids, the ResponsiveSubstation may be set
to adopt a lower emergency Grid Frequency, set to be
(say) 10% below that used for Normal Operation. This
energises the Grid, and enables Grid survival devices to
consume electricity, but also signals to all
RegponsiveSubstations that Black Start mode is to be
used. This prevents all but Grid Crisis Flow Deciders
influencing the electricity flow.

6. The Grid Crisis Flow Deciders use the normal
pricing mechanism, using special pricing tables and
parameters reserved for this purpose. In general, these
‘will be set to increase the electricity flow into the
Grid until the frequency reaches the upper ééé&ﬁéﬁé&
limit (at 5% above the Grid Crisis nominal frequency).
At that frequency, which is also 5% below the NCGF

normally used, Grid Stress Detectors will recognise the



the inactive Gid. For small Gids, this will usually
be the normal NCG-, of say 50Hz or 60Hz. It will
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NCG-, so giving itself and ot her ResponsiveSubstations
on the Gid an opportunity te appky their pricing
mechani smto increase the flow, and giving consum ng
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Grids, each resilient and each potentially capable of
self contained operation, will not come about overnight.
Indeed, the eventual implementation will take many years
of progressive enhancement to existing substations and
progressive implementation of individual Grids and

RegponsiveSubstations.

Planning of this transition presents some interesting
problems. At which level in the hierarchy are current
ResponsiveSubstation technologies most cost effective?
In the home, where domestic ResponsiveSubstations could
be combined with a meter replacement programme and some
form of communications channel to the meter? At the
neighbourhood level, where ResponsiveSubstations may
provide enhanced security and reliably at the local -
level? At ‘the Distribution level, where distribution
networks are becoming difficult to manage, and where the

automatic stabilisation of a district Grid can reduce



I nt erconnections, such as the North American Eastern
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normal operating frequency being the frequency when

the, respegti ' r el nde S The
Subsfat|§ﬁgo¥ﬁg%§5g §|§f élggﬁof WEF§%%ﬁ $he’ parameter of
conpnﬁsongbnéhngffbhengdmdapanQStnempr@aesfa frequency of

el eEhiicohy BELWBER bcchWogi kdphatLe to bring the A

ases o e two gri ts c oser to matchi ng one
another 6 . The substatlon of claim5 , wherein the
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4, The substation of claim 2, wherein the frequency is
monitored as a measure of frequency deviation from a
normal operating frequency, said normal operating
frequency being the frequency when the respective grid
part is not under stress.

5. The substation of any of claims 2 to 4, further
comprising means for modulating the flow of electricity
between the two grid parts to bring the AC phases of the
two grid parts closer to matching one another.

6. The substation of claim 5, wherein the means for
bringing the AC phases closer to matching one another
comprises—a—switch.-

7. The substation of claim 1, wherein said parameter
of one or both of the grid parts comprises a signal
indicative of an imbalance between the electricity



7 . The substation of claim1 , wherein said paraneter
of one or both o f the grid parts conprises a signha

w0 psoatoive of an inbal ance between the el ect rPCI/ER2008012504

8 _ available and electricityﬁgfquired by sai d one or
both of the grid parts . 8. The substation of claim1,
wherein said paraneter of one or both of said grid

Paglas gﬁsﬁfei $8% 21Rl4a RRFARRLRN AedligAldaiel @nd RE both
value of electricity to said one or both of the grid
paPsthe IrAds Pe&E&t-i on according to claim 8, wherein
the val ue paraneter conprises a nonetary price val ue.

10.. A subpstation as clai i.n claim9, .wherein sa
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squ y grid system conprising two grid parts connécted

by onige ogu sttt iodn téfe @y dpPe&&@i-ng cl ai m wherei n each
grid part conprises one or nore | oads and a managenent

unit for providing said paraneter. 12. The el ectricit
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one or nore | oads in dependence on the frequency of

the respective grid part. 1 . A substation as
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parts or both of the grid parts.

11. An electricity supply grid system comprising two

grid parte connected by the substation of any preceding
claim wherein each grid part comprises one or more loads
and a management unit for providing said parameter.

12. The electricity supply grid system of claim 11,
said management unit for regulating the consumption of
electricity by said one or more loads in dependence on
the frequency of the respective grid part.

13. A substation as hereinbefore described with

reference to the accompanying drawings.

14. An electricity supply grid system as hereinbefore
described with reference to the accompanying drawings.



