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VOLTAGE SUPPORT TO A LQOAD CONNECTED TO A UTI LI TY POAER NETWORK BACKGROUND
This invention relates to electric power utility networks including
generating 5 systens, transm ssion systens, and distribution systens
serving | oads. The power flowing on these networks is primarily in the
formof alternating current - and as such is familiar to those skilled in
the art. To rewp@ionsé@npetitive, etectrical utility conpaffTasvdsit i nual |y
'strive to inprove systemoperation and reliability while reducing costs.
To neet these challenges. 10 the utility conpanies are devel opi ng

‘techni ques for MIMEESAND SUSTFEM FQR BROVIRING YOUTAGESHRRART TS we| | as.

di agnosi ng and noni tlOADGONNEGTER TO AYTIREEGBPRER P8Ki ng t hese

t echniques is beconing increasingly inportant as the size and demands nade
on the utility power grid continBACKGROKNKRase. A utility power grid is
general |y considere Q 1 nc di stribution
I'i ne networks for dT}PW‘f?&“O\?“i %S%egwméwg@hﬁgﬁﬁg%ha%é%ﬁeﬁg% about 25

kV, respectsvej(s;emsmﬁsanssnmgsttre&ﬁd@sm utiop SY§\es SFRE dTdsa TRROMFHO™8ver net wor k
I s shown to 'Euﬁll.hlég%et@mrk; i P FrS ATy 100 Ford) 6 AEHdting Qe Wdag sugieiR xniitaoo s 12,
substations 1 swtching stations 16, all of which are |nterconnect ed
via transni ssiteose kilbB Be@T Transni ssion lines 18. in 20 general, carry

vol tages in excess OfoRfaiktdnputiivé, sleduicadutilitp\cerhpanief coptpmdiestis i g. 1, the
voltage on a particul ar transm I fhedBi portl onal to
the t hi ckness "BPVFETLPSE AL gﬁ}}iﬂﬁg h%]%%d"l]ﬁg &fggur e. Thﬁé?gl%l &%I

transni ssi of s@smmmuﬂama@e%deml@mswémaﬁéﬁwcr?msw '&c?&ﬁ‘ﬁﬂﬁﬁyl ng key | ocated
at the lower rpghfen B,emras 'dﬂﬁno&xﬁg dné ammanngaﬁhmw ededisp Oeteloping b8 of t he

utility power network .20 coupl ed
to a transm sé?CBPiq‘lefﬁBeci@mF %‘F%ﬁ@ﬁly g’fpo'qamas em?%ngtr?é*ﬁ!rigr#g? QOAZ%J‘ﬁﬁgch

di stribution Ipoﬁr&gﬁaccmumstqjmse to | oads 24 at voltage |levels less than

those | evel s associ ahgfipblh LANANAB akENE Boke hmdhiskddioe | ess).  The
utility power grid.is su eptlble to

aul ts or C|e ich are a
critical pﬁobhémm@monlnenm'prhfﬂwmwg{‘%ﬁwﬂaﬁ”ﬁﬁ‘r ‘%%%ﬁ‘é’i’ % a fault
occurs on the g agspivesi on grid,

Referring to Fig. 1, a portion of a utility power network is shown to include 2

transmission network 10 having generators 12, substations 14, and switching stations 16,
all of which are interconnected via transmission lincs 18. Transmission lines 18.in
20 general, carry voltages in excess of 25 kilovolts (kV). With reference to Fig. 1, the
voltage on a particular transmission line is approximately proportional to the thickness of
the associated line in the figure. The actual transmission sysicm voltages are indicated in
the accompanying key located at the Jower right.
Referring to Fig. 2, an exploded portion 10a of the wtility power network of Fig. |
25 includes distribution lines 20 coupled to a transmission line 18 through step-down
transformers 22. Each distribution line carries power to loads 24 at voltage levels less
than those levels associated with transmission lines (e.g., 25 KV or less).
The utility power grid is susceptible to faults or contingencies which are a critical
problem for the utility industry. In particular, when a fault occurs on the transmission grid,
30 momentary voltage depressions are experienced, which may be problematic to loads
connected to the grid.
Large industrial plants with loads above a few megawatts are typicaily serviced at

medium voltage, 4,1 06V and above, and may have more than one source substation, or

-i-




30 norentary vol tage depressions are experienced, which may be propbewsii®o4
to | oads connected to the grid. Large industrial plants with | oads above a
few negawatts are typically serviced at nediumvoltage, 4,106V and above,
and may have nore than one source substation, or -f 11 Cctober 2004 WO

111/ 82438 PCTIUSQ /12957 have nore than one feeder .line between the utility
and their main transforner(s). Wiile this configuration greatly inproves

t he overal.l congjgykddg of the power -supply. it exposes thenghamgs? | oads to
short duration voltage sags caused by faults or weather related events on
the parallel feeders or substations, or on the transm ssion system These
salgs gener aljl Y hivefnithd uédn(rjcbné ihéﬂ_erﬁiﬂﬂ@ﬁvelﬁf ﬁamﬁﬁanﬁheﬁxﬁanomasmmu;s).ommbfm nal

vol tage. and <1 .second .durati.on t ho there are considerabl e

di fferences fré}fﬁ SH’gg"fag%"aﬁr‘?a%’ fé’“’ﬁ%’(‘)’t"ﬁcé#&"%‘é’gol BEREELS %'géx events | ast

| ess then 20 cyielpkst iends wehortYemtichopltapodescaused by fanhea eathenglafedevedtion es, this
is nore than e;ﬁg&aua Re@RUP EdalbR] & Yo ranSRREA sftleh Thell ik AR €

manuf acturi ng operations, ol nt where e user fee€els a clear cost
for 10 theseSp thy e of §-2 PPy 08 &nefgoming) voltags. apd|<4 sr9onddPated: j n t he
megawatt, or 1QigsufH herdBOMEdctable BiffBigiRes fioifone REdiob adtl | abl e devices to |
address the sag issue had fornerly bee r ,t.0o_ hi to.contenplate. To
better understand tﬁ%ﬂﬁgﬁmsﬁ%“gﬁ%mf%&c?%gﬁdé°6f°|‘ hﬂ?@f%’gﬁ%r system the
sequence of evenigauuming fagligy. siismnon at woegh3 gire seenbpy bspecitly the transmi ssion
systemw [ 1~ 13,000 fAfnbeGHnk Bfhiods Qs m@@lﬁm&z thé Rkl MlaBRIop 1O Fig. 1,

assunme the fault occurs on a portion of e transm ssion network renote
froma segmaft e poseghint (PRLFvee Buydthieed fpvelsin ths pegayptt Gni0fAh and a

SW t chi ng st at inRawhifis i@dge [ theddds 0F avsilaBloddvicii@o ficywaielsagliBue e foanalybgnt 0 Fig. 3,
t he vol t age prqfitlgﬁgﬁs a function of tinme at substation 1l4a due to the
fault is shown 2PN € part T cul ar case, the voltage drops from a nomi nal
115 kV to about 90 Tbeter uidgrsagl therdmapmicanta foult o p plilicionersysiemthei f t he faul t

were to OCCUr NRfubncEb@o@lsYn 1hOsySBiH BRI a T-Phadd faibn b @anshRGSFRdent kel T, the
drop in voltage 1s gen ra%lry much poye sever.e, and Ehh a-yol tage on the 1line
can appr oach’® z@pPybe “g%jn ?aﬁ“’,’"p&u’éﬁp"ﬂg 7231016 1y 3 R3PS 52 A&t enel y |arge
| oad mat eri al i pbkign ofitte atuamiskiyh retwotkhremdte fronsnsegsinoTd. SsesieatT0 li@BetAeendi scussed
above, faults QGGULEI% B8 a Enibl dekibi ¥ P OUEE:s G IHOIKaRNE REACARPL!
Fig. 3. the voltage profile as a function of time at substation 14a due to the fault is shown.
In this particular case, the voltage drops from a nominal 115 kV to about 90 kV. Itis
20 important to appreciate that if the fault were 10 occur more closely to segment 70 or on the
segment itseif, the drop in voltage is generally much more severe, and the voltage on the
line can approach zero.
In general, such a fault appears as an extremely large load materializing
instantly on the transmission system.
25 As discussed above, faults occwrring on the utility power network have dramatic
effects on the loads connected to I.he distribution network. Indeed, momentary voltage
sags at a factory or manufacturing facility can cause production los;ses, scrap product,
missed schedules, overtime and added maintenance, all of which add significant cost. For
example, a single power failure at a semiconductor processing facility can result in the -
30 scrapping of $250,000 in semiconductor integrated circuits. Moreover, regardless of how

well electric utility companies serve such factories, such events are inevitable.




etfectss on the | oads connected to the distribution network. |ndee#i October 2004
monmentary voltage sags at a factory or manufacturing facility can cause
production | osses, scrap product, m ssed schedules, overtinme and added

mai nt enance, all of which add significant cost. For exanple, a single

power failure at a sem conductor processing facility can result in the 30
scrappi ng of $250,000 in sem conductor integrated circuits. Moreover,
‘regardl ess .of how 8@6{ el ectric uti'lity conpani es serve sMaRehagsories,
such events are™o! fable. -2 11 October 2004 WD 01/ 82438 PCI/ US01/ 12957
Vari ous equi pnment and devi ce sol utions have been devel oped to address these
momentary voltage sggs, g ?rgs%aaémewmnmué REPRcasho Rl BN L gat e the

effects of these sags b nj ecting real and/ or reactlvepv%ﬁ ﬂsothe
system Two suslmgeyy c‘@ﬁ’gﬂ%ﬂéﬂ Ip grngrefaiughseauigmeny and devicep mitiepts e P @hs  and
associ at ed saggheseza@be idjiftfnSidfl @Rdi Rdttive pov@r lmmgieaysiam. ener gy st or age ( SMES)

d the PQ VR syst
ECii(r;rporgtl on, V\Z)s/tsbg&?lf@%‘;gwﬁéé’%g ouageﬁs§nﬁ{ﬁ§£b”ﬁ%&)%§£‘/§%%%ﬂg Ses on
mai Nt ai Ni Ng POWR kheGuigkcohdycting magnefiraenérgyostrirage (SMESHand fid POIMR s bath  ener gy
storage and power, c%lo?g\ ﬁ&h%ﬁp& nﬁ&&%o&%hh%ﬁﬁ@&\g&%&u&\% Hle50% at

any | oad | evel P ¢ oper at | onal can include a 10
super conduct i ngQIﬂgmmW@H%P@F@BI%WQWb%&aP‘B’“‘HF‘f kefandol t age sags.
When a sag i s;hlBlectRcy sdie pv&rlermaﬂicaioe,bw mﬁbu.hd Aendra 050kt age so t hat

the | oad sees onl rru d n embodi ments. the
PQ VR can bri d@‘é““%{ﬂﬁfroﬁqg’meeq ﬁ%‘gdie r?'gonglvén m‘fh?ﬁggew ng any -magni t ude
of carryoven) seethandgeing apantt yhlclwmﬁrﬂewdd@bl‘idse wiltpgejsags: WHERHBE PQL VR i n

that it stores; ?et%& d, ih%@' 1A GhrEPhiale } r&ml&%@d%&&ﬁﬂﬂﬂﬁlda@&ewet However,
unlike the PQ Y f

S ocuses on st tir t|||ty power
grid instead oFm‘?ftS‘h(‘:‘%‘ﬂ‘FP"éﬂ“idr?Qwﬁn nSprae §RRY ?‘fiﬂ Q@ﬂ‘@% é‘ ﬁl Bal’tl cul ar,
the SMES provi dpsi-lRevehs b, folewidi siy iapnituiicnt cagbwardchaes m@bl lize the
ULy Pover het VOLkel Gk SPRARP LR R f ok fllckic@Liay e | 0ad | S

isolated fromthe gri ttery, Ts a DC device,
a power condi t surrconguatipemeamet Howpyergaiksthy HQFVR g SMESdosutes e tAEMIZPS i nt er f ace
it to an AC ut igelefue SiiitybowdipHa mst&ahefdaﬁd&ﬁﬁaunmlaﬁh ihduefidl Bgofys kem gener al |y
I ncl udes DU ACpa(i-t?cn Vare e idE%spro\Qqule pm%esr 10the gmgulugntngl(vlorrﬁgo s?a%‘iizz tﬁeox{tlﬁnry()l circuitry.

power network in response 10 a detected fault after the load is isolated from the grid.

Because the SMES, like a battery, is a DC device, a power conditioning system is -

20 generally required in order to interface it 1o an AC utility grid. Thus, the power
conditioning system generally includes DC/AC conveners as well as other filiering and

control circuitry.

- SUMMARY
The invention features an approach for providing voltage protection to a load

)
h

commected 1o a distribution network of a utility power system or network by boosting the
voltage on a distribution line, dizing a momentary voltage sag caused by a fault or other
contingency. By "utility power system or network", it is meant those systems or networks
having at least one distribution line network coupled to a higher voltage transmission line
30 network designed to carry a nominal voltage under normal operating conditions. The
distribution line network generally includes at least one distribution line having a load and

carries voltages at levels lower than those on the transmission network.




SUWARY 25 The invention features an approach for providing vol t Hg®ctober 2004
protection to a | oad connected to a distribution, network of a utility
power system or network by boosting the voltage on a distribution line,
during a nonentary vol tage sag caused by a. fault or other contingency. By
"utility power systemor network", it is neant those systens or networks |
havi ng at | east one distribution |ine network coupled to a higher voltage
transm ssi on | i meodkz4sset wor k designed to carry a nom nal yottsagassander
normal operating conditions. The distribution Iine network generally
includes at |east one di-stribution |ine having a |oad and carries voltages
‘at level s | ower thaonetghe&&asﬁdardflne1ﬁvémﬁﬁIa&sioam1emaiM@fokldmg€o1&g'k Cct ober 2004
WD 01182438 PCT/ LtJSO1/f1295"3,3]‘&()11%c enersia}:mt Ba‘ﬁm t tthe |erent| on rctel ates to a
met hod of provifdi g Vol tages protection Y LGEREERRPE Ly stem to a
| oad connect ed atlmlnamcslterw@utﬂamethed wms solfctinga mtagleptostctpomracmnmr k. The

met hod i ncl Ude%e:}%ﬁécﬂﬁi}kiwd @nd’&{cqﬁﬁx‘%g Bﬁ@&%isbﬁ]:cﬁ&%tﬁ&&ﬁ{shékhﬁe required by
the | oad; and determnin si.s of electrical characteristics of-

the 5 vol t agé r”@E”é?/@F‘SV“%g’é‘F‘@ ﬁi"b‘%ld“i‘ﬂ RN neMopk Yhethes 1510 la8E FEROVeRkh et her t he
vol tage r ecoversystenﬂy&b&IHofﬁ'oﬂdiﬁ@hb rqifed mtﬁgelpdxea@nhllmﬁ:cmul red vol tage -

protection characteristi ‘Fn*:) t of t IS as; of the vention nmay
i ncl ude one or nore ogm?oﬁ’me" tF%ovwlng e n'l"f:r"es er'tr:n‘mormore ok fier the

vol t age recoverfgllogygtianmsss capabl e of pr oviding 10 the requi red vol t age
protection characteri ﬁ&érﬁ:nﬁr@%h@ﬁl@sthé%ﬁa%%c&gw s?ﬂen?fs‘é‘ﬂﬁble A}M:& current

capablllty characterlstlc 0 di stribution pnetwork eterm ned. This.

char act eri stif ¢ tedesfgines Prowfianchyaqiesisupdngiydes the follqwing 5@"’? P current of
the distributi @mrent ¢am1lqrchm’aeensfxaoﬂthe diddibuti@f netwosk isldesdrmindlitThsn | | ne. The

- maxi num vol t agey,l éﬁ%g}é ﬁfl"a‘ ni Pe"}‘érﬁﬁﬂo h%tabazgigé&h {uﬂ@m‘é%& é’igﬁb\ﬁiﬁr?o"er y

syst em can pr oVvi et erm ne e pr otectlon
charact eri sti c lipeerghe “fanls MYAY efithp distripusiop ling PPN ¥BREFAPBWVEMET t he
nmaxi mum vol tageharmzﬁamﬁaﬂé v&tb@rra&ba& bieinGal ViR isilsTanemifigt her the vol tage

recovery systemis ca uir d volta ot ection
characteris % voltagg prf"ﬁcé’o@%ﬂaéé'g “ﬁklc(ﬁ é&'{%f'%‘ﬂ’yé'ﬁaf Sé?f’fc o Wpﬁreﬁgg“ﬂgtﬁ'%at er than
t he needed or desimuadoltmaximpmyemens chazagteriftiopr dstearisawhethactherotiegei stic, t he
fault current ¢RpaRidddnyis Get]ﬁlﬁl@gitﬁ&hcﬁﬁd the @Elﬁlre& hﬁugc protection characteristic.

If the voitage protection characteristic is greater than the needed or desired maximum
voliage improvement characteristic, the fault current capability characteristic and the

20 maximum voltage improvement characteristic are used 10 determine an impedance to
be added to the distribution network. An electrical component (e.g., inductor) having
the proper line impedance value is electrically connected within the distribution line |
network,

The ampacity of the distribution network (i.e., strength of the system) is

25 determined so that the electrical component can be appropriately sized to meet the .
present and future ampacity of at least one load {e.g., customer facility).

The voltage recovery system is electrically connected to the distribution network
between the electrical component and the utility power network to transfer real power and
reactive power to the distribution network. In centain applications, power factor correction

30  is added 10 the distribution line of the network. The power factor correction is in the form
of at least one shunt-connected capacitive element 10 the distribution line. In some cases.

a first capacitive element to the distribution line followed by adding, after a delay period, a -



20 maxi mum vol tage i nprovenent characteristic are used to determ neQapber 2004
i npedance to be added to the distribution network. An electrical conponent
(e.g., inductor) having the proper line inpedance value is electrically
connected within the distribution |line network. The anpacity of the
distribution network (i.e., strength of the systen) is 25 determ ned so
that the electrical conponent can be appropriately sized to neet the

present and future anpacity of at |east one load (e.g., GishefiBfsfacility).
The vol tage recB9& ystemis electrically connected to the distribution
network between the electrical conponent and the utility power network to

transfer real .%T%%’/!\%r andv(gv?&%gﬁbit%/%is%%%[]liﬁepléepsgﬁcgj[ﬁg&ﬁmgg%c&g&wrk. In

certain applic FEpachy actor correction I's added to the
di stribution | diedipfepsheavaipmgnding RHergprfiwkanesip xelgee (nsrers Ot $65%2Fs i n t he

form of at le ~ShyRlisd QM@ated capacitive el enent to the
distribution | ?°§ f"gflﬁasome ?:ases. _ggé.jfi rst capacitive el §nentwitr11% th
i

e
distribution Iitre Aebergmset obe yraion felates o aypliage Beavery ST GI* M 2a 11
Cct ober 20045 QiR foB@dhdvoliGHa 1480des 4 2Abrissibe tememodfacatinga velagnent to the
distribution | ine, LR £326NG8 iR5 GR0ARk bkGwE! RERAGKULuicdfided TN st eps
to avoid produdfg? Sd’?arge of e ange I'n voltage (Increase or decrease)
t 00 qui ckly andorhetefl ol d topsniissigninatwisin Jde distalpybenetworsamies a yolage WRNIR &y ent i on

relates to a vgéc{,,ﬁg,%dét&&mm@mg@mmmrsv;irédemmea véhlapd rhrigy, aptDWer
network that inclu

es a transmssion line petwork for carrying a voltage
within a first hisdisuibutiop Hipes sgyrigdioaeps o 'a]ﬁ?j’eq%\éﬁ%\gem"f?' isﬁﬂ%%%%fslane net wor k.
electrical l yp CoRpasdhasy dedicacdnfigurd v 8aide Feaned nmrtiks poFirao We distibubent i on net wor k
carries a voltage within.a .second.prede Raf=Te MR ahge, lower than
the first pr edggee’}': °h‘é’89t\}/‘5?ttk§§§mp%aﬁ’ga3%%’E\"ﬁgﬁas cﬁagtkn?l ution |ines coupl ed
to at ‘| east onecldcwdehich Midhorghapargeoverpdayipeprovidey b el PHERYYIEVET Q¥ vol t age

(rj_ecov_elr)y devi Clﬂi_sEiQﬁIiEi: méra&dsuﬁﬁiémeﬁédiaﬁh%lra%athciamimilaﬁmtxﬁmmmgeex t he
istribution [ine network .and the at |east . comRgnent
havi ng an i npedSAder\Paf H%J(mg'&uéccsfcgﬂfp§eﬁ%‘ﬁmi"he%?°q§§é% 3’%?%"3‘33" rgcove?y devi ce

provi des thesr émdshadddd reactive power to the  distribution |ine at a
suf fi cient | evel -angf@hef, stidabichGfihe Hihihiz@RinkRodTh DA gl L age al
the at | east one load wthin the second predeterm ned | ta range above a
pr edet er mi ned Tk@"’ﬁ’?ﬂ%ﬁb‘Pﬂ?fﬁEﬁ‘ﬂbﬁ?’ﬁé'ﬁ’f?“’Bg“ 7 Eas'ég‘s e b‘i‘“"gﬁe i nvention
may include t heaghsilidy OMide@riftie ahdhemaximum voltage improvement characteristic. The
electrical component (e.g., an inductor) has an ampacity rating at least that of an
20  ampacity rating of the distribution network (or protected load). The voli‘age recovery
system further includes a power factor correction device (e.g., capacitive elements)
connected 1o the distribution line. In certain applications. the power correction device
includes a first capacitive element connected to the distribution line; and a second
capacitve element connected to the distribution line after a delay period. The voltage
25  recovery system can further include an inverter to control the level of real power and level
of reactive power transferred between the voltage recovery system and the distribution '
network.
Among other advantages, a method is provided for determining whether a
particular voltage protection level desired by a factory load is met by the existing
30 distibution network. The voltage protection is generally determined by personnel at the
factory load seeking 1o avoid production losses due to momentary voltage sags caused by
faults. If the particular voltage protection desired by the factory load is not met by the



The i npedance val ue of the inductor is determined on the basis of1tbe&ocbawobs
current capability characteristic and the nmaxi num vol tage i nprovenent
characteristic. The electrical conponent (e.g., an inductor) has an
anpacity rating at |least that of an 20 anpacity rating of the distribution
network (or protected |oad). The voltage recovery system further includes
a power factor correction device (e.g., capacitive elenents) connected to
the distribution line. In certain applications. the power correction device
includes a firsvouapscitive el enent connected to the di sSPFFVBWVI¥H |ine; and
a second capacitive elenent connected to the distribution line after a

del ay period. The voltage 25 recovery system can fur her include an

inverter to cosingdispiaiop aspwtrk. gfolageeconimydavicecap by cappepted tpthe r o act j ve power

t ransf erred befigibnliieo yolitie@gaitsraralse Ybossrsduasp trsap. t he di stribution

net wor k. Anong ot her . .advant age a, met hod i,s. provi d f.or determ ning

whet her a particuﬁéPmWEffgﬁ%gE@%ngﬁfgﬁwﬁaengﬁggfﬁéﬁe%f“ggyﬁceory | oad is
met by the exiletel afgro@tiod deiredibl the ifaotoryriend edditiondlimpedance inthe fopmofact i on is ..
general ly gt SfdT B, BBl SOANRtAbonl Mt FaEl ¥ il0RE: ARBH{ Wk 0 av o d
production Tosses due to nonentary voltage sags caused by aults. If the
particul ar voldisiheigslipe. derehygmpigeng hetnyy of yaliage gtsiry PPYYET by ®€not net by the
-5 11 Cctober 304 reVile BbvitR 4Biths, e Mokdpbrkéolat) Byére Midsths mBfjodbif Sfefatibnit i on
network, a volta recovery. devi can,.be connect.ed, t di stribution
line to provi cré°”§1€aﬁ‘f°f‘?%ﬁ'§[°&'\?8§’ta§§°§”' @%dobgtsqpp QIGF ?{ﬁ%m?ah‘éo sgtég". n addition, if
the parti cul ardiswbhicndiec in espusiya disvieceg eventoothe distphatitnding f Engrepstowi ng t he

| evel of pp@;ﬁﬁ%ﬂegﬁl&g@éé&&?sy%m%ﬁfgeitﬂ&%%&!Qg@@ﬂat&@%&!i&ﬁ@&s' npedance in

the formo i nductor tan be inserted in the distribution line.to
change the fadmPotBRPErPedap¥Bi | ity of the distribution |ine, thereby
i mprovi ng t he andupiherGéanyed hidag@niged bRRd iin@ftio vilMie Bipareld Yroin e folloedidgage
recovery device. .Thus, the volfta e emq\l/@%%%ﬁ%e%mﬁnd its method of

ot ec 0 a

operation pr 9THBET YARSGE BF "on ctory | oad by supplying

additional voltage to the distribution line in response to a detected sag
event on the distribution |i mESCIPTHIN OFDRAWINGSby t he vol t age recovery

system br i 4ges t NeY Qld AR Corlithioh 3 pbAGH 21 YarkRiAfhn 98Bk FHDOL .
~uninterrupted power: Ghe ea%I Ures and advant ages of the invention wll be
appar ent f r omutiliig pévsk hasiwirhg
Fig. 2 is an enlarged section of the portion of the transmission network of Fig. 1
including distribution lines. '
Fig. 3 isa graph illustrating the voltage profile of a section of the transmission
20 network of Fig. 2 during a fault.
Fig. 4 is a block diagram representation of a PQIVR system in accordance with the
invention, '
Fig. 5 is a graphical representation of vectors representing the power twransferred
between the utility power network and a voltage recovery device.
25 Fig. 6 is a flow diagram illustrating the general steps for determining the value of
inductance to be inserted within the distribution network.

DETAILED DESCRIPTION
Referring to Fig. 4, a voltage recovery system , here a PQIVR system 30 of the
30 type provided by American Superconductor Corporation. Westboro, MA, is shown
connected in shunt with a distribution line 22a of a distribution line network 20.
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descri-ption of a presently preferred enbodi nent, and fromthe cl al n®ctober 2004
DESCRI PTI ON OF DRAWNGS 15 Fig. | is a diagrammatic representation of a
portion of a transmi ssion network of a wutility power network. Fig. 2 is an
enl arged section of the portion of the transm ssion network of Fig. 1
including distribution lines. Fig. 3 is a graph illustrating the voltage
profile of a section of the transmission 20 network of Fig. 2 during a

. fault Fig. 4 is a block diagramrepresentation of a PQ VI L N
accordance with Yh®82%¥%vention. Fig. 5 is a graphical re&%ﬁ%?%on of
vectors representing the power transferred between the utility power
network and a vgl tage recquvery. devic | Q.. I | . am
illustrating t ‘“Bg‘ﬁgﬂﬂw% 2@[‘)%1’?‘”&%%’%%%%?71&E’%n%ass}t%ﬁie"%\}gf’{)% o;l! i % uctance to
be inserted wi tiienettérietheughtarfir trevisforman &1 bickstepsty Wit iigheEryipredtng: PTI ON
Referring to FiGyy¢carfled bR idrESsidndinO Vb ¥ 1SS0, hbersavaapat dacsyst em 30 of
the type provi eé by Anerican Supercondyct or r porati.on. .\lsﬁgtboro. MA. is
shown ~connect &gads Abasiih Frpresemiatpyeorfiras ?’Bﬁ?d'“ﬁ??'??'ﬁéscﬁ%méhg’ PEPYi buti on

| i ne networ k 520pes 82 bb, fspeerfyely. oRISHAbME R ivoB203BIPRTYsiBG0isk2@istedd st ri-but i on
network 20 is shown.conngcted t transmi ssi | Ji,5e : L ransm ssi on
| i ne network th*i?%ﬁ‘mj'"‘f ﬁfi‘ip"fvfdoﬁé%ersﬁl%pro mﬁoisit? °‘°\%:1"Pa€ﬁ9as'f%°g°s"of (a)‘s/mﬁ%tls}]e hi gher
vol tage (here. shd@unkivtegadk ri ed on transmssion line 18 to a | ower voltage, -

here 15 kV. A pair gfofaEPOMNR k@386 is2hablc SARIVERRbaSRA kA feacve f or exanpl e,
of industrial plants s connected to dist r_‘iE%J]t'o 3?'” e 2%@, r%gb, _
respectively, OfO™E: $PAF9H AT FRMABTIRR K BpPuY a'rs]&V s@fﬁaﬁm?ns’ Dhhect ed to
di stributi omol i 9Qem s kiged pra VAl endidapadipef detipong an ateorgd fSthdWVans| oad 22a.

Factory load 22b is  sho Q o WBawastem 30 i s
capabl e of del i’%ﬁ""faﬂeg""sclfow #2‘5&%%%‘25%3%%%%%%%%? ,r sevpg(r)at ely or in

conmbi nati on, t cndfisiteli BAIVRGyStdm J0ds capeble of pdrepsing onephase FYAdhEse

phase voliage sags and does so by injecting real and reactive power into those impacted

phases, As will be discussed in greater detail below, the distribution line network is
15  evaluated to determine whether PQIVR system 30 is capable of providing adéquate
voltage support to a factory load 26a having a particular voltage protection and system
strength requirement. 1f PQIVR sysiem 30 does not meet the requirement, possible
changes can be made to the distribution network such that the PQIVR system pravides
sufficient voltage support. For reasons which will be discussed in greater detail bclow,
20  a capacitor bank 28 is shown connected to distribution line 22a. - '
PQIVR system 30 includes a superconducting magnetic energy storage unit 32
having an energy storage magnetic coil 34 positioned within a containment vessel 36 of a
cryogenic refrigeration unit. Energy storage unit 32 also includes a magnet power supply
38 for charging magnetic coi] 34, positibned-outside containment vessel 36. Power supply
25 38 is available from Dynapower Corporation of South Burlington, Vermont. Containment |
vessel 36 maintains magnetic coil 34 in liquid helium, and is fabricated of two austenitic
stainless steel vessels separated by a vacuum insulated space. In the embodiment shown,
the cryogenic refrigerant unit includes one or more Gifford-McMahon type coolers (not
shown), operating in concert, to maintain operaling temperatures within vessel 36 and to
30  re-liquify any helium vapor building up within the vessel. No helium (liquid or gaseous) |
circulates outside vessel 36 under normal operating conditions. The external. room
temperature, refrigeration system gasses are not interchanged with the internal helium




10 system 30 is sized at 8 WA and is capable of delivering an averegeh&2084
MMt ts I nstantaneously, 15.6 MVARs i nstantaneously, and 6.8 MWARs of
reactive power indefinitely. PQ VR system 30 is capabl e of addressing one
phase, two phase. and three phase voltage sags and does so by injecting
real and reactive power into those inpacted phases. As will be discussed
in greater detail below, the distribution line network is 15 eval uated to
det erm ne whet her PQ VR system 30 is capabl e of providi ngcﬁﬁgﬁ? vol t age
support to a fax@UuR#Y oad 26a having a particular voltage pro ecti on and
system strength requirenent. If PQ| VR system 30 does not neet the

requi rement, possible changes can de to he net wor k such
that the PQ VRUEMS F&ﬁﬁi’)‘r‘“b‘?ﬁs‘g‘é%"““‘&i?”f“f“é ERE™ 087'? é&g ﬁ';e OI(IJ%% do@@s reasons

which w I | be ifdpsanis e slminimg 38 boursdet ai | bel ow. 20 a capaci tor bank. 28 is
shown connected tog d'? Eﬁcﬁhﬁﬁaﬁﬂemkh&l%%%?med?@ﬁ‘éﬁsﬁﬁé&bﬁﬁhﬁ@oabllacl udes a

super conduct i ng magmet ¢ enerdy storage unit, 32 . havi 21% caglnergy storage
magneti ¢ coi | fartnep) Giesh pipliwre-taniTn ROPRETaGREEY Wit frbled BIoQ Cryogeni-c
r ef r: ger gt8l ]Sn MLE‘omgﬂ@ﬁlﬂﬂmeﬂtpﬁéﬁtgﬂn&@ Msﬁé’er@hcﬁﬁzﬂgmgmﬁbml gelmgeet  power
supply or magnet i ¢ coi osi td ane nt ai nment
vessel 36. Povierusey 5"3‘§§3P§a§‘9]3l?17§"81‘33 méuﬁfcondug{ﬁeéd%gar %gratlon of
Sout h Bur | i ngt wektbordaghneAL Supepoddadtingnasgneticessgyslora@Eunitd? interfossswith#Bnet i ¢ coi |
34 in tiquid heliu fand el @Ridlcd& (noBdnahvi) €ss st eel
vessel s separ aApEge g;ﬁlsmmrhqacu {'gg%gtﬁlﬁ%r%ge@sna%%" I n l(me enb%dl‘%ﬁ(}é shown,
the cryogenic wmewemommwpﬁtmm%m@ﬁmm‘ém@ﬁ B h

cool ers (nqf &hﬁ\ﬁ@)oppogg@{r@mmg in concert, to maintain operating

tenperatures wthin vessel O r f vapor
bui | di ng up Wit hi n!WHEr YELY °“N8”ﬁ§|"$‘a%ﬁfl?‘1mﬂ‘ﬂ9§ %%eﬁigﬁé(g%%s “ci rcul at es

out si de vessel and6n i @abodnanumtivieper atskpffosomgitriuiisds. Fonan &8MYarnal . room

tenperature, at 4333 85 ARRnD sk s CF G GaPERTaRL D { N
internal heli uﬁﬁﬁl?%% &%%?ds%g?ﬂ WO 01/ 814589%“3 / US01/ 21957 supply. The
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fabricated T rom SHber SARHNEL 18 52 Rk Lok memqupcmm jykeNi UM

copper - based Into a mechani cal 5 stable form and
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can source reactive power indefinitely assuming the inverter is operating at its nommally
rated capacity. More accurately, inverier 44 generates reactive power, and transfers that

on type

20 reactive power back to the utility power network at the desired magnitude and phase.
Thus, inverter 44 can provide or transfer reactive power without power from energy
storage unit 32. |

In essence, inverter system 44 represents a four-quadrant device capable of
| providing as well as absorbing power having both a real power component and a reactive

25 power component. Referring to Fig. 5,2 graph 80 having a real power axis 82 and a
reactive power axis 84 can be used to illustrate 2 vector representation of the power
transferred by the voltage recovery device 30. A vector having a magnitude and phase
angle can lie in any of the four quadrants of graph 80. For example, in response to control
signals from a system control unit 60 (described in greater detail below), inverter 44 can

30 transfer power represented by vectors 85 or 86 having only a positive real power and a
negative reactive power component, respectively. On the other hand, power. represented
here by a vector 88, may have a real power component 88a and a reactive power




for use with PQ VR system 30 is avail able from Aneri can Super condygtRfoher 2004
Cor poration, Westborough, MA. Superconducting nagnetic energy storage unit
32 interfaces with an inverter system 44 t hrough nmagnet interface 48 and a
pair of steering diodes (not shown), which ensure that power flows only
fromenergy storage unit 32 to inverter system44 and 10 not in the
opposite direction. inverter system 44 converts DC vol tage from PQ VR
system 30 to AC voltage and, in thi's enbodi nent. incl udewrgguégsgck of

four inverter uff@%®® For an 8 WA PQ VR systemthere wou € ei ght
stacks of the inverter system 44. For sinpli city sake, only one stack is

shown. Other inverter er inverter 15
units, for exarfpre"® ftéa%@%t‘f% “‘"‘38 ﬁ‘gra evel nver ga?“ﬂée@f’éstﬁeas a source
for any conbi nwawr@mltyfcorbl@tlwtw@éhemﬁewnan‘éﬂweact| ve power. The inverter
can source real pPOVghnis Mbbiimas, ehcangm@sum&alpmeeémammlmbmvw om ener gy

storage unit 32. However. inverter 44 urce r
i ndefinitely a®fEAHPRGUSRAIRET H\Y%’t"f%‘f‘“ﬁ’?’ﬁff@&’&f’? %?g qeaﬁg{"lr‘t ‘ﬁ’ﬁ#‘y rat ed
capacity. Mge aadrgiabaklyad forioucsedond. Thé ogminef atleveraanit 44de cqobied pn and
transfers that 20 react network at the
desi red magni tﬁlafe art‘a“""’L%%s‘ \Q%t ?gﬁtﬂ%eﬁeg‘%%ﬂ&&%%'?%% € or transfer
reactive power awotdamt-wt}am&lb\fﬂnml'Energy storage unit 32. In essence,
inverter system 44 represents a four-quadrant device capable of providing
as well as absgriim OWET— TV Ty OPTIT o T eal JHOWEl _ Conponent —ang |
reactive 25 p ‘7’"? ponent . Ref (—W’Y’h‘&etn Ej ¢ Duegtion, graph. 80 _havilng a real
power axis 82 NWAadeh&Qdﬂtliea\ﬂﬁxngV\er hsg8s 84 ca Cbﬁmmﬂ toillustrate a
vect or represetaggin g)n of the power |transferr¢d by the voltage re%very
device 30. Av Vce & magni Thde"and Phags. Aehevddd /1€ I any of
the four quadr ﬁj\p Le Oa:a gﬁ@n For exarrple i BRS fsedithiti ! _
signals froma %‘t‘%m controf unit po (descrl g eckidh greater etal |} bel ow),
i nverter 44.cap-30-i+ransier—ponwer—rppresenteaiby—vreetors—85—oe+—86—havi ng
only a positiv =Ammel\*ﬁbﬂéweradtfdmdlty ngyhti ve rea8issrandpiswesnt cfonponent ,
respectively. |n the other hand, pojer. repreéﬁtﬂé’ﬂs‘““ﬁéﬁhéﬂ‘b‘b‘°ﬂa@"t}b or 88,
may have a real_paower conpo and a M ovwer 28,11 Qotlober 2004
WO 01/ 82438 PCT/ US01/ 12957 corrponent 88b. Thus the magni tude (length of
t he vector) and phase angle (0) of the

10 Each inverter unit 44 includes four inverter modules. Because inverter units 46 are

modular in form, a degree of versatility is provided to accommeodate other system ratings‘
with standard. inverter modules. A level of fault tolerance is also possible with this
modular approach, although system capability may be reduced. Each inverter module
may be equipped with a local controller for managing local functions such as device

15 protection. current regulation, thermal protection, power balance among modules. and
diagnostics. among others. The inverter units, energy storage unit, and magnetic interface
are mounted in racks with integral power distribution and cooling systems. The PQIVR
system 30 is generally housed within a trailer to allow it to be moved from site o site. |

Inverter system 44 is coupled to distribution line 20 through step-down

20 transformers 50 and switchgear units 52, In this embodiment, each power transformer 50
is a 24.9 kV/480 V three-phase oil filled pad mount transformer having a nominal
impedance of 5.75% on its own base rating. Transformers with other distribution voliage
levels may be used depending upon the existing utility or customer supply voltage. The



power .can be controlled to define a predeterm ned |ocus. In this 11 Qctober2004
enbodi nent, each inverter unit can provide between 3 WA and 6.8 WA of
conti nuous power. Inverter system44 is capable of providing 6.8 WA
continuously 5 and 15.6 in overload for one second. The outputs of each
inverter unit 44are conbined on the nediumvoltage side of the power
transforners to yield the systemratings in accordance with the foll oW ng
t abl e. Power Fl owal ueDurat i on MVA delivered, |eading or6. ?_EPQMIQHOUSI y
| aggi ng MVA del'i Y@P¥E®8| eadi ng or 15. 60ne second in event &F Fagying,
overl oad conditiontransm ssion or d| st r| bution fault detection Average MN
delivered to utili t\égsgAO r@ﬂge%g)rgp e n('grso]a tn;tap]emﬁ: N QL di stribution
fault detectionf®If" FAVEFT e yunlurt' ﬂf ' Ne Sur- verter nodul es.
Because inv,ertaablumlptc@cﬁﬁwmx@nemt@@hdlcmdmﬂmotfm a degree of versatility is
provided to accorrrmg?gh %‘bgrm§ﬁsg,@meg§‘r&&g§mpmchmn§&@&gﬁﬁg i nverter

aul t I hi

nodul es. A |l evel of erance .s.al so _possible wt s nodul ar
appr oach, al t hdmgHomrerR s ayFHIs 16 Earyy! he rpmnbyrreredps s er t er nodul e -
may be equi ppedirshit Bealeriraal 480 Un200A RMS doftinudiR paghasgwithaid &A idtewogmiohons such
as device 15 protect | | power
bal ance anong rmﬂacf%é S!m‘&ﬁdarg“%%n%sgtsc%%gs%ﬁ%mﬂwﬁ'gﬁMQh%gsl%%{ ea%?er units, °
ener gy storage mntmmtammmmmltmﬂmé@lﬁm:@dwﬁ@fﬁmﬂmﬂﬁ'ﬂﬂa b acks with
integral power @;éﬁg%%k'aﬁ@eﬁ&ﬁhﬁ&ﬂc& céﬂﬁ%m&@tcﬁ’&ﬂ@ system 30 is
general ly housed within a trailer to allow it to be npy H'g (rg&[ppsme to
site. Inverter sys?é?ﬁ’“zfﬂnt{°§“"88%’|5f‘€‘ﬂl“?r8“ﬁ°§fl‘? eREEEEVhch B¥ough

st ep- down 2Qot rafed algsrithins. SBearchusinit 6hgeares abanhubti-fede mdckindftri S enbodi ment
each power transf ' \Y/ s Qnlagf i 11 ed pad
mount tr ansf or mer c%.sm Rgpgoﬁéﬁﬁnaﬁjlgehéﬁglgﬁng&%%%}}g % on’ |ts440wn base
rating. Transf 0'$YH‘E!P§°’W°H¢‘6Q WW?@P?WH“HH"%@P‘&Q’@“ ppgicentiohy be used
dependi ng upon 4R agsinkhliygrertired thé phas BndihisphiRRe bf Sk Ldits ¥Odstames theThe -9 11

Cctober 2004 - 0\;]:'&3/1' guzt;‘ru:t))gf PQIVR module 30. System control unit 60, in operation. passes real

15  time voltage and current waveform data to the data acquisition system for processing and
transmission to monitoring sites. System control unit 60 also supports local user
interfaces and safety interlocks. Control unit 60 necessarily has a response time sufficient
10 ensure that the transfer of power to or from PQIVR system 30 occurs at a speed to
address a fault or contingency on the utility system. In general, it is desi:able that the fault

20 and resulting low voliage is detected within 1 line cycle {i.e., 1/60 second for 60Hz, 1/50
second for 50Hz). In one embodiment, the response time following fault detection is less
than 500 microseconds.

As discussed above, PQIVR system 30 is connected to a distribution line of 2
factory load to provide voliage support in the event of momentary voltage sags caused,

25  for example, by a fault or contingency on the utility power network. The level of
support required by a factory or facility load is often referred to as “voltage
improvement.” When expressed in percent units, voltage improvement represents the
percentage of the nominal voltage normally delivered to the factory load for which
support is desired. For example, when a factory load requests a 25% voltage

30 improvement of an acceptable minimum threshold (e.g., .90 P.U.), the factory load is
requesting that the at least or above the minimum threshold voltage at the load be
rnaintained in the event of momentary sags of 25% or less. The level of support

-10-



RCT/ US01/ 12957 power transforners are general ly nounted outdoors gdpaessitzoo4
to the trailer with power cabling protected within an encl osed conduit

(not shown). Each switchgear unit 52 provides over-current protection

bet ween power transforners 50 and inverter units 46. Each of the four main
inverter outputs feeds a 5 circuit breaker rated at 480 V, 1,200 A RVS
continuous per phase with 45 kA interruption capacity. Switchgear units 52
al so serve as the primary di sconnect neans for safety and L,m]senance

pur poses, and W99 ude vol tage and ground fault noni tS?T'ﬁ% h

swi tchgear units are generally nounted adj acent to the inverter unit

encl osures. Systemcontrol unit 60 is i processor-driv ystem which
utilizes adaptieeHred B fagmy fogd deﬁ‘f"ﬂ?)’rnrlat'?‘fr?ﬁn" é%fa@ﬁ?lﬁrooﬁf'?‘bqnsﬁﬁﬁfmgo oper at es

as a nulti-st aitﬂ]elmnxbl rvﬂuléare facmmmmwghsmiqmag&sﬂdrepm Hivs ewdtizut i on | i ne 22
and inverter its verter t 60, as a
function of un 'f°rP’H’6?6JF g‘ ?“”5"' Fat BFO %410{ e?ﬁ%?"%g%‘%??téf’@g Pg

dynani cal | y dedmnﬂeechtcmrrphasleﬂhﬁé{' Wﬁ%}npl’rﬂlﬂj@ﬂxﬁ#mﬂ tﬁk?ehkeerhaeﬁrh% 46 as wel |
as the reals p%%[nc%ng%tobms '%Qré@nﬂi@fi%c% mﬁﬂ%t:&@aheﬁ%mk whid t 60, in

operati on, passes rea time vol ta?? | ﬁp !vvave ormgt%tag to the
data acqui si t i 6aregyp28% olfagt rebild ioeds g'e‘%{?lﬂ eaftrag LT B PE*HOAT t ori ng
sites. System gRiteced 39%Wdta@@ipal SO supports | ocal user interfaces and

safety interlocks. Contro] unit 6Q eSS Eord | ME
sufficient to ensﬂ‘rresi’?’ﬁ%r{ ° RETEY 3 ‘ﬁ%r Eicl)%\ggﬁawﬁtgr from IED(% VR syst em 30
occurs at a spmdta;@opeardm@slsmalpﬁlemmfa@rlh@@ genyaetyy 2arrieE POINR ity system
In general, sgktgm FL%&B!@D% ;ﬁoﬁ&?x?gtthélgﬁi (;farb'lkaﬁe lgﬁr@aﬁknf R§liket bngiokdw vol tage is

detected vvr ine cycle (i ﬁJ@’C‘%@I 60I—,§It Jf/ 0 second for
50Hz). In one denerdeipTiveRly °“t‘h@e?‘§‘§bﬂ“}‘r‘§‘ec“‘f’?" AN det ection is

| ess than 500c1ﬁhﬁu;ﬁlﬁﬁ@ﬂﬁse diAgbuibis iines Tedavitivove] cawlm@ysvém 30 is
connected to a,di 33 Pﬁﬂéa&?&‘oflu}h&qs& nlyfréi&fe&){&és{hgaﬂuﬁﬂvﬂf emhdmevol t age

support in t he eve nonent ar age sags cau anpl e,

or,
a fault or conBtrthgfehféSﬂhefﬁﬂffﬁécsrﬁfy'IgF’E"i?’"pB’v\Erab roheF Koe ‘?ﬁ‘é?PP’eIfe‘TlS%? support
requi red by sa fiaehierppRéntberek !l ity load is often referred to as "voltage

i mprovenent." \Wen_expressed i n.pe vol ment
represents the pefd8 ‘ﬁ"?’éﬁ%‘"‘ eyoseh nzﬁ s{gmthf‘{m I rédglrgﬁnaLH%H%etler vered to the
factory | oad fgiwendababhity nsuppomwriesW@elsMW@tase‘Fmowﬁfﬂcéag fhey factory

| oad requests tﬂméégfv\éra!: wrﬁﬂéqacrome%mep@mrmarm@aﬁapmmsemm mum
threshol d (e. factory | oad i.s %lrr‘estr n&eah%e t he at

| east or abovécf%clﬁwmﬂﬁﬂﬁ%afﬁp‘é’?ﬁg?&a rararg’epa%“t“rré oA

20 distribution line to change the fault MVA of the distribution line. such that the PQIVR

system can provide sufficient voltage suppeort.
Referring to Fig. 6, a flow diagram sets forth the general approach for
determining the value of inductance of the reactor element to be inserted. First, a
determination is made as to whether the particular PQIVR is capable of providing the
25 necessary voltage boost desired by the factory load. In other words, if a reactor
element, here an inductor, is even necessary to change the fault MVA of the distribution
tine. To make this determination, the ratio of the maximum output power capability of
the PQIVR and the existing fault MVA of the distribution line is determined (step 200).
This ratio represents the percent voltage protection that the PQIVR is capable of
30 providing. A comparison of the existing fault MVA is made with the desired fault
MVA (step 202). If the percent voliage protection value is greater than that desired by
the factory load, no inductor is ne_eded (step 203). If, on the other hand, the percent
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mai ntai ned in the event of nonentary sags of 25% or |ess. The | evel obber 2004
support -10 11 Cctober 2004 WO 01/82438 PCT/ US01/ 12957 required by a
factory | oad depends in large part on the particul ar operations perforned

at the facility. Wiile one factory |load can wi thstand sags as deep as 15%
another factory load may be able to tolerate sags.of only 5-10% This

tol erance to voltage sags determ nes each custoner's "threshol d" vol tage

or the maxi mumtol erable voltage drop 5 w thout causing For

exanpl e, a factBPP&#PEh a 90% t hreshol d vol t age woul d r?&ﬁ@gf}?%ﬁ%%
voltage rebuild in order to retain at | east a 90% voltage in response to an

uncorrected 35%,vol tr(aﬁg(%iogidpaur cleHsﬁE%ﬁ&Fﬂnﬁﬁh&?esm'?ﬁ%aﬁ. S a8ctoriRed’Q VR

del i vers power V?ltggﬁf%e distribution _|ine at a proper nmagnitude and phase to
rai se the vol t sghangepheimiadanse pithe digmhution lipey Ypdis opgs- ahyeetasiicsl ot My&p| e of

- providi Pg thelgvﬁﬁ(cﬁsl!hi&fwdbm free& &J&E@&g@l?gﬁprdt&?bﬂ dhﬁﬁkgﬁﬁ{?%i\}eﬁ)g:dz?epﬁnd? |
primarily on t he power out pyt abi 11 t 2..an .the fault
‘current capabi PFPY PB‘f’ertCﬁ@b’HP's"t? PthBﬁﬁﬂ%‘ﬁdqtﬁrﬁé’?&f‘ﬁ%ﬁ%\ﬁfe’gﬂlfl $ 3t capability
can al so be ghaksaed @ili MY chitadie@ibits are theminad toicalcutnnamimpedancefabe(tep t o as t he
"faul t MVA" of z{uﬂe | itgefo 10\%?1t9u9tfo t hese characteristics refer generally to
the ability of 2PRESNE RECHIVEEEWANP | evels of - 15 current or apparent
power. In many cases, connecting a PQ VR system having a predeterm ned

out put power @npabiiYAss) Vel provide sufficieéd voltage to boost a
vol t age sag _above the  threshqld value, which.the.factor ires the PQ VR
to conpensat®. In t%ﬁéss%e“d'é%dég,get?im"\eé}ﬁ@?pé?pn@feéar%%er?? fnd%%f:]?'? (égpdél%rﬁiduct.or 90,

havi ng an appr agfg thé fellowipgemmind: i S i nserted in the 20 distribution line to
change the fault MVA of the distribution line, such that the PQ VR system
can provide sufl’f__jﬁ,i,mp vol tage support. Referringpjo Fig. 6, a flow diagram
sets forth the general” approach for determ ning the value of inductance of

the reactor ;& QBROE fQubiRy bivpekdead. First, a determnation is made as to
whet her the particular PQ VR is capable of providing the 25 necessary
vol t age boost desi rredillbstrativecpufpaess en sxahplef. determiningtbe prowst wpdve of gn g react or

g! e{m.n:)’ ‘ here an LSS iRlened Wity £AsIREEITR MW foW e PRAAKL. (DA eladtidlef MVA of the
I Stripution
assume the following:

20 '
Max. output power capability of PQIVR: 16 MVA

. Fault MV A of the distribution line: 343 MVA.

The ratio of these parameters yields a relatively low voltage improvement
25 characteristic of 4.6%. If the factory load requires a 42% voltage improvement. and
assuming that the output power capabiity of the PQIVR is fixed, the fault MVA would
need to be reduced to 37.7 MVA. '
Changing the fault MVA of the distribution line from 343 MVA t0 37.7 MVA
may be accomplished by adding an inductor having a particular impedance vah_le into
30 the distribution line. The manner in which the impedance is calculated will now be
described.
Expressing the existing and desired fault MVA values in per units (p.u.) on a

100 MVA base provides the following:

35 Existing fauit MVA (VA«): 3.43 p.u.
Desired fault MVA: (VAge): 0.377 p.u.
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ld ne. .To nake this determi nation, the ratio of the maxi num out put1pOveber 2004
capability of the PQ VR and the existing fault MVA of the distribution
line is determined (step 200). This ratio represents the percent voltage
protection that the PQVR is capable of 30 providing. A conparison of the
existing fault MVAis made with the desired fault . MWA (step 202). If the
percent  voltage protection value is greater than that desired by -the
factory | oad, no inductor is needed (step 203). If, on t;kem{ghl;nl%s., hand, the
percent - || Mowpesber 2004 WO 01/82438 PCT/ US01/ 12957 voltage protection
characteristic is less than that desired by the |load, an inductor is used
to change the inpedance of the distribution |i ng,hl n i;thhdsdgo e, a

hypot heti cal faul t Thimpedgage yalusH MEReafGLA TP GY FEE" B deST e vol t age
protection chagaghed SlelitcaBinedbytshginuigitié abpeweiesiapetvition tly swhe-t he PQ VR i s
determ ned (step 204). The existing and 5 desired fault MA characteristics

are then used to cal cul at n,j anp | ue (ste 206) using the
o458 ey lmpgazsey vel ue (5rep 200 using

foll ow ng equation ‘(1) 10 Zr is then used to

det ermne tie appr Q\pralllﬁig§c%?)eggngctok,mgss%&@%c(oﬁ‘teﬂlzrgl&al)\i!Sdfsm t he .
foll ow ng equati on: =2 (2ttf). (2) 15 where f= frequency of operation.
For illustrati esqlor pdsdeVadmses dassmwedts RY¥Er ni ni ng the proper val ue of an
i nductor to be inserted within a distribution Iine will now be provided.
One exanpl e, assumgast hevisedibeed Nng: 20 Max. out put power capability of
PQVR 16 MMA Fault MA of the distribution line: 343 MWA. The ratio of
these paraneters yiel ds a(vel(EVI¥&09)/Now vol t age i mprovenent. 25
characteristic of 4.6% If thdl40080.800/3}| oad requires a 42% vol t age

i nprovenent. and assuni ngvast&Y) XAOO¥H put power capability of the PQ VR is
fixed, the fault MVA would need to be reduced to 37;7.%. Changi ng the
faul't M/A of5 t iwberdiVowin BYiisitisrymmRharrigmpass IRRG AT SSS 7 KICKHA |

In this case, the Voo is 15 KV which results in aZbase = 2.25 ohms. Thus.

Zr=72.361 * Zbase (ohms) = 5.312 ohms.

20 . _
The impedance is converted into an inductance value using equation (2) above.
In a 50 Hz system, L = 16.91 mH (millihenries).

25 Thus, inserting an inductor having a value of 16.91 mH into distribution line 20

will allow PQIVR system 30 to provide at least 2 42% voltage improvement to the
customer load in the event of a fault or other contingency.

in essence, adding inductor 90 has the effect of artificially moving the factory
load further away from the transmission system of the utility power network.

30 However, it is important to appreciate that inserting an inductor within distribution line
comes at some expense. In particular, adding the inductor redqces the “strength” of the
system. In other words. the amount of power available at the factory load is reduced
due 1o the addition of the impedance within the distribution line. In certain
applications. this decrease in strength may be problematic. For example. if the factory

35  Joad includes large electrical motors, which require high levels of current. decreasing
the system strength to the point where one 8 MVA PQIVR can achieve the needed
volta'ge improvement may not be acceptable. In these situations where one PQIVR can

not satisfy the needed voltage improvement or where the system strength can not be.
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nay be acconplished by addi ng an i nductor having a particul ar i npedeseBer 2004
value into 30 the distribution |ine. The manner in which the inpedance is
calculated will now be described. Expressing the existing and desired
fault MVA values in per units (p.u.) on a 100 MVA base provides the
following: 35 Existing fault WA (VAW : 3.43 p.u. .Desired fault WA
(VAS): 0.377 p.u. -12 WD 01/82438 PCT/ US01/ 12957 The |npedance val ue of
the reactor elenent {Zr} which i.s to be added to the i@ HigePN line is
calculated by wolog#2#3Buti ng t he above val ues into equatlon ( above. 5 10
(2/0.377) _(1/3.43).2.361 p.u. A scaling or conversion factor, Zbase is

used to convert Zr into units of o pase is
det erm ned as rddoted balew SMEC&V%a%”gFTﬂ%fggsﬁﬁ\?ﬁ%ﬂsM% ‘(%(d)) 143 =
(100, 000, 0001 3)gef NiRbrdaké e HerdiDHGabledBipliPowtrearabilityothd S i s t he system

phase-t o- phase vol t age expres l; Hk@fh&dkhﬁ&(ﬁ@@@ﬂxthe Vmmis 15
KV which results i¥° % ‘Zbéé%ausegggezlggeagéd Bf!éa o ) X 7hase (ohns) =

5.312 ohns. zau@bemphgedaﬁvém$ﬁy%%HW%H@HmFﬁ?HRQﬁ*ﬂﬁaﬂg ¥HRER Al ue usi ng-
equati on (2% AbOVEy e poblr fikior P ttﬁc’)ﬁ&(ﬂmoad-isato’kﬁcwmom-ﬂf(ﬂm hddittvedir i es) . 25
Thus, inser Hﬁpan I'nduct or havﬁF%BP valugyg s%p ﬁ%eakhgghg di stribution
line 20 will paMKfW@Q’"(FR’%%‘P% GERRCRY SIS PR PeRat & 42% vol t age

i nprovenent  t gt MG Iihe bRANEhe dnbast of caphditance vtk amofint af dopreqtion Bredegtther

conti ngency.

_)

equal to the actual maximum reactive load being served. The PF correction capacitors

can be divided into several small capacitor banks and introduced to distribution line

10 22a independently to avoid producing 100 large of change in VOltage (increase or
decrease) too quickly.

- Other embodiments are within the scope of the claims. For example, in the
embodiment described above in conjunction with Figs. 4-6.a PQIVR system was used to
provide the reaj and reactive power needed to boost the voltagc on the distribution line of

15 the wility power network. However, itis important to appreciate that other voitage
recovery devices capable of providing either real or reactive powet. or both. including
flywheels, batteries, capacitive energy storage system bank, compressed gas energy
sources, and fuel cell systems (e.g., those that convert carbon based fuels into electricity |

and its associated energy source) are also within the scope of the invention.

20
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in essence, adding inductor 90 has the effect of artificially noviingetbiwe 2004
factory load further away fromthe transm ssion systemof the utility
power network. 30 However, it is inportant to appreciate that inserting an
i nductor within distribution |ine conmes at some expense. In particular,
addi ng the inductor reduces the strength" of the system In other words.

t he anbunt .of power available at the factory load is reduced due to the
addition of the inpedance within the distribution line. In certain
applications. this decrease in strength may be problematic. For exanple. if
t he factorygrfvkoad includes |arge electrical motors, which require high

| evel s of current. decreasing the systemstrength to the point where one 8
MVA PQ VR can achi eve the needed voltage inprovenent may not be

accept abl e- | n kheseA giethedtaf @m?/idiﬁ@?’fétaaﬂermiwfrom volge smovey systdre needed

2000 13 18 DXEREaM S Tt A0 bha 1B EVranedf b nilidne.

critical vamjgisigno or nore PQ VR systems may be required in order to

i ncrease the overal |l avail abl e qut put wer capahbilijt f the systens.
Mor eover, becaudSEcie & tagﬁgqoggg@acl}arﬁg%gé%@q@fedthyéhg 08¢ i bution line, the

vol tage drop beleegmitderkAchoky ciﬁﬁﬁlt)aé}ﬁr&cfe%@ﬁ‘%ﬁtﬁé RBELANPEKwdB; Wi | | al so

increase. 5 unless the power factor (PF) at the factory load Is at or near
100% |f not. odbulativpad npowewmfediape @prqvemtamtoahamtetrh@c fthﬁtmh@fVCd@geC| tor

bank 28 sh nnect ed it ' tion lLine,22
capaci tancgg%/r%n?%%&%%%ﬁt §r§¥ld§ol)ragéedts:%l :l)elr%&nee N th%e?a&gl ogttngééjag%lt%al
maxi mum r egdetactedisticoand bei ng served. The PF correctl on capacitors can be

divided into several [ 1 aci tor s and.i nt.roduced to dIS ri bution
T he 20 boe i iRt RS Ak SR AT Eih Tt . SR GBIRE vol L age
(i ncrease 1ﬁfprox@ﬁféﬁﬁ&ﬁ@3cteh@@c fdefdinihe WkARK ﬂmﬁg@&@b&rﬁéﬁwﬁi Isf'tiaﬁablléﬂe scope

of the clains. For exanple. in the enbodi ment described above in

conj unct i o¥f PEPtidingfhygequired voliagooraretiop shapsioiticused to provi de the real
and reactive power needed to boost the voltage on the distribution |ine of
15 the utility power network. However, it is inportant to appreciate that
ot her voltage lecoﬁélleynfdhxd Qfs$aimalp&bﬂha aimppisog; Gilloyirg thé eompaml stp,

reactive EQ%rVoltggre prO%CCthIl &mac{engtlc is greater than the maximum voltage improvement
characteristic:

determining, from the fault current capability characteristic and the maximum

voltage improvement characteristic, a line impedance value to be added to the

distribution network.

3. The method of claim 2 further comprising, electrically connecting within

the distribution line network an electrical component having the line impedance value.
4. - The method of claim 3 further comprising determining the ampacity of the
distribution network and sizing the electrical component to meet the ampacity of the

distribution network.

5. The method of claim 4 wherein the electrical component is an inductor.
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flywheel s, batteries, capacitive energy storage system bank, conp{essgs-r3a64
energy sources, and fuel cell systens (e.g., those that convert carbon
based fuels into electricity and its associated energy source) are al so

wi thin the scope of the invention. 20 11 COct ober 2004 CLAIMS 1. A nethod of
provi di ng voltage protection froma voltage recovery system ‘to a | oad
connected to a distribution network of a utility power network, the nethod
conprising: selecting a voltage protection characteristic required by the

| oad; determining a fault current capability characteristic of the

di stribution negworkThe a@thodl @t ¢lhigh 3 MRKENTUEMMNiiA SR ctridROYSHIBAIng the
characteristic that the voltage. recovery systemcan provi de based at | east

in part onVRIES FROYEY SYHTR R the distbiufion petwerrhesvesathaelectricahpompapanting t he

vol t age prg&@@hb@g“%pﬁaﬁghgristic wi th the maxi mum vol tage inprovenent
characteristic to determ ne whether the voltage recovery systemis capable

of providing the required voltage protection characteristic. 2. The nethod
of claiml further rising, .follow t he comparing step, if_.the

vol t age protect?on c r&%@%@i%ﬁf@”?ggg “OrRe %H%gﬁéﬁﬁnﬂﬁWVbﬁ?gﬁe

i Mpr ovenmentorrectiad @ahedisSibution et ermining, fromthe fault current capability

characteristic and the maxi nrum voltage inprovenent characteristic, a line
i npedance value to be added to the distribution network. 3. The nethod of

claim 2 furtherg conpfieShBfied 8F EGint 7GAlekdin %ﬁkﬁﬁ%%&%ﬂ%&@i ﬁ%&ﬁ&l to the

distribution line network an electrical conpone havi ng I ne 1 npedance
val ue. 4. digeibpigernbee bicludesicenngetingratHeast ounpapasitivg ctoteet toi thi rigstdithwiomnpaci ty
of the diﬁﬁ i bution network and sizing the electrical conponent to neet

the anpacity of the distribution network. 5. The nethod of claim4 wherein
the el ectrical conponent is an inductor. 15 0 11 Cctober 2004 6. The met hod

of claim3 furt&uer Cﬁ'lrgpnl;.eltﬁécp(%c alir%%tﬂl}tﬁé’%lclo p§g££:ect| ng the
adding a first capacitive element to the distribution line; and

adding, after a delay period, a second capacitive clement to the distribution line.

10.  The method of claim 6 further comprising operating the voltage recovery

device to transfer real power and reactive power to the distribution network.

11.  The method of claim 10 wherein operating the voltage recovery system
includes controlling an inverter to control the level of real power and level of reactive

power transferred between the voltage recovery system and distribution network.

12.  The method of claim 10 wherein the voltage recovery system is operated

in response to a voltage sag on the distribution network.

13. A voltage recovery system for use with a utility power network including
a transmission line network for carrying a voltage within a first predetermined voltage
range and a distribution line network, electrically connected to a transmission network,

the distribution network carrying a voltage within a second predetermined voltage range,
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vol tage recovery systemto the distribution network between the e]egébb&ahos
.conponent and the utility power network. 7. The nethod of claim3 further
conprising providing power factor correction to the distribution line. 8.
The nethod of claim7 wherein providing power factor correction to the
distribution line includes connecting at |east one capacitive elenent to
the distribution line. 9. The nethod of claim8 further conprising: adding
a first capacitive elenment to the dirstribution |ine; and adding, after a
del ay period, a second capacitive elenment to the distribution Iine. 10. The
-nmet hod of ket i tHelfirbtRedt@miied SongcapafeatndighvidpalistabitRgeincecyrRidyo devi ce
to transfer real power and reactive power tqg the distribution network. 11.
The met hod?tdFasicangileads Bewelirgs TRCYBRTSIPIFRGOMRESHS| t age recovery system

incl udes cont o] biRgeaRc/iLabate %9%&%@& 'l b hiﬁstﬁﬁ}ﬂl%h wbRaknP NRGe 2nd

| evel of reactive power transferre etween the voltage recovery System
and di st r i tsoevenndetecavorrifiguted. to Tirevide rdabdndfreactied powt@ tattbe distritubien Viot t age

recovery systemis.o ated .in response to a voltage sag on the
distributr%%wﬁrfﬁép§gg%§$cﬂc$) tage recovery systemfor use with a utility

power network idcbripbregt c@ndet@Si SHEODetnicde el knd e @Rfribitidg lide vol t age
within a first predeterm ned voltage. range and a_distribution |ine
net wor k, elEweik; Eh qopnoprHdiar g & Bosimpedadss; wdieosslsstsd il that dgovoltage

di stributi QB,vagf NRidE f?@«Fi&iééitH@reél HALLRAG MRk dReaRRen Rhese! efftided
vol tage range, 16 o 11 Cctober 2004 |ower than the first predeterm ned

vol t age r alegd andibel thaurfigigntdiusation bormagnaih ithegoliage pl thd at lvastame ledstitteme | oad,
h | i.sl Qa. devi d
the. vl ag, LGRY SO SHRLEGRIDHLS! e B 1ALEARG.T BEQNSAY devi co connect e

to the di networ recovery device configured to
provi de real and reactive power to the distribution line network and the

at | east one | oad; d a,conponent connected in series_between the | oad and
the distributi o | i nde TREOPROVEY SRGRPEAGAR T WRAGITL e CEPORIL & e val ue
sel ect ed syghrtdrhat the voltage recovery device provides the real and

reactive power to the distribution line at a sufficient level and for a
sufficient duration to maintain the voltage at the at | east one |oad within

15. - The voltage recovery system of claim 14 wherein the line impedance
value of the inductor is determined on the basis of the fault cumrent capability

characteristic and the maximum voltage improvement characteristic.

16.  The voltage recovery system of claim 15 wherein the electrical component

has an ampacity rating at least that of an ampacity rating of the at least one load.

17.  The voltage recovery system of claim 14 further comprising power factor

correction device connected to the distribution line.

18.  The voltage recovery system of claim 17 wherein the power factor

correction device include at least one capacitive element.

19.  The voltage recovery system of claim 18 wherein the power correction
device includes:

a first capacitive element connected to the distribution line; and
17 o




t he second predeterm ned vol tage range above a predeterm ned threshok@berbbhos
The vol tage recovery systemof claim 13 wherein the conponent is an

i nductor. 15. The voltage recovery systemof claim 14 wherein the |ine

i npedance value of the inductor is determ ned on the basis of the fault
current capability characteristic and the maxi mum vol tage i nprovenent
characteristic. 16. The voltage recovery systemof claim15 wherein the

el ectrical conponent has an anpacity rating at |east that of an anpacity
rating of the at |east one |load. 17. The voltage recovery systemof claim
14 further conpficsbiikapRWBYe dl@REM ConrfeBich b ARufRYbE BnCARRE LR phitodt he
distribution line. 18. The voltage recovery systemof claim 17 wherein the
power factor correction device include at | east one capacitive el enent.

19. The voltag ec r ‘ imA8g . ihn, [ r tion
devi ce i ncl udegzzd'a ?tl'h %s Ol%é%%%%}’%e&é%?efn‘?%mSe(':ht%reeg@t?h oep?(ﬁ%g%?(gcto I(”I ution
i ne; and dyéteth ihtluest ambieverkd Glcantiob theriel et afr@el gowee amd ereEndf reotivepdved to t he
distribution line after a delay period. 20. The.valtage recovery system of
Cl i m 10 WRBIGTH b <gb e gl s pdnd B G OIES sl Fhver 3 or 1 0
control the |level of real power and | evel of reactive power transferred
between the voltage recovery systemand the distribution network. 21. The
vol t age recover3l. syskhenyadfage regonery 3ysiar o Hairhé3 vdieredn ther edggerseovgyst em i s
operat ed i ; L& age, I ! i networ k. 22. The
met hod of Sge:ﬁ?ﬁ%{}?r%tem %ﬁy@ﬁée fau@t%g%%%roég% @?ﬁ%‘#ﬁtﬁeﬁ éc}h'ar acteristic 1is
a fault WA, 18 0 ' A -

22.  The method of claim 1 in which the fault current capability characteristic

is a fault MV A,
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