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voltages are indicated in the acconpanying key | ocated at the 1ower right.
Ref er ri nfgchngquess gs bezomge iawishsieidylimprartanoas the ghee ofd denends inkde 9n thewstitynet wor k
of Fig. ] Hgg I [ bution lines 20 coupled to a transm ssion |ine
18 throé%wéigg?%m S[??Aé:ﬁésa%%rners 22. Each distribution Iine carries power

to | oads 24 at voltilggolheygldisigesaally dvasidefrdseinchidebsthagaaaisgbedny t h

transm ssion |jnes 25 _kV or. less). The utilinall power grid is
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transm ssion grid, _ _ . _
eferring to Fig. 1, a portion of a utility power network is shown to include a

transmission network 10 having generators 12, substations 14, and switching stations 16,
all of which are interconnected via transmission lines 18. Transmission lines 18. in
20 general, carry voltages in excess of 25 kilovolts (kV). With reference to Fig. 1, the
\;'oltage on a particular transmission line is approximately proportional to the thickness of
the associated line in the figure. The actual transmission system voltages are indicated in
the accompanying key located at the lower right.
Referring to Fig. 2, an exploded portion 10a of the utility power network of Fig. 1
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 typically serviced at

medium voltage, 4,106V and above, and may have more than one source substation, or
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But with | oad sin range, the cost
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high to contenplate.. To, better understand the dynam.cs of a fault on a
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exanple, referring again'to Fig. 1, assune t occurs on a portion of
t he transmigswaityrangd, Wordost @rvtidabla davicas gegideass thGag Segpriedtforaterlyitesn bet ween
a substaltfi on ﬁ!‘éﬁ and .a swtching station 16 of transm ssion |ine network
10. Ref efFi'AyMER 0 EOemBlae; o ol t age profile as a function of time at
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R T N T e Sty
appears asrtian oémertmmhgssibamgﬂvdrbmmmafrem aedegmlemgm. |Segmamt10yhe@ ibetween
transm Sglsggstast%ntﬁg‘and a switching station 16 of transmission line network 10. Referring to
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. It is
20 important to appreciate that if the fault were to occur more closely to segment 70 or on the:
segment itself, 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 occurring on the utility power network have dramatic
effects on the loads connected to the distribution network. Indeed, momentary voltage
sags at a factory or manufacturing facility can cause production losses, 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.
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utility power grid instead of concentrating on one industrial custoner. In
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circuit b¥wer network in response to 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 to an AC utility grid. Thus, the power
conditioning system generally includes DC/AC converters as well as other filtering and

control circuitry.

SUMMARY
25 The invention features an approach for providing voltage protection to a load
connected to a distribution network of a utility power system or ﬁetwork by boosting the
voltage on a distribution line, during 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.
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voltage improvement characteristic, the fault current capability characteristic and the

20 maximum voltage improvement characteristic are used to 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 certain applications, power factor correction

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

a first capacitive element to the distribution line followed by adding, after a delay period, a
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capability characteristic and the maximum 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 voltage recovery
system further includes a power factor correction device (e.g., capacitive elements)
connected to the distribution line. In certain applications. the power correction device
includes a first capacitive element connected to the distribution line; and a second
capacitive element connected to the distribution line afier 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 distribution network. The voltage protection is generallv determined by personnel at the
factory load seeking to 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
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cl ai nms. DESCRVbTICN 15 Fig. 1 is a diagrammtic representation
of a pomtliypayfer etwoslsni ssi on network of a '

Fig. 2 is an enlarged section of the portion of the transmission 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 diagram representation of a PQIVR system in accordance with the
invention.
Fig. 5 is a graphical representation of vectors representing the power transferred
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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gr aph illwﬁg 39 the voltage profile of a section-of the - anghsshon 20
network o |138t24i§ during a fault. Fig. 4 is a block diagram re;@glszz)%tation

of a PQ VR systemin accordance with the invention. Fig. 5 is a graphical
representation of vectors representing the power transferred between the
utility possebutioetnabydik 30d shownlconrpstadde avrengmistae lire 1 3 the ganstrisssora f | ow

diagram .l lustratin he. general steps,for determ,ning the value of
nduct anbiae B b At TREr P e e sk beBEd Pl et S s 20
DESCRI PTh §3\ RRebi@feti ioRGrahémisiibn lifle 1 81ovOlbivaSeolfaBE MRS 15 16V SA i of ARty a PQ VR
system 30 of the 30 type provided by Anmerican Superconductor Corporation.

West bor oloap264d, 26k reprasentatbien Eax example, of indistrigl plantg isggosneqies joidasiribytipa 22a of

a distributian d4.n - 3 I A V4 Lsiribution
net vvo%k ggesl js?as#omﬁ“@%ﬁﬁ@@r" gglq%buglowg%ﬁ?ggi gﬂﬁgﬁ%&%}é? Sgﬁs%nge%i%sm SSsi on
| i ne net wRfrbutibi @R aato prdvide tolapssuphoRto Zdtorwohd D25t Eqesord wad 20Bés hi gher

vol tage (here, 130 kV carried on transmssion line 18 to a | ower voltage,
here 15 RAWHAIPEDEC} factory |oads 26a, 26b representative, for exanpl e,

of industrial Ilpé fa3, P@I\ﬁ@gﬁ%‘é}ﬂ g6 isI(%ESB.ZI%Bf%%L&%}ii@botﬁréai A&Bresafte 22D,

respectively, o I stributi'on networ Rsystem 30 is connected to
di stri bupower, $dpaatedPar incombmnaiide tv distrdggos ippdlat 1o thif embatimehioBQIPRa.

Factqry | oad bis. s unprotected. l.n general, POQ.Y stem30 is
capaape B‘fSted%Sf%\‘fesr‘?erqgj“ EWIB&&S ch%;l? Edeliverng %%Fa,geggﬁgﬂg%@fy or in

conbi nat jiRAntahodiyst 3.6 WARQidsiaﬂ%né’&ﬁlTy, Al 6.9 \vevARDOdeARNE poR&d VR 10 system
30 is sized at 8 WA and is capabl e of deliveri ng}@an average of 3 MMtts

i nst ant aindefisite)y. DOIVR syomRs 30 sorpatl apkasidedssing angipleis® tWvARescodndrtheget i ve
poner o BISLB e B S A% L SRS BB RO RS P10,
react i veppawerAd wilobd dissuissedrip g detpih Bsew, thddiswitutiobndhaaudsied i n great er
det ai1|'5 bg\llacl)uvgftedttg%et%imslitnz iv&a%%hiegqull\i/}r{esygtgrtn%riE c!apsable of providing adequate
voltage support to a factory load 26a having a particular voltage protection and system
strength requirement. If PQIVR system 30 does not meet the requirement, possible
changes can be made to the distribution network such that the PQIVR system provides
sufficient voltage support. For reasons which will be discussed in greater detail below.
20  acapacitor 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 coil 34, positioned 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 operating 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



*15 eval uated to determ ne whether PQ VR system 30 is capable of providing
adequate voltage support to a factory.load 26a having a particul ar vol tage
protection and system strength requirenent. If PQ VR system 30 does not
nmeet the W@aus243hent, possible changes can be nmade to t h IR i on
network such that the PQ VR system provides sufficient voltage support.

For reasons which will be discussed in greater detail below, 20 a capacitor

bank 28 sﬁ;inlﬁ My SRANRS T Pekhitstiontinidauliten opbrtom 24dth dHRoYBotywbRig 30
i ncl udes super conducting magnetl c energy storage unit 32 having an
ener gy siaperble, fragmeininguro of #8 Baurposi ti oned within a contai nment vessel 36

f ' fri tion unit,: : bt ors i nclud
mmgnet pousr Sy el AbeRl R b4 i R R R b BT ot i de

cont ai NEgRtedRSS BlobRfn-tiRANeS cippPbase@maBk wise aubled &b e nfechanidjipapower
Corporation of South Burlington, Vernont. Containnment  vessel 36 gai nt ai ns
magnét i stablsi formaand anguiaiad RIIOE&Y MINGINga fySYRSTCORBIGURG Magnelic aveligtiedi ti ¢

stainl ess_ste Vi K : t he
e T L L LA
G f f or d-Wsidlheupht Mre Syet@ndudtiingimagaétavenergycpeagetunig 2 intedorrsavith art o

i nt ai ting ! tures withi | 36 and 10,30 re-liquif
el 1 U VASGET BIeT G SOV e/ P RSP O DR OP B s dous)

ci rcul at 85 1PussicdRat 1B Rt LlowSoMP &R dHefdTBkorARAIAL 328 isvnel §yisRhs44 dle

external, room tenperature, refrigerati on system gasses are not
i nt ellic hawgmdhewppostthéir¢ativer nal hel i um -7 WO 01/ 82438 PCTI USO / 12957

supply. The st em desi gn perm contipue then,. M th one or
Dot h Lool ors INSEREFID £ <FErs O FTAErFOR PO BLAP L BAEToutd M ng
magnet i gng8ahhhiSdmbsdifdbY, iealdesofd R4tk Pafr GoRACIHiRG6c Abt #n 8 MWATed from

ni obi umtitani um copper-based nmatrix wire, cabled intqo a nechanically 5

stabl e fPQIVR wyswni thetsl veauddibpeigirstacks of thelimgreAY SHPec SREBEIAY FkGnet i c
col | Weloly Sl Bl id Slowts Deibeifly et YRicAXSH ST AAad Brdt¥ AlbBOL B ek e ATer | can

Super cor?&ll.?'c S or porati on, ough, "MA. Super conducti ng nmagnetic
energy sihas dgeexaniple, 38-32ninas.f maeseral, tdveder 44i actsers repusy &ireny 44t hr ough

ensur e REDBORER! Fbae B e SreeBHEROY ey B BOETIRE BT E R vl er system
44 and o1 AQbnd &% feAGHOMRPRIIVARILIE &l lehry stoRigeUhR D2 S Yiohenrdthvedavear t s DC
vol tage from PQd VR system 30 to AC voltage, . . _ )
can source reactive power indefinitely assuming the inverter is operating at its nominally
rated capacity. More accurately, inverter 44 generates reactive power, and transfers that
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, a graph 80 having a real power axis 82 and a
reactive power axis 84 can be used to illustrate a 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



“and,” in this enbodi ment. includes one stack of four inverter units 46. For
an 8 WA PQ VR systemthere would be eight stacks of the inverter system
44. For sinplicity sake, only one stack is shown. O her stens

may i ncl u\”.f@qllﬁ?ﬁ nunbers of inverter 15 units, for exarer&%mfg{/béyumts

In general, inverter 44 acts as a source for any conbination of both real
power and reactive power. The inverter can source real power only as |ong
as real @onynents3shy diluahhembgiimde (engly oftheveger)and ph32 anglo@wdithe i nvert er

44 can source eactlcﬁ OX\P{ i nde Jél nitely assumng the inverter is

g Kydefing fHoct

oper at i NPV CAR 8¢ AT PRECCHPREEE O Ubr e accurately, inverter 44
generates reaﬁlttlﬁéeen%‘ﬁ?rﬁem%gh ifveR&hBli2ak Bx%twd%Q)ef\@e%ﬁt"'MVA%%rS gk to the
utility power network at the desired magnitude and se. Thus, inverter
44 can pofoonteumss powanslheertar epstern ¢ xsp@méﬂe of mrhwdtngpé&\MVA mmngmql‘gy

storage u ence, inverter s m.44 r our.- quadr ant
devi c ﬂ‘gilaiﬁ émo‘?vegﬁ?%fﬂraflﬁﬁecgga/%}felOuéPsLX e(%?bl“ﬁfﬁ% u\?ﬁﬁqﬁlg\%) é’ﬁgt a real
power CofipRANimABHage iR thy/Fowe? raP¥iers QNpaa e syslBefetiidsng to Fig. 5 a
graph 80 having a real power axis 82 and a reactive power axis 84 can be
used to &qcptﬁ@tlﬁa‘tvéhﬁl@\féﬁ@‘&mgﬂ@%‘? esentation of the power transferred by the
- vol tage recovery device 30. A vector having.a nmagnitude and phase angle
can | i e p=h—any—ot—the—four—qguatrants—ai—graph—860—For—exanple——egponse
to contr systen\&m&rol uni DweBtigescri bed i n greatier

det ai | tow— T nverter44-ctam 3P transfer power represented by vectqrs 85
or 86 havMigh édlivered, fsedingiove real OFower and & CoRBYEISNe reactive powdr
conponentlaggiegpecti vel y. On the other hand, power, represented here|by a
vect or have real power onent 8 and a [react power 48 WO
01/ 8243 w&def D2 Ohpone ﬁgggb. Thus ﬁrﬁée?%‘ R &‘L gl ngth df the
vect or) ﬁ%l%é’ééﬂ%ﬁg‘?@ {ioN of the power cah trﬁés"&‘&ﬂ I ¢ PR fRYE ne a

predet erfm ned locus. In this enbpdi nent. each deisgd er unit can prOV| de

bet ween |3, WA \3/10137’ =YY f.. CONLi,NUOUS POWeL em 44 i s
capabl e d?‘vif?% ﬁﬁﬁ%erm&fhggm I&#UOUS| y 5 a Oc? ifgg@rér?fveZEEiU ({ﬂ% ul?r one
second. |The outputs of each invefter unit 44 FeConDT Aie 8

| de of the power!transformer$ FEY%I d 'rhp qvqt em r atli ngs

in accordance with the follow ng table. Power Flow Value Duration

10 Each inverter unit 44 includes four inverter modules. Because inverter units 46 are
modular in form, a degree of versatility is provided to accommodate 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 to 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 voltage

levels may be used depending upon the existing utility or customer supply voltage. The



*MVA'delivered, leading or 6.8 Continuously |agging MVA delivered, |eading
or 15.6 One second in event of |agging, overload condition transm ssion or
distribution fault detection Average MNdelivered to utilld , . 6
seconds i"MOQVBMP8 of transnission or distribution fault de}%ée-lglﬁlso(?)lﬁéisg Each
inverter unit 44 includes four inverter nodul es. Because inverter units 46
are nodular in form a degree of versatility is provided to accomodate
ot her systvemramsfirmgss aregdrieraslly amusted, outdpoey ddgacemod tHeamilewite pewerof f aul t

tolerance is al so possible with this  nodul ar approach, although system
capabi | F?WIWO%QCE@H‘EM.P’_“ 8% Gonduw fwg}‘ﬂyﬂw e may be equipped with a
| 'ocal controldagf shRéh & DDrb AR o L HBGHR P e b@SebiEydwg 15 protection.
current regul ation, thermal protection, power bal ance anong nodul es. and

di agnos tragsfornaere hg) and inaerter ulite4§. nvashtod theunit mainannsrigyowpws tegds ani t, and

magnetic.interface re n [ cks with inteagr wer distribution
and ooﬂrﬁ‘ﬂj% Eﬁ?@lfeéﬁ%[?g%h@%l’?gg %@%{52 ngﬁu(?‘g p&%‘%&? am%b“ﬁgés'a‘&’f%f’??ﬂ n a

trailer chgucal! SWitthgehiOunde SDRMEdervE asMheiprigharPdiStdn@ect madefol eifegyatiem 44 i s
coupled to distribution line 20 through step-down 20 transformers 50 and

SWi t chgerinteRAnee pBposesrAndinay IepHadRIy Hage andgoRnG BWE manitanag offer 50 is a
24. 9 kws&'ﬁgrfg\ég{ %g%@g&?gllgﬁouﬁ{eﬁlaﬂ g??ﬂ% {B% ) ert%#@rﬂtsgngfogﬁ.re%.hav' ng a nomi nal

i npedance Yo 0N~ 1 ase ansformers wth other

di stri buti on Sysleina@atrol wired(sis amyultgroctssat-diee ybtang wifdnutilizes addpaté ng
utility or customer supply voltiage, The -9 WD 01/82438 PCT] USOL/ 12957
powne t FAMEY GHapiuns ry's Ehearap] YRR pReEd e AR AT STHRAEERR [ 0 the trailer

with pogf‘d’cess@r?%%.gﬁ'tg HRHPESHbR Ml indinrie! BS8% 6Pt ek #hown) . Each
swi t chgear uni 2 provides over-current protection betweéen power

t r ansf oSysem SOtralnohit Gy ey d Rinction efsindgnpuEnaiy pEdeidmmifeduntermal ¢ontnaler t er
out puts feeds

per phaS¥esh ﬂgﬁga@yﬁﬁ%{%?qg&%?%e 5@%3@?%@?%%’&%%%8%@%@%%1 %S(ZJIH%: 2 gog Zr ve
as the pe pRvYr Sligsi @ POLVR MRRNE S0rSysahetonudnehit 6RIMbRAARBE RsReges, and
my IISnC ltium%evo\l/tglgé Sngdecu?rre]:gt vggv%lflor;?n ga?eij tlotthgggtil gc?(qullis?t%n s;?tgm 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
to 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 desirable that the fault
20 and resulting low voltage 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 a
factory load to provide voltage 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

maintained in the event of momentary sags of 25% or less. The level of support
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“switchgear units are generally nmounted adjacent to the inverter unit

encl osures. Systemcontrol unit 60 is a multiprocessor-driven system which
utilizes adaptive 10 control algorithns. Systemcontrol unit 60 operates
as a nul tWO81/82438 nachi ne for processing inputs from di st rFQUYSBA2 ne 22
and inverter units 46 of inverter system44. Systemcontrol unit 60, as a
function of unit inputs and predeterm ned internal control rules,

dynami c ' Q 3 6n BREk PROM the PertRlilak By&htiShs pidrmed6 as wel |
as the %«iﬁe@%@\%{%@ﬁf%? Sgkgq I{/Rlﬂ%ndul e 30? Iéystaemycor%t rsol?munif 60, in

oper at i anthepfasitigs Wit onsfactome loadican gathaiand sagsedeepes/el oranothera to t he
data acqui sition system for .processi and, nolb I 1SS to ni_toring
sites. 9?9@?1110 %HP&%F aple. 10 t%lgragei s P nlg%-lO)ﬁ». ?‘H%%l%?angpllon o1t 55 S

upports Tocal uUser erirac and

saf ety |idt@rliRGlach SRMM&s "trkshofif ohegssaht hiuximemaoleedronsiggt idrp
sufficient to ensure that the transfer of power to or fromPQ VR system 30
occurs avitzous pausihg poblandr Fesexanplela fagioncwhb 2 Ig&ndyeshald Yrdtage Would,” syst em
In general , it, is desirabl ul.t i tage is
det ect ed e%ietsk’i‘ %5 &f ‘ioftﬁ%e rceygﬁ %Wﬁdgf {a%i%gbété%%g% 26%0‘{0%%%%—@ Ir%%?dgggvtasféeﬂcond f or
S50Hz) . lyhcoRectedbodivotage dibhe response tine following fault detection is

| ess than 500 m croseconds. As di scusae\g%gbove, PQ VR s é.te 30 is

connect ed to 18 r@ipense lWuReBENtAIYFELH eGP QPR dglivers BaweErts ﬂb‘%/ NITEUBI t age

to “rRu le, b
support jin th r@p\r%gg%’]aggft%d?ﬁg;h%é’toﬂisé RS HagS W@a@ﬁl‘éggr gglé fepgyanpl e, by

a fault or conti utility power network. Th evel of support
r equi 0 ecsybtygmais tagabbe of provitiag) the tovel dadltage vfinrevemerfieequargdtty alvad vol t age

i nprovengent. ' \Wen. expressed in rcent . unit ge | ovement

represe @e?%epr%aéflﬁé’ﬁtlgabe Qﬂ“efﬁﬁ?pﬁgﬁ?%gﬁl%ﬁswgégh%a GJI‘sr.l;{;th%l\ézfuiltver ed to the
factory JupRe pabiky 6fthe AHBRRN {onilmedahE FAG: cuneht €Xpabibihecaidisaibe factory

| oad requests a 25% vol tage 30 i nprovenent of an acceptable m ninmum

t hr eshol dhafastegized irggrmms of Whattineommenbyrrgfersd do psther Byl piithating he at

| east or 0 t he m ni my: - : L ined in
e T S e e o S S ST
01/ 8P 3&ueht &ISPpakabpiverr equired by a factory | oad depends in |arge part

on the particul ar operations perfarped at the. facility. Wile one factory
| oad can wit HEtRHY La6s C%lea%@%)a %@I%ﬁ' Sigmdta e 2 rfrgget%wnf:%gatpﬁgy be abl e
to tol er&}\@er%mglﬂz ndY) ot Prohide subhitisnd Wi@EERARkOa Velldeagey 86@% thelet er mi nes
each custoner's "threshol d" voltage or the maxi numtolerable voltage drop
threshold value, which the factory desires the PQIVR to compensate. In these cases, a
reactor element, such as inductor 90, having an appropriate impedance is inserted in the
20 distribution line to change the fault MVA of the distribution line, such that the PQIVR
system can provide sufficient voltage support.
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
line. 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 voltage protection value is greater than that desired by

the factory load, no inductor is needed (step 203). If, on the other hand, the percent
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5 wi't hout causing problens. For exanple, a factory with a 90% threshold

vol tage would request a 25% voltage rebuild in order to retain at |east a
90% vol tage in response to an uncorrected 35% vol tage dip e se to
nnnentaryggﬁﬂ@?ﬁﬁhe PQ VR delivers power to the distributigﬁ&RFﬁHggg a
~proper magni tude and phase to raise the voltage. Wether a particular PQ VR
10 systemis capable of providing the | evel of voltage inprovenent required
by a | oadoltegine@ciidn cdradsrisiie id)esd then faveesied by uhe Lapadi ihiddyorak utdie PQ VR
and 2) the fault current capability of the distribution |line. The fault
current Eaghisee theympsdangesd thpdisEigyonting: i ldsicases a hprotgsticghiaulti M Vaommonl y
referred : o ~ ' 10Q; |1 t . acteristics
ref er geX%‘?%u fl&{]gokl]}??%gﬁid%ydeg{re% ﬂ(zha]g%: Egt)t%%i%gucg%%gttehﬁgt\sl Ivgrho 15 current
or appar euatpuppavesr.capabiimngf tha®edy Rasderennined)(sepPXY4YRT By stistindand ng a

pr edet er m ned out ower .capabi | it ot, provide sufficient voltage
to boéstd%S‘R?glf?‘ng/&%Qg%fﬁgﬁéStt%@re e Hslap galeleen igRcdtceHaluediERr y

desires bhe MR rOuSORRGSAIR: | n these cases, a reactor elenent, such
as i nductor 90,” having an appropriate inpedance is inserted in the 20

distribution line to change the fault MVA of the distribution Iine, such
t hat t heZPQVR/ 8Xx&t)eriltsdripx ovi de sufficient vollage support. Referring to
Fig. 6, a flow diagramsets forth the general approach for determning the

val ugoof i ndugt agen abed beaictemiicahe epROBMte VOUbOS indaetaha@d stepi208) , a
determnation is made as to whether the particular PQ VR is capabl e of

provi di ngsingeeBllpwingsemiriioniol t age boost desired by the factory |oad. In
other words, if a reactor elenent, here an inductor, is even necessary to
change tge:?P}J(lﬁt“ A of the distribution I[ine. T(Q make this determnation,
the rati o of the maxi num out put power capability o? the PQ VR and the

exi sti_ng Ihaul t MVA of the distribution line is determned (step 200). This
rati d°r ePhESRtE AR YERIPol t age protection that the PQ VR i s capabl e
of 30 providing. A comparison of the existing fault MVA is made with the
desi red faul t Fornliaseaipuposes ap pxampple gbdetempining| tha pepsr wleeeian val ue is

greater M&ﬁ@t& ihe R8hd £t a JifEbhaGE RiwhiPady b@?rdv%upt(ﬂ{eé'ﬁm%?eeded (step
203). If, on the other hand, the percent -11 WD 01/82438 PCT/ USO 7 12957

vol t age pesomeché fidlosheg:acteristic is |l ess than that desired by the |oad, an
induabor is used

Max. output power capability of PQIVR: 16 MVA
Fault MVA 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 capability of the PQIVR is fixed, the tault MVA would
need to be reduced to 37.7 MVA.
Changing the fault MVA of the distribution line from 343 MVA to 37.7 MVA
may be accomplished by adding an inductor having a particular impedance value 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 fault MVA (VAex): 3.43 p.u.
Desired fault MVA: (VAges): 0.377 p.u.

-12-



‘to change the inpedance of the distribution line. In this case, a

hypot hetical fault MVA val ue which would provide the desired voltage
protectiqon characteristic given the output power capabilit QVRis
det er mi ne¥OPYRHPB 204). The existing and 5 desired fault &@&%‘?@2 ée?ri stics
are then used to cal culate an inpedance value (step 206) using the

follow ng equation: Zr = (1/ VAdes) - (1/ VAext) (1) 10 Zr is then used to
det er mi ne t heTrppkigHahat elnadfuke ehcionedsiean@e) (aickds 208 addas tdithet he

followi ng equation: 'L = Zr [ (27tf) ,(2%{‘ 15 where f= frequency, of

oper at i ofistribgtion [ing istqalouiaid B supsdwEng theabqip e uet IntetReHPml NGbP¥e proper

value of an inductor to be inserted within a distribution line will now be

provi ded. One,exanple, S At hesf Wi ng: 20 Max. output power
capability of ZpQ) T TR T2 e T e butron i POl s A

The ratio of these paranmeters yiel a.relatively |ow voltage inprovenment
25 char act er | StSFRlIngF OLALOBYETSIPR fHgiey. 25?9?6? S}Sel%d(éao?\z.e 1 1gE0 ‘H“E‘Pg‘&f)bggt age
iﬂproveﬂﬁﬁﬁs & o PHRbA i fatmiil&l AUbRBspover capability of the PQ VR is
fixed, the Fault MVA woul d need to be reduced to 37.7 MWVA. Changi ng the

fault MVA of the distribution line from343 WA to 37.7 WA nmay be

acconpl i shed ByasaddiVitgs@itbaseyduct or having a particul ar i npedance value into
30 the distribution Iine. The manner in which the inpedance is cal cul ated
wi Il now be describegy,fpxvessbog/ihe existing and desired fault WA
values in per units (p.y.) (190 (80.0503) WA base provides the follow ng: 35

Exi sting fault MA (VAe,, t) ) § 4. Desired fault MVA: (VAdes): 0.377
p.u. -12 WO 01/ 82438(\%[(?{}@ /@ %}g\? The i npedance val ue of the reactor
el ement (Zr) which ivs_to be added to the L o

[5  where: Voo in KV is the system phase-to-phase voltage expressed in kilovolts

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

Zr=2.361 * 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 h.aving a value of 16.91 mH into distribution line 20
will allow PQIVR system 30 to provide at least a 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 reduces the “strength” of the
system. In other words. the amount of power available at the factory load 1s reduced
due to 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 load 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
voltage 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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“distribution line is cal culated by substituting the above values into
equation (1) above. Zr = (1/ 0.377) - (1/ 3.43). = 2.361 p.u. 5 A scaling
or conversion factor. Zbase is used to convert Zr into units of o

Zbase f oWODIBRHBEMVA base is determi ned as foll ows: Zbase —CW2§§8HB se 10
(Voo (KV) X 1000)/'13 (100,000,000n) (Voo (KV) X 1000)14' 15 where: Vmm
in KV is the system phase-to-phase voltage expressed in kilovolts In this
case. trb%uyé@elbﬁf sbeneeYitithl weud. @5eIbt Mot PQIVIRagsters AaP be ofilred THUS.  Zr =
2.361 * Zbase (ohns) = 5.312 ohns. 20 The inpedance is converted into an

i nduct anwler taingeeass thegvetpliavirtable 291tpablaﬁ>*éer Can’%@l&y@gthﬁ\zsyét%lﬁem L = 16.91 nH
(mllihenrie 25 Th Vialeugheof 16.91 nH
into distri bi)r(?rgﬂvﬁri e%% Jﬁﬁ’ﬁn n’?f ?Epéﬂégdr{r%tggm?on lzlalr o@? de at least a
42% vol bam&gel dYBp @vm&ﬂtthd factobeload usd cransrmksmaxdnetwotlhbS E’!M?ﬂll'so ofcreasé.aul t or

ot her contingency. |In essence, adding inductor 90 has the effect of
arti Pi cuakesg/&w“ﬁg fackr (PELetGRe f aCF%ég"a\dd? pHumeai /1(?l r §iReE ﬁgd’tt‘roﬁ?llsm ssi on

system %wE{]ﬁaatbtr'cbhEé’t dhA&he £ ‘c’iﬁcgpac;)’tgr bigerMehouldibel dnhdBRQY foant to

appr eci IRESF T ng an inductor wthin distribution |ine conmes at
sonme exgpasgutionrineaddai (Tthbamouadmf icapaditaecd omthe ampunted gorectiomeneeded sngt h"  of
the system |n other words. the nt of ailable at the factory
| oad | 5oHEH e HiF SCCHAL MRS ITIG TeRFAVE T T R S B Bl CRT R GrPebTs

di stri bFéﬂ B Vi intd e 8al %hﬁll cé}ﬁ&'tdr%hk@ﬂﬁi ifthidecedias demsBution Isfer engt h may
be problematic. For exanple. the factory 35 | oad includes |arge

el ed0r i 224 imsperdentlyito evpid ecgﬁumgh@cghrgeeaféq angsfin yoRagerincrepse Peasi ng  t he
system trensgslh to t e point where one 8 MVA PQ VR can achi eve the needed
vol t age PP OV BRIy not be acceptable. In these situations where one
PQ VR can n@th&adnisddyméhiears eadetithy otdpagé thengrimy.eFarexampleninehe t he system

strengt gm%gcrllm?e%tt dgs%nigfabove in conjunction with Figs. 4-6, a PQIVR system was used to
provide the real and reactive power needed to boost the voltage on the distribution line of
15 the utility power network. However, it is important to appreciate that other voltage
recovery devices capable of providing either real or reactive power, 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

- 14 -



“WD 01/ 82438 PCTIUSO /12957 reduced bel ow sonme critical value, two or nore
PQ VR systens may be required in order to increase the overall available
out put power capability of the systens. Moreover, because of the increased
i npedance of the distribution line, the voltage drop between the factory

| oad and transm ssion network 18 will also increase, 5 unless the power
factor (PE)‘a”Qﬁ the factory load is at or near 100% If not, additional
power factor correction in the form of capacitor bank 28 should be
connected to distribution |line 22a. The anobunt of capacitance or the anount
of correction needed i & metjodbf providing \aithgmproranomitomrasadthgeecdvead bei ng

served. The PF correction capacitors can he divided into several small
capaci t or SPHAKY aalﬁa‘? FWF‘F%‘B@E‘E%&P %Hil%‘l et R ytilineporier pstvarkdBsendent 1y to

avoi d pr oggmoagoﬁggsihgr ge of change in voltage (increase or decrease) too
qui ckly. Qther enbodi rents are within the scope of the clainms. For exanple.
in the enbodi nenseleitisg mivobiakegivoteetianchamajenstat iequired tyth&lggsd; ad- 6. a PQ VR

system was used t rovide the re and active. .po needed to boost the
Vot age on the di SerREiegih PP RetiSet <&l SRy Behs VBRE Sk erponever
it is inpgysteanind e aRRIREDAhGWORAWHRIHRLThe WOlARABCOVEBCHYRAYs EfpabRast capabl e
of providing either real or reactive power, or both. including flywheels,

bat t er i esproyigngcthe regsired golinge prasecaige charaetemstisank, conpressed gas energy
sources, and fuel cell systens (e.g., those that convert carbon based fuels
into electricity and its associated energy source) are also wthin the
scope of the invendtionTh@fhethod4f Claimh WBvhbreifdé¢rerintinitg o¥hefepitiediohggevol t age
protection froma vol tagé) recovery ystemio a | oad connected to a

di st ri but T6AVREEYRHK ss@Paple,eh arpyidingdereanissdarsiiage piotectieliseetetistipr i si ng:

sel ecti ngjRMed:-t age protection characteristic required by the |oad; and
determ ning, on the basis of electrical characteristics of the voltage
recovery system detemtiniog difsult ¢ument capabibityabakactenibtet dfcthe diseibutdit age recovery
systemis egagg(bl e of providing the required voltage protection
character"StP&> 2. The method of claim1 wherein deternini ng whet her the
vol t age calculating a maximum voltage improvement characteristic that the voltage

recovery system can provide; and
comparing the voltage protection characteristic with the maximum voltage

improvement characteristic.

3. The méthod of claim 2 further comprising, following the comparing
step, if the voltage protection characteristic 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.

4. The method of claim 3 further comprising, electrically connecting
within the distribution line network an electrical component having the line impedance

value.

5. The method of claim 4 further comprising determining the ampacity
of the distribution network and sizing the electrical component to meet the ampacity of

the distribution network.

15 o



"recovery systemis capable of providing the required voltage protection
characteristic includes: determning a fault current capability
characteristic of the distribution network; calculating a maxi mum voltage
i nprovenent characteristic that the voltage recovery system can provide;
and conparing the voltage protection characteristic with the maxi num

vol tage inprovenent characteristic. 3. The nethod of claim2 further

compri sing, Tolloyl N9 {RemHTRRE LA s3HiRRin e JdiGickPLAARRAAOhPCt T On
characteristic is greater than the maxinum voltage 1 nprovenent

char act erindbdter. determ ning, fromthe fault current capability
characteristic and the nmaxi num voltage inprovenent characteristic, a line
i npedance value to be added to the distribution network. 4. The nethod of
claim3 further conpripidigetnsh BELHIS A her QOGN ectibd Bnidifing the
distribution line network an el ectrical conmponent” having 'the |ine inpedance
val ue. 5. volitage reeb oy systene kaathendtrihmtibh eetwoonetive¢midpe dletteicali compgneriie anpacity
of the distrhbution net wor k and sizing the electrical conponent to neet the
anpaci ty %F“’?W@“HPQ???%%W Sn network. 15 0 6. The method of claim 5
wherein the electrical conmponent is an inductor. 7. The nethod of claim4
further conprising electrically connecting the voltage recovery systemto
the distribution get woFhe rmeehwéeﬁclam4@r&@twr@msmg)prsw%mtpo“@n@ctqne utility
power net . 100.0f claim4 further conprising providing power
factor c%?%é@??%ﬁﬁ %gﬁﬁggﬁfgﬁ?ibution line. 9. The nethod of claim8
wherei n providing power factor correction to the distribution |ine

i ncl udes connecti at | eas ne capacitive element to _the distribution
line. &g The metﬁlog o? clainP g where\lln providﬂFg power factor correction to

the distribution line includes connecting at least one capacitive element to the distribution

line.

10. The method of claim 9 further comprising:

adding a first capacitive element to the distribution line; and

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

11.  The method of claim 7 further comprising operating a voltage

recovery device to transfer reactive power to the distribution network.
12.  The method of claim 11 wherein operating the voltage recovery
system includes controlling an inverter to control the level of reactive power transferred

between the voltage recovery system and distribution network.

13. The method of claim 11 wherein the voltage recovery system is

operated in response to a voltage sag on the distribution network.
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*10. 'The nethod of claim9 further conprising: adding a first capacitive

el enment to the distribution line; and adding, after a delay period, a
second capacitive elenent to the distribution I|ine. 11. The nethod of
claim7 further conprising operating a voltage recovery device to transfer
reactive power to the distribution network. 12, The nethod of claim 11
wher ei n oper at i nglthe Pordliagereceiesy gysiem &y dsemith gatiliaowes REMOFE i ng an

i nverter m%@g%g@éns&%ioml gg.g%rﬁ Eﬁ%ﬁ}r ﬁﬁEQ’ngW‘g‘_ﬁfa%%%ﬁ%dfﬁegﬁ;ﬂfgﬁn t he

vol tage rec system an Istributio t wor claim
11 wher ei moltdge rargetaadie disedonien Jins yaverk, ekctriopléy ainadcteditoraetspemisiono a
vol t age tribution network. 16 0,.14. A vqltage recovery system

sag on the, .di.
for use V\/_P‘%Woa" the 4‘?tf‘§ml5’_c5‘\/ﬂ§fw‘?f RO RE avRLpgsdy ‘HQT‘&S??‘)& PHRISEIBIReY i ne” net wor k
for carr Y'V('S‘lgag@_ré.‘r%le}l@%r hhh Heirst Jréd’e&tnnme@%ttﬁge% C and’ﬁﬂvtit?gg(ﬁstfiﬁl'i‘t% and a

distribution’line network, electrically connected to a transm ssion

net wor k, tihes cdiupled kdniti¢asthonedoads the volinge icngvesy sistemagmmprisiig:n a second
predeterm ned voltage range ower than.the first predeterm ned voltage
ange. and"havi ng® SEERTBUT Y FViE RRucaat Be T S8k T Yl ¢ he
vol t age r peeVEy Meﬁyéécﬁlﬁgﬁ&m pioivide re) aM@dad@R: PoRedveihy dieitugien Gasnect ed to
the distribution network, the voltage recovery device configured to

provi de r Bgtwodnandrtbaattlpastonsdped; and the di stribution line network and the

A heast one ) oats ARt ARRANPRe AR, Jal WA IPSHRREE e oligae ) eCt o
such that the voltage recove evi ce provides e real and re ive power
to the di sfcovdiydevce pronidesthe deab niid feactdrtpoweetoathe disttibuton Bnesatfafsuffichenit

duration to nmintain_the voltage at.the at |east one load within. the
second prI?H%ltaé‘FIE?rr?e%‘f{VB?lttélQ@“P F@@a@m@eawk?@oﬁéﬁm%%wn@maés . 15. The

vol tage I geQU&iY pRafiteBinl vikae Tt ABR! £hreddBienifQIMARRAY, i S an i nductor.

16. The voltage recovery systemof claim1l5 wherein the I ne i npedance
val ue of the inductor is determined on the basis of the fault current

capability charagterigfic and the maxlmumvoLL 39S Hmr A ETEB nent is
characteristic.
an inductor.

_ 16. The voltége recovery system of claim 15 wherein the line impedance
value of the inductor is determined on the basis of the fault current capability

characteristic and the maximum voltage improvement characteristic.
17. The voltage recovery system of claim 16 wherein the electrical.
component has an ampacity rating at least that of an ampacity rating of the at least one

load.

18.  The voltage recovery system of claim 15 further comprising power

factor correction device connected to the distribution line.

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

correction device include at least one capacitive element.

17



*17. 'The vol tage recovery system of claim 16 wherein the electrical
conponent has an anpacity rating at |east that of an anpacity rating of the
at | east one |oad. 18. The voltage recovery systemof claim 15 further
conprising power factor correction device connected to the distribution
line. 19. The vol tage recovery system of claim 18 wherein the power factor
correction device?Pncl Jgévalﬁaaeéa%qvewésterapé@la@m\}8 wiegsip e PO¥Er 0 20. The
vol tage re§oMEhY dsvist fiuaks-c! @i m 19 wherein the power correction device
includes: a first capacitive elenment connected to the distribution |ine;
and a second capaaeiftsteepzitomeidmeanocommettedtd the theibdiist ihquhdon |ine after a
delay period. 21. The . voltage recovery system of ¢laim.14 wherein the

vol tage recovery2d&Pnd&aRAGEINGSE e&hc‘?'\%@?‘f@rtm? 1S HP?’g]m%fEer r&§Y of
reactive peywy transferred between the voltage recovery system and the

di stribution network. 22. The voltage recovery systemof claim 14 wherein
the voltage recovery device is operated in response to a voltage sag on
the distribution twork, 3. The method of claim 11 further conprising
operating the vol ?g'ge %838@3&%7“&’89?@@&?‘8 #F@H@f 4rW]Feéfé.‘Pﬂb%Y/9§ttag?o t he

di stri but i@6vétedesitKincRdes digvered Roebrbl theddval 32 rapbevediower ReAF & t he

vol t age recover S}/stem includes controlling the inverter to control the
| evel of b@meefpé\%@ tagednedvent watempadeedistribatieronatwerk. r ecovery syst em and
di stribution network. 25. The voltage recovery systemof claim21 wherein
the inverter controls the level of real power transferred between the

vol tage recovery 32%st effhanoltdgee@ecosterytsystbrtof olin ¢4 whietein th8 Qoltage

recovery device is operated in response to a voltage sag on the distribution network.

23.  The method of claim 11 further comprising operating the voltage

recovery device to transfer real power to the distribution network.

24. The method of claim 12 wherein operating the voltage recovery
system includes controlling the inverter to control the level of real power transferred

between the voltage recovery system and distribution network.

25. The voltage recovery system of claim 21 wherein the inverter
controls the level of real power transferred between the voltage recovery system and the

distribution network.
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