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I nvention s This present invention relates generally to the field of

al t er natyypQ@spdghfent (AC) electric power systens and electric power
conversion systems, and in particular, to a system f8FTRSP¥ing a

vol tage dip condition in a power line providing electric power to a |oad.
10 Background 1In an electric pomé#"systenl el ectric power is typically
generated by a generator and is transmtted through a transm ssion and

di stri bupyNamgt i r.C power is
fed to a | oad. Nﬁ%???%@%?@ﬁ%%%@ﬁ%ﬁ%ﬁ a nunber
of requirements. Such requiresIMECISWITCR t hat the vol tage shoul d be 15

- sinusoidal, the frequency should be 50 or 60 Hz, dependent on the country,
and that the voltage anplitude should be of nom nal value, with deviation -
wi thin normal regul ation. TedBadaPFic@ofifle Inhenitgl t age of the el ectrical power

suppISy from gﬁg regﬁi,remants may cause operational problenms at the load. In
parti’cul ar, PLGSEH 1Rerion retickeraciallndo the field of glterthting cufrerd (AChuses t he

| f ' 2 i " hik :
mal £ uncielegiic GowefISysRARMUnd dMtid Pﬁvﬁwﬁ‘%?ﬁ%ag%w%gﬁ%f% !EZT%J% a{ g’n"f;. A vol t age

manuf acturing plants, or other stria C

dip is ﬁng%ﬁoﬁfr‘ﬁﬂgrﬁm‘ﬂmadiy corstitinn in e power lideprovdding glectad p@tegesd i ¢ power
supply, jpsgnd is typically caused by a fault on the electric power system A
vol t age Si p may al so be caused by a |load on the electric power system
drawing a high current fromthe electric power system creating a voltage
drop.across the inpedance of the electric power system 25 This voltage

dr og appears as a voltage dip abatggounshd. | n a 3-phase el ectric power

system t he Inagnide ofer byieny @lek WORITHE | fferent in
each vol t age of ,thgﬁqé Sﬁa}g’es,_ al ?ﬁ?ﬁ%ﬁs‘ﬁ%&%@%&ﬁ&%&*ﬁy?% mt?rt age dip is

L on o0 e VO
t ypi cal #4415 ppseuttedethwpgh e franssussion and distribetion meftwartiwe customer éocatians, and cont r ol

met hod Qe Bl : S en devel d.to.conpensate for a
vol tage dip. 661&%%%& n?g%%hﬁééé o 1B tsgpﬁg"’ﬁ eccg{?d"’%?? dipis
descr i beeetiamuydePaf mqtirddoentsS, 828 r@&@RethentSeie tek 1) volilfd shoBRtNt descri bes
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voltage amplitude should be of nominal value, with deviation within normal regulation.
Deviation by the voltage of the electrical power supply from the requirements
may cause opetational problems at the load. In particular, one such deviation known as a
voltage dip, often causes the malfinction of equipment, and the shutdown of
20  sophisticated manufacturing plants, or other industrial and commercial systems. A
voltage dip is a sudden and momentary reduction in the voltage of electric power supply,
and is typically caused by a fault on the eleciric power system. A voltage dip may also be
caused by a load on the electric power system drawing a high current from the electric
power system, creating a voltage drop across the impedance of the electric power system.
25  This voltage drop appears as a voltage dip at the load. In a 3-phase electric power
system, the magnitude of the voltage dip will generally be different in each voltage of the
3 phases, although the duration of the voltage dip is typically approximately the same.
A variety of power conversion and control method or voltage compensators has
been developed to compensate for a voltage dip. One technique used to compensate for a
30 voltage dip is described in US Patent No. 5,329,222 to Gyugyi et al. This patent
describes an apparatus and method for compensating utility power line transients with a




25 Cctober 2006 WD 03/098771 PCT/ S&2/ 00077 -2- series injection voltage
that is generated by a three-phase inverter with a conmoas ickabet 2006ur r ent
(DC) bus and is coupled to the three-phase power |ine through a coupling

i njecti ornmer. However, if applied in a |ow voltage el ectric power
system %@@’E@Ie of a three-phase- inverter with one%8& 8% bus and an
I njection transforner is 5 not proper. This is because the cost of the
coupling injection transforner is"ffgh, and the injection transforner is
heavy and has a big footprint. Furthernore, the injection transfornmer may

have i ntgf0@led: OBy, gause additional voltage drop across the

i nj ection eggl&%cggﬂg?%gagg &?’I %“ro‘F yailggt;- FOIEVe i‘@&ﬂ)‘?"?"é@g‘ éj)%ﬁtp may be

over comewrday (BGhbigand tyg ciuipiedi v ikt thfeephase ok Tike MRboL@0Q dpkyTPensate for
but this causes a reduced

the vol t age drop.duri 10 nqrnal . operation, |
operat i bnﬂl&g?lf F‘%‘F)Sgoﬁlgﬁr gﬁ"‘f’W@“éEB@B”&&HEa loy geltage slectrigmomsesysteas s que of .
conpensadel ¢ft thee-pisdeim@Reitwitl ohd cHBRs] DPShsiaRd %i‘ﬁgﬁﬁﬁggﬁ%‘#m? 583, 796 to

Cheng et al. This patent describes apparatus a restoring
vol tageniPpRpet sThigis heqansedhe pashekibe parplinginjentiothtramsbomerinhiks doditheand a
coupl i NGidchRdhe Gk ; f : equent | his deyice and the nethod
have a sim | a?%ﬁls?drﬁnt%gﬁ E)ln sﬁ{dﬂg{s a?e@??ol i% Atenit BEYE 222 in that
‘hi gh oplesnstormer redyf haye évteryal dmgedanteothatvnhyt agee siidiHonalaoliggsdrbi gcrbdsj ect i on
transfao . n be achi eved sinul t.anequsly. Yet another technique of
comens%%%c%ﬁé%%nggbémmﬁgnp REISPT pels veltaze droprat beotwgrcomgbl i cat i on
No. PCTHySBAALRHQTH TnverfPoyiEie Aoltadits chbithiAddok B8 voRfhe @f&idrﬁ S an

o

apparatus and nefhod that is suitable for application in w Vol t age

el eld r iR pReERtoBy buto ke hauses ggretleredyvenecratige affigiency | of thei sppamtiiod,

I ndepenfi@Msed. nverters are directly connected to each phase of the power
lines to the load. As no coupling injection transformer is used, the cost,
wei ght and: fAsether teehmique: of trenpeosatieg & tvoltage dips bedesiribediz 68 Pat¥@tNanot her

t echni I.ngf.0r _vol ta dip is descrihed in US Patent 25 No.
6, 118, %3?%639@3%9%?{ a .Til‘ﬁiPS%Bg?%ﬁ‘Eebea@gE‘Fﬁ%%émgwﬁw t10% TesioEnget hod t o
-conpensaltege diprusiag uehreagitaselinPertis il ol BERR IO YusdBH ia\éﬁﬁb]jﬂlﬁ‘i}{]b igf remaining
vol tage of. the power line, during the voltage dip. However, en the
rengi ni Wef'ag"gn%ﬂ“‘lnﬂﬁ s devicesand fhe methed haye msimdpn Brydativnpsiteat ver y | ow, or
t he defebrigbd s MRk 8889 65051 | L& LI for. th met hod to
obt ain en(rjlu h, ener gy t,oﬁ%g%%ﬁg}%t%ggg%ogn@%%ngggﬁ uIrotv‘h‘gﬂrlt,“’léed%P]i3 ng the

across the mjection transformer cannot be achieved simultaneously. :

Yet another technique of compensating for voltage dips is described in

International  Publication No. PCT/SG00/00057 to SP Systems. This publication

20 describes an apparatus and method that is suitable for application in low voltage electric
system for compensating for voltage dips. In this method, independent inverters are
directly connected to each phase of the power lines to the load. As no coupling injection

transformer is used, the cost, weight and footprint of the compensator can be minimized.

Yet another technique of compensating for voltage dip is described in US Patent

25 No. 6,118,676 to Divan et al. This patent describes apparatus and method to compensate
- for a voltage dip using the energy derived from the remaining voltage of the power line
during the voltage dip. However, when the remaining voltage of the power supply during

a voltage dip is very low, or the depth of the voltage dip is high, it is difficult for the
method to obtain enough energy to perform the compensation. Further, during the

30 voltage dip and the dip recovery, transient current may be drawn from the power supply.

| The power conversion method of this patent makes use of a half bridge inverter that




30 voltage dip and the dip recovery, transient current nmay be drawn from

t he power supply. The power conversion nethod of this pat©ntobersd086 use of
a half bridge inverter that 25 October 2006 -3 requires a higher DC bus
voltage than a full bridge inverter for the same anobunt of output voltage.
In addition to the above vol tage'%brrpensat ors, uninterrupted power supplies
(UPSs) has been used to conpensate for voltage dips as well as voltage
transients, [ voltage swells and drops. However UPSs normally consists of
nor e swiqpicdsiarighdeN bessyoltagepbamsi fulk bridgn tinvertdr dor sheasatie gt ehetpyy st orage units
t hat rrak]? UPSs nore expensive. Such a UPS has a further limtation in that
it norYBI® operates at a |l ower efficiency. The prior art thus fails to
provide a | ipghddiindBtihe ABME REIMTZE \BmpaatbisIhifkilfbepiwsdupaRs t 0 conpensat e
for voltage dips that can cause maltunction and shutdown of industrial and
commer €VB$s) dps besrpisedSimenmnensgste foh evoltapgadins asrwéethtrovilizen transifits, he pr esent

invention substanti.ally over . or.at least. aneliorate . one or nore

o sy Anazs 2S5k s e S IR an iy S congiior g vtk GuigBt of the

I nvent eQbnsitéedntrollérs BADMI R ey MpRRB LRI RA ke ISk g c.ponrgpansat or for
conpensating volgf%e dips in an alternating current electric power system
t he dyfueh £UBS hisestuythertlugjtation inpdpisbrasmalboagsrates ah g :lovaey cllirésngy. st or age uni t
f.or storing,enerqgy .in t f or m. of Vol " r ring static
swi tch conngg?g ﬁgtt\g\lése%ﬁsl tﬁﬁﬁ@‘%ﬂ%ﬁ%’%%%lﬁ’ lﬁle %’lsh‘%lagﬁééﬁr%hcg&gynam c voltage
conpengali& tof psBkRClof Velkage GRRNAAT dah Galidaandlfipttionadid uddpwh oft ermi nal s; a
series injection inverter connected in parallel with the current sharing

st at i cindysifial epd gomrnesdiplFEstesng t he DC vol tage from the energy storage unit
to AC voltage; and a systemcontroller for detecting a voltage dip on the
input termnal and for controlling the current sharing static switch and
the series injection invesimhary il Invedtiohh no vol tage dip detected, the
systemcontroller controls the current sharing static switch to be
conduct i ve Fapodizents of the pueserninvenjien substaptiply Beeremsie. Briduls?s ve for anot her
part o 2 : eries injection inverter to
conduc%m%)lg(r?%te%géérﬁig&r%%%%dg%?t%gcj&%&gﬁ%%ﬁ% P%'rn‘i nal s, and upon the system
control | er detodibg fgam aspetit &0Me Ghv@ntidn|) €hefey Bt@tRided a dynamic series

voltage compensator for compensating voltage dips in an alternating current electric
power system, the dynamic series voltage compensator comprising:
r an energy storage unit for storing energy in the form of a DC voltage;

a current sharing static switch connected between input and output terminals of
the dynamic voltage compensator for selectively comnecting the input and output
terminals;

a series injection inverter connected in parallel with the current sharing static
switch for converting the DC voltage from the energy storage unit to AC voltage; and

a system controller for detecting a voltage dip on the input terminal and for
controlling the current sharing static switch and the series injection inverter wherein, with
no voltage dip detected, the system controller controls the current sharing static switch to
be conductive for part of a current cycle and to be non-conductive for another part of the
current cycle and controls the series injection inverter to conduct part of the current to
the output terminals, and upon the system controller detecting a voltage dip, the system
controller controls the cuﬁent sharing static switch to open and controls the series
injection inverter to inject a voltage signal between the input and output terminals to

compensate for the voltage dip.
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controller controls the current sharing static swtch to open and controls
the series injection inverter to inject a voltage signal5Betohere?)dhe i nput
and output termnals to conpensate for the voltage dip. 25 October 2006
WO 03/ 0%@3@“95(,?'/ SQ02/ 00077 -4- Preferably, the current sharing static
switch conprises: anti-parallel connected thyristorsECa> ¥ hyri st or
drive circuit for receiving a cont r40I signal fromthe systemcontroller
and for providing the anti-parallél’ connected thyristors with a firing
signal in response to 5 the control signal wherein, with no voltage dip
detect ed, thersRtalleMEQMROhhEte GRRL é@c&%ﬁsésbyrl stor drive-circuit to
provide the firing signal after a predetermned period after current

t hr ough the eéuirpaplicl soraestadjthyrisiorsandwi t ch crosses zero. Preferably the

series injectign.i i a full bridge of swtching, devices,
and while t htélﬂgﬁlrs #%@%ﬁ%r@%@?%ﬁ% 2SR sgnal @%}ﬂ%ﬂ%ﬁ%‘& PBIFET conduct i ve,
~the 10 agdifargphividingithe iantbpaalied comietied st withatirimOsidol ndegosdegnal is

i nj e%teghbetﬁﬁllen t ehin ut . and output termnals. .Brief DeScription of the
Dr aw’ngs “ERb! %%‘H’i whgein, gith fjocwaliage §ip vlsteeted ribs\systemh epptiglerontaels bed wi t h

1 ef er enay dridiradivt Lidiat oside ke Mhleimal der alortdbiimnicd AR dhop! OCk
diagramillustrating a single-phase inplenmentation o a‘dynamc series

vol t age RGBS EEuendhe Gurenf sharingstatin switthaarosseg zemat i ¢ switch, and the manner

appl 1 cati on © el g Splef bl % TREBRRS L AME HERRL SEisTifl of 1 ne

dynani c dededscandvebiteathe cowenp ehaingatatic switth isSconfrolfeddiottai doaductiod)anat i ¢ di agr am

of sy . CO ol ler qf the dynam c. series, vo]tage conpensator; FIG 4
i s goscaéﬁn%gcd%cgsc?e 8@8}68%1?‘1 %%ﬂor‘ﬁlltﬁwl af ’r‘?rlg'é‘-’tﬁ‘i%g%t@fe‘? £ @WBht ati on of a
dynam casdoutes teyinkRge conpensator with current sharing static switch; 25
FIG 5A shows an oscillogramof a typical voltage dip fromthe AC power
source; FIG 5B shows an oscillogram of the output voltage of the
singl e-phase dynani ¢ sepiiepnielip@GPoiREBEARALPT during the vol tage dip
illustrated in Fig. 5A '

' Embodiments of the present invention will now be described with reference to the

15 drawings, in which:
FIG. 1 is a schematic block diagram iflustrating a single-phase implementation of
a dynamic series voltage compensator with a current sharing static switch, and the
manner in which the dynamic series voltage compensator is connected in an application
circuit;
.20 FIG. 2 is a detailed schematic diagram of the dynamic series voltage compensator;
FIG. 3 is a detailed schematic diagram of a system controller of the dynamic
series voltage compensator;
FIG. 4 is a schematic block diagram illustrating a three-phase implementation of a
dynamic series voltage compensator with current sharing static switch;
25 FIG. 5A shows an oscillogram of a typical voltage dip from the AC power source;
FIG. 5B shows an oscillogram of the output voltage of the single-phase dynamic
series voltage compensator during the voltage dip illustrated in Fig. 5A;
FIG. 6A shows an oscillogram of a typical voltage dip from a three-phase AC
~ ‘power source; and '
30 FIG. 6B shows an oscillogtam of the output voltages of the three-phase dynamic
volfage compensator duril_lg the voltage dip illustrated in Fig. 6A.




FI G 6A shows an oscillogramof a typical voltage dip froma three-phase AC
' power source; and 30 FIG 6B shows an oscillogram of tha>5&gtober2608| t ages
of the three-phase dynamic voltage conpensator during the voltage dip
illustr (E@oi{‘n ig. 6A. 25 October 2006 WD 03/098771 PCT/ S&2/ 00077 -5-
Det ai | e L& 7hbtion Where reference is made in any dS&S502%8Fe of the
acconpanyi ng drawi ngs to features, which have the sane reference nunerals,
t hose features have for the purpoégs“ of 5 this description the sane
function(s) or operation(s), unless the contrary intention appears. FIG 1
Is a schematic diagramillustrating a single-phase inplenentation of a
dynam c series vol tage conpensator 100 connected between an AC power source
105 and an AC | oad 106. The Wstaided Resedpéims vol t age conpensator 100 is

operable to (o) e for.voltage dips in the supply.voltage fromthe
AC power sou?@g&fg%?&ig%svﬁecgef’grar??’fﬂ ObfroF ?‘JthF @%‘i‘m}?&‘? grayings ic%% al so

i 11 ust r d¢atules, Fhieh diynahé enpatfeffce/Qinads thaORRRARS RLRY fol A pipYsabBo be

enpl gye phase systemto conpensate for voltage dips on the

dn a . multir-
suppPy g‘Bft fERt9n iy sanes [f%%cﬁ%‘éfr??l 0% opdipANE).nHalessthef coptrety mtentibn i - phase
syst em afpebRr €e- phase inpl ementation of the dynam c series voltage
conpensator _15 100 is illustrated in, and is described with reference to,
FIG 4. RefefliG dgistapsqbpumaticl diagiam idysteafing assingleephaso inplgmentaivperfsat or 100 of

the pre ' | cur t shari static swtch 101, a

seri es Ihﬁj ec??eg%gpglvgrtgélp i@géoyggég%%ﬁ{ Q%W?‘?noﬂnl éE TfgFEOmtrol ling the

cur r ent aighan iAtY letlatloc The deinndi0 beteadvdliage s@fipeRSator TGOEHL bRfabler ter 102,

and @n energ#s ora&eﬁﬁu.it. ]tﬁ4 fog roviding energy in the formof 20

di rdte &P e%’b_é? 1¥REg8 (1o SHRY YRirpt bomrbe &G BV HowEe 805.182. The

ener gy ShfagRIaInis bl b aipl B ARl AThd dyhii€ I0RAE Jothge @ | | yuheel
vi de ener gy

system a battery or ‘any other "nmeans that can pr n the form
of DC venmRegwior T8 may plsetbesavanioved intaaminbi-shaie systedOto cempamsaie dored i n

o Lol 156 019 Ry 0 VR M AR S SEIDCLS0
r espect phast system. nethreeaphavd ingplchit@iation pf v idphechiaseric@valiage Pahpensathie ener gy
st ofa geldbnliﬂ._ }lluslhoa%edoltrl,oa\llliclgsedgesén%%d %th\l{eqjer%&%eto,tF(I)G:[ 4f.1e series injection
Referring to FIG. 1, the dynamic series voltage compensator 100 of the preferred
embodiment includes a current sharing static switch 101, a series injection inverter 102, a
system confroller 103 for controlling the current sharing static switch 101 and the series
injection inverter 102, and an energy storage unit 104 for providing energy in the form of
20  direct current (DC) voltage to the series injection inverter 102. The energy storage unit
104 may be formed from an ultra capacitor, a flywheel system, a battery or any other
means that can provide energy in the form of DC voltage. '
The current sharing static switch 101 is connected in pafallel to the series
injection inverter 102, and both are connected between the- AC power source 105 and
25 load 106 through wires 107 and 108 respectively. A neutral wire 109 is provided as
return path. The energy storage unit 104 provides the DC voltage to the series injection
inverter 102 though wires 116 and 117. The system controller 103 and energy storage
unit 104 are also connected to the neutral wire 109, from which a reference voltage is
acquired.
30 The system controller 103 obtains an input voltage signal to the dynamic series
| voltage compensator 160 from wire 107, obtains an output voltage signal of the dynamic




I nverter 102 though wires 116 and 117. The systemcontroller 103 and energy
storage unit 104 are also connected to the neutral wire2i@gtoberH¥Pwhi ch a
reference voltage is acquired. 30 The systemcontroller 103 obtains an

I nput v jgnal to the dynam c series voltage ns r 100 from
wre 10?&!6%&)?86'{'%”5 an out put vol tage signal of the dyﬁ%ﬂ%@)%@&%ﬁ ober 2006
WO 03/098771 PCT/ SG02/ 00077 -6- voét age conpensator 100 fromw re 108,

obtains a current signal though signal wire 115 of the current through the
current sharing static switch 101 neasured with a current sensor 118,

obt ai NS vt chRPéns@bOTT frérh @08 SRRl 2 Mkft &%% glfgﬁéﬂ‘sg%n%ggérgﬁsgt hrough the

series injection inverter 102 neasured wth a and
obt ai ns 04 teceysignt Brapghtthe)eumtnt sharing] stitinj ssitch dA1 i massured withO2 cirlmbugh si gnal

wire 11 i i 1) m.conf.r er 103.controls the
current ges g“rj}%’g 3t at \l‘éngué\emlﬁt %ﬁougﬁ¥%§%eoﬁor%ﬁ] i en%ﬁ%fg%&ﬁ% control s

t he ser iseties fimjgation inverteml02r heasured miii gheueromtsesor [119)e8d bbRinsadd b3s Duri ng

nor mal operation conditi.ons i s, when the_ power, source 105 provides a
vol t ge"&%tg Phseﬁl?@@@??%wfrfeﬁﬁ&aﬁmﬂlﬁ]émgﬂﬁiwgﬁl1&8ﬁ{‘vfﬁgil"glwﬂfdil-cghﬁ rol's the
current systead tad@olickQ 08 teahtrdls B¢icki&bht 5Rking 3A4E BRitdL1018@rdubh E&itloPlind NVerter 102
such thii,ﬁ%gqe] current tq . the load 106 I's shared by the current sharing

0 .the |¢ g by
static copyals Hiecerialdnjgation nverterjtererghonnitellises B2 and213. The nor mal
operation c bl ' : : i ter he .current sharing
mode. When the fgita%ér%% %%?%o%%&lg%@gﬁétgj g%f%ggg‘@%rlst% ‘éfé’g?%#%gPﬁ%ﬁ% the AC
power s¥eliage within prefibsd Himits, thérsystetthepnfrole 0B nenkrdls whiet Syremtuhating s det ect ed

t hr ough e re t of the. volt on wre 107, the, system controller
103%cjon?t%%1 Ss“q@ %ibﬁc@gﬁgﬁengﬁﬁchﬂl @Y%ft%ﬂg ﬁozsg\‘/!ﬁ’%ﬁt th‘i@‘!l!'re_tnbm a‘IaHﬁ the series
I'nj ect i 3rshared by tercuk@dt dharihd bekd svARAIN0Y ab@iheRhed BN Sed@ f2.2and 108 so

t hat Al ower at or, near the nomnal voltage level is provided to the | oad

106. Theby gresianecondiion 4g @lse gatseers iy bereinafter asnibe irrgrdrshiringl ar t he
series jhpfeection 20 inverter 102, thus injects voltage between wire 107 and
wire 108 so that the load 106 receives a dip free supply, as is

i |1 ustrat ed Wyenthy sfstomeanzllerA fuisiects e tvaltdge dis frvarthe AC mhivegsameof t he

TR0 LB ML S GERERGEL it ) R Pt o ™ cut o
nor e detoltege orswird 00W) tied syslam ctrolen il 03 BetioRGhS Eidbdn€ sifth} Shiid Qitc@nd t he
ser '3 10110 open and the series injection inverter 102 to inject energy between terminals 107
and 108 so that AC power at or near the nominal voltage level is provided to the load
106. The dynamic series voltage compensator 100, and in particular the series injection
20 inverter 102, thus injects voltage between wire 107 and wire 108 so that the load 106
receives a dip free supply, as is illustrated by waveform 122.
A more detailed schematic diagram of the dynamic series voltage compensator
100 illustrated in FIG. 1 is illustrated in, and is described with reference to, FIG. 2. In
particular, more detail is shown of the current sharing static switch 101 and the series
25  injection inverter 102, The connections to and from the system controller 103 and the
‘energy storage unit 104 are also ilivstrated.
The current sharing static switch 101 includes anti parallel-connected thyristors
210 and 211, and a thyristor drive circuit 212, The thyristor dtive circuit 212 receives a
conirol signal from controller 103 through control line 114, When the control signal on
30 control line 114 is “HIGH?, the thyristor drive circuit 212 provides thyristors 210 and 211

with firing signals so that each of thyristors 210 and 211 becomes conductive while




25 injection inverter 102. The connections to and fromthe system

control ler 103 and the energy storage unit 104 are al so2§ Ocigber2006d. The

current sharing static switch 101 includes anti parallel-connected

t hyri St%éﬂ&;’%}g and 211, and a thyristor drive circuit 212. The thyristor

drive ci'feUlt 212 receives a control signal from coiGTIPEIT03 ¢ hr ough

control line 114. Wen the control _signal on 30 control line 114 is HGH,

the thyristor drive circuit 212 p'r?)T/i des thyristors 210 and 211 with

firing signals so that each of thyristors 210 and 211 becones conductive

while 2 ; . o/ 2/ 00077 .- 7+ respect.ive proper

vol tage%sgbg????p@g%%?ﬁ%agﬂ %ﬂ%‘r}é g@‘?&%’éﬁgﬂﬁ © LB AR c%ﬁroﬁﬂ:ﬁ rol line

114 i s 11408/ TOWe thethyiiseralrivd cirmet 212 dass tnoRprdvideetiynadrs RIOWADESE t hyristors
210 and W th Fir si,gnal s dt ristors 210 .and 211 form an

" open ci F%%%g%n%l%gndq?@sh%e%?@eﬁ@u@‘gﬁﬁ? 8% 1PPEhPREWE Hhen ) and 211

r eachesrezpactive Gurbhisth®agh ristts @00 AP 11 R4ekdsGEro102 incl udes a ful | bridge of

- switgching deyices 200, . bridge drive units 205 and 206, a sw tching

har mbni cs f i HHeeFresiRlotsn igyrter Kaiarhides iyl bridenekotitsing devicas?80DC suppl y

- Vol t agebdpR Riive dnkd 2% 200 1 g [s cahdcll§Sygbl6 and 117.
The ful e e it 2 tchiﬁ?ﬁg%@ggl%%gﬁ%%f’;agg%@% ERelPA®By. cat e-

Bi pol arGOFﬁ%ﬁ*Eﬁ( evep e 1€ crply woltdge amprilied diroad thelenaransedge dnft 6 wheae! i ng di odes

201, 2 n 1:he swi.t chi harmonics, filter consists of a

series O%Beﬁ%g% e l?hg‘agﬁ‘lglrb”%%fsgﬂ%ﬁ’@ﬁagweﬁgw%l‘ffmé’lféwaﬁeérﬁ?é%‘t ed between

 the outhigolat ramitais(IGBTY ith ik barbidl doncdled fROhAIILG AicdAVINS90200, Wi th the
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wire 15 108 for forning the output term e series injection
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nmode, gnd, vice versa. Simlarly, when the control signal oncontrol |ine
113 is 01731]1@-1‘11? mpeermina] of the series injection inverter,

The series injection inverter 102 receives control signals from the system
controller 103 over control lines 112 and 113. When the control signal on control line

20 112 is “HIGH’, IGBT 203 is in a conductive mode, and because the control signal on
control line 112 is inverted by bridge drive unit 206, IGBT 204 is in a cut-off mode, and
vice versa. Similarly, when the control signal on control line 113 is ‘HIGH’, IGBT 201 is
in a conductive mode, and because the control signal on control line 113 is inverted by
bridge drive unit 205, IGBT 202 isina cut-off mode, and vice versa.

25 The system controller 103 measures the DC bus voltage supplied by the energy
storage unit 104 to the series injection inverter 102 through lines 110 and 111 connected
to lines 116 and 117. _

FIG. 3 is a more detailed schematic diagram of the system controller 103 of the
dynamic series voltage compensator 100. Although the schematic diagram of FIG. 3

30  shows a digital circuit implementation of the system controller 103, the system controller




I n a conductive node, and because the control signal on control line 113 is
inverted by bridge drive unit 205, |GBT 202 is in a cut2dPrtoked006and vi ce
versa. 25 The systemcontroller 103 nmeasures the DC bus voltage supplied by
t he ene age unit 104 to the series injection_inverter 102 through

l i nes ﬁgycg{]ogbifll connected to lines 116 and 117. FFE™SYYYY nore

detail ed schematic diagram of the_systemcontroller 103 of the dynamc
series voltage conpensator 100. Algt'hough the schematic diagramof FIG 3
30 shows a digital circuit inplenentation of the systemcontroller 103, the
system LT S P s PP I Ot : 03/ 098771
PCT/ SGOIS)? (%%%Sb?’%-lmﬁlsg,mﬁ%{/ma égalggcﬁmr}ugloérlrne%% ed ﬁ]l)g%?gg%ﬁ%gcﬂg}\%)cuit or in a
conbi nanid emamdogzirduigi t al circuit and an analog circuit. As is described in
relation to ,FIlL.GS. nd 2.. the e ontroller 103 receives I nput s,
those bei ng”® %ﬁ%gﬁeﬁﬁhf&a\%ﬁ’f% S ﬁﬂni?’ R @Wﬁ&ﬁﬁfrcﬁg&ﬁc@é@%?comensator
100 obtisputg thofgteing: Wi re 107; the output voltage signal of the dynamc
vol t age conpensator, 100, obtained from wre 108; the current through the
cur Pent shatherdgpu valtaee sighnl te fhe dynapicy¥eliage coppeasatorel PO obfaineddfpspr 118 and
provi degretfigyough signal wire 115; the current through the series injection
I nverter 102 neasured by current sensor 119 and provided to the system
control | er heuipht viligke sigmphaf theidyrantie Goltagn dompeasdd@ HWsobtedhed fpm of t he
series_i.-nj;@etion inverter 102 which is the difference in the voltages
recei ved thriough signal wire 110 and signal wire 111, and is obtained by
15 passi ng thheuraittthgesh tecainéedshaling wgtic swigihal 0 WinessuleiObyabdreat gnal wire

111 throu i fferenti Aattenuation circuit 306. Each of these inputs,
whilh é?"égﬁmdgaﬂ‘g%&@%demﬂg%ﬂw d%ted to digital form by
anal ogue- t othg icirdr thrbudh) the §&i%¥%jgo§{oﬁ il%%ﬂtel‘_ ﬁﬁ%?ea%]g%d E?Qﬁn@lﬂ@eﬂ%@ﬂ

respectively. In addition, the'digital signal of the input voltage signal
to t he 1&snslrevidedito s systin equéroliard 08 dirpeshsignal witeDR0; sndor e- processed by
digital fil fn€ b@ﬁ?s'voltage of the series injection inverter 102 which is the difference in

- the voltages received through signal wire 110 and signal wire 111, and is obtained by

15 - passing the voltages received through signal wire 110 and signal wire 111 through a
differential attenuation circuit 306.

Each of these inputs, which are in analogue form, is converied to digital form by
analogue-to-digital (A/D) converters 301, 302, 303, 305 and 304 respectively. In
addition, the digital signal of the input voltage signal to the dynamic series voltage

20 compensator 100 is pre-processed by digital filter 307.

_ The outputs of the system controller 103 are the control signal to IGBT 201 and
IGBT 202 which is output through control line 113, the control signal to IGBT 203 and
IGBT 204 which is output through control line 112, and the control signal to the thyristor
drive circuit 212 of the current sharing static switch 101 which is output through control

- 25 line 114. The neutral wire 109 is connected to the internal ground of the system

. controller 103 and is indicated by 327 in FIG. 3. ,

An over-current detection block 314 receives as inputs the digital version of the
current through the current sharing static switch 101 and the digital version of the current
through the series injection inverter 102, and determines whether an over-current

30  condition exists. When the over-current detection block 314 determines that the current
' through either of the current sharing static switch 101 (FIG. 2) or the series injection




The outputs of the systemcontroller 103 are the control signal to | GBT 201
and | GBT 202 which is output through control line 113, £2h&ctdat2®I6 signal
to I GBT 203 and | GBT 204 which is output through control line 112, and the
control ‘%Pﬂ‘ﬁl” 5)0 the thyristor drive circuit 212 of the current shar| ng
static sw 701 which is output through control 25 FGHS%4%77 The neutr al
wire 109 is connected to the internal ground of the system controller 103
and is indicated by 327 in FIG 3.9An over-current detection bl ock 314
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ref erenge, tablqeﬁg'gda i ng block 308 continuously updates a ref erence signal

t ablPe RAITING 189 CRFRE faﬁle'qpéﬁﬂ’éé%?@(aﬂgdﬁﬂwoﬂﬁé updiesta 1e6TEBe on wire
107. \Wagna) t&ﬁ]@wﬁieﬁ%&s% d%t eﬁ?}esé’ﬂtd n%fllgxfe ut %1@?&: B?Weq 7] §ybfie case when

a voltage di p has been ence e-updating bl ock 308
f r eez e $he signahom pigedd vdrer3db as SHEET swhiclalis the case when a voltage dip has been

detected, the reference table-updating block 308 freezes the available reference signal

table. The reference table-updating block 308 generates a reference signal, which is feed

20  to adip detection block 309 via signal wire 362 for detecting a voltage dip condition, and

also to subtracters 310 and 311 via signal line 341 for generating an injection voltage

signal.

Subtracter 310 calculates the difference between the reference signal on signal

wire 341 and the filtered digital signal of the input voltage on wire 107 via signal wite

25 340. Subtracter 311 calculates the difference between the reference signal on signal line

341 and the digital signal of the output voltage on signal line 342, which is then adjusted

through PI control 312. The sum of outputs from subtracter 310 and PI control 312,

calculated by adder 313, is then provided as input to pulse width modulation (PWM)

| - generator 318. Additionally, the PWM generator 318 makes use of the DC bus voltage of

30 . the series injection inverter 102 from A/D converter 304 in generating PWM switching
signals on signal wire 343 and signal wire 344.
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table. The reference table-updating bl ock 308 generates a reference signal,
which is feed 20 to a dip detection bl ock 309 via signal 2§cebgc20060r
detecting a voltage dip condition, and also to subtracters 310 and 311 via
si gnal for generating an injection voltage signal. Subtracter 310
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and the filtered digital signal of the input voltage on wire 107 via signal
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current ies W ND gate 321,
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on |line SSg s .set to | GH vvhen a .15 predefined del ay el apsed after each

zerl§ cPEEE 2y iapsed plee fich zprpecretsingRlttho g Lhe conduction angle

control signal is set to “LOW’ again before a following zero crossing of the current.

When the conduction angle of the current sharing static switch is set to 180 electric-
degrees, the delay after each zero crossing of the current is set to zero. In this case the
conduction angle control signal on signal wire 353 is always set to ‘HIGH’.

20 . - Block 315 decodes the two-bit signal received from the dip detection block 309
into four signals provided on signal wires 350, 349, 348 and 347. When the two-bit
signal is “00°, the signal on signal line 350 is set to “HIGH’; and the other three signals
are set to ‘LOW’. When the two-bit signal is 01°, the signal on signal line 349 is set to
‘HIGH’; and the other three signals are set to ‘LOW’. When the two-bit signal is ‘10°,

25  the signal on signal line 348 is set to ‘HIGH’; and the other three signals are set to
‘LOW’. Finally, when the two-bit signal is ‘11°, the signal on signal line 347 is set to
‘HIGH’; and the other three signals are set to ‘LOW’.

When the difference between the reference signal provided on signal wire 362 and

the filtered digital signal of the input voltage provided on signal wire 340 is larger than a

30  predefined setting, and the digital version of the current through the current sharing static
. switch 101 is negative, then dip detection block 309 generates the two bit signal ‘00’




control signal is set to LOW again before a follow ng zero crossi ng of
the current. Wen the conduction angle of the current sRapPiciogesiOfpi c
switch is set to 180 electric- degrees, the delay after each zero crossing
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two-bit signal received fromthe (ﬂp detection block 309 into four signals
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det ection bl ock 309 generates t WO si gnal two- bit signal
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corpl et and sefl ez voliage il ection coula be srarted Mhiss
generates the two bit signal “10°, which indicates that no dip compensation is required
and referred to as the toggling state. The signal on signal wire 348 is set to “HIGH’; and
20  the other three signals are set to “LOW’ by block 315, causing the output of OR gate 316
to be ‘LOW’. During this condition the signal on signal wire 345 is also ‘LOW” and the
reference table-updating block 308 continuously updates a reference signal table. The
output of OR gate 316 is inverted by an INVERT gate 325 before being fed to the AND
gate 326 with the conduction angle control signal on line 353. During this normal
25  condition the output of the INVERT gate 325 provided on signal wire 361 is ‘HIGH’. In
- the absence of an over-current condition, the state of the signal on line 114 will be that of
the conduction angle signal on signal wire 353. Thus, in the absence of an over-current
condition, when the phase angle of current is within the conductive angle (signal on
. signal wire 353 is ‘HIGH), control line 114 is forced ‘HIGH", and the thyristor drive
30 cirouit 212 provides thyristors 210 and 211 with firing signals. |
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and thgnggrrent t hrough the current sharing static switch 101 has crossed

zero. The current sharing static switch 101 is turned or_ kept 'ON when an
over - As set out above, when positive force commutation is required and the two-bit

signal is ‘00°, the signal on signal wire 350 is set to “HIGH’. The signal on signal wire

358, after OR gate 322, is also ‘HIGH’. In the absence of an over-current condition, the

20  output of AND gate 324a is “HIGH’, which forces control line 112 ‘HIGH’, and IGBT

203 is turned ‘ON”, while IGBT 204 is turned “OFF’. With signals on signal wires 347

-and 348 ‘LOW’, the outputs of AND gates 319, 320a and 320b, provided on signal wires

354, 356 and 367 respectively, are ‘LOW’, and with the signal on signal wire 349 also

being ‘LOW’, the output of OR gate 323 provided on signal wire 359 is also ‘LOW’.

.~ 25 The output of AND gate 324b is ‘LOW”, which forces contro] line 113 ‘LOW”, and
IGBT 202 is turned ‘ON’, while IGBT 201 is turned ‘OFF’.

In a similar manner, when negative force commutation is required and the two-bit

signal is *01°, the signal on signal wire 349 is set to “HIGH” resulting in the signal on line
359, after OR gate 323, to be ‘HIGH’. In the absence of an over-current condition, the
30 output of AND gate 324b is ‘HIGH’, which forces control line 113 HIGH’, and IGBT
201 is turned “ON’, while IGBT 202 is turned ‘OFF’. With the signals on signal wires
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forces gcg'ah:r &Jmp'ehéﬁﬁor% ]Iﬁﬁ Isﬂbglion s%'ﬂg ]J.ng%]i'? 152ﬁ%tl HI(S_%HL 'a%gﬁ]& tthg\lg O‘Um | e I GBT 202

s turn e’sig on signal wres 06 WO

03/ 0987§im1m1713m16@®e7§et1m TBelPdeﬁdﬁng)agrmgs oxLﬁMda,l vhﬂ&e%ﬁnm}nﬂts of AND

gat 3 nd N W|th on signa re 350
Lol TRESBREIRR Dy E%ster” SR B erihef o ol Gieg 08 S g ° e
Si gnal fedpdciivety. l'IRe IGB’FSCHW £ex2, E@Mndbz()m%@ﬁill%rﬁgéﬁf sWitfling@B¥ice04 i s
turned 'ON_, and I GBT 203 is turned ' OFF, 5 After the ne atlve or positive

force C%Wg%‘t :f)dﬁe E%"F@s@bﬁﬁl FrigMe wvitching tsigmals &9 gamsrate amBWM ettpup 1"
r espect {gh Yakier 0 §RerthgdR6v2dca’ Siﬁdu@%r 98 gé@%fgdfﬁertlﬁb r\égﬁ lnpg'r E.lre(f he current

through the current sharing s atlc SW t 'S detec e two-bit

Si gnal sigusvitlat sigrab thatinpkes dirparipu tvobiage ofttbe dygmid vaitags c@:mdnsdtmm 347 is set
g—( Iar&dw%rae ther 3 output signals of block 315 are set |ow. The PWJ
i tChi rliI(f:; s gna S on si gnal wires 343 and 10 344 generated by PWM generat or

318 are swi tRiflgl, Whenanlip @dmpeheitibn klréqaRrd, td Bggle state, the two-bit signal
is ‘10°, and the signal on signal wire 348 is set to “HIGH®. With the ‘HIGH’ signal on
signal wire 348 and a toggling signal provided by block 317 provided as inputs to AND
gate 319, the output of AND gate 319 provided on signal wire 354 is that state of the

20  toggle signal. The outputs of OR gates 322 and 323 also toggles with the toggle signal.
In the absence of an over-current condition, the outputs of AND gates 324a and 324b also
toggles, which in turn toggles control lines 112 and 113. When the foggle signal of block
317 is “HIGH’, IGBTs 201 and 203 are tured ‘ON’, while IGBTs 202 and 204 are
tumed ‘OFF’. When the toggle signal of block 317 then switches to ‘LOW’, IGBTs 201

25 and 203 are turned ‘OFF’, while IGBTs 202 and 204 are turned ‘ON’. During the
toggling state, the output terminals of the full bridge of switching devices 200, “+° and ‘-
are simultaneously switched from negative DC bus 221 to positive DC bus 220, or
simultaneously switched from positive DC bus 220 to negative DC bus 221, Neither of
these toggling state conditions causes any disturbance between input terminal 107 and '

30  output terminal 108. During toggling state, after each zero crossing of the current and

before the conduction angle control signal on line 353 is set to ‘HIGH’, the current




respectively. The I GBTs 201, 202, 203 and 204 of the full bridge of

swi tching devices 200 (FIG 2) are controlled by the PV\%QMOtbGH’nZQQQ si gnal s
to generate an PWM output which, after the filtering provided by inductor
208 and“;(? }f pr 207, results in a required sinusoidal signal that nmakes
the output voltage of the dynanic voltage conpensat orP@FCY¥8% ne 108 dip
free. Finally, when no d|p corrpenj t|on Is required, the toggle state, the
t wo- bit signal |s “10', and the srgnal on signal wire 348 is set to

- "HGH. Wth the "H GH S|gnal on signal wre 348 and a toggling signal
provid [ ué%ﬁ) out put of
AND ga"tasg1 %%Mbt??é? éﬁfmgr%]ﬁésﬁ:l gﬁ%“a@"er&g@%%"% t atﬂog?at uéljrﬁl uh}%ﬁ Jo toggl e

si gnal . lﬂﬁﬁbatmmpmrscmt@ﬁdgaﬁésnﬁﬁmmmmMgmQentrmlcs%hhm liet3h3 ishe t oggl e

si gnal ce.of a curyent conditi uts of AND
gat es ffﬁa ﬁlﬁﬁg%ﬁ%% ge 1?%@5?‘8‘? el th, Cyrpei gl?ar‘f'“ 8%’8!’ etftlbx lines 112
and 113conWmme hudtethé gy terent Hoves thodghlehbelt shadihg safic S\Hhﬂ"ml | GBTs 201 and 203

are turned 'ON, while | GBTs 202 and 204 are turned ' OFF' . Wen the toggle
SI gral of bl ock 317 then switches to TLOW, 1GBTs 201 25 and 203 are turned

"OFF', whil q‘yb@]sspo%%gc ngeﬁ’i%nﬂéﬁcets‘é &QQ? se@f'al m%t%& &%e\“ ear§1ﬂgg| ing state,

t he output termnal s of e full brid SWtc tes 200, "+ and
St ar(@nélﬁlﬁme@tﬁé@M?ﬂaﬁeém i dﬁe@ed‘ r B dymaageic sariss Dﬁl’fmgomﬁensawr ¥6sitive DC

e oo s IS E RPNl A dE LR SOMPRRLiee BHERfisko 10 v

di stur mm$ 204t 2090203 amp(204 tofs berfes ifjecibn inmerckr 302 Gutinpusich g6 volagé dip08. Duri ng

I|n er eac zer crossm of the current. and fore the
uct ﬁ’@;?@%@% t'ihSISW f’ﬂ?n?ll‘tﬁé the gurrent sharing statippwaigh 10 e current

25 oot qppfovmeougmmmaﬁ d@@&@@pm@%sv%m@rmﬁeﬁagm abise Switch 101

I S non-conductive and the | oad current flows though the Inverter 102 that

i s in SWaFhingdevieast 20 @62, Yennd A4 domwiven byriharioggle switching. Sihgnal on |ine
353 is g, e%ﬁénc%%{bﬂflt%le I‘.\Qiltc! @Qoﬁtlqulgﬁ)ﬁ)ﬁqﬁ% %}glgncsreéiat)ﬂ? 1]gFﬁ o%lll) Ent shari ng

static s con Irve an cdrren ough current
shari ng1gt wiuch 1S\demmhnad)accoﬁhﬂg/m hahlq&emah\eswm@ﬁgeﬁmaﬁmmmyddvthees oper at es

Sevy ral nt h e nd|t|o mhere |tage dip is
dot o, Sy Seyies 1C 2028 End, B9 hs 6 isin dn b et ImpRrAR e st chi ng
functi @]mbggmg@feqﬁejﬁ@i@@qrmt sharing static switch 101 and sw tching

FIG. 4 is a schematic block diagram illustrating 4 three-phase implementation of a

dynamic voltage compensator with a current sharing static switch. In fact, three single-

phase implementations of the dynamic voltage compensator with current sharing static

20 - switch illustrated in FIG. 2 are combined to form the three-phase dynamic voltage

compensator. In FIG. 4, control lines, signal lines, the energy storage units and series

imjection inverters for phase-b and phase-c are not illustrated. Although three

independent system controllers may be used in the three-phase implementation of the

dynamic series voltage compensator, typically a single controller is used to control the

- 25  three series injection inverters and the three current sharing static switbhes using the
principles described in relation to FIG. 3.

FIG. 5A shows an oscillogram 501 of a typical voltage dip from the AC power

source 105 (FIG. 1) on wire 107. FIG. 5B shows an oscillogram 502 of the output

~ voltage of the single-phase dynamic series voltage compensator 100 on wire 108 during

30  the voltage dip illustrated in Fig. S5A. FIG. 6A shows an oscillogram 601 of a typical

voltage dip from a three-phase AC power source 105, and FIG. 6B shows an oscillogram




devi ces 201, 202, 203 and 204 of series injection inverter 102 during such
no voltage dip 10 periods. In particular, the sw tching £8fstiben2dd6ty of
the current sharing static switch 101 is proven through the conduction
angle control, while the swtching functionality of the swtching devices
201, 20WOBEBTIhg 204 is proven by the toggle switchifdSCHYI7% r equency of
the toggle switching is controlled by the frequency of the signal of block
317, which is determ ned accordinyto how often the switching functionality
of the-15 swi tching devices 201, 202, 203 and 204 is to be proven. In a

preferr pl ement ation t | H;eﬂﬁt){ G 4is a
schematéag OBFHO%C% |t Xé‘r‘%%% ?ﬁt}%%ﬁeﬁ %égd%gﬁ#%g- p as%é ;éo I %sﬁeﬂhglﬁ on of a
dynam a)elikg@ie vohageahs dlustrated inlFig @ur Thavolsgadipragpesriag e thevilputh. | n f act,

th | e-_ph i npl tat | th ' | t. t ith
cur ool PAbast G4 S somEdeeh o et e ik R 1 SO IO RBETSE UG Form

the thrgg- phase dynam c voltage conpensator. In FIG 4, control Iines,
signal Tines, the energy storage units _and series inj e,(f‘.ti on_jnverters for
phase- b and Thhaseantagss ofnihe smphiodisrenty el theyinysgighh a’EehFJ@El olfndO88ndent system

CONtT Ol 4P Tagl Dl G HRE %ﬂgsﬁaﬁﬁ%@ggﬁmﬁmﬁa& 0SRRAeAY Rom@le Abe  dynami

series ge conpensa , Ly y a single controller is used to
cont r olpotveescftetl B ghe bed bwsent isjsbared by theroumentsharingstptic Reitebhl0d@nd ur r ent

sharing static,sw tche in he .pr.i neipl ' ' l.ation to FIG
3. Fl G%%W“%%u%m&‘i rﬂﬁ%ggﬁﬁheéﬁfﬁg’ﬁc%on&/pl %fé?‘fg‘%*epgg%w%% romthe AC
- power {RObrEat ABing stalic skltclo M0 Wivheselfhliagd ifsp mBondumtige adoscidry ogr am 502 of
the output voltage of the single-phase, dynam c series | t age , conpensat or

- 10000n swiaH glegsabemy T V) riherg ds ?%@thagﬁed’ir?ﬁ/ th‘f"EFélttﬁ%{“BHf ﬁ"ﬁ%ﬁ ﬂﬂp“%A_ FIG 6A
‘shows L lfegwgl, i¢g!] voltage dip froma three-phase AC
power g’ggrﬁ?gh%ggé an ﬁ%k&%%%m%ﬁ%vas an oscillogram 25 Cctober 2006 WO

03/ 098771 PERHBG02A0BFE of he-engodingshtst ¢fethe dnysation, 5| hafgiasthe CUEed t hr ee- phase
dynam c, seri es. vol t age.conpensator {F 4) ' I dip

i1 ust SHEEg Ifl?ldeF‘i’rgWﬁ beig n?/é’?][&a%efﬁ%i!&gma%lﬁé%(?pé\‘!é&?sr?h{&ﬁéb?n%g}?g vol t ages
501 angyiffnadtof eaRPAsRIERbvaahduya thet reeres 102y to that thageerGdN.amd 602 are dip

neis adbeiteagapaor A e irdurig: S REEeQHaF ) HoBEs KL IMEHm SHEr o 15 no.
~voltage di pif Qﬂrﬁa@lead%&tage of the embodiments of the invention is that in the current
sharing mode or when there is no voltage dip from the AC power source 105, the
switching functionality of the switching devices 201, 202, 203, 204, 210 and 211 of the
inverter 102 and the current sharing static switch 101 is proved through toggling switch
20  and conduction angle confrol continuously.
The foregoing describes only some embodiments of the present invention, and
modifications and/or changes can be made thereto without departing from the scope and

spirit of the invention, the embodiments being illustrative and not restrictive.




power source 105, the load current is shared by the current sharing static
switch 101 and the series injection inverter 102. As tha5 Pgiohef2086ti on of
the load current flows through the current sharing static switch 101 whose
vol tage drop in conductive node is very |0 small (less than 1 V), there is
no obvi ous vol tage drop between t¥e input and the output of the dynamc
series voltage conpensator 100. Another advantage of the enbodi nents of the
invention is that in the current sharing node or when there is no voltage
dip fremy AC power source 105, only a mnor part of the |load current
flows though the inverter 102, so that the inverter 102, and 15 the filter
(capacitor 207 and,inductqor 208 illustrated in FIG 2) may be kept small in

: . ). e :
size. Yet & fur thOP A RISt CTREBID SUICABRTS B! YPlResi9RPeh®Fon is t hat
in the aftsthdimdt Bl oic ”B&l@er%ysi@ﬁl? nsaidh%&ﬁanﬂié QQ?SVQIl)Itt&gegdjﬁrﬁnJafo?m the AC

power source 105, the swtchirg functiohality of the sw tching devices

201, 2028mpadR; 204, 210 and 211 of the inverter 102 and the current
sharing static switch 101 is proved through ling switch 20 and
conduct i on #fgrEY 88545‘?“8119%’6%9"&1586‘3%1 S?.thel*ﬁg“ ?{ﬁ'ofg(g?ﬁ?lﬁgf’descri bes only some
embodi ment s, QfrrehN@aRiLRRRswiBY B8HnbQL: bchn iRHLAd GRl: iR Q4achanges can
be made thereto wthout departing fromthe scope and spirit of the

i nvent dpmmi¢ hetagndvogersaiot ©r bddchvely tdnoetingisaid/iepaaod mgput tegsinplsct | ve. 25

Cctober 2006 -16 .CLAIMS 1. A dypam c.ser.ies. voltage conpensator for
Compensat | nd S tsEORISE fomrelnPar i sad sheh FaEPE RPN B Bner syt em

sai d dynaphver®@shi€ DRI RIRFAMABSR kBfage GRHBACSIONGse; & €nergy storage unit
for storing energy in the formof a DC voltage; a current sharing static
Swi t ch conneciystembentielen fongdetectiagcr weltageitdip en rspidaingutofermsiaildanddipnan c

vol t age conpensat or r.selectively connecting.said input and out put

{or m naPUSRESER Faten] SrAETOh “TIAR 8P SORHEETI TEAT al 1 ol w th Sai d
current shaginB@ind vith ing v%mgth;E dEtBdted QY QUdidr GordRNIE L3GtrMQ lshidderréni oM sai d
energy storage unit to AC voltage; and a systemcontroller for detecting a

vol t agehading stetic saichita bepanducéverfonabrt efrccutrent cydoarndrio bé hergeapdictivefor r ent

sharin at i itch and, sai.d series, injection.inverter erein, wth no
Vol t agt i bbb el By SoRL SRt B B B8 s s St RBne " shar i ng
stati ¢ g\Wubred b SridsutsR RGhisyMmdfupbn PAd bysRin @dnbller 8Rbctiay 6 valaadid, 0 be .
non- conductive for

said system controller controls said current sharing static switch to be non-conductive and

controls said series injection inverter to inject a voltage signal between said input and output

terminals to compensate for said voltage dip.

2, The dynaﬁﬂc series voltage compensator as claimed in claim 1 wherein, with
no voltage dip detected, said system controller controls said current sharing static switch to be
non-conductive for a predetermined period after current through said current sharing static
switch crosses zero, and conductive thereafter until said current through said current sharing

static switch again crosses zero.

3. The dynamic series voltage compensator as claimed in claim 1 wherein said
current sharing static switch comprises:

anti-paraliel connected thyristors; and
a thyristor drive circuit for receiving a control signal from said system controller

and for providing said anti-parallel connected thyristors with a firing signal in response to




anot her part of the current cycle and controls said series injection
inverter to conduct part of the current to said output EePsichend06and upon
said systemcontroller detecting a voltage dip, said systemcontroller
controls said current sharing static switch to be non-conductive and

cont rol AP ¢kries injection inverter to inject a FSTPSFY%gnal bet ween
said input and output termnals to conpensate for said voltage dip. 2. The
dynam c series voltage corrpensat‘olr7'as claimed in claiml1 wherein, with no
vol tage di p.detected, said systemcontroller controls said current sharing

static switch.to he. non-conductive.. [ ] j after

curr entsmﬁdl?%tf?d ﬁlggagiw&’eﬁﬂ‘ r“?a%tnos‘ﬁog? endgl)xg §§t%.(iql Sﬁg\% ﬁ%@%@%&ghﬁgﬁ o, and

conduc tshidehyriiek @ade dicuit bf providakald Gtitg siptal theraugbdesainthed penicdrafies har i ng
static switch agai,n crosses zero. 3. The dynam c series vol tage conpensat or
as cl aicHgent trowshspitoyrenh shaeing stetlg %“tcbﬁrrols%ﬁger%hari ng static switch
conprises: anti-parallel connected thyristors; and a thyristor drive
circuit for receiving a control signal fromsaid systemcontroller and for
provi di ng s&i d aHei dypamigl series obagroeqmenenatoy a5 slagped i dlaimad pieteily signal in

r esponse .t . : : ~dfinaisal d control
si gnal 'S%ﬁé’%&%ﬁ?a%\fé“?'%g{%a@% tbgéé@d%%e@ﬁ%ﬁ%ggﬂggﬁggg éélggg%’étnt\e%%ﬂ%lfol | er

cont r oliscongalied Hyleyuircilingrsadiredeteanimedipdrioto provi de said firing signal after
a predeterm ned period after current through said current sharing static
switch crosses zero. 5 4. The dynam c series voltage conpensator as cl ai ned
in claim3 wher efp, dynsficheRdy Yol@fe Sthftnsutdr e Mlaidbdpl tleth Dywikedid series
injection inverter to said output termnals is controlled by controlling
sailf preidesriss inigstion iueries gompyisesy Elidyidaneiswdiehingdewiesst age conpensat or as
claimed in claim1 wherein 10 said series injection inverter conprises a
full bridge of switching devices. 6: The dynam c series voltage conpensator
as clai med 6n clBierdybanakeesésrvoltagshédmepensaicd as glainagst inslaimi hyyheewm i c switch is

controlled t.q be conductive, said sw,tchin devi ce . it.ched such that
no vol "44& S@ﬁg‘ﬂﬁ?‘&isgarﬂ% Sé%tl%%“%ht%%‘ﬁmi‘s%‘&;’ D% 508 “%ﬁ‘?ﬁ %%?6%&%% term nal s.
7. The jeipaRicswithddeac bt RODIIER MOABR iféctaishetheeh B8 inpat aldaiutpub wher ei n
said full bridge conpri ses_four | nsul at ed- Gat e- Bi pol ar-Transi stors with

antl- paeranals)

7. The dynamic series voltage compensator as claimed in claim 5 wherein
said full bridge comprises four Insulated-Gate-Bipolar-Transistors with anti-parallel

connected freewheeling diodes.

20
8. The dynamic series voltage compensator as claimed in claim 5 wherein
said series injection inverter further includes a low pass filter comprising a capacitor and
an inductor.
25 0. The dynamic series voltage compensator as claimed in claim 1 wherein

said system controller includes a reference signal table for storing values indicative of
voltage on said input terminal when no voltage dip is detected, said system controller
using said values in said reference signal table for detecting said voltage dip and for
controlling said voltage signal injected by said series injection inverter.

30




connected freewheeling diodes. 20 8. The dynam c series vol tage conpensat or
as clainmed in claim5 wherein said series injection invasOetobbwizOher
includes a | ow pass filter conprising a capacitor and an inductor. 25 9.
The dynami c series voltage conpensator as clainmed in claiml1l wherein said
syst em W&MBOHTler includes a reference signal table PEFSSE97g val ues

i ndicative of voltage on said input term nal when no voltage dip is
detected, said systemcontroller18using said values in said reference
signal table for detecting said voltage dip and for controlling said

vol tage signal injected by.saiqd series injection jnverter. .25 Cct ober
2006 WD 03}®987 _C%Bﬁi}"s FS0t07E° 9‘?&%96’1_&"8& *hcémﬁ%ﬁ’r@ 8 kit tage
Co_ffpe“@?a st cdnkiBllFRiieb® sdidl Fb10cO ARl Aifferacd betratemolngatn sdid er det ect s
said voltage dip when a difference between voltage on ﬁal d input term nal

and a ot eopoeldindg carmendingFalie stared 4n qeid sefererassienal ighlarxeesti & exceeds a
predetererdritged é/da‘}%. 5 11. The dynam c series voltage conpensator as

cl ai meH R "wherein said systemcontroller perfornms voltage dip
detection only when said corresponding value in said reference signal

t abl e excee 30% of a peak value stored. in said.r.ef Lgnal table.
10 12. The gﬁna% %@?’ngsse%lvto @W’éﬁﬁoégﬁfﬁg%ddﬁéﬁf‘gga%&% aim9 wherein
sai d_r gfigcRRGPcontraN Ipeifls Soltfe dipdesntivh only sknisaihidnagending valse det ect ed.
13. The dynham c series vol t%%e corrpens%t]or as cl ai madeﬁ'en cl a@gl{ﬂ.Q wherein at
15 | eain saxl wfergnes signal tahls qpeesds J8rod goodnvalyn %!PW“L&?P‘ FEPRPHLTEHhd a
corres?a%ik(?i ng value stored in said reference signal table is used for

|

generating a pulse width nodulation control signal to said series
i njijection inverter. 14. The dynam c series voltage conpensator as clained

o e s VL GuRFLIG SAHLATPofth S P!

said reference signal table is frozen when said voltage dip is detected.

13.  The dynamic series voltage compensator as claimed in claim 9 wherein at
15 least a difference between voltage on said input terminal and a corresponding value
stored in said reference signal table is used for generating a pulse width modulation

control signal fo said series injection inverter.

14.  The dynamic series voltage compensator as claimed in claim 13 wherein a
20  difference between voltage on said output terminal and said corresponding value is

further used for generating said pulse width modulation control signal.

15. The dynamic series voltage compensator as claimed in claim 1 wherein
said system controller further monitors current through said series injection inverter and

25  current through said current sharing static switch for detecting an over-current condition.

16.  The dynamic series voltage compensator as claimed in claim 15 wherein

said system controller controls said current sharing static switch to be conductive for a

full current cycle upon detecting that at least one of said current through said current

30  sharing static switch or said current through said series injection inverter is higher than

the capability of switching devices of said series injection inverter.




further used for generating said pulse width nodul ati on control signal. 15.
The dynami c series voltage conpensator as clained in clakhOttohte?ln said
system controller further nonitors current through said series injection
inverter and 25 current through said current shari n% static switch for

det ect i W® U8 ¥er - current condition. 16. The dynani c PEESHRENT) t age
conpensator as clained in claim1l5 wherein said systemcontroller controls
said current sharing static switthto be conductive for a full current
cycl e upon detecting that at | east one of said current through said current
30 sharing static switch or said current through said series injection
inverter is higher than the capability of switching devices of said series
i njection invertghe dehamédicpbe Fol20 GompPsady w&mamrmzwﬁaam 19- 17.
The dynani c series voltage, conpensator .as ¢lainmed in 1 wherein said
ener gy SadgngigE stoFee %WPP%%%O%QIBPIC%F% capAcPR Faffyé”g‘ﬁg YR, a f1ywheel

syst em,,a0a@rPBinkery bank.




