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(57) Abstract: A family of power converters has
input ac voltage regulation instead of output dc
voltage regulation. The bi-directional converters
control power flows and maintain the input ac
voltage at or close to a certain reference value.
These bi-directional power converters handle
both active and reactive power while maintaining
the input ac voltage within a small tolerance. Use
of these converters is favorable for future power
grid maintenance in that they (i) ensure the load
demand follows power generation and (ii)
provide distributed stability support for the power
grid. The converters can be used in future smart
loads that help stabilize the power grid.
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INPUT AC YOLTAGE CONTROL BI-DIRECTIONAL POWER CONVERTERS

CROSSREFERENCE TORELATED APPLICATIONS

Tle resent apdication claims the berefit of .5, patent application serial Ho.
Alia54,62%, filed June 1, 2012 which 15 hereby mcorporated by re ference m its entivety.

BACKGROUNDOF THE INVENTION

Tec hnic al Field

Tle subject matter disclosed herein relates to 1npmt ac voltage regulation and power
floar control of bi-direchonal &C-DC power corverters and bi-directional AC-LC corvverters.

Descripiion of Related Avi

Tle 1ncreasing awareness of climate charge has promgpted many govemments
woldwide to impose policies that call for the introduction of renewable energy sources.
Presentlypower generation 15 “centralized” and “wrodirechonal,” By momtonng the woltage
ard fecquencies of the power gnd, the uhbty comparoes can deterrane the armount of
electricity needed by the load centers (such asa city) and can generate the required amount of
electric power frorn the power plants. & balance of power gernerabon and load 1z an essential
condition for the stabibty of the power system. Although the differerce between power
generation and load dernand can be absorbed by energ v storage, enersy storage 1s enther
pxpenstve (such as batfteries) or dependent on locations (such as water reservoirs). For
exlshng power systerns, the control paradizrn 13 o kave “the power generation follow the
load dernard™ in order to maintain power systern stability.
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In tutare power gnds, renewable energy sonrces such as solar panels and wind poaer
generators will be installed m a “distrbuted” manner and the power flow could he
“hidirec honal ™ 1., the power can be supplied to the gnd fom these generators or taken fom
the gnd by these generators. These dishibuted renewable power sowrces, both known or
unknown to the nbhty comparies, make 1t very difficult for the power compares to control
the power balance. Therefore, there 15 a need for a shaft of the control paradizrn for a future
power gnd with substanbal penetration of imtenmittent renewable energy.  In the new
paradizra “the load derand bas to follow power gene rabon.™

In order to achieve power balarce, sanons methods have been proposed previously.
acheduled load shedding has beena radihoral method 1n load power control. Howeser, such
a method 1s not nsefil for maintsining dymarmic power balance i real -tirae. Sroart loads with
OMICFF control for electic loads, such as refhgerators and awr-condihorarg systerns [1-3],
have been proposed for real-trne power balance. See, the arheles [1]5.C. Lee et al,
“Demand 5ide Management With &1y Condiiorer Loads Based on the Ciemng System
Iiodel™ IEEE Transactions on Power Systerns, Volurae: 26, Issue: 2, 2011, pages 661 — 662,
[5G .C. Hefther et al, “Innoveatree approaches to verntyang demand response of water heater
load control,” IEEE Transactons on Power Delrery Volume: 21 | Issue: 1, 2006, pages 352
— 397, and [3] & Brooks et al,"Derand Dispatch,”™ IEEE Fower and Erergy Ilagammne,
Vaolame: 2 |, Tsue: 3, 2010, pages 20 - 29 Howewer, shuthng down electical apphances 13

intrusive and may canse incorenience to and opposition from conmrners.

Recently, an electic sprang conce ptbased on the three centanes old Hooke's law has
been poposedand practically erabe dded i electnc loads to regulate the hine or mams voltage
mm the power gnd. See, [4]5 Y E. Hu et al, “Power Confrol Ciremt ard Iethod for
atabilmng a Power Supply,™ US Patert applicabon Serial Mo, 15359 459, filed on 4 October
2010 iPatent Lpplication Publication Mo, TU520120020420 13, The electnc spring concept
refers to the use of a power corverter together wath its load to form a “srnart load™ wrat that

can provide regulabion of the mains woltage. With the nse of an mpmt voltage control (nstead
of the tradibonal outpt woltage control), reactrre power corwverters (1e. power cornerters

that hardle reactive power only and not actme power) bave been used to falfill the electic
sprng concept. The elechic spring woplernerntation based on the use of a controlled voltage
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gomrce connected n series with an elechic load 15 descrbed o the abowe-1denbfied Hm
article and 15 shown in Fig.l. The controlled woltage source can be realized with a reactrve
power corrverter. The power corrverter can be a power Lreverter n wiach a lawge capacitor Cy,
15 used as a controllable de voltage source (3. as shown in Fig 2. The power 1mverter can
then be swifched m a smmesoidal pulze-width modulated (PWLD manmer to generate a
switched PWII woltage wavetorrn with a strong fundsmental -oltage and some high-
frequency woltage harmoracs. The high-frequency woltage harmomcs are fillered by the
mcctrve -capacitive (L) filter so that ornly the sirsoids]l fandsreental wvoltage (V) 13
generated across the capacitor of the LC filter as the woltage output of the electic spring. [t
should be noted that in the control scherne shown m Figd the elechic spring uses “mpnt
voltage control™ The control variable is the input woltage of the reacttve power comerter,
which 15 the mains woltage (Fo at the loration of the installaion of the e quipene nt. The oafput
voltaze of the reactmee power contral (V,) 15 allowed to fluctuate for the regulation of the
maing voltage ;. In order to ensure that the power corserter works as a reachwe power
controller, the wector relationstap of ¥y and L, 18 perpendicular when [o 1s not zero as shown
in Fig 4.

Tle International Electrotechrical Corunission Begalation [EC 61000-3-2 recpures
offline electic equpment of 20W or abowve to compdy with electromagnetic compatthility
requurerne s, For eqiprnent fed by ae mans, the mpat power factor raust be kept at or abose
0.9 In rodern electric equiprment such as switched mode power supplies for cormpters and
servers, power factor corrected (PPC) ac-de power corverters are comrnonly used to ensmre
that the mput woltage and mgmt corrent are 1n phase (Le. umity power factor if the mmut
crrent 15 sirnsoldally shaped). In thos regard, the power 1reverters (half-bndge or fiull-bndge

mverters n Fiz 3) can be used as ac-de power coreerters as shown i Fig 5.

In exishng ac-de power corrersion applications, 1t 15 always assumed that the mams
voltaze 13 smmaoidal and stable at its noronal rres walue (such as 230V), because raost
desveloped coun e s have well regulated mans woltage that 1s kept 1o 15 norural walue with a
+- 6% tolerance 1n developed countries and +H- 10% m otherregions. Therefore, traditional
ac-de power corverters normally assume a fairly stable ac mains supply. For this reason, no
mmt-voltage contol (except that in the Hm et al. article and application, which 1z by the
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present rocentors) has been reported. Traditional ac-de power corseerters adopt the “outpat-

voltage control” hecanse they are used for regulating the outpat de voltaze. For the power
factor corrected (FFC) cormerters m Fig 5, the mains woltage 15 sensed so that the power
corverter can be switched o force the mpmt cuwent of the power comverter to follow the
girmscidal shape of the mains woltage and be m phase wath the mains wltageln this way,
near wraty power factor can be achieved The magnitude of the mput corrent 15 controlled to
mainfain a fanly constard onfpmt de wvoltage (Vde) thromgh an “omtput-soltage control”
feedback loop. For a 220V 240V mas mains supply, typeal Vde s cordrolled at a de woltage
of about 400V . Becanse the input woltage and cwrent of this PFFC corverter are in phase, the
PEC power corserter with itz ontpt load emmlates a pare resstor. Therefore, the FFC
corverter fed load system consurnes active power. Also, power flow is wadivectional from
the mains to the load. Howewer, in fohwe power gnds wath substantial renewable erergy
sonrces of an interraittent nature, the assuraphon that the mams voltage can be stable wathin

the +- &% 15 questionable.

SOMMARY OF THE INVENTION

Tle present 1rvention 15 directed a method and apparatus for stabiizng & power god
that mcludes substantal intermittent energy sources by uang bidirechonal ®actmve poaer
controller arrange ments.

In an illustrative emboditnent an ac-de power corverter, which maybe found on a
ronber of consumer products cormected to the mains, 15 modified so that it has 1rgmt voltage
control, which in turn allows 1t to act as a smart load and to stabilize the grnd  Haturally the
erd 15 too powerful for any one cormverter to balance 1t so 1t 15 cordernplated that the
coreve ters will be aplere rted in avast nuraker of products so that the overall effect will be
astabilized grid

Tle distinctrve feature of the weenton with respect fo tle aditoral ac-de power
corve rsion method 1 1llustrated in Fig. 6. Ina tradihoral sclematic, there 15 no 1ngnt voltage
control becanse the existing mams voltage n 13 well regulated. Ls previonsly explamed, the
distribnted ard irterratterd natore of renewable energy source s may cause power irnbalance
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between power generation and load demand, leadhng to the posability of power instability
such as fluctuation in the mains voltage. The mains woltaze in fiuture power gnds may not be
gtahle. Therefore, “mpmt woltage control” 15 proposed for ac-de power corverters with both
actrve and reactre power flow control. The penciple apples o both single-phase and mualt-

phase systerms.

In the Hui published patent application, the electic load 15 connected 1n senes with
filter capacitor C of the power consverter (Fig 7TA) . The corresponding power flow diagram 1s
shown in Fig. TB. Actrve power does niot flow throngh the power cormeerter. Since the de bulk
capacitor of the power comrerter in Fig. 74 does not consume achwve power, the power
corveter inFig 7 & only bandle s reactve power.

Tlere 15 also one wersion of the reactive power controller arrangernerts in Hui that
can handle both actrve and reactive powems shown i Fig 2. It should be noted that this
power converter circulates actve power through the power corserter, and that the actwe
power does not come from the electic load. This 1z in fact a hmatabon in the proposal
described m Hu. This means that actme power cannot be trnsterred from the electric load
back to the a.c. mains supply m the oposal of Hu, Howewver, according to the present
mwverdion, the electic load 13 cornpected to the d.c. bulk capacitor such that the power
corveter in Fig 94 hardles both active and reactove power. The power flow diasrara of ths
erobocirent of the weenhon 1z shown i Fig 9B Both actve and reachve power components
have to go from the mains to the load throusgh the power correrter in the present imention. &
companson of the power flow diagram m Fig. TBwith that i Fig 9B, hghhzhts the major
differences between the present weention and that of the Hu publication. Smee the power
comvetter in this proposal can bandle both achwe and reachwe power, the 1nput woltage and
crrert canbe In any phase relationskap.

Tle present 1mvenbon 15 particularly usefnl for electne loads with energy storage
elernerds. For exaraple, electic velicles have batteries and, of recessary, active power canbe

transferred from the batteres to the a.c. mans supply

Tle present rocertlon proposes a new approach m order to utihze the electc spang
concept in stahilimng fatw power gnds. Simdlar to the elechic sping implementation
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described m Hw, this new reabzation has some of the sare electne sprmg feahwes. Thess

mclude:
(1)

(i)

(111)

the nse of “inmt woltage control™ m the power corverter with the mans
voltage as mpnt,

the nse of a power corerer such as a power overter (le. ac-cb power
corrrerter), and
the provimion of 1rgmt wvoltage regulation fanchons (1e. the regulation of the

roains voltag e,

However, unlike the approach in Hui the present irvverdion has the following differences as

Ulustrated m Figz. 7B and Fiz. 9B uang a single-phase system as an exampe (the prneiple
also appies to roulbi-phase systems).

(1)

(1)

(1L

(1)

(3]

(1)

(i)

Tle electric load 15 connected o the bulk d.c. capacitor of'the power comverter
(while the electric load m Hui 15 connected 1n series wath the filter capacitor of
the power comverter).

Electnc loads can include a second power corverter stage, an energy storage
device and the onfput load.

Tle power corsverter can bandle BOTH active and reachwe power (wlile the

power corrverter in H can ondy handle reactre power).

Lotive and reactve power can flow m BOTH divections, 1.2, from the mamns to

the power corverter and vice versa.

Tle wectors of the input woltage and mpat cwrent of the power cormerter are
HOT necessarily fixed at perpendicular posithons. They can be in any phase
relahonship.

Tle contol pamrneter m the power comverter can also mmclude the mains
frecue ncy ws to 1mprovee the power gnd stakality,

Tle output wvoltage of the power cormeerter 1s regulated when the power
corverter CHLY provides reactrve power compensation fo the power grid.
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vy  Tle outpt woltage of the power comverter 15 allowed to flucmate when the
ponwer corrverter provide s active power coropensation to the power gnd.

BRIEF DESCRIPTTON OF DRAWINGS

Tle foregoing and other features of the present irention wil be more readily
apparent fromm the following detalled descriphon and dravaings of dlustratve erabodiments of
the irventon wherein like reference nurnerals refer to lke parts tlhroushout the sarious
fizures unless othermis specified and in which:

FIGS. 14, 1B and 1C llustrate the electric spring concept for neatml, hooshrg and

rechiction functions,

FIG. 215 a block diagram of' a prior art reacttve power comverter in the form of an
Irnverter;

FIGS., 3A and 3B are schematic diagraras of pror art halfbndsze and full-

bridgeirrrerters, respectivelsy, which can be nsed as reactve power correrters,

FIG. 45 a diagram illustrating the vector relahonship betareen voltage and current 1n
the reactre power controller of Fig. 2 when the cwrrent I, 15 not zero,

FIGS. 5A and 5B areschernatic diagrams of single-phase examples of prior art ac-de
power converters based on halfthridge and fiull-bridee power imverters, respecttvely, with
“ontmt voltage™ regulabon,

FIGR 6A and 6Bare sclematc diagrawns of mespectovelya prior artac-de power
comverter with ontptsoltage control ard an ac-de power correerter with mpnt voltage control
accordirg to the present weenhon;

FIG. TAiz a schematic diagram of a single phase power comverter using an electnc
sprng with reachwe power control as in the Hul prbhication,

FIG. TB 15 a power flow diagrarn of the power correerter of Fig. TA;
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FIG. 81z block diagram dlustrating one wersion of the electic spnrg in the Hm
publication with a seres power contoller ahsothing active power and a shunt power
confroller feeding the aciree powerback to the mains power hines,

FIG. QAiza schemahc diagrarn of a single phase power corverter using an electnc
sprng with both actiee and reachwe power cortrol i accordance with an embodiment of the

present eeention,
FIG. 9B 15 3 power flow diagram of the power correerter of Fig. B4

FIG. 10:= a block diggram of an outpat-voltage control in a pior art ac-de power

cotve rsion with wel-regulated mains voltage;

FIG. 11 15 a block diagram of an ac-de power corserter with mputsoltaze contol
according to an erabodiraent of the present irvention where the mains wvoltage may not be
stable due to interrmttent renewable enerey sonrces on the grd,

FIG. 12 15 a block diagrarn of an ac-de power corrverter with an impmt-woltage control
according to another embodiment of the present irvention with anxabary cordrol agmls to
mnprove transie nt and dynaraie power systermn stabiliby;

FIG. 13 15 a block diagrarm of an ac-de power corerter wath an mpmi-woltage control
according to a further erbodireent of the presert weention using a cwrrent mode control
rnethod:

FIG. 14 15 a block diagram of an ac-de power cormerter with mputsoltaze contol
according toa still farther erbodirent of the present irvention; and

FIG. 15 15 a block diagram of an ac-de power cormerter with mputsoltaze contol
according toa yetanother erbodirnent of the pesent irenhon.

DETAILED DESCRIPTION

Tle main objectve of wsing a bi-directional ac-de power corseerter with flexible
confral of the wector relabonslips of the mmt woltage and mmpnt cwrrent of the ac-de power
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corvedter 13 to provide a new mecharusin of regulating the mains woltage. This objectve 13
achieved with the kelp of an input woltage control loop (Fiz 53, An electric load with this
front end bidirectioral ac-de power corverter andthe 1mgmt woltage control can be consdered
asa new form of “smart load™ that can help stabilize the mains voltage n fatore power srids
that may be subject to dishobarce and fluctoaton caused by the infermottent nabwe of
rerewable power sowrces. The corverter in this proposal can also perform load demand
response, such asload shedding, or even prosade actve power compensation/imjecion to the
povwer gnd to tropeosee the power balance.

Tte bidirechoral ac-de power correrters concerned in thas irventon not only include
statdard power corverters constucted with comeerter legs compnang power switches 1n 2-
lewel or H-lewel totern-pole amangements, but also include other vanards of ac-de power
corve ters such as the Z-neeerters. The minciple appolies to both amgle-phase and molb-phase

SyStEmS.

Fiz 10 shows the traditional “output-soltage control” scheme of bi-directional ac-de
power corverters 100, Mo immput woltage control 1s used taditiorally because in exishng
power systems with no or hnuoted mterrmitient renewsble power generabon tght mams
voltaze (V) regulation can be assumed. Bs shown in Fiz. 10 the de output woltage Vs 15
compared to a reference voltage in coraparator 102, The difference signal 1s appied to PI
Controller 104, whose ontpat 13 rltplied wath the mpat mams voltage V, moa oltiplier
106, The nput cument I, m. 15 measnred and applied to current raode conteol 10%. The ontput
of roultiplier 106 13 the cwrrent reference agnal [ ng which 15 also applied to Carent Ilode
Control 108 The outpt of the Carrent Iode Control 108 dowes the Pulse-Width biodolabon
Grererator 110 wlach sets the pulse width and frecuency in the &C power Corrrerter 100, The
mpmt cwrrent (Is) 1s switched ard shaped by the AC power Coreeerter o the recuired
sinnsoidal shape with magratude and phase angle according to the 3 ar.

Fiz 12 shows a version of the new ingut-voltage control scherne for bi-directional ac-
de power coreverters 100 wath both actrve and reactree power flow control. The maimsvoliage
(W) at which this power corserter 1s mstalled 1z sensed as a feedback vanable (shown in
dashed lires). Frora fhas sensed woltage signal, the phase argle andior the frequency ofthe ac
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rnalng voltage can be obtamed fror cirenit 115, The sensed mains voltage 15 corpared with
a mains voltage reference (V. zf) 10 corparator 116, The mains voltage reference can he
denved with the Droop Characterishic ciremit 115 based on the magritde of the PW signal
(WD), the reactmve power (O and the mgmt cwrrent (L) As dejpcted in Fig 11, the Droop
Characteristic circwt can corprise a feedback gain K appolied o signal I ard a companson
of that sigral to the noronal mains signal W, m comparator 114 to dertee the maims voltage
reference (V, o9 The difference signal e+ is applied toan error amplifierfcompersator 112
Lz shown i Fig. 11 the outpat of fhas cirewt 15 applied to Magrotude and Phase Argle civenit
120, Further, a Synchrorazation circuit 115 receives the mains sigral ¥, and its output 15 also
applied fo cirowat 1200 Cirewt 120 generates at least two control variables, namely the

riagritude (VD and the phase angle {0 of the PWIL wloch are applied to the Gate Pattern

Gererator 110°, which in torm drrves the font-stage ac-de power comverter 100, with the
ohjectrve of cordrolling the actrve and reactwe power of the badirectional ac-de power
corverter so that the mains woltage Vs will be regulated to a certuin mains voltage

referenceV, or The more coraplex version shown in Fiz. 12 includes a condrol ciwmt 122
whose output depends on theirgmt current (1), angular fecuenc y(ws), actve power (F,) and

reactive power (). The output of ciremt 122 and the Error &mplifier Compe nsator 112 are
cormbined i Feal and Beactrve Power Comgntabon cireuit 124, The two outputs of circwt
124 are appied to Mlagratude and Phase &Angle cirowt 120 along with the output of
aynchronzation cirewt 118, The resalt 13 the magramde control sigral (W and the plass

argle ().

For a smgle-phase badirechonal ac-de power coreeerter, thos PWIHIwoltage apphed to
corve tter 100 from gate pattern gernerator 1107 18 the voltage between points x and vwi1e. Vg
mm Fig94 Beside the magmtude control smgnal (I of VW, the control loop also prosdes the

phase angle { 0) which 15 the angle between ¥, and ¥, With the control of ¥ and o, the
ragritode and phase angle of 1rpat cwrrent (1.6 the mpnt mdvctor currerd) can be controlled.

Tleretore, both actrve and reactree power can be cortrolled to regulate the mains woltage to
the mainsvoltage reference valne at the location of the metallabon.
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Lnother inpmtvoltage control scherne 15 shown in Fig 13, In thas confrol scheme, both
the irgmt voltaze (V) and the inpuat corrent (Is) are sensed Information, such as ingutvoltage

(W), ingmt current (Is), angular frequency { 0),), plase angle between Vs and Is, actiee power
(P and reactive power (), are thus obtuned. With the knowledze of P and O and the help of
a synchronous circwt 118, the magmtude (W) and angle (0) control signals for the ac-de

power corrverter 100 can be dertved wath the objecirve of regulativg the mpmt rmams voltage

Vato follow its reference V; ns

Fiz 11 and Fig.12 show two control schetnes that generate conirol signals for the
P'WhI wvoltage of the bi-directoral ac-de power corseerter. These two schemes control the
it current indirectly, by direcly controlling the PWDLI wvoltage of the ac-dc power
corvetter. Thealterratvwe control schere as shown in Fiz. 13 nges a direct cwrrent confrol.
Tle direct cwrrent control scherne in Fig 13 is similar to that of the indirect cwrent control
schernes m termns of the use of woltage and droop cordrol. However, the magratde and angle
control variables which this scherne generates are for the direct cordrol of'the ingat current. In
Fiz 13, the mstantaneons mypmt current 15 sensed mn ciremt 126 and fed mio a cwrrent control
loop for companson with the cument refererce I | pagenerated at the output of the emor
circmit 112 by the mputwoltage control scherme. Ths mpmt cwrrerd (1) 15 switched and shaped
by the bi-directional power comverter 1nto the recuired snuscidal shape with magmbide and
phase angle according to the mpmt woltage confral with the objectve of regulating the ingmt
ac voltagze. In particular, quadrature phase cwrrent I, 12 compared to I, o nrlh coraparator
128, The in-phase current I, 515 corapared to the reference cument [ ¢ nefror the outpat of
the de woltage control loop in corparator 130, The outpats of the comparators 128, 150 are
directed to the Charrent Ilode Control 120°, wihich m torn drrees the Gate Pattern Generator
1107,

bn exaraple of the iraplementabon of the 1xgut voltage control scherne based on a
proporboral-irtegral (FI) compensator 1s shown in Fiz. 14, In Fig. 14 the 1rgmt voltage 15
sarupled and appied to both & Boot-Diean Soguare Corserter 132 and a Phase-Locked Loop
circmit 134, Comparators 114 and 116 are nsed to generate the outpnt evgin the same wayas
showm in Fig. 11, except that ore of the inmits fo comparator 116 15 the output of Root-Iean
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aruare Corerter 132 mstead of the ingmt woltage Vs The siznal e-gls appled to the
Proportional-Integral (PI) cormpensator 136, whose outpat 15 apdied to hgrotade
Caleulation corowt 155, Mote that ciewt 132 does not generate a plase signal, only the
ragritode siznal I Farther, the signal Il dnwves the Sisoidal Wave Generator 140, Tle
oufpmt of Flase-Locked Loop cirewt 134 15 also applied to generator 140, which hasz an

output that dnves the PWI generator 142, Generator 142 controls the &C-Power Corverter
100.

Tle inpmt voltage control schere proposed in tlos ireention does not exclude a
confral methodology that rorolves the use of onfput voltage feedback o assst the proposed
mmt voltage control. &n exarple of an implementation of the mpnt voltage contral scheme
of Fiz.11, as represented by the arrangernent of Fig. 14, asaisted with the outpuat voltage
feedback for the “ingmt voltaze control”™ of the bidirectional power comverter, 15 shown in
Fiz 15 In particular, instead of the outpat of the Phase-Locked Loop cireuit 134 being
applied directly to generator 140, 1t 15 applied to a comparator 156, The de outpotvoltage of
the arranzement Vi 15 cormpared to a reference i comparator 150, The output e g dnwves a
second FI cortroller 152, whose output ditves an Angle Caleulation ciremit 154, The ounfput
of the Lrgle Caleulation circmt 154 15 the second mygmt to corgparator 156, It is the outpt of
comparator 156 that dnwves the Smusoidal Wawe Generator 140 along wath the signal M from
the Mhemtude Caleulation cirveunit 135,

While certain exeruplary technismes have been described and shown herein using
vanoms wethods and systerns, 1t should be understood by thoss skilled i the art that vanons
other modifications may be rade, and equrealents may be substtuted, without departing
from clamed subject matter. Addibionally, many modifications may be made to adapt a
particular situation to the teackangs of the clarned subject matter without deparhne from the
cenfral conce pt described herein. Therefore, 1t 15 intended that the claimed subject matter not
be lirnited to the parhcular exarple s disclosed, bt that such claimed subject matter may also
mclude all imple mentations falling within the scope of the appended claims, and equrralents
thereot.

bny reference in tlas specification to “one ewbodirent” “an ewbodirwent,”
“exermplary ermbodiment,” ete, means that a parbicular feature, stuchare, or claracterishe
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described mm conrechon with the embodirent 15 meluded m at least one embodiment of the
mvertion. The appearances of such phlrases in warious places in the specification are not
recesgarily all referming to the same embodirent. In addihon, argy elements or hrtatons of
arer irvenhon or erbodiznent thereof disclosed herein can be corbired with any andfor all
other elerents or hmitations (1indradually or in any combination) or any other e ntion or
ernbocirnent thereof disclosed herem, and all such combinabons are conternplated with the
scope of the rorention withont hrtaton thereto.

It should be understood that the exaraples and embodirments described herein ave for
Ulustrative puarposes only and that vanous modifications or clanges in light thereof will he
sugzested to persons skalled in the art and are to be 1ncluded witlan the spnt and paraew of
this application
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CLAEING
What 15 clained 1s:

1. & hi-divechioral power corre terfed by aningnt ac power source and
provading an oufpnt to an electne load (which may have at least one energy storage element),
sa1d corverterbeing able fo handle actrve power, reactiee power or both in a bi-direchoral
INANTEY, COMALENG

anirgnt voltage comtroland regulator; and

wherein the voltage and cwrrent vectors of the said power corverter are not restucted

to 90 degrees.

2. Tle power corverter oftlaira 1 wherein the input ac power source 15 an
unstable ac mainsvoltage gernerated beran a o power sorce with substantial mterraittent

rerewable energy sources.

A Tle power corrverter of claim 1 wherein said inpnt woltage comtral and
regulator cordrols the gt cwrrent magrtode and its phase angle with respect to the 1t ac
woltage m order to regulate the mmt ac voltage fo a norminal walue or within a range of

noriral walues.

4. Tle power corrverter of claim 1 wherein said ingt woltage confrol and
regulator generatesvoltage magratde and plase angle agrals for the control of the power
corive er when voltage -maode comtrol 15 adopted, and the generation of cwrrent magrnitode and
phase argle signals for the control of the power corserter whe n cwrrent-roode control 13
acopted.

5. Tle power correerter of claim dwherein the phase angle sigral 15 generated
with the nse ofa syrchronzahon cirewt.

f. Tle power corrverter of claim 1 wherein said ingt woltage confrol and
regulator 15 1rople rnented by one of wvarlons control approache s including proporbonal -
mntegral-differential ( FILY methods, lead-lag compernsation methodsand, state-space conrol,
shidirg roode control, non-inear bourndary control methods,
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T Tle power correerter of clam 1 frther meluding an ontputvoltage feedback
loap.

a. Tle power correrter of claim 1 wherein it processes achve power or reactove
power of both between the input ac power soarce and the output load;, and

wherein the voltage wector and the cwrrent vector generted byrthe power corverter
can deviate frorn 0 degree s0 as to process actove powet.

9. Tle power corrverter of claim 1 wherein the elecinc load contains at least
oree hergy storage element or power soarce, and said power corverter ransters actore and
reactive power from the load back to the mpmt ac power source in order fo regulate the 1rgmt
ac woltage of the 1npat power source.

10, Tle power corwerter of claira 1 wherein the corverter isan AC-TOC power
corve ter or B C-TC-BC power cotrrerter or AC-AC power converter.

11.  Tle power corverter of claira 1 wherein the input woltage control and
regulatorse s droop control fechmgues 1na control loop for the 1nput woltage contral.

12, Tle power corverter of clair 1 wherein the input woltage control and
regulatonnecludes phase-shift control and pulse -width-modulated swatching methods.



PCT/CN2013/076330

WO 2013/178054

1/14

uonOUNy UOTONPaI 958I0A

(¢-2)
fot 54 < % } 1y
v
A
A
Prsa SA
(90107
pIemumop) [[nd [eoTuRyoIN
(1-0)

=
a1

T°Old

uonduUNy Sunsooq 95eI0A

(z-9)
Jol s4 ~ % iy
v
A
v
Jor 54 _ sq
(92103
plemdn) ysnd [eorueydon
(1-9)
Y
‘Y\c«huuuw”v
1% §
8
g
o
@)
—_—

uonisod [ennaN
(c-®)

for sq _ oy

0="a

\mx\w\r — % —%q

uonisod [ennan

(1-8)




PCT/CN2013/076330

¢ "9l

2/14

Speo] [0JU0d 19pun
QJil=) Il Tg) peoj d11d9[

{7 nr o6

ol

opnjiuSew > HOHSQMO

Joa sy 4

: P

+ A
: Ldronuey JIOMION JOMIOAU]

P uonesuadwo)) UOTJEZIUOIYOUAS INMd S

R A 5

m ra 1

Jurids ooy

WO 2013/178054




WO 2013/178054 PCT/CN2013/076330
3/14

B. Full-bridge inverter

FIG. 3
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