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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

CROSSREEFERENCE TORELATED APPLICATIONS

Tle resent appicaton clairas the berefit of U5, patent application senal Ho.
Blia54,625, filed June 1, 2012 whach 15 hereby incoporated by re ference n 1fs entirefy.

BACKGROUNDOF THE INVENTION

Technic al Field

Tle sabject matter disclosed herein relates o 1xgmt ac woltage resulation and power
flowr control of bi-directonal AC-DC power corserters and hi-directional AC-AC comverters.

Descriptionof Belated Ari

Tle increasing awareness of climate charge has prowpted many govermmernts
woldwide to irapose policies that call for the mtroduction of renewable energy sources.
Fresenflypower gereration 15 “centralized™ and “wudirectional,” By moratonng the woltage
ard frequencies of the power gnd, the ubbty companes can deterrmne the amount of
electricity needed by the load centers (such asa city) and can generate the reqpured amount of
electric power from the power plants. & balance of power generation and load 15 an essential
condition for the stababity of the power system. &Slthough the differerce between power
generation and load dermand can be absorbed by energ v storage, energy storage 15 either
expenstve (such as batteries) or dependent on locations (such as water reservoirs). For
exlshng power systers, the control paradigm 15 to bhave “the power generation followr the
load dernard™ in order to mairtain power systern stability.
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In futare power grds, renewable energy sources such as solar panels and wind power
generators will be mmstalled n a “distrbuted” rmanner and the power flow could be
“hidirecional,” 1.e., the power can be supplied fo the grd fom these generators or taken from
the gnd by these generators. These distibuted renewable power sources, both known or
unknown to the nhlhity comparies, make 1t very difficult for the power cormparies to control
the power balance. Therefore, there 15 a need for a shift of the control paradizrn for a foture
power gnd with substanbal penetration of irdermiftent renewable energy.  In the new
paradizrn “the load dernand bas fo follow power generabon.™

In order to aclieve power balarce, varions methods have been proposed presiously.
acheduled load shedding has been a fracitioral method 1n load power control. Howesrer, such
a method 15 not usefil for maintsining dyparc power balance i real -time. Smart loads with
OMICFF control for electic loads, such as refiigerators and air-condifionirg systerns [1-3],
have been proposed for real-tine power balance. See, the arbcles [1]50. Lee et al,
“Demand 5ide Managemert With A Condifioner Loads Based on the Chieming System
Ivlodel,” IEEE Transactions on Power Systerns, Volune: 26 | Issue: 2, 2011, pages 661 — 663,
[T C. Heffher et al., “Innovatree approaches to venfying demand response of water heater
load control,” IEEE Transactons on Power Delreery, Wolume: 21, Issue: 1, 2006, pages 38E
- 397, and [3] & Brooks et al"Demand Dispatch”™ IEEE Power and Erergy MMagazmne,
Voluree: 2 |, Isme: 3, 2010, pages 20 - 29, Howewver, shutting down electrical apphiances 1s

mmtrusive and may cause incorvenience to and opposiion frorm conmners.

Recently, an electric spring conceptbased on the three centaries old Hooke's law has
been ppoposed and practically erabe dded i electric loads to regulate the hine or mains woltage
mm the power gnd. See, [4]5 YV E. Hu et al, “Power Control Cirewit arnd Method for
Stabihmnge a Power Supply,™ US Paternt application Serial Mo, 617389 459, filed on 4 October
2010 {Patent Application Publication Mo, T520120020420 &£1). The electe sprng concept
refers to the use of a power corwerter together wath its load to forrm a “smant load™ urat that
can provide regulation of the mains voltage. With the use of an mpmt voltage control (instead
of the trmdibonal ontpat woltage control), reactvre power corverters (1e. power cornerers
that hardle reactive power only and not actrve power) have been used to fulfill the electric
sprng concept. The electic spring moplernentation based o the use of a confrolled woltage



WO 2013/178054 PCT/CN2013/076330

sonrce connected m senes with an electie load 13 descrbed o the above-1dentified Hui
article and 15 shown in Fig 1. The controlled woltage source can be realized with a reactmee
powrer corverter. The power corrverter can be a power Lrverter I whach a lage capacitor Oy,
15 used as a controlldble de voltage source (Fy,) as shown 1in Fig 2. The power irerter can
then be switched mn a smmsoidal pulse-wadth modulated (PWII manner to generate a
switched PWLI woltage waveform with a strong fandareental woltage and some high-
frequency woltage harmoracs. The lugh-frequency wvoltage harmomcs are filtered by the
mductrve -capacitive (LC) filter so that only the snusoids] fandsmental woltage (V) is
generated across the capacitor of the LC filter as the woltage output of the electic spring. It
shomld be noted that in the control scheme shown m Fig 2 the elechic spring uses “mpat
voltage control™ The control variable 1s the ingmt voltage of the reactmee power corneerter,
which 15 the rains woltage (F) at the location of the installation of the eguipene nt. The oatpat
voltaze of the reactrve power control (V,) 15 allowed to fluctuate for the regulation of the
mains voltage ;. In order to ensure that the power corverter works as a reactive power
controller, the vector relationstap of Ve and L 15 perpendicular when [o 1s not zero as shown
in Fiz 4.

Tle Internatonal Electrotechrical Coramission Regulation IEC 61000-3-2 recqures
offline electne equiprment of 20W or above to compdy with electromagnetic compatbihity
recuirernerts. For ecpupmment fed byrae mains, the mpnt power factor mnst be kept at or above
0.9 In modern electic equiprment such as switched mode power supplies for cormpaters and
servers, power factor cormected (PFC) ac-de power cormerters are commonly used to ensure
that the mpnt voltage and mgut cwrent are in phase (Le. wity power factor of the ot
currert 15 sinusoicdally shaped). Inthis regard, the power 1rnerters Chalf-bridge or filll-bridge

mverters in Fiz 3) can be used as ac-de power corerters as shown mn Fig 5.

In exising ac-dec power corrersion applications, it 15 always assumed that the mains
voltaze 15 mmsoidal and stable at its nowanal rios value (such as 230V), because rnost
desreloped countries have well regulated mains woltage that 1s kept to 1t nomiral value with a
+- &%, tolerance 1n developed countries and +- 10%% m otherregions. Therefore, traditional
ac-de power corrverters normally assure a fairly stable ac mains supply. For this reason, no
mpmt-voltage control (except that in the Hw et al. article and apphcation, which 1z by the
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present rrventors) has been reported. Traditional ac-de power corererters adopt the “outpat-
voltage control” because thew are used for regulating the outpat de woltage. For the power
factor comected (FFC) corverters m Fig 5, the mains woltage 15 sensed so that the power
corrveter can be switched to force the mput cument of the power comerter to follow the
sirmscidal skape of the mains woltage and be in phase with the mains woltageIn this wawy,
near urdty power factor can be aclieved The magratude of the mput cwrrent 15 controlled to
maintamn a fawly constard oufput de woltage (Vde) theomgh an “output-voltage control”
feedback loop. Fora 220V -240V rras mains supply, typaecal Yde is cordrolled at a de voltage
of about 400V, Becanse the input woltage and cuwrrent of this PFC cormeerter aw in phase, the
PEC power corserter with its outpat load ermlates a poare resstor. Therefore, the FFC
corvetter fed load syster consumes active power. Also, power flow s nmdivectional from
the mains to the load. Howeser, in fature power gnds with substanbal renewable erersy
sonrces of an interraittent nature, the assnruphon that the mams voltage can be stable within
the +/- &% 15 guestionable.

SUMMARY OF THE INVENTION

Tle presert irventon is directed a method and apparatus for stabilizng a power gad
that includes substantial intermitterd enersy sources by usng bidirectional wacttve power
controller arrangse ments,

In an illustrative emwbodirnent an ac-de power corseerter, which mavhe found ona
rtnber of consunet products cormected to the mains, 15 modified so that it has 1mgnt woltage
control, whach in turn allows 1t to act as a swart load and to stabihize the gnd  Haturally the
arid 1z foo powerful for any one corwerter fo balance 1t, so it 15 cordernplated that the
coreve tters will be moplererded 1n avast nurnber of products ao that the overall effect will be
astabilized gnd

Tle distinctree featwe of the neenton with respect to the tadiboral ac-de power
corversion method 1z 1llustrated in Fiz. 6. Ina frachtioral schematic, there 15 no ingat woltage
control becanss the exising mains voltage in 15 well regulated. s presiously explaned, the
distribmted ard intermitterd natore of renewable enersy sources may cause power imbalance
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between power generation and load dernand, leading to the posability of power 1nstability

such as fluctnation in the mains voltage. The mamswoltage in fiuture power grids ma v not be
stable. Therefore, “mpmt woltage control” 13 proposed for ac-de power corrverters with both

actrve and reacttve power flow control. The prnciple applies to both single-phase ard multi-
phase systemmns.

In the Hui puabhished patent application, the electic load 15 cormected in senes wath
filter capacitor C of the power converter (Fig 74). The coresponding power flow diagram 1s
shown in Fig. TB. Active power does not flow theough the power corrverter. Since the de bulk
capacitor of the power comverter 1n Fig7& does not consume achwe power, the power
coreee tter 1n Fig T4 only bandles reactive power.

Tlere 13 alao one wersion of the reactive power controller arrangemernts in Hw that
can handle both actree and reactive powems shown in Fig2. It should be noted that this
power converter circulates achwve power through the power corserter, and that the actve
power does not come from the electic load. This 15 1n fact a hmatabon in the proposal

described i Hu. This means that actove power canmot be tansterred from the electric load
back to the a.c. mains supply in the poposal of Hm. However, according to the preserd

mvertion, the electic load 13 cormected to the d.c. bulk capacitor such that the power
corvetter in Fig 94 hardles both active and reacttve power. The power flow diagrar of this
eraboditnent of the reention 1z shown i Fig 9B Both actve and reactive power corponents
have to go frorn the mains to the load fheough the power comeerter in the present imention. &
cornparson of the power flow diagram m Fig. TBwath that m Fig 9B, lighlights the major
differences between the present wwvention and that of the Hw publhication. Since the power
correrter 1n this proposal can handle both active and reactive power, the inpmt woltage and
currert can be moany phase relationshap,

Tle present 1mcention 15 paricularly useful for electne loads wath energy storage
elements. For exarmple, electric velicles have batteries and, of recessary, actve power canbe

transferred from the battenes to the a.c. mams sapply

Tle present e rtion proposes a new approach m order to nhihze the electic spang
concept in stabilimng futme power grds. Simdar fo the electic spring iraplementation
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described m Hut, this new reahzation has some of the same electne sprng featores. Tless

meclade:
(1}

(i)

(101)

the nse of “ingt woltage control™ m the power corseerter with the mains
voltage as mpnt,

the use of a power comverter such as a power Ireeerter (le. ac-de power

correrter), and

the provision of 1mgut voltage regulation funchons (1e. the regulation of the

rnains voltage).

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

Ulnstrated m Fiz. 7B and Fiz. PB unang a single-phase systern as an exampde (the prnciple
also appies to rmult-phase systems).

(1)

(1)

(1)

(1)

()

(1)

(L)

Tle electnic load 15 connected to the bulk d.c. capacitor of'the power cormverter
(while the electric load m Hui 1s cormected in series with the filter capacitor of
the power correrter).

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

Tle power corseerter can handle BOTH actrve and reactve power (while the

power corrverter in Hul can only hardle reactrve power).

Letive and reactve power can flow m BOTH divechons, 1.e. fror the mams to

the power correrter and vice versa.

Tle wectors of the 1npnt voltage and mpnt current of the power corserter are
NOT necessanly fixed at perpendicular posiions. They can be 10 any phase
relahonship.

Tle contol pammeter mn the power corverter can also nclude the mains
frecuency ws to improve the power gnd stabihity,

The output woltaze of the power corserter is regulated when the power
corverter OWLY provides reacttve power compensation to the power gnd.
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(vl The outpat woltage of the power corerter 15 allowed to fluchaate when the
power corsverter provide s acive power corapensation to the power gnd.

BRIEF DESCRIFTION OF DRAWINGS

Tle foregoing and other features of the present irenbon will be more readily
apparent from the following detalled descripton and drawings of dlustrabive embodirnents of
the irwvention wherein like reference numerals refer to like parts tlhroughout the samous
figures unless othersse specified and in which:

FIGS. 14, 1B and 1C illustrate the electric spring concept for neutal, boostirg and

rechiction functions;

FIG. 2is a block diagrar of a prior art reacttve power cormerter in the form of an
Irverter;

FIGS. 3A and 3B are schematic diagrams of prior art halftbndgze and full-

brideeirrverters, respectively, which canbe used as reachwe power corrverters,

FIG. 45 a diagrarm illustrating the vector relationstupbebween voltage and cwrrent 1n
the reactrve power controller of Fig. 2 when the cwrent [, is not zero,

FIGS. 54 and 5B areschermatic diagrames of single-phase examples of prior art ac-de
power converters based on halftbridee and full-bridee power imverters, respectively, with
“ontt voltage™ regulation;

FIGS 6A and 6Bare sclematc diagrarns of respectvelya pror artac-de power
corverter wath outpatsoltage control ard an ac-de power corseerter with mput woltage control
according to the present reenhon,

FIG. TAiz a sclematic diagram of a single phase power corverter using an eleciric
sprng with reactive power control as in the Hul publicaton;

FIG. TB 15a power flow diagrarn of the power corrverter of Fig. T4,
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FIG. 81z block diagram illustrating one wersion of the elechic spnrg in the Hm

publication with a series power controller absorbirg active power and a shunt power
confroller feeding the actrve powerback to the mains power hines,,

FIG. QAisa schematc diagrarm of a single phase power comverter using an electric
sprng with both actree and reachwve power cortrol in accordance with an embodimert of the

present rvention,
FIG. 9B 15a power flow diagrarn of the power corverter of Fig. 94

FIG. 1015 a block diagrar of an output-woltage control i a pior art ac-de power

corrve rslon with wellregulated mains voltage;

FIG. 11 15 a block diagram of an ac-de power comverter with mputsmoltage control
according o an embodirent of the present ireention where the mains voltage may not be
stable due to 1nterrattent rerewable energy sources on the gnd,

FIG. 12 15a block diagram of an ac-de power correerter with an mput-woltage control
according o another embodirent of the present 1rvention with anxbary control sigrals to
nnprove transient and dymaroe power systern stability,

FIG. 13 15 a block diagram of an ac-de power cormverter with an imput-woltage control
according to a further erbodirent of the present Deeention uwsing a cwrrent mode control
method:

FIG. 14 15 a block diagram of an ac-de power comverter with mputsmoltage control
according toa still farther erabodirnent of the present irevention; and

FIG. 15 15 a block diagram of an ac-de power comerter with mputsoltage control
according toa yet another erabodirnent of the present 1xve nhon.

DETAILED DESCRIPTION

Tle rmain ohjechwve of using a bi-directional ac-dc power corseerter with flexible
contral of the vector relabonships of the mpat woltage and mpmt cwrent of the ac-de power



WO 2013/178054 PCT/CN2013/076330

covetter 18 to provide a new mecharisa of regulating the mains woltage. This objectree 13
achieved with the help of an ingnt voltage control loop (Fig 3). An electric load wath this
front end badire choral ac-de power corverter andthe 1rgmt woltage control can be considered
asa new formm of “swmart load™ that can help stabilize the mains voltage in futore power grids
that may be subject to dishobarce and fluctuation cansed by the intermottent nature of
rerewable power sources. The corverter in this proposal can also perform load demand
response, such as load shedding, or even provade acimve power compensationiingec ion to the
power grd to lrpeowve the power balance,

Tle bidirectioral ac-dc power corrverters concerned in fhas 1rwrention not ondy imclude
standard power correrters constucted wath corerter legs comprising power switches 1n 2-
level or M-lewel totern-pole anangernents, but also include other wvanants of ac-de power
coreee ters such as the S-iteeerters. The mneiple applies to both single-phase and mulh-plase

SYSterns.

Fiz 10 shows the traditional “output-soltage control™ scheme of bi-direchonal ac-de
power comverters 100, Mo impmt woltaze control 15 used tradiborally becanse in existing
power systerns with no or hinuted interruttent renewsble power generation fight mams
voltage (V) regulation can be assuned. As shown in Fig. 10 the de output woltage Vi is
cormpated to a reference woltage in comparator 102, The difference signal is appdied to PI
Controller 104, whose outpnt 13 rultplied with the rgmt mains voltage ¥V, n a multiphier
106, The irgmt curent [, m, is measued and applied to current rode control 102, The ouatput
of wultipher 106 13 the cuwrrent reference agnal [ zg which 13 also applied fo Carrent Ivlode
Control 108 The output of the Charrent Ivlode Control 108 dioves the Pulse-Width Wb dulation
Crenerator 110 which sets the pulse width and frecuencyin the AC power Corsrerter 100, The
mpt cuwrrent (Is) 15 switched ard shaped by the AT power Corerter mmto the recured
sinuscidal shape with magritude and phase angle according to the 3 o

Fiz.12 shows a version of the new inputwvoltage control scherne for bi-directional ac-
de power comverters 100 wath both actrve and reactre power flow control. The mainsvoltage
(W, at which this power corverter 13 installed 15 sensed as a feedback wanable (shown in
dashed lines). From this sensed voltage signal, the phase argle andlior the frequency of'the ac
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mains voltage can be obtamed frorn cirenat 115, The sensed mains voltage 13 corapared with

a mains voltage reference (V. =g in comparator 116, The mains voltage reference can be
derved wath the Droop Characterishe cirewmt 113 based on the magride of the PW signal
(WD), the reactree power () and the mput cwrent (1) As depeted 1n Fig 11, the Droop
Characteristic cirewit can corgeise a feedback zan K applied o signal IV, and a companson
of that sigral to the norainal rmains signal V. o comparator 114 to dermve the mains voltage
reference (W, og. The difference signal ey 15 applied toan error amplifier/compersator 112,
Lz shown in Fig. 11 the output of ths circwt 1z applied to Magratude and Phase Arele cirowt
120, Further, a Synchronization circuit 112 receives the mains sigral ¥V, and its output isalso
applied fo civenit 1200 Cirowt 120 generates at least two control vanables, namely the

ragritode (D) and the phase angle { @) of the FWLL which are apphed fo the Gate Pattern

Grenerator 1107, which in twm dimves the front-stage ac-de power corverter 100, with the

ohjectrve of controling the actrve and reactwe power of the badirectional ac-de power
comverter so that the rmains woltage Vs will be regulated to a certain mains woltage

reference V, nr The mmore corplex version shown in Fiz. 12 includes a control cicmt 122
whose output depends on theirgmt carrent (1), angular frequenc i ws), actve power (P,) and

reactive power i0),). The output of ciremit 1 22 and the Eror AmplifierCorpe nsator 112 are

corbined in Feal and Feactrve Power Corputation cirenit 124, The two outputs of circwt
124 are appied to Magratude and Phase Angle cirowt 120 along wath the output of
synchrorization ciremit 115, The result 15 the magmitude cortrol sigral (D) and the phase

argle ().

For a single-phase tadirecional ac-de power comverter, this PWIwvoltage applied to
coreve tter 100 from gate pattern generator 1107 15 the woltage between points x and wile. Vg
im Fig9 4 Beside the magratude control signal (VD) of ¥V, the control loop also provides the

phase angle (0) which 1s the angle between V, and ¥V, With the control of Vo, and o, the
magritode and phase angle of 1rgpat cwrrent (1.6, the mpnt mductor currert) can be controlled.

Tlerefore, both actrve and reacttve power can be cordrolled to regulate the mams voltage to
the mainsvoltage reference value at the location of the mstallation.
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Lnother inputwoltage control schere 15 shownin Fig 13, In ths control scherne, both
the nput woltage (V) and the input corrent (Is) are sensed Information, such as inputwoltage

(W), it cument (1s), angular frequency(w,), phase angle hetween Vs and Is, actrve power

(P and reactve power (), are thus obtained. With the knowledge of P and O and the help of
a synchronous circit 115, the magmitude (W) and angle (0) control signals for the ac-de

powrer corverter 100 can be derTved wath the objectrve of regulating the input mains woltage

Veato follow its reference V. st

Fiz.11 and Fig12 show two control schemes that generate control sgnals for the
PWhI woltage of the bi-directioral ac-de power comwerter. These two schernes control the
mpit current indirectly, by direcfly contolling the PWDRI voltage of the ac-do power
coreeetter. Thealterrative control achetne as shown in Fig. 13 uses a direct owrrent control.
Tle direct current control scherne in Fig 13 is similar to that of the indirect cwrrert control
schernes 1 terras of the use of woltage and droop control. Howewer, the magnitude ard angle
control variable s which thos scherne generates are for the direct cordrol of the ingut current. In
Fiz 13, the mstantaneons mput carrent 15 sensed m ciremt 126 and fed mio a corrent control
loop for companson with the cument refererce I, pgenerated at the output of the error
circmit 112 by the mpmt voltage control scherme. This it cwrrend (1) 15 switched and shaped
by the bi-directional power corverter into the recquired siruscidal shape with ragnitude and
phase angle according to the mpmt woltage control with the objectrve of regulating the 1npt
ac voltage. In particular, quadrature phase current [, 15 compared to I, | pein comparator
125, The in-phase current [; 15 cormpared fo the reference cument [ § weftorn the outpat of
the de voltage control loop in comgparator 130, The oufputs of the corparators 122, 130 are
directed to the Current Ilode Control 120°, which i tom drrees the Gate Pattern Generator
1107,

&n exarple of the implerentation of the 1rgmt woltage control scherme based on a
proporioralartegral (FI) compensator 1s shown in Fig. 14, In Fig. 14 the imput voltage 13
sarpled and appied to both & Foot-Iiean Square Corererter 132 and a Phase Locked Loop
circmit 134, Comparators 114 and 116 are used to generate the ontput ewgin the same wayras
showm in Fig. 11, except that ore of the inpats to comparator 116 15 the output of Foot-IvEan
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ocpare Coreerter 132 nstead of the input voltage Vs The signal ewsls applied to the
Propottional-Integral (PI) compensator 136, whose outpat 13 appied to Dhgnitude
Calculation cirewt 135, Mote that cirewt 135 does not generate a plase signal, only the
magritude sighal M Further, the signal B drives the Sinsoidal Wave Generator 140, Tle
output of Plase-Locked Loop cirewt 134 15 also applied to generator 140, which has an
outpmt that dives the PWM gererator 142, Generator 142 controls the &C-Power Corverter
100.

Tle input woltage control scherme proposed in this imeention does not exclude a
confrol methodology that rorolves the nse of outpnt voltage feedback fo assist the proposed
mpmt voltage control. Anexarmple of an 1mplerentation of the gt woltage control scherne
of Fiz.11, as represented by the arrangement of Fig. 14, assisted with the output woltage
feedback for the “input woltaze cortrol” of the bi-direchional power cormerter, 15 shown in
Fiz 15 In particular, instead of the outpat of the Phase-Locked Loop circuit 134 being
applied directly to generator 140, 1t 15 applied to a compearator 156, The de output woltage of
the arrangernent Va: 15 cormpared to a reference i corparator 150, The output e dnves a
second FI cortroller 1 52, whose output ditves an &ingle Calculation ciremt 154, The onfput
of the Argle Caloulaton circwt 154 15 the second mput to corparator 156, [t is the outpat of
cormparatar 156 that dnwes the Simusoidal Wase Grenerator 140 along wath the signal I from
the Whzritade Caleulation cirenit 13%.

While certain exeraplary fechnicues have been described and shown herein using
varions methods and systerns, 1t should be understood by those skilled m the art that varous
other modifications may be rade, and equrealents may be subshtuted, without departing
from clamed subject matter.  Additionally, many modifications may be made to adapt a
particular situation to the teackangs of the clanmed subject matter without departivg from the
central conce it described herein. Therefore, 1t 15 mtended that the claimed subject matter not
be lruted o the parbicular exargples disclosed, but that such clamed subject matter mawy also
mclode all 1rmple rentations falling wathan the scope of the appended claims, and equrralents
thereot.

bny reference in thus specification to “one embodirment”™ “an ermwbodiment,”
“exemplary embodiraert,” etc, means that a parbeular feature, stuchare, or claractenstc
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described i conrecton with the erbodirnent 13 meluded i at least one erwbodirment of the
mvertion. The appearances of such phrases in warlous places in the specification are not
necessanly all refermng to the same embodirmerd. In addihor, any elerents or hratahons of
arry irvention or erbodiment thereof disclosed herein can be combired with any andfor all
other elements or Mrmtations (indradually or in any combinationy or any other reve rtlon or
eraboditnent thereof disclosed hereir, and all such corabirations are conterplated with the
scope of the eention withont hratation thereto.

It should be understood that the exaraples and embodiments described herein are for
Ulnstrative parposes only and that varnous modifications or clanges in light thereof will be
mggzested to persons skilled in the art and are to be 1rcluded within the spnt and porview of
this application
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CLAING
What 15 claimed 1s:

1. & hi-dhrectoral power corve tterfed by aningnt ac power source and
providing an ontput to an electne load {which mav have at least one energy storage elerment),
said corverterbeing able to handle actrve power, reacttve power or both in a bi-direchoral
IMANner, Comrlsng:

anirgmt voltage controland regulator; and

wherein the voltage and current vectors of the said power corverter are not resticted

to 90 degrees.

2. Tle power corverter oftlair 1 wherein the ingmt ac power source 15 an
unstable ac mainsvoltage generated byran a.c. power soarce with substantial mderrattent

rerewahle e nergy somrces.

3. The power corverter of claim 1 wherein said ingmt woltage control and

re slator controls the mmput current magritude and its phase angle with respect to the 1ngut ac
voltage n order to regulate the mymit ac woltage o a normnal walue or within a range of

normtal walues.

4. Tle power corverter of claim 1 wherein said ingmt woltage control and
regulator generatesvoltage magratude ard phase angle agrals for the control of the power
coreve et when voltage -rode control is adopted, and the generation of cwrrent ruagritode and
phase argle sighals for the control of the power correerter whe n current-mode control 1s
adnpted.

3. Tle power cormverter of claim dwherein the phase angle sigral 15 generated
with the nse of'a syrchrorazathon circuit.

é. Tle power corverter of claim 1 wherein said ingmt woltage control and
re slator 1s iraple rmetited by one of warions control approaches including proportoral-
mmtegral-difterenhal { FIDY) methods, lead-lag cormpensation methodsand, state-space control,
slhiding maode control, nor-linear boundary control methods.
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T The power comverter of clamra 1 further meluding an outpmtvoltage feedback
loop.

a. The power corverter of clamm 1 wherein it processes achve power or reactnve
powrer ot both betweern the input ac power source and the output load;, and

wherein the voltage wector and the cwrrent vector generted bythe power corverter
can deviate from P0 degree so as to process active power.

9. The power comverter of claim 1 wherein the electric load contains at least
oree nergy storage elernent or power source, and sa1d power correetter transters actove and
reactive power from the load back to the mpmt ac power source in order to regulate the 1rgmt
ac voltage of the inpmt power soutce.

10, Tle power corverter of claira 1 wherein the corverter isan AC-TC power
coree et or SC-DC-AC power corverter or BC-AC power corverter.

11, Tle power corverter of clairm 1 wherein the input voltage control and
re gulatoruses droop control techricues ina control loop for the inputwoltage control.

12, Thle power coreeerter of clairm 1 wherein the 1xgut voltage control and
reulatoninclude s phase-shift control and pulse-wadth-modulated switcling methods.



PCT/CN2013/076330

WO 2013/178054

1/14

uonduUNJ uoTONPAI 9FLIOA

2)
'z

(z-
4 }
! “
YA

Jois — 1

(90107
premumop) [nd [es1uRydIA

(1-9)

T 'Old

uorduUNJ SUrsooq d3eIOA

(z-9)
fod s4 ~ %4 H iy
NNVH
Sl sq sy
(92103
plemdn) ysnd [eorueydsn
(1-9)
—_—
l!l§
m §
g,
g
o
O
—_—

uonisod [ennaN
(z-®)

uonisod [ennaN

(1-®)




PCT/CN2013/076330

WO 2013/178054

2/14

¢ '9ld

Speo]

OL1IOJ[D IO

94

opmuSew

A0TT 99
Jod sq

Io[jonuo))

[0.QUO0D I9pun
PeoJ 211391
7 y o>

ol

AN AN NN AN AN AN EA AR EEANAAEEREEAEEEESERERERSEAEEsRnEannsnnEannnnnnnnnnnnnnn e Ay

> I0YeISUar)

WMd
reprosnuig

uonesuadwo))

SHOMION
UOTIRZIUOIYOUAS

I9)I0AY]
NMd

Sa

Sunids 011097

A




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

B. Full-bridge inverter

FIG. 3
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