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mismatched power. These topologies can include a housekeeping power supply where the housekeeping power is coupled to the

o main bus, or, through various other tapping topologies, including to a subset of PV cell substrings.
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POWER PROUESSING
RELATED APPLICATION

§§}S}€3§§ This application claims ;}fﬁ_‘af}zf;t},f o and the benelit of UB, application
‘T

I4/R37. 118, which was fled August 27, 2015 and is entitled POWER PROUESSING, The

‘1S application is tncorporated hereln by refercncy, 1o ts entivety, loto this application,

GOYERNMENT LICENSE RIGHTS

L E R This vveniion was oade with government support under DE-ARQROGIL

gearded by The U8, Deputment of Energy, The government has cortain sights In the

BACKLGROGUND

18803 Mhetevoliair (V) cells, commonly known as solar csils, are devices for

eonversion of solar radiation jnto electrival energy. Generally, solaey radiation impinging on

the sarface ofl and entering Into, the substrate of 8 solar coll sreates electron and hole pairs In

the budk of the substrate. The clectron and bole paivs migrate 1o p-doped and n-doped regions

~,

i the substrate, thereby creating # voltage differential between the doped regions. The doped

&

regiony are connected o the conductive reglons on the solar cell to divect an slectrical current

=

from the cell t an external oirouit,. When PV cells are combined i an amay such as a PV
module, the clectrica! ensrgy collected froms all of the PV calls cay he connbined in series and
paraliel avrangemenis 1o provide power with a cortain voltage ansd current,

{0041 Module-tevel power elerironios converters, Le, MLPE conviaters, such as o

de-de optimizer, can condoet maximuom power point o (MPETY of individoal PV

3

modules, or possibly substrings of PV colls. These MLFPEs may include de-de aptimizers that
process 100% of the power being generated and housekeeping circuits that provide power to
various cirants,  Differsatial power processing {DPP) may be ased i conjunction with
mEximwn power point tracking (MEFPT) 1o process power mismuich among PV eells, This

power match feature can Serve o correct for siismatches in masimun power point (MPP)

o4

AT T TS SRR S Y3 i e - ‘:“ < . 8 =
current that would otherwise ocour in sertev-connectad PV cella,

Z




WO 2017/034739 PCT/US2016/044204

BRIEE DESCRIPTION OF THE BRAWINGS

£

RGNS Figure 1 illustrates an example bloek diagram of PY power module having a

B¥-to-bus module converter, acvording o some embodimens,

{005 Figure 2

¢4

agram showing a PV-io-bus converter topaltogy,
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according to some embodiments,
{8007 Figure 3 iHlustrates a clrounit disgram showing a PV-to-bus vonvarter topology,
acverding o some embodiments.

{H088) Pigs

,«

ores A and 48 hustrate g ciroudt diagram showing g PV-to-bus converter

P

topoiogy, according 1o some embadiments
{8005 Frgure 3& Hlustrates a ciroult disgrams showing g PV-o-bus copverter
tpology, according o some ambodiments,

[H018] Fig

T

]

are 5B lustrates s cuonit dlagram showing & PV-o-bis converter
topcdogy.

HELER S Figure 6 tllustrates a ofrouwlt diagram showing 8 PV-to-bus vonvarter topology,
avcording ©y sonwe enmbodinents.

{3 Figure 7 tHustrates a siroull disgram showing a PVao-bus converter topology,

f§}8§_3§ Figure & iHlustrates 2 flowehart showing & method for converting differential
powar within @ phoality of PV cell substrings, acconding to some smbodiments,

gy Figure 9 tilustrae

’J‘/

a flowchart showing a method for sapplying powsr 1o a
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¢ powst supply withio & eonverter pology, acenrding to same smbodiments.

DETAILED DESCRIPTION

LAY The following detatled deseription i3 merely Hlhustrative In mature and is not

infended o Uit the embodiments of the subjent matier of the application or tses of such
embodiments.  As used heveln, the word “exsmplary”™ means “serving as an example,
mstanee, or dlosiation”  Agy implementation described herein s exemplary i3 not
mecessantly to be oonstrued ay preferred or advantageons over other implementatious.

Furthermore, there 18 ne intention 1o be bound by any expressed or imphied theory prosented

i the preceding techujeal fleld, backgronnd, belfef summary ov the fellowing detatled

desoription.
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18816} Thiz spevification pecledes references to “one cmbodimaat™ o “an

S

%

wases o oue enshodiment” or Yin an embhodiment™

sy

erabodirnent” The apposrances of the p
do e peeessarily refer o the swne ermbodiment. Particnlar features, siructures, o

characteristics may be combingd inany sutlable

arser consistent with thix disclosure.

3

T Terminogy, The hilowing parsgraphs provide defimtions andfor context for

rorms found in this disclosure {inclnding the sppended clatmsy:

BB} “Conprising”” This term is <}jpe‘n~“zd~°f§, As used i the appended claims, this

e does not foreclose sdditional structore ov stops

§§§§}'§ 9 Lonfigured To.” Various units or components may be deseribed or claimed

as “configured 107 perform a task or tasks.  In such contexds, “configured w0 is used o

connote structure by indicating that the uaits/components include structure that porforms

those task or tasks during operation.  As such, the uait‘component can be said to be
onfigured to perform the task oven when the specified umitcomponsmt 8 not cusrently

operational (¢ nof onfgetive), Reciting that a vnitolrcait/component iy “vonfigured 07

¥

perform one or more tweks in exprossly fmended not 1o Invoke 33 ULS.CL ¥11D, sisth
pavagraph, for thal uniteompongit,

R R “Fiver,” “Second” et Ax used herein, these terms are used as labels for
acamy that they precede, and do not fmply any type of ordering fe.n. spatial, temporal,

fogical, et} For example, refevence o a “flsst” solar cell does not necessarily niply that

this solar cell ds the frst solar oell I 8 sequence: instead the wom “frst” is used to
differsmiiate thas solar vell ffom another solar vell {oog., o “second” solar call). Likewise, a
first PV module does not sccessarily imply that this modele is the fivst ong in a seqaenes, or
the top PV module on a panel. Such designations do not have any bearing on the lncation of

the PV module, subsirings, and the Hike.

je82 1 “Hased On” &s used hereln, this term is used 1o describe one or more fotors

~

that affedt ¢ determuination, This erm doos et foreclnse addittonal factors that o wy affoet a

deternunation. That is, g determination may be solely based on those fagtors vr hased, at least

1]

1 part, on those factors. Conaider the phease “determine & based on B While B may be g

factor that affects the determination of &, such a phrase doss net foreclose the determination

of A from alse betng based on €L In other Instances, A wiay be determined based solely on B

R oapled” ~ The following desoription refers {o clements or nodes or features

hewng “coupled™ together.  As wied herein, unless expressly stated otherwise, “coupled™
"

pe
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means that one elementnode/fratore v direstly or Indivectly joined to {oy directly or
wdivectly  communicstes withy  another  clementmode/fentnre,  and  not necessardly
0823 “Inhibit” — As used herely, bt is vsed 1o deseribe s reducing or minimizing
effect,  When a component or featwre is desoribed ay inhibiting an action, motion, or
condiifen i may completely prevent the result or outcome or future state completely.

s&ﬁ(‘ii‘iis’:ﬁ:&z‘-ﬁ}y‘, i bit” oan alse refer to & reduction o lesssuing of the outeome, performance,

offect which might othenwize occnr. Accordingly, when g component, element, o
foatuwre 18 reforred (o as Inhibiting o resalt or state, it need not vompletely prevent or eliminate

the resalt or state,

n

{80241 In addition, certaln terdnology may also be used in the Hollowing deseription

for the purpose of refersuce ouly, and thas sre not ntended o be Hmiting. For example,

N

ferms such as “opper”, Mlower”, Yabove™, snd Fhelow” refer to divections in the drawings w
which reference 15 wade. Terms such as “front™, “back™, “rear™, “aide™, “outboard™, and
mboard” deseribe the orlentation andfor lovation of portions of the component within &
consistent bat arbitmary frame of referencs which is made clear by referenve to the text wd
the associated aig'ﬁs:\;-‘i_n.gs deseribing the component under diseussion, Nuch terminology may
nchude the words speetfically mentioned above, derivatives thereof, ansd words of similar
import,
{H0258] In the following desoription, munsrouy specific details ave set forth, such as

spectiic operations, m order o provide s thorough understanding of embodiments of the
k o o

present disclosure. B will be apparent to one shilled in the arl that embodiments of the

present disvlosure may be practiced withowt these speeifie details, In other frsiances, well
known technigues are not deserdbed in detall in order to not wwecossarnily obsours
smbediments of the present disclosure,

{88281 This specification desoribes exemplary PVoto-bus architectures that can
wolude the disclosed DPFP converter  implementations, followed by & mwae detatied

explanation of vatous embodiments of the DPFP converter topologies. The speciiication als

teveat et s e v o . ihvisedc it b Meri ol aomi e
neludes a desoription of oxanplary methods, i..}..a}}.;pics. of boasckeeping powser suppliea

}

aceording o embodiments are also provided o the specifivation, these housekegping power

4

sapplies have momerows Implementations, § ki&dﬁg the various  examples  provided

-

throy {““}01 i,
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{BaT In enbodinents, DPP conventers may process the mismateh in power bebween

I

PV modules or oelis or strings or substrings, ather than the total power of & PV module (o1

substring or any collection of PV celly that would otherwise be cormested according 1o an

aveangomend, sueh as bolng counecied in series), DPP converters can be of benefit becanse

the mismaiches may generally be small snd begause of this relattvely small mismatch,
ometimes on the order of 1% - 208 or more, a velatively small correction can be required.

{8628} I embodiments, DPF converters can allow the balk of current from a PY

medule W pass divectly to neighboring wodales via wires as opposed o Howing the curvent

&
o

H

frough u converter, This process may be considersd efffcient becauss Bt so dolng oxdy
msmgich cvent ean flow through the DPP converters. For example, i two wodules
commected i series may have 1 MPE cumenis of § amperes (A and 8§ &, respectively. The

mismatcl current may be T AL I the two modules are comngeted in sories. then the modules

are Torced to varry the same current, which may not be optimal for sither module. In this

exmnple, gach of the DPP converters preferably provides a path for 8.3 & of the mismateh

current. Beeaose the musmateh currasts are velatively s

averter ean preferably
be capable of low-currentlow-power operation. This low cwrrent/low powsr operation may
e vonstdered ay Tprovament over de-de optimizers that carey full cirert and fall power
operation.

EHMA Arhitectures of ombodiments nwmy  include many  configurations. Ous
configaration is the FVao-FV architectire, which can wse & buek-boost topology.  Another
configuration may de a FVdo-bos architecture,  In the PVo-PV archifecture, when the
individual converters bave a blocking vollage of vvoe PV modales the PP converters are
comeeted 1o neighboring nodes. For PVao-bus arehilectures, the DPP converters serve 1o
block the eatire siring voltage, sven though thelr inductors my carry less current.  In
adiditions, for PV-to-bus architectures, the DPF converters can be coupled at cach source
where the oulptt way g0 o a contralized point or Une 8¢ opposed 10 and from one PV string
o gnother, For example, the DPP converters may be connested to 2 shared bus as s

centraiized hne. Aliermatively, the DPP converters may be connected fo 8 vivtual bus, One of

i the art would recognive that the PVeo-bus architecturs shown i same

cinbodiments s just representative, and thay, move geasrally, the vee of a “virtual bus™ &

§

known. in embodiments, the PV-to-bus archiiectures may also use 8 oircult implementation

having & fvbhack differential converter fnterface with the main bus,

(¥4
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{034 Embodiments wan include & DO power systom that includes a FY power
converter cireuit and a PV modole having & pluality of PV cells arvanged in strings and
substrings. The PV cells tn the substrings of the PV module may prefirably be amanged in
series, Other arvangements, however, may be used according to the disclosed embodiments,
The PV power systern may wchade @ central sonverter coupled to the PV mndule by a shared
bug ay well as focal converters serving Individeal BV nodules, {ndividusl PV modules as
well as the PV power systent g8 @ whole may include severs! DPP converter clrouils, where
the DPP converter civeuits are coupled to a shaved bus and two or move shared PV cell strings
or substrings, The bus may be o viviual bus, in some smbodiments. The PV power systent

may have moltiple DPP converier olrouits where each DPF converter eircudt s conpled o two
PV cell substrings of & PY wodule sueh that sach of the TIFP convertor chraulis movesses a
difference in power between the coupled PV cell subsirings, These DPP converter ciroudis
may further provide the provcessed power difference 0 a local or central vonverter via a
shared bus. In embodiments, & DPP converter cirouit may include two awiiches and an
inductor where the inductor wmay be coupled directly to a plurality of PV cell substrings in the
absenwe of a bypuss diode. S further, DPP converter civeuits of embodinments sy he
posttioned and configured to shuffle power between sirings, substrings, oslls, or other
groupings v du power sonrees depending upon how the DIFP converter eirenits are tapped to

these voltags sourves.

{0311 i erubodiments, DEP converter oiroudis way be conflpnred withowt discrete
tndustors. Instead, the parasitic/steay tuductaness, Ls, of a FV modude may be relied upon fiw
converter inductance, While these Inductances are ovdinarily small (<< 1 m¥), they can be

s

adeqiate for g sufficlently high switching Fegueney DPP convensr cireuit switches.

Mersorver, nsing siodes for top switchea rather then actively switched power MOSFETS may

m

allow the ase of discontinuous converter modes. These diodes may be part of MOSFE
nerned off oy such implerentation. While such modes wiay generate unwanted current ippde

i the sewrces {the ripple in inductances, Le, would be high, in other words), this may not be
necessarily problematic as the ralatively high capaciiance of solar cells may be used to absork
bigh frequency current vipple, resulting o manageable lost PV power production. A possible
advantage of diserete inductor elinuination may Includs cost, space, and weight savings. And,

even though sfficieney way vot be as high for the TPP converter cireutts withot dedicated

&
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inductors, DFP converter cireutts of ennbodiments may not nead to eomduct large amowss of

power, thevefore reduging

§i§{§32§ i }\Ok‘iu»\ 3\..;\

frousekeeping “HEK™ power

PY cells of & PV module

the relgtive importanes of thedr efficiensy.
s may also mehade g PV powsr converter cireuit that inclhudes o
supply “HKPS” powered at least in past by one or several of the

These honsekeeping power supplics may have various outpt

wilages o power coinponets such as op-amps, sensors, and microcontrollers on low voltage

?

OULPUES, £.2.,

power supplies may be

3V and gate drivers on higher voltage ouipais, e.g. § V. These honsekeening

tapped I vartous points of these PV

housekeeping power supplisy receive sopply power frowy vardous clrenit vonfigurations,

mcluding varous nombers of PV cells in ewmbodiments and from ong or more convertars in

the same cirouit oy sdsewhere,

{33} Maltiple PV sources may be emploved in ombodiments, for exangple,

x’i ‘.}\ i.\ng\ U 8

diode pairs, which may be

.

PV moduole may ench be considerad 2 PV souwrce, In embodiments, tramaisior

built front power MOSFETE, may be emploved as switches and

cenfigured with owo indociors such that two bidirectional comverter cireuiis are formed

hese bi-directional com

:--4

shared bus, In addition.

erter efvguits can exchange power from PV sourees to and from

this bidiveetiond configuration and operstion can allow for

adiusunent of ndividus] PV substring voltages.

Y N
iy

HARES In certain embodimenty, indusior, ansinier and diode sets may be configured

1y serve 8% converter oirg

w widirectional,

bigheside gate drive 1o a

gotverter circaits having

1 3% o JR I SRR
shared bus. Inoso doing, a g

=

aits where the dtodes may be positionsd such that the converter
Such an arrangement can rechwe or elimivate the need to provide
top swileh, Such an arcangement may alse rssalt In one of the
its outpat ay the inpat of another converter circult rather than a

anverter cirnt withool bus output may not sxperience as fgh of

voltage stresaes as other converier clronits in the system that are onipoiting © a shared hus,

inherent bypass diode protection may also be provided as BV sosrces in these ombodiments

may employ paraliel diode

LIPOULR,

HEIRARS! i embodine

mductors with tapsfhrme
rain oductance needed for

foew oy different \-’i'f!?idi‘\? {1

for DM cwrrents where redated inductors can he ireated as short

its, further electrical isolation may be provided by replacing the
rs. The primavy winding of these transformers may provide the

S pOWRE conversion whereas the secondary winding. may provide g

¢

apal and waay be sigadied or rectified through subseguent trestment

~
i
4



WO 2017/034739 PCT/US2016/044204

by dhodes, capacitors or other treghy indachive coves may have extea

wnd be coupled to houssdeeping power supplies or another inductor where oitf

r~

windings a

o

CEM SEIVE 85 & Power suppl & housekegmag civeuit,

{1361 o eobodiments, low voltage cuwtputs way be osed o power househkeeping

cirguits, These househeeping oiveuits may b posiifoned pear and powsred by these low

power outpals o proowie efficieney and reduce giroul c.o_sf_‘:pﬁiexﬁ_‘:.}: when compared o 3

howsekeeping oiveuit that was fod by a full PV wodule voliags ov full DX power svstem

P example. @ housshecping vironlt, nomme £ a bigh-Input-vollage

~he replaced by a low-cost linear vegulaior, Thus, in

o

iments, aven if a swiiching powsy su;sp?;r s stif used, 1oy be fod Prom a lower

voltage amd in 3o d

embodinents, houseReeping power could alse fe, or alternatively he, fod with fll PV paned

viltage vin a second ciroult netwoek as a defaudt so that .‘i}@ti&tksﬁ&pi NE power iy comtimugus, i

mot efffcient. St Rwether, the power supplies for the housckesping powsr, e.g., low voltags

partial eircuits, high voltage fall PV cireuits, PV string sovrce lead, ete., could be used only
during normal operation o @ noeded depuudivg on efficiency and availability, In proforrsd
embodiments however, housshoeping power can be fod off of a lower voliage supply.

{8837 Other powsr souress asl soquential powir adapltations for & housekeeping

AR R f ey mdoer eyt v § ctn Bl s soeadon o S £ P :
power supply are alse coversd In embodiments. For examaple, different PV strings way be

sed 1o power the housckeeping power supply o accommundate for g hading conditions

ses fromy some sources are low while voltages fom other sowrses are normal oy
N gy N S - Foe < 1

Fgh, Thus, in embodiments, ¢ network of resistors, diodes, and an ans Mog switch nay be
soploved o seloct avatlable PV sowrces and 1o actually connent the available source 1o the

ipuat of the bousskeeping supply. The resistors 1o these cirouits may be sized to enswe that if

a Hrst BV s0 s bedow & VY then the sum of other PV sourves i

appiied 1w the by snabling the how poly © remain on and stild

porwered by a g

HEERNY

aiso power the houscheeping supply theugh the we of

xetl - % Qe dd v tened . Sy e e e by ey evgeod LR . vy . o
desticated PV gellis), These dedicated “hoossloeping ool may be brought aut of the

module for the express purpose of powering the houseleening sopply. The hﬁ;}e.zs;ei(eepi

or eells oy or may not cmploy the s

ermbodiments the hoosekeoping collis) may be smaller than standard cells and may be placed

:
8
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arpong the standard eeils expressly for this purpose, laking advamage of the lower power
demands of the housekesping sup cedls are used # do-de converter may be

s dedicated HKPS con

gsed 0 step up the voliage from uration, g3 with

other embodiments. may be synthesized with the DPP approsch or other j-box intsgrated

i

electronics awmd in so dolag providing aceess o subemodude slectncal nodes. For example,
housekegping power from another soarce can be tumed on I power from a pimary source

bed

such as a cell or subsiving became unavallalde, Moreover, this altsenative cell appreach may

7

be used o sccommodate self shading scerarios where houseleeping ealls bevome

during certain perinds of the day depending upon thelr positfoning. In these selfshading

...... 1

periods backup or alternative honsckeeping cells may b used o power the housekesping

S

b
=

§€§§§'§§§ Tarning now to Figure 1, an exanple Mook diagram of PV power modude 100
having 8 PV-e-bos module converter 101 v shown,  Maodals converier 101 may be
itegrated with PV power modale 100, Module converter 101 includes a sentral gonverter
12, This component may by a do-ae suoroinvester, de-de converter, do-de optimizer, or any
other power converter, Central converter 102, and {0 turn modude converter 101, 3s coupled
to alteraating curvent {AL) power system |04,

048] Module converter 101 also is coupled @ PV cell substrings of a PV wodule

110, The PV el \Hwn\ designated by BYy, PV and PV, sepoly solar power 1o contral

P

converier 103, B YOVER, the monber also m ay be four o

tve PV ocell subeinings, of possible other numbers, in some embodiments, Ouher

3
o

N

embodiments may nclude & different number of PV cell subsirings as well. Proferably, each

PV cell subsiring meledes 234 PY cells. Thus, 3 PV module sccording o the disclosed

gmbediments may inclade T2 PV This s one possible configuration. (ther

comfigurations may be mplewented. For example, & PV module may tnclade 98 cells, with

AE i

sob 24, 48 and 24 cells {n other embediments, the PV cell substrings

three PV cell subabring

nay bave 20 oelis. Thus, not all PV cell subsirings need to be egual in the nambst of cellx.
Az can be appreciated, & varisty of configurations of the PV eells and PV el substrings may
e inpdemented according © the disclosed embodiments. In wanther example, a PV module
withy 128 or 258 cells may be used.
{i}i}aﬁﬁ DPP PVao-bus onnverters 106 and 108 alse are negrated within modide
converier 101, In some ewbodiments, additions! DPP converters way be used for g larger

Q
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swmber of PV cell substrings, DPP converters 108 and 108 are both coupled to main hus
112, which pouples PY cell substeings 110 to contral converter 102, DPP convertsr 108 Is

voupled 1o cell subsirings PV and PV 1o provess the mismatch between these cell substy

of PV madale 1100 DPP converer 108 18 coupled 1o sell substrings PV and PV o process

the mismatech betwesn thesy eedl

Hematches between PV cell subsirings may
secnr when shading, manufacturing variabilily or non-wiform aging charscteristics ooours

el pod

within 2 PV modale. In some embadiments, the mumber of TP convertess may cerrespond

o the munber of PV cell subsirings such that one DPE ponverter ia hetween two BV oell
subsivings, In other embodiments, however, the namber of DFP convertars may be Jess ov
wot carrespond to the number of PV cell substeings. For example, refersing to Figure 1, only
the bottom FY cell subsiring way have a DPP cowverter and the top two PV cell substrings
wway fust have bypass dindes,

80424 Modale converter 101 alse nchudes a howsekesping power supply 114,
Housekeeping powsr supply 114 13 a low powsr supply that runs varions seusors, controller

operational arphifiers, and the hke within power module 100, Honsekeeping power supply

drivers for ransisters used i the DPP converters, as diselosed

below, In some embodiments, housekesping power supply 114 may be powered by shared

H 3
1%
K

s THL In embodiments, as disclosed below, housekeeping power supply 114 mav slso
draw power from various souwress within power madale 109 or wmodule somverter 101 o
reduce the regoirements for converting & relatively high voltage of maln bus 112 ® a

redatively low voltag

043 Pigure

ol

it

alao depicts bypass diodes 140, Bypass diodes 149 are optional and
as they have litle or po unpact o the functioning of DPP converters 106 and 108, In foy,
bypass dindes may be integrated In DPP converters 106 and 108, Altesaatively, bypas

})\a w3

diodes 140 may be removed altogether, Further, while conventionk] diodes are de gmmi\ 3

Schotiky diode or any othey devics that performs ke & diode muay be inplemented. I some

erabodivoents, so~called “smart diodes™ may be used 0 PV z&.ppiic:;at?.ion;«..

4

{44) Module sonverter 181 has centeal converter 102 snd DPP converters 108 and

HIS integrated into g single component. Further, module converter 13 and power madule

be iegrated, as disclosed by the opologles discussed below, This integration can
save cost by nof requiring separate cireulls or components and shaving some functions
belweeen the module and the converters. Space and power processing efficiency alsn miay be

i



WO 2017/034739 PCT/US2016/044204

g

increased by the various diselosed DPP topologies as the DPP converters sre implomented
with a central or shared convarter,
{80451 Turning now o Figure 2, 8 cirenlt diggram showing g PVao-bus converter

wpology 200 i shown according o some embodiments. PY cell subsirings 110 are shown

i
e

conneeted 1o components of PP converters 106 and 108, Elements of PV power sadule
T are inchuded, thoogh not shown, in Figwee 2 where elements of Figure | are configured
with the supplementad details of topology 200 to convert and provide power in enabodinments,
{88461 Each DPE converter showr i Figare 2 inclodes two swiiches and sy inductor,

Thas, DPF converter 106 inchnsdes switches SWir and SWis and inductor Ly DPP converter

1G8 includes swi Wie and inductor Lo The swiches may be transdstor-diode

o

patrs, preforably bullt from power MORFETS

¥

SWay may include

transtator O and diode D Switeh Wi alss nolude transister

X

Qis and diode By, Switches %oz and 8Wag of DFP converter 108 are similarly configured,
In some smbodiments, BITs, IGBTs, HEMTy and other types of semivonductors may be

implerpented in the DPF converers. Other embodiments may wse various struvtores using

\

hicon and other semieonductors, inclading silicon carbide or gallivnitdde techmniogies,
3

{8471 The switches within cach DPF converter along with the assoclated industor

form 2 bidirectional converter that may exchange power from the PV cell substrings 1o and

O "

from maiy by 112, vepresented as the sum of BPY-PV cell subsirh

g

The DPE comverters

alse may be counpeted 1o g virtual bus, The bidiveotional aspect of DPP convertors 108 and

ers

q

108 aliows for adinstment of the individual PV oell substring voltages, sspeuially for MPR

WHCKINg.

48]

power supply 114 1 shown coupled to maim s 114

power supply 114 provides an § voll and & 3.3 volt cutput,  In other
embodiments, housekesping power supply 114 may provide other voltages. These voltages

may power an integrated wnoroinverier, do-do optinddzer or othar central converter within

\

power maodale 106 Housskeeping power supply 114 alse way power the clrowitry of DPR

gonverters 106 and 108, Topology ¢

®

00 shows housekeeping powse supply 114 recaiving

g

pawer from main bus 12 Thas, PV cell substrings 11T may power HEPS 114 wsing &

e

sehatively bigh voltage {up 1o 80 volis In some lostancesy such voltage may ncrease with a

i

Highes wamber of cells, and the

¢ embodinments are ot Hmited o this Jevel)

n/
..,

i1
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{8049 As tagght by Figore 2, PP converters 106 and 108 may be intepraisd with
BY cell sabsirings 110 in powsy wodale 100, Inductors within the DPP converters may be
attached dirertly between PV cedl substrings withoar the need for vapacitors gsed for none

in some emby

integrated module converier, inductors may be coupled o sach

ather, though not exphicitly shown,

T Frgure 3 illustrates a cirenll diageam showing g PV-to-bus converter topology

300, sevording o some smbodiments, Couverter topology 300 includes PV cell subsirings

110, DPP comver

el

H6 and 108, main bus TED and boasekeeping power supply 114

A

LComverter topology 306, however, hay the owtput of DPP converter 108 fed into the output
nasde of FV: and the fnput node of DPP converter 106, Elements of PV power module 100

5

are moluded, though sot shovwr, In Flguee 3 where olements of Figwee 1 are configured with
the supplements! details of topology 300 10 convert and provide power in swbodiments.

LIRS Farther, the DPP conves : for the top swiiches in convertey

twopology 300, DPP converter 108 hopleme - for switch Wi and DPP converter

o

tevie
2

switoh SWa, Alth

108 ymplements diode D Tepiee numerals are used

for the top switch diodes as

204, the dindes are not

necessarily identical across the cowver

{52

fer topodogtes.

and Dy as the wop switches may make DPP converters 106

N is 2 £ 5

and 108 unidirectional, a8 opposed Yo the bidirectional Rature of converter topology 200,

B

QPP copverters 106 and 108 In convertor wopology 3000 however, may be lower in cost o
produce because the diodes way onst less thaw transistors, soch as MOSFETs. Fusther, there

Y

ts no nesd in this enchodiment to provide & high-side gate drive to the top switches of the DPP

o
l‘f’}'

converters from housekeeping powsr supply 11

U

[HOS83Y Switch SWy abso only need g low voltage wrement g8 DPE

comveerter 108 is v coupled 1o shared bus 1120 This, switch SWay may provide a lower cost

in converter topology 0. DPP converter 108, iIn general, may not

periencs as high of voltage stresses as DPP converter 106 and may be comprised overall of

Iower cost components,

VAT k IS FUENTICE TGS SN ORI b N Tonevwy IR s % A YT aodl oot R
{34 Another benefit of converter topology 300 i that cach of PV cell subsirings

3 i

PiG

s & diode st g diveet correny (DO implementation,  In other words, for DO currents,
mductors Ly and Lz may be trented av short circuits. This arrangement provides inherent

bypass diode protection, sspocially advantageous i bypass diodes 114 are vemoved,

e
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x

H085] Convertey topology 300 also s scalable such that amy pumber of DRP

compverters and PY cell substrings may be implement A lower DFP converter ;s

nto the tuput node of 4 bigher DPP converter, Thus, DPP converter 108 may

fooud Hs oniput

corverter, B

Each PV cell substring would have & pargilel

1osed above,

HHISH] Figures 44 and 48 Jhatrate s clronlt diagrm showing & PVo-bas converter

N .

topotogy 400, acoonding ® some embodiments. Converler topology 400 may resenrbic

Qg
T

}\

converter topology 300 except that ifnductors Ly of DPP converter 106 mnd Ly of DPP

compverier 108 have been replaced by ansfivmgr arvangevnents, shown as travsformers Ty

argd Ta DPP converter 108 includes swiches SWi

and SWia, gy disclosed shove, and

transturner primary winding T of wansformer T Transformer primary winding T
provides the maln nductancy for power conversion within DPF converter 106, DPP

S

converter 18 includes a similar arrangoment with transformer primary winding Toe of

&

transformer Th I some embodiments, raus

ey primary windings Treoand Top may be

&,
R

sved 10y an inductance slement. Neitches SWn oand SWy nray act as disclased

previous converter fopologies. For the

ihe switches may
be any of the switch configurations disvlossd above. For example, switches SWo and SWa
may be diodes to provide the anidivectional converters of converter topology 300 or may be
the transistor-diodes palrs of converter topelogy 200 10 provide hidheetional converters,

of DPF ¢

windings matched o the primary windings.

Y

HHISTY The transformers 108 may include secondary

ferring to Flgore 4B, transformer secondary
winding T I weawhed to transfoemer primary winding T of DPP converter 196 and
sransformer secondary winding T s muatched o tansformer primary winding Ty of DPP

ayerior FOR fvi PR orevivel g el N sanverfer fonaloey 400 A onrrent by e
converier 108 i the secondary portion of converter topalogy 400, A current iy the prinary

windings of the transformers may generate a magnetic Seld that hupinges on the secondary

windings. The magnetic field Induces & voltage within the seeondary windi

IBOSE] Thus, as differ

R
AR e
B

atial powsy ds detectad in the PV oell substrings 110, the

carvent flowing through wansfiemer primary windings T and Tor may couse a voltage and

resalting current (shows by arrows A o fow, Transformer secondary windings Tis and Tis

may be designed to geserate a higher o lowser current than that flowing in the primary

windings, A Jower current generates a lower e outpal within the secondary pordion of

converter wpology 4000 Tramstormer :\:ec:‘_n‘zdary windings T and Tas may be coupled

-
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4 ENAN

through diedes 02 or avother rectification deviee 1o a capucitor 404, ov other means ©

CENETALe @ 3
UL
he fed 1o k

fraystormer

poriion of oo

the lower po
alleviate the

196611

Capaeitny volt

sady DO voltgge. Blement 406 in Figure 48 refers 1o groumt
The DO vollage generated ¢ =1*s3tsg§1 the wansformer secondary windings may

ousckesping powsr supply 114, Alternatively, the vollage genormted by the

secondary windings may be stored by other components within the secondary

spverter topology 400, Howseke

S

eping powsr supply 114 is disclosed as recelving
swer trom the fransformer secondany windings becsuse this vonfiguration TRY
need to redoce the large voltage from shared bus 112

The voltage reduction providest by the taossformers Ty and T way feilitate g

age of capacitor 404 that may be similar i value @ the desired housekeeping

el

viltage. Preferably, the i{}vi\‘&\x’*pif“‘ voltage for housckeeping power supply 114 may he

=

foowey thay ¢

w feed hong

4'4'

w veiiage for the full PY module of FY ool substings 1100 It s more efficient

R PO . L S o SN A AR SN LTy e e TN Y O
ekeeping power aupply T off of & lower voltage. LOpIng

chrewit of converter fopalogy 400 may be more efficient or sirapler than previcus topologies.

{61}

way replace

Even il a sw

For example, the bousekegping oiroult for houscheeping power supply 114

the high-input-voltage switching power supply with & low-cost Hiear regulator.

hing power supply s still wed, bousekeeping power supply 114 of converter

vpology 400 s fed from a lower vollage sowree 1o the ansformer secondary windings Tia

and Tag, wia

10063]

of currant 1o

currerd {8 ge
ix shaded, the
gy win
panel vodtag

5 a0t fost,

L

ch s fower in cost and more efficient

»

Bevtten SWie or 8Wa switehes frequently enough to provide a steady supply
wanstormers Ty aud Th Otherwise, housckeeping power may be lost if no
nerated within transtormer sevondary windings Tie and T For example, iTPV

o B0 power may be generated i the PV cell substring 1o Sow to mansformer

ding T Alternatively,

keeping power supply 114 may be fod with the fl

1 2 G
¥

2 of PV vell substrings 110 via another cireult network as a defanlt so that power

The housekeeping power supply sonfigration shown in converter topedogy 400

may be ussd only dwing normal operation or as nesded depending on efficlency and

avaiiability,
sy
deatrable to

30 volts o

operalivn.

Iplementation of a lower voltage 1o feed housckeeping power supply 114 33

,

tnprove eificiency and fower costs. PV cell sabstrings 110 may have voltages of

higher, with 8¢ colls generating veliages of 3 volts or higher during normal

o power 8 volt apd 3.3 volt audputs from housebeeping power supply 114, for
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s’:xampie,, & farge step-down conversion may be seeded. Converter topology 400 may help

PIOY wde 1

13064

embodimen

topologie

ghove,

aede of DPF converter 106, Converters 106 gad 108 may im pdemsat the tra

switches of converter topology 200, or the cironits disclosed by converter togy

400,
[0065]

¢ lower voltage prolerably without the need for the step-down conversion.

.

Further, addittona] topolog

¢ implemented according © the disclossd
b3 T

Figures 5A amd 3B Hhasdrate a clrowt diagram showing FV-ta-bus converter

v MHF and 802, according to some smbodiments, Converter topology 300 includes

«u}w« PHY and PP converters 106 and 108, The exact comfipuration of DPP

HIB are not shown, bt may correspond to the embodimenty disclosed

xample, DPF converter 10X mary conple to shared bus 112 inssad of the input

msistor-diode pair

Hoosckeeping power supply 114 may be powered off o single PV gell

subsiving aud provides the desired outpuns of 8§ volts and 323 volix  The diaclosed

embodimenis. however, are not Hmilled 1o these outputs,  In some embodiments, othe

voltages may be oulput for gate deive, communizations, aad fogie.  Figuee 5A shows the PV

&

cetl substring as PV but BV, or PV may be used, A PY cell substring may gencmmte an

output of

abonl 1015 volts, which is less than the 30-30 volts cutput from the entive PV ol

1

subsirings 1100 Houssheoping power supply 114 may be convectad to the top or bottem PV

vell subsiring

10066

114 may not receive snougt

. of any BY eedl subsi

PV s shaded or otherwise unavailable, then housckeeping power supply

powver 1o suppdy the owiput voltages, Thiv condition may cause

3

EIPE convertors 106 and 108 and ceniral converigy 102 to shut down, A alternaiive @

converter topology S8 that prevants thiv condition may be converter topology 802 shown in

In vonverter wpology S02, housckeeping power sapply 114 preferably is not

; o $heen TXRT ot s b b e e . SEY Tenos . by s
connected o one of the PY cell substeings tn converter topology 301, Instend, househseping

PY el 304 15 configured 1o supply power 1o housekeeping powsr supply 114, Additinnad

PV eellsor e

and the

of PV celly wild

10068)

{‘.

ot supply T4,

on g PY cell substrings may bewsed to power housekesping po

(:'

embodimenta are not Hnuted 1o one PV el For simplicily, the PV cell ar pluraliyy

he referred to as PV el 304

FY oell

v, PV el

rabiy does mot nead 1o be la

304 may be g § or & ineh ooll or other size. PV cell 504 may be placed among the standard

ped

13
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~

cells i a PV cell substring and dedieated o providing power to housekesping pewer supply

e Thisv conditton s possible because the power nutpat of PV cell 5304 noed not e

pa:;‘iis:a:aimfi}" thgh.  In some embodiments, the output power of PY cell 504 may be

;-.,/

approxnmatoly 0.5 voltx,

¥

S Abternatively, FV cell 304 may be decoupled from the PV cell substrings, and

Ry

¥
N 1

s s own cell placed on the solar pane! array where it will mast likely to receive comtimupus
suniight. As the sun moves dering the daylight ouors, the upper panels of 2 solar panel may
shade the lower substrings. PV pell 504 may be placed at the top of the panels so that &
preforably i not shaded ov Mocked by the physical constnuction of the solar pael
ncorporating PV power modale 1000 In ciber embodiments, PV cell 504 may be wed when

houssheoping power supply 114 doey nol recelve ennagh power from other mems, such as

PY cell substrings 110, an ncdividus! PV cell substring, ov madn bus 112,

{870} Figure 6 tlustrates a ciroutt dlagram showing PV-o-bus converter topology

‘4’

}\}

¥

L ascording tosonwe embodiments. Although not shown, DPF converters 136 and 10¥ are

2

coupled to PY cell substrings 118 as dig

&
s

~

v
e
oy
(27

losad above, Convertes topology 8080 may s
appropriste poewer source for honsekeeping power supply 1140 Though not shown, PV well
34 may be incloded as 2 seleetion sonrce Ror housekeeping power,

T H Comverler topology 600 usey & vetwork of resistors, diodss and an analog

swwiteh to seleet which of two PV sources omngets 1o the fnput of housekeoping peeaver supply

Hi4, Besislors Rax Res and Res miay have resistances to ensure that if PV cell substring BV
redaces in voltage, such as below & volis, then the swm of the power from PV eoll substrings
PV and PV ts applied to the input of housekesping power supply 114, This foatipe enables
Bousekeeping power supply 114 to sfay powered even when & PV uell substeing or PV cell
S04 1o shaded or may not be operating efficiently.

{88721 Drode Ths allows PV pell substring PVy o sopply power during normal
conditions, Diode Dar provides powver when the state {fopen or closed) of analog switeh W

3

determunes that not enough power s belng provided 1o housekeeping power supply 114,
Preferably, analog switeh SWa is & transisior. In other embodiments, analog switeh SWa
may be coupled 0 PV cell 304, which provides a reliable low power sourse during shading
condiitons,

THEERY Thus, the disclosed swbodiments provide altemste power  sources for

hoosekeeping power supply 114 These sliernate sowrces may mitigste the nesd for

16
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oy

coomveriing high voltage from shared bus

&t

PCT/US2016/044204

12 o the fow voltage provided by honsekoeping

power sapply 114, Further, costs may be reduced by integrating housekeeping power supply

114 into module copverter 1 or BY power wiodude 100

6074} Fie:

accarding © some embodimenta, Converter topology 700 nclude

DPPR converlers 106 and 108 and houscheeping powser supply 114,

Clveant may eorponte any of the wpnlogies disclossed shove with

the DPP comverters and the honsekeeping power supply.
Ba7TS Converter wopoalogy T80, however, preferably dogs

w conpect LIPP converters 100 and 108 direedy to PV cell sobs

pargsilic of stray inductances, shown as industance slements L In Figurs

substrings may provide the converter Inductance, These inductanees way be small, sueh as

ve 7 is a ofrouit dingram showing PVao-bus converter fopology 700

faall N

s BV cell substrings 119,
The conliguration of the

regard 1 the placenieat of

not use disceete inductors

srrings PG lastead, the

]

. ofthe FY el

fess than 1 wicrohenry, but ean be adeqeste for & safliciently high switching freguency of

witches SWi and SWha

[+

32

{8876} Maoreover, discontinuous converter modes for DPF converters 106 and 1B

may be ,if_}‘zp_‘im:sm\\ i by using dicdes for switches SWi and 8%

shown i converier

MOSFETL  The MOSFET i mumned off 8o that the dieds

el

cmbodimens, the MOSFE

o lopology 200 (and the other topologies) may include g MOSFE

diode s shown, Such modes may generate & fot of curvent vipple |

3
AN

words, the npple i inductance ¢

may absork substantially all of

-
A

PY powsy production,

ey 3

a7 Comverter topedog

inductanee cloments for the DPP converiers.  hadootors nuay

&
H
H

X

as opposed to actively

topology 230, In some

b part of & MOSFET Ghe body dicde of the

may condoct. In athey

rway be trned on. Thus, though not shown, the DIPP convertars

o

for this feature though g
g

iy the sourees. In other

erments Ls would be highe Yeor thiy may not be a problens as
s have a relatively bigh capacttance, such as tons of microfarads. This capacitance

vigh fregqueney current ripple, which results i very Hitle lost

3

A0 may bave redoced costy due not uaing inductors as the

be the larpest and most

&

expensive eomponent it a DPE converter, By wsing the parasitic inductances in the PV cell

i T

substrings, this cost miey be removed. Efficiency, however, also may not be as high as other

converter topalogies but the DPP converters nonmally vonddeo By

ren

PY ¢l substrings so that officioncy s not as important.

F
L)

te power compared to the
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{H7R] The converter topologies disclosed above are shown as hard-switched boost

copvarters,  The disclosed configuwrations alse work osing other converter  eirouits,
particulardy I the converters are fod via an indoctor. Thus, the disclosed embadiments may
be adapted 1o oorporaie other known power converter topologies.,

R Turning mow © Figure &, a Howebart i.?ia‘;s*-:ra{ing; a method for converting

power within a pharality of PY g

18 shown, according 1o some

embodiments. In various embodimants, the methad of Flawe B can include additional {or

ol

than {Hustrated, L owhere applicable, roforence is made

sloments showe In the proviews iy showing converter i‘@p@ﬁiagies. The disclosed
opologies, however, are not Hinlted o the steps showa in Flgure

{88 Step 802 executes by detesting

revtial power between two PV ell
sabstrings.  Differential power refhrs to 2 mismaich between the powsr fovels found in two

BY cell substrings. Preforably, the diffsvential power may be detected by mismatched current

ar vollage within the PV cell substrings.  Reforring to Flgure 3, mismatched current or

3

voltage way be deteeted betwren PV coll subsuing PV2 and PV cell sobstring PVi For
examyple, PV cell substring PV may produce & current of 5 amps while PV cell substring PV
prosiuces g current of 6 amps. The difference may be detected in differam spets. De persting

on the switching sfate of the converters, the corrent, voltaws or power mismateh may be

K& &

~

inferred fnstead of directly measured,

X
i

U Step B4 exequtes by inputiing the detected differential power divectly to an

mnductanee element of & DPP converter. Staving with the above

oy Y
L N

194

mple, the difference in
current mey fow to inductor La, Alermatively. the diffevential current may flow theough an
inductance clement, diselosed above,  The ditferential corrent may flow dire oty 1o DEP
converter 18, In some embodiments, the dotected difference i vollage s nsed,

BO8Z] Step BO6 executes by outputting the converted differential power to an npat of
another DPFP converter. Thug, the output of DEP converter 108 may go to inductor Ly of DEP
gonverter 108 1o some onnbodiments. In other embodiments, the converted differential oW
may by output 1o wmain bos 112 divectly o centeal converter 102, Apain, DPP converters we

coupled directly 1o cach other,

HHIER Thas configuration may continge for any number ¢

DFP converters, Thas, the
cutpat of DPP converter 108 rony be applied to an topt node of another DPP converter.
Eventuadly, stop R08 exocutes by oulpuiling the sum, or @ part thereof, of the converied
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Hiferendial power fo central converter 102 vin main by 1120 Rome of the comverted

vential power may be diven baek (o the PV cells or subsirings,

BO8R4 Figure § Hlustrates & fowy

bousekeeping power supply within & converier topology, according to some embodiments. In

oo

ardous embodiments, the method of Flgure 9 can include additional {or fower) blocks, or

1y

“ )/

tops, than Hostrated. Farther, where applicable. reference s voade to oloments shown in the
previous figwres showing converter topologies. The disclosed topologies, howaever, sre not

~

tmsitest to the steps shown in Figure &

1085

114 Bom

P RO exevntes by receiving power at housekeeping power sup

& subset o Preferably, as shown in Figwres 34, 3B and 6, the subsst

may be a single PV coll substrings, & plurality of BV cell substrings, ov o dedicated PV eelll

The subset indicates that househeeoping powsr sepply 114 preterably is mo receiving it
power from main bus 112, Thus, the voltage provided to housekesping power supply 114

wmay by roduced using the subset,

{G8a] Step 904 executes by detecting that power preferaldy is not available from the
subset of PY cell subsivings. Power may not be availalde for a varie v of reasons, including
shading of the solar cellz or a mulfunction. In this condition, housckeeping power supply 114

»

IRAY Bol receye - o perform iy fanction i power the cornverters.

{HaRTY tep SO exenutes by switching 1o another subset of the PY cell substrings,
For example, as shown in Flgwe & power inpwt may be seiiched 1o sucther PV sell
subsiring. Power inpot is switched to cells that preferably are not shaded or underperforming.
Uptionally, step 908 way be exeouted to switeh power inpul to a BV eell dodizated o

providing powsr to housshbeeping poswer supply, as disclosed by converter topology S02. BV

cell 304 may be kepl in the event that no sultable subset can be found o power houssheeping
power supply 114

(0088]

oltage &t the input of honsekeeping power

P

sapply 1140 As disclosed above, praferably, the vollage &s lower in value than using voltage

fromn the wain bus, Step 912 execntes by outputiing the voltage from housekeeping power

3

supply 114 1o the DPP converters snd the central converter.

LIRS Although  sprotile embodiments have  been deseribed  above,  these

ambodiments avg not nfeaded o imit the scope of the present disclosure, sven where only &

single ombodiment i3 deseribed with respect o a particudar featare, Examples of foatures
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provided in the disclosure are imtonded (o be Hhsirative rather than restrictive undess siated
atherwise, The above deseription iy intended 0 cover sach alternatives, modifications, and

equivaionts gs would be apparent to a person skilled in the art having the benefit of this

disclosurs. For example, the DPP comvesters of embodiments are often shown as harde

switched boost converters. The configurstions can work as well using other converter

~

chrouits, particularty & they are fod via an inductor (the SEPIC converter, for example).

Engineers familiar with power topologies shonld recognize how o adapt the concepts to
ather weil-known pewer converter topologies,
{ooeny The seope of the present disclosure fnclodes any festnre or combinstion of

¥ 3

foatures disclosed hemin {oither expiicitly or bmpliclilyy,

or any generalization theveof]

whather or g0t it o

s oor alt of the protlemy addreased heradn, Accordingly, new

ciaiws may be formulated during prosecution of this application (or an application clalming

~

priovity thereto} to any sueh combination of featores. In pacticular, with reference to the

appendesd claims, featurey frow dependent olaims may be combined with those of the

i
3

independent claims st features from respective tndependent elaims may be combined in any

appropriste manper and not merely in the specific combinations enumerated In the appended

claims.
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CLAIMS

Wit is clatmed s

A pholoveligic {PY) power converfer clrault comprising:
a PY wodule having a plurality of FV cell submirings, wherein the PV celi

substrings
8

are in an arrangement;
a gentral converter coupled o the FY module by a shared bus

& number of differential power processing (DFP) vonverters conpled o the main

bus and the plurglity of PV cell subsirings,

cach DPY converter by coupled fo two of the plurality of PV el

o

::,1

strings such
that the each of the DPY converters provesaes a o

rrent between the soupled PV

3

veil s

sirings and provides the provessed current differer

antral convener vin the
shared bus,
the BPP converter eomprising two swilches and an inductanve, wherein the
inducianee is coupled divected to the plurality of FY cell substrings: and
& housekeeping power supphy powered at least ju part by the plaslity of PV el
subsirings, whersiu the househesping powser supply is confignred o suppdy a drive voltage to

at feast one switeh within each DIFP converter,

2. The PV power eonverter oiveutt of claim 1, wherein the two swiighes within the DPR
eonverter form ¢ bidirectional converter fo exchangs power to and from the BV cell

subsirings and the shared bus,

ek

The PV power converter eirouit of claim 1, wherein sach swviteh of the two switches

within the DPF converter ave comnected to the houssheeping power supply,

& X

4

=3 The PV poweer ponverter eivenit of elaim 1, wherein sach switeh of the two swiiche
within the DFP converter includes a diode

3 The BY power converter eirouit of claim 1, wherein the Inductance within each swite

L)

of the two switches inohades

.(.,\ BUC

a transtormer haviag 8 pramary and secondary winding such that

the primary winding is coupled to the plurality of PV cell subsirings.

pa =

21
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&, The Y power converter olrouit of clalm &, whereln the secondary winding sopplics

power o the honsekeeping power supply,

7. The PV power converter ehreuit of olalm 1, wherein the DPP converters nglude g frst

DIPP converter and a sevond DPP copverter snch thay o switch of the Srst DPP convertor 18

coupled toay ndactance of the sseond DR converter.

& The PV power converter eireuit of clabm 7, wherein the second DPP copverter in

coupled to the shared bas,
3, A photerenitale (PV) power converter cirenlt comprising:
a plurslity of PY cell subsirings condigurad to provide power through a shared bus:
a central converter 0 recelve the power from the plarality of PY cell sabsizings
through the shared bus;

oy
R
y

at Ipast two diffevential power processing {DWPP) converters, wherein sach DPR
copverter melades two awitches and an faductance conplad o the phoality of PV oell
substrings in the absence of @ bypass diods and

& howsekeeping power supply configured ® receive power from a subset of alf of the

plurality of FV cell substrings and 1o provide powar to the central converter aud af least ons

swifeh in the DPPR converters.

10 The PV power converter oireult of elalan 8, wherstn the nductance inclndes o

trapstormer having a primary winding aad g second winding, and farther wherein the primary

winding s couplod to the plurality of BV ¢

The PV power converter crauit of claim 9, wherein the housekespiug power supply is

configured o receive powey from g single PV csll substring,

L The PV power copverter cironit of cladm 9, further comprising a switching clreuit
coupled to the bousekeeping power supply and the subset of PV cell subsirings, wherein the
switching cirouit is configured to seleot betwesr a fivst PY vell substring and g second BY

cell substring of the subset of PV eell substrings.

13, The PY power convverter oivewts of clainy 12, wherein the awiiching oiveult seleois the

second FY cell substring when the first PV cell substring is shaded o not producing power.

373

o




provide the processed current differen

Slemment, wh
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i4 The PV power converter eirgudt of claim &, whereln the subset of the phaality of PV
¥ ~
coll substrings 18 & set aside cell dedivated o supply power 1o the housekeeping powsr

13 The PV power converter sirenit of claim 14, whevein the set aside coll is electrically
decoupled fron other cells within the PV cell subsiring,

1, The PY power converzr olroutt of clain 9, wher

ein the homekesping
integrated w

O’C

power supply s
dtdy the conteal converter,

The PV power vonverter circult of elaim %, whereln the housekeeping power supply
supp?ies first voltage to the central converter and 8 second o

age tothe switches tn the
PP converters.

18, The PY powsr convertsy oireutt of claim 8, wherein th

T T R T T oy
2 COTHYE Onverior 1s 8 de-ag
converier,

v

323 The PY power ponverter chroull of elaim ¥, wherein the central converter is a do-de
converter

i A photovoltaie (PV) power converter sircult conpected to a1 power aouros, the PV
poveer ponverter vironit comprising:

a PV modude having a

uraiity of PV coll subatrings, whergln the P

PV cell

acentral converter coupled to the PV module by a shared bus:
at least one differential

renhial power provessing {OPP) converter coupled to the shared
bus and the plurality of PY cell substrings, the

> at lonst ene DPE converter configured o
proceas a difference ine

arrent between the coupled PV cell substeings and configured to
ce Loy the contral convertar via the shaved bus,
gach of the al least oug DPF converter comprises twn switches and sn inductance

7.

aint the wductance clement for the cach of the
within a corresponding BV ve

Es
%

gast one P converter i
subsiring; and

i



WO 2017/034739 PCT/US2016/044204

@ housekeeping power supply powered st lzast in part by the plucalisy of PV celt
substrings, whereht the housekegping povesr supply is configored to supply a drive voltage

at loaat oue swiich within cach DPF converter,

Ao The PY power comverter eivenit covmested 1o 8 power sonres of claim 20, wherein the

o 3 P Faly 5 e g Areneta Frosr b ivey 1 o i e bes 1y TNy Iy NSO s
at togst one switch inchudes & travsistor and diode having a swiiching fregoenny

corresponding an indoctance of the induciance slement,

By

22, The PV power corverter siroult connectesd 1o a power souree of olaim 24, wherein the

housskeeping power supply is powered by ons PV cell substring,

3.0 The PV power converter cirault comnectad 10 @ povwer sowree of elaim 20, wherein the

at fzast one switeh i3 ¢ wop swiich within each of the at leaat ove DPF converter, and farther

wheretn the top switeh iy g diode.

240 The PV power comverter cironit conneeterd 1o a power souree of olain 20, wherein the
each of the at least one DPP converter inchudes a frst DEP converter and a secnnd DIPY
coreverter such that a swiich of the Brst DPP converter s toupled to an induciance slement of

the second DPP convegter,
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DETECT DIFFERENTIAL POWER
BETWEEN TWO PV CELL SUBSTRINGS

502

INPUT DETECTED DIFFERENTIAL POWER
DIRECTLY TO AN INDUCTANCE ELEMENT
OF A DPP CONVERTER

- s04

OUTPUT CONVERTED POWER TO
INPUT OF ANOTHER DPP CONVERTER

- 806

DIFFERENTIAL POWER TO
CENTRAL CONVERTER

HG 8

OUTPUT SUM OF CONVERTED | 55
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RECEIVE POWER AT HKPS FROM | ~922
A SUBSET OF PV CELL SUBSTRINGS

FROM SUBSET

DETECT POWER NOT AVAILABLE | 904

SWITCH TO ANOTHER SUBSET | ~906
OF PV CELL SUBSTRINGS

SWITCH TO
PV CELL

|, -908

\

RECEIVE POWER AT
HKPS

~970

\

OUTPUT POWER TO
CONVERTER

972

G 9
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