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CROSS-REFERENCE

[0001] Priority is claimed from U.S. Provisional Patent
Applications 61/418,144, filed November 30, 2010, and 61/480,048, filed
April 28, 2011, both of which are hereby incorporated by reference.

BACKGROUND

[0002] The present application relates to photovoltaic arrays for
collecting solar energy to provide useful power, and more particularly to
improved devices, systems and methods for diagnosing and monitoring such
arrays.

[0003] Note that the points discussed below may reflect the
hindsight gained from the disclosed inventions, and are not necessarily
admitted to be prior art.

[0004] Photovoltaic systems are one of the fastest growing
sources of energy and are increasingly cost-effective. The cost and
reliability of photovoltaic systems and their components, including
photovoltaic modules and photovoltaic converters, continue to improve.

[0005] Photovoltaic modules and components are often in
service for many years. An array or its components may be warranted for
more than 20 years. While modules and other components are generally
reliable, problems do arise. Over their service life, components are subject

to malfunctions and/or performance degradation.
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[ 0004] Phot ovol tai c systens are one of the fastest grow ng sources of energy
and are increasingly cost-effective. The cost and reliability of

phot ovol twocorywssas and their components, including phecowskaaios27modul es
and phot ovol taic converters, continue2to inprove. [ 0005] Photovoltaic
nodul es and conponents are often in service for many years. An array or its
conponents may be warranted for nore than 20 years. Wil e nodul es and ot her
conponents are generally reliable, problens do arise. Over their service
life, conponeli®dr e suljaEiOUStROWET PMHBIGIHRS SHHENYT afseriest Fudetermine

degr adat j on. %&%ﬁOlZ/O?SlBQPCT/USZOll/O 710 2 0006%Vhrious pomg{_

moni t or | HPSYak RFFEOHPRNGE BFSt PERICEH RNtre [NESa AOYMT IHERTYIERGTHS CRBAS

R e AR et B S B UL
Lovel SEhBe2"8E Byl L b TR 5ol HRSE IO
operati ng, P QPer BYch %€ md "féﬁn%%ﬁ/%ferﬁ?@ggg@eg%e?%’aﬁ%%f@{g%%ﬁ? . usef ul

for di agnosing issues en performa I'si uat e. aic

modul es ggte}ﬂﬁni' o RROT HsPEMTRD %?é,tlﬂ‘i\}g ’J%P?E”')‘/r ?@ﬁ%g@f € ifdseepofrasur ed

to provi a current-vol t‘age curv t€rmnes the nodul e

per f or maffmiRHIMS Syt aRIRsQfusePer Adrl didghbsiiNissasd withd peffopRiante. The
IV curve also varies with the amount of sol ar insulation and anbi ent

t enper at igri@gadeyugter ves pr ovide a detailed insight to the internal
performance of the photovoltaic nodule, which cannot be obtained easily
once the syst@00H i nst Bhbedltait modilkekdn the labof&008Jor Monrufaetenngy, |V
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[ 0009] PUBPSEHEE CRrIEBpIaNchvP gém@p@nﬁﬁa Desaryecdsq varies with The

amount of solar insulation and ambient temperature. IV curves provide a
detailed insight to the internal performance of the photovoltaic module,
which cannot be obtained easily once the system is installed in the field.

[0008] More recently, IV curve trace tools have been developed
to enable photovoltaic maintenance personnel to diagnose issues in the field
with installed photovoltaic systems. IV curve trace measurements can
identify the cause of low performing modules such as soiling or shading, but
they require highly-trained maintenance staff to use and interpret the
measurements.

[0009] Published US application 2010/0071744 describes a
Photovoltaic Installation with Automatic Disconnect Device. The DC
disconnect device described therein uses a single DC disconnect with a
control mechanism to disconnect in case of fire or other emergency. The

single DC disconnect is located at the typical manual DC disconnect location



Photovoltaic Installation with Automatic D sconnect Device. The DC

di sconnect device described therein uses a single DC disconnect with a
control meoharwmsbo di sconnect in case of fire or otherceEmsegensyio The
single DC disconnect is |located at th& typical nmanual DC di sconnect

| ocation WO 2012/ 075189PCT/ US2011/ 062710 3 between the string conbi ner and
the converter. However, this system does not appear to offer any capability
for stripng nmonitoring or diagnostics. WD 2012/Q75189PCT/ US2011/062710 4
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bi di recti onal



power converter capable of applying a DC potential to the array or to a
portion of the array to performnonitoring and di agnostic operations. In
sonme enboapreerwstshe bi directi onal converter can bias tRreTaisotiowei7i@i c
array to variable DC voltage of eithe# polarity, and under any sol ar
condition including day or night. These capabilities, when conbined with
exi sting DC current neasurenents from conventional power nonitoring, can
al | ow neasurenents such as an |-V curve trace to be created w t hout

addi ti onal equi pnment. [00012] I n sone enbodi nents, an array conprises

mul tiple strings of photovoltai CS@MQ!ARW“E array is configured so that

i ndi vi dual nodul es, strings or s s may be selectively connected

d di t di t
o oot oo RN samﬁlgwlﬂaﬁ AP SR ang L R <

| nnovat | BITOR ?’@’%ﬂ?‘eéﬁ%l“%Pﬁl@ﬁ?vol?%%%fadve{*ﬁﬁ*eﬁﬁbf%@*%@lﬁﬁﬁ?%329 the

foll ow n ver, not all of these advantages result from
every On%a%ﬁ%?ﬁ&%% ﬁgl\}a °ons di scl osed, and this list of advantages does

not limt theigpyiqus cliridRid dibeaimens, an%k%%oﬁiﬁﬂé&% bfdirditidig

dayl i ght and nighttine or shaded conditi ons

2012/ 07538QBE T dAvRikel/ Ohb10 Sf aﬁblﬁﬂg_@lmepote@ml & @enQgkdyC oPR@r @t i ons
wi t hout additional expensive equlprrent; Monitoring and diagnostics nmay be
per f or megomi drh @t theeatray cicapsiform monitoring and diagnostic operations. In
some embodiments the bidirectional converter can bias the photovoltaic
array to variable DC voltage of either polarity, and under any solar condition
including day or night. These capabilities, when combined with existing DC
current measurements from conventional power monitoring, can allow
measurements such as an I-V curve trace to be created without additional
equipment.

[00012] In some embodiments, an array comprises multiple
strings of photovoltaic modules. The array is configured so that individual
modules, strings or sets of strings may be selectively connected and
disconnected from an converter, allowing monitoring and diagnostic
operations on a module, string, or sub array level. The array can also
include a safety mode with no power output.

[00013] The disclosed innovations, in various embodiments,
provide one or more of at least the following advantages. However, not all
of these advantages result from every one of the innovations disclosed, and
this list of advantages does not limit the various claimed inventions.

e Allows diagnostics during daylight and nighttime or shaded

conditions;



Provides for string or nodule | evel nonitoring and diagnostics; Provides
for regular nonitoring during operation w thout significant power |oss;
Provi des wo 2012/qpstsosaf e node for nmi ntenance or ener gen®c&d;S201hopr7oves
array performance and efficiency; Al bPows early detection of problens;
Reduces costs associated with warranty obligations of the system

manuf acturer or installer; Reduces nmaintenance costs; Allows for

di agnostics on nodul e, string or sub array |evel w thout separate e?ui prment
at each unit;® Allews fhogheetlesel viignosticy opsrafiene withgut e pdditiana
expectancy, and in-service degradation, of a solar array, and hence all ows
for |ower inpli&*PEPPYIE GUIBWEREe in financing of solar array systens. WO

2012/ 075189PCT/ US2011/ 062710 .6 . . .
o Llﬁomtomng anc? diagnostics may be performed without technicians;

¢ Provides for string or module level monitoring and diagnostics;

¢ Provides for regular monitoring during operation without
significant power loss;

¢ Provides no output safe mode for maintenance or emergencies;

¢ Improves array performance and efficiency;

¢ Allows early detection of problems;

¢ Reduces costs associated with warranty obligations of the system
manufacturer or installer;

¢ Reduces maintenance costs;

¢ Allows for diagnostics on module, string or sub array level without
separate equipment at each unit;

¢ Allows for better visibility into the long-term life expectancy, and
in-service degradation, of a solar array, and hence allows for lower

implicit risk allowance in financing of solar array systems.



BRI EF DESCRI PTI ON OF THE DRAW NGS [00014] The di scl osed inventions will be
described with reference to the acconpanyi ng draw ngs, which show i nport ant
sanpl e emvodnrarsmoand whi ch are i ncorporated in the specirfuseatiosriher eof
by reference, wherein: [ 00015] Fi gure 1 schematically shows an

enbodi nrent of a PV system [00016] Figure 2 schematically shows possible
nmeasurenment | ocations for a PV system [00017]Figure 3 is a flow chart
illustrating a procedure for nonitoring power output of a PV array.

[ 00018] Fi gure 4 shows an enbodi nent of a PV array with one string

di sconnected.  BRIEF DESCRIPTION OF THE DRAWINGS

[00014] The disclosed inventions will be described with reference
to the accompanying drawings, which show important sample embodiments
and which are incorporated in the specification hereof by reference, wherein:

[00015] Figure 1 schematically shows an embodiment of a PV
system.

[00016] Figure 2 schematically shows possible measurement
locations for a PV system.

[00017] Figure 3 is a flow chart illustrating a procedure for
monitoring power output of a PV array.

[00018] Figure 4 shows an embodiment of a PV array with one
string disconnected.

[00019] Figure SA is a flow chart illustrating a procedure for
diagnosing problems in a PV array.

[00020] Figure 5B is a flow chart illustrating an improved
procedure for diagnosing problems in a PV array.

[00021] Figures 6A-6F illustrate several operating and
diagnostic scenarios for a PV array.

[00022] Figures 7A-7C shows an embodiment of a PV array with
one string connected.

[00023] Figure 8 shows an example of an I-V curve for a
properly operating PV module.

[00024] Figure 9 shows examples of I-V curve abnormalities.

[00025] Figure 10 shows an example of an I-V curve for a

properly operating PV module at night time.



[ 00019] Figure 5Ais a flow chart illustrating a procedure for diagnosing

problenms in a PV array. [00020]Figure 5B is a flow chart illustrating an
i mproved woaoduswof or di agnosi ng problens in a PV arrapCT{i3e@205Figur es
6A-6F illustrate several operating and diagnostic scenarios for a PV array.

[ 00022] Fi gures 7A-7C shows an enbodi nent of a PV array with one string
connected. [00023] Figure 8 shows an exanple of an |-V curve for a properly

OR 10 P RS o! Pl 1 S SmaEb e Rbeni SunlBorsr o
converter topology which can be used with the disclosed inventions, and is
especially advantageous.

[00027] Figure 12 shows a more comprehensive illustration of a
solar power system.

[00028] Figures 13A-13D show example states of an
embodiment of a PV string combiner.

[00029] Figure 14 shows a PV system with string shorting to

eliminate output voltage on for safety.



properly operating PV nodule at night tine. WO

2012/ 075189PCT/ US2011/ 062710 7 [00026] Figure 11 shows an exanple of a

bi di rect iwoabi12po8sp converter topol ogy which can be use#Cmiuskoting27dé scl osed
i nventions, and is especially advantageous. [00027]Figure 12 shows a nore
conprehensive illustration of a solar power system [00028]Fi gures 13A-13D

show exanpl e states of an enbodi nent of a PV string conbiner.

[ 00029] Fi gure

14 shows a PV systemwi th string shorting to elimnate output voltage on

for safety.

DETAILED DESCRIPTION OF SAMPLE EMBODIMENTS

[00030] The numerous innovative teachings of the present
application will be described with particular reference to presently preferred
embodiments (by way of example, and not of limitation). The present
application describes several inventions, and none of the statements below
should be taken as limiting the claims generally.

[00031] The present application describes photovoltaic power
systems with a number of new features. In the following description, it
should be remembered that the various inventions can be used in other
combinations or subcombinations, or separately, and do not have to be
combined as described.

[00032] The disclosed inventions focus on improving system
performance by enabling low-cost string-level DC monitoring and
diagnostics with no reduction in peak efficiency. Improved DC monitoring
and diagnostics will enable PV system owners and operators to easily
identify and cost-effectively correct non-optimal array conditions.

[00033] Several of the new functions will now be described

briefly, and a more detailed description follows later.

System and String DC Power Monitoring

[00034] AC power monitoring from the converter output is
common in the industry, but DC power monitoring is less frequent due to
higher implementation cost of measuring DC current. One group of
disclosed inventions allows a single DC current and voltage power
monitoring system in the converter. The converter can measure combined

string DC current and voltage (continuously or with sampling). This data
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EVMBODI MENTS [ 00030] The nunerous innovative teachings of the present

appl i cat iwo 20i2d7513¢ descri bed with particul ar referencePro/ysc@smntiy
preferred enbodi nents (by way of exanple, and not of limtation). The
present application describes several inventions, and none of the
statenents bel ow should be taken as limting the clains generally.

[ 00031] The _present application describes photovoltaic power systens with a
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mor e det ghlvee 1886 hPiHeCHisE8hhOWed!s@tifiE: This only requires short disconnect
time (approximately 1 second per string) with the rest of the system active.
As result there is no significant energy loss in this procedure. This function
would be performed regularly (such as once every few hours) or as desired
via remote operator control.
[00036] In a sample implementation, the string power
measurements are compared to power measurements from other strings from
the same point in time and previous measurements from the same string to
determine if the power is lower than predicted. This would be determined
by the remote data server or by the converter. If the difference between
predicted string power and measured string power is higher than a set point,
then the system may be programmed to trigger a string alarm at the
converter or by sending email or text message(s) to maintenance personnel.
[00037] Some industry products support string alarms, but with
higher system costs. These systems use string level DC current meters, an
expensive component, on every string. These provide continuous DC
current measurements on every string, but practically these provide no more
useful system information than the regularly sampled string monitoring

achieved with this group of inventions.



System and String DC Power Mnitoring [00034] AC power nonitoring fromthe
converter output is common in the industry, but DC power nonitoring is |ess
frequent woeot2an7hisgher i npl enentati on cost of neasuri ngPDT/USAEMAHL710 One
group of disclosed inventions allows ® single DC current and vol t age power
nmonitoring systemin the converter. The converter can neasure conbi ned
string DC current and voltage (continuously or with sanpling). This data
WO 2012/ 07518§PCT/ US2011/ 062710 9 will be stored tenporarily in the
converter anddHARKIAAZROSHIES s renote internet data server. [00035]1n the
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to deter ghieeritdr. t WehedO¥&®Mmbiged QMEH advidicad BA ai@fltorlihg sapabilidicRandhter m ned
by the renpte data server or by the converter. If the difference between

predi ct ecostertdly Poviele andereasusteithgs hidazgr@avats can bghaker Haolwrliagt
point, then the system may be programmed to trigger a string alarmat the
convert eopen cigcusendltage €ivind), Shotreklirows Sagedis) (Is0), rmaidntemanteopagsonnel .
[ 00037] Sore industry products support string alarnms, but w th higher
syst em cdsV3. périepanys tcarse.usBughermord ¢hisl codde berenplemeeted, danng
expensi ve conponent, on every string. These provide continuous DC current
neasur enb@thsdaylighteand sightiegndbienspr acti cal |y t hese provide no more usef ul
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which can be used to determine a wide variety of string problems including
shading, soiling, degrading/out of specification PV modules, and string
wiring shorts/open conditions. This alerts maintenance personnel to specific

problems and corrective action requirements.

String disconnect for string maintenance

[00040] Disconnecting the individual string can allow
maintenance to work on a specific string while the remainder of the array is
active. Replacing a PV module or looking for wiring shorts/opens is an

example of maintenance work that can be simplified with this system.

Array disconnect for converter maintenance

[00041] The system can provide DC array disconnects near the
PV array while the converter may be located some distance away. By

disconnecting all PV strings, the converter is disconnected from the DC
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di agnostics would occur when a string alarmis received or during

i nf requerwormizzersance (perhaps nonthly). String di agno®Cras2aancizeo
performed on all strings sinultaneousily, if appropriate current sensors are
provi ded for each string, or can be perforned one string at a tinme using
string disconnects with one current sensor at the central converter. Wen
conmbi ned with advanced DC nonitori ?g capabilities in the converter, a w de
vari ety BOWSE riCheadiie it SIBRHTYHCANEEIET REIDENAGCS poh rgplasamenfol t age
(Voc), Short CGircuit Current (Ise), and current-voltage (I-V) performance
curve. FRFQ%E9Sre this coul d be inplemented during both daylight and night
conditions. [00039] This data will be provided to the renote data server

whi ch can be ysed t e de variety of string problens including
shadi ng, soi Imﬁém%&%%peci fication PV nodules, and string

i ri ngshor t (e condish i 0as, kA AhBFE SR &ﬁ%%sﬁ%ﬁﬁgﬂgeéconnect for

speci fic probtens nd corrective ac | on req
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mai nt enance to wor on a IC string e remnal array

is acti VBuﬂM afd ﬂﬂeﬁe\ﬁ%z@ﬁdLSl%c@TV%&dﬁﬂasf géné@’afé Sweh ARSI AReMhe! S an
exanpl e of mai"ntenance rk that can be sinplTf th this system Array

di sconnegin {Pshigdmy edisesnmedtiigetanarin AC alone does not shut off DC power

lines associated with the PV system. Many fire codes (including NEC)
require DC disconnects on the roof near the PV array. The string
disconnects in the preferred implementation of the disclosed inventions will
have a local manual switch as well as a remote converter controlled array

shutdown for safety.

PV Power Architectures with Bidirectional Power Converter

[00043] For many applications, a Photovoltaic power system will
include connection to local AC load, power line, battery, photovoltaic array,
and sometimes also to other local loads (e.g. DC, or multiple AC voltages).
As described in published PCT application W0O2008/008143, which is
hereby incorporated by reference, a Universal Power Conversion
architecture is useful for such applications. This architecture provides
extremely versatile conversion of voltage, current, impedance, frequency,
and/or phase. The present inventors have realized that this architecture
opens the door to even more capabilities in PV architecture.

[00044] Figure 11 shows a simple example of a current-
modulation PV converter topology, which can be used as the bidirectional
converter in the various system implementations which will be described

below. The example shown in this drawing is a bipolar array, where a



[ 00041] The system can provide DC array di sconnects near the PV array while
the converter nay be |ocated sone di stance away. By disconnecting all PV
strings, wbeoonsspter is di sconnected fromthe DC WD PCT/US2011/062710

2012/ 075189PCT/ US2011/ 062710 11 powerl2source. This can sinplify converter
mai nt enance or replacenent procedures. Array disconnect for safety

[ 00042] Fire departnents nornmally shut off the main AC power di sconnect when
responding to fires to enSﬂre the electrical lines in a building are
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applications. This architecture provides extrenely versatile conversion of

rove g, RIphT i Wbt ghbdapecey s plssic ety ACuentor
capabi | i tweshenn Pwaphbse degsiraee used for the DC lines to the PV array, and

three are used to connect to the three phases of the AC output lines. No other

power semiconductors are needed.

[00045] In addition to the active components in the phase legs the
converter uses a central Link Inductor (LI) with a Link Capacitor (LC) in
parallel, and input and output capacitive filters. All power transfer occurs
through the LI such that input and output lines are never connected together,
which is why this topology does not need a transformer to achieve common
mode isolation between the solar array and the utility lines. The LC allows
for zero voltage turn-off (ZVT), almost eliminating switches losses.

[00046] At full power, the link frequency is 7,000 Hz. The
converter is controlled by an FPGA, which only needs line and link voltage
sensing to operate. This simple example shows a minimal configuration
with only two ports (line and photovoltaic array), but practical
implementations would typically include more connections.

[00047] Many of the described embodiments are single-ended,
where only two wires (power and ground) connect the converter to the PV

array. However, this figure illustrates a center-grounded embodiment,



[ 00044] Figure 11 shows a sinple exanple of a current- nodul ati on PV
converter topol ogy, which can be used as the bidirectional converter in the
vari ous swyeterwi7apbenent ati ons which will be described PpelrasoiThe27exanpl e
shown in this drawing is a bipolar arBay, where a WO

2012/ 075189PCT/ US2011/ 062710 12 common ground is used with two photovoltaic
arrays which provi de separate positive and negative voltage out puts.
However, the sanme converter . topol ogy can al so, be used in a single-ended
conf i gur WcEh thige WHEANDOsIE He Soamel aadoregatyis)conngsl the Kenvershitags.

Thi s exappl hows conversion from a bipolar grounded array of photovoltaic
cells tot ellbfhse 480V AC power (e.g. at 60Hz). The link reactance is an
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and i nput and out put capacitiv power tra octurs through

the LI sphbtdviddtaid nizsdy anBloavéist dtheeSpatslsnevebe addedt ednt aagitr,, whi ch
is why this topol ogy does not need a transformer to achi eve comobn node

i sol ati opolygihasencérirecsi@ngr can rsy odiddie indichdt yf lomes. addiiohCr@lthews for
zero voltage turn-off (2ZVT), alnost elimnating switches |osses.

[ 00046] #ingledphapowennedthend stdwhr equency is 7,000 Hz. The converter is
controll ed by an FPGA, which only needs line and |link voltage sensing to
operate. This sinple exanple shows a m nimal configuration with only two
ports (line ahtripgghor¢ingi c array), but practical inplenmentations woul d
typically include nore connections. [00047] Many of the descri bed,

enbodi nent s at@004%Hg! e- AsdpRotovoltaic “array designs have migrated to higher

DC voltage levels, safety has become an increasingly important concern.
(Older designs might use e.g. 48V DC peak daylight voltage, but newer
designs commonly stack PV modules to achieve a 600V or 1000V DC
voltage, for reduced loss.) The present application provides a new approach
to safety: when total shutdown is desired, two identical (or comparable)
strings can be connected together with opposite senses, i.e. positive to
negative (or ground) and negative (or ground) to positive. This avoids the
danger of a high voltage appearing when illumination changes. This
connection will cause a current loop, so preferably this connection is made
between elements or subarrays which will not exceed the current rating of
the switches. Alternatively, a positive terminal of a string is shorted to the
negative terminal of the same string. An embodiment of a PV system in safe

mode with shorted strings is shown in Figure 14.



where only two wires (power and ground) connect the converter to the PV
array. However, this figure illustrates a center-grounded enbodi nent, WO
2012/ 0751806RCI/I2SA911/ 062710 13 where three w res (posi Pcras2gnosid) and
negative) connect the converter to thg PV array. [00048]Figure 12 is a nore
conpl ete exanple, showi ng how a bidirectional converter would be connected
to multiple portals in a conplete PV power system In this exanple, four
portals are provided, nanmely "House" (local AC load), "Wility" (power
line), "Backu 1y g 240 AARAY 40 ANHONINSEIAZNOFNES ot her portal s
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shutdown 1's desir wo identical (or conparable) strings can be connected
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negative (or ground) to positive. This danger of a high voltage
appear i nge \WRea tb!drdWi pewice frerhane asacklipl l&att:éigrt@cap;ﬂp Mbhik GBUASe DY I ent

| oop, so preferably this connection is made between” el enents or subarrays
whi ch w {He medy eHwedvéhehsukne predétrad. of the switches. Alternatively, a
positive termnal of a string is shorted to the negative termnal of the
same string. An enbodi ment of a PV systemin safe node with shorted strings
is shown in FMethedidf diagnostics by applying Variable DC voltage

[00052] One important class of teachings uses the bidirectional

converter to apply a variable DC voltage back onto the PV array. By
ramping or stepping the applied voltage, while monitoring current, I/V curve
characterization can be used to assess the PV array.

[00053] In a system with battery backup, the converter can also
be used to draw power from the backup battery to apply a back voltage onto

the array. However, this is less preferred.

Method of diagnostics by applying DC reverse voltage

[00054] Another important class of teachings uses the
bidirectional converter to apply a negative DC voltage (opposite to the
voltage which is generated in daylight) back onto the PV array at nighttime.
The negative voltage permits the bypass diodes to be tested.

[00055] In a system with battery backup, the converter can also
be used to draw power from the backup battery to apply a back voltage onto

the array.



WD 2012/ 075189PCT/ US2011/ 062710 14 Apply DC voltage to array for

noni t ori ng/ di agnostics [00050] One i nportant class of teachings uses the

bi di rect iwoabi2oosmserter to apply a sel ected DC vol t age lpatisentioci7he PV
array. This can be used in a nunber ofs ways, as described below, to provide
the systemw th additional capabilities. [00051]In a systemw th battery
backup, the converter can also be used to draw power fromthe backup

battery to apply . a back voltage onto the array. However, this is |ess
preferred. I\/Emgﬂst ics by applying Variable DC voltage

[ 00052] One i nt cl.ass, of teachings uses the bidirectional copverter
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of elements or modules.

Implications for Risk Assessment and Bankability

[00057] Solar energy is an area of great interest, but the scale of
solar installations is still relative small compared to other energy sources.
As this industry rapidly grows and matures, there are some important issues
beyond the basic scientific and engineering technologies. One of these is the
financial risk of a large solar power system, when considered as a major
asset.

[00058] One known issue for photovoltaic arrays is degradation
over time. Sealing can degrade, leakage currents can grow worse, and the
semiconductor material itself can develop increased internal leakage (and
possibly even short circuits). Connections can degrade too, leading to open
circuits or short circuits. The physics of these changes is fairly well
understood, but these issues present some uncertain financial risk over the
assets’ lifetime.

[00059] For example, the initial performance of a $100 solar
power kit for enthusiasts might be sufficient to justify its price, even if the
unit only lasts a few years under outdoor conditions. However, if we are
considering a $10M capital investment, for an array which may put out
megawatts of power, more careful analysis is needed. For such an

investment to be practical, it needs to be “bankable,” i.e. predictable enough



[ 00054] Anot her inportant class of teachings uses the bidirectional
converter to apply a negative DC voltage (opposite to the voltage which is
gener at edworeotbaybisght ) back onto the PV array at ni ghtt ipo@/USTIdie/osEgat i ve
voltage permts the bypass diodes to e tested. [00055]1In a systemw th
battery backup, the converter can also be used to draw power fromthe
backup battery to apply a back voltage onto the array. WO

2012/ 075189PCT/ US2011/ 062710 15 Theft Prevention _[00056] Anot her | nportant
class of (INeHe iUty GOBETPWEOR; 1§ FRANUSHAlO sBRPEFL: Bnapsingspl §HVamadille Dc
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| nterestyyyt et)RgnFﬁlathoﬁé—term degradation is not accurately measurable in the

installation, there is an additional risk from investors, If the degradation can

be accurately and easily measured, the financial risk is reduced and so will

the interest cost of financing.

[00060] The disclosed inventions have a major impact on this
uncertainty, since degradation can be monitored accurately and easily in-
service. Thus a photovoltaic power system with monitoring capabilities as
described herein will not only have a predicted initial lifetime, but that
lifetime will become less uncertain as time goes by: not only will the in-
service monitoring show where individual components are, within their

lifetimes, but results from similar but older arrays will give an increasingly

accurate picture of expected lifetime and maintenance cost.

[00061] Figure 1 schematically shows a photovoltaic (PV)
system 10 for collection of solar energy. PV system 10 generally comprises
a PV array 110, a string combiner 120, and a converter 130. PV array 110
preferably comprises a plurality of photovoltaic modules 112. A PV module
is typically a generally planar device comprising a plurality of PV cells.

[00062] Several PV modules 112 are combined in series to form
strings 114. String 114 preferably comprises between 8 and 15 PV modules
112. However, the number of PV modules 112 in a string 114 can vary
depending on the output voltage of each PV module 112 and the desired

maximum DC operating voltage of PV system 10. Common maximum DC



solar installations is still relative small conpared to other energy
sources. As this industry rapidly grows and matures, there are sone

i npor t antwogs1ags1seyond t he basic scientific and engi neecirrus2aieobatod ogi es.
One of these is the financial risk oft7a | arge sol ar power system when
considered as a nmgjor asset. [00058] One known issue for photovoltaic arrays
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phot ovol tai c
string combiner 120 is fed into PV converter 130. PV converter 130

converts the DC power to AC power, which can be used onsite or distributed
over an AC distribution system. PV converter 130 is preferably a
bidirectional PV converter, such as the PV converter described in
W02008/008143. PV converter 130 can alternatively be operated in
reverse, so that PV converter 130 draws power from an AC power
distribution system, converts the AC power to DC, and delivers a DC
potential to PV array 12. PV converter 130 is preferably configured to be
able to provide either a forward potential—that is, a DC voltage tending to
induce current in the normal direction of current flow of the PV modules, or
a reverse potential, tending to induce a current in the opposite direction of
normal current through the PV modules or tending to retard the flow of

current in the normal operating direction.



system 10 for collection of solar energy. PV system 10 generally conprises
a PV array 110, a string conbiner 120, and a converter 130. PV array 110
pr ef er ablwocomprisses a plurality of photovoltaic nodul epCTAR201A08710m0dul e
is typically a generally planar devic® conprising a plurality of PV cells.
[ 00062] Several PV nodules 112 are conbined in series to formstrings 114.
String 114 preferably conprises between 8 and 15 PV nodul es 112. However,
t he nunber of PV mpdules, 112 in _a string 114 can vary dependi.ng qn the
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fuse 124 for EHUBEILri nGedthin  Wopd@s s\ift ghes dicdoged® Hbeinton ofadr Bet i ci ng
certain enbodi nents of disclosed inventions, switches 122 are unnecessary
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condi tions, DC power fromstring conbiner 120 is fed into PV converter 130.
PV conveOtlker i8Q]lowmd enventidis BXe posferably é@nboned ,withi mbaoementents sed
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weather data is determined. In step 306, the measured real-time power
output is compared to historical power output data for similar weather
conditions. If the power output is within a predicted range, then PV array
110 continues to operate normally. If the power output is not within the
predicted range, then, in step 308, an alert condition is initiated.
[00068] Referring again to step 302, the real-time power output
data measured for use in comparison step 306 can be data for the array, a
string, or a module. Power output data for the array is preferably measured
at locations A or B of Figure 2. Power output data for a string is preferably
measured at location C. Power output data for a module is preferably

measured at location D.



18 [00065] Figure 2 illustrates potential neasurenment |ocations for a PV
system Measurenents preferably include at | east voltage and current.

Posi ti on wonrepriesmat s array-| evel neasurenents taken at pChaSBMioeTeerter on
the AC side. Position B represents ar®ay-|evel neasurenents taken at the
PV converter on the DC side. Position C represents string-Ievel
nmeasurenents. Position D represents nodul e-1evel neasurenents.

[ 00066] Certajn aspects of the disclosed invention can be perforned using
measur enent s E%@?ﬁat aA@teénamﬁ%lasimweA ogpug, dgfa FOr @ HeFingi §anobed
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within a predicted range, n PV array 110 continues to operate nornmally.

I'f the pRWesriOMt BEtrebéntnPbwiirt Siitpult gathr RAH Geentidd G@rayt. NET, theNpsivep 308,
an alert condition is initiated. [00068] Referring again to step 302, the

real -ti meugpanefraut phe dahacowrds Wiadgk olis usdthin @onmediced shege,3@becan be
data for the array, a string, or a nodule. Power output data for the array
i s prefedabbynestadwtedgat autmantioaly Aeconiiecatéd Rnduhe n2xt Roweg iotesmd. dat a
for a string is preferably neasured at |ocation C. Power output data for a
modul e i B pheefpervedst Qutmlats%/noeni the torradted wringwds outside of a predicted
2012/ 075189PCT/ US2011/ 062710 19 [00069] Al ternatively, power output data for
a stringrage, ban alert condition is initiated. Testing strings using the method
described in this paragraph allows for string-level monitoring of a PV array
without requiring expensive monitoring equipment for each string.
[00070] The response to an alert condition depends on the
capabilities of the PV system. Figure SA illustrates a procedure for use in a
PV system without automatic diagnostic capabilities. In step 502,
maintenance personnel are dispatched to the PV system location. In step
504, maintenance personnel perform on-site diagnostics procedures as
necessary to determine the problem. In step 506, maintenance personnel
correct the problem.
[00071] Disadvantages of the procedure shown in Figure 5B are
that maintenance personnel responding to the alert will have limited
information about the problem before arriving on site. Rather, maintenance
personnel will need to perform on-side diagnostics, which takes additional
time and cost. The requirement of on-site diagnostics also means more

experienced and qualified staff must respond to the alert, even though the

problem may be relatively simple to fix. Additionally, the lack of



indirectly measured at locations Aor Bif the PV systemis equipped with
automatic switches 122. In that case, one string is preferabl e disconnected
usi ng autwoabia7swept ch 122, while other strings conti nueCrwspriomszieo power ,
as illustrated in Figure 4. Power out2ut data fromthe connected strings is
conpared to historical power output data fromthe connected string and/or
hi storical or recent power output data for the entire array. |If the power
output fromthe connected strings.is within a predicted_ range, the
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that a second visjt will be required, These issues jncrease nai ntenance
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site visit wwth normally schedul e mai ntenance. [00073]1n the event an alert
condition is [HIQ7dt ed br thetevenidani algnosondiion ideinaeds or dataded

reasons, certain inventions disclosed herein, provide systens and net hods
for suchdigigagntiss iigslesired for other reasons, certain inventions disclosed herein

provide systems and methods for such diagnostics.

[00074] In one class of embodiments, PV converter 130 provides
a DC potential to the connected strings. PV converter 130 is preferably
configured to provide a variable positive or negative back-converted DC

potential to connected strings using power from an AC distribution system.



[ 00074] I n one class of enbodi nents, PV converter 130 provides a DC
potential to the connected strings. PV converter 130 is preferably

conf i gur esot2012pr76M8pde a vari abl e positive or negative bachAsemumsi7ed DC
potential to connected strings using Yower froman AC distribution system
WO 2012/ 075189PCT/ US2011/ 062710 21 Figures 6A-6G illustrate a nunber of
potential operating and di agnostic scenarios. [00075] Figure 6A shows a PV
array under sunlight conditions with a vol t age Vpv. bein enerated by PV
stri ngs. FigHnresnpA- GeaRusienied i RUBRET ol PR(CRIAZI0BPPNNZCaRAefagnostic
preferably nmeasured, in this exanple, using a DC current nmeter 602 at each

string. WSt s transferred through PV converter 130 to the AC
di stribution A gtaph of, voltage rsus. ti for .this condition is
al so shown. ndonﬁﬁ?ﬁ%gf%ﬁﬁﬁw ﬁeﬁgr@g@}ﬁtqn%esqlﬂlgr}gr?%qcﬁ %n ¢l oud

cover < IS SeORANTB BRI PN, RS AL R
current {5 qgORMHA Uit ddE OahEM i@ el abRF hadtaR S thiRCEMmple,
using a DC current meter 602 at each string. Energy is transferred through
PV converter 130 to the AC distribution system. A graph of voltage versus
time for this condition is also shown. Some random variation may be
present, due to variation in cloud cover etc.

[00076] Figure 6B shows a PV array under nighttime conditions
with no back-converted DC voltage applied. With negligible Vpv and Vpc,
no current is conducted in the system, and no energy transfer occurs.

[00077] Figure 6C shows a variable back-converted DC voltage
(from Vpc =0 to Vpc > Voc) applied in daylight.

[00078] Figure 6D shows a variable back-converted DC voltage
applied at nighttime in the negative and positive directions. Again Vpv is
negligible.

[00079] Figure 6E shows a small constant back-converted DC
voltage (e.g. 24V) applied at nighttime in the forward direction through all
strings for theft-detection purposes. The accompanying graph shows current
versus time. A change in current as shown by the dotted line potentially
indicates tampering; for example, if one string is removed by thieves, the
leakage current contribution that string will disappear. Net energy transfer is
from the converter into the array, but is typically very small.

[00080] Figure 6F shows a negative back-converted DC voltage
applied at nighttime to test bypass diodes.



[ 00077] Fi gure 6C shows a vari abl e back-converted DC voltage (fromVpc = 0
to Vpc > Voc) applied in daylight. [00078] Figure 6D shows a vari abl e

back- conweoterr/iDE18vol t age applied at nighttine in the negatise@iaszipositive
directions. Again Vpv is negligible. 200079] Fi gure 6E shows a smal |

const ant back-converted DC voltage (e.g. 24V) applied at nighttine in the
forward direction through all strings for theft-detection purposes. The
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illustrated in Figure 7A. Diagnostic functions can then be performed such

as the examples shown in Figure 7B (daytime I-V curve trace of string 1)
and Figure 7C (daytime I-V curve trace of string 1).

[00082] Figures 13A, 13B, 13C and 13D illustrate another
embodiment of a PV string combiner in several states of operation. The
string combiner illustrated in Figures 13A-13D divides the strings (not
shown) into positive and negative subarrays. For purposes of string-
differentiation power monitoring, as discussed above in connection with
Figure 4, a string pair (consisting of one positive and one negative string) is
preferably disconnected in this embodiment, as shown in Figure 13C. For
purposes of individual string diagnostics, as discussed in connection with
Figure 7, only one-half of a string pair is preferably connected, as shown in
Figure 13D.

[00083] For diagnostic purposes, measurements of current
through the string are taken at multiple voltages, as shown in Figures 6C and
6D. Preferably, current measurements are taken at a sufficient number of
voltages to create an I-V curve trace. An I-V curve trace can provide
valuable information about the functioning of a PV string.

[00084] Figure 8 shows an example of an I-V curve trace of a PV
string taken during daytime with significant insolation. At VO, the PV
converter is not providing any load on the PV string and the current through
PV string is at the maximum current, also called the short-circuit current

(Isc). For a normally-operating string, as the applied voltage increases, the



nmeters 602 on each PV string, string-level diagnostics can be perforned
using switches 122. In this case, all swtches 122 are open wth the
except i orwof0tgssni t ch associated with the string bei ngcanmsbyiamd71@s
illustrated in Figure 7A. Diagnostic Bunctions can then be perfornmed such
as the exanples shown in Figure 7B (daytinme |-V curve trace of string 1)
and Figure 7C (daytine |-V curve trace of string 1). [00082] Fi gures 13A,
13B, 13C and 13D illustrate anot her enmbodi nent of a PV stri ng conmbi ner in
sever al %‘ﬂlﬁ?@%tfgpuébetilﬁtﬁtﬁﬁg deraeasasi ngt demst mdplied veltaggedhe supredlir es

e e s .
one gpsaﬂ% S gt Si‘??t?ong‘&tgﬁémr’e‘fﬂr%aﬁsy%Egmgic%&aewtﬁa :

oo et R VB e, APVRRRES S SRS,
SCTIN9_ Bl 0P 1T oS BRIREDBer IRy WbPAHES 1 3Readb0RRE PO

di agnostic purp , heasuremne curr e ring are taken

at mul tiﬂgbﬁltvéﬂ YRISY é‘ﬁr\%‘%éri?rl ki V’U{segﬁ%g?ﬁf‘dA‘%DthéD el @loBDintre£ddk T ent

nmeasurenents are taken at a sufficient n of voltages to create an |-V

curve trpgpondV Vt@qtymﬁmﬁncgapd@f-@ﬂbé@ityaiawI\@oé,nfmer cBiiepn fapout the
functioning of a PV string. [00084]Figure 8 shows an exanple of an |-V

curve treapedBbf toazdd. string taken during daytinme with significant
i nsolation. At VO the PV converter is not providing any | oad on the PV
string and t hfDGO8J]ent Figunegd P stir ilRY icurat ilhestn@txagruan auntbent ofal so
called the short-circuit current (lse). For a nornumlly-operating string, as
t he appl peablenist ty¢ ¢arc beastentificde upd R 31/ onyesargys1952 ol émr19023
current through the string decreases. At |ower applied voltages, the
current skowstamdnYi ccuyee tiorchangerally-opsrape srdg helberdahedddinesases

At hi gher vol.tages, the current

gradual ly. fromlsc, .givin shal | ow s| ape. )

decr eascllusAe yoatéomsq_eO_ngyp@_@le@@pl ak; iHEYERsEQATCHPONBENJOa SSilBBD

s Focar wgtbinctspol e SRS’ n NedstpuORAaI V8. orcin Bt Big (e

corrom VGRS cRpREI TR oo bR W ARG S 3HFIEE s ot
e . o e O8I T STafl 1 pstratt ng

i ne 2020 Shoih B bydBR, PaLAE Pl qrmfEh UE e HyER) BarRR LT, o

l'ines il rtions of hypothetical IV curves corresponding to string
mal funct%%lzg?%h(?%&e)l%gm has a steeper slope near VO potentially indicating

S| e (U, ooBA o Seotausedobh T pY R,
damage tgognt¢Rlly @die®méy @ mismatch error in the string. A mismatch error can
be caused by shading, uneven soiling, mismatched modules, or shorted
bypass diodes.
[00087] Line 908 shows a curve with an unexpectedly shallow
slope near Voc. This can indicate series losses. Series losses can be caused
by problems such as a corroded connector.
[00088] Other features of I-V curves that can reveal potential
problems are reduced Isc and reduced Voc. Reduced Isc can indicate

uniform soiling or module degradation. Reduced V¢ can indicate a high

module temperature, potentially caused by poor air circulation.



[ 00086] Li ne 906 shows a notch in the I-V curve near Vnp, potentially
indicating a msmatch error in the string. A msmatch error can be caused
by shadi rg0 20rewers9soi | i ng, m snmat ched nodul es, or shor et/usypass27dé odes.

[ 00087] Li ne 908 shows a curve wth am4unexpectedly shall ow sl ope near Voc.
This can indicate series | osses. Series |osses can be caused by probl ens
such as a corroded connector. [00088] O her features of |-V curves that can

reveal potentjal problens are reduced 'Sc and reduced Voc. Reduced . Sc can
i ndi cate unif 8§9di|in51gﬂr%9@ Wiegh sdama ofRublce sunik tiass (falddcate a

2012/ 075HBSPcskOS 0 Tiehsime. b Gootld e vkroiciiBrgie OF an 1-v
oo nO GRS S ST SRR Ry R B PRI b GRS

The appl MESUEE cE SainREPUKLEE \Rin @RV Rchyeflel 300, MG apiiEg RS , 12
Pot et ShrBIE ke Bl £ SRR CTRASER K IRATRIR P BROT Ahoctr ot
vol t age aﬁemgoﬁo&i JJSe the ﬂ@fﬁﬂﬁrc}i?écggé\ﬁ o¢!dutrdift! indthle’ A¢&¢) bENEieTa Nor nal

condi ti ons, tive current w nmeasured at applied vol tages bel ow

Vt tinesihft® Hevaamistr Bypassdiidder aApodsive vEltass rddtveWi Itirhes faasur ed

at applied voltages above Vt tinmes the nunber of cell's. Between these
two poi nhemibee cléntelihibeugh tidedst rundemindrnid oenditi@ns| & negative

[ 00090] Exanpl es of dark-condition curve traces that can indicate
current will be measured at applied voltages below V, times the number of
bypass diodes. A positive current will be measured at applied voltages
above V, times the number of PV cells. Between these two points the
current through the string will be negligible.

[00090] Examples of dark-condition curve traces that can indicate
potential problems through a shift in these points. This can indicate an open
bypass diode, which is a leading cause of arc faults in PV systems.

[00091] Alternatively to constructing an I-V curve trace, the
system can take current measurements at key voltages associated with the
PV string. For example, if Vy,; is known for a particular string, the system
can measure current through the string at V., and the V., current can
provide useful diagnostic information.

[00092] Another use for the system is to provide highly accurate
performance measurements.  This can be useful for initial system
commission and annual performance reviews. The highly accurate
performance measurements can be usefully in monitoring long term panel
degradation. Currently PV systems have relatively high interest charges, in

part due to the financial risk in PV array degradation. By providing highly



potential problens through a shift in these points. This can indicate an
open bypass diode, which is a | eading cause of arc faults in PV systens.

[ 00091] AwvbDenrzt7smsel y to constructing an |-V curve traceCTiuseoidpsi7em can
take current neasurenents at key vol tzZges associated with the PV string.

For exanple, if Vmp is known for a particular string, the system can
measure current through the string at Vnp, and the Vnp current can provide
useful diagnostic information. [00092] Another use for the systemis to
provi de #EQHRALE dE¥uaEray afakeR e MAssYRTBRRIS ShisTHYSICERNTRY JSEUGE f or
initial f stggmco -%ﬁ%ﬁn and annual performance reviews. The highly
accuratelééP? RS B GRUCTESERBNSs can be usefully in nonitoring long term
panel degradation. Currently PV systens have rel atively high interest
charges, in part due to the financial risk in PV array degradation. By
providing highly WD 2012/075189PCT/ US2011/ 062710 25 accurate PV array
degradati on neasurenents this systemnmay reduce financial risk and interest
costs. [00093] According to sonme but not necessarily all disclosed inventive
enbodi ments, there is provided: A nethod for operating a photovoltaic array

compr i Si ng: | (DAY St AREBrdiRbOYH IiaheDBLE UnbE Niedek MNP Akt Risgcel | S

to a bidirectional ‘power convefter, operating said I rectional power

conver t efnvied tiRe0\UndliSo ditndifes Patefe Olt prbvRIEde AN AYetIEEMNRS! igperatifg aasecond
node, operating said bidirectional power converter in reverse, to use

el ectri cphofoattaié mermys compesing har at fisst m@dd, phovieng tCccweths fitamappl y a
DC potential to at |east sone ones of said photovoltaic cells.

[ 00094] phowvdirmaic teelbote bibtidimottimeale poadr! yomvdrtet, saidogpdrating ntdide

enbodi ments, there is provided: A nethod for operating a photovoltaic
array, cordracsiong] power tonsertemde provuld dingy(Dposerr@xipuf raeno phiotAdvol t ai ¢
cells to a bidirectional power converter, and operating said bidirectional
power cofQRREEION;o ipackaceadanode, ppakatinglisgidt bidiestignaNDOBS! HEdvEsier i n a
second npde, operating said hidirectional converter in reyerse, to .apply a
DC pot entl] E§VEree.sig wses@fq%ceﬁfpwef tsRUECRsePiher thAn sagi' Pi?PFﬁY&}tadC

[00005] SRRkl LG RO G Brat escous Ppespf said ArgtetStsisantisve
e Tent s RGN, PARYL S b TRAREIR. pRRShAK: S, SRRl 7
(2,2, GBSy BRITGBE ARy, AOERE, 4 MReHg R lfrhe guch, pove
mode,  oPghEidVRTat@iatrdy, HoGisidalin CPRYE hfde! Providing DC current from
photovoltaic cells to a bidirectional power converter, and operating said
bidirectional power converter to provide an AC power output onto an AC
connection; in a second mode, operating said bidirectional converter in
reverse, to apply a DC potential to said string of photovoltaic cells; and
performing a diagnostic test on said string using the applied DC potential.
[00095] According to some but not necessarily all disclosed
inventive embodiments, there is provided: A method for operating a
photovoltaic array comprising: in a first mode, providing DC current from
photovoltaic cells to a bidirectional power converter, and operating said

bidirectional power converter to provide an AC power output onto an AC

connection; in a second mode, operating said bidirectional converter in



WO 2012/ 075189PCT/ US2011/ 062710 26 reverse, to apply a variable DC
potential to said string of photovoltaic cells; and varying said DC

pot ent i alwowhid@srseasuring el ectric current through sai @#C3tus2eig/064710
photovoltaic cells, to thereby obtaimean |-V profile; and using said |-V
profile to evaluate the string of photovoltaic cells. [00096] According to
sone but not necessarily all disclosed inventive enbodinents, there is
provi ded: A nethod for operating a photqvoltaic array conprising: in a
first motR¥erss.doiabmly oradab ppitE do el sHieg of photoyplaicacells; st

bi i oct R ARG BT b Pt RAS MRS RoWaE CLURBLETONED SHAAC
Cevor se. tipe, B PYORSBOE T BF ThEebdabln ol BEARO AR ETRER S " 11
varyi ng G Breidle b Shlife AeARRBR drtRoREllicodl. . Cur romt "thr ough sad
i d 1-V prof (TR oval GapRiipko By oY K ROF AReiBL gl (scRieaust ng

[ 00097] ﬁﬁﬁéﬁ"tﬁﬁe”%rﬁlﬁ’oéﬁi’ﬁ'&qt@gttb@% iﬁggﬁév?/ﬁiéd':y,é@' nefhGE! ftﬁe%ge'i‘é{t?ﬂ | ye

enbodi nents, there Is provided: A od for operating a photovoltalc

array, C?H@lrdvﬂﬂwé avsyngopRisihg efit laofindt MedPCpeovidens ADCt eudet Yroan DC
potential to a string of photovoltaic cells under dark conditions;

measur i nghatdol @i reddls, twithughfitdievekaga palhriphot®volbidirecté@hadls powert i at i ng
an alert if the nmeasured DC current indicates that a photovoltaic cell in

t he striognVaserhaad aficsaongsatdebidif0RAB] powardiony ertertoprobide motAC
necessarily all disclosed inventive enbodinments, there is provided: A

phot ovol pawer pavipnt gerieran iAo eysnentiaunpni 8i yegond plagdeal dperavhg said
photovoltaic cells; and a hidirectional power_ converter which is

oper at | veldjrassionat cced vestey iBugyerte, daiappiot S¥olpetentigklo saidwweing ©f in a

first de of tion, said bidi t | WO . . D1
2|0r12/ Ogggg@ﬁ%@piqu%;?pﬂ]gge@rsﬁﬁlcﬁ gfpllta{greef)oiaor?t?/ which is opposite to said first

voltage polarity; and varying said DC potential, while measuring electric
current through said string of photovoltaic cells, to thereby obtain an I-V
profile; and using said I-V profile to evaluate the string of photovoltaic cells.

[00097] According to some but not necessarily all disclosed
inventive embodiments, there is provided: A method for operating a
photovoltaic array, comprising: using a bidirectional AC-DC converter to
apply a DC potential to a string of photovoltaic cells under dark conditions;
measuring a DC current through the string of photovoltaic cells; initiating an
alert if the measured DC current indicates that a photovoltaic cell in the
string has been disconnected.

[00098] According to some but not necessarily all disclosed
inventive embodiments, there is provided: A photovoltaic power generation
system comprising: a plurality of photovoltaic cells; and a bidirectional
power converter which is operatively connected to groups of said

photovoltaic cells; wherein, in a first mode of operation, said bidirectional



power converter draws current from at | east some ones of said groups of
phot ovol taic cells, and provides an AC power output onto an AC connecti on;
and wher ewp,20izn7a188econd node of operation, said bidireecirarsadliperres
converter draws power from one or nor¥ sources other than said photovoltaic
cells, and accordingly applies a DC potential to at |east sone ones of said
phot ovol taic cells. [00099] According to sone but not necessarily all

di scl osed inventive enbodi ments, there is provided: A photovoltaic power

gener at i PAWSY IOBMCESFHABISngUITENH AT jatyleast yiBedvis af ¢a T E

sai d phoPBUBIELRES cEFTS: ANdbr RIGYIOF, &0 Yer RASHR oftBpbr Sbndn sakd

or oupe. ofSHSIBUbT Pl VBERHE: irhactpi: tetle.nf Aobdtinst Wl BifFefiotn Ao
I ’) [ AC

Connect o AT MISKST B 0 . SESRA RS & (ARET a1 80 SR Bl Caati onal

power coﬁvelﬁ?e raé?/s gogbvesp p?)r o%cone g? ﬁoore sour eli g?here hah saqg

hot | i : d i i i t t t

Foast  sopte SnRRtae ool SREOt Rty “BRpHES a DU PRRMIA 07 RILET sdihet© @

di agnost hged SﬁgﬁdaPﬁOR?JJIFJiE%‘éll@Pri ng sais second node. [000100] Accordi ng
to sone but not necessarily all disclosed inventive enbodi nents, there is

provi ded: phofggdiai c pRwerdinyst€NBoldi GutPAGE MidBe’frilRf dihedikorgydt i ve
met hods descri bed above. [000101] According to sone but not necessarily all

di scl osethvienviert ¢mbodivhedisiehé®, ist perveded: Ar phowdedltaie poseas, gawsheon and
nmet hods for operating, nonitoring and di agnosi ng photovoltaic arrays used
for sol asyseer gpnumidiagt iopluitaysysthotpyeitarcalebilsi rmuldudebidisgatodalt i es
for monitoring or diagnosing an array, under sone circunstances, by using a
bi di r ect powar poneerteonwdrickr inooperdtyvaly comnected h® Drapspwef ofaidhe
array WD 2012/ 075189PCT/ US2011/062710 28 to out put. power under sone
condi t i opBOtayltase sellsy owhgreianss ai irségupdeianeperappnyisayl Bidisestiasdver t ed
DC voltage to the arrag. Modi ficatjons and Vari ations )
power converter draws current from at least some ones of said groups of
photovoltaic cells, and provides an AC power output onto an AC
connection; and wherein, in a second mode of operation, said bidirectional
power converter draws power from one or more sources other than said
photovoltaic cells, and accordingly applies a variable DC potential to at
least some ones of said photovoltaic cells; and wherein one or more
diagnostic tests are performed during sais second mode.

[000100]  According to some but not necessarily all disclosed
inventive embodiments, there is provided: photovoltaic power systems
which perform any of the innovative methods described above.

[000101]  According to some but not necessarily all disclosed
inventive embodiments, there is provided: Devices, systems and methods for
operating, monitoring and diagnosing photovoltaic arrays used for solar
energy collection. The system preferably includes capabilities for
monitoring or diagnosing an array, under some circumstances, by using a

bidirectional power converter not only to convert the DC output of the array



[ 000102] As will be recognized by those skilled in the art, the innovative
concepts described in the present application can be nodified and varied
over a trwoentogsispange of applications, and accordi ngl ycrhs2eiaopiof
patented subject matter is not limted by any of the specific exenplary
teachings given. It is intended to enbrace all such alternatives,
nodi fi cations and variations that fall within the spirit and broad scope of
t he appended cl ai ns. [ 000103] .For exanpl e, ile the preferred

enbodi metft ouguy B(i’W%@ﬁdﬁhéQmﬁ‘oP%ﬂElQﬂS@@é%,alﬁﬁahgr; diagnesiie QPEHIORL er i al s
can be used, .e.qg. S'.9Ge.1H%{ hei Si%e Ellqys, or Il11-V or other

sem condgi’gin tQﬂ&@ﬂ@@Vgﬁ Bﬁ289}358|9é Y@ i ne, or single-crystal

mat eri al s can be used. [ 000104] A variety of structures have been
proposed to gather solar energy, including structures using concentration,
wavel engt h conver s{@n .and @ul ti colo gpu {i-bandgap) structures, and the
di scl osed i nvent i odeOSIHCALIONS Ax¢ 1018 | hese. [ 000105] As noted

particul ar 1y W Ageots, wafinbe tereghiAcst bic T Gat KA1 B et gry dhe -
Conver t e RGHOnceRPUETAIRE] b SRy SoRfGaBal 80 be Rofifdhaala t or
o7 i i gif Ve b 3#5@??%@'%%?@é%?ﬁvgﬁﬁlé%i%@eéﬁi%%rdp%%‘i%??@ﬁ@ REoR YT

bi i r oot PRI, SEBICGE RERE, RONEE DiER" bR SRENL (B Refe xRty

2012/ 075&%%8%5 +8h 108K R @f erhBEacE Al FREH MBI RAS mé(gigfcaﬁéﬁgpl e a

sinple isola uck- boost topol ogy can be operated to provi

bi di r ect jpialarRAgls tHANRIEWitfinOtheaSpirlt SARBrehd IRVPEAOLTHS Weedor
aircraft engines.) Sone of the disclosed inventions are useful "even if a
bi di r ect tlaival. converter is not present. O course, a great variety of
variations are possible within the basic UPC topol ogy too. [000106] The
particul ar ref0G1d3gnt sFof dkdmplentwhpe! tlwat porrfsrredn eahlsodimec#tc asesodat ed
by appropriate custom zation of different portals of a single converter.
For exangllieoni phatoweltappdiadesi otlsen semiagmdustonunettenialscanabe vsed2w.20C

out put for standard autonotive accessories, as well as a 48V DC out put for
connect i @1 Pmather pianadlows,100MIbY 1 ethesusemigonstughermmaatesiatuner or
of fice appliances, apd/or a.5V DC.output far deicing through exposed
connect | BABOTOEE1Be]EHetDingr %Bgt?ri?latsit@rfnﬂléﬁriaflécﬁﬁ edappl i cati on
shoul d

> = §

[000104] A variety of structures have been proposed to gather solar
energy, including structures using concentration, wavelength conversion,
and multicolor (multi-bandgap) structures, and the disclosed inventions are
applicable to all of these.

[000105] As noted above, the Universal Power Converter (UPC)
topologies of W02008/008143 are particularly advantageous, since they
provide great flexibility in conversion of power from any portal to any other
portal, in a multi-portal converter. However, this specific family of
topologies is not required for most of the disclosed inventions. Many
converter topologies can provide bidirectional (or multidirectional) transfer
of power, even if the full flexibility of the UPC topologies is not present, and

some of these bidirectional-power-transfer topologies can be used for some



be read as inplying that any particular elenent, step, or function is an
essential elenent which nust be included in the claimscope: THE SCOPE OF
PATENTED WORIBOTSISATTER | S DEFI NED ONLY BY THE ALLOWED ErAlus®i11ba7eover
none of these clains are intended to 29nvoke paragraph six of 35 USC section
112 unl ess the exact words "nmeans for" are followed by a participle.

[ 000108] Additional general background, which hel ps to show variati ons and
i npl enentations, .as well as sone features which can be synergistically with
t he inveﬁaufl ithasCl@imede N EAWS. neF BeCxample.i A sHapiorsd ngbyﬁﬁrb%&ti ons
and applj cations: | akrishnan et al., .Soft .switched ac |li.nk buck boost
conver t eppqtlﬂgwﬂBﬁ il FOeBE e éﬁ@sﬁﬂe%ﬁee\vgﬁ&r@%%iqogoﬁs 3808, pp.

el O
N I e
R T L
appl 1 cat { SHSe1 37 SET, TSR R iRn S SR Dot PRid e Padts, $SCo0

(pendingﬂgﬁﬂg gﬁ@éjshed as US 20100067272), which is a continuation of
11/ 759, 00 (n% I ssued as 7,599, 196), which is a nonprovisional extension

of 60/ BLL, 1810 516/ STEOYar(ianthrneyuiphéng)or MXAGABABRRAATn dn

7,778, 045). of these applications have at | east some conmon ownership,

copendenglyo ngcdamaisdatediby approptiace puswenizadppl ofcdifferant poctaly of af t hem
are hereby incorporated by reference. [ 000109] The clains as filed are

i nt endedsingldeoasertonpriédre axamplasimesaichhpplieatdomOits mhght bemasdfat tos

Izgtlgln B;gﬂ%%%lﬁéggg f(ﬁrdégin&?;degﬁo%mgsg iggggﬂesgi:riw\ég svell as a 48V
DC output for connection to a battery bank, a 120V 60 Hz output for
standard consumer or office appliances, and/or a 5V DC output for deicing
through exposed connections.

[000107]  None of the description in the present application should
be read as implying that any particular element, step, or function is an
essential element which must be included in the claim scope: THE SCOPE
OF PATENTED SUBJECT MATTER IS DEFINED ONLY BY THE
ALLOWED CLAIMS. Moreover, none of these claims are intended to
invoke paragraph six of 35 USC section 112 unless the exact words "means
for" are followed by a participle.

[000108]  Additional general background, which helps to show
variations and implementations, as well as some features which can be
synergistically with the inventions claimed below, may be found in the
following publications and applications: Balakrishnan et al., Soft switched
ac link buck boost converter, in Applied Power Electronics Conference and

Exposition 2008, pp. 1334-1339.; Balakrishnan et al., Soft switched ac-link

wind power converter, in IEEE International Conference on Sustainable



1. A nethod for operating a photovoltaic array conprising: in a first node,
providing DC current from photovoltaic cells to a bidirectional power
convert erwoant/opspat i ng sai d bidirectional power convePCEUSt@i1pswe de an
AC power output onto an AC connectiom0 in a second node, operating said

bi di rectional power converter in reverse, to use electrical power from
sources other than said phot ovoltaic cells to apply a DC potential to at

whr ei n, EPeraachuo e hadbs. B 31§13 'eTiqhséxeqt“ai@%“E%at%L@?@%&ﬂ‘n%a from
ai d Do %\&“M N B BORP oo RETRY. i) Rt o LA Shrles Sreafitiocel | s,
e TRLRRS S SR YRELEL SR 5P %@rﬁ%hi{i@ﬁhﬁ M50 nod o
O W L8 PO TP 2O R A ™
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array, CQMREH 34 A9 onprovisional extension of 60/811,191 filed 6/6/2006 (and now

expired); WO 2008/008143; and 7,778,045). All of these applications have

at least some common ownership, copendency, and inventorship with the

present application, and all of them are hereby incorporated by reference.

[000109] The claims as filed are intended to be as comprehensive
as possible, and NO subject matter is intentionally relinquished, dedicated,

or abandoned.



ina first node, providing DC current from photovoltaic cells to a

bi directional power converter, and operating said bidirectional power
convert erwbaooyisde an AC power output onto an AC connectriusagiliosz7a0 second
node, operating said bidirectional coXlverter in reverse, to apply a DC
potential to said string of photovoltaic cells; and perform ng a diagnostic
test on said string using the applied DC potential. 8. The nethod of C aim
7, wherein, in said second node, said bidirectional converter is powered
fromsaid AC connection. 9. The nethod of Caim7, wherein, in said second

node, said DC potential is varied @E ATMKde an 'V curve for ones of said

cells. 10. The nethod of Caim?7, aid second node is initiated
aut omat i gal |y ﬁr.omii me to time, during nornmal operation. 11. The net hod
of O ai MR UMELL d second mode is initiated automatically, fromtime
to time, during dark conditions. WD 2012/075189PCT/ US2011/062710 33 12. A

method Tor QRREALUSr HPRPALRY A iR i6vBIth RYart S Rbhing:

in a first mode, providing DC current from photovoltaic cells to a
bidirectional power converter, and operating said bidirectional
power converter to provide an AC power output onto an AC
connection;

in a second mode, operating said bidirectional power converter in
reverse, to use electrical power from sources other than said
photovoltaic cells to apply a DC potential to at least some ones of

said photovoltaic cells.

2. The method of Claim 1, wherein, in said second mode, said bidirectional

converter is powered from said AC connection.

3. The method of Claim 1, wherein, in said second mode, said DC potential

is varied to provide an IV curve for ones of said cells.

4. The method of Claim 1, wherein said second mode is initiated

automatically, from time to time, during normal operation.

5. The method of Claim 1, wherein said second mode is initiated

automatically, from time to time, during dark conditions.

6. The method of Claim 1, wherein said bidirectional converter is a fully-

isolated current-modulating converter.



ina first node, providing DC current from photovoltaic cells to a

bi directional power converter, and operating said bidirectional power
convert erwbaooyisde an AC power output onto an AC connectriusagiliosz7a0 second
node, operating said bidirectional coverter in reverse, to apply a

vari able DC potential to said string of photovoltaic cells; and varying
said DC potential, while neasuring electric current through said string of
photovoltaic cells, to thereby obtain an |-V profile; and using said |-V

fil I th tri f phogt | t ai lls. 13. Th t hod of
o AR ot Sk A ek, SoBesieioar oot 1o
df d AC ti.on, Th t hod of iml2, i id
econd noddhi & Tifst Mgy BRGNS oG \PUTFEr KeP Gt Al i ngOnBr mal
tion. 15. The. neth f Claim12. . wh i i d i
oper et on. 15,  TRRIFIRA, St el ol osh g SSRIN Rl
2012/ 075189PCT/ 3&%%9&%8@%&& 3 PlovideBhn o 1 85 wBPO AP o AP AR YO a1 ©
array conprising: 1h a first node, providing current from photovol taic

cells, with a fiy tneggbhage polarity, to a bidirectional power converter,
and operating said brdirectional power converter to provide an AC power

out put ont gpaq oRPNMBEE! @)P'erétihg'ﬂ saRF VidirBBEEnaloBeh# A i§ dkderse, to ,
bi directional converter in feverse, to apply a DC potential to said string
of photovol tai c 4@y 8, D@ pdtedtial to said string of photovoltaic cells; and

performing a diagnostic test on said string using the applied DC potential.

8. The method of Claim 7, wherein, in said second mode, said bidirectional

converter is powered from said AC connection.

9. The method of Claim 7, wherein, in said second mode, said DC potential

is varied to provide an IV curve for ones of said cells.

10. The method of Claim 7, wherein said second mode is initiated

automatically, from time to time, during normal operation.

11. The method of Claim 7, wherein said second mode is initiated

automatically, from time to time, during dark conditions.



voltage polarity which is opposite to said first voltage polarity; and
varying said DC potential, while neasuring electric current through said
string ofwphotxrsishai c cells, to thereby obtain an |-V pcofiske;/oeavdo usi ng
said |-V profile to evaluate the stridg of photovoltaic cells; 17. The
met hod of Claim 16, wherein, in said second node, said bidirectional
converter is powered fromsaid AC connection. 18. The nethod of C aim 16,
wherein said second node is initiated automatically, fromtine to tine,
during normal operation. 19. The method of Caim 16, wherein said second
node is initiated automatically, fromtine to tinme, during dark conditions.
WO 2012/ ?éSéSQP [ PUS2011/ 051121710 65 20. A nmet hod for. operating a

phot ovol {4i & BeMQA TR ARGTAENE A PRALYRIAIGAITAYHSMPTISHE” provi di ng DC

oper ating 401 8 B Pt oREVIgNE o R Bkl BB phORIE e Ko ib; 250t put
AC DO g , . . A . I
conver ter i roqiirgCioh, BRfVei: SBRYEHEES anat TRkt 2l BIARA"
hal f of t he maxiumlh3eREPT@YAH Y aRaL cib b UaEIPh dald Gt AC
conditions, to said string of photovoltaic cells; neasuring a current

through the stridgneftigaotovoltaic cells; and initiating an alert if the
measured DC current indicates that a photovoltaic cell in the string has

been di sconnegtsedond mode, operating said bidirectional converter in reverse, to
apply a variable DC potential to said string of photovoltaic cells;
and
varying said DC potential, while measuring electric current through said
string of photovoltaic cells, to thereby obtain an I-V profile; and

using said I-V profile to evaluate the string of photovoltaic cells.

13. The method of Claim 12, wherein, in said second mode, said

bidirectional converter is powered from said AC connection.

14. The method of Claim 12, wherein said second mode is initiated

automatically, from time to time, during normal operation.

15. The method of Claim 12, wherein said second mode is initiated

automatically, from time to time, during dark conditions.



21. A sol ar energy system which inplenents the nmethods of any of the
preceding clainms. WD 2012/ 075189PCT/ US2011/062710 36 22. A photovoltaic
power gerwoabi2nssyst em conprising: a plurality of phot ecolusasia/oesheé s; and
a bidirectional power converter which4is operatively connected to groups of
sai d photovoltaic cells; wherein, in a first node of operation, said

bi directional power converter draws current fromat | east sone ones of said
groups of photovoltaic cells, and provides an AC power output onto an AC
connection; and wherein, in a second node of operation, said bidirectional
power converter draws power from one or nore sources ot her than said

nes of L6 & BRUMSL 67T SpdSED fg?’a'sﬁﬂ@éva i G aropioi: Imalzzt %Eter eim in
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automatically, s’aﬂirb’idl?@cti(%él'ﬁ@veld%h{?&tglafd( pESVdet AP AC power output
onto an AC connection;
in a second mode, operating said bidirectional converter in reverse, to
apply a DC potential to said string of photovoltaic cells, with a
voltage polarity which is opposite to said first voltage polarity; and
varying said DC potential, while measuring electric current through said

string of photovoltaic cells, to thereby obtain an I-V profile; and

using said I-V profile to evaluate the string of photovoltaic cells;

17. The method of Claim 16, wherein, in said second mode, said

bidirectional converter is powered from said AC connection.

18. The method of Claim 16, wherein said second mode is initiated

automatically, from time to time, during normal operation.

19. The method of Claim 16, wherein said second mode is initiated

automatically, from time to time, during dark conditions.



WO 2012/ 075189PCT/ US2011/ 062710 37 26. A photovol tai c power generation
system conprising: a plurality of photovoltaic cells; and a bidirectional
power corwerbevo7sisbch i s operatively connected to group®COfUSS@i1@62710
photovoltaic cells; wherein, in a fir¥t node of operation, said

bi di rectional power converter draws current fromat |east sone ones of said
groups of photovoltaic cells, and provides an AC power output onto an AC
connection; and wherein, in a second node of operation, said bidirectional
power converter draws power from one or nore sources other than said

phot ovol tai c cell s and accordingly appl ies a variable DC potential to at

o agnost 70 Reseuiag B endtaRkgd b dsTaNs SradcoRlTHABE: 27 The syst em of
pover ed f r 3 eiaghcghz\eoyﬁ%@%sec VDG S8 SoE R TBIPLR B bTh <3 o
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connection;
in dark conditions, operating said bidirectional converter in reverse, to
apply a reduced DC potential, which is less than half of the
maximum voltage provided by said cells under daylight conditions,
to said string of photovoltaic cells;
measuring a DC current through the string of photovoltaic cells; and

initiating an alert if the measured DC current indicates that a photovoltaic

cell in the string has been disconnected.

21. A solar energy system which implements the methods of any of the

preceding claims.
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22. A photovoltaic power generation system comprising:

a plurality of photovoltaic cells; and

a bidirectional power converter which is operatively connected to groups
of said photovoltaic cells;

wherein, in a first mode of operation, said bidirectional power converter
draws current from at least some ones of said groups of
photovoltaic cells, and provides an AC power output onto an AC
connection;

and wherein, in a second mode of operation, said bidirectional power
converter draws power from one or more sources other than said
photovoltaic cells, and accordingly applies a DC potential to at

least some ones of said photovoltaic cells.

23. The system of Claim 22, wherein, in said second mode, said

bidirectional converter is powered from said AC connection.

24. The system of Claim 22, wherein said second mode is initiated

automatically, from time to time, during normal operation.

25. The system of Claim 22, wherein said second mode is initiated

automatically, from time to time, during dark conditions.
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26. A photovoltaic power generation system comprising:

a plurality of photovoltaic cells; and

a bidirectional power converter which is operatively connected to groups
of said photovoltaic cells;

wherein, in a first mode of operation, said bidirectional power converter
draws current from at least some ones of said groups of
photovoltaic cells, and provides an AC power output onto an AC
connection;

and wherein, in a second mode of operation, said bidirectional power
converter draws power from one or more sources other than said
photovoltaic cells, and accordingly applies a variable DC potential
to at least some ones of said photovoltaic cells;

and wherein one or more diagnostic tests are performed during sais

second mode.

27. The system of Claim 26, wherein, in said second mode, said

bidirectional converter is powered from said AC connection.

28. The system of Claim 26, wherein said second mode is initiated

automatically, from time to time, during normal operation.

29. The system of Claim 26, wherein said second mode is initiated

automatically, from time to time, during dark conditions.



