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METHODS, SYSTEMS, AND APPARATUSES FOR
ALIGNING LIGHT CONCENTRATOR
COMPONENTS WITH A LIGHT SOURCL

CROSS-REFERENCE TO RELATED APPLICATIONS

[B0G1] The present application claims priority o Italian Patent
Application No. AQRG08ACC0008, filed fune 12, 2008, which is entitfed "SISTEMA
SECONDARIO DI ATTUAZIONE PER 1L PUNTAMENTO DI PRECISIONE,
MONTATO SUL TRACKER PER SISTEMI A CONCENTRAZIONE SOLARE, IN
PALLINEAMENTO CON 1 RAGG]T SOLARID DEL CONCENTRATORE O
GRUPPL DI CONCENTRATORI SERVITL” which s incorporated hercin by

reference in the entivety.

[6002] The present appleation deseribes systems, methods, and
apparatuses that may be vsed with embodiments desenbed in ULS. Patent Application
Mo, 137113788, Dled on May 1, 2008, and Application No, 11/463,176, [ed on

December 21, 2007, both of which are incorporated by reference in the entivety,
BACKGROUND OF THE INVENTION

[B063] The invention relates generally to hight concentrating systents,
and more particufarly o light concentrating systems for aligning hght concentraton(s)

or photovoltaic cell(s) with g Hght source.

(G004]  Light concentrating systems exist today  for generating
electricity and’or thermal energy, Some known systems inclode an array of light
concentrators in which each hight concentrator focuses light ontir a corresponding
focal region where a photovoltaie (PV) cell andfor an element for absothing thermal
onergy 18 located, A light concentrator's efficiency for converting light energy into
electrical or thermal conergy is significantly based opon how well the light
concentrator is aligned with incident light, For example, in some light concentrators,
if the angle of incidence of the ight rays onio the PV cell is greater than about 0.5+
1.7, the engrgy conversion efficlency and ensrgy output of the light concentrator

reduces exponentially.
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((303] However. # may be cost prohibifive to manufachire an
alignment device for each light concentrator i the light concentrating systent. To
reduce the costs, manufacturers have attwnpted to move several Hght concenteators at
once to align the light concentrators with the light source. 1o such lght congentrating
systems that move several Hght concentrators at once, several challenges may arise
that make & more ditficult to ensure that all of the Ught concenteators are property

aligned with the fight source.

[(06]  One challenge is the costof manufacturing componsnis of'the
Hght concentrating systems.  Any variations ov ervova in the manufacturing or dexign
processes of a Hght concentrating system may lead fo the Hght concenirators being
mittally misaligned. For example, a lght concentrator may be mounted o a bokdey,
which may be mounted onte ancther structural component that. i furn, is mounted ©
a support or base.  If any of the above clementy are mizaligned or have substantiat
manufacturing variances, the light concentrator may not be properly aligned apon
wmstaliation. Furthermors, different lighi  concentrators  may  have  different
orientations with respect to each other (L., the Hght concentrators are ot misaligned

i the same manner.

[0007] Osher challenges may oceur after the light concentraiing
systems have been manufactured. For example, systems may experience heavy winds
that permanently or temporarily move the Hight concentrators or deform the structural
supports that hold the hight concentrators.  Likewise, temperaturs vartation throughout
the {ife of the system may cause mechanical elements of the system and light
eoncentrators to expand and contract leading to temporal andfor permanent warping
of the mechanical clements,  Farthermove, light concentrating systemiz are often
manufactured to be lightweight and wind-resistand or  acrodynamie, which,
consequently, may lead to the use of mechanical elomenis that are susceptible to
hending. The weight of the light concentrators ov other components may cause these

mechanical elements 1o bend or flex during novmal course of operation.

vstem, a. solar energy

e
v

[666G8]  1n one proposed light eoncenirating ¢

pangt has multiple power generating modules on a flat stractural grid that s supported
onn & post.  The panel may niove the structaral grid about two axes.  Bach moduole
wctudes a multitude of eoses and photovoltaie cells that ave combined in & common

housing,  The common bhousing bolds alf of the lenses aligned together.  Two
“¥
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secondary servomechanisms are mounted i or o0 the cominon housing and are

capable of moving the common housing about corresponding axes.

[00G9]  However, the above proposed system may have Hmied
abilities in aligning the modules.  For sxample, the fat structural geid may be
vuinerable to wind damage or deformation. Also, il ong photovoliaic cell or lens in
the commaon hoasing is defective or becomes damaged, it may be necessary to replace
the assembled lenses or the entire housing.  Furthermore, the proposed secondary
servomechanisms are fimied fo assembled keoses held @ a common housing. The
secondary servomechanizms are nod applied to individual lght concentrators or PV

eelis,

[G016] Thus, there is a need Jor light concentrating svstems,
methods, and spparatuses that facilitate aligning a Hght concentrator(s) or a PV csll(s}
with a fight source {0 generate electrical and/or thevmat energy. There s also a need
for a fight concentrating systems, methods, and apparatuses that may reduce the costs
of manuiacturing by allowing some tolerances in the design and manufacturing of
different components. There & also & need for light concentrating systems, msthods,
and apparatuses that can reduce an amount of Hme and a skifl level required fo instali,
calibrate, and initially oriont the Hght concentrators,  Alsa, there s a need for Heht

concentrating systems, methods, and apparatuses that are capable of aligning a single

light concentrator or aligning a single PV cell with a Hght source,
BRIEF DESCRIPTION OF THE INVENTION

[GG11] 1o one embodiment, a tracking system configured o orient

Hght concentrators to face a light source is provided. The system includes a movable
support structure for providing global alignment of the light concentrators with the
Hight source. The system also mcludes a Bight concenwrator (LC) module that is
coupled 1 the support structire and has an array of hight concentrators that are in
fixed positions with respect to each other. The system also inclodes a secondary
altgnment mechanism having a module joint that movably couples the LC module to
the support structure and an agtuator assembdyv, The actuator assembly is conligured
o selectively move the LU module about fvo axes relative to a pivol point of the

modale joint thereby arienting the array of Hght concentrators,
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(#12]  Inanother embodinent, o method of manutacturing a tracking

system configured o orient Hght concentrators to face a hight sowrce s provided. The
method mchudes providing a movable support stracture and coupling a secondary

aligniment mechanism to the support structure. The secondary alighment mechanism
hias a module joint that is configured o be movably coupled to the support structure
and an actuator assembly. The module joint s selectively movable about two axes
refative t0 a pivot point of the module joint by the actuator assembly, The method
also inclodes conpling a Bght concenirator (L.O) module to the module joing. The LC
module s configured 0 hold an array of hght concentrators in fixed positions with

respect 1o each other,

[8613] Ju ancther embodiment, a8 method of orienting  Hght
concentrators to track a Hght source using & tracking system s provided, The tracking
system dochudes a support structure and a LT modole supporied by the support
strucire,  The LOC module i movably coupled fo the support stracture by a moduole
joint and has an aveay of Hghi concentrators. The method includes selectively moving
the sapport structure (o globally align the Hght concentrators with the Hght source and
selectively moving the LC modale about two axes relative 0 a pivot point of the

miodule joint 0 orlent the hght concentrators 0 face the Heht source,

[B014] In set ancther embodiment, a wacking system configured 1o
ovient at least one Hght concentrator to face a light source i provided. The svsiem
includes a support structure for providing global aligoment with the Hight soures. The
system also inclodes a light concentrator that s supported by the support structure and
& configured to face the lght source, Furthermore, the system includes an actuator
assembly and a module joint that. couple the Heht concentraior 1o the support
stracture, The actuator axsembly s coupled tothe light concentrator and is configured
to selectively move the light concentrator about two axes relative 0 a pivat point of

the module joint theveby ovienting the hght conentrator o face the light souree,

[6815] 1u another embodiment. a method of orienting a hight
coneentrator eoupled o a support structure of a tracking system s provided. The Hght
coneentrator is movably coupled o the sapport struciure.  The method includes
determining a desived orientation of the light concentrator with respect to the support

structure aod coupling a portable actuator device o the Hight concentrator and to the

e
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support structure,  The method also includes moving the Hight concentrator fato the

desired orientation using the actogtor device and de~-coupling the actuator device.

[0016] Opiionatly, the Hght concentrator may be an arfay of ight

concentrators or a Hight concentrator module that bas & phurality of Hight concentrators.

[6017] 1o yet ancther esmbodiment, a light concentrator for
converting tight into electrical energy is provided. The light concentrator includes an
optical element that is configured to direct light toward g Tocal region. The light
concentrator also includes a receiver assembly that is located proximaie o the focal
region. of the opiical cloment.  The receiver assembly includes a phetovoltaic (PV)
cell that 1 configured 1o convert the light ito electrical energy and also g modale
joint that is coupled to the PV celll The module joimt selectively moves the PV cell
about twi axes refative 1o a pivot point of the module joint to a desired ovlentation

with respect to thie Beht directed toward the focat region.
BRIEF DESCRIPTION OF THE DRAWINGS

[6G18] Figure | i a schematic Hlushation ol a Hght energy

conversion {LEC) systom formed in accordance with one embodiment.

[B019] Figare 2 is a side view of a tracking system formed in

accordance with one embodiment.

[B020] Figare 3 i an solated perspective view of & module joint that

may beused with the tracking system of Figure 2.

(BE21]  Fiawe 4 §s a side view of a light eoncentrator (LCY module

that may be used with the tracking system of Figure 2.

[0022] Fieure 5 i a side view of a light concentratin that may be

used with the wacking svstem of Figure 2.

[0023] Fieure & is a side view ol another ght concenirator that may

be used with the tracking system of Figure 2.

[60624] Figure 7 is a side view of a bight concentrator that has a

plurality of optical elements and photovoltaic (PV) celis.
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(23] Fiogwe 8 is a side view of a tracking system formed in

aceordance with another embodiment,

[0026] Fieure 9 is a perspective view of a frame module formed i

accordance with one embodiment.

[GO2T]  Figure 1 isa side view of a LC modulde that may nclude the

frame modale shown in Figure 9,

[6028] Figure 171 ihstrates @ method of manufacturing a tracking

[0029]  Figare 12 is a schematic view of an actoator device Tormead in

accordance with ong embodiment.

[GG36] Filgwe 13 &2 flowchart fustrating a method for orienting

Hght concentrators to track a Bght source,

[GG31]  Figwre 14 is a flowchart fHhustrating a method for determining

adesired orientation for a Hight concentrator.
DETAILED DESCRIFTION OF THE INVENTION

[6032]  Embodiments deseribed herein inclode systems, methods, and
apparatuses that may orient ov align an array of light concentrators o Tacilitate
converting light energy into electrical snergy. thermal energy, or both, The areay of
fight concentrators may be moved initially by a primary or global aligoment
mechanism 1o face a light source, Ong or more sets of Hght concentrators of the array
may then be moved by a secondary or local alignment mechanisnt to a desired
orieniation.  In other embodiments, the array of Bght concentrators 'may be moved
initially by a primary o global alignment mechanism, and then one or more
individual light concentrators of the array may be maved by respective secondary
alignment mechanisms, Farthermaore, in other embodiments, individual PV cells may

be selectively moved by secondary alignment mechanisms.

[G033] As used herein, a "Hght concengrator” includes at east one
optical element having at feast one of @ reflective surlace and a refractive medium that

is configured to concentrate Heht energy onto g corvesponding focal regiom where the

-
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fight energy may be converted {0 eleciricity and/or may be used 0 heat & working
fuid. A Hght concentrator may have only one optical element or a plarality of optical
clements that cooperate with one another {o foeus the fight energy onto the focal
region, Exemplary Hight concentrators are deseribed i ULS. Patent Application MNos.

L2A113,788 and 11/963,176, which are both incorporated by reference in the entivety.

[0034]  As used hergin, the term “optical clement” inclodes any
material or apparatus that allects the propagation of Hght. Anh optical element may be
comfigured to reflect Hght energy or refract light encrgy or both. Ax used hevein, the

S

term "Hght" ov "Hght encrgy,” i oot lmited to vigthlke Hght or sonlight, but instead
encomyprasses a wide range of wavelengths, as well as electromagnetic radiation of all
wavelengihs, As used herein, the term "working Buid” 18 aoy fluid or gas ysed o

absorb and transler thermat encrgy, including water.

i

[638]  As used. herein, the texm “local region” & not himidted o g
focal point or a focal fine but may clude the region proximate to the focal point or
focal fing where the Hght rays are substantially concentrated, A focal region includes
a point-focal veglon, a Hnear-focal region, and the like. In sonte embodiments,
concentration levels of light raws at the focal region may be about 30X or greater, In
more particolar embodiments, concentratiom levels of light rays at the focal region
nitay be about 160X or greater. In vet mowe particudar embodiments, the concentration

fevels ol Hght rays at the focal region may be about SH0X or greater,

[6036] Severat of the components described herein, such as Hght
concentrators, frame modules, light concentrator (LC) modules, and module joints,
may be removably coupled to another component.  As used herein, the ferm
“removably coupled” means that a first component may be readily separable from a
second component without destroying sither of the first and sccond components,
Components are readily separable when the two components may be separated from
gach other without undue efftart or a significant amount of time spent in separating the
two components. For example, the components may be coupled to ong another using
fastensrs, such as screws, latches, buckles, and the Bke, where a fechnician may
wicouple the two components using a ol or the technician’s hands.  In addition,
removably coupled components may be goupled without a fastener, such as by

forming an interforence or sap 10 with respect to each other,
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(G037 However, i other embodinmients, the fhst and  second
components may not be readily separable. Thus, as used herein, the term “coupled”
cludes being "removably coupled” and also includes the (st and second
components being fused, bonded, or formed {ngether such that uncoupling the two

components would damage at least one of the components.

[B038]  Furthermore, as used herein, the terms "movably coupled” or
“retatably coupled” mean that two componenis may be moved or reoriented with
rexpect to each other whike the two components are coupled,  When {wo components
arg movably or roiatably coupled together, the two components may or may not be
removably coupled. Furthermore, as used herein "eoupled” includes two components
being coupled together through a reaxonable number of intervening components and
also includes two components belng dizsctdy coupled,  Two components may be
directly coupled if the two components are in contact with gach other snd/or adiacent

to each other with fow intervening compeneni(s).

[6039]  As used heredn, a "light concentrator component”™ ingludes a
PV cell, optical clement, light coneentratot, a L module, and the Bke,  AS used
herein, a “deswed orientation” of & Hght concentrator component inchides any
orientation that is desived by a system, operator, fochnician, and the ke, A desired
orienfation of one light concentrator component may include an orientation that
produces & maximum energy output for the one bight concentrator component and/or
may include an orientation that produces a maximum or destréd snergy output for a
systemt that includes the one light concentrator component,  Furthermore, there may
be other dexired orientations for Hght concentrator componenis that do not relate to

energy efficiency andfor cnergy output of the Hght concentrator component.

[(040] Figare 1 ds & schematic ustration of a Hght energy
conversion (LEC) system 100 formed in accordance with one embaodiment. The fight
energy conversion system 100 may mclude one or more tracking systems 102 having
gme or more Nght conversion (L) modules 164, Anaray 103 of LO modules 104 i
shown in Figure 1, howsver, In alisroative embodiments; tracking systoms 102 may
have onlyone LC modude 184, Bach LO module 104 may inclode one or more ight
concentrators (not showny,  The hight concentrators ave configured Yo recetve light
energy from a light source 110 (e.g., the suny and convert the Hight snergy into at least

one of clectricat and thermal energy. The LC modules 104 ave selectively movable
B
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{iLe.,. capable of being re-orfented) so that each LC module 104 may be moved
independenty of other LC modales into a desired orientation with respect to the tight

souree 116,

[G041] The tracking systems 102 may also include a tracker base 106
couplad to a support stracture 108 that s configured to support the atray of LC
modales 104 thereon.  The tracker base 106 and the support structure 108 may be
separately movable,  For example, the fracker base 106 may be rofated about z
vertical axis 19Q therehy moving the sapport structure 188 and the LC modufes 194
thereon, The support structure 108 may also be rotated about ol least one of axes 190
192 thereby moving the LC modules 104, In some embodiments, the support
structure 108 and the teacker basg 106 form a primary or global alignment mechanism
configured fo align the array 103 of LC modules 104 with the lght source [
Accordinghy. the support structure 108, the fracker base 106, and the individual L.C
modales 104 may cooperate with one another 1o orient the Hght concentrators into a

desied orientation,

(2] The tracking systoms 102 may sbo include orientations
sensors o detectors 109, An orientation detector 189 s configured to receive and
gransmit data that may faciiate determining o destred orientation o the LC modale
184, For example, the orientation detector 108 may be a Hght sensor having g fixed
refationship with respect to a corresponding object (e.g. LC module 104, Hght
concenirator, or support structure 188). 1o other embodiments, the orientation
detecior 109 may be a voliage sensor or current sensor used 1o detect and transmit
data relating to an energy output or efficiency of the Hght concentrators of the 1O
modulex 104, The voltage sensor or current sensor may be used to determing an
energy oufput or efficiency of a single light concentraior, a group of light
coneentrators, one LU modude, or a group of LU modules.  As shown in Figare 1,
cach LC module 184 may have a single comvesponding ortentation detector (09,
Howeyer, in aliernative smbodiments, an orientation detector 189 may be assogiated
with a set of LC modules 104 or the tracking system 102 may have only one
ortentation detector 109, Furthermore, a plurality of orientations detectors 109 may
be used with a single light concentrator, a group of Hghi concentrators, a single LL
modide 104, or a group of LOC modules 184, Orientation dedettors may not ondy be

used i the operation of the fracking system 102, but may also be used o facilitate

5.
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wstaliing, calibrating. and/or in the maintenance of a single light concentrator, a

group of Hight concentrators, a single LC modude 104, or a group of LC modales 104,

[0043] The tracking systems 102 are conymunicatively coupled {e.g.
through cables or wirsless commuanigation) to & system controlier 112, The svstem
contrnller 112 may be configured to selectively conirnl an orientation of the tracker
base 106, the support structure 108, andfor the LC maodules 104, The system
controtler 112 may also obtain other information regarding a state or condition of the
fracking system( s} or other data that may be desivred by a user of the LEC systemy 100,
More specifically, the systenveontrofier 112 may inchude & database or storage device
118 and several modales 121-124 for operating the tracking systems 102, The system
controlier 112 may include a diggnostic module 121, an orientation. module 122, 8
souree locating modude 123, and an event notification module 124, Each of the
modules 121124 may receive data from the tracking systems 102 and transmit
nstragtions. or data to the wacking systemis 102, Forthermore, each of the modules
121-124 ey communicyte with sach other and store and retrieve mformation Fom
the storage device 118, The system controller 112 may abo be communicatively
coupled 0 a aser iferface 1235, The user interfuce 125 may be remotely located and
be, for example, a deskiop computer or workstation, faptop, or a personal handheld

device.

[6044] The diagnostic module 121 may be configured to determine at
Jeast one of an energy production output and an energy conversion sfficiency for the
LEC system 100, fir g single fracking system 102 or a predetermined group of
racking systems 102, or for a single L.C module 104 or a predetermined group of 1O
modides 104, The orieniation module 122 s -configured o determine and congrol the
orientation of the tracking systems 102 and, o particular, the LT modules 104 with
respect to certain objeets {2.g., the support structure 108 or the Hght souree 110). The
souree locating module 123 i configured to determing a spatial location of the Hght
source 118 with vespect fo a light concepirator component or a fracking system.
Furthermore, the event notification madule 124 is conligured to send instructions ar
notifications & the tracking systems 102 or the aser imerface 125 when predetermined
events or thresholds have oceusred. For example. a notiffeation may be sent to the

user fnterface 128 it operation of & tracking systeny bas failed or if the snevgy output

of the tracking systemys}) has dropped below a predetermined level,

-16-
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[B043]  The modules 121-124 may use data obtained Gom the
tracking systems 102, data entered through the aser interface 125, or data from the
storage device 118 to operate the fracking syvstems 102 at a8 maximum or a desived
fficiengy, The system controller 112 may b configured to operate only one racking
system 102 or several tracking systemns 102 at once. As shown, the system controfter

112 may be remolely focaisd Fom the fracking systems 102,

[0046] Optiomally, each tracking systemr 1062 may  have a
covrasponding focal controller 113 that is configured to operaie simifarly as the
remote svtem controller 112 deseribed herein.  Each local controller 113 may
selectively control the orfentation of the LC modules 104 {or light concentrators or
PV cells) of the cormrespomnding sracking systam 102, A loeal controller 113 may
gperate agtonomously wigh it commupication oF instruction from the sysiem
coptroffer 112, For example, a local controller 113 may be configured 10
aatomatically contrad the operation of the corresponding tracking system 102 for a
predetermined period of time or until an event bas oceurred that vequires tucther
Fsteuctions, mfbrmation; or analysiz.  Hach local controler 113 may cobwnunicate
with a system controfler, such as the remote system controlier 112, that is configured
{o supervise the operation of the tracking systems 1062, For example, local controllers
113 may send event notifications to the svstem controlter 112 and requext further

mstruction.

[6047] Hlectrical snergy produced by a tracking system 102 may be
defivered to, Tor example, a power gitd 114 for distributing the converted electrical
energy. Thermal energy produced by the tracking svstem 102 may be carvied by a
working fluid F throogh a fuidic circait to a fluid conversion system 116, Although
not shown, the fluid conversion system 116 and the fluidic civenit may include pumps,
valves, tanks, andfor other fluidie devices that faciitate regolating the flow of the
working fhuid ¥, The fluid conversion system 116 may also store the heated working
fuid ¥ andfor divect the flow of the working fluid F to other locations where, for

example. the working fluid F oay be used for heating.

[0048]  To globally align the arvay 103 of LC modules 104 with the
fight source 110, the system controlfer 112 may ake an initial sean of surrounding
space {eug.. the skyy for where the Hght source 118 s expected fo b, For nstance, the

soveee Jocating module 133 may use embedded astronomical tables that contain
~11-
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conrdinatex of the expected focation of the Hght source 110, After the initial sean, the
soarce focating and orientation modoles 123 and 122 may communicate with each
other to coarsely or globally align the array 108 of LC wmodules 104 with the light

souree 116,

[G049] 1n other embodiments, sach tracking syvstem 102 may include
an inverter that converts the direct current (DC) to alternating current (AL). Readings
of the alternating current by the svstem controdler 112 and/or local controller 113 may

be made to determing an energy output of the corresponding tracking

system 112 ata
particular orientation.  When the tracking system 102 is moved o a different
orientation to globally align the array 103, the alternating eurrent will change thereby
mdicating whether the array 103 is more closely ahigned with the Hght source 118 or
fusther misalipned, The svstem controller 112 and/or the local controlier 113 mayuse
a foedback protocol using the readings of the AC and selectively move the tracking
systemt 102 1o determine i the array 105 is globally aligned.  Furthermore, light
sensors may be used by tracking systems 102 1o globally align the aray 105 of LC

modides 184 with the Hight source 110,

(B036] A fight concentrator component {eg.. a PV cell o light
concentraton, a LOC module, and the fike) efficiently converis light energy to electrical
or thermal energy when inipinging licht rays L form an incident angle & with respect
to an abignment axiy 195 of the Hght concentrator component that is within an
geceptance angle o of the Hight concentrator component. The alignment axis 193 ol'a
Hght concentrator component represents the axis that, i the incident angle 8 of the
Hght rays L were perfectly aligned with the alignment axis 193 (fe,, where 8 = 0), the
Hght concentrator compovent wintld be most efficient.  The acceptance angle o
representy & oritical angle that determines whether the hght concentrator component
can convert light energy efficiently. For example, if the incident angle 8 is greater
than the acceptance angle o {33 shown by 6 @ Figare 1), then the Heht concentratos
compenent 15 misaligned with the Hght source. I the incident angle © is lexs than the
acceptance angle o {as shown by 8y, then the light concentrator compoment is
operating efficiently, By way of example. the incident angle 8 8 within the
aceeptance angle o if the light concentrator compaovnent I8 operating equal fo or greater

fhan 0% maximum efficiency,
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[B8351]  As noted above, the alignment axis 193 may be associated
with a PV cell, light concentrator, or an LC module.  For various reasons, an
aligniment axis of & {ight concentrator may not be collinear with or extend pavalled to

an alignment axis of a PV cell ora LC module. For example, cach light concentrator

of an LC module may have a corresponding alignment asis. However, die to warping
of the LU module or errors in the manufaciuring of the individual Hght congentrators
or PV cells, the alignment axes of the Ught concentrators (which represent the
orteniation where the lght concentrators are most efficient) may not be parallel to
gach other. As such, the alignment axis of the LC module represents the orientation
of the LC module where the LC module 15 most efffcient even if some ol the light

concenirators ol the L moduls are not most elficient.

[6G52] By way ol another example, ove or more of the alignment
axes of the LOC modules 104 may not be aligned with the Hght rays L after the racking
systent 102 has globally aligned the array of LC modules 104, For instance, the light
rays L. may form an incidentaogle (e.g. 1.27) that is greater than the acceptance aogle
{e.g, 107} for the LOC modules 104A and 1648, However, the lght rays L may forin
an ineident angle (eag., 0.67) that s less than the acceptance angle (e.g., 1.O7Y for the
LO module 1820, In such cases, the orientation detector 189 associgted with the
misaligned LO modules 104A and 1048 wiay send alignment data to the rumote
systom confroller 112 andfor the local controdler 113, The alignment data may relate
to, for example, light rays L impinging upon lght sensors.  Alernatively, the
alignment data may relaie to current, voltage, or power readings of the L modules
{or componenis thereof} that suggest or ndicate that the ncident angle s not within

the accepiance angle of the LO modules 18344 and 10438,

[(G33] The orientation and source locating modules 122 and 123
receive the alignment data and determine that the LC modules 104A and 1048 are not
properiy abigned with the bight source 116, The orientation and source kating
modules 122 and 123 may then selectively move the misatigned LC modules 1044
and 1648 (e.g., through actuators, servomechanisns, motors, and the Bke) so that the
ncident angle of the light rays are within the acceptance angle, In other words, the
alignment axes of the misaligned LC modulex 164A and 1048 may be moved until
the alignment axes of the LO modules 1844 and 1048 are aligned with the Hghi vavs

L (L., within the acceptance angle or are operating at a desired energy efficioncey or

13-
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output).  The alignment axex of the LU modules 104A and 1048 may be moved
different degrees with respect to the original position or orientation of the
corresponding alignment axis.  To this end, the controllers 112 andfor 113 may
condact a feedback protocol using the orleptation detestorts) 109 {o determine when

the LC modules 104 A and 1048 are aligned with the light source 110,

[0054]  Furthermore, i some embodiments, the tracking system 102
may inclode one or more LC modudes (e.g. LC modudes 104A and 1048 in Figure 1)
that are sglectively movable by a secondary alignment mechanism and ong or more
LC modules (e.g., 1040) that ave fixed with respect o the support steucturs (e, do
nit have a secondary alignmient mechanism, bat may still be globally aligned with the
other LU modules). For dostance, the LOC module 164C may be atiached to the
support sfructure 108 at a spatial location that provides strdier support for the LC
module 104C than the support structure provides for the LU modules T A and 1048
at other spatial ocations. For example, the LC madule 104C may be attached o 2
center of the support sirdciute of to a mechanical clement that provides sturdy
support, whereas the L.C modules 104A and 1048 miay have a peripheral location that
is more valnerable to wind or may be attached 1o weaker mechanical clements that
warp or bend daring the etine of the tracking system 102, Accordingly, secondary
alignment mechamisms may be coupled {o a select number of the tofal LC modules

104 on the tracking system 102.

[G055]  Figure 2 & a side view of a tracking system 202 formed in

accordance with one embodiment.  The tracking system 202 nray be used in a light
energy concentrating (LEC) system, such as the LEC svstem ] 00 descrihed with

reference to Figure 1. Axshown, the tracking

system 202 includes a movable support
stracture 208 that is coupled to a tracker base 206. The support structure 208 inchudes
a post 212 that extends along a vertical axis 290 and a panel stracture 214 that is
movably coupled o g post 212, The panel struciure 214 sxtends along & plane that iy
configured to face a Heht soures 210, The {racking system 202 alo moludes an array
of LC modules 204 that include a plurality of light concentrators 218 held by a frame
modale 220 in fixed positions with respect to each other. The frame module 220 is
configured 0 have the structural integrity and features for holding the light

eoncentrators in fixed positions with respect to gach other,

~ld-
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[G336]  The frame modules 220 may be removably coupled o the
panel structure 214 by module joints 222, The module joints 222 are configured 1o
move or gliov the respective frame modales 226 to he moved norder 1o align the L.C
modutes 204 with the Hght souree 216, The module joint 222 may be, for example, o
unbversal joint (e.g., 2 Cardan joint}. In other embodiments, the module joint 222 may
be formed Fom flexible materials, o.g., rubber. The module joint 222 may removably
couple the LOC module 204 o the panel gructure 214 1M a LU module 204 s
operating mefficiently, s damaged, or requires replacing, the individual may remove
the LC module 204 and replace the LC module 204 with another versien, For
sxample, i 8 local controlfer 213 determines dhat the LU moduls 204 s no longer
operating efficiently, a technician may replace the LC module 204, Alternatively,

individual ight concentrators 218 may be replaced.

[6G37] “The tracking system 202 may be communicatively coupled to
a remote system controller {not shownj, such as the system controller 112 (Figare 1),
The svstem controdler andior the Jocal controller 213 are configured to selectively
move the support steucture 208 fo globally align the LU modules 204 with respect to
the light scuree 210, For example, the post 212 may be rotated about a vertical axis
290 (e, azmuthally rotated) and the panel structure 214 may be rotated about
another axis that extends into the page (Le. zenithally rotated) to globally align the
array of LC modules 204, When the array of LC wmodules 204 & globally aligned
with the Heht source 218, one or more of the LC modales 204 may be in g desired
origntation with respect to the wcident Hight vays L while one or move of the LC
modidex 204 may be misaligned. For example, the LC module 2048 may be in the
dexied orfentation (ie., aligned with the Hght source 210) and the LT module 2044
may be misaligned (Le, an incident angle &; of the LC modale 204A may be greater
than an acceptance angle (ot shown} of the LT module 204A (e.g., groster than 0.77),
As will be discuss in greater detait below, the L module 204 A may be moved or
reoriented by a secondary or local alignnient mechanism.  Accordingly, LT modules
204A and 2048 may bave dilfTerent osientations with respeet to the sapport structure
208 inorder for both LC modules 2044 and 2048 to be alipned with the Hght source
210,

[((38]  Figure 3 §s an isolated perspective view of the module joint
222 that may be used with g secondary alignment mochanism or assembly 225 for

~15-
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aligning the LT module 204A (Figure 3}, The module joint 322 includes a housing
240 having a palr of connecting elements 242 and 244 and sidewalls 246 extending
thercbhetween,  The connecting element 242 may be, for example, a base plate
configured {o be coupled to and support a frame module 226 Figure 2). The
connecting element 244 may couple the housing 240 to a beam 248 of the panet
stracture 214 (Figure 2} The sidewalls 246 may be flexible and function as bellows
therehy allowing the modude joint 222 1o change oriepiations o move the frame

mindile 226,

[(0539]  The module joint 237 may alo include an actustor assembly
230 within the housing 240 that is coupled o a module base 232, The module base
232 may be coupled fo and structarally support the comecting element 242 o, more
directdy, the frame modude 220, As shown in Figure 3, the actuator assembly 250 may
clude hinges 234 and 256 and actuators 233 and 257 that are configured 1o rotate the
modale base 252 about axes 293 and 294, The hinge 2534 may include a mounting
bracker 264 and one or miare rods 263 that ave secuted to the module base 252, and
the hinge 236 may include & mounting bracket 266 and one or more rods 267 that gre

secured to the hinge 254.

[0060] The actuators 255 and 237 may be Hoear actuators having
pistons or arms (nit shown) that are configured to move a distance between extended
and refracted positions,  The actuators 253 and 257 may also be communicatively
coupled to a controlier. To move or re~orient the module base 252, the amm of the
actuaior 253 may move between the extended and retracted positions to rotate the
modide bage 232 about the axis 293, The arm of the actuator 237 may move between
the extended and retracted positions (o rotate the mounting bracket 264 (and thereby
the module baze 232) about the axis 294, The module base 252 may extend along and
face a divection that extends along a pointing axis 288, When the actuators 235 and
287 are in a homw position {(e.g.. balfivay between the extended and refracied
positions). the pointing axis 288 may bave be ceotered with respect to possible
orientations (indicated by the cone). When the pointing axis 288 s i a centerad
position, a range of possible orientations for the pointing was 288 may be symmetric

about the centered pointing axis 288,

(BG61]  Afler the support structure 208 (Figure 2) has globally aligned

the aveay of LU moduaies 204, the actuaiors 2535 and 257 may cooperate with one
16~
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ancther to move the pointing axis 288 about a pivot point Py of the module joing 222
The pivot poiat Py may exist at an approximate intersection of the axes 293 and 294
and the point axis 288,  As shown in Figure 3, the pivot point Py in some
smbodiments may be located within, the housing 240 of the module joint 222

proximaie to the beam 248 of the panel stracture 214

[0062]  Asshown in Figure 3, the pointing axis 288 may be moved an
angle [} away from the pointing axis 288 i the centered position. For example, the
angle § may be an aongle less than 3.07 from the pointing axis 288 i the centered
position.  More specifically, the angle [ may be an angle less than 2.0°. The angle
may be determined by a distance in which the arms of the actoators 233 and 237 may
be moved between the rotracied and extended positions,  In the Hustrated
snbodinment, the distances in which the actoators 233 and 237 may Hnearly move gre
substantially equivalent. A's such, a range of possible orientations of the pointing axis
288 may be represenied by a cone having a substanttally chroular cross-section,
Howaever, i alterbative embuodiments, the distances fn which the sctuators 235 and

257 may move may be different such that the cone has an ovabshaped cross-seetion.

[B363]  Accondingly, the alignment axes of the LT modules 2064 and
corresponding Hight concentrators 218 (Figure 2) may be movad, if desired, the angle
{3 alter the LC moduales 204 have been globally aligned with the Hight soarce 210.
Mare specifically, the actuator assembly 250 may selectively move the frame module
220 gbout the axes 293 and 294 relative to the pivot point Py of the madale joing 222

thereby orienting the fight concentrators 218 coupled o the frame modude 220,

[0064] Accondingly, the module joint 222 having the actuator
assgmbly 230 may form the secondary alignment mechanism 225, o alternative
embodiments, the secondary alignmment mechanism 223 may inchude a module joint
and an actuator assembly that is not housed within the modale joint (Le., the modole

joint and actuator assembly may be separate from each other).

[(BG63]  Figwe 4 anenlarged side view of the LC modude 284, As
shown, the [Fame module 220 & coupled to the modude joint 222 via the connecting
element 242, and the modale joint 222 is secared to the beam 248 via the connecting
element 244, As soch, the modale joint 222 may be secored to the frame maodule 220

al a single spatial location 272, The single spatial location 272 sy be centrally
-17-
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focated with respect to dimensions of the frame module 220, Alternatively or in
addition, the LC module 204A may have g center of mass (COMY and the moduole
Joint 222 may be coupled proximate to the COM. In the embodiment shown in Figure
4, the TOM of the LC module 2044 and a center of the frame module 228 are located
at approximatedy the same location (g, proximate to the single spatial Jocation 272},
However, in altornative embodimentz, the COM and the center of the frame module

220 are not at the same location,

[G366]  As shown in Figure 4, the alignment axis 298 of the LC
modide 204A or the Game module 220 may be moved from a first orientation or
position 298" 1o a different second orientation or position 298" In the Tirst orientation
298, the Hebt ravs L may toom an ncident angle (oot shown) that is not within the
aceeptancs angle (not shown) therehy resulting in an nefficient conversion of the
fight energy.  The module joint 222 may be selectively moved by a local sub-
controltier 274, the local controlfer 213 (Figure 23, andfor g system controller (not
shown} ta move the frame module 2206 so that the alignment axis of the frame module
220 bas the second ovientation 298", The lght rays L may now [Lem an incident
angle that s within the acceptance angle of the LC madule 204A.  Although nit
shown, the LOC module 204A may inchude a Hght sensor configured o detect or
receive alignment data to facilitate determining the incident angle at which the lght
ravs L impinge upon the PV cells 276, Alternatively, the LC module 204A may
include a current or voltage detector that receives readings associated with the current
or voltage of the PV cells fo detgrmine if the LT modules 204A are operating at an

acceptable conversion efficiency,

-

[(067] Figurss 3 and & illustsate modude jointz 322 and 373,
rexpectively, that may be used with alicenative embodiments. Figure 3 48 a side view
of a light concentrator 318 that may be used with a tracking system, such as the
fracking svstem 202 (Figwee 2). The hight conceptrator 318 includes an opticat
slement 320 that s conligured to divect light toward a PV celt 324, The Hght
concentrator 318 may be directly and removably coupled to a support structire 326
through the module joint 322, The modude joint 322 may have sl features and
functions ax the module joint 222 and nclude an achuator assembly (not shown) for

moving the lght concentrator 318, Inalternative embodiments, the module joiot 322

18-
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may be o flexdbie material and the Heht concentrator 318 may be moved by actuators

{nit shown} that are directly coupled o the optical element 320,

[0068]  As shown, the optical element 320 may have an alignment
anin 330G 10the Hght rays Loare aligned with the alignment axis at & first ortentation of
position 330, then the Hght rays L would be directed (1., reflected and/or refracted)
by the opiical element 320 and impinge upon the PV cell 324 in a desired manner fur
elficiently converting the hght energy to electrical energy. However, ithe alignment
axis in the first orientation or position 330" i not aligned with the Helbt rays L, the
modude joint 322 may mowe the alignment axix o a different second orientation or
position 330" that 1s aligned with the lght rays L (e, the incident angle is within the

acceptance angle of the optical element 320},

[6069]  Figure 6 fsa side view of another light concentratoy 368 that
may be used with a tracking system. such as the tracking svstem 202 {Figure 2). The
light concentrator 368 includes an optical element 370 that is configured to direct
light energy toward a PV cell 374, Unlike previoasty deseribed LC modales and light
concentrators, the optical element 370 may have a tixed ovientation with respedt toa
support structure 376, The optical element 370 may be removably coupled wo the
support structure 376, However, the light concentrator 368 may include a receiver
assembly 373 comprising the PV celt 374 that is supported by and selectively moved
by the module joimt 372, The module joint 372 may have simidar featurss and
functions as the module joint 222, By way of example, if the PV cedl 374 &5 not
operating above a threshold efficiency level, the moduade joint 372 may move the PV
eedl 374 10 a dexived orientation. More specifically, the module joint 372 may move
the PV cell 374 so that the alignment axis 380 of the PV cefl is moved from a st
orisniation or position 380" to a different second orieniation or position 3807 where

the PV celt 374 i in a desired orfentation with respect to the optical element 370

[G070] Figure 7 is a side view of a light concentrator 418 formed in
gooondance with an alicroative embodiment. The Heht concentrator 418 fncludes an
array of optical clements 420 and an array of recetver assemblies 413 mounted to g
conumon housing 430, The common housing 430 may be mounted to a tracking

systent, such as the wacking system 202 (Figure 7). The receiver assembly 415 may
wmelade & PV cell 424 coupled 10 3 corresponding module joint & tach optical

element 428 s configured to divect Hght rays L toward an associated PV cell 424 of
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the correxponding recelver assemibly 41350 Ax such. the light voncentrator 418 may
also be refirred to as a LC module since the hight concentratinr 418 may have a

plurality ol optical elementy and PV cells, As shown in Figure 7, there miay be a one-
to-one ratio between optical elements 420 and PV celis 424, However, in alternative
embodiments, a plurality of optical elements 420 may direct Hight rays L toward a

covrasponding one PV celi 424,

[B071]  The common housing 430 may be globally aligned with a
Hight source {not shown). Optionally, the common housing 430 may alzo be attached
in a secondary alignment mechanism 432 that inchudes & module joint 434 and an
actuator assembly 436, The module joint 434 may be attached o a support {not

shownd of a tracking system,

[6G72] 1u abernative embodinents, one optical element may direct
fight rays L foward a plorality of PV cells that are grouped together and proximate o
the focal region of the optical element. The PV cells may be packed in a dense array
and selectively movable by one or moare modale joiats. For example, each PV cell
may have a corresponding one niodule joiol, a sub-group of PV cells may be
supporied by a modude joint, or the entive group of PV cells may be supporiad by only
one moadale joint. In other alternative embodiments, & plurality of optical elements
niay divect rays L toward a plarality of PV cells that are grouped together and
proximate to the focal regions of the optical elements. Again, the PV cells may be

packed i a dense array and selectively movable by ong or mors modals joints,

[B073]  In yet ancther alternative embodiment, the Bight concentrator
418 may include the array of optical eloments 420 and an array of PV cells 424 that
are noi supported by maodule joints. In other words, the PV cells 424 may be arrangad
i fixed positions within the housing 4380 or at & bottoms of the housing 430. The
comman hoasing 430 may then be moanted 1o a tracking system, such as the racking
system 202 (Figare 2), and be selectively movahle by a secondary alignment

mechanism.

[6074]  As diseussed above with respect to Figurs 6, each moduole
joint 422 may be conligured {0 support and selectively move one or more PV colly
434 resting thereom, For example, the PV cells 434 may be selectively moved by their

respective module joints 422 50 that the Hght rays L are impinging upon the PV cells
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at a desited meident angle, The desired incident angle may corvelate to the highest
current output of the corresponding PV cell 424, Alternatively, the PV cells 424 may
be selectively moved by thewr respective modole joints 422 {0 reduce a carrent
mismatch between the PV celix 424 that may be clectrically coupled W series. Hach
of the PV cells 424 may be communicatively coupled to a controdler (not shown) to
determine the dexived orientation for sach PV celf 424 i order 0 gengrate the desired

ouipud.

[(073] Figurs & 8 a side view of a tracking systemy 302 formed dn
accordance with another embodiment that may be used with an LEC system, such as
the LEC system 100 (Figare 13 The tracking system 562 includes a tracking structure
504 that s configured to support and selectively move an array of LC modudes 512,
Although a particular embodiment. of the tracking structure 304 i shown and
deseribed . with reference fo Figure 8. the tracking structure 304 may vary in
configuration and dimensions. For example, a configuration of the tracking strugture
364 may be based, in part, on an eovironment i which the tracking structore 504

operates,

(78] The L.C modules 512 may bearranged o vows 3G6-318 (le., a
plurality of LC madules 512 in each row 306-310 may be arranged along an axis that

extends into the page).

The tracking structure 504 may be capable of manipolating
the ortentation of the LOC modules 312 (e.g. by tilting and/or rotating the LC modules
312y sor that the L modulex 312 are globally aligned with a light source (not shoyen),
The tracking structure 504 may inclode an inclined platform grid 314 (also referred to
as @ support structure) for holding the LC modoles 512, a cirendar guide 316, and a
pluraiity of support bars 518 that extend from the circufar guide 316 to the inelined
platform geid 314, The wacking structure 304 may be fabricated [rom any sturdy
muaterial, such as a plastic or @ hollow metal alloy tube. The tracking structare 304
may also includs & tracker base 338 that sochudes wheels $28 and a servo motor 322,
The cirenlar guide 316 may be coupled 1o the servo motor 322 forrotating the circular

guide 316 and the wacking structure 564 about a vertical axis 590,

[B077]  Furthermore, s shown in Figure 8, each row 306-318 of the
LC modudes 512 may rest upon a rotatable beam 53 that is beld by a corresponding
stand 532, Hach beam 330 may be movably coupled to a eommion rod or link 334 that

extends along the platform grid 314, Another s¢rve motor 336 may be coupled o the
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Hok 334 and configured o move the Hnk 534 in-g Hoear divection as indicated by the
bi-directional arrow E, When the fink 534 15 moved along a linear direction, the
beams 530 rotate about a beam axis 331 {shown in Figure 9) theveby causing the L.C
modules 312 to it forward or backward.  As such, the various components of the
tracking structure 304 may cooperate with one another to selectively move {e.g.
rotate and i) the aray of LC modules 312 inoxder to globally align the LC modules

512 avith a Hght source,

[GO78] Figures 8 and 10 ae a pesspective view of a frame module
340 and a side view of the LC module 512, respectively. The frame module 540
includes a concentrator rack 342 that is configured o hold a plirality of light
concenirators 344 (shown in Figure 1) in fined positions with respect to cach other.
The frame module 540 also includes a module joint 348 that directly and movabiy
couples the concemtrator rack 342 o the rotadable beam 338, The module joint 34€
may be similar © the modale joint 232 (Figure 3) and may allow the concentratir
rack 342 1o be moved about two axes (not shown) selative 0 a pivot point P2 of the
modude jodat 348, Furthermaore, the frame module 340 also includes an orlentation
detector 346 coupled 1o the concentrator rack 542 and an actuator assembly 530 that s
coupled to the rofatable beam 330 and the concentrator rack 342, The actuator
assembly 330 iy configured to selectively move the frame module 540, Ax such, the
actuator assembly 330 and the module joint 348 may form a sscondary alignment

mechanism 323 of the LE modude 312,

[0079]  Optionally, the frame module 340 may iclude a local
nucropracessor -or coniroller 332, The local vonirolier 332 may wclude modules
simifar to the modudes 121-124 (Figues 1) for controlfing the Fame modale 340, The
focal controfier 352 may be communicatively coupled o the orientation detecior 346
and the actuator assembly 330, Optionally, the local controller 332 may also be
comamunicatively coupled o other sensors or detectors of the frame module 546 orof
other frame modules 340 op the tracking system 302 (Figure 8). Furthermors, the

focal controller 352 may also be communicatively

Ly

coupled 1o a8 central or system
controtler (not shown) that s associated with the tracking system 302 or with a

pluradity of tracking systonis.

[B08D] The worientation detector 346 & shown in Figure @ as a

centrally located Hght sensor that may, [Or example, have four-quadrant himinance
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sensors that measure position ervet by measuting an amount of hght falting on four
individual fominance sensors. When the oriemtation detéctor 346 is a light sensor, the
light sensor may have a fixed orentation with respect to the Hght concentrators 544,
Alernatively or in addition to the hight sensor, the orientation detector 346 may

include a voltage detector that measures the actaal output voltage of the LC module

LA

12 or a current sensor that measures the current at predetermingd nedes of an

electrical circuit.

[G081] With reforence to Figues 10, the actuaior assembly 330
meiudes a bracket 334 scoured o the motatable beam 330 and actuators 360 and 562
having arms 370 and 372, respectively. The bracket 354 has a pair of legs 556 and
338 that sxtend away distances Iy and Ds, respectively, Trom each other and away
from the rotatable beam 330, The legs 536 and 338 may also extend away from the
concentrator rack 542 so that a separation digtancs By and Dy exists therehetween,
respectively. In some embodiments, the distances D-14 may be conligured so that a
center of mass (COM) of the LC module 312 may be proximats to the beam 530 o
another support steueture: In such embodinients, the frame module 344 may be easier

{o manipudate than it the COM were further wway from the beam 330

[BO82]  Also shown, the LC madule 312 may have an alignment axis
38R, The sctators 360 and 362 may be moved between selected retracted and
extended positions in order to move the LC module 312 about two anes relative to the
pivol point Ps of the module jomt 548, Inthe Hlustrated embodiment, the actuators
360 and 562 are linear actuators that are configured to move the arms 370 and 872 a
Hinear distance D bebween retvacted and extended positions,  However, other typex of

actuators may be used i alternative embodiments.

[GO83]  Also shown dn Figure 10, the arms 370 and 372 ave cach
coupled fo the coneentrator rack 5342 at separate spatial locations 371 and 373 via
aetugtor joints 375 and 877, The module joint 348 may be coupled @ the concentrator
rack 342 at a spatial location 379 {shownin Figure 9}, In the Hlusirasted embodiment,
the spatial locations 371 and 373 are penipherally located (Fe., away from a center of
the concentrator rack 342 and the spatial location 379 15 centrally located. As an
example. the spatial locations 371 and 373 may be closer o an edge or side of the
congentrator rack 342 than 0 @ center of the concentrator rack 342. However, in

other embodiments, the spatial locations may be separate, but grouped together,

o
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[G084] The spatial focations 371 and 373 may be reforred to as
movable spatial locations, and the spatial location 379 may be referved {0 as a
statiovary spatial location. For example. the spatial locations 371 and 373 may be
moved by the dctuators 360 and 562, respectively, relative to the stationary spatial
tocation 379 in order to move the LC modale 512 about the spatial location 379, The
relative posttions of the spatial lecationa 371, 373, and 579 with respect to each other
and the {inear distance D may all be configured for moving the LC module 312 (or
frame module 544 or concentrator rack 342} aboui two axex relative to the pivot point
Po. The relative positions of the spatial locations 371, 373, and 379 may be
configured so that the actuator asserbly 334 mwy support the LU module $12 in

different ortentations throughout the fetime ol the tracking system 502 (Figure B},

[G683]  Accordingly, in some embodiments, a secondary alignment
mechanism {e.g., the secondary alignment mechanism 5281 may be coupled 10 an L.C
modale gt a plurality of separate spatial locations.  In particalar, the secondary
alignment miechanisnt may movably couple the LO module 1o 8 support dracture
{e.g.. the beam 330) at the plurality of sepavate spatial locations.  The plurality of
spatial focations may include at least one movable spatial location and at least one
stationary spatial location.  As such, the LC module may have stronger or sturdier
support than other LC moduies that are not coupled to a support structure through a
plurality of spatial locations. For example, 8 LC module that s movably coupled toa
support structore at onby one spatial focation may be more vulnerable 1o wind than a
LC module that is movably coupled 0 a support structure at a phuality of separate

spatial loeations,

[GO86] In an aliernative embodiment, the LC module 312 may not
utifize a module joint 348, but, dnstead. may have a pair of actuator assemblics sach
joints of the actuators couple o the concentrator rack 542 may form a rectangle or
move speeifically, a square. The actnators may be configured to move corresponding
arms g linear distance thereby moving the LC modale 312 (or rame modale 340 or
concentrator rack 5423} about a pivot point even though there is no module joint,
Furthetmore, other configurations and taschanical assemblios may be used for

mioving components about a pivot point.
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[BO87] Fiagwe 11 Hlustrates 3 method 700 of manufacturing a
tracking system that is configured i Orient light concentrators ®o face a light source,
The tracking sysfem may be simitlar to the trdcking systems 102 Flaure 1), 202
{Figure 2), and 302 (Figure &) The method 700G nchides providing at 702 & support
structure and coupling at 704 a secondary alignment mechanism to the support
stracture.  For example, the secondary alignment mechanisms may clade a module
joint baving zximdar features as the module joints dexcribed above and an actuator
assemybly, such as those deseribed above, The method 760 also includes coupling an
LC module at 706 0 the secondary alignment mechanism.. The secondary alignment
mechanism tray be confivured 1o move the LT module gbout two axes relative 1o 8
pivol point of the module joint. The LO module may be similar to the LU modules
deseribed above and may be configured to hold an array of light concentrators in fixed
positions with respect to each other. Furthermore, the method 700 includes coupling
the LO module o the secondary alignment mechanism fivst, and then coupling the

secondary alighiment mechanism to the support structure,

[GO88] Figwe 12 is a side view of a portable actuator device 600
formed in sccordance with another embodiment.  The portable actuator device 600
niay ¢nable a technician o visit a tracking system having LC modules or light
concentrators that are movable about a pivel point(s) whether or not there s a module
joint. The actuator device 600 may be used to initially orient the LC modules when a
tracking system is manufactored or installed,  Also, the gctuator device 600 may be
used as & maintenance tool for checking and re-orfenting misaligned LOC modulex,
The actuator device 600 may move of re-orient the LC modales-or Hght congentrators
in a desirad orientation, Onee in the desired orientation, the technician may secure the
LC module or Bight concentrator to the desired orientation by using a fastening devies

(o2, screw or latchy.

[GOBY]  Accordingly. the asctuator device 600G may bhave similar
features ay the actuator assembiy 330 (Figure 103 For example, the actuator device
600 may includes a bracket 602 that includes a gripping eloment or device 605 that is
configured to be mounted o or secured fo a support structure. The bracket 602 has a
pair of legs 620 and 622 that extend away distances D) and Dy, respectively, Fom

each other. The achuator device 608 includes a pair of actuators 606 and 608 having

respective arms 616 and 618,
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[B396]  In the Hhustrated embodiment, the actuators 666 and 608 are

linear actuators that are configored {6 move the arms 616 and 618, respectively, a

1

Hnear distaniee Dy betwgen retracted and extended positions. However, ather fypes. of
dctuators.may be used m alternative embodiments. Alzo shown in Figure 12, the arms
616 and 618 have actoator joints 626 and 628 configure o couple fo a light
concentrator or LO module (nof shown), When the actuator deviee 600 §s removably
coupled 0 & support struciurs of the tracking xestem, the actuator joints 626 and 628
may be coupled to the Heht concentrator or L module at separate spatial locations,
In order fo have an approprigte range for moving the light concentrator or LC module,
the spatial locations of actuator joints 626 and 628 may need o be separated from a

spatiad location proximate to where the pivot point is located.

[6681] “The actuator device 600 may also include a controller 613
that is configured i be communicatively coupled o onentation detgcton(s) of the Hght
concentrator or LT module i order o determiine g desired orentation of the light
comgentrator or LU modale. Alternatively, the contrellr 613 may be
communicatively coupled o a remotely located system controlier of the tracking
system, which may transmit information regarding the alighment of the light
concentrator or LC modale, The controler 613 may have a recerver and a transmitier
for communicating wirelessty, or the controfler 613 may b communicatively coupled
through wires or cables (not shown) to the orientation detectors.  Optionally. the
actuaior device 600 may inchde a. local orientation detector 609 that may
communicate with the controlfer 613, The orientation detector 609 may be
configured to be mounted to the Hght concentrator andfor LC modole and transmit

alignment data to the controller 613,

[(G92] Figure 13 i 3 flowchart Hlustrating a method 900 fiw
orienting @ light concentrator to @ light source. The methad 900 meludes determining
at 902 a destred oricniation of the hghi concentrator with respect to a support structure
and. A portable actuator device may be coupled at 904 o the Hght concentrator and
to the support structure. The method 900 also includes moving at 906 the light
concentrator into the desired orientation asing the actuator devige and removing the
actuator device at 08, At 910, it may be determiined it there & another light
concentrator 10 be aligned. I so. steps 902, 9G4, 906, and 908 may be repeated.

Furthermore, method 960 may be applied o a LC module or a PV cell,
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(B093] Fiagwe 14 & a Nowchat Hlustratiog a method 1000 for
orieniing light concentrators to track a light source. The light concentrators may be
components of 8 wacking systemi, such as the tracking systems 102 {Figure 1), 202
(Figare 2} and 302 (Figure &), The wacking system may include a support structure
and a frame modaole supported by the support structure.  The frame module may be
movably covpled 1o the support structure by a module joint and has an aray of fight
eoncentrators. The method 1000 ncludes selectively moving at 1002 the support
structure to globally align the Hght concentrators with the light source, Af 1004, a
system controder or local controller may query whether the light eoncenirators are
globaliy aligned, I not, the system may undergo g feedback protocal “for globaliy
aligning the light concentrators,  The feadback protocols may use readings from

nverters, hight sensors, and/or current or voliage sensors.

[6684] “The method 1000 also includes selectively moving at 1006
the L.C module about two axes relative o g pivat point of the nrodule jomnt to orient
the Heht concentrators to face the light source. AL 1668, a system contenlieror foval
controller may be guerled a8 to whether the Hght concentrators are locally or more
finely aligned. The selective movement may be controlled by a similar feedback
profocol, which may ase readings from a sub-inverter, Hght sensor, and/or current or

vordtage sensors.

[G093] n addition. mmny modifications. may be made to adapt &
particular situation or material to the teachings of the nvention without departing
from s scope. For esample, although several embodiments were deseribed as
capable of ineluding the module joint 222 as deseribed with respect to Figure 3, the
module jomt i other embodiments is not limited to that particular configuration. A
modide joint may be any joint capable of movably coupling two components and
allowing at least one of the components 0 be moved shout a pivet point of the
module joint, For example, the moduls joint may be auniversal joint, a ball joint, or

simply a Bexible material.

[60%6]  Furthermore, although several embodiments were deseribed
as having an actuator assembly that included finear aciuators, other types of actuatirs
or devices may be used. The actuaior assenibly nust ondy be configured o move an
LC module, a fight covcentrator, or a PV celf to a desitred manner. Ax an example of

one alternative embodiment, the actuator assembly may be coupled to the LT module

Y
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at only one spatial location that s separate ffom the moedule joinl.  The actuator
assembly may be configored & move that spatial location linearly as deseribed above,

but may also be configured {0 rotate the LC module sbout an axis that extends

through the spatial location and the module joint.  Furthermore. i other

ghout 3 moduke joint. Also, each actuator assembly may have any number of

actuators. including only ong actuator.,

[97]  Also, although different features were discossed i detail
above with reference fo cortain embodiments or components, those skitled in the ant
anderstand that these features may be combined with other Teatures or added 1o other

COMpPoNRnts,

[6098]  Also, dimensions, types of materials, orlentations of the
various components, and the pumber and positions of the various components
described herein are intended 0 define parameters of certain embodiments, and are by
no means Hmiting and are merely exenylary embodiments. Many other embodiments
and modifications within the spirit and scope of the claims will be apparent to those of
skill o the art upon reviewing the above description. The scope of the invention
should, therefore, be determined with reference to the appended claims, along with
the full scope of equivalenis to which soch claims are entitled.  In the appended
claims, the terms "including™ and "in which™ are used as the plain-English equivalents
of the respéctive termis "comprising” and "wherein.”  Morcover, o the following

TIRTH

secomd,

"o,

clatims, the terms “Tirst, and “third,” ete. are used merely as labels, and are
not intended to impose mumerical requirements on their objects.  Further, the
Hmitations of the following claims are not written in means — phia-function format
and are not intended to be interpreted based on 33 LLSC, § 212, sixth paragraph,
untess and untif such claim limitations expressly use the phrase "means for" followed

by & siatement of function void of further strocture,
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WHAT IS CLAIMER IS

. A tracking system configured to orient light concentrators fo face

Hight source, the system comprising:

a movable support structure Tor providing global alignment of the light

concentrators with the Hght souree

a Hght coneentrator (L.O) module coupled 1o the support structure and
having an areay of light concentratons that are in [ixed positions with respect to gach

other; and

a secondary alignment mechanisnt comprising a module joint that
movatdy couples the LC module 0 the support structure and an agtuator assembly,
wheretn the actuator assembly s configured to selectively move the LOC modude about
two asis relative to a pivot point of the module joint therehy ovienting the array of

light cancentrators,

2. The tracking system in aceordance with ¢laim | wherein the module

joint is secured fo a single spatial focation of the LC module.

3, The tracking system in accordance with claim 1 wherein the modude

Joint couples a center of the LC module to the support structure.

4, The tracking system i accordanee with clam 1 wherein the LC
modale has g center of mass, the modulde joint coupled to the LC module proximate to

the venter of'mass.

3. The tracking system in accordance with clam | wherein the actuator
assembiy comprisex an amm ecoupled to the LC module, the arm moving in a Hoear
dirsction batween eytended and retracted positions 1o move the LU module about the

pivot point.

6. The tracking system in accordance with elam 5 wherein the arm is @
first arm and the actuator assembly comprises a second am coupled to the L.C
module, the st and second arpys and the module joint being coupled fo the L.C

module at separate spatial ocations,
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7. The tracking system in accordance with clam 1 wherein the LC

miodule is removably coupled 3 the sapport structure.

8, The wacking systent in accordance with clam | wherein the suppont
structure comprises 3 beam that extends along a beam axis, the beam being rotaable

gbout the beam axis therehy rotating the LC module about the beam axis.

9. The tracking system f acorndance with elam | wherein the moduke
joint comprises @ housing, the actuator assembly being located within the housing of

the modide joiat,

18, The tracking system in accordance with clam 1 wherein the LC
miodide is a first LO modude having an alignment axis and the actuator assembly iy a
first actuator assembly, the tracking system further comprising g second LC modale
having an alignnent axis and being movably coupled o the support struciure and a
second actuator assembly coupled to the seeond LC modode, wherein the first and
second actustor assemblies are conlfgured o selectively move the “first and second L.C
modales; respectively, the alignment axes of the first and second L modules being

moved by different degrees to align the alignment axes with the Hght source.

11, The tracking system i accordance with clam 10 wherein the first

and second L4 modules are coupled to a common beam of the suppot stiucture,

12, The tracking syvstem in accordance with clam 1 whereln the LOC
modide s a first LC module and the tracking system further comprises a second L&
module coupled to the support structures the second LC module having a fixed

orvientation with respect to the suppot structure,

13, The fracking system in accordance with claim 12 wherein the first
LC module is movably coupled to the support structure at a fiest spatial focation of the
support stracture and the second 1O module is coupled to the support structure at a
second spatial location of the support structure, the support structure at the second
spatial location providing sturdier support for the second LT module than the support

structure at the first spatial ocation provides for the fist LC module,

14, The tracking system in accordance with clam 1 wherein the

support strueture is rotatable about & vertical axis.
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15, The tracking systemt in gccordance with clatm [whetein the 1O
module inchudes a light sensor having a fixed position with respect 1o the light

conesnirators.

16. The tracking system in accordance with claim | further comprising
3 local controller commmunicatively coupled o the dctuator assemibly, the local

controller automatically moving the LU modale when the LC module is misaligned

17. A method of manufacturing a wacking system configured {o orient

Hght concentrators to face a light source, the mathod comprising:
providing a movable support steueiure:

coupling a secondary alignment mechanism to the support struchue,
the secondary alignment mechanism comprising a module joint configured o be
movably coupled o the support structore and an actuator assembly, the module joint
boinyg selectively movable about two axes relative 1o & pivol point of the module joint

by the actuator assembly: and

coupling a Hight concentrator (LC)y module to the module joint, the L.C
modale being configared fo hold an arvay of light concentrators in fixed positions

with respect (0 each otler.

18, The method i accordance with el 17 wherein the coapling the
LO module to the modale joint includes securing the module joint 0 a single shatial

ncation of the L.C moduals.

19, The method in accordance with claim 17 wheretn the coupling the
LOC modole to the module joint includes coupling a center of the LC modale to the

module joint.,

20, The method in accordance with claim 17 wherein the coupling the
LOC modale to the module joint includes coupling the module joint proximate fo a

center of mass of the LC module.

21, The method in accondance with claim 17 wherein the module joint

is a first modude joint and the LC module is a first LC modale, the method further
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comprising coupliog a second module joint o the support strueture and coupling a
second LC modude tor the second modude joint, the first and second LC modudes being
selectively movable into different positions about the pivotl points of the first and

second miodale joimis, respectively.,

22, The method i accordance with claim 17 whersin the moduie joint
conmprises & housing, the actuator assembly being located within the housing of the

modale joint,

23, The method in accordance with claim 17 wherein the LC module
v a fiest LC moduk, the method further comprising coupling a second LC moduls to
the support structure, the second LC module having @ Tixed orientation with respect to

the suppaornt structure:

24, The method in accordance with claim 17 wherein the 1.C module
gomprises g light sensor coupled thereto, the method further comprising
communicatively couphing the Heght sensor and the actoator assembly o a focal
controtler, the local controfler configured to automatically determine a desired
orientation for the LC module and antomatically move the LC module when the L.C

modide iy misaligned with the Hight source.

25, A method of ortenting fight concentrators to track a fight source
using a tracking system, the tracking system including a support structure and light
coneentrator (LOY modules supporied by the support structure, the LC modales being
miovably coupled to the support structure and selectively movable by corresponding

secondary alignment mechanizms, the method comprising:

moving the support structure to globally align hght concentrators of the

LC modale with the Hght source; and

selectively moving a misaligned LC module about two axes relative to

a pivot point to align the LC modale with the light scurce.

26. The method i accordance with olaim 23 wherein the misaligned
LC module includes first and second misaligned LC modules, the selectively moving
the misaligned LC wmodule includes sclectively moving the [rst and  second

misatigned LC moedules in different degrees to face the light soarce
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27. The method @ accordance with claim 25 wherein the moving the

support structire inchades rotating the suppon sructure about & vertical axis,

28, The method i accordance with claim 235 further comprising

defermining a spatial position of the light source with respect fo the tracking systen.

28, The method in accordance with claim 23 wherein the misaligoned
LC module nclodes o light sensor and the tracking system includes a controlier

conumunicatively coupled to the light sensor, the method further comprising:
receiving alignment data from the light sensor; and

determining a desired orientation of the misaligned LC module with
rexpect to the Hght source based on the alignment data, the selectively moving the

musatigned LC moduk includes moving the misaligned LC module to the desired

orentation,

3L The method o accordance with claim 23 whersin the fracking
system inchudes an energy outpui detector commaunicatively coupled to the misaligned
LU module and configured to detect and fransmit data relatiog 1o an spergy output of
the array of lght concentrators, the wacking system ako including a controller
conumunicatively coupled 1o the energy output detector. the method further

comprising:

receiving data relating to an energy output of the misaligned LC

modulen a fist orfentation;

moving the misaligned LO module o a dilferent second orientation

and receiving data relating 16 an energy output of misaligned LC module; and

determining a desired orientation based upon the data relating to the

encrgy outputs of the misaligned LC module in the first and second orientations.

3L A tracking system configured 0 orient at least one leht
concentrator of an array of lght concentrators {o face a light source, the system

compiistng:

a movable support simeture for providing global alighment of the array

of light concentrators with the Hght source;

¥
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a secondary alignment mechanism comiprising & module joint that
directly and movably couples a corresponding light concentrator of the array of light
concenirators fo the support structure. the secondary alignment mechanism abo
mcluding an actuator assembiy. wherein the actuator assembly is configured to
sedectively move the corresponding Hght concentrator about two axes refative {0 a

pivet point of the module joint thersby orienting the light concentrator.

32, The tracking system in accordance with clam 31 wherein the
module joint comprises a housing. the actuator axsembly being located within the

housing of the module joint,

33, The tracking systent i accordance with clam 31 wherein the light

concentrator is directly coupled 1o the support structure through the module joint.

34, The tracking systent i accordance with clam 31 wherein the light
goncentrator is a first light eoncentrator and the tracking system further comprises a
second light comeentrator eoupled to the support dracture through a module jont, the
first and second light concentrators being selectively movable inte different positions

about corresponding pivot points of the respective module jomnts,

35 A method of orfenting a light concentrator coupled to a support
structure, the Hght concentrator being movably coupled to the support structure, the

method comprising:

(@) couplng a portable actuator device to the light concentrator dnd to

18 SUPROTT struclure

(b} determining a desired orientation of the hight concentrator with

raspect to the support sructure;

(<3 moving the light concentrator into the desired orientation using the

dctuator devics; and
{} removing the aetusior devics.

36, The method in accordance with claim 33 wherein the light
concentrator is a first light concentrator, the method farther comprising repeating

steps (a)-(d) to orient a second fight concentrator coupled to the support structure.

~3d-
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37. “The method in accordance with claim 35 wherein the lght
concentrator is mavably coupled o the support structure by a modale joint, wheremn
the moving the fight concentrator chides moving the lght concenteator about fwo
ey relative (o a pivet point of dhe module jointl o move the light concentrator info

the desived orientation,

38 The method in accordance with eolaim 35 wherein the tracking
system Turther comprises a frame module configured o hold the light concentrator,
wherein the moving the Hght concenirator includes moving the Fame madule fo move

the Hght concentrator.

39, The method in accordance with claim 35 further comprising

securing the ight concentrator in the desired orfentation using a fasiening device.

40. A Hght concentrator for converting light into electrical energy, the

Hght concentrator comprising:
an oplical element configured o direct light toward a focal region; and

a receiver assembly located proxtmate to the Tocal region of the opticat
slement, the recelver gssembly comprising a photovoltaic (PV) cell configured to
convert the ight into electrical energy and a module joint coupled to the PV cell, the
modale joint selectively moving the PV cell abont two axes relative 10 a pivot pomt of

the modode joint,

41, The light concsotrator in accordavee with claim 40 wherein the
optical element is a first optieal element and the recelver assembly is a first recobver
assembly, the light concentrator further comprising a second optical element, a second
recetver assembly, and a commom. housing, the second feceiver assembly being
focated proximate to a focal region of the second optical clement, whergin the first
and second opticat elements and the first and second receiver assemblies are held by

the common housing:

42, The light concentrator fn accordance with claint 41 wherein the

fiest and second optical elements are coupled together in a fixed relationship.
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