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SPECIFICATION

SYSTEM AND METHOD FOR MANAGING THE POWER OUTPUT OF A
PHOTOVOLTAIC CELL

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application No. 61/943,127,
filed February 21, 2014; U.S. Provisional Application No. 61/943,134, filed February 21,
2014; U.S. Provisional Application No. 61/947,326, filed March 3, 2014; and U.S.
Provisional Application No. 62/022,087, filed July 8, 2014, the disclosures of which are

hereby incorporated by reference in their entirety and for all purposes.

FIELD
[0002] The present disclosure relates generally to photovoltaic devices and more specifically,
but not exclusively, to systems and methods for maximizing the power or energy generated
and the overall efficiency of one or more solar cells, for example, by applying and adjusting

an cxternal clectric ficld across the solar cells.

BACKGROUND
[0003] A solar cell (also called a photovoltaic cell) is an electrical device that converts the
energy of light directly into electricity by a process known as “the photovoltaic effect.”
When exposed to light, the solar cell can generate and support an electric current without
being attached to any external voltage source.
[0004] The most common solar cell consists of a p-n junction 110 fabricated from
scmiconductor matcrials (e.g., silicon), such as in a solar ccll 100 shown in Fig. 1. For
example, the p-n junction 110 includes a thin wafer consisting of an ultra-thin layer of n-type
silicon on top of a thicker layer of p-type silicon. Wherc these two laycrs arc in contact, an
electrical field (not shown) is created near the top surface of the solar cell 100, and a
diffusion of clectrons occurs from the region of high clectron concentration (the n-type side
of the p-n junction 110) into the region of low electron concentration (the p-type side of the

p-n junction 110).
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[0005] The p-n junction 110 is encapsulated between two conductive electrodes 101a, 101b.
The top clectrode 101a is cither transparcnt to incident (solar) radiation or docs not cntircly
cover the top of the solar cell 100. The electrodes 101a, 101b can serve as ohmic metal-
scmiconductor contacts that arc connccted to an cxternal load 30 that is coupled in serics.
Although shown as resistive only, the load 30 can also include both resistive and reactive
components.

[0006] Typically, multiple solar cells 100 can be coupled (in series and/or parallel) together
to form a solar pancl 10 (shown in Fig. 2). With rcference to Fig. 2, a typical installation
configuration using at least one solar panel 10 is shown. The solar panels 10 can be
connected cither in parallel as shown in Fig. 2, scries, or a combination thercof, and attached
to a load, such as an inverter 31. The inverter 31 can include both resistive and reactive
components.

[0007] Returning to Fig. 1, when a photon hits the solar cell 100, the photon either: passes
straight through the solar ccll matcrial—which generally happens for lower cnergy photons;
reflects off the surface of the solar cell; or preferably is absorbed by the solar cell material—
if the photon cncrgy is higher than the silicon band gap—gcncrating an clectron-hole pair.
[0008] If the photon is absorbed, its energy is given to an electron in the solar cell material.
Usually this clectron is in the valence band and is tightly bound in covalent bonds between
neighboring atoms, and hence unable to move far. The energy given to the electron by the
photon “cxcites” the clectron into the conduction band, wherc it is free to move around within
the solar cell 100. The covalent bond that the electron was previously a part of now has one
fewer clectron—this is known as a hole. The presence of a missing covalent bond allows the
bonded electrons of neighboring atoms to move into the hole, leaving another hole behind. In
this way, a holc also can move cffcctively through the solar ccll 100. Thus, photons absorbed
in the solar cell 100 create mobile electron-hole pairs.

[0009] The mobilc clectron—holc pair diffuscs or drifts toward the clectrodes 101a, 101b.
Typically, the electron diffuses/drifts towards the negative electrode, and the hole

diffuscs/drifts towards the positive clectrode. Diffusion of carricrs (e.g., clectrons) is duc to
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random thermal motion until the carrier is captured by electrical fields. Drifting of carriers is
driven by clectric ficlds cstablished across an active ficld of the solar ccll 100. In thin film
solar cells, the dominant mode of charge carrier separation is drifting, driven by the
clectrostatic ficld of the p-n junction 110 cxtending throughout the thickness of the thin film
solar cell. However, for thicker solar cells having virtually no electric field in the active
rcgion, the dominant modc of charge carricr scparation is diffusion. The diffusion length of
minor carriers (Z.e., the length that photo-generated carriers can travel before they recombine)
must be large in thicker solar cells.

[0010] Ultimately, electrons that are created on the n-type side of the p-n junction 110,
“collected” by the p-n junction 110, and swept onto the n-type side can provide power to the
external load 30 (via the electrode 101a) and return to the p-type side (via the electrode 101b)
of the solar ccll 100. Oncc returning to the p-type side, the clectron can recombine with a
hole that was either created as an electron-hole pair on the p-type side or swept across the p-n
junction 110 from the n-type sidc.

[0011] As shown in Fig. 1, the electron-hole pair travels a circuitous route from the point the
clectron-hole pair is created to the point where the clectron-hole pair is collected at the
electrodes 101a, 101b. Since the path traveled by the electron-hole pair is long, ample
opportunity cxists for the clectron or hole to recombine with another hole or clectron, which
recombination results in a loss of current to any external load 30. Stated in another way,
when an clectron-holc pair is created, onc of the carricrs may rcach the p-n junction 110 (a
collected carrier) and contribute to the current produced by the solar cell 100. Alternatively,
the carricr can recombine with no net contribution to cell current. Charge recombination
causes a drop in quantum efficiency (i.e., the percentage of photons that are converted to
clectric current when the solar cell 100), and, thercfore, the overall cfficicney of the solar cell
100.

[0012] The cost of the solar ccll 100 or the solar pancl 10 is typically given in units of dollars
per watts of peak electrical power that can be generated under normalized conditions. High-

cfficiency solar cclls decrease the cost of solar cnergy. Many of the costs of a solar power
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system or plant are proportional to the number of solar panels required as well as the (land)
arca requircd to mount the pancls. A higher cfficiency solar ccll will allow for a reduction in
the number of solar panels required for a given energy output and the required area to deploy
the system. This reduction in the number of pancls and spacc uscd might reducc the total
plant cost, even if the cells themselves are more costly.

[0013] The ultimate goal is to make the cost of solar power gencration comparablc to, or Icss
than, conventional electrical power plants that utilize natural gas, coal, and/or fuel oil to
gencrate clectricity. Unlike most conventional means of generating clectric power that
require large centralized power plants, solar power systems can be deployed at large
centralized locations by clectric utilitics, on commercial buildings to help offsct the cost of
electric power, and even on a residence by residence basis.

[0014] Recent attempts to reducc the cost and increase the cfficiency of solar cells include
testing various materials and different fabrication techniques used for the solar cells. Another
approach attcmpts to cnhance the depletion region formed around the p-n junction 110 for
enhancing the movement of charge carriers through the solar cell 100. For example, see U.S.
Patent No. 5,215,599, to Hingorani, et a/. (“Hingorani”), filed on May 3, 1991, and U.S.
Patent 8,466,582, to Fornage (“Fornage™), filed on December 2, 2011, claiming priority to a
December 3, 2010 filing date, the disclosurcs of which arc hercby incorporated by reference
in their entireties and for all purposes.

[0015] Howcver, these conventional approaches for enhancing the movement of charge
carriers through the solar cell 100 require a modification of the fundamental structure of the
solar ccll 100. Hingorani and Fornage, for cxample, disclosc applying an cxtcrnal clectric
field to the solar cell using a modified solar cell structure. The application of the external
clectric ficld requires a voltage to be applicd between clectrodes inducing the clectric ficld
(described in further detail with reference to equation 2, below). Without modifying the
fundamcntal structurc of the solar ccll 100, applying the voltage to the cxisting clectrodes
101a, 101b of the solar cell 100 shorts the applied voltage through the external load 30.

Stated in another way, applying voltage to the clectrodes 101a, 101b of the solar 100 is
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ineffective for creating an external electric field and enhancing the movement of charge
carricrs. Accordingly, conventional approaches—such as disclosed in Hingoriani and
Fornage—necessarily modify the fundamental structure of the solar cell 100, such as by
inscrting an cxternal (and clectrically isolated) sct of clectrodes on the base of the solar cell
100. There are several disadvantages with this approach.

[0016] For cxample, the cxternal clectrodes must be placed on the solar cell 100 during the
fabrication process—it is virtually impossible to retrofit the external electrodes to an existing
solar ccll or pancl. This modification to the fabrication process significantly incrcascs the
cost of manufacturing and decreases the manufacturing yield. Additionally, placement of the
cxternal clectrodes over the front, or incident side, of the solar cell 100 reducces the optical
energy which reaches the solar cell 100, thereby yielding a lower power output.

[0017] As a further disadvantage, to yicld significant improvements in power output of the
solar cell 100, sizeable voltages must be applied to the external electrodes of the solar cell
100. For cxamplc, Fornage discloscs that voltages on the order of “1,000°s” of volts must be
placed on the external electrodes for the applied electric field to be effective and increase the
power output of the solar ccll 100. The magnitude of this voltage requires special training for
servicing as well as additional high voltage equipment and wiring that does not presently
cxist in cxisting or ncw solar pancl deployments. As an cxample, an insulation layer between
the external electrodes and the solar cell 100 must be sufficient to withstand the high applied
voltage. In the cvent of a failurc of the insulation layer, there is a significant risk of damage
to not only the solar cell 100, but also all solar panels 10 connected in series or parallel to the
failed solar ccll as well as the cxternal load 30 (or the inverter 31).

[0018] As a further disadvantage, varying illumination conditions (e.g., due to cloud
covcrage of the sun and/or normal weather fluctuations) can causc instability in the powcer
output of conventional solar cells and solar panels. For example, with reference to Fig. 2, the
inverter 31 typically requircs a static, non-varying voltage and current input. As shown in
Fig. 2, the solar panels 10 provide the input voltage and current to the inverter 31. However,

time-varying illumination conditions can causc the output from solar pancls 10 to fluctuate
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(e.g., on the order of seconds or less). The fluctuation of the voltage and current supplied to
the inverter 31 compromiscs the quality of the power output by the inverter 31, for cxamplc,
in terms of frequency, voltage, and harmonic content. Conventional efforts to combat
varying illumination conditions includc placing battcrics or capacitors at the input of the
inverter 31 and, unfortunately, only minimize these variations.

[0019] In vicw of the forcgoing, a nced cxists for an improved solar cell system and method
for increased efficiency and power output, such as with increased mobility of electron-hole
pairs, in an cffort to overcome the aforcmentionced obstacles and dcficiencics of conventional

solar cell systems.

SUMMARY
[0020] The present disclosure relates to a system for optimizing a power output of a
photovoltaic device and methods for using and making the same. In accordance with a first
aspect disclosed herein, there is set forth a method of managing a photovoltaic device, the
method comprising:
[0021] applying a first component of a voltage signal to the photovoltaic device, the first
component representing an on state for generating an external electric field across the
photovoltaic device; and
[0022] applying a second component of the voltage signal to the photovoltaic device, the
second component representing an off cycle.
[0023] In some embodiments of the disclosed method, applying the first component
comprises applying a high voltage of a time-varying voltage pulse from a voltage pulser
circuit, and applying the second component comprises shutting off the voltage pulser circuit.
[0024] In some embodiments of the disclosed method, applying the first component
comprises connecting a voltage source and the photovoltaic device in a first position of a
switch disposed between the voltage source and the photovoltaic device, and wherein said
applying the second component comprises disconnecting the voltage source and the

photovoltaic device in a second position of the switch.
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[0025] In some embodiments of the disclosed method, the method further comprises
monitoring an output voltage of the photovoltaic device via a voltage probe coupled across
the photovoltaic device and monitoring an output current of the photovoltaic device via a
currcnt scnsor coupled in scrics between the photovoltaic device and a load driven by the
photovoltaic device.

[0026] In some embodiments of the disclosed mcethod, the method further compriscs
adjusting, via a control circuit coupled to the voltage source, at least one of a magnitude, a
duration, and a frequency of the first componcent to maximize a powcr output bascd on said
monitoring.

[0027] In accordance with a another aspect disclosed hercin, there is sct forth a method of
managing a photovoltaic device, comprising:

[0028] cnabling a voltage source to be coupled to the photovoltaic device; and

[0029] applying a voltage signal generated by the voltage source to the photovoltaic
device, the voltage signal having a first statc for gencerating an external clectric ficld across
the photovoltaic device and a second state representing an off cycle.

[0030] In somc cmbodiments of the disclosed mcthod, cnabling the voltage source
comprises enabling at least one of:

[0031] a voltage pulser circuit to be coupled to the photovoltaic device for providing a
time varying voltage pulse across the photovoltaic device, the time varying voltage pulse
providing the first statc and the sccond state; and

[0032] a switch to be coupled between the voltage source and the photovoltaic device, the
switch connccting the voltage source and the photovoltaic device in a first position for
generating the first state and disconnecting the voltage source and the photovoltaic device in
a sccond position for gencrating the sccond state.

[0033] In some embodiments of the disclosed method, applying the voltage signal
compriscs impressing an output of a high voltage sourcce of the voltage pulscr circuit onto the
photovoltaic device when a switching transistor of the voltage pulser circuit is in an on

position for gencrating the first statc, and continuing said impressing the output of the high
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voltage source until a pulse generator of the voltage pulser circuit turns the switching
transistor to an off position for gencrating the sccond statc.,

[0034] In some embodiments of the disclosed method, the method further comprises
cnabling a control circuit to be coupled to at Icast onc of the switch and the voltage pulser
circuit.

[0035] In some embodiments of the disclosed mcethod, the method further compriscs
enabling a voltage probe to be coupled across the photovoltaic device to monitor an output
voltage of the photovoltaic device and a current scnsor to be coupled in serics between the
photovoltaic device and a load of the photovoltaic device to monitor a current output of the
photovoltaic device.

[0036] In some embodiments of the disclosed method, the method further comprises
monitoring the output voltage and the output current and adjusting via the control circuit a
magnitude of the first state to maximize a power output based on said monitoring.

[0037] In somc cmbodiments of the disclosed method, applying the voltage signal
comprises generating the external electric field with at least one of a first direction and a
sccond dircction, the first dircction and a polarity of intcrnal clectrodes of the photovoltaic
device being in a same direction for increasing a power output of the photovoltaic device, and
the sccond direction being in an opposite dircction of the polarity of the internal clectrodes
for decreasing the power output.

[0038] In somc cmbodiments of the discloscd method, cnabling the voltage source
comprises enabling the voltage source to be coupled to at least one of a solar cell, an array of
solar cclls, a solar pancl, and an array of solar pancls.

[0039] In accordance with a another aspect disclosed herein, there is set forth a method of
managing a photovoltaic device, comprising;

[0040] enabling a voltage pulser to be coupled to the photovoltaic device; and

[0041] applying a voltage signal generated by the voltage pulscr to the photovoltaic
device, the voltage signal having a first state for generating an external electric field across

the photovoltaic device and a second state representing an off cycle.
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[0042] In some embodiments of the disclosed method, applying the voltage signal
compriscs applying an adjustable voltage to the photovoltaic device.

[0043] In some embodiments of the disclosed method, the method further comprises
cnabling onc or morc serics inductors to be coupled between the voltage pulscr and a load of
the photovoltaic device for blocking frequencies of the voltage signal to the load that are
grcater than a predetermined frequency.

[0044] In some embodiments of the disclosed method, the method further comprises
controlling at Icast onc of a frequency and a duration of the first statc and the sccond state via
a control circuit coupled to the voltage pulser.

[0045] In accordance with a another aspect disclosed hercin, there is sct forth a method of
managing a photovoltaic device, comprising:

[00406] cnabling a first port of a switch to be coupled to the photovoltaic device;

[0047] enabling a second port of the switch to be coupled to a load driven by the
photovoltaic device;

[0048] enabling a third port of the switch to be coupled to a voltage source, wherein the
switch can opcratc in a first position for providing a current path between the photovoltaic
device and the voltage source and a second position for providing the current path between
the photovoltaic device and the load; and

[0049] applying a voltage signal generated by the voltage source to the photovoltaic
device when the switch is in a first position, the voltage signal having a first statc for
generating an external electric field across the photovoltaic device when the switch is in the
first position, and a sccond statc to provide clectrical isolation between the voltage source and
the load when the switch is in the second position.

[0050] In somc embodiments of the disclosed method, cnabling the first port of the
switch comprises enabling a first port of a double throw switch to be coupled to the

photovoltaic dcvice.
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[0051] In some embodiments of the disclosed method, the method further comprises
controlling at Icast onc of a frequency and a duration of switching between the first position
and the second position via a switch controller coupled to the double throw switch.

[0052] In somc embodiments of the disclosed method, the method further compriscs
enabling a device for mitigating any voltage drop-out of the first component to be coupled
between the load and the photovoltaic device.

[0053] In some embodiments of the disclosed method, applying the voltage signal
compriscs applying an adjustable voltage to the photovoltaic device.

[0054] In some embodiments of the disclosed method, the method further comprises
controlling at Icast onc of a frequency, a magnitudce, and a duration of the first statc and the
second state via a control circuit coupled to the voltage source and the switch based on an
output currcnt of the photovoltaic device measured by a current scnsor coupled in scrics
between the photovoltaic device and the load and an output voltage of the photovoltaic device

mcasurcd by a voltage probe coupled across the photovoltaic device.

BRIEF DESCRIPTION OF THE DRAWINGS
[0055] Fig. 1 is an exemplary top-level cross-sectional diagram illustrating an
embodiment of a solar cell of the prior art.
[0056] Fig. 2 is an exemplary top-level block diagram illustrating one embodiment of a
solar panel array of the prior art using the solar cells of Fig, 1.
[0057] Fig. 3 is an exemplary top-level block diagram illustrating an embodiment of a
solar cell management system.
[0058] Fig. 4 is an exemplary block diagram illustrating an alternative embodiment of the
solar cell management system of Fig. 3, wherein a solar panel array is coupled to a voltage
source through a switch.
[0059] Figs. SA-D are exemplary waveforms illustrating the applied voltage as a function

of time of the inputs and outputs of the switch used with the solar panel array of Fig. 4.
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[0060] Fig. 6 is an exemplary block diagram illustrating another alternative embodiment
of the solar ccll management system of Fig. 3, whercin a solar pancl array is coupled to a
voltage pulser circuit.

[0061] Fig. 7 is an cxcmplary waveform illustrating the applicd voltage as a function of
time used with the solar panel array of Fig, 6.

[0062] Fig. 8 is an cxcmplary block diagram illustrating one cmbodiment of the voltage
pulser circuit of Fig. 6.

[0063] Fig. 9A is an cxemplary block diagram illustrating an altcrnative cmbodiment of
the solar cell management system of Fig. 4, wherein the solar cell management system
includes a control circuit.

[0064] Fig. 9B is an exemplary flow-chart illustrating a state diagram for the control
circuit shown in Fig. 9A.

[0065] Fig. 10A is an exemplary block diagram illustrating an alternative embodiment of
the solar ccll management system of Fig, 6, wherein the solar cell management system
includes a control circuit.

[0066] Fig. 10B is an cxemplary flow-chart illustrating a statc diagram for the control
circuit shown in Fig. 10A.

[0067] Figs. 11 A-C arc cxemplary wavcforms illustrating an cmbodiment of the
relationship between applied voltage, pulse frequency, and pulse width to the improved
currcnt output of the photovoltaic device of Fig. 3.

[0068] It should be noted that the figures are not drawn to scale and that elements of
similar structurcs or functions arc gencrally represented by like reference numerals for
illustrative purposes throughout the figures. It also should be noted that the figures are only
intendced to facilitate the description of the preferred ecmbodiments. The figures do not
illustrate every aspect of the described embodiments and do not limit the scope of the present

disclosure.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0069] Sincc currently-available solar cell systems fail to maximize the powcer output of a
photovoltaic cell, a solar cell system that increases the mobility of electron-hole pairs and
rcduces the recombination current in a semiconductor matcrial can prove desirable and
provide a basis for a wide range of solar cell systems, such as to increase the efficiency and
power output of solar cclls configurcd as a solar pancl. This rcsult can be achicved,
according to one embodiment disclosed herein, by a solar cell management system 300 as
illustrated in Fig. 3.
[0070] Turning to Figure 3, the solar cell management system 300 is suitable for use with
a widc range of photovoltaic devices. In onc embodiment, the solar cell management system
300 can be suitable for use with the solar cell 100 shown in Fig. 1. For example, the solar
ccll 100 can represent any suitable gencration of solar cclls such as wafer-bascd cells of
crystalline silicon (first generation), thin film solar cells including amorphous silicon cells
(sccond gencration), and/or third gencration cclls. The solar ccll management system 300
advantageously can be used with any generation of solar cell 100 without structural
modification—and the associated drawbacks.
[0071] In another embodiment, the solar cell management system 300 can be suitable for
usc with multiplc solar cclls 100, such as the solar pancls 10 shown in Fig. 2. As previously
discussed, multiple solar cells 100 can be coupled (in series and/or parallel) together to form
a solar pancl 10. The solar pancls 10 can bc mounted on a supporting structurc (not shown)
via ground mounting, roof mounting, solar tracking systems, fixed racks, and so on and can
be utilized for both terrestrial and space borne applications. Similarly, the solar ccll
management system 300 advantageously can be used with any generation of solar panel 10
without structural modification—and thc associated drawbacks—of the solar pancl 10.
[0072] As shown in Fig. 3, the photovoltaic device 200 cooperates with an electric field
250. In some cmbodiments, the polarity of the clectric ficld 250 can be applicd in cither the
same direction or the reverse direction as the polarity of the electrodes 1014, 101b (shown in

Fig. 1) in the photovoltaic device 200. For example, if applying the clectric ficld 250 in the
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same direction as the polarity of the electrodes 101a, 101b in the photovoltaic device 200, the
clectric ficld 250 acts on the clectron-holc pairs in the photovoltaic device 200 to imposc a
force—eE or h E on the electron or hole, respectively—thereby accelerating the mobility of
the clectron and hole towards respective clectrodes. Alternatively, if the polarity of the
electric field 250 is reversed, the mobility of the electron-hole pairs in the photovoltaic device
200 dccrcascs, thereby increasing the recombination current within the photovoltaic device
200. Accordingly, the efficiency of the photovoltaic device 200 can be diminished as
desired, such as for managing thc power output of the photovoltaic device 200.

[0073] Furthermore, the electric field 250 applied to the photovoltaic device 200 can be
static or time varying as dcsircd. In the case where the clectric ficld 250 is time varying, the
electric field 250 has a time averaged magnitude that is non-zero. Stated in another way, the
nct force on the clectrons and holes is non-zero to provide incrcascd mobility in the clectron-
hole pairs of the photovoltaic device 200.

[0074] If applicd to the conventional solar ccll 100 of Fig. 1, in the abscence of an cxternal
load 30 (shown in Fig. 1), an external voltage can be applied across the electrodes 101a, 101b
of the solar ccll 100 to create the clectric field 250. In one embodiment, the clectric ficld 250

(e.g., between the electrodes 101a, 101b) is defined by Equation 1:

F= {3’:4,0;? — VF}
t (Equation 1)

[0075] In Equation 1, E represents the electric field 250, V4, is the voltage applied
externally to the photovoltaic device 200, Vp is the voltage output of the photovoltaic device
200 (e.g., ~ 30 volts), and 7 is the thickness of the semiconductor material in the photovoltaic
device 200 from electrode 101a to 101b. For example, assuming ¥ 4., — ¥'p = 200 Volts
(nominally) and a thickness 7 of about 0.02 cm, the electric field 250 is about 10K Volts/cm.
It can be seen from Equation 1 that as the thickness t of the photovoltaic device 200 decreases
(e.g., less than 0.01 cm), higher electric fields 250 can be generated using the same or lower

voltages.
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[0076] As discussed above, the photovoltaic device 200 typically drives an external load,
such as the load 30 of the solar ccll 100. With reference to Equation 1, if applying an
external voltage V.4, directly to the photovoltaic device 200 that drives the external load 30,
the external load 30 can include resistive components that draw current from the source of the
applied voltage V,,. Stated in another way, applying the external voltage V4, to the
photovoltaic device 200 can cffcctively deliver power to the overall circuit represented by

Equation 2:

Fower oy =
o (Equation 2)

[0077] In Equation 2, R, represents the impedance of the external load 30. In some
cases, the input power can be substantially greater than the power output of the photovoltaic
device 200. Accordingly, the solar cell management system 300 is configured to apply the
electric field 250 across the photovoltaic device 200 without injecting more energy than the
photovoltaic device 200 is capable of producing or more energy than would be gained by
applying the electric field across the photovoltaic device 200.

[0078] The solar cell management system 300 can apply the external voltage V., to the
photovoltaic device 200 using any suitable means described herein, including using a switch
55 as shown in Fig. 4. Turning to Fig. 4, the photovoltaic device 200 can represent any
number of photovoltaic devices such as the solar cell 100 and/or the solar panels 10 as
illustrated. The solar panels 10 are connected to the switch 55, such as a single pole, double
throw (or three-way) switch as shown. In one embodiment, the switch 55 is also coupled to a
voltage source 50 and an external load Ry, (e.g., shown as the inverter 31). The inverter 31
can convert a DC voltage and current into an AC voltage and current, which is typically
compatible in voltage and frequency with conventional AC power grids. The output
frequency of the inverter 31 and the amplitude of the AC current/voltage can be based upon
country, location, and local grid requirements.

[0079] The voltage source 50 can include any suitable means for maintaining a constant

voltage, including ideal voltage sources, controlled voltage sources, and so on. However, in
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some embodiments—such as the embodiment shown below with reference to Fig. 9A—the
voltage source 50 can have a variablc, adjustable output (e.g., time varying voltage). A
switch control (or controller) 45 is coupled to the switch 55 to control the duration of
conncction and/or the frequency of switching, such as between the voltage source 50 and the
inverter 31 to the solar panels 10. The switch controller 45 can be preset to operate at a fixed
switching duration D and switching frequency f (shown in Figs. SA-C). The voltage applicd
in the first position of the switch 55 can be fixed and based on the voltage source 50. In some
cmbodiments, the magnitudc of the voltage applicd by voltage source 50, the duration D of
connection, and/or the frequency f of switching can be preset and/or vary based on load
conditions.

[0080] For example, the switch 55 connects the solar panels 10 with the voltage source
50 in a first position (as shown with the arrow in the switch 55 of Fig. 4). When conncected in
the first position, the voltage source 50 applies a voltage V pp across the electrodes 101a,
101b (shown in Fig. 1) of the solar pancls 10 and induccs the clectric ficld 250 (shown in Fig,
3) across each solar panel 10. Once the electric field 250 has been established across the
solar pancls 10, the switch 55 switches to conncct the solar pancls 10 to the inverter 31 (Ze.,
the load Ry) in a second position. Accordingly, the voltage source 50 can provide the electric
ficld 250 without being connccted to the solar pancls 10 and the inverter 31 at the same time.
Therefore, with reference again to Equation 2, applying the external voltage Vpp does not
allow the load Ry (e.g., the inverter 31) to draw current directly from the voltage sourcce 50.
[0081] Application of the electric field 250 to the solar panels 10 can increase the current
and powcr output of the solar pancls 10 by a predctermined amount when the solar pancls 10
subsequently are connected to the inverter 31 in the second position. The predetermined
amount is dependent upon an intensity of light incident on the solar pancls 10, the voltage
applied Vpp to the solar panels 10 by the voltage source 50, the thickness of the solar panels
10, the frequency f'that the voltage source 50 is connected to the solar pancls 10, and the duty
cycle of the switching process between the first position and the second position—with the

duty cycle being defined as the amount of time that the solar pancls 10 arc connected to the

— 15—



10

15

20

25

voltage source 50 divided by 1/f'the switching time (7.e., multiplied by the frequency f or
divided by the total period of the signal). It should be noted that the switch duration time D,
the switching frequency f, and the duty cycle are all interrelated quantities such that
quantifying any two of the quantitics allows for dctcrmination of the third quantity. For
example, specifying the switching frequency and the duty cycle allows for determination of
the switch duration time D. For cxamplc, under high intensity light conditions, the
improvement in power output can be on the order of 20%; under low light conditions, 50+%.
[0082] The cmbodiment shown in Fig. 4 advantagcously provides the clectric ficld 250 to
the photovoltaic device 200 without the need to modify the solar panels 10 and/or solar cells
100 to includc additional, cxternal clectrodes.

[0083] In some embodiments, an energy storage device—such as a capacitor 41, an
inductor 42, and/or a battcry 43—can be placed beforce the inverter 31 to mitigate any voltage
drop-out being seen by the inverter 31 while the switch 55 is in the first position.
Accordingly, whilc the inverter 31 (Z.e., load) is disconnected from the solar pancls 10 when
the switch 55 is in the first position and the electric field 250 is being established across the
solar pancls 10 (i.e., switching time D shown in Figs. SA-D), the cnergy storage device
supplies energy to the inverter 31 to keep current flowing during this switched period. Stated
in anothcr way, the encrgy storage device can discharge whilce the solar pancls 10 arc
disconnected from the inverter 31.

[0084] Thercfore, a constant voltage from the voltage source 50—which in turn creates the
electric field 250—need not be applied continuously to see an improvement in the power
output of the solar pancls 10. For cxample, with duration switching timcs D of nominally 10-
2000mns, Vap,,'s of nominally 100-500+ Volts, and a switching frequency f of 20p seconds, the
duty cycle of nominally 0.1-10% can be used. The inductor 42, the capacitor 41, and/or the
battery 43 are chosen to be of sufficient size to provide enough discharge while the solar
pancls 10 arc disconnccted whilce the clectric ficld 250 is being placed across the solar pancls

10 0 as not to cause a drop out on the output of the inverter 31.
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[0085] For example, the size of the capacitor 41 that is placed across the load (e.g., the
mverter 31) 18 determined by the acceptable voltage droop that the inverter 31 can tolcrate
during the switching time D. For example, if the voltage droop during the switching time D
1s not to be Iess than 90% maximum voltage generated by the photovoltaic device 200, the

capacitor needs to be sized such according to Equation 3:

[0086] In Equation 3, D is the duration the switch is connected to the voltage source 50
and MaxV is the percentage of the maximum voltage required (e.g., 90% in the example
above). In a similar manner, the inductance and/or the battery can be calculated.

[0087] Fig. 5A illustrates control voltage as a function of time from the switch controller
45 to activate and control the switch 55 using the solar cell management system 300 of Fig, 4.
In this example, the solar panels 10 are disconnected from the inverter 31 and connected to
the voltage source 50 in the first position of the switch 55 for the duration D, which is
repeated every 1/f'seconds. Fig. 5B illustrates the voltage as a function of time from the
voltage source 50 provided to the switch 55 at the first position. Fig. 5C illustrates the output
voltage of the switch 55 from the solar panels 10 (when wired in parallel) as a function of
time at the output of the switch 55 that couples to the inverter 31 in the second position.
Similarly, Fig. 5D illustrates the voltage as a function of time at the output of the switch 55
that couples to the inverter 31 having a capacitor 41 coupled there between.

[0088] The drop in voltage seen by the inverter 31 shown in Fig. 5D at the end of the
switching duration D is designated the voltage droop discussed above. The voltage droop is
dependent on the size of the capacitor 41, the inductor 42, and/or the battery 43. In one
example of the system 300 that does not include the capacitor 41, the inductor 42, or the
battery 43, the voltage applied across the input of the inverter 31 appears as the output
voltage illustrated in Fig. 5C.

[0089] Fig. 6 illustrates an alternative embodiment of the solar cell management system

300 of Fig. 3. Turning to Fig. 6, the photovoltaic device 200 can represent any number of
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photovoltaic devices such as the solar cell 100 and/or the solar panels 10 as illustrated. As
shown, the solar pancls 10 arc wircd in parallel, but can also be wircd in serics and any
combination thereof.

[0090] A voltage pulser 60, such as a high voltage pulsc gencrator, can apply a time
varying voltage pulse 71 (shown in Fig. 7) across one or more of the solar panels 10. In one
cmbodiment, a duration Dy of the voltage pulsce 71 can be short—nominally 10-2000 ns—and
a magnitude can be high—nominally 100-500+ Volts. In the embodiment shown in Figure 6,
the voltages applicd, the pulsc width, and the pulsc repetition rate arc fixed at a
predetermined level to provide optimum performance under selected operating conditions.
For cxamplc, with reference to Figs. 6 and 7, the voltage pulsc 71 has the duration Dp of
about 1000 ns, which voltage pulse 71 is repeated with a period of 1/f. The duration Dp of the
voltage pulsc 71 and the frequency f of the voltage pulse 71 arc chosen such that the
reactance of inductors in the voltage inverter 31 present a high impedance to the voltage
pulser 60, which high impcdance allows a high voltage to be developed across the clectrodces
101a, 101b (shown in Fig. 1) of the solar panels 10 and not be shorted out by the inverter 31.
[0091] Additionally, scrics inductors (not shown) can be placed at the input of the
inverter 31, which series inductors are capable of handling the current input to the inverter 31
and act as an RF chokce such that the voltage pulscs 71 arc not attcnuated (or cffectively
shorted) by the resistive component of the inverter 31. The duty cycle (time the pulse is
on/time the pulsc is off) can be nominally 0.1-10%.

[0092] The strength of the electric field 250 imposed on the photovoltaic device 200 is a
function of the construction of the photovoltaic device 200, such as the thickness of the
photovoltaic device 200, the material and dielectric constant of the photovoltaic device 200,
thc maximum brecakdown voltage of the photovoltaic device 200, and so on.

[0093] For the voltage pulse 71 shown in Fig. 7, a Fourier analysis of this waveform
results in a scrics of pulses with frequencics © = nw, where o, = 2af and the strength of the

pulses is given by Equation 4:
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Viwr = AT Vanny 2 @ —
4 : App - Nt .
= (Equation 4)

[0094] In Equation 4, n is a scrics of integers from -<= to +°=. Accordingly, the Oth order
pulse (i.e., n=0) has a DC component that is shorted through the resistive load Ry. The first
order of the voltage pulse 71 applicd across the solar pancls 10 is Vapp (1 — Dp /f), where Dp/f
is the duty cycle of the pulse, Dp is the pulse duration, and f'is the repetition rate of the pulse.
Since the inductance of the inverter 31 acts as a high impedance Z to the voltage pulsc 71
generated by the embodiment of Fig. 6, a high voltage pulse 71 is developed across each of
the solar pancls 10, which, in turn, crcates a high clectric ficld 250 across the solar pancls 10.
[0095] As shown in Fig. 6, the voltage inverter 31 represents the external load R;. However,
the external load Ry, can include purcly resistive components such that a sct of inductors can
be placed in series with the load Ry, to act as the RF choke so that the voltage pulse 71 (and
the clectric ficld 250) is applicd across the solar pancls 10.

[0096] Any number of circuits can be used in the voltage pulser 60 to apply the voltage pulse
71 as desired. One such cxemplary circuit used in the voltage pulscer 60 is shown in Fig. &.
As illustrated, the voltage pulser 60 includes a pulse generator 61 (not shown), a high voltage
source 69 (not shown), and a switching transistor 68 for impressing the high voltage pulse 71
on the solar panels 10 (e.g., by switching the output of the high voltage source 69 to the solar
pancls 10) shown in Fig, 6. The voltage pulscr 60 of Fig, 8 contains a dcvicc that transfers
electrical signals between two, electrically isolated, circuits using light, such as an opto-
isolator 62 to isolatc the pulsc gencrator 61 from the high voltage switching transistor 68.
Advantageously, the opto-isolator 62 prevents a high voltage (e.g., from the high voltage
sourcc 69) from affccting the pulsc signal 71. The opto-isolator circuit 62 is illustrated with
pins 1-8 and is shown as part of the input circuit to the voltage pulser 60.

[0097] A bias voltage supply 63 (not shown) provides voltage (e.g., 15 VDC) to the opto-
isolator 62 to supply the required bias for the opto-isolator 62. A capacitor 64 isolates the
bias voltage supply 63, crcating an AC path for any signal from distorting the bias supply to
the opto-isolator 62. Pins 6 and 7 of the opto-isolator 62 are the switching signal output of

the opto-isolator 62 uscd to drive the high voltage switching transistor 68. A diodc 66—such
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as a Zener diode—is used to hold the switching threshold of the switching transistor 68 to
abovc the sct point of the diode 66, climinating any noisc from inadvertently triggering the
switching transistor 68. Resistor 67 sets the bias point for the gate G and emitter E of the
switching transistor 68. When the voltage applicd across pins 6 and 7 of the opto-isolator 62
exceeds the threshold set by the resistor 67, the switching transistor 68 is turned “on” and
currcnt flows between the collector C and the emitter E of the high voltage switching
transistor 68. Accordingly, the high voltage switching transistor 68 presents an Injected High
Voltagce source to the solar pancls 10 until the Control Pulse IN from the pulsc gencrator 61
drops below the set threshold on the G of the high voltage switching transistor 68, which
stops the current flow across C-G shutting the switching transistor 68 “off.”

[0098] As in the previous embodiments described above, application of the electric field
250 to the solar pancls 10 can incrcasc the current and power output of the solar pancls 10
when subsequently connected to the inverter 31 by a predetermined amount (e.g., dependent
upon the intensity of light incident on solar pancls 10, the voltage applicd V.pp to the solar
panels 10 by the voltage source 50, the thickness of the solar panels 10, the pulse width Dp,
and the frequency fthat the voltage pulse 71 is applicd to the solar pancls 10, and so on).
Similarly, under high intensity light conditions, the improvement in power output of the solar
pancls 10 can be on the order of 20%; and undcer low light conditions can be 50+%.

[0099] The improvement in the performance of the photovoltaic device 200 cooperating
with the clectric ficld 250 can be measured as an increasc in the short circuit current of the

solar cell, I, as shown in Equation 5:

Tse = Ipase [1 + c(V(1, )1, €) *(Pumax — P)] (Equation 5)

[0100] where /g4 18 the short circuit current when no cxternal clectric ficld 250 is
applied and p ., is the maximum optical power whereby any additional power does not create
any additional clcctron-holc pairs. As the improvement in the current output of the solar ccll

is driven by the electric field 250, the form of ¢«(V(1, f),t,&) can be described by Equation 6:
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[0101] In Equation 6, m(t, €) is dependent on the photovoltaic device 200. The
improvement in the short circuit current I due to the electric field 250 can be linear with
respect to the applied voltage V,,,. The improvement observed with respect to the pulse
repetition rate has a characteristic decay rate of (1/faccay) and to behave exponentially with
respect to the pulse rate £ The improvement observed with respect to the pulse width T can
also behave exponentially and describe how quickly the applied voltage V,,, reaches full
magnitude. The improvement observed with respect to the pulse width 1 is dependent upon
the details of the voltage pulser 60. The increase in the short circuit current I, as a function
of applied voltage V,,, the pulse repetition rate f, and the pulse width 7, are shown in Figs.
11A-C, respectively.

[0102] Fig. 11A shows the expected improvement in the short circuit current I,
for the solar panel 10 (shown in Fig. 2) as a function of the magnitude of the applied voltage
pulse Vipp. As shown, the pulse width and the pulse repetition rate are fixed and the
magnitude of the pulse voltage is varied from 50 to 250 volts. The improvement in the short
circuit current Algc increases from nominally 0.1 to 2 Amps. The change in the short circuit
current Algcas a function of the applied voltage pulse Vpp is, to first order, approximately
linear. Fig. 11B shows the change in the improvement of the short circuit current Alsc as a
function of the pulse repetition rate for a fixed pulse width and a fixed voltage pulse. As
shown in Fig. 11B, the improvement in the short circuit current Alsc decreases from
approximately 1.7 amps to about (.45 amps as the pulse repetition rate increases from 10 to
100 in arbitrary time units. This behavior is approximately exponential. Fig. 11C shows the
change in the improvement of the short circuit current Algc as a function of the pulse width
for a fixed pulse repetition rate and a fixed voltage pulse. For this example, the improvement
of the short circuit current, Algc increases from 0 to 1.2 amperes as the pulse width increases

from 0 to 2000 over time.
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[0103] In each of the described embodiments, increasing the strength of the
clectric ficld 250 across the clectrodes 101a, 101b of the solar cell 100 or solar pancl 10
increases the efficiency of the solar cell 100 or panel 10, for example, up to a maximum
clectric ficld strength of Ex. Stated another way, once the strength of the clectric ficld 250
reaches a maximum strength, the electron-hole recombination rate has been minimized.
Accordingly, it can be advantageous to configurc the control circuit of the photovoltaic
device 200 to maximize the output current and voltage under varying operating conditions.
[0104] For cxamplc, turning to Fig. 9A, a current scnsor 33 and a voltage probe
32 are shown coupled to the solar cell management system 300 of Fig. 4. Ay illustrated, the
current scnsor 33 1s coupled in scrics between the solar pancl 10 and the inverter 31. The
current sensor 33 can monitor the current output of the solar panel 10. Similarly, the voltage
probe 32 is connected across the solar pancls 10 and the inverter 31 to monitor the output
voltage of the solar panel 10.

[0105] A control circuit 35 is coupled to both of the current scnsor 33 via control
leads 33a and the voltage probe 32 via control leads 32a. The current sensor 33 can be an
inline or inductive measuring unit and mcasurcs the current output of the solar pancls 10.
Similarly, the voltage sensor 32 is used to measure the voltage output of the solar panels 10.
The product of the current measured from the current scnsor 33 and the voltage mcasurcd
from the voltage probe 32 is the power output from the solar panels 10 to the inverter 31.
[01006] In some embodiments, the voltage probe 32 may also scrve as a power
source for the control circuit 35 and is active only as long as the solar panels 10 are
illuminatcd and providc sufficicnt power to activate control circuit 35. The control circuit 35
further is coupled to the switch 55 to determine switching times and frequency discussed with
reference to Fig. 4. The duration of the switching times and the frequency can be controlled
to apply the voltage V,, across the solar panels 10 such that both the current generated
within the solar ccll 100 and mcasurcd by the current sensor 33 and voltage probe 32 arc
maximized under various operating conditions, such as under differing or variable lighting

conditions.
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[0107] In one embodiment for applying the electric field 250, the solar panel 10
initially docs not generate power, for cxample, during the night or heavy cloud coverage. As
the solar panels 10 are illuminated (for example, during the morning), voltage and current are
gencrated by the solar pancls 10, and the Icads 32a begin to deliver both current and voltage
to the control circuit 35. The control circuit 35 contains a low voltage logic power supply
(not shown) to drive control logic within the control circuit 35. The control circuit 35 also
includes the power source 50 for providing a high voltage power supply. The voltage source
50 has a variablc output which can be adjusted by the control circuit 35 and is responsible for
placing V4, on a lead 38. The high voltage output V,, from the control circuit 35 drives the
lcad 38 and is connected to the switch 55. The lcad 38 is used to apply voltage V4, through
the switch 55 to the solar panels 10. In this example, the control circuit 35 is configured not
to apply any voltage Vy,, to the solar pancls 10 until cnough power is gencrated by the solar
panels 10 to activate both the low voltage logic power supply and the high voltage power
supply.

[0108] In an alternative embodiment, the control circuit 35 can be configured to
apply the clectric ficld 250 and maximizc the power output as the illumination in the day
increases and decreases. The control circuit 35 can provide the electric field 250 and stabilize
the power output of the solar pancls 10 according to any mcthod described above, including
process 9000 shown in Fig. 9B.

[0109] Turning to Fig, 9B, the proccss 9000 includces initializing power, at stcp
900. Enough power must be present from the output of the solar panels 10 to activate both
the low voltage logic powecr supply, which opcratcs the control logic in control circuit 35, and
the high voltage power supply necessary to place a high voltage on the lead 38 and through
the switch 55. Altcrnatively, the control circuit 35 can be powered from an external source
(not shown)—for example, a battery, a large capacitor, an external AC power supply—which
allows the low voltage logic powcer supply to opcrate and the control circuit 35 to monitor the
power output of the solar panels 10 until the solar panels 10 generate enough power output to

warrant applying the clectric ficld 250 on the solar pancls 10 to augment their power output.
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Since the control circuit 35 is starting up, all of the parameters (e.g., the applied high voltage
V.app, the switch duration time D, and the switching frequency f) arc initialized. In onc
embodiment, the applied high voltage V., is set to zero while the switching duration D and
the switching frequency farc sct to nominal valucs of D=1, and /= f,. All of the control
indices, n, 7, and j are initialized to zero.

[0110] The control circuit 35 then determincs, at step 901, whether the voltage as
measured on the voltage probe 32 is above or below a predetermined minimum v, and
whether the current as measured on the current sensor 33 is above a predetermined minimum,
imin. The combination of v, and i, have been chosen such that the solar panels 10 are
determined to be illuminated and gencrating some nominal percentage, for cxample, 5%, of
their average rated power and that there is enough power being generated to supply the power
source 50 within the control circuit 35 to augment the output of the solar pancls 10. If the
control circuit 35 determines that both the measured current and voltage are above the
respective predetermined minimums, the control circuit 35 is now operational and proccss
9000 moves to step 903; otherwise, the process 9000 goes into a wait state, at step 902, and
returns to stcp 900.

[0111] In step 903, the control circuit 35 measures the current flowing into the
inverter 31 via the current sensor 33, the voltage across the inverter 31 via the voltage sensor
32, and calculates the power (nominally, current x voltage) flowing through the inverter 31.
A control index n is incremented to n +1.

[0112] In step 904, the control circuit 35 compares Vp,p wWith Viax. Vs can be a
presct value and represents the maximum voltage that can be placed on the solar pancls 10
without damaging either the solar panels 10 or the inverter 31. Depending upon the type of
the solar pancl 10, Vo 18 typically between 600 V and 1,000 V. If Vypp 18 less than Vi,
then process 9000 proceeds to step 906; otherwise, process 9000 waits in step 905.

[0113] In step 906, the control circuit 35 increments the applied high voltage Vi,
by an amount nAV, and activates the switch 55. Activating the switch 55 disconnects the

solar pancls 10 from the inverter 31 and conncects the solar pancls 10 to ¥y, from the control
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circuit 35 on leads 38. For this example, AV can be a fixed voltage step of 25 Volts although
larger or smaller voltage steps can be used. The voltage V., imposcs the clectric ficld 250
on the solar panels 10 such that the strength of the electric field 250 is proportional to the
applicd voltage V4. The duration of the connection of the solar pancls 10 to V4, within the
control circuit 35 is chosen to not interrupt operation of the inverter 31. For this example, the
duty cycle is choscn to be 5% (the solar pancls 10 arc connccted 5% of the time to Vi
within the control circuit 35) and the default duration of the switching time is chosen to be
nominally 1000ns. Altcrnative switching times can be uscd as desired. The control circuit 35
again receives the measurement of the current flowing into the inverter 31 via the current
scnsor 33, receives the measurcment of the voltage across the inverter 31 via the voltage
sensor 32, and recalculates the power flowing through the inverter 31.

[0114] In step 908, the control circuit 35 compares the power output of the solar
panels 10 before V,,, was placed on the solar panel 10 to the most recent measurement. If
thc power has increascd, the process 9000 returns to step 901 and is repcated. The voltage
applied on the lead 38 is increased by AV until either the applied high voltage V., is greater
than Vmax or until the increasc in the applicd high voltage V., docs not yicld an incrcasc in
output power of the solar panels 10. Vo is defined here as the maximum voltage that can be
placcd on a solar pancl without causing it any damage. Dcpending upon the type of the solar
panel 10, Vi, is typically approximately 600 to 1,000 V. In both cases, process 9000 waits
in step 905. The duration of the wait statc could be from seconds to minutces.

[0115] After the wait step 905, process 9000 continues to step 907. If the power,
as mcasurcd through the Icads 32a and 33a, has not changed, the index n is decremented
(n=n-1), the applied voltage V,, on the leads 38 to the solar panel(s) 10 is decreased by the
amount AV, and the control circuit 35 activatcs the switch 55. Process 9000 continucs in step
909 where the power output is measured by the current sensor 33 and voltage probe 32, If
the power output shows a drop, process 9000 continucs to step 910. If the power output has

increased, the process 9000 returns to step 907 and the applied voltage V4, continues to
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decrement until the power output of the solar panels 10 ceases to diminish. The process 9000
proceeds to step 910.

[0116] In step 910, the control circuit 35 increases the duration that the switch 55
is connccted to the solar pancls 10 on the Icad 38 in the first position discussed above. The
amount of time that the switch 55 is connected to the voltage source 50 is increased by an
amount i4z,. The switch 55 is activated and the power output of the solar pancls 10 is again
monitored by the current sensor 33 and the voltage probe 34. The process 9000 proceeds to
statc 912 to determinc whether the power output of the solar pancls 10 increascs. If so,
process 9000 moves to step 910 and the duration that the solar panels 10 are connected to the
voltage source 50 is increased again. The switching duration will increasc until the output
power of the solar panels 10 reaches a maximum (or until a fixed duration limit — for
cxample, 3-5 pscconds is rcached) — at which point the switch duration changes driven by the
control circuit 35 stops. However, if at step 912, the control circuit 35 determines that
incrcasing the switch duration D causes a deercasc in the power output as mcasurcd by the
current sensor 33 and the voltage probe 32, process 9000 continues to step 911 and the switch
duration D is decrcascd by itcrating between steps 911 and 913 until the power output of the
solar panels 10 is maximized again. After the control circuit 35 has determined that the
switching duration has been optimized for maximum output power of solar pancls 10 by
repeating step 910 to step 913, process 9000 continues to step 914.

[0117] In step 914, the control circuit 35 begins to incrcase the frequency of
connection f at which the switch 55 is connected to the control circuit 35. The frequency f
that the switch 55 is connected to the voltage source 50 is incrcascd by jAf from the original
switching frequency £, such that f = f, + jAf. In step 914, the switch 55 is connected between
the Icad 38 and the solar pancls 10 at a ncw frequency, f, and the power output of the solar
panels 10 is again monitored by the current sensor 33 and the voltage probe 34. The process
9000 continucs to stcp 916. If the power output of the solar pancls 10 has increased, the
process 9000 moves back to step 914 and the rate at which the solar panels 10 are connected

to the voltage source 50 is incrcased again. The rate of connection will increase until the
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output power of the solar panels 10 reaches a maximum or until a maximum frequency fux,
at which point the process 9000 moves to step 915. In step 914, the frequency the switch 55
connects to the high voltage 50 on the lead 38 is now decremented by an amount jAf and the
switch 55 1s activated again and the powcer output of the solar pancls 10 is again monitorcd by
the current sensor 33 and the voltage probe 32. At that point, the control circuit 35 decides
whether the decrcase in the rate of conncction increascs the power output of solar pancls 10
in step 917. If so, the process 9000 returns to step 915. Alternatively, if the frequency of
switching rcaches some minimum frequency f7..,, the proccss 9000 moves to step 918 to wait.
[0118] In step 918, once the power output of the solar panels 10 has been
maximizced, the control circuit 35 goes into a wait state for a period of time. The period of
wait time can be seconds or minutes. After waiting in step 918, the process 9000 moves to
step 901 wherc process 9000 again begins to vary the voltage, the switch conncction time and
the switching rate from the previous optimized values to validate the solar panels 10 are still
opcrating at their maximum output Icvels. The applicd voltage 50 from the control circuit 35,
the switching duration, and the switching rate are all varied over the course of operation
during a day to be surc that the solar pancls 10 arc opcrating under with maximum output
power under the operational conditions of that particular day.

[0119] If at step 901, the voltage as mcasurcd on voltage scnsor 32 drops below
the predetermined minimum v,, and the current as measured on current sensor 33 drops
below a predetermined minimum imi, the control circuit 35 will remove any voltage on lincs
38, and the control circuit 35 will move to step 902 to wait before returning to step 900
(where the system will reinitialize all of the parameters and indices). Process 9000 will
alternate from step 900 to 901 to 902 to 900 until both the voltage as measured on the voltage
probe 32 and the current as measurcd on the current scnsor 33 arc both above Viin and imin
respectively, at which point the process 9000 will move from step 901 to step 903.

[0120] Different statc machines within control circuit 35 can be implemented to
yield similar results and are covered by this disclosure. However, the process 9000 described

abovc advantageously minimizes the magnitude of the applicd voltage Va4, to the lowest
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value possible such that the product of the current measured by the current probe 33 and the
voltage measurcd by the voltage probe 32 arc maximized. The applicd voltage V., 1s
dithered — that is changed by small amounts both up and down - over the course of operation
in a day to account for changes the incident optical powcr, p, on the solar cell 100, the solar
panel 10, or the plurality of solar panels 10 over the course of a day so that the maximum
power output can always bc maintaincd.

[0121] Most of the steps described in process 9000 above were designed to
address adiabatic changes in illumination that occur slowly over periods of multiple minutes
or hours. In an alternative embodiment, if the illumination variances were to occur at a
higher ratc of change, the process 9000 can be adapted to minimize the high frequency
variations in DC power output to the inverter by attempting to hold the DC output power
from varying at too high a ratc of change, hence making the quality of the inverter higher.
[0122] In another example, turning to Fig. 10A, the current sensor 33 and the
voltage probe 32 arc shown coupled to the solar ccll management systcm 300 of Fig. 6. As
illustrated, the current sensor 33 is coupled in series between the solar panel 10 and the
inverter 31. The current scnsor 33 can monitor the current output of the solar pancl 10.
Similarly, the voltage probe 32 is connected across the solar panels 10 and the inverter 31 to
monitor the output voltage of the solar pancl 10.

[0123] A control circuit 36 is coupled to both the current sensor 33 via control
Icads 33a and the voltage probe 32 via control lcads 32a. The current sensor 33 can be an
inline or inductive measuring unit and measures the current output of the solar panels 10.
Similarly, the voltage scnsor 32 is used to measurc the voltage output of the solar pancls 10.
The product of the current measured from the current sensor 33 and the voltage measured
from the voltage probe 32 allow for a calculation of the power output from the solar pancls
10 to the inverter 31.

[0124] In some embodiments, the voltage probe 32 may also scrve as a power
source for the control circuit 36 and is active only as long as the solar panels 10 are

illuminatcd and provide sufficient power to activate control circuit 36. The control circuit 36
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further is coupled to voltage pulser 60 to control the amplitude of the voltage pulse V,,, the
pulsc duration Dp and the pulsc frequency f discussed with reference to Fig. 6. The pulse
duration Dy, the pulse frequency £, and the pulse voltage V., applied across the solar panels
10 can bc controlled and adjusted such that both the current generated within the solar pancl
10 and measured by the current sensor 33 and voltage probe 32 are maximized under various
opcrating conditions, such as undcr diffcring or variablc lighting conditions.

[0125] In one embodiment for applying the electric field 250, the solar panel 10
initially docs not gencrate power, for cxample, during the night or heavy cloud coverage. As
the solar panels are illuminated (for example, during the morning), voltage and current are
gencrated by the solar pancls 10, and the leads 32a begin to deliver both current and voltage
to the control circuit 36. The control circuit 36 contains a low voltage logic power supply
(not shown) to drive control logic within the control circuit 36. The pulscr circuit 60 containg
both a low voltage and high voltage power supply (not shown). The high voltage power
supply in voltagc pulser 60 has a variable output which can be adjusted by control circuit 36
and is responsible for placing ¥y, on solar panels 10. In this example, the control circuit 36
is configurcd not to apply any voltage to the solar pancls 10 until cnough power is being
generated by the solar panels 10 to activate both the low voltage logic power supply and the
high voltage power supply in pulser 60.

[0126] In an alternative embodiment, the control circuit 36 is configured to
control the clectric ficld 250 and maximizc the powcr output as the illumination in the day
increases and decreases. The control circuit 36 can control the electric field 250 applied by
voltage pulscr 60 and stabilize the powcr output of the solar pancls 10 according to any
method described above, including process 10000 shown in Fig. 10B.

[0127] Turning to Fig. 10B, the process 10000 includces initializing power, at stcp
1000. Enough power must be present from the output of the solar panels 10 to activate both
the low voltage logic powecr supply, which opcratces the control logic in control circuit 36, and
the low and high voltage power supply in voltage pulser 60. Alternatively, the control circuit

36 can be powcred from an cxternal source (not shown)—for cxamplc, a battery, a large
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capacitor, an external AC power supply—which allows the low voltage logic power supply to
opcratc and the control circuit 36 to monitor the power output of the solar pancls 10 until they
have enough power output to warrant applying the electric field 250 on the solar panels 10 to
augment their power output. Since the control circuit 36 is starting up, all of the paramcters
(e.g., applied high voltage V4,,, the pulse duration Dp, and the pulse repetition frequency, f)
arc initialized. In onc cmbodiment, the applied high voltage V4, is sct to zero while the
pulse duration Dp and pulse repetition rate f are set to nominal values of Dp=1, and f=f,. All
of the control indices, n, 7, and j arc initialized to zcro.

[0128] The control circuit 36 then determines in step 1001 whether the voltage as
mcasurcd on the voltage probe 32 is above or below a predcetermined minimum viin and
whether the current as measured on the current sensor 33 is above a predetermined minimum,
Imin. The combination of Vi, and imin have been chosen such that the solar panels 10 arc
determined to be illuminated and generating some nominal percentage, for example, 5%, of
their average rated power and that there is cnough power being generated to supply the high
voltage power supply to augment the output of the solar panels 10. If the control circuit 36
dctermings that both the mcasured current and voltage arc above the respective predetermined
minimums, then process 10000 is now operational and moves to step 1003; if not, process
10000 gocs into a wait statc 1002 and rcturns to step 1000,

[0129] In step 1003, the control circuit 36 measures the current flowing into the
inverter 31 via the current sensor 33, the voltage across the inverter 31 via the voltage sensor
32, and calculates the power flowing through the inverter 31 (nominally, [ x V). A control
index n is incremented to n +1.

[0130] In step 1004, process 10000 compares ¥y, with Vg, Vi Is a preset
valuc and rcpresents the maximum voltage that can be placed on the pancls without damaging
either the panels 10 or the inverter 31. If V4, is less than V., then process 10000 proceeds
to step 1006; otherwise, process 10000 waits in step 1005.

[0131] In step 1006, the control circuit 36 signals the voltage pulser 60 to

increment the applicd high voltage V4, by an amount nAV, and signals the voltage pulser 60
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to apply the voltage pulse to the solar panels 10. For this example, AV can be a fixed voltage
step of 25 Volts, although larger or smaller voltage steps can be used. The voltage V.,
imposes the electric field 250 on the solar panels 10 and the strength of the electric field 250
is proportional to the applicd voltage V. For this cxample, the pulsc width Dy is choscn to
be 1000ns and the pulse repetition rate is chosen to be 20 pseconds. Other pulse widths and
pulsc repetition rates could also be chosen. The control circuit 36 again receives the
measurement of the current flowing into the inverter 31 via the current sensor 33, receives the
mcasurement of the voltage across the inverter 31 via the voltage sensor 32, and recalculates
the power flowing through the inverter 31.

[0132] In stcp 1008, the control circuit 36 comparcs the power output of the solar
panels 10 before V,,, was placed on the solar panel 10 to the most recent measurement. If
thc power has increascd, process 10000 returns to step 1001 and is repeated. The applicd
voltage V4, is increased by AV until either the applied high voltage V,,, is greater than V..
or until the increasc in the applicd high voltage V4, docs not yicld an incrcasc in output
power of the solar panels 10. Again, Vs defined here as the maximum voltage that can be
placed on a solar pancl 10 without causing it any damage and dcpending upon solar pancl
type, it would typically be approximately 600 to 1,000 V. In both cases, process 10000 waits
instcp 1005. The duration of the wait statc could be from scconds to minutcs.

[0133] After the wait step 1005, process 10000 enters step 1007. If the power, as
mcasurcd through the Icads 32a and 33a, has not changed, index n is decremented (n=n-1),
the applied voltage pulse V,, is decreased by the amount AV, and the control circuit 36
activates the pulscr 60. Process 10000 continucs in step 1009 wherce the powcr output as
measured by the current sensor 33 and voltage probe 32. If the power output shows a drop,
process 10000 continucs to step 1010. 1f the power output has incrcased, process 10000
returns to step 1007 and the applied voltage V4, continues to decrement until the power
output of the solar pancls 10 ccases to diminish. The process 10000 proceeds to step 1010.
[0134] In step 1010, the control circuit 36 begins to increase the duration Dp of

the voltage pulsc. The voltage pulsc duration Dp is incrcascd by an amount idz,. The voltage
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pulser 60 is activated and the power output of the solar panels 10 is again monitored by the
current scnsor 33 and the voltage probe 34. The process 10000 proceeds to statc 1012 to
determine whether the power output of the solar panels 10 increases. If so, process 10000
moves to step 1010 and the duration Dp of the voltage pulsc 71 is incrcased again. The pulsc
duration Dp will increase until the output power of the solar panels 10 reaches a maximum or
until a fixed duration limit— for cxamplc, a pulsc duration of Spscconds is rcached — at which
point the pulse width changes driven by the control circuit 36 stops. However, if at step
1012, it is found that the incrcasing the pulsc width causcs a deercase in the power output as
measured by the current sensor 33 and the voltage probe 32, process 10000 continues to step
1011. The pulsc width is decrecased by itcrating between steps 1011 and 1013 until the power
output of the solar panels 10 is maximized again. After the control circuit 36 has determined
that the pulsc duration has been optimized for maximum output power of solar pancls 10 by
going through step 1010 to step 1013, the process continues to step 1014.

[0135] In stcp 1014, the control circuit 36 incrcascs the frequency of the voltage
pulses. The frequency of the voltage pulses is increased by j4f from the original switching
frequency £, such that f = £, + jAf. In stcp 1014, voltage pulses arc applicd by the voltage
pulser 60 to the solar panels 10 at a new frequency f, and the power output of the solar panels
10 is again monitorcd by the current scnsor 33 and the voltage probe 34. The process 10000
then moves to step 1016.

[0136] 1f the power output of the solar pancls 10 has incrcascd, the process 10000
moves back to step 1014 and the rate at which voltage pulses are applied to the solar panels
10 is incrcascd again. The incrcasc in the ratc of voltage pulscs will incrcase until the output
power of the solar panels 10 reaches a maximum or until 2 maximum frequency f,..x, at which
point the proccss 10000 moves to step 1015, In step 1014, the frequency of the voltage
pulses is now decremented by an amount jAf and the voltage pulser 60 switch is activated
again and thc power output of the solar pancls 10 is again monitored by the current scnsor 33
and the voltage probe 32. At that point, the control circuit 36 determines whether the

decrcase in the rate of voltage pulses incrcascs the powcr output of solar pancls 10 in stcp
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1017. If so, the process 10000 returns to step 1015. Alternatively, if the frequency of
switching rcaches some minimum frequency £, the process 10000 moves to step 1018,
which is a wait state.

[0137] In step 1018, once the power output of the solar pancls 10 has been
maximized, process 10000 goes into a wait state for a period of time. The period of wait time
can be scconds or minutcs. After waiting in step 1018, the process 10000 moves to step 1001
where the control circuit 36 again begins to vary the pulse voltage, the pulse duration, and the
pulsc repetition rate from the previous optimized values to validate the solar pancls 10 arc
still operating at their maximum output levels. The pulse amplitude V,,, the pulse duration,
and the pulsc repetition ratc arc all varied over the course of operation during a day to be sure
that the solar panels 10 are operating under with maximum output power under the
opcrational conditions of that particular day.

[0138] If at step 1001, the voltage as measured on the voltage sensor 32 drops
below the predetermined minimum v, and the current as measurcd on current scnsor 33
drops below a predetermined minimum iy, the control circuit 36 will stop the voltage pulser
60 and the process 10000 will move to step 1002 wait statc and then to step 1000 where the
system will reinitialize all of the parameters and indices. The process 10000 will move from
step 1000 to 1001 to 1002 to 1000 until both the voltage as mcasurcd on the voltage probe 32
and the current as measured on the current sensor 33 are both above vy, and iy, respectively,
at which point proccss 10000 will move from step 1001 to step 1003.

[0139] Different state machines within the control circuit 36 can be implemented
to yicld similar results and arc covered by this disclosurc. However, the process 10000
described above advantageously minimizes the magnitude of the applied voltage pulse V4, to
the lowest valuc possible such that the product of the current measured by the current probe
33 and the voltage measured by the voltage probe 32 are maximized. The applied voltage
pulsc V4pp is dithcred — that is changed by small amounts both up and down - over the coursc

of operation in a day to account for changes the incident optical power, p, on the solar cell
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100, the solar panel 10, or the plurality of solar panels 10 over the course of a day so that the
maximum powcr output can always be maintained.

[0140] The steps described in process 10000 can address adiabatic changes in
illumination that occur slowly over pcriods of multiple minutes or hours. In an alternative
embodiment, if the illumination variances were to occur at a higher rate of change, the
proccss 10000 can be adapted to minimize the high frequency variations in DC power output
to the inverter by attempting to hold the DC output power from varying at too high a rate of
changc, hence making the quality of the inverter higher.

[0141] The described embodiments are susceptible to various modifications and
altcrnative forms, and specific examples thereof have been shown by way of cxample in the
drawings and are herein described in detail. It should be understood, however, that the
described embodiments arc not to be limited to the particular forms or methods disclosed, but
to the contrary, the present disclosure is to cover all modifications, equivalents, and

altcrnativces.
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CLAIMS

What is claimed is:

1. A mcthod of managing a photovoltaic dcvice, comprising:

applying a first component of a voltage signal to the photovoltaic device, the first
componcnt representing an on statce for gencrating an cxternal clectric ficld across the
photovoltaic device; and

applying a sccond componcnt of the voltage signal to the photovoltaic device, the

second component representing an off cycle.

2. The method of claim 1, wherein said applying the first component comprises
applying a high voltage of a time-varying voltage pulse from a voltage pulser circuit, and
wherein said applying the second component comprises shutting off the voltage pulser

circuit.

3. The method of claim 1 or claim 2, wherein said applying the first component
compriscs connecting a voltage source and the photovoltaic device in a first position of a
switch disposed between the voltage source and the photovoltaic device, and wherein said
applying the sccond componcnt compriscs disconnecting the voltage source and the
photovoltaic device in a second position of the switch to optionally provide electrical
isolation between the voltage source and a load driven by the photovoltaic device when the

switch is in the second position.

4. The method of any one of the above claims, wherein said applying the first
component comprises impressing an output of a high voltage source of the voltage pulser
circuit onto the photovoltaic device when a switching transistor of the voltage pulser circuit is
in an on position for generating the first state, and optionally continuing said impressing the
output of the high voltage source until a pulse generator of the voltage pulser circuit turns the

switching transistor to an off position for generating the second state.
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5. The method of any one of the above claims, wherein said applying the first
componcnt compriscs gencrating the external clectric ficld with a first direction or a sccond
direction, the first direction and a polarity of internal electrodes of the photovoltaic device
being in a same dircction for incrcasing a powet output of the photovoltaic device, and the
second direction being in an opposite direction of the polarity of the internal electrodes for

dccrecasing the power output.

6. The method of any one of the above claims, further comprising monitoring an
output voltage of the photovoltaic device, wherein said monitoring the output voltage
optionally is performed via a voltage probe coupled across the photovoltaic device, or
monitoring an output current of the photovoltaic device, wherein said monitoring the output
current optionally is performed via a current sensor coupled in series between the

photovoltaic device and a load driven by the photovoltaic device.

7. The mcthod of claim 6, further comprising adjusting, whercin said adjusting
optionally is performed via a control circuit coupled to the voltage source, at least one of a
magnitude, a duration, and a frequency of the first componcent to maximize a powcr output of

the photovoltaic device based on said monitoring.

3. The method of any one of the above claims, wherein said applying the first
component comprises generating the external electric field across at least one of a solar cell.

an array of solar cells, a solar panel, and an array of solar panels.

9. A method of managing a photovoltaic device, comprising:

enabling a voltage pulser to be coupled to the photovoltaic device; and

applying a voltage signal generated by the voltage pulser to the photovoltaic device,
the voltage signal having a first state for gencrating an external clectric field across the

photovoltaic device and a second state representing an off cycle.

10. The method of claim 9, wherein said applying the voltage signal comprises

applying an adjustable voltage to the photovoltaic device, and
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optionally impressing an output of a high voltage source of the voltage pulser onto the
photovoltaic device when a switching transistor of the voltage pulscr is in an on position for
generating the first state, and optionally continuing said impressing the output of the high
voltage source until a pulsc gencrator of the voltage pulser turns the switching transistor to an

off position for generating the second state.

11. The method of claim 9 or claim 10, further comprising enabling one or more
series inductors to be coupled between the voltage pulser and a load of the photovoltaic
device for blocking frequencies of the voltage signal to the load that are greater than a

predetermined frequency.

12.  The method of any one of claims 9-11, further comprising controlling at least
onc of a frcquency and a duration of the first statc and the sccond state via a control circuit

coupled to the voltage pulser.
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