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SYSTEM AND METHOD FOR OPTIMIZING SOLAR POWER
CONVERSION

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application claims priority to U.S. Provisional Application No.:
61/553,125, filed on October 28, 2011, which is herein incorporated by reference in its
entirety. The present application also claims priority to U.S. Utility Application No.:
13/340,076, filed on December 29, 2011, which is herein incorporated by reference in its

entirety.
BACKGROUND

[0002] Unless otherwise indicated herein, the materials described in this section are not
prior art to the claims in this application and are not admitted to be prior art by inclusion in

this section.

[0003] A photovoltaic (PV) array is a linked collection of solar panels. Most PV arrays
use an inverter to convert direct current (DC) power produced by the solar panels into
alternating current (AC) power. The panels in a PV array are usually connected in series, as
strings, to obtain a desired voltage. A plurality of individual strings is then typically

connected in parallel to increase current production.

[0004] In conventional PV power generation systems, there is a tradeoff between local
power generation and system efficiency. Conventional PV systems do not support local
control of PV panels. As shown in Figure 1, a conventional PV system 100 typically includes
a plurality of PV panels 102 connected electrically in series to form a PV string 104, and a
single large inverter 106 processes power from the entire PV series string 104 for delivery to
a load or a power grid 108. In this arrangement, if one or more of PV panels 102 are shaded
or otherwise environmentally compromised, power production is reduced for the entire string
104. PV panel manufacturers have added reverse diodes to partially mitigate electrical

impacts of local shading, soilin, or similar problems.
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[0005] As known to one of ordinary skill in the art, simultancously operating each
individual PV panel 102 of PV string 104 close to or at its potential maximum power
production level, termed a maximum power point (MPP), as enabled by on-going
environmental conditions, has proven to be hard, even impossible, to attain. It is well
established that this inability to operate individual PV panels 102 at their corresponding
MPPs sacrifices power production. Power reduction can be 20% or more if PV system 100 is
subject to local shading, and can be of the order of several percents even when PV system

100 is uniformly illuminated.

[0006] A known improvement to the conventional PV system 100 provides local power
processing on a per PV panel basis. For illustration purposes, Figures 2 and 3 show DC-DC
versions 200 and 300 that provide series and parallel connected DC-DC converters 206 and
306, respectively. As shown in Figure 2, DC-DC converters 206 are connected in series via
their respective outputs, while each is also coupled to one of PV panels 208. As shown in
Figure 3, DC-DC converters 306 are connected in parallel via their respective outputs, while
cach is also coupled to one of PV panels 308. A DC-AC version 400, shown in Figure 4,
provides a direct coupling between a DC-AC inverter 406 and a PV panel power 408, without
any DC-DC converters therebetween. Based on the literature, DC-AC version 400 has only
been used commercially in a parallel arrangement (not shown) of the DC-AC inverters 406,

although a series version (not shown) has been reported.

[0007] In each of DC-DC versions 200 and 300, a local DC-DC converter 206, 306 is
connected to a respective PV panel 208 308, and to a DC-AC inverter 210, 310, for the
delivery of power to a grid 212, 312. The DC-DC versions 200 and 300 sacrifice efficiency,
since power needs be processed twice between each PV panel 208, 308 and the grid 200, 300.
In AC version 400, a PV system, which includes a large number of PV panels 408, also needs
to include a corresponding number of DC-AC inverters 406, each of which processes a power
generated by the correspondingly connected PV panel 406. Based on the configurations of
Figures 2 — 4, all of the generated power must be processed through local DC-DC converters

206, 306 and DC-AC inverters 406, which can lead to excessive power losses.
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SUMMARY

[0008] Disclosed herein are improved methods, systems, and devices for optimizing solar

power conversion.

[0009] In one embodiment, a solar power system includes a set of n power units
connected in series, wherein each of the n solar power units generates a DC photovoltaic
current and produces a DC photovoltaic voltage. The solar power system includes a set of n-1
DC-DC converting units, each of the n-1 DC-DC converting units is coupled to at least one of
the n solar power units, and wherein each of the n-1 DC-DC converting units is configured to
control the correspondingly connected solar power units to operate at a target current
generation. The solar power system further includes a controlling unit coupled to the n-1
DC-DC converting units, wherein the controlling unit monitors and compares the n currents
generated by the n solar power units. Based on the current comparison, the controlling unit
determines a series current and controls the n solar power units, via the n-1 DC-DC
converting units, so that each of the generated photovoltaic currents is substantially equal to
the determined series current, and when the controlling unit determines that one of the n solar
power units generates a photovoltaic current that is less than a predetermined current
threshold percentage of the determined series current, the controlling unit causes the

correspondingly coupled DC-DC converting unit to operate as a current bypass unit.

[0010] In another embodiment, a method is provided for maximizing power generation in
a power solar system, which includes a set of n series-connected solar power units and a set
of n-1 DC-DC converting units. Each of the n solar power units generates a DC photovoltaic
current and produces a DC photovoltaic voltage, and each of the n-1 of DC-DC converting
units is coupled to and controls at least one of the n solar power units. The method includes
monitoring and comparing the n currents generated by the n solar power units, and based on
the current comparison, determining a series current for the n solar power units. The method
further includes controlling the n solar power units, via the correspondingly coupled n-1 DC-
DC converting units, so that each of the generated photovoltaic currents is substantially equal
to the determined series current, and determining whether one of the generated photovoltaic
currents is less than a predetermined current threshold percentage of the determined series

current. Based on the current threshold percentage determination, the method further includes

-3-
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causing the correspondingly coupled DC-DC converting unit to operate as a current bypass

unit.

[0011] In another embodiment, a non-transitory computer readable storage medium
contains instructions that cause a computing system to perform the above-discussed method

for optimizing solar power conversion.

[0012] In another embodiment, a solar power system includes a plurality of solar power
units connected in series, each of the plurality solar power units generates a DC photovoltaic
current and produces a DC photovoltaic voltage, and a plurality of DC-DC converting units,
cach of the plurality DC-DC converting units is coupled to at least one of the plurality of
solar power units. Each of the plurality of DC-DC converting units is configured to control
the correspondingly connected solar power units so that they operate within a predetermined
power range. Each individual DC-DC converting unit is configured to determine whether a
correspondingly connected solar power unit generates a corresponding DC photovoltaic
current that is outside of a predetermined current range. Based on the outside current range
determination, each individual DC-DC converting unit is configured to shunt the
correspondingly connected power unit while the other power units remain connected in

Series.

[0013] In another embodiment, a solar power system includes a plurality of solar power
units connected in series, each of the plurality solar power units generates a DC photovoltaic
current and produces a DC photovoltaic voltage, a DC-AC inverting unit for inverting a
cumulative DC photovoltaic voltage of the plurality of produced photovoltaic voltages to an
AC power signal for distribution to one or more AC loads, and a plurality of DC-DC
converting units. Each of the plurality DC-DC converting units is coupled to at least one of
the plurality of solar power units, and is configured to control the correspondingly connected
solar power units so that they operate within a predetermined power range. The solar power
system further includes a capacitor unit connected in parallel to the plurality of DC-DC

converting units.

[0014] These as well as other aspects, advantages, and alternatives will become apparent
to those of ordinary skill in the art by reading the following detailed description, with

reference where appropriate to the accompanying drawings. Further, it should be understood
-4 -
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that the disclosure provided in this summary section and elsewhere in this document is

intended to discuss the invention by way of example only and not by way of limitation.
BRIEF DESCRIPTION OF THE FIGURES
In the figures:

[0015] Figure 1 is a schematic diagram of a known power conversion system including a

plurality of PV panels connected in series to a DC-AC inverting unit;

[0016] Figure 2 is a schematic diagram of a known power conversion system including n
DC-DC converting units connected in series, each of the DC-DC converting units coupled to

a PV panel;

[0017] Figure 3 is a schematic diagram of a known power conversion system including n
DC-DC converting units connected in parallel, each of the DC-DC converting unit coupled to

a PV panel;

[0018] Figure 4 is a schematic diagram of a known power conversion system including n

isolated DC-AC inverters, each of the DC-AC inverters coupling a PV panel to a load;

[0019] Figure 5 is a schematic diagram of an exemplary embodiment of a power
conversion system including n PV panels connected in series and n-1 DC-DC converting

units connected in series;

[0020] Figure 6 is a schematic diagram illustrating an exemplary embodiment of a

control system for controlling power generated by N series-connected PV panels;

[0021] Figure 7 is a schematic diagram of an exemplary embodiment of a power
conversion system including n PV panels connected in series and n-1 DC-DC converting

units connected in parallel;

[0022] Figure 8A is a schematic diagram of an exemplary embodiment of a power
conversion system including n PV panels connected in series and n-1 DC-DC converting

units connected in parallel to an independent DC bus;
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[0023] Figure 8B is a schematic diagram of an exemplary embodiment of a power
conversion system including n PV panels connected in series and n DC-DC converting units

connected in parallel to an independent DC bus;

[0024] Figure 9 is a schematic diagram of an exemplary embodiment of a power
conversion system including n PV panels connected in series and n-1 DC-DC converting

units, with each DC-DC converting units connected to a couple of PV panels;

[0025] Figure 10 is a schematic diagram of an exemplary embodiment of a power
conversion system, similar to that of Figure 9, including a plurality of PV panels connected in

series and configured to enable differential energy transfer between PV panels;

[0026] Figure 11 is a schematic diagram illustrating an exemplary embodiment of a local

controller unit for providing MPP tracking in a differential power conversion system;

[0027] Figure 12 is a flow chart illustrating an embodiment of a method for controlling

and optimizing power generated by n series-connected PV panels; and

[0028] Figure 13 is a schematic diagram illustrating a conceptual partial view of an

example computer program associated with the method of Figure 12.
DETAILED DESCRIPTION

[0029] In the following detailed description, reference is made to the accompanying
figures, which form a part hereof. In the figures, similar symbols typically identify similar
components, unless context dictates otherwise. The illustrative embodiments described in the
detailed description, figures, and claims are not meant to be limiting. Other embodiments
may be utilized, and other changes may be made, without departing from the spirit or scope
of the subject matter presented herein. It will be readily understood that the aspects of the
present disclosure, as generally described herein, and illustrated in the figures, can be
arranged, substituted, combined, separated, and designed in a wide variety of different

configurations, all of which are explicitly contemplated herein.

[0030] As stated above, power conversion system 100, 200 and 300, shown in Figures 2 —
4, are substantially inefficient as all of the power generated by PV panels 208, 308, 408 has
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to be processed by both the correspondingly coupled DC-DC converting units 206, 306 and
DC-AC inverting units 406, respectively.

[0031] To overcome this inefficient power conversion, an embodiment of a power
conversion system includes a plurality of solar power units connected in series, and a
plurality of DC-DC converting units, each of which is coupled to at least one of the plurality
of solar power units. During operation, MPP values of a set of substantially similar PV
panels, connected in series and operating under similar environmental conditions, may be
substantially equal. That is, the differences between solar powers produced by the series-

connected PV panels are substantially small (minor).

[0032] Recognizing that MPP values of the series-connected substantially similar PV
panels, operating under similar environmental conditions, may be substantially equal, the
above-introduced embodiment of a power conversion system is configured to manage the
minor power differences, so as to maximize an overall power generated by the series-
connected PV panels. This process of managing minor PV power differences, i.c.,
differential power processing, is configured to enable MPP tracking on each PV panel, and to
process the generated power as little as possible, such as only once by the DC-AC inverting
unit, thereby minimizing power losses due to power processing. As such, this management
of minor power differences may avoid minor MPP value mismatches, while sending
substantially all of the PV power generated by the series-connected PV panels directly to a

DC-AC inverting unit for output processing.

[0033] Now referring to Figure 5, an embodiment 500 of a PV conversion system 502
configured to implement the above-discussed differential power processing is illustrated. As
shown, power conversion system 502 includes “n” PV or solar energy sources or power units
504 connected in series to form a PV panel string 503, and “n-1” DC-DC converting units
506 connected in series. Power conversion system 502 further includes a DC-AC inverting
unit 508 coupled to PV panel string 503, and to the n-1 DC-DC converting units 506. Each
of the n PV power units 504, which can provide a DC photovoltaic output, may be a PV cell,
a PV array, a PV panel, or a string of panels. For the sake of simplicity, PV power units 504
will hereafter be referred to as PV panels 504. In one embodiment, each of the n-1 DC-DC
converting units 506 is coupled to one of n-1 PV panels 504, thereby leaving one of the n PV

-7-
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panels 504 uncoupled. As shown in Figure 5, PV, is the uncoupled PV panel 504, whereas
each of PV,-PV, panels 504 is coupled to one of DC-DC, to DC-DC,.; converting units 506,

respectively.

[0034] Based on the configuration of Figure 5, a controlling method or process,
performed by a controlling unit 604, shown in Figure 6, is configured to facilitate and control
a series current I,, from PV panel string 503, so as to maximize the power output of the PV
string 503 by operating cach PV panel 504 at its MPP, and to minimize the total power
flowing through the n-1 DC-DC converting units 506. As discussed above, each of the n-1
DC-DC converting units 506 is monitored and controlled by controlling unit 604 so that each
of their respective n-1 PV panels 504 operates at or tracks a determined power output, such as
a determined MPP value or target. In one embodiment, in order to achieve a global MPP
tracking for PV panel string 503, DC-AC inverting unit 508 may be configured to monitor
and control the uncoupled PV panel 504, e.g., PV, 504 of Figure 5, to enable it to operate at
or track its MPP value as determined by controlling unit 604. Alternatively, DC-AC
inverting unit 508 is configured to maximize the overall power output of PV panel string 503
by also maximizing the power out of the uncoupled PV panel 504. As such, controlling unit
604 is configured to control n MPP values, i.e., n MPP variables, via n controlling actuators,
1.e., n-1 DC-DC converting units 506 and one DC-AC inverting unit 508. This arrangement
of controlling unit 604 enables power conversion system 502 to reach an operating level that
substantially maximizes its total power output, which represents the total power generated by

PV panels 504 less the power losses due to MPP tracking and power conversion.

[0035] During operation, while performing an MPP tracking locally, i.c., for each PV
panel 504 or performing an MPP tracking globally, i.e., for the whole PV panel string 503,
controlling unit 604 monitors and compares the n currents generated by the n PV panels 504,
and based on the current comparison determines the series current I,,. Moreover, controlling
unit 604 controls n-1 PV panels 504, via their respective n-1 DC-DC converting units 506
and AC-DC inverting unit 508, respectively, so that each of the generated photovoltaic
currents is substantially equal to the determined I, series current. As such, controller unit
604, via a differential power processing application 610, is configured to ensure each of the
generated photovoltaic currents is substantially equal to the determined I,,, series current, so

that the bulk of the generated photovoltaic power flows through the series-connected PV
-8-
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panels 504, and only a small fraction or percentage of this photovoltaic generated power is
processed by n-1 DC-DC converting units 506, as needed to monitor and control power
production of each of the n-1 coupled PV panels 504 at or near their respective determined
MPPs. Thus, during operation, each of n-1 DC-DC converting units 506 may only need to
process a small amount or percentage of the power generated by the corresponding PV panel
504, since only a small adjustment to its generated PV panel current may be required to make
it substantially equal to I,y series current or be within a predetermined threshold range of I,
series current while the corresponding PV panel 504 is operated at or near its target MPP
value. As stated above, for similarly manufactured and sized PV panels 504 exposed to
substantially identical sunlight conditions, their individual MPPs may be substantially
similar, which may lead to a substantially small MPP variance throughout PV panel string

503.

[0036] Based on the PV string configuration of Figure 5, during operation, if one of the
n-1 coupled PV panels 504, say for example PV, 504, is determined to be producing a low
current, i.e., I, compared to the I, series current, because of shading conditions for
example, controlling unit 604 determines whether a difference between the 1,y series current
and the low current I, 1s greater than a predetermined current difference threshold. In case,
the determined difference is greater than the predetermined current difference threshold, then
controlling unit 604 is configured to trigger the corresponding converting unit DC-DC; 506 to
shunt PV panel PV, 504 and perform as a bypass unit to the L3 current, which is output by
PV panel PV; 504, and provide it as an input current to PV panel PV, 504, thereby delivering
the I3 current around shunted low-performing PV panel PV, 504. In one embodiment, the
predetermined current difference threshold may be about 10% of the I,, series current.
Alternatively, any other value for the predetermined current difference threshold may be
chosen. During this bypass activity, controlling unit 604 may also be configured to trigger
converting unit DC- DC; 506 to direct the low current I, to electrical node 512 where it may

be added to the I,y series current.

[0037] Alternatively, in lieu of using controlling unit 606, the bypass activity (PV panel
shunting) may be triggered by a DC-DC converting unit 506 when it determines that the
correspondingly coupled PV panel 504 generates a current that is less than a predetermined

current difference threshold of currents generated by adjacent PV panels 504.
-9.
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[0038] As it would be obvious to one of ordinary skill in the art, the configuration of
Figure 5 may be extended to an individual PV cell level, in which case each PV cell may be
coupled to a differential power processing system or circuitry, and no reverse diodes, as
taught in the prior art, may be required. That is, the MPP Tracking process algorithm may be
implemented locally at the level of a PV element, which may be a PV cell, a string of PV
cells, a PV panel, or a string of PV panels.

[0039] Based on the above discussion about DC-DC converting units 506, the differential

power processing provides at least the following features:

e Since DC-DC converting units 506 process only a small fraction of the total
power generated by PV string 503, power losses are substantially low in comparison to DC-
DC converting units that are required to convert all of the power generated by their respective

PV panels 504.

o Sizes of DC-DC converting units 506 can be relatively small given the units

limited power ratings requirements.

o Costs of these DC-DC converting units 506 can be substantially low given their

smaller sizes and limited power ratings.

e Dynamic requirements and protection needs can be substantially low since each

DC-DC converting unit 506 is configured to manage only small current differences.

[0040] Now referring to Figure 6, an exemplary embodiment 600 of a computing system
602 for controlling and optimizing power generated by n series-connected PV panels 504 is
shown. As above, computing system 602 includes controlling unit 604 coupled to n-1 DC-
DC converting units 506 and to AC-DC inverting unit 508. Each of n-1 DC-DC converting
units 506 is configured to make each respective PV panel 504 operate at its MPP, which
corresponds to the operating condition that facilitates capture of the most energy, and thereby
generation of the most power. This is accomplished via MPP tracker units 612, each of
which may be an integral element of one of n-1 DC-DC converting units 506. Alternately,
MPP tracker units 612 may be stand-alone units coupled to one or more of the n-1 DC-DC

converting units 506. As shown, each DC-DC converting unit 506 may include a processing

-10 -
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unit 613 and a memory unit 614, both in communication with corresponding MPP tracker

unit 612.

[0041] Controller unit 604 includes a processing unit 606 and a memory unit 608, which
in turn includes a differential power program or application 610. Processor unit 606 is
configured to execute instructions and to carry out operations associated with computing
system 602. For example, using instructions retrieved from memory unit 608, processor unit
606 may control the reception and manipulation of input and output data between
components of computing system 602. Various architectures can be used for processor unit
606, including dedicated or embedded processor or microprocessor (uP), single purpose
processor, controller or a microcontroller (uC), application-specific integrated circuit (ASIC),
any combination thereof, and so forth. In most cases, processor unit 606 together with an

operating system operates to execute computer code and produce and use data.

[0042] Memory unit 608 generally provides a place to store computer code and data that
are used by computing system 602. Memory unit 608 may include but not limited to non-
volatile memory, such as read-only memory (ROM, flash memory, etc.), volatile memory,
such as random-access memory (RAM), a hard disk drive and/or the like. As stated above,
memory unit 608 includes differential power program or application 610, which is configured
to monitor currents generated by the n PV panels 504, to determine the I,,, series current, and
to trigger the n-1 DC-DC converting units 506 to operate their respective n-1 PV panels 504
at their MPP values to achieve global MPP tracking. Alternatively, analog MPP trackers and
analog DC-DC converting units, as well as analog DC-AC inverting units may be
implemented for the process of maximizing power conversion, via either local MPP tracking

or a global MPP tracking.

[0043] Now referring to Figure 7, an exemplary embodiment 700 of a power conversion
system 702, including n PV panels 704 connected in series and n-1 DC-DC converting units
706 connected in parallel, is shown. Similarly to the system configuration of Figure 5, during
operation as the bulk of the power, generated by series-connected PV panels 704, flows
directly through PV panels 704, only small power differences are made to flow through DC-
DC converting units 706 via controlling unit 704, in order to mitigate current mismatches

between the generated PV panel currents, thereby substantially matching each of the
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generated PV panel currents with the determined I,, series current.  Further, upon
determination by controlling unit 604 that a current difference between a low current
generated by one of n-1 PV panels 704, coupled to one of n-1 DC-DC converting units 706,
and the I, series current is greater than the predetermined current difference threshold, then
the corresponding DC-DC converting unit 706 is configured to perform as a bypass unit to
the I, series current output by the preceding PV panel 704 and provide it as an input current
to the subsequent PV panel 704, thereby delivering the I, series current around the low-
performing PV panel 704. During this bypass activity, controlling unit 604 may also be
configured to trigger the corresponding DC-DC converting unit 706 to direct the low

generated current to an electrical node 712 where it may be added to the I,,, series current.

[0044] Now referring to Figure 8A, an exemplary embodiment 800A of a power
conversion system 802, including n PV panels 804 connected in series and n-1 DC-DC
converting units 806 connected in parallel, is shown. In this arrangement of Figure 8A,
power conversion system 802 includes a DC power or virtual bus 812. In this embodiment,
cach of n-1 DC-DC converting units 806 may send a portion of their respective power,
diverted from their corresponding PV panels 804, to an energy storage unit 812, hereafter
referred to as virtual bus 812, rather than to a main DC bus (not shown) that may provide
input to AC-DC inverting unit 828. Virtual bus 812 may be used to support control,
communication, and other functions, associated with power conversion system 802, that may

need a low-voltage or separate DC power supply.

[0045] Now referring to Figure 8B, another exemplary embodiment 800B of power
conversion system 820 includes n DC-DC converting units 822 connected in parallel, instead
of only n-1 DC-DC converting units 806 as in power conversion system 802. Similarly to the
configuration of Figure 8A, n DC-DC converting units 822 may send a portion of their
respective powers to a virtual bus 824 rather than to the main DC bus (not shown) associated
with AC-DC inverting unit 828. As stated above in relation to virtual bus 812, virtual bus
824 may be configured to support control, communication, and other functions, associated
with power conversion system 820, that may need low-voltage or separate DC power supply.
For example, in case virtual bus 824 is a capacitive element, if during operation its voltage V.
is decreasing then it may be an indication that at least one of DC-DC converting units 822

may be drawing power from virtual bus 824 in order to be able to maintain a tracking of the
-12-
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predetermined MPP of the corresponding PV panel 826. Alternately, if the voltage V. of
virtual bus 824 is increasing, then it may be an indication that one or more of DC-DC
converting units 822 is providing power to virtual bus 824 while maintaining an on-going
tracking of the predetermined MPP of the corresponding PV panel 826. Moreover, in this
arrangement of Figure 8B, the monitoring and controlling of current and power generated by
individual PV panels 826 may be performed by corresponding DC-DC converting units 822,
rather than centrally by a central control unit, such as control unit 604 of Figure 6. That is,
each of DC-DC converting units 822 may be performing local MPP tracking independently

of a central control unit.

[0046] Now referring to Figure 9, an exemplary embodiment 900 of a power conversion
system 902 including n PV panels 904, connected in series, and n-1 DC-DC converting units
906, with each of the DC-DC converting units 906 being connected to a couple of PV panels
904. In this embodiment, each of n-1 DC-DC converting units 906 is also configured to
perform as a power exchange unit between the correspondingly connected couple of PV
panels 904. As such, in this Figure 9 system configuration, any PV panel differential power
can be exchanged entirely among PV panels 904 as there is no second power flow circuitry,
i.e., no secondary power path, connecting n-1 DC-DC converting units 906 to AC-DC
inverting unit 908. This differential power exchange enables PV panels 904 to be adjusted,
physically with respect to incident light, in real time in order to adjust and substantially match
their respective MPP requirements. Moreover, because there is no second power flow
circuitry, the value of the I, series current is determined so as to make a net secondary power
equal to zero, thereby automatically making the power flowing through n-1 DC-DC
converting units 906 as low as possible, thereby maximizing power conversion efficiency.
Due to the zero value of the secondary current, power conversion system 902 is thus a self-
contained power conversion system. In this embodiment, each of the DC-DC converting
units 906 is either coupled to a pair of adjacent PV panels 904 or to a pair of non-adjacent PV
panels 904. As such, the couple of PV panels 904 connected to an individual DC-DC
converting unit 906 need not be adjacent to one another. Moreover, in this arrangement of
Figure 9, the monitoring and controlling of current and power generated by individual PV
panels 904 may be performed by corresponding DC-DC converting units 906, rather than

centrally by a central control unit, such as control unit 604 of Figure 6. That is, each of DC-
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DC converting units 906 may be performing local MPP tracking independently of a central

control unit.

[0047] Figure 10 illustrates an exemplary embodiment 1000 of power conversion system
1002, which is configured to provide differential power transfers between neighboring PV
panels 1004. To highlight aspects of the herein-introduced differential power processing, an
exemplary operation of power conversion system 1002 is examined using a buck-boost
topology for the DC-DC converting units 1006. As shown, power conversion system 1002
includes four PV panels PV, - PV4 1004 and three differential DC-DC converting units DC-
DC, to DC-DC4 1006. Moreover, any two adjacent DC-DC converting units 1006 are
coupled to a common PV panel 1004. For example, converting units DC-DC; and DC-DC,
are both coupled to PV panel PV, 1004, while converting units DC-DC, and DC-DC; are
both coupled to PV panel PV; 1004. As illustrated, each differential DC-DC converting unit

1006 includes an inductive storage element L. 1007, and a couple of switching elements 1009.

[0048] In power conversion system 1002, panel PV3; 1004 may be subject to a shading
condition while PV panels PV;, PV; and PV, 1004 may not be subject to a similar shading
condition. Assuming all other physical and electrical aspects of each of PV panels PV, - PV,
1004 are substantially similar, based on operation data received or collected from PV panels
PV, - PV, 1004, assume their corresponding voltages, attained while operating at their
respective MPPs, are Vimppi = Vinpp2 = Vimpps = 37.09 volts (V) and Vippz = 36.80 V. The duty
ratios of DC-DC converting units 906 are controlled, via controlling unit 604, to regulate PV
panel voltages of PV,, PV3, and PV, 10004 at the respective local MPPs.  For the sake of
simplicity, the MPP for PV, can be represented as being accomplished through a variable
resistor (not shown) whose value is selected to maximize a global power output (in this case,
R = 29.8 Ohms) and, in effect, meet the local MPP of PV panel PV, 1004. The currents
flowing in power conversion system 1002 flow in such a way that each of PV panels PV, -
PV, 1004 provides its MPP current, as follows: Inpp1 = Imppz = Impps = 5.09 amperes (A) and
Imppz = 4.58 A. After some analysis, it can be shown that the currents in the differential DC-
DC converting units 1006 are Iy, = 0.2535 A, 11, =0.509 A, and I; 3 =-0.2545 A. These three
current values enable each of PV panel PV, - PV, 1004 to operate at their respective MPPs.
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[0049] Additionally, the here-in introduced differential power processing can lead a
substantial simplification of the global MPP tracking since local PV panel minima are
eliminated, providing each DC-DC converting unit 1006 is able to meet the local MPP

condition and that there are no local minima for the respective PV panels 1004.

[0050] Now referring to Figure 11, a schematic diagram illustrates an exemplary
embodiment 1100 of a local controller system 1114, associated with or embodied in a
differential DC-DC converting unit 1106 for providing power conversion monitoring and
control in differential power conversion system 1102. As shown, local controller system
1114 includes a controller or controlling unit 1116 and an MPPT application or algorithm
1118. A seclection of MPP tracking algorithms 1118 is not constrained by this differential
power approach, i.e., any MPPT algorithm may be feasible, although some may be more
effective. For example, if DC-DC; differential converting unit 1106 is implemented on a
sub-module basis where a control overhead (energy that controller system 1114 consumes)
may need to be small, substantially simple MPPT algorithms may be used. During operation,
once voltage Vpy and current Ipy; of panel PV, are measured, MPPT algorithm 1118 may use
this measurement information to generate an operating reference for controlling unit 1116.
This generated operating reference may be a current reference, a voltage reference, a duty
ratio, etc..., depending on the controller type. Controlling unit 1116 is configured to generate
switching signals for switching elements q; and q, 1109, such as through a pulse width
modulation technique, although pulse frequency modulation technique and other suitable
techniques may also be feasible. The switching signals control the turn-on/turn-off action of

the switches q; and q, 1109 in differential DC-DC converting unit 1106.

[0051] Moreover, in the above-discussed embodiments, the local control of PV panels,
via their respective DC-DC converting units, enables distributed diagnostics and monitoring
of these PV panels. This local control arrangement can help detect defective PV panels,
which may lead to reducing time to repair, and improve understanding of the operation
conditions of the power conversion system. The differential power converting units may also
shunt (directly bypass by a switching element) a failed or defective PV panel, or a PV panel
whose MPP current is determined to be too low with respect to the determined I, series
current. Furthermore, as discussed above, each of differential power converting units may

also be configured to open the PV panel string and stop the flow of current and power for
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safety reasons or trigger a shunt-based string-level protection. Thus, in the above-discussed
embodiments, an overall reliability of the power conversion system is improved since a
failure in a PV panel or in a differential power converting unit need not cause more extensive

system failure or general system failure.

[0052] Now referring to Figure 12, a flow chart 1200 illustrating an embodiment of a
method for controlling power generated by n series-connected PV panels associated with any
of the above-discussed converting unit arrangements. At step 1202, controller unit 604 is
configured to monitor and compare a plurality of currents generated the n series-connected
solar power units. Based on the comparison, controller unit 604 is configured to determine a
series current for the n series-connected solar power units, at step 1204. Upon determination
of the series current, the n series-connected PV panels are controlled via the n-1 power
converting units and the power inverting unit, so that ecach of the generated photovoltaic
currents is substantially equal to the determined series current, at step 1206. Controller unit
604 is further configured to determine whether any of the generated photovoltaic currents is
less than a predetermined current threshold percentage of the determined series current, at
step 1208. If it is determined that one or more of the generated photovoltaic currents is less
than a predetermined current threshold percentage, then controller unit 604 is further
configured to cause the corresponding DC-DC converting units to operate as current bypass

units, at step 1210.

[0053] The above discussed embodiments of power conversion systems enable the

following:

e A power production from individual PV panels is substantially maximized under

realistic environmental conditions.

e An actual energy production is improved because of local and global MPP

operations.

e An incremental cost for any of the above discussed embodiments is substantially

less than that of prior-art panel-based converting units.
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e DC-DC converting units needed to implement the above-discussed method may

not need to have high performance characteristics to produce system benefits.

e Since only fractional power is processed by the DC-DC converting units, an
implementation of the above-discussed power conversion systems lends itself to subpanel and

even cell-level power processing.

[0054] While a power managed by differential converting units may increase as
environmental conditions vary more widely, as with shading, benefits are still possible even
with limited action. For example, under partial shading, any differential power management
improves production. In addition, differential conditions affecting PV panels may be
typically temporary, so the converting units involved may not need to process substantial
power levels for more than a few minutes - unless a cell is damaged or soiled. In the case of
severe soiling that may compromise performance of a PV panel or PV cell for a long time,
the associated exchange converting unit may simply bypass the PV panel or PV cell entirely,
thus avoiding the need to actually process any associated power. These above-discussed
power conversion systems can be applied to large PV systems with many series-connected

PV panels, or as a basis for a new class of cell-by-cell PV power processing.

[0055] In some embodiments, the disclosed methods may be implemented as computer
program instructions encoded on a non-transitory computer-readable storage media in a
machine-readable format. Figure 13 is a schematic 1300 illustrating a conceptual partial view
of an example computer program product 1302 that includes a computer program for
executing a computer process on a computing device, arranged according to at least some
embodiments presented herein. In one embodiment, the example computer program product
1302 is provided using a signal bearing medium 1303. The signal bearing medium 1303 may
include one or more programming instructions 1304 that, when executed by one or more
processors may provide functionality or portions of the functionality described above with
respect to Figure 12. Thus, for example, referring the embodiment shown in Figure 12, one
or more features of blocks 1202, 1204, 1206, 1208, and/or 1210 may be undertaken by one or

more instructions associated with the signal bearing medium 1303.
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[0056] In some examples, the signal bearing medium 1303 may encompass a non-
transitory computer-readable medium 1303, such as, but not limited to, a hard disk drive, a
Compact Disc (CD), a Digital Video Disk (DVD), a digital tape, memory, etc. In some
implementations, the signal bearing medium 1303 may encompass a computer recordable
medium 1306, such as, but not limited to, memory, read/write (R/W) CDs, R/W DVDs, etc.
In some implementations, the signal bearing medium 1303 may encompass a
communications medium 1307, such as, but not limited to, a digital and/or an analog
communication medium (e.g., a fiber optic cable, a waveguide, a wired communications link,
a wireless communication link, etc.). Thus, for example, the signal bearing medium 1303
may be conveyed by a wireless form of the communications medium 1007 (e.g., a wireless
communications medium conforming with the IEEE 802 standards or other transmission

protocols).

[0057] While various aspects and embodiments have been disclosed herein, other aspects
and embodiments will be apparent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of illustration and are not intended to be
limiting, with the true scope and spirit being indicated by the following claims, along with the
full scope of equivalents to which such claims are entitled. It is also to be understood that the
terminology used herein is for the purpose of describing particular embodiments only, and is

not intended to be limiting.

- 18 -



WO 2013/063473 PCT/US2012/062228
CLAIMS
What is claimed is:
1. A solar power system for optimizing solar power conversion, comprising:

a set of n solar power units connected in series, wherein each of the n solar power

units generates a DC photovoltaic current and produces a DC photovoltaic voltage;

a set of n-1 DC-DC converting units, each of the n-1 DC-DC converting units is
coupled to at least one of the n solar power units, and wherein each of the n-1 DC-DC
converting units is configured to control the correspondingly connected solar power units to

operate at a target current generation;

a DC-AC inverting unit for inverting a cumulative DC photovoltaic voltage of the n
produced photovoltaic voltages to an AC power signal for distribution to one or more AC
loads, wherein the DC — AC inverting unit is configured to control operation of any one of

the n solar power units, which is not coupled to one of the n-1 DC-DC converting units; and

a controlling unit coupled to the n-1 DC-DC converting units and to the DC-AC
inverting unit, wherein the controlling unit monitors and compares the n currents generated
by the n solar power units, wherein based on the current comparison the controlling unit
determines a series current and controls the n solar power units, via the n-1 DC-DC
converting units and the DC-AC inverting unit, so that each of the generated photovoltaic
currents is substantially equal to the determined series current, and wherein when the
controlling unit determines that one of the n-1 solar power units, coupled to one of the n-1
DC-DC converting units, generates a photovoltaic current that is less than a predetermined
current threshold percentage of the determined series current, the controlling unit causes the

correspondingly coupled DC-DC converting unit to operate as a current bypass unit.

2. The solar power system of claim 1, wherein each of the n currents is generated
based on a corresponding MPP tracking determined by the correspondingly coupled DC-DC

converting unit.
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3. The solar power system of claim 1, wherein each of the n currents is generated

based on a global MPP tracking determined by the DC-AC inverting unit.

4. The solar power system of claim 1, wherein the n-1 DC-DC converting units are

connected in series or in parallel.

5. The solar power system of claim 1, wherein each of the n-1 DC-DC converting

units is connected to two solar power units.

6. The solar power system of claim 1, wherein the predetermined current threshold

percentage of the determined series current is about ninety percent.

7. The solar power system of claim 1, further comprising a first DC bus connected to
the DC-AC inverting unit, and a second DC bus connected to each of the n-1 parallel

connected DC-DC converting units.

8. In a computing system, a method for maximizing power generation in a power solar
system, which includes a set of n series-connected solar power units and a set of n-1 DC-DC
converting units, ecach of the n solar power units generates a DC photovoltaic current and
produces a DC photovoltaic voltage, and each of n-1of DC-DC converting units is coupled to

and controls at least one of the n solar power units, the method comprising:

monitoring and comparing the n currents generated by the n solar power units;
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based on the current comparison, determining a series current for the n solar power

units;

controlling the n solar power units, via the correspondingly coupled n-1 DC-DC
converting units, so that each of the generated photovoltaic currents is substantially equal to

the determined series current;

determining whether one of the n solar power units generates a current that is less

than a predetermined current threshold percentage of the determined series current; and

based on the current threshold percentage determination, causing the correspondingly

coupled DC-DC converting unit to shunt the one of the n solar power units.

9. The method of claim 7, further comprising;:

inverting, via a DC-AC inverting unit, a cumulative DC photovoltaic voltage of the n
produced photovoltaic voltages to an AC power signal for distribution to one or more AC

loads.

10. The method of claim 8, wherein controlling the n solar power units, via the n-1
DC-DC converting units, so that each of the n generated photovoltaic currents is substantially
equal to the determined series current, serves to minimize power flowing through the n-1

DC-DC converting units.

11. The method of claim 8, wherein each of the n-1 DC-DC converting units controls
the correspondingly coupled solar power units to operate at a substantially maximum power

delivery.
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12. The method of claim 8, wherein the predetermined current threshold percentage of

the determined series current is about ninety percent.

13. A computer non-transitory readable medium containing instructions that cause a
computing system to perform a method for maximizing power generation in a power solar
system, which includes a set of n series-connected solar power units and a set of n-1 DC-DC
converting units, ecach of the n solar power units generates a DC photovoltaic current and
produces a DC photovoltaic voltage, and each of the n-1 DC-DC converting units is coupled

to and controls at least one of the n solar power units, the method comprising:
monitoring and comparing the n currents generated by the n solar power units,

based on the current comparison, determining a series current for the n solar power

units;

controlling the n solar power units, via the correspondingly coupled n-1 DC-DC
converting units, so that each of the generated photovoltaic currents is substantially equal to

the determined series current;

determining whether one of the generated photovoltaic currents is less than a

predetermined current threshold percentage of the determined series current; and

based on the current threshold percentage determination, causing the correspondingly

coupled DC-DC converting unit to shunt the one of the n solar power units.

14. The computer non-transitory readable medium of claim 13, further comprising:

inverting, via a DC-AC inverting unit, a cumulative DC photovoltaic voltage of the n
produced photovoltaic voltages to an AC power signal for distribution to one or more AC

loads.
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15. The computer non-transitory readable medium of claim 13, wherein controlling
the n solar power units, via the n-1 DC-DC converting units, so that each of the n generated
photovoltaic currents is substantially equal to the determined series current, serves to

minimize a power flowing through the n-1 DC-DC converting units.

16. The computer non-transitory readable medium of claim 13, wherein each of the n-
1 DC-DC converting units controls each of the correspondingly connected solar power units

S0 as to operate at a maximum power delivery.

17. The computer non-transitory readable medium of claim 13, wherein the
predetermined current threshold percentage of the determined series current is about ninety

percent.

18. A solar power system for optimizing solar power conversion, comprising:
a plurality of solar power units connected in series, wherein each of the plurality solar

power units generates a DC photovoltaic current and produces a DC photovoltaic voltage;

and

a plurality of DC-DC converting units, each of the plurality DC-DC converting units
is coupled to at least one of the plurality of solar power units, wherein each of the plurality of
DC-DC converting units is configured to control operation of the correspondingly connected
solar power units, wherein an individual DC-DC converting unit is configured to determine
whether a correspondingly connected solar power unit generates a corresponding DC
photovoltaic current that is less than a predetermined threshold percentage of a target series
current, and based on the determination that the corresponding DC photovoltaic current is
less than the predetermined threshold percentage of the target series current, the individual
DC-DC converting unit is configured to shunt the correspondingly connected solar power

unit while the other solar power units remain connected in series.
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19. The solar power system of claim 18, wherein the generated corresponding DC
photovoltaic current is less than a predetermined threshold percentage of the target series

current because of a defective operating state of the correspondingly connected power unit.

20. The solar power system of claim 18, wherein the generated corresponding DC
photovoltaic current is less than a predetermined threshold percentage of the target series

current because of a shading of the correspondingly connected power unit.

21. The solar power system of claim 18, wherein the plurality of DC-DC converting

units are connected in series or in parallel.

22. The solar power system of claim 18, wherein each of the plurality of DC-DC

converting units is connected to two solar power units.

23. The solar power system of claim 18, further comprising a first DC bus connected
to the DC-AC inverting unit, and a second DC bus connected to each of the plurality of DC-

DC converting units.

24. The solar power system of claim 18, wherein the predetermined current threshold

percentage of the determined series current is about ninety percent.

25. A solar power system for optimizing solar power conversion, comprising:
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a plurality of solar power units connected in series, wherein each of the plurality solar

power units generates a DC photovoltaic current and produces a DC photovoltaic voltage;

a DC-AC inverting unit for inverting a cumulative DC photovoltaic voltage of the
plurality of produced photovoltaic voltages to an AC power signal for distribution to one or

more AC loads;

a plurality of DC-DC converting units, each of the plurality DC-DC converting units
is coupled to at least one of the plurality of solar power units, wherein each of the plurality of
DC-DC converting units is configured to control the correspondingly connected solar power

units so that they each operate at a corresponding target current output; and

a capacitor unit connected in parallel to the plurality of DC-DC converting units.

26. The solar power system of claim 25, wherein each of the plurality of DC-DC
converting units is configured to provide power to the capacitor unit, when a power generated
by one the correspondingly connected solar power units is greater than the corresponding

target power output.

27. The solar power system of claim 25, wherein each of the plurality of DC-DC
converting units is configured to receive power from the capacitor unit in order to supplement

a power output of the correspondingly connected power unit.

28. A solar power system for optimizing solar power conversion, comprising:

a plurality of solar power units connected in series, wherein each of the plurality of
solar power units generates a DC photovoltaic current and produces a DC photovoltaic

voltage;
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a plurality of DC-DC converting units, each of the plurality of DC-DC converting
units is coupled to at least one of the plurality of solar power units, wherein each of the
plurality of DC-DC converting units is configured to control the correspondingly connected

solar power units so that they each generate at a corresponding target current; and

a controlling unit coupled to the plurality of DC-DC converting units, wherein the
controlling unit monitors and compares the plurality of currents generated by the plurality of
solar power units, wherein based on the current comparison the controlling unit determines a
series current and controls the plurality of solar power units, via the plurality of DC-DC
converting units, so that each of the generated photovoltaic currents is substantially equal to

the determined series current,
wherein,

cach of the plurality of DC-DC converting units is configured to determine an
operating status of each of the correspondingly connected solar power units, and to report the

operating status to the controlling unit.

29. The solar power system of claim 28, wherein reporting the operating status of the
an individual correspondingly connected solar power unit comprises reporting whether the

individual correspondingly connected solar power unit is in a defective state.

30. The solar power system of claim 28, wherein the plurality of DC-DC converting

units are connected in series or in parallel.

31. The solar power system of claim 28, wherein each of the plurality of DC-DC

converting units is connected to two solar power units.
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32. The solar power system of claim 28, further comprising a first DC bus connected
to the DC-AC inverting unit, and a second DC bus connected to each of the parallel

connected DC-DC converting units.

33. A solar power system for optimizing solar power conversion, comprising:

a plurality of solar power units connected in series, wherein each of the plurality of
solar power units generates a DC photovoltaic current and produces a DC photovoltaic

voltage;

a plurality of DC-DC converting units, each of the plurality of DC-DC converting
units is coupled to at least one of the plurality of solar power units, wherein each of the a
plurality of solar power units is coupled to two of the plurality of DC-DC converting units;

and

a controlling unit coupled to the plurality of DC-DC converting units, wherein the
controlling unit monitors and compares the plurality of currents generated by the plurality of
solar power units, wherein based on the current comparison the controlling unit determines a
series current and controls the plurality of solar power units, via the plurality of DC-DC
converting units, so that each of the generated photovoltaic currents is substantially equal to

the determined series current.
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