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ABSTRACT

Systems and methods to balance currents among a plurality of photovoltaic units connected
in series. Inaspect, a management unit is coupled between a phatovoltaic energy production
unit and a string of energy production units. The management unit has an energy storage
element (e.g., a capacitor) connected to the photoveltaic energy production unit. The
management unit further has a switch to selectively couple to the energy storage element and
the photovoltaic energy production unit to the string. The management unit allows the

current in the string to be larger than the current in the photovoltaic energy production unit,
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SYSTEMS AND METHODS TO BALANCE SOLAR PANELS IN A MULTI-PANEL
SYSTEM

RELATED APPLICATIONS

{0061]  The present application claims the benefit of U.S. Patent Application Serial No.
12/411,317, filed March 23, 2009 and entitled “Systems and Methods to Balance Solar Panels
in a Multi-Panel System,” Provisional U.S. Patent Application Serial No, 61/200,601, filed
December 2, 2008 and entitled “Enhanced Systerm and Method for Batancing Solar Panels in
a Multi-Panel System,” and “Provisional U.S. Application Serial No. 61/200,279, filed
November 26, 2008 and entitled “Enhanced System and Method for Balancing Solar Panels
in a Multi-Panel System,” the disclosures of which are hereby incorporated herein by

reference.

FIELD OF THE TECHNOLOGY
[0002]  Atleast some embodiments of the disclosure relate to photovoltaic systems in
general, and more particularly but not limited to, improving the energy production

performance of photovoltaic systems.

BACKGROUND

[0003]  Solar system installers take a large guard band (or safety margin) to make sure the
voltages don't cross the 600V or 1000V limits in the United States and the European Union,
respectively. That limitation inhibits them from installing more solar pane! modules, often
referred to as “modules™ or “panels,” in series to reduce the cost of combiner boxes or string
inverters. When solar modules are connected in series or in mesh configurations, there can
be a problem in which weaker modules not only produce less encrgy but also affect other

modules’ capabilities to deliver energy in the same string or wiring section.
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SUMMARY OF THE DESCRIPTION
[0004]  Systems and methods to balance currents among a plurality of photovoltaic units

connected in series are described herein. Some embodiments are summarized in this section.
{0005}  In one aspect, an apparatus includes: a photovoltaic energy production unit to
generate electricity; and 3 management unit coupled between the photovoltaic energy
production unit and a series connection of energy production units. The management unit has
at least a first switch, via which the photovoltaic energy production unit generating a first
current is to provide electricity to the series connection of energy production units. The
management unit is configured to allow a second current, larger than the first current, to flow
through the series connection of energy production units,

{0006}  In one embodiment, the energy production unit is at least one solar cell of a solar
panel; and the management unit has no inductor and is integrated on the solar panel. For
example, the energy production unit may be a subset of photovoltaic cells in a string on a
solar panel, or the entire set of photovoltaic cells of a solar panel.

{0007]  In one embodiment, the management unit further includes an energy storage unit
connected to the photovoltaic energy production unit. When the first switch is turned on, the
energy production unit provides the first current 1o the series connection of energy production
units, the energy storage unit provides a third current, and the second current in the series
connection is equal to or farger than a sum of the first current and the third current. When the
first switch is turned off, the energy production unit and the energy storage unit are
electronically disconnected from the series connection of energy production units, and the
management unit provides at least one path for the series connection of energy production
units.

[0008]  In one embodiment, the energy storage unit includes a capacitor coupled in
parailel with the energy production unit. When the first switch is turned on, an output voltage
of the local management unit is substantially equal to an output voltage of the energy
production unit.

[0009]  In one embodiment, the at least one path includes at least one of: a diode, a second
switch that is turned off when the first switch is turned on, and a synchronous rectifier.

[0010]  In one embodiment, the management unit further includes a controlier to contro}
the first switch according to a duty cycle and/or at least one of: a phase shif}, and a

synchronization pulse. The controller may be configured to control the first switch based on
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one of! at east one operating parameter {e.g., current, voltage, and temperature) associated
with the energy production unit, at least one operating parameter (¢.g., current, voltage, and
temperature) of a separate energy production unit, and a control signal received from a
remote unit (¢.g., duty eycle, phase, voltage, power),

{0811]  In one embodiment, the duty cycle is determined based on a maximum power
point of the energy production unit, based on a maximum current of the energy production
unit, based on a voltage ratio relative to the strongest unit on the string, based on a power
ratio relative to the strongest unit on the string, based on & maximum power point voltage
ratio relative to the strongest unit on the string, and/or based on a maximum power point
power ratio relative to the strongest unit on the string.

{0012}  In one embodiment, the management unit is a first management unit and the
photovoltaic energy production unit is a first photovoltaic energy production unit; and the
apparatus further includes: a second management unit and a second photovoltaic encrgy
production unit. The second management unit is connected to the first management unit in
series. The sccond management unit has at least a second switch. The second photovoltaic
energy production unit is to provide electricity to the series connection of energy production
units via the second switch of the second management unit. The second management unit is
to allow the second current, larger than a current from the second photovoltaic energy
production unit, to flow through the series connection of energy production units.

[0013]  In another aspect, 2 method includes: providing a management unit having a first
switch to couple a solar energy production unit to a series connection of energy production
units; and determining at least one parameter to control the first switch. The management
unit has an energy storage unit coupled to the solar energy production unit. When the first
switch is turned on, the solar energy production unit provides a first current to the series
connection of energy production units, the energy storage unit provides a second current, and
a third current in the series connection of energy production units is equal to or larger than a
sum of the first current and the second current. When the first switch is turned off, the solar
energy production unit and the energy storage unit are disconnected from the series
conneetion of energy production units, and the management unit provides at least one path
for the series connection of energy production units.

[0014]  In one embodiment, the determining of the parameter includes computing a duty
cycle to control the first switch based on at least one operating parameter of the solar energy

production unit.
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{8015} In one embodiment, the at least one operating parameter includes an operating
voltage of the solar energy production unit; and the method further includes: receiving
operaling voltages of a plurality of solar energy production units that are connected in series
via a plurality of management units respectively; and identifying a first voltage among the
operating voltages. The duty cycle is then computed according to a function of the first
voltage and the operating voltage of the solar energy production unit.

[0016]  In one embodiment, the solar energy production unit is a first solar energy
production unit of the plurality of solar energy production units; and when a second solar
energy production unit of the plurality of solar energy production units provides a highest
power among the plurality of solar energy production units, the first voltage is an operating
voltage of the second solar energy production unit, and the duty cycle is based at least in part
on a ratio between the operating voltages of the first and second solar energy production
units.

[6617]  In one embodiment, the method further includes: adjusting the duty cycle until a
decrease in the operating voltage of the second solar energy production unit is detected; and
undoing an adjustment to the duty cycle that causes the decrease.

[0018]  In another embodiment, the method further includes: adjusting the duty cycle until
a decrease in the operating voltage of the second solar energy production unit is detected; and
in response to the decrease, decreasing a duty cycle for a local management unit coupled to
the second solar energy production unit to increase the operating voltage of the second solar
energy production unit. In one embodiment, the duty cycle for the second solar energy
production unit is decreased until the operating voltage of the second solar energy production
unit is maximized.

[0619]  In one embodiment, the method further includes: identifying a voltage of the solar
energy production unit at a maximum power point based on the at least one operating
parameter; and adjusting the duty cycle to change an operating voltage of the solar energy
production unit towards the voltage at the maximum power point,

{0020}  Inone embodiment, the solar energy production unit is a first solar energy
production unit of the plurality of solar energy production units; and the method further
includes: receiving operating pasameters of a plurality of solar energy production units
connected in series; identifying a first maximum power point voltage of the first solar energy
production unit based on the at least one operating parameter; identifying a second solar

energy production unit having an operating voltage highest among the plurality of solar

O




Docket No. 108144-200701/WO (TGYOI

energy production units; identifying a second maximum power point voltage of the second
solar energy production unit; computing a target voltage based on the first maximum power
point voltage and the second maximum power point voltage; and adjusting the duty cycle to
drive an operating voltage of the first solar energy production unit to the target voltage.
{0021}  In one embodiment, the method further includes adjusting the duty cycle to
increase the first current,

{6022]  Inone embodiment, the method further includes adjusting the duty cycle to
change an operaling voltage of the solar energy production unit to increase an output power
of an entire string of solar energy production units,

[0023]  The disclosure includes methods and apparatuses which perform these methods,
including data processing systems which perform these methods, and computer readable
media containing instructions which when executed on data processing systems cause the
systems to perform these methods,

[0024]  Other features will be apparent from the accompanying drawings and from the

detailed description which follows.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0625]  The embodiments are illustrated by way of example and not limitation in the

figures of the accompanying drawings in which like references indicate similar elements.
{0026]  Figures 1 - 3 illustrate local management units according to some embodiments,
{6027  Figure 4 illustrates a photovoltaic system according to one embodiment.

{0028)  Figare 5 illustrates a solar panel according to one embodiment,

[0029]  Figures 6 - 8 show methods to improve performance of a photovoltaic systers

according to some embodiments,
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DETAILED DESCRIFTION

[0030]  The following description and drawings are illustrative and are not to be construed
as limiting. Numerous specific details are described to provide a thorough understanding.
However, in certain instances, well known or conventional details are not described in order
to avoid obscuring the description. References to one or an embodiment in the present
disclosure are not necessarily references to the same embodiment; and, such references mean
at least one.

[0031) When solar modules are connected in series or mesh configuration, there can be a
problem in which weaker modules not only produce less energy but also affect other modules
in the same string or wiring section, By measuring one can determine that a few modules are
weaker than the others in most commercially installed strings. Thus, the string is generating
less power than the sum available at each module if modules were operated separately.
{0032} At least one embodiment of the present disclosure provides methods and systems
to switch on and off weak modules in the string in a way that the current on the string bus
from the good modules won't be affected by the weak modules.

{0833]  Figures 1 - 3 illustrate local management units according to some embodiments.
In Figures 1 - 3, local management units (101) are used to switch on and off the solar
module (102) periodically to improve the energy production performance of the photovoltaic
systems connected, at least in part, in series.

[0034]  In Figure 1, 2 management unit {101) is local to the solar module {102) and can
be used to periodically couple the solar module (102) to the serial power bus (103} via the
switch Q1 (106), to improve the total power output for the string of solar modules connected
to the serial power bus in series.

[0035]  The local management unit (LMU) (101) may include 2 solar module controtler to
control the operation of the solar module (102) and/or a link module unit to provide
connectivity to the serial power bus (103} for energy delivery and/or for data
communications,

[0036] In one embodiment, the command to control the operation of the switch Q1 {106)
is sent to the local management unit {101) over the photovoltaic (PV) string bus (power line)
(103). Alternatively, separate network connections can be used to transmit the data and/or

commands to/from the local management unit (101).
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{0037} In Figures 1 and 2, the inputs (104a, 104b, 104¢) to the local management unit
(101) are illustrated separately. However, the inputs {104a, 104b, 104c¢) are not necessarily
communicated to local management unit (101) via separate connections. In one embodiment,
the inputs are received in the local management unit via the serial power bus (103),

[0038]  In Figure 1, the solar module (102) is connected in parallel to the capacitor C1
{165) of the focal management unit (101). The diode D1 (107) of the local management unit
(101} is connected in series in the serial power bus {103) which may or may not be part of an
overall mesh configuration of solar modules. The switch Q1 (106) of the local management
unit can selectively connect or disconnect the solar module (102) and the capacitor C1 {105)
from a paraliel connection with the dinde D1 {107) and thus connect or disconnect the solar
module (102) from the serial power bus (103).

{00391 In Figure I, a controller (109) of the local management unit (101} controfs the
operation of the switch (106) according to the parameters, such as duty cycle (104a), phase
{104b} and synchronization pulse (104c),

[0040]  In one embodiment, the controller (109) receives the parameters (104a, 104b,
104¢) from a remote management unit via the serial power bus (103) or a separate data
communication connection {e.g., a separate data bus or a wireless connection). in some
embodiment, the controller (109) may communicate with other local management units
connected on the serial power bus {103) to obtain operating parameters of the solar modules
attached to the scrial power bus {163) and thus compute the parameters (e.g., 104a and 104b)
based on the received operating parameters. In some embodiment, the controler 109) may
determine the parameter (e.g., 104a and 104b) based on the operating parameters of the solar
module (102) and/or measurements obtained by the controlier (109), without communicating
with other focal management units of other solar modules, or a remote system management
unit,

{0041} In Figure 2, a system (100) has a local management unit {101} coupled to the
solar module (102). The local management unit (101) is connected between the solar module
(102} and the string bus (103) to improve the total power output for the whole string on the
serial power bus (103). Commands to the local management unit {101) can be sent over the
photovoltaic (PV) string bus (power line) (103). To make the figure more clear, the inputs
{104a, 104b, 104c) to the controller (109) of the local managemant unit {101) were drawn
scparately, which does not necessarily indicate that the inputs (104a, 104b, 104c) are

provided via separate connections and/or from outside the local management unit (101). For
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example, in some embodiments, the controller (109) may compute the parameters {104a,
104b, 104c¢) based on measurements obtained at the local management unit (101), with or
without data communications over the serial power bus {(103) {or a separate data
communication connection with other managerent units),

{0042]  In Figure 2, the local management unit (101) is connected in one side to the solar
module (102} in parailel and on the other side in series to a string of other modules, which
may or may not be part of an overall mesh configuration. The local management unit (101)
may receive, among others, three inputs or types of input data, including a} requested duty
cycle (104a), which can be expressed as a percentage (e.g., from 0 to 100%) of time the solar
module (102) is to be connected to the serial power bus (103) via the switch Q1 (106), b) a
phase shift (104b) in degrees {e.g., from 0 degree to 180 degree) and ¢) a timing or
synchronization pulse {104c}. These inputs (e.g., 104a, 104b and 104¢) can be supplied as
discrete signals, or can be supplied as data on a network, or composite signals sent through
the power lines or wirelessly, and in yet other cases, as a combination of any of these input
types.

{0043]  InFigure2, the local management unit {101) periodically connects and
disconnects the solar module (102) to and from the string that forms the serial power bus
{103). The duty cycle (104a) and the phase (104b) of the operation of the switch Q1 {106)
can be computed in a number of ways to improve the performance of the system, which will
be discussed further below,

{6044}  In Figure 2, the local management unit (10]) includes a capacitor CI (105)and a
switch Q1 (106), as well as a diode D1 (107). In Figure 2, the diode D1 (107) is
supplemented with an additional switch Q2 {108), which acts as a synchronous rectifier to
increase efficiency. In one embodiment, the additional switch Q2 {108) is epen (turned off)
when the switch Q1 {106) is closed (turned on) to attach the solar module {102) {and the
capacitor C1 (105)) to the serial power bus (103},

f0045]  In some cases, a filter (not shown), including a serial coil and a parallel capacitor,
is also used. The filter may be placed at the local management unit or placed just before the
fuse box or inverter, or be part of either one of those.

{0046]  In Figure 2, the controller (109) is used to process the input signals (e.g., {0da,
104b, 104¢) and drive the switches Q1 (106) and Q2 (108). In one embadiment, the
contraller {109) is a small single chip micro controller (SCMC). For example, the controlier
(109) may be implemented using Application-Specific Integrated Circuit {ASIC) or Field-

-G
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Programmable Gate Array (FPGA). The controller (109) can even be implemented in
discrete, functionally equivalent circuitry, ot in other cases a combination of SCMC and
discrete circuitry,

{0047]  In one embodiment, the controller (109) is coupled to the solar module (102) in
paraliel to obtain power for processing; and the controller (109) is coupled to the serial power
bus (103) to obtain signals transmitted from other management units coupled to the serial
power bus (103),

{0048} By switching the module (102) (or groups of cells, or a cell) on and off to the
string periodically, the local management unit {101} may lower the voltage reflected to the
string bus (103) (e.g., 2 lower average voltage contributed to the string bus} and can cause the
current reflected to the string bus (103) to be higher, nearer the level it would be if the
module was not weak, generating a higher total power output.

{0849]  In one embodiment, it is preferable to use different phases to operate the switches
in different local management units on & string to minimize voltage variance on the string.
{0056]  In Figure 3, the local management unit (101) provides two connectors {112 and
114} for serial connections with other local management unit (101) to form a serial power bus
(103). The controller (109} controls the states of the switches Q1 (106} and Q2 (108).

{0051}  In Figure 3, when the controller (109) turns on the switch (106}, the panel voltage
and the capacitor C1 (105) are connected in paralle! to the connectors (112 and 1 14). The
output voltage between the connectors (112 and 114) is substantially the same as the output
panel voltage,

{0052} In Figure 3, during the period the switch (106) is turned off (open), the controller
(109) tumns on {closes) the switch {108) to provide a path around the diode D1 {107 w0
improve efficiency,

{0053  InFigure 3, when the switch (106} is turned off (open), the panel voltage charges
the capacitor C1 {105}, such that when the switch (106) is turned on, both the solar paned and
the capacitor (105) provides currents going through the connectors {112 and 114), allowing a
current larger than the current of the solar panel to flow in the string {the serial power bus
(163)). When the switch (106) is tumed off (open), the diods D1 (107} also provides a path
between the connectors (112 and 114} to sustain the cumrent in the string, even if the switch
{108} is off for some reasons.

[9054]  Inone embodiment, the controller (109) is connected (not shown in Figure 3 to
the panel voltage to obtain the power for controlling the switches Q1 (106} and Q2 (108). In

10—

-12-




Docket No. 108144-200701/WO (TGY010)

one embodiment, the controller (109) is further connected {not shown in Figure 3) to at least
one of the connectors to transmit andfor receive information from the string. In one
embodiment, the controlier (109) includes sensors {not shown in Figure 3) to measure
operating parameters of the solar panel, such as panel voitage, panel current, temperature,
light intensity, ete.

0885} Figure 4 illustrates a photovoltaic system {200) according to one embodiment. In
Figure 4, the photovoltaic system 200 is built from a few components, including photovoltaic
modules (2013, 201b, ..., 201n), local management unit units (202a, 202b, ..., 202n), an
inverter (203), and a system management unit (204).

{0056] In one embodiment, the system management unit (204) is part of the inverter
(203), the combiner box (206), a local management unit, or a stand-alone unit. The solar
modules (201a, 201b, ..., 201n) are connected in parallel to the local management unit units
{2024, 202b, .., 2020) respectively, which are connected in series to form a string bus (205),
which eventually is connected to an inverter (203) and the management unit {204),

{0057}  In Figure 4, the string bus (205) can be connected to the inverter {203) directly or
as part of a mesh network or combiner boxes or fuse boxes (not shown). An isolated local
management unit ¢an be used as a combiner box (206) to adjust alf voltages before
connecting to the inverter (206); or, a single or multi-string inverter can be used, To limit the
changes in the voltage of the bus, the management unit (204) may assign a different phase for
each of the local management units (202a, 202b, ..., 202n). In one embodiment, at any given
time, a maximum of a predetermined number of solar modules {e.g., one single solar module)
are disconnected from the string bus (205).

[0058]  In one embodiment, beyond the module connection the local management units
can have the signal inputs, including but not fimited to duty cycle {104a), phase (104b) and
synchronization pulse (104c) (e.g., to keep the local management units synchronized). In one
embodiment, the phase (104b) angd the synchronization puise {104¢) are used to further
imprave performance, but the local management unit {101) can work without them.

{0059} In one embodiment, the local management unit may provide output signals. For
example, the local management unit (101) may measure current and voltage at the module
side and optionally measure current and voltage in the siring side. The local management
unit (101) may provide other suitable signals, including but not limited to measurements of

light, temperature (both ambient and module), etc.

e 11 -
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[0060] In one embodiment, the outpus signals from the local management unit (10]) are
transmitted over the power line {e.g., via power line communication (PLC)), or transmitted
wirelessly.

{0061}  Inene embodiment, the system management unit (204) receives sensor inputs
from light sensor(s), ternperature sensor(s), one or more each for ambient, solar module or
both, to control the photovoltaic system (200). In one embodiment, the signals may also
include synchronization signals. For example, 2 management unit can send synchronization
signals periodically to set the timing values, ete.

{0062} Using the described methods the local management unit can be a very non-
expensive and reliable device that can easily increase the throughput of a photovoltaic solar
system by a few (e.g., signal or low double digits) percentage points. These varied controls
also allow installers using this kind of system to control the VOU (open circuit voitage) by,
for example by shutting off some or all modules. For example, by using the local
management units of the system, a few modules can be disconnected from a string if a string
is getting to the regulatory voltage limit, thus more modules can be installed in a siring.
[0063]  In some embodiments, local management units can also be used within the solar
panel to controf the connection of solar cells attached to strings of cells within the solar panel,
[o064] Figure 3 illusirates a solar panel according to one embodiment. In one
embodiment, the solar panel (300) has a few strings of solar cells (e.g., three solar cell strings
per moduie). In Figure §, a local management unit (101) can be applied to a group of cells
(301} within a string of an individual solar panel (300}, or in some cases to each cell (301} in
a solar panel (300).

{0065) In Figure §, a group of solar cells (301) that are attached to a local management
unit {101) may be connected to each other in series, in parallel, or in a mesh configure. A
number of local management units (101) connect the groups of the solar cells (301) in a string
to provide cutput for the solar panel (300}

[0066]  Some embodiments of the disclosure includes methods to determine the duty
cycles and/or phases for local management units connected 1o a string or mesh of solar
modules,

{0067]  In some embodiments, the duty cycle of all local management units in a string or
mesh can be changed, 1o increase or decrease the string voltage. The duty cycles may be
adjusted to avoid exceeding the maximum voltage allowed. For example, the maximum
voltage may be limited by the combiner box {206), the inverter {203), or any other load

w12
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connected to the string bus (205), or limited by any regulations applicable to that system. In
some embodiments, the duty cycles are adjusted to align the voltage of multiple strings.
[0068]  In some embodiments, the duty cycle of one local management unit {101) in a
string can be changed to cause higher current in that focal management unit {101) and overall
higher power harvesting,

{0069}  In one embodiment, the duty cycles are computed for the solar modules that are
connected to a string via the corresponding local management units. The duty cycles can be
caleulated based on the measured current and voltages of the solar modules and/or the
temperatures,

[0070]  After an initial set of duty cycles is applied to the solar modules, the duty cycles
can be further fine tuned and/or re-adjusted to changes, such as shifting shading ctc., one step
a time, to improve power performance {¢.g., to increase power output, to increase voltage, to
increase current, ¢te.). In one embodiment, target voltages are computed for the solar
moduies, and the duty cycles are adjusted to drive the module voltage towards the target
voltages,

[0671]  The methods to compute the duty cycles of the solar modules can also be used to
compute the duty cycles of the groups of solar cells within a solar module.

{0072]  Figures 6 - 8 show methods to improve performance of a photovoltaic system
according to some embodiments.

{0673} Int Figure 6, at least one operating parameter of a solar energy production unit
coupled fo a string via 8 management unit is received (401) and used to identify (403) a duty
cycle for the management unit to connect the solar energy production unit 1o string. The
solar energy production unit may be a solar module, 2 group of solar cells within a solar
module, or a single solar cell in a string in a solar module. The duty cycle is adjusted {405) to
optimize the performance of the solar energy production unit and/or the string.

[0074]  For example, the duty cycle can be adjusted to increase the current in the string
and/or the solar energy production unit, to increase the output power of the string and/or the
solar energy production unit, to increase the voltage of the solar energy production unit, etc.
[0075]  InFigure 7, the operating voltages of a plurality of solar panels connected in
series are received (421) and used to identify (423) a second solar panel having the highest
operating voltage (highest output power) in the string.

[0076]  In Figure 7, a duty cycle of a first solar panel is computed (425) based on a ratio

in operating voltage between the first and second solar panels. Alternatively, the duty cycle
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can be computed based on a ratio in output power between the first and second solar panels.
Alternatively, the duty cycle can be computed based on a ratio between the first and second
solar panels in estimated/computed maximum power point voltage. Alternatively, the duty
cycle can be computed based on a ratio between the first and second solar panels in
estimated/computed maximum power point power.

0077} The duty cycle of the first solar panel is adjusied (427) to improve the
performance of the first solar energy production unit and/or the string, until a decrease in the
operating voltage of the second solar panel is detected. For example, the duty cycle of the
first solar panel can be adjusted to increase the total output power of the string, to increase the
current of the string, to increase the current of the first solar panel, to drive the voltage of the
first solar panel towards a target voltage, such as its maximum power point voltage estimated
based on its current operating parameters, such as temperature or a voltage calculated using
its estimated maximum power point voltage.

[0078]  In Figure 7, in response to the detected decrease in the operating voltage of the
sccond solar panel which had the highest operating voltage, the adjustment in the duty cycle
of the first solar panel that causes the decrease is undone/reversed (429).

{0079]  In Figure 7, the duty cycle of the second solar panel is optionally decreased (431)
to increase the operating voltage of the second solar panel. In some embodiments, the
stronigest solar panel (or strong panels within a threshold from the strongest panel) is not
switched off line (¢.g., to have a predetermined duty cycle of 100%).

[0080]  In one embodiment, the duty cycle of the second solar panel is repeatedly
decreased (429) until it is determined (431) that the decrease (429) in the duty cycle of the
second solar panel cannot increase the voltage of the second solar panel.

{0081}  In Figure 8, operating parameters of a plurality of solar pancls connected in a
string are received (441) and used to identify (443) a first maximum power point voltage of 8
first solar panel. A second solar panel having the highest operating voltage (or outpit power)
in the string is identified. A second maximum power point voltage of the second solar panel
is identified (447) based on the received operating parameters and used to compute {449) a
target voltage for the first solar energy production unit. In one embodiment, the target
voltage is a function of the first and second maximum power point voltages and the highest
operating voltage identified (445) in the second solar panel in the string. The duty cycle of
the first solar energy production unit is adjusted to drive the operating voltage of the first

solar panel towards the target voltage.
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[0082]  Alternatively, the target voltage may be the set as the first maximum power point
voltage of the first solar panel,

{6083]  In one embodiment, 10 adjust voltage a same factor is applied to all modules in
that string. For example, in a case of a first module Al that is producing only 80%, and the
voltage of the whole string needs to be 5% lower, the duty cycle of Al is 80% multiplied the
duty cycle applied to the whole string (which is Y in this example) so module Al then has Yx
0.8 as duty cycle.

{0084]  In some embodiments, the system management unit (204) and/or the local
management units {e.g., 202a, 202b, ..., 202n} are used solely or in combination to determine
the parameters to control the operations of the switches.

{0085}  For example, in one embodiment, a system management unit (204) is the “brain”
of the system, which decides on the duty cycle and phase parameters.

{0086] For example, in another embodiment, each local management unit broadeasts
information to the other local management units on the string to alfow the individual local
management units to decide their own duty cycle and phase parameters.

{0087}  in some embodiment, a local management unit may instruct one or more other
local management units to adjust duty cycle and phase parameters, For example, the local
management units on a string bus (203) may clect one local management unit to compute the
duty cycle and phase parameters for other local management units on the string.

[0083) For example, in sorme embodiment, the system management unit {204) may
determine one or more global parameters {e.g., a global duty cycle, the maximum power on
the string, the maximum voltage on the string, ete.), based on which individual local
management units adjust their own duty cycles.

{0089]  In some embodiments, a Jocal management unit may determine its own duty
cycles without relying upon communicating with other management units. For example, the
local management unit may adjust its duty cycle for connecting its solar module to the string
to operate the solar module at the maximum power point,

[06%0}  In one embodiment, module voltage are messured by the local management units
in the same string at substantially/approximately the same time and used to identify the
strongest solar module. A strongest solar module provides the most power in the string.
Since the modules are connected in series, the solar module having the highest module

voltage in the string can be identified as the strongest solar module. In some embodiment,
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the operating voltage and current of the solar module are measured to determine the power of
the solar module,

[0091]  In one embodiment, after the highest module voltage Vi, in the string is identified,
the duty cysle for each module can be computed as a function of a ratic between the module
voltage V of the module and the highest module voltage V.. For example, the duty cycle for
a module can be computed as | — (Vi = V) Vi} = ViVp.

(0092}  In one embodiment, the system management (204) may identify the highest
module voltage from the modale voltages received from the local management units (202a,
202b, ..., 2020}, and compute the duty cycles for the corresponding local management units
{202a, 202b, ..., 202n).

[6093]  In one embodiment, the local management units (202a, 202b, ..., 202n) may report
their module voltages on the string bus (205) to allow individual local management units
(202a, 202b, .., 202n) to identify the highest module voltage and compute the duty cycles,
without relying upon the system management anit {204).

[0094]  In one embodiment, one of the local management units (202a, 202b, ..., 202n) may
identify the highest module voltage and/or compute the duty cycles for the other local
management units (202a, 202b, ..., 202n).

{6095]  In one embodiment, the duty cycles are determined and/or adjusted periodically,
[0096]  In one embodiment, after the duty cycles for the solar modules on the string are
set based on the module voltage ratio relative to the highest module voltage in the string, the
duty cycles can be fine tuned to increase the power performance. The duty cycles can be fine
tuned one step a time, until a decrease of voltage of the module with the highest power is
detected. In response to the detected decrease, the last change that caused the decrease can be
reversed (undone). The fine tuning of the duty cyeles can be used to reach the peak
performance point {e.g., for maximum power point tracking).

[0097}  In one embodiment, after the strongest module is identified, the duty cycles of the
solar modules on the string are adjusted until the module with the highest power in the string
decrease its voltage. Since decreasing the duty cycle of a solar module decreases the time
period the module is connected 1o the string and thus increases its voltage, the duty cycle of
the module with the highest power in the string can be decreased to increase its voltage, in
response to the decrease in its voltage caused by the adjustment to the duty cycles of other
solar modules on the string. For example, the duty cycie of the module with the highest

power in the string can be decreased until its voltage is maximized.
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{0098} In one embodiment, the local management unit measures module and ambient
temperatures for some methods to determine the duty eycles. For example, the operating
parameters measured at the focal management units {e.g., 202a, 202b, ..., 202n), such as
module temperature, can be used compute the estimated voltages of the solar modules at their
maximum power points. For example, a forrula presented by Nalin K. Gautam and N.D.
Kaushika in “An efficient algorithm to simulate the electrical performance of solar
photovoltaic arrays”, Energy, Volume 27, Issue 4, Aprii 2002, pages 347-261, can be used to
compute the voltage Vi of a solar module at the maximom power point. Other formulae can
also be used. Once the maximum power point voltage Vo, of 8 solar module is computed or
estimated, the duty cycle of the solar module connected to a string can be adjusted to drive
the module voitage to the computed/estimated maximum power point voltage Vo, since
decreasing the duty cyele of a solar module normally increases its voltage.

{0099]  Inone embodiment, a local management unit may adjust the duty cycle of the
solar module connected to the local management unit to change the module voltage to the
computed/estimated maximum power point voltage Vo, without having to communicating
with other management units.

[06100]  in one embodiment, a local management unit (or a system management unit) may
adjust the duty cycle of the solar module connected to the local management unit to perform
maximum power point fracking.

001} In ove embodiment, after identifying the strongest module and computing/
estimating the maximum power point voltage Vi, of the strongest module, the duty cycle
for each module on a string can be computed as & function of a ratio between the maximum
power point voltage Vm, of the module and the maximum power point voltage Vi of the
strongest module. For example, the duty cycle for 2 module can be computed as 1 — ((Vyppm —
Vo) Vipmd = Vi Vinpm. The duty cyele can be periodieally updated, based on the current
operating parameters measured, and/or fine tuned until a decrease in the voltage of the
strongest module is detected.

[00102]  Alternatively, a target voltage for each module on the string can be computed as a
function of a ratio between the maximum power point voltage Vi, of the module and the
maximum power point voltage Vi of the strongest module. For example, the target voltage
for a module ¢an be computed as Vi, x ViV mgms where Vi, is the measured voltage of the
strongest module. The duty cycle of the module can be changed to drive the module voltage

of the module towards the target voltage.
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{60183}  In one embodiment, after identifying the strongest module and computing/
estimating the maximum power point power Pyeq of the strongest module, the duty cycele for
each module on a string can be computed as a function of a ratio between the maximum
power point power Py, of the module and the maximum power point power Prgn of the
strongest module, For example, the duty cycle for a module can be computed as 1 ~ {(Popm ~
Pop)Prpm) = PanpPangm. The duty cycle can be periodically updated, based on the current
operating parameters measured, and/or fine tuned until a decrease in the voltage of the
strongest module is detected, since decreasing the duty cycle normally increases the module
voltage.

[00104]  In one embodiment, a target voltage for each module on the string can be
computed as a function of a ratic between the maximum power point power Prp of the
module and the maximum power point powsr Py of the strongest module. For example, the
target voltage for a module can be computed as Vi x PaugPoopm, Where Vg, is the measured
voltage of the strongest module. The duty cycle of the module can be changed to drive the
module voltage of the module towards the target voltage, since decreasing the duty cycle
normally increases the module voltage, A
[06105] In one embodiment, the duty cycle for each local management unit is changed to
increase the current of the solar module attached to the local management unit (e.g., based on
the measurement of the votlage and current of the solar module), until the maximum current
is achieved. This method assumes that string maximum power can be achieved with some
accuracy by driving each local management unit to maximum current. In one embodiment,
the voltages and currents of the solar modules are measured for tuning the duty cycles for
maximum power point tracking for the string. The measurements of the voltages and
currents of the solar modules also enable the local management units to additionally serve as
2 module level monitoring system.

[00106] The duty cycles can be adjusted by the system managemient unit (e.g., 204) based
on the measurements reported by the local management units {e.g., 2024, 202b, ..., 202n), or
adjusted directly by the corresponding local management units (e.g., 202a, 202b, ..., 202n).
[00107}  In one embodiment, during the process of setting and/or tuning the duty cycles,
the maximum power point tracking operation by the inverter (203) is frozen (temporarily
stopped). Light intensity at the solar modules is monitored for changes. When the light

intensity at the solar modules stabilizes, the voltage and current of the solar modules are
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measured for the determination of the duty cycles. Then normal operation resumes {e.g.,
unfreezing of maximum power point tracking operation).

{00108]  In one embodiment, the local management units measure the voltages and currents
of the solar modules to determine the power of the solar modules. After identifying the
highest power P, of the solar module on the string, the duty cycles of the solar modules on
the string are determined by the power radio relative to the highest power P, For example, if
a module produces 20 percent less power, it will be disconnected from the string bus about 20
percent of the time. For example, if & module produces power P, its duty cycle can be set to 1
~{(Pm — P)Pp} = PPn.

{00189]  In one embodiment, a predetermined threshold is used to select the weak modules
to apply duty eycles. For example, in one embodiment, when a module produces power less
than a predetermine percent of highest power Pp, a duty cycle is calculated and applied to the
solar module. If the module is above the threshold, the module is not disconnected {and thus
having a duty cycle of 100%). The threshold may be based on the power, or based on the
module voltage.

[00110] Inone embodimént, the system management unit (204) finds the duty cycles for
the local management units (202a, 202b, ..., 202n) and transmits data and/or signals
representing the duty cycles to the local management units (202a, 202b, ..., 202n) via wires or
wireless connections. Alternatively, the local management units (202a, 202b, ..., 202n) may
communicate with each other to obtain the parameters to caleulate the duty cycles.

{00111} In one embodiment, the system management unit (204) knows all the different
duty cycles indicated for the local management units (2022, 202, ..., 202n).

[00112]  In one embodiment, during power fine tuning, the system management unit (204)
sends the appropriate data/signal to the appropriate local management units (202a, 202b, ...,
202n), and then the system management unit (204) calculates the total power of the string and
corrects the duty cycle to produce maximum power. Once maximum power is achieved, the
duty cycles for the local management units (2023, 202b, ..., 202n) may be saved in a database
and serve as a starting point for the corresponding local management units (202a, 202b, ...,
202n) at the same time of day on the next day. Alternatively, a local management may store
the duty cycle in its memory for the next day.

[09113]  The stored duty cycles can be used when there is a fixed shade on the modules,

such as a chimney, a tree, etc., which will be the same shade on any day at the same time.
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Alternatively, historical data may not be saved, but may be recalculated from seratch on each
run, for example every 30 minutes.

[00114] In one embodiment, the light intensity at the solar modules is monitored for
changes. The duty cycles are calculated when the light intensity does not change
significantly. If there are changes in sun light radiation at the solar modules, the system will
wait until the environment stabilizes before applying or adjusting the duty eycles,

{00115]  In one embodiment, the system management unit {204) can communicate with the
inverter as well. When the environment is not stable (e.g., when the sun light radiation is
changing), the inverter may stop maximum power point tracking. In such a situation, the
inverter can be set up for its load, instead of tracking for maximum power point. Instead of
using the inverter to perform maximuam power point tracking, the system management unit
{204) and the Jocal management units (2024, 202b, ..., 202n) are used to set the operating
parameters and halance the string.

[00116]  Alternatively, when the environment is not stable but measurements and
caleulation are done faster than the MPPT is working, there may be no need to stop the
MPPT on the inverter. Alternatively, when the environment is not stable, measurements can
be taken few times for the same radiation until a stable result is achieved.

[00117]  Many variations may be applied to the systems and methods, without departing
from the spirit of the invention. For example, additional components may be added, or
components may be replaced. For example, rather than using a capacitor as primary energy
store, an inductor may be used, or a combination of inductor and capacitor. Also, the balance
between hardware and firmware in the micro controllers or processors can be changed,
without departing from the spirit of the invention. In some cases, only some problematic
modules may have a local management unit, for example in a shaded or partially shaded or
otherwise different situation. In yet other cases, local management units of strong modules
mmay be virtually shut off. The methods for determining the duty cycles for the solar modules
can also be used to determine the duty cycles of groups of cells connected via focal
management units in a string within 2 solar panel/module.

[06118]  In the foregoing specification, the disclosure has been described with reference to
specific exemplary embodiments thercof. It will be evident that various modifications may
be made thereto without departing from the broader spirit and scope as set forth in the
following claims. The specification and drawings are, accordingly, to be regarded in an

illustrative sense rather than a restrictive sense.
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CLAIMS

What is claimed is:

1. An apparatus, comprising:

a photevoltaic energy production unit to generate electricity; and

a management unit coupled between the photovoltaic energy production unit and a
series connection of energy production units, the management unit having at
least a first switch, the photovoltaic energy production unit to generate a fiest
current to provide electrieity to the series connection of energy production
units via the first switch of the management unit, the management unit to
allow a second current larger than the first current to flow through the series

connection of energy production units.

2. The apparatus of claim 1, wherein the management unit further comprises an energy

storage unit connected to the photovoliaic energy production unit;

wherein, when the first switch is tumed on, the energy production unit provides the
first current to the series connection of energy production units, the energy
storage unit provides a third current, and the second current is equal to or
larger than a sum of the first current and the third current; and

wherein, when the first switch is tumned off, the energy production unit and the energy
storage unit are electronically disconnected from the series connection of
energy production units, and the management unit provides at least one path

for the series connection of energy production units,

3 The apparatus of claim 2, wherein the energy storage unit comprises a capacitor
coupled in parallel with the energy production unit; and when the first switch is turned
on, an output voltage of the local management unit is substantially equal to an output

voltage of the energy production unit,
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The apparatus of claim 3, wherein the at least one path includes at least one of?

a diode,

a second switch, wherein the management unif turns off the second switch when the
first switch is turned on, and

a synchronous rectifier.

The apparatus of claim 1, wherein the management unit further comprises a controller

to control the first switch according to a duty cycle,

The apparatus of claim 5, wherein the controller is to further control the first switch

according to at least one of? a phase shift, and a synchronization pulse.

The apparatus of ¢laim 5, wherein the controler is configured to control the first
switch based on one oft

at least one operating parameter associated with the energy production unit,

at least one operating parameter of a separate energy production unit, and

a control signal received from a remote unit,

The apparatus of claim 5, wherein the at least ene operating parameter associated with
the energy production unit includes one of: a current, a voltage, and a temperature;

and the duty cycle is based on a maximum power point of the energy production unit.

The apparatus of claim 1, whercin the management unit is a first management unit
and the photovoltaic energy production unit is a first photovoltaic energy production
unit; and the apparatus further comprises:

a second management unit and a second photovoltaic energy production unit, the
second management unit connected to the first management unit in series, the
second management unit having at least a second switch, the second
photovoltaic energy production unit to provide electricity to the series
connection of energy production units via the second switch of the second

management unit, the second management unit to allow the second current,
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larger than 2 current from the second photovoltaic energy production unit, to

flow through the series connection of energy production units,

The apparatus of claim 1, wherein the energy production unit is at least one solar cell
of a solar panel; and the management unit has no inductor and is integrated on the

solar panel,

A method, comprising:

providing a management unit to couple a solar energy production unit to a series
connection of energy production units, the management unit having a first
switch and an energy storage unit coupled to the solar energy production unit;
and

determining at least one parameter to control the first switch;

wherein, when the first switch is tumed on, the solar energy production unit provides
a first current to the series connection of energy production units and the
energy storage unit provides a second current, a third current in the series
connection of energy production units being equal to or larger than a sum of
the first current and the second current; and

wherein, when the first switch is turned off, the solar energy production unit and the
energy storage unit are disconnected from the series connection of engrgy
production units, and the management anit provides at least one path for the

series conngction of energy production units.

The method of claim 11, wherein the determining comprises:
computing a duty cycle to control the first switch based on at least one operating

parameter of the solar energy production unit.

The method of claim 12, wherein the at least one operating parameter includes an
operating voltage of the solar energy production unit; and the method further
comprises:

receiving operating voltages of a plurality of solar energy production units connected

in series via a plurality of management units; and
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identifying a first voltage among the operating voltages;
wherein the duty cycle is computed according to a function of the first voltage and the

operating voltage of the solar energy production unit.

The method of claim 13, wherein the solar energy production unit is a first solar

energy production unit of the plurality of solar energy production units; and

wherein, when a second solar energy production unit of the plurality of solar energy
production units provides a highest power among the plurality of solar energy
production units, the first voltage is an operating voltage of the second solar
energy production unit, and the duty cycle is based at least in part on a ratio
between the operating voltages of the first and second solar energy production

units,

The method of claim 14, further comprising:
adjusting the duty cycle until a decrease in the operating voltage of the second solar
energy production unit is detected; and

undoing an adjustment to the duty cycle that causes the decrease.

The method of claim 14, further comprising:

adjusting the duty cycle until a decrease in the operating voltage of the second solar
energy production uni is detected; and

in response to the decrease, decreasing a duty cycle for a local management unit
coupled to the second solar energy production unit to increase the operating

voltage of the second solar energy production unit,

The method of claim 12, further comprising:

identifying a voltage of the solar energy production unit at a maximum power point
based on the at least one operating parameter; and

adjusting the duty cycle to change an operating voltage of the solar energy production

unit towards the voltage at the maximum power point.
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The method of claim 12, wherein the solar energy production unit is e first solar

energy production unit of the plurality of solar energy production units; and the

method further comprises:

receiving operating parameters of a plurality of solar energy production units
cannected in series;

identifying a first maximum power point voltage of the first solar energy production
unit based on the at least one operating parameter;

identifying a second solar energy production unit having an operating voltage highest
among the plurality of solar energy production units;

identifying a second maximum power point voltage of the second solar energy
production unit;

computing a target voltage based on the first maximum power point voltage and the
second maximum power point voltage; and

adjusting the duty cycle to drive an operating voltage of the first solar energy

production unit towards the target voltage.

The method of claim 12, further comprising:

adjusting the duty cycle to increase the first current.

The method of claim 12, further comprising:
adjusting the duty cycle to change an operating voltage of the solar energy production
unit to increase an output power of a string of solar energy production units,

the string including the solar energy production unit.
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