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(57) Abstract: A solar panel array for use in a solar cell power system is provided. The solar panel array includes a string of solar
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figured to sense an instantaneous power unbalance between the corresponding solar panel and an inverter (235).
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SYSTEM AND METHOD FOR OVER-VOLTAGE PROTECTION OF A
PHOTOVOLTAIC SYSTEM WITH DISTRIBUTED MAXIMUM POWER POINT
TRACKING

CROSS-REFERENCE TO RELATED APPLICATIONS AND PRIORITY CLAIM
[0001] This application claims priority under 35 U.S.C. §
119(e) to U.S. Provisional Patent Application No. 61/170,582
filed on April 17, 2009, which is hereby incorporated by

reference.

TECHNICAL FIELD
[0002] The present application relates generally to electrical
power systems and, more specifically, to a system and method for

over-voltage protection in a solar-cell power system.
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BACKGROUND

[0003] Photovoltaic (PV) panels (here also referred to as
“solar panels”) use radiant 1light from the sun to produce
electrical energy. The solar panels include a number of PV cells
to convert the sunlight into the electrical energy. The majority
of solar panels use wafer-based crystalline silicon cells or a
thin-film cell based on cadmium telluride or silicon.
Crystalline silicon, which is commonly used in the wafer form in
PV cells, 1is derived from silicon, a commonly used semi-
conductor. PV cells are semiconductor devices that convert light
directly into energy. When light shines on a PV cell, a voltage
develops across the cell, and a current flows through the cell
when connected to a load. The voltage and current vary with
several factors, including the physical size of the cell, the
amount of light shining on the cell, the temperature of the cell,
and external factors.

[0004] A solar panel (also referred to as a “PV module”) is
made of PV cells arranged in series and in parallel. For
example, the PV cells are first coupled in series within a group.

Then, a number of the groups are coupled together in parallel.
Likewise, a PV array (also referred to as a “solar array”) is
made of solar panels arranged in series and in parallel.

[0005] The electrical power generated by each solar panel is
determined by the.solar panel’s voltage and current. In a solar
array, electrical connections are made in series to achieve a
desired output string voltage and/or in parallel to provide a
desired amount of string current source capability. In some
cases, each panel voltage is boosted or bucked with a DC-DC
converter.

[0006] The solar array is connected to an electrical load, an
electrical grid or an electrical power storage device, such as
(but not limited to) battery cells. The solar panels deliver

direct current (DC) electrical power. When the electrical load,
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electrical grid or electrical power storage device operates using
an alternating current (AC) (for example, sixty cycles per second
or 60Hz), the solar array 1s connected to the electrical load,
electrical grid, or electrical power storage device, through a
DC-AC inverter.

[0007] Solar panels exhibit voltage and current
characteristics described by their I-V curve, an example of which
is shown in FIGURE 1. When the solar cells are not connected to
a load, the voltage across their terminals is their open circuit
voltage Voe. When the terminals are connected together to form a
short circuit, a short circuit current I is generated. In both
cases, since power is given by voltage multiplied by current, no
power is generated. A Maximum Power Point (MPP) defines a point
where the solar panels are operating at a maximum power.

[0008] Often, a solar panel is capable of large and fast power
transients. During these transients, the difference between the
power generated by the solar panel and the power put on the grid
by the inverter (e.g., in the case of a solar array connected to
the grid) is stored and released by an electrical energy storage
device (e.g., an inverter input capacitor). Under certain
conditions referred to as a string over-voltage, the power
difference can cause the inverter input voltage to exceed the
inverter’s maximum rating, causing severe and permanent damage to

the inverter.
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SUMMARY

[0009] This disclosure provides a system and method for over-
voltage protection of a photovoltaic system with distributed
maximum power point tracking.

[0010] A solar panel array for use in a solar cell power
system is provided. The solar panel array includes a string of
solar panels and multiple voltage converters. Fach of the
voltage converters is coupled to a corresponding solar panel in
the string of solar panels. Additionally, the solar panel array
includes multiple maximum power point tracking (MPPT)
controllers. Each of the MPPT controllers is coupled to a
corresponding solar panel in the string of solar panels. Each of
the MPPT controllers is configured to sense an instantaneous
power unbalance between the corresponding solar panel and an
inverter.

[0011] A device for use in a solar cell power system is also
provided. The device includes a voltage converter adapted to be
coupled to a solar panel in a string of solar panels. The device
also includes an MPPT controller. The MPPT controller is coupled
to the voltage converter. Additionally, the MPPT controller is
configured to sense an instantaneous power unbalance between the
solar panel and an inverter.

[0012] A method for over-voltage avoidance in a photovoltaic
array is further provided. The method includes sensing at least
one of multiple power variables. The method further includes
detecting a power unbalance between a solar panel in a string of
solar panels and an inverter coupled to a solar panel array. The
method also includes regulating an output of a voltage converter.

[0013] Before undertaking the DETAILED DESCRIPTION below, it
may be advantageous to set forth definitions of certain words and
phrases used throughout this patent document. The term “couple”
and its derivatives refer to any direct or indirect communication

between two or more elements, whether or not those elements are



10

15

WO 2010/121211 PCT/US2010/031505
5

in physical contact with one another. The terms “transmit,”

(4

“receive,” and “communicate,” as well as derivatives thereof,
encompass both direct and indirect communication. The terms
“include” and “comprise,” as well as derivatives thereof, mean
inclusion without limitation. The term “or” is inclusive,
meaning and/or. The phrases “associated with” and “associated
therewith,” as well as derivatives thereof, may mean to include,
be included within, interconnect with, contain, be contained
within, connect to or with, couple to or with, be communicable
with, cooperate with, interleave, juxtapose, be proximate to, be
bound to or with, have, have a property of, or the like. The
term “controller” means any device, system, or part thereof that
controls at least one operation. A controller may be implemented
in hardware, firmware, software, or some combination of at least
two of the same. The functionality associated with any

particular controller may be centralized or distributed, whether

locally or remotely.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0014] For a more complete understanding of this disclosure
and its advantages, reference is now made to the following
description, taken in conjunction with the accompanying drawings,
in which like reference numerals represent like parts:

[0015] FIGURE 1 illustrates an example I-V curve for a
photovoltaic (PV) panel;

[0016] FIGURE 2 dillustrates an example PV array system
according to embodiments of this disclosure;

[0017] FIGURE 3 illustrates an example solar panel according
to embodiments of this disclosure;

[0018] FIGURE 4 illustrates an example AC disconnection event
according to embodiments of this disclosure;

[0019] FIGURE 5 illustrates an example over-voltage protection
process 1in a PV array according to embodiments of this
disclosure; and

[0020] FIGURE 6 illustrates an example over-voltage protection
process in a PV array when an AC disconnection event is not

detected according to embodiments of this disclosure.
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DETAILED DESCRIPTION

[0021] FIGURES 1 through 6, discussed below, and the various
embodiments used to describe the principles of the present
disclosure in this patent document are by way of illustration
only and should not be construed in any way to limit the scope of
the disclosure. Those skilled in the art will understand that
the principles of the present disclosure may be implemented in
any suitably arranged photovoltaic array system.

[0022] FIGURE 2 illustrates an example photovoltaic (PV) array
system 200 according to embodiments of this disclosure. The
embodiment of the PV array system 200 shown in FIGURE 2 is for
illustration only. Other embodiments of the PV array system 200
could be used without departing from the scope of this
disclosure.

[0023] The PV array system 200 includes a number of solar
panels 205a-205d (referred to collectively as solar panels 205).

The solar panels 205 are arranged in series, in parallel, or
both. For example, solar panel 205a can be coupled in series
with solar panel 205b while solar panel 205c is coupled in series
with solar panel 205d. Additionally, solar panels 205a and 205b
are coupled in parallel with solar panels 205c and 205d. Solar
panels 205 coupled in series (e.g., solar panels 20ba and 205b)
are referred to as strings. Therefore, as shown in FIGURE 2,
solar panels 205a and 205b form a first string 210, and solar
panels 205c and 205d form a second string 215. Further, the
voltage across the string 210 or 215 is referred to as the string
voltage, and the current through the string 210 or 215 1is
referred to as the string current.

[0024] The PV array system 200 includes a DC-AC inverter 235.

The PV array system 200 (e.g., solar array) 1s coupled to the
DC-AC inverter 235. The solar panels 205 can be coupled in
series with one or more additional solar panels 205 to the DC-AC

inverter 235. Additionally, and alternatively, the solar panels
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205 can be coupled in parallel with one or more additional solar
panels 205 to the DC-AC inverter 235. The DC-AC inverter 235
extracts power from the PV array system 200 and converts the
extracted power from DC to AC for interconnection with a power
distribution grid (“grid”) 240.

[0025] Each string 210, 215 of the PV array system 200 is
sized according to a specified size for operation with the DC-AC
inverter 235. The specified size is determined such that the sum
of the open-circuit voltage of all the solar panels 205 in a
string 210, 215 cannot exceed a maximum DC-AC inverter 235 input
voltage rating corresponding to the temperature conditions
specified by the PV array application.

[0026] FIGURE 3 illustrates an example solar panel 205
according to embodiments of this disclosure. The embodiment of
the solar panel 205 shown in FIGURE 3 is for illustration only.
Other embodiments of the solar panel 205 could be used without
departing from the scope of this disclosure.

[0027] Each solar panel 205 includes a number of PV cells
305a-3051 (referred to collectively as PV cells 305) arranged in
series, in parallel, or both. For example, a first string 310 of
PV cells is formed when PV cells 305a, 305b and 305c are coupled
in series. A second string 315 of PV cells is formed when PV
cells 305d, 305e and 305f are coupled in series. A third string
320 of PV cells is formed when PV cells 305g, 305h and 3051 are
coupled in series. Thereafter, the first string 310, second
string 315 and third string 320 are coupled in parallel to form
the solar panel 205.

[0028] The PV cells 305 are semiconductor devices that convert
light directly into energy. When light shines on a PV cell, a
voltage develops across the cell, and a current flows through the
cell when connected to a load. The voltage and current vary with
several factors, including the physical size of the cell, the

amount of light shining on the cell, the temperature of the cell,
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and external factors. PV modules are coupled together such that
each solar panel includes a positive potential (e.g., voltage).

[0029] Returning to FIGURE 2, each solar panel 205 is coupled
on its output terminals to a Panel Dedicated Converter (PDC) 220.
The PDC 220 includes a DC-DC converter 225 coupled to the solar
panel 205. Accordingly, the voltage across DC-DC converters 225
coupled in series is the string voltage, and the current through
the DC-DC converters 225 coupled in series is the string current.
The DC-DC converter 225 1is configured to provide power
conversion (e.g., bucking and boosting) for the solar panel 205.
The DC-DC converter 225 converts the power to a voltage or
current level which is more suitable to whatever load the system
is designed to drive. For example, the DC-DC converter 225
performs two to one (2:1) boosting of the voltage received from
the solar panel 205. In such example, the solar panel 205 is
configured to output voltage in a range of thirty volts (30V) to
fifty volts (50V) (e.g., output voltage may depend on amount of
sunlight received at the solar panel 205). The DC-DC converter
225 boosts the voltage to a corresponding range of sixty volts
(60V) to one hundred volts (100V) (e.g., when a high-voltage
converter). In an additional example, the solar panel 1is
configured to output voltage in a range of one volt (1V) to
thirty volts (30V). The DC-DC converter 225 boosts the voltage
to a corresponding range of two volts (2V) to sixty volts (60V)
(e.g., when a low-voltage converter). It will be understood that
although the examples illustrate a boosting operation,' the DC-DC
converter 225 can perform bucking operations as well.

[0030] The PDC 220 includes a Maximum Power Point Tracking
(MPPT) controller 230 coupled to the DC-DC controller 225. The
MPPT controller 230 is configured to sense the current from each
solar panel 205. The MPPT controller 230 includes a central
processing unit (“CPU”), a memory unit, an input/output (“I/0")

device, one or more interfaces configured to couple to the DC-DC
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converter, and one or more sensory input terminals (“sensors”)
configured to measure current and voltage at the input and output
of the DC-DC converter 225. The CPU, memory, I/0 device,
interfaces, and sensors are interconnected by one or more
communication links (e.g., a bus). It is understood that the
MPPT controller 230 may be differently configured and that each
of the listed components may actually represent several different
components. For example, the CPU may actually represent a multi-
processor or a distributed processing system; the memory unit may
include different levels of cache memory, main memory, hard
disks, and remote storage locations; and the I/0 device may
include monitors, keyboards, and the like. Additionally, the
memory unit stores a plurality of instructions configured to
cause the CPU to perform one or more of the functions of the MPPT
controller 230 outlined below. The memory unit also is capable
of storing one or more sensed values for received via sensors
and/or interfaces. Additionally, the memory unit is capable of
storing threshold values.

[0031] PV cells have a single operating point (referred to as
the maximum power point 105) where the values of the current (I)
and voltage (V) of the cell result in a maximum power output. A
PV cell (and corresponding PV module 305) has an exponential
relationship between current and voltage, and the maximum power
point (MPP) 105 occurs at the knee of the curve where the
resistance 1is equal to the negative of the differential
resistance (V/I = -AV/AI). The MPPT controller 230 searches for
the maximum power point 105. Then, the MPPT controller 230
varies the duty cycle of the DC-DC converter 225. Therefore, the
MPPT controller 230 enables the DC-DC converter 225 to extract
the maximum power available from the PV module 305.

[0032] Therefore, the PDC 220 is a high efficiency DC-to-DC
converter that functions as an optimal electrical load for a

solar panel 205 (or PV array system 200 when coupled to the
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entire array) and converts the power to a voltage or current
level which is more suitable to whatever load the system is
designed to drive. The PDC 220 is capable of performing per
panel maximum power point tracking.

[0033] A solar panel 205 operated at the MPP can be modeled at
steady-state as an ideal power source as described, wusing
generator convention, by Equation 1:

Vpan (t) *Ipan (t) =Pupp. [Eqn. 1]
In Equation 1, Vpan(t) is the voltage of the solar panel 205,
Ipan(t) 1is the current of the solar panel 205, and Pmppr is the
power generated by the solar panel 205 at MPP.

[0034] A grid-tied DC-AC inverter 235 can be modeled at
steady-state as an ideal power sink, described using load
convention by Equation 2:

Vstring () *Istring (€) =Pstring- [Eqn. 2]
In Equation 2, Vstring(t) 1s the input voltage of the DC-AC
inverter 235, Istring(t) is the input current of the DC-AC inverter
235, and Pgering is the total input power.

[0035] The total power generated by the PV array system 200 is
the input power of the DC-AC inverter 235. At steady-state, the
input power generated by the PV array system 200 equals the power
put in the distribution grid 240 by the DC-AC inverter 235.
Steady-state neat power balance i1s achieved by an active
controller (not shown) integrated in the DC-AC inverter 235. To
assist in achieving instantaneous ©power Dbalance during
transients, the DC-AC inverter 235 also includes an energy
storage component (not shown). The energy storage component can
be, but is not limited to, a capacitor connected at the input
terminals of the DC-AC inverter 235.

[0036] The PV array system 200 is capable of large and fast
power transients. During these transients, a difference between
the power generated by the PV array system 200 and the power
output to the grid 240 by the DC-AC inverter 235 is stored and
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released by the inverter capacitor. String over-voltage can
occur when the power difference causes the input voltage of the
DC-AC inverter 235 to exceed the maximum rating of the DC-AC
inverter 235. Additionally, string over-voltage can occur as a
result of a sudden AC-side disconnect at the DC-AC inverter 235
while operating under MPPT. In such condition, since PDC 220
performs real-time MPPT of the solar panel 205 to which the PDC
220 is connected, the power generated by the PV array system 200
can be considered constant, while the power output on the grid
240 by the DC-AC inverter 235 drops suddenly to zero.
Accordingly, the entire power from the PV array system 200 is
transferred to the inverter input capacitor as defined by

Equations 3 and 4:

Vstring(t) *Istring(t) =Parray [Eqn- 3]
av.,. (i
Istring (t) =C Sl;};g( ) . [Eqn .4 ]

In Equations 3 and 4, C is the capacitance of the inverter input
capacitor, and Parray is the total power generated by the PV array
system 200.

[0037] Equations 3 and 4 can be rewritten as Equation 5:

2tParray
I/slring (t) = C . [ E gn. 5 ]

Equation 5 illustrates that the string voltage will grow
indefinitely. In order to avoid string over-voltage, the MPPT
controller 230 senses instantaneous power unbalance between the
PV array system 200 and the DC-AC inverter 235. The MPPT
controller 230 senses multiple power variables. The power
variables include, but are not limited to, input voltage, input
current, output voltage, and output current. The MPPT controller
230 can sense input current and input voltage (i.e., current and
voltage at the input terminals of the DC-DC converter 225) and
output current and output voltage (i.e., current and voltage at

the output terminals of the DC-DC converter 225). In some
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embodiments, the MPPT controller 230 estimates one or more
variables based on a sensed variable. For example, the MPPT
controller 230 can estimate output current and output voltage
based on sensed values for input voltage, input current and the
corresponding duty cycle of the DC-DC converter 225.
Additionally, the MPPT controller 230 measures the slopes of the
sensed and estimated variables.

[0038] As an example, in the event that an AC disconnect event
occurs at a time t=0, assuming Vgtring(0)=Vsteady-stater and Tstring(0)

is defined by Eguation 6:

P
]slring (0) = = I [Eqn . b :'

4 — * steady-siate
steady—state

then the slope of the output voltage of a single solar panel’s

DC-DC converter 225 at the time t=0 is defined by Equation 7:

av,.@) :Zgﬂtmg [Eqn. 7]

ar | &
In Equation 7, N is the number of solar panels 205 in the string
210, and Vyur is the output voltage of a single PDC 220.

[0039] FIGURE 4 illustrates an example AC disconnection event
according to embodiments of this disclosure. The embodiment of
the AC disconnection event shown in FIGURE 4 is for illustration
only. Other embodiments of the AC disconnection event could be
used without departing from the scope of this disclosure.

[0040] FIGURE 4 illustrates that the output voltage of the PDC
220 rises well above the open circuit voltage of the solar panel
205 (sixty-five volts 405 in this example), reaching a voltage of
eighty-five volts 410. This can easily cause the string voltage
to exceed the maximum input voltage of the inverter 235.

[0041] Therefore, for a giVen number of solar panels 205 in a
string and for a given value of C, the MPPT controller 230 can
detect the AC disconnect event by measuring the slope of the
output voltage 415 as long as the current Isteagy-state 13 high

enough. The MPPT controller 230 compares the slope of the output
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voltage 415 to a pre-set threshold that is chosen according to
system parameters to not affect normal operation. Additionally
and alternatively, the MPPT controller 230 can detect the AC
disconnection event by measuring the number of duty-cycle up-
steps within a certain time window.

[0042] Once the MPPT controller 230 detects the AC
disconnection event, the MPPT controller 230 reduces or avoids
string over-voltage by reducing the duty cycle of the DC-DC
converter 225. By doing this, the MPPT controller 230 moves the
operating point of the PDC 220 away from the maximum power point
105 and causes the output power of the panel to decrease and,
eventually, to drop to “0.” The MPPT controller 230 can vary the
conversion ratio of the DC-DC converter 225 by forcing the duty
cycle to be a specific value, limiting the duty cycle of the DC-
DC converter 225, varying the duty cycle of the DC-DC converter
225 by an amount proportional to the output voltage or the output
voltage slew rate, setting the output of the DC-DC converter 225
to a maximum output voltage, or any combination of the above.

[0043] As an example, the MPPT controller 230 can set the
conversation ratio of the DC-DC converter 225 to a specific
value, such as, but not limited to, one (e.g., 1:1). Therefore,
the MPPT controller 230 forces the DC-DC converter 225 not to
boost the voltage from the solar panel 205. In this condition,
when the solar panel 205 is configured to output a voltage in the
range of 30V-50V, the DC-DC converter 225 outputs a corresponding
voltage in the range of 30V-50V. Additionally, when the solar
panel 205 is configured to output a voltage in the range of 1V-
30V, the DC-DC converter 225 outputs a corresponding voltage in
the range of 1V-30V.

[0044] Additionally and alternatively, the MPPT controller 230
can vary the duty-cycle of the DC-DC converter 225 by an amount
proportional to the output voltage or the output voltage slew

rate. Given a certain voltage slew-rate threshold, the MPPT
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controller 230 regulates the duty-cycle of the DC-DC converter
225 to operate the system at a current that corresponds to an
initial output voltage slew-rate lower than the voltage slew-rate
threshold. Additionally, to avoid the risk of operating in such
condition, the MPPT controller 230 utilizes a minimum power
current Isiring min to detect the AC disconnection event. Lstring min
is determined using Equation 7, where the current is the output
current of the PDC 220, which is the same for every PDC 220 in
the string 210. Further, in order to avoid a non-detectable AC
disconnection event resulting from when the output current of the
PDC 220 is below Istring mins the MPPT controller 230 limits the
conversion ratio of the DC-DC converter 225. When the output
current of the PDC 220 is below Lstring min, the MPPT controller 230
limits the conversion ratio to one (e.g., 1:1). Therefore, in
the event that an AC disconnection event occurs that cannot be
detected, the MPPT controller 230 causes the maximum string
voltage to not exceed the sum of the open-circuit voltages of the
solar panels 205 in the string 210 and, consequently, the maximum
input voltage of the DC-AC inverter 235. The technique described
above could also be implemented by setting a proper minimum value
of input current of the PDC 220 and implementing a similar
process. For example, output or input current could be used.

[0045] Furthermore, the MPPT controller 230 can limit the
output voltage of the DC-DC converter 225 to a maximum value.
For example, the voltage of the DC-DC converter 225 can be
limited to a maximum of 100V when coupled to a solar panel 205
configured to output a wvoltage in the range of 30V-50V.
Additionally and alternatively, the wvoltage of the DC-DC
converter 225 can be limited to a maximum of 50V when coupled to
a solar panel 205 configured to output a voltage in the range of
1v-30V.

[0046] Accordingly, since the MPPT controller 230 is coupled
to an individual solar panel 205 as part of the PDC 220, the MPPT
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230 does not sense the voltage of the string 210. However, the
MPPT controller 230 is able to regulate the input voltage to the
DC-AC inverter 235 by sensing one or more variables related to
the solar panel 205.

[0047] FIGURE 5 illustrates an example over-voltage protection
process 500 in a PV array according to embodiments of this
disclosure. The embodiment of the over-voltage protection
process 500 shown in FIGURE 5 is for illustration only. Other
embodiments of the over-voltage protection process 500 could be
used without departing from the scope of this disclosure.

[0048] An MPPT controller measures one or more power variables
of a solar panel in a string of solar panels in step 505. The
power variables include the DC-DC converter input current, input
voltage, output current and/or output voltage. In some
embodiments, the MPPT controller 230 stores the measured power
variable(s) and the duty cycle of the DC-DC converter 225 in the
memory unit.

[0049] In step 510, an AC disconnection event occurs. As a
result of the AC disconnection event, a power unbalance occurs
between an inverter 235 and the solar panel 205. As a result of
the AC disconnection event, the power generated by the PV array
is substantially constant, while the power output onto the grid
240 by the DC-AC inverter 235 drops suddenly to zero. In some
embodiments, an AC disconnection event does not occur, however, a
power difference between the inverter and PV array occurs.

[0050] The MPPT controller senses at least one power variable
in step 515. Using the sensed power variable and the duty cycle,
for example, the MPPT controller estimates one or more additional
power variables in step 515. Therefore, the MPPT controller 230
detects the AC-disconnection event by measuring the slope of the
output voltage of the DC-DC converter in step 520.

[0051] The MPPT controller regulates the output voltage of the

DC-DC converter in step 525. In some embodiments, the MPPT
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controller 230 reduces the duty cycle of the DC-DC converter 225.

For example, the MPPT controller 230 can set the conversion
ratio to be a specific value. Additionally and alternatively,
the MPPT controller 230 can limit the duty cycle or vary the duty
cycle by an amount proportional to the output voltage or output
voltage slew rate. In some embodiments, the MPPT controller 230
sets the output voltage of the DC-DC converter 225 to a maximum
value.

[0052] FIGURE 6 illustrates an example over-voltage protection
process 600 in a PV array when an AC disconnection event is not
detected according to embodiments of this disclosure. The
embodiment of the over-voltage protection process 600 shown in
FIGURE 6 is for illustration only. Other embodiments of the
over-voltage protection process 600 could be used without
departing from the scope of this disclosure. In FIGURE 6, an
over-voltage protection process 600 includes the case in which
the AC disconnection event cannot be detected due to the fact
that the string current is not high enough.

[0053] An MPPT controller measures one or more power variables
of a solar panel in a string of solar panels in step 605. The
power variables include the DC-DC converter input current, input
voltage, output current and/or output voltage. In some
embodiments, the MPPT controller 230 stores the measured power
variable(s) and the duty cycle of the DC-DC converter 225 in the
memory unit.

[0054] In some embodiments, the MPPT controller uses a minimum
output current threshold in the process of detecting an AC
disconnection event. The AC disconnection event may not be
detectable due to the fact that the string current is not high
enough. For example, in step 615, a minimum power current
threshold Istring min 18 used to determine if an AC disconnect event
is detected. If the output current Igtring 15 less than Tstring min

(Istring<Istring min) , an AC disconnection event is not detected.
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Therefore, the MPPT controller limits the duty cycle of the DC-DC
converter in step 635. Accordingly, the converter 225 is not
allowed to boost as much. The MPPT controller 230 causes the
maximum string voltage to not exceed the sum of the open-circuit
voltages of the solar panels 205 in the string and, consequently,
the maximum input voltage of the DC-AC inverter 235.

[0055] If the output current Istring 18 greater than Istring min
(Istring” Istring min) » the process moves to step 615. In step 615, an
AC disconnection event occurs. As a result of the AC
disconnection event, a power unbalance occurs between an inverter
235 and a solar panel 205. As a result of the AC disconnection
event, the power generated by the PV array is substantially
constant, while the power output onto the grid 240 by the DC-AC
inverter 235 drops suddenly to zero.

[0056] The MPPT controller senses at least one power variable
in step 620. Using the sensed power variable and the duty cycle,
for example, the MPPT controller can estimate one or more
additional power variables in step 620. The MPPT controller
detects the AC-disconnection event by measuring the slope of the
output voltage of the DC-DC converter in step 625.

[0057] The MPPT controller regulates the output voltage of the
DC-DC converter in step 630. In some embodiments, the MPPT
controller 230 reduces the duty cycle of the DC-DC converter 225.

For example, the MPPT controller 230 can set the conversion
ratio to be a specific value. Additionally and alternatively,
the MPPT controller 230 can limit the duty cycle or vary the duty
cycle by an amount proportional to the output voltage or output
voltage slew rate. In some embodiments, the MPPT controller 230
sets the output voltage of the DC-DC converter 225 to a maximum
value.

[0058] Although this disclosure has described various example
embodiments, various changes and modifications may be suggested

to one skilled in the art. It is intended that this disclosure



WO 2010/121211 PCT/US2010/031505
19

encompass such changes and modifications as fall within the scope

of the appended claims.
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WHAT TS CLAIMED IS:

1. A solar panel array for use in a solar cell power
system, the solar panel array comprising:

a string of solar panels;

multiple voltage converters, each voltage converter coupled
to a corresponding solar panel in the string of solar panels; and

multiple maximum power point tracking (MPPT) controllers,
each MPPT controller coupled to a corresponding solar panel in
the string of solar panels, each MPPT controller configured to
sense an instantaneous power unbalance between the corresponding

solar panel and an inverter.

2. The solar panel array as set forth in Claim 1, wherein
at least one of the MPPT controllers is configured to limit a

duty cycle of at least one of the voltage converters.

3. The solar panel array as set forth in Claim 2, wherein
at least of the MPPT controllers is configured to limit a
conversion ratio of at least one of the voltage converters to a

specified value.

4, The solar panel array as set forth in Claim 2, wherein
at least one of the MPPT controllers is configured to reduce the

duty cycle to a fixed quantity.

5. The solar panel array as set forth in Claim 2, wherein
at least one of the MPPT controls 1is configured to reduce the

duty cycle by an amount proportional to an output value.

6. The solar panel array as set forth in Claim 1, wherein
at least one of the MPPT controllers is configured to regulate a
voltage of at least one of the voltage converters if an output

current of the at least one voltage converter is less than a
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threshold current.

7. The solar panel array as set forth in Claim 1, wherein
at least one of the MPPT controllers is configured to estimate at

least one variable based on a sensed value.

8. A device for use in a solar cell power system, the
device comprising:

a voltage converter adapted to be coupled to a solar panel
in a string of solar panels; and

¢

a maximum power point tracking (MPPT) controller coupled to
the veltage converter, the MPPT controller configured to sense an
instantaneous power unbalance between the solar panel and an

inverter.

9. The device as set forth in Claim 8, wherein the MPPT
controller is configured to limit a duty cycle of the voltage

coéHnverter.

10. The device as set forth in Claim 9, wherein the MPPT
controller is configured to limit a conversion ratio of the

voltage converter to a specified value.

11. The device as set forth in Claim 9, wherein the MPPT
controller is configured to reduce the duty cycle of the voltage

converter to a fixed quantity.

12. The device as set forth in Claim 9, wherein the MPPT
control is configured to reduce the duty cycle of the voltage

converter by an amount proportional to an output value.

13. The device as set forth in Claim 8, wherein the MPPT

controller is configured to regulate a conversion ratio of the
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voltage converter if an output current of the voltage converter

is less than a threshold current.

14. The device as set forth in Claim 8, wherein the MPPT
controller is configured to estimate at least one variable based

on a sensed value.

15. A method for over-voltage avoidance in a photovoltaic
array, the method comprising:

sensing at least one of multiple power variables;

detecting a power unbalance between a solar panel 1in a
string of solar panels and an inverter coupled to a solar panel
array;

regulating an output of a voltage converter.

16. The method set forth in Claim 15, wherein regulating
the output of the voltage converter comprises limiting a duty

cycle of the voltage converter.

17. The method as set forth in Claim 16, wherein limiting
the duty cycle of the voltage converter comprises limiting a

conversion ratio of the voltage converter to a specified value.

18. The method as set forth in Claim 16, wherein the duty
cycle of the voltage converter comprises at least one of:
reducing the duty cycle to a fixed quantity, reducing the duty
cycle by an amount proportional to an output voltage, and
reducing the duty cycle by an amount proportional to the outpuE

voltage slew-rate.
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19. The method, as set forth in Claim 16, further
comprising:

regulating a conversion ratio of the voltage converter if an
output current of the voltage converter is less than a threshold

current.

20. The method as set forth in Claim 15, further
comprising:
estimating at least one power variable based on a sensed

value.
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