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Photovoltaic System Protection 

Andrew Ponec, Darren Hau, Ben Johnson, Daniel Maren, William Dally 

[01] This application claims the benefit, under 35 U.S.C. § 119 (e), of U. S. Provisional 

Application No. 62/003,046, entitled "Method for Improving Photovoltaic System Performance 

while Utilizing Voltage-Limiting Devices," filed May 27, 2014, and naming Andrew J. Ponec, 

et. al, as inventors.  

FIELD OF THE INVENTION 

[02] The present disclosure relates in general to photovoltaic modules and more particularly to 

component protection in a solar power generation system.  

BACKGROUND 

[03] Photovoltaic cells are widely used for the generation of electricity from solar light.  

System designers often trade off various costs and benefits when determining the components of 

a solar power generation facility. Various design consideration include the amount of area 

available for the placement of photovoltaic cells, the expected weather conditions, variations in 

the expected amount of expected sunlight during a day and during various seasons, and the 

desired amount of power to be provided by the facility.  

[04] In addition, economic factors also play a role in design choices. For example, more 

power can generally be obtained by installing a larger facility with more photovoltaic modules-

within the limits of available area. But larger facilities generally come at increased up-front cost.  

Thus, a system designer may need to keep in mind the cost of photovoltaic modules, inverters, 

and other components; the savings that may be obtained by not needing to purchase 

supplemental electricity when needed from a local utility provider; and the price at which excess 

generated electricity may be sold to a local utility provider. While some of these design choices 

can involve complex calculations based on estimates of future economic conditions, they all 

generally involve meeting some goals while reducing the present cost of deploying the solar 
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facility. For a variety of situations, it is helpful to employ designs that make efficient use of the 

components in a facility.  

BRIEF DESCRIPTION OF THE DRAWINGS 

[05] The benefits, features, and advantages of the present disclosure will become better 

understood with regard to the following description, and accompanying drawings.  

[06] FIG. 1 illustrates one example of a photovoltaic facility 100 that uses two photovoltaic 

modules.  

[07] FIG. 2 is an example of a graph of I-V curves for the example facility from FIG. 1.  

[08] FIG. 3 is a graph showing one example of a relationship between the voltage produced by 

a series of two modules and an average voltage produced by the individual modules.  

[09] FIG. 4 illustrates an example of a partially-shortable photovoltaic module 400.  

[10] FIG. 5 illustrates one example of a photovoltaic facility 500 that uses three photovoltaic 

modules such as the module shown in FIG. 4.  

[11] FIG. 6 is a graph showing one example of the relationship between the voltage produced 

by a series of three partially-shortable modules and the average voltage that would be produced 

by the unshorted individual modules.  

[12] FIG. 7 illustrates one example of a photovoltaic facility 700 that uses three partially

shorting photovoltaic modules.  

[13] FIG. 8 is a graph showing one example of the relationship between the voltage produced 

by a series of three partially-shortable modules with different thresholds and the average voltage 

that would be produced by the unshorted individual modules.  

[14] FIG. 9 illustrates one example of a photovoltaic facility 900 that uses three partially

shorting photovoltaic modules.  

[15] FIG. 10 is a flow diagram of one example of a method for limiting the voltage generated 

by a collection of solar cells.  

[16] FIG. 11 is a block diagram of one embodiment of a computer system.  
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DETAILED DESCRIPTION 

[17] The following detailed description is merely illustrative in nature and is not intended to 

limit the embodiments of the subject matter of the application or uses of such embodiments. As 

used herein, the word "exemplary" means "serving as an example, instance, or illustration." Any 

implementation or embodiment described herein as exemplary or as an example is not 

necessarily to be construed as preferred or advantageous over other implementations.  

Furthermore, there is no intention to be bound by any expressed or implied theory presented in 

the preceding technical field, background, brief summary or the following detailed description.  

[18] This specification includes references to "one embodiment" or "an embodiment" or "one 

example" or "an example." The appearances of phrases such as "in one embodiment" or "in an 

embodiment" do not necessarily refer to the same embodiment or example. Particular features, 

structures, or characteristics may be combined in any suitable manner consistent with this 

disclosure.  

[19] Terminology. The following paragraphs provide definitions and/or context for terms 

found in this disclosure (including the appended claims): 

[20] "Comprising." This term is open-ended. As used in the appended claims, this term does 

not foreclose additional structure or steps.  

[21] "Configured To." Various units or components may be described or claimed as 

"configured to" perform a task or tasks. In such contexts, "configured to" is used to connote 

structure by indicating that the units/components include structure that performs those task or 

tasks during operation. As such, the unit/component can be said to be configured to perform the 

task even when the specified unit/component is not currently operational (e.g., is not on/active).  

Reciting that a unit/circuit/component is "configured to" perform one or more tasks is expressly 

intended not to invoke 35 U.S.C. § 112(f) for that unit/component.  

[22] "First," "Second," etc. As used herein, these terms are used as labels for nouns that they 

precede, and do not imply any type of ordering (e.g., spatial, temporal, logical, etc.). For 

example, reference to a "first" string of solar cells in a PV module does not necessarily imply 

that this string is the first string in a sequence; instead the term "first" is used to differentiate this 

string from another string (e.g., a "second" string).  
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[23] "Based On." As used herein, this term is used to describe one or more factors that affect a 

determination. This term does not foreclose additional factors that may affect a determination.  

That is, a determination may be solely based on those factors or based, at least in part, on those 

factors. Consider the phrase "determine A based on B." While B may be a factor that affects the 

determination of A, such a phrase does not foreclose the determination of A from also being 

based on C. In other instances, A may be determined based solely on B.  

[24] "Coupled" - The following description refers to elements or nodes or features being 

"coupled" together. As used herein, unless expressly stated otherwise, "coupled" means that one 

element/node/feature is directly or indirectly joined to (or directly or indirectly communicates 

with) another element/node/feature, and not necessarily mechanically.  

[25] "Inhibit" - As used herein, inhibit is used to describe a reducing or minimizing effect.  

When a component or feature is described as inhibiting an action, motion, or condition it may 

completely prevent the result or outcome or future state completely. Additionally, "inhibit" can 

also refer to a reduction or lessening of the outcome, performance, and/or effect which might 

otherwise occur. Accordingly, when a component, element, or feature is referred to as inhibiting 

a result or state, it need not completely prevent or eliminate the result or state.  

[26] In addition, certain terminology may also be used in the following description for the 

purpose of reference only, and thus are not intended to be limiting. For example, terms such as 

"upper", "lower", "above", and "below" refer to directions in the drawings to which reference is 

made. Terms such as "front", "back", "rear", "side", "outboard", and "inboard" describe the 

orientation and/or location of portions of the component within a consistent but arbitrary frame 

of reference which is made clear by reference to the text and the associated drawings describing 

the component under discussion. Such terminology may include the words specifically 

mentioned above, derivatives thereof, and words of similar import.  

[27] One of the main components of a photovoltaic facility is a collection of photovoltaic 

cells, or solar cells. Each solar cell is generally constructed on a semiconductor wafer, with two 

leads that are used to extract electrical power when the solar cell is illuminated by appropriate 

light. Other components in a photovoltaic facility include various connectors, meters, monitors, 

inverters, mounting components, sun-tracking devices, batteries, and circuit breakers, among 

other elements.  
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[28] The inverters generally represent a non-trivial portion of the cost in deploying a 

photovoltaic facility. Thus, it may be helpful to employ designs, techniques, structures, or 

procedures that assist in more efficiently using the inverters and/or reduce the number of 

inverters that are needed in a facility.  

[29] Inverters are particularly relevant in facilities that provide alternating current (AC) 

power, such as grid-connected facilities. The inverters are used to convert direct current (DC) 

power produced by solar cells into AC power that is synchronized to the grid waveform. In 

addition, inverters can be configured to automatically disconnect the photovoltaic facility from 

the grid in the event of a power failure on the grid (e.g., to avoid energizing the grid while 

personnel may be performing repairs on the grid). Typical input DC power / output AC power 

ratios for inverters often range from 1.1-1.5, although inverters with other values are not 

uncommon.  

[30] Inverters may be equipped with components that perform maximum power point (MPP) 

tracking. MPP tracking is used to adjust the load seen by a collection of solar cells during the 

operation of a photovoltaic facility. MPP tracking is helpful because a too-low load or a too-high 

load can lead to inefficient use of the solar cells. For example, in the extremes of open-circuit 

operation (infinite load impedance / zero current) and short-circuit operation (zero load 

impedance / zero voltage), the power delivered by the solar cells is zero. With MPP tracking, an 

inverter adjusts the duty cycle of internal switches or other operational features in response to 

changing environmental conditions (e.g., light intensity, shadows, temperature). These 

adjustments change the effective impedance that is experienced by solar cells coupled to the 

inverter.  

[31] These tracking adjustments may be performed substantially continuously by the inverter 

so that the load seen by the solar cells extracts the maximum power available from the solar cells 

for the current conditions. In various designs, an MPP tracking system in an inverter may 

monitor the voltage and/or current that is output from a set of solar cells. The MPP tracking 

system can then adjust the resistance of the inverter so that the inverter draws a maximum power 

from the solar cells.  

[32] In many photovoltaic solar energy systems, a number of solar cells are wired in series 

within modules, and those modules are also wired in series. The output power of this 
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arrangement is then fed into an inverter or other power conversion or storage device. For 

economic reasons, it is advantageous to place as many solar modules into a string as possible to 

minimize the total number of strings in a system (as each new string incurs additional wiring, 

labor, and other costs).  

[33] FIG. 1 illustrates one example of a photovoltaic facility 100 that uses two photovoltaic 

modules. In this example, facility 100 includes two solar modules 110, 120 and an inverter 150.  

Modules 110 and 120 each include a plurality of solar cells that are connected in series. In 

various situations, a photovoltaic module may be called a panel. Thus, in this example, the 

voltage generated by each module is the sum of the voltages generated by the solar cells in the 

module. Modules 110 and 120 are also connected in series with respect to inverter 150. The total 

voltage generated by the modules is therefore the sum of the voltages generated by modules 110 

and 120.  

[34] This voltage delivered by modules 110, 120 is noted as Vmodules in FIG. 1. The current 

delivered by the modules is noted as Imodules in FIG. 1. The value of the current and voltage 

depends on various equipment factors, such as the number and type of solar cells in the module.  

They also depend on environmental factors, such as the temperature and illumination on the 

modules. Moreover, they depend on the impedance presented by the load, inverter 150.  

[35] FIG. 2 is an example of a graph of I-V curves for the example facility from FIG. 1. Two 

curves are illustrates: I-V curve 210 and I-V curve 220. Curve 220 illustrates the relationship 

between Imodules and Vmodules when modules 110, 120 from FIG. 1 are in optimal environmental 

conditions. For example, curve 220 may illustrate the I-V relationship when the modules are 

illuminated by direct sunshine at normal incidence at a cold temperature, with no obscuring 

shadows. Under these conditions, the modules are capable of generating high power.  

[36] The actual power generated by the modules is the product of their output current and 

voltage: Imodules x Vmodules. This quantity depends on the amount of load to which the modules are 

connected. For example, on the left side of curve 220, current is high but voltage is low. In the 

extreme situation of a short-circuit load, Imodules is maximum but Vmodules is effectively zero, so 

the output power is zero. As another extreme example, on the right side of curve 220, voltage is 

high but current is low. In the extreme situation of an open-circuit load, Vmodules is a maximum 

value (Voc-mx) but Imodules is effectively zero, so the output power is again zero.  
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[37] The maximum power point 222 on curve 220 is denoted as mpp-2. This is the situation 

when the product Imodules X Vmodules has its maximum value on curve 220. To achieve this 

maximum power delivery, the load on the modules needs to be adjusted to a specific value. In 

FIG. 2, this value is denoted as the impedance Z2; it is the ratio of Vmodules to Imodules at the point 

mpp-2. If this impedance is provided to the modules under conditions of curve 220, the modules 

generate a voltage Vmpp-2 and a maximum power for those conditions. In general, an inverter such 

as inverter 150 from FIG. 1 bay be equipped with an MPP tracking system 155 that allows the 

inverter to operate at a maximum power point by adjusting its impedance (e.g., to find an optimal 

value such as Z2.) 

[38] Curve 210 illustrates the relationship between Imodules and Vmodules when modules 110, 120 

are in a sub-optimal environmental condition. For example, curve 210 may illustrate the I-V 

relationship when the modules are illuminated by indirect sunshine and/or at non-normal 

incidence, and/or at a warm temperature, and/or with some obscuring shadows. Under these 

conditions, the modules are not capable of generating their highest power. The currents achieved 

on curve 210 are lower than the currents for curve 220 (at the corresponding voltages).  

Moreover, the maximum (open-circuit) voltage achieved on curve 210, V0,_1, is less than the 

maximum voltage, Voc-max, on curve 220.  

[39] Like curve 220, curve 210 has a maximum power point 212 (mpp-1). In this example, the 

mpp-1 situation occurs under a different loading condition than mpp-2. With the optimal 

impedance, for conditions of curve 210, the modules generate a voltage Vmpp-i and a maximum 

power for the conditions of curve 210. In this figure, the maximum power point on curve 210 is 

achieved with a loading impedance of Z1, whereas the maximum power point on curve 220 is 

achieved with a loading impedance of Z2. This example illustrates that MPP tracking system 155 

needs to adjust the load that is provided by the inverter under different environmental conditions, 

in order to extract maximum power for those conditions.  

[40] In various situations, an MPP tracking system may be unable to provide a load that leads 

to operation at a maximum power point. For example, an inverter may be subject to a power 

limit (not shown in FIG. 2), and may be damaged if it receives power in excess of that limit. For 

example, the inverter's power limit may be higher than the power delivered at mpp-1, in which 
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case MPP tracking system 155 can safely maintain operation at mpp- 1 during the environmental 

conditions of curve 210.  

[41] However, the inverter's power limit may be lower than the power delivered at mpp-2, in 

which case MPP tracking system 155 would need to adjust operation away from mpp-2 during 

the environmental conditions of curve 220. For example, MPP tracking system 155 may be 

configured to reduce the impedance of inverter 150, leading to operation at a lower voltage than 

Vmpp-2, and a safe lower power. More typically, MPP tracking system 155 may be configured to 

increase the impedance of inverter 150, leading to operation at a higher voltage than Vmpp-2, and a 

safe lower power.  

[42] FIG. 2 also includes a vertical dashed line that represents a maximum voltage limit 250 

that can be tolerated by an inverter such as inverter 150. In general, inverters may be relatively 

costly devices and may be subject to damage when exposed to excessive voltage. In this 

example, inverter 150 is rated to receive voltages up to Viimit-inveter. Accordingly, the other 

components in the facility should be designed in order that an excessive voltage above this limit 

is not provided to the inverter.  

[43] One approach to protecting the inverter in a solar power generation facility is to make 

sure that the number of solar cells coupled in series to the inverter is limited so that the 

maximum voltage that they can generate is less than the acceptable voltage for the inverter. For 

example, this situation is achieved in the example of FIG. 2, where Voc-max is less than Viimit-inverter.  

Thus, the inverter is protected even on bright days with optimal operating conditions, and even in 

situations when the MPP tracking system in the inverter needs to operate at voltages in excess of 

Vmpp-2 (e.g., to avoid unsafe power levels for the inverter.).  

[44] Limiting the number of solar cells in this manner protects the inverter from excessive 

voltage. However, there is some inefficiency in this design choice. Limiting the number of solar 

cells so that Voc-max is less than Viimit-inverter means that under typical operating conditions such as 

partly sunny days, the maximum power points (e.g. mpp-1) are often substantially lower than the 

voltage limit Viimit-inverter. The difference between these voltages varies with cell technology and 

the particulars of a facility, but is often as high as 25% or more. Therefore, a system may 

generally operate at voltages far below the safety limits of the inverter.  
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[45] FIG. 3 is a graph showing one example of the relationship between the voltage produced 

by a series of two modules (Vmodules) and the average voltage produced by the individual modules 

(<module voltage>). In this example, two modules such as modules 110 and 120 from FIG. 1 are 

connected in series so that the voltages of the two panels add. Thus the graph is a line with a 

slope of 2. The panels may be selected so that adding each of their maximum voltages (Voc_ 

max=250 V in this example) produces less than the limit voltage (Vimnit-inverter=5 10 V in this 

example) that is acceptable to an inverter used as a load for the modules.  

[46] As illustrated, however, the typical conditions under which the system operates may be at 

voltages that are substantially less than the acceptable voltage limit. This situation implies that-

under typical operating conditions--the inverter (a relatively costly resource) is not being fully 

utilized. It would be helpful to have a design that could protect an inverter without causing it to 

be excessively under-utilized.  

[47] FIG. 4 illustrates an example of a partially-shortable photovoltaic module 400. In this 

example, module 400 includes three substantially similar strings 410, 420, 430 of photovoltaic 

cells. Strings 410, 420, 430 are connected in series. Module 400 also includes a shorting switch 

460 coupled in parallel to string 420. Shorting switch 460 may be a semiconductor device such 

as a field-effect transistor (FET) or a bipolar power transistor, or a relay, or other form of 

disconnect, or other electronically controllable, optically controllable, or otherwise controllable 

switch. When shorting switch 460 is open, the voltage generated by module 400 is substantially 

the sum of the voltages generated by the three strings 410, 420, 430. When shorting switch 460 is 

closed, module 400 is partially shorted (or clipped) and the voltage Vmodule generated by the 

module is substantially the sum of the voltages generated by two strings 410, 430. In situations 

of uniform illumination and uniform operation of the three strings, partially shorting the module 

reduces Vmodule to 2/3 of the un-shorted value. (In other examples, partially shorting the module 

reduces Vmodule to other fractions of the un-shorted value, such as 0.9, 0.8, 3/4, 0.7, 5/8, 0.6, 0.5, 

0.4, 1/3, 0.3, 1/4, 0.2, 0.1, or other factors.) 

[48] Shorting switch 460 is controlled by a controller circuit 450. In the illustrated example, 

controller circuit 450 monitors the voltage Vmodule that is generated by the module and closes 

shorting switch 460 based on Vmodule. For example, the illustration shows that the switch is 
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opened if Vmodule exceeds a threshold voltage V. Thus, the maximum voltage generated by the 

module is limited to 2/3 of the voltage that would be otherwise generated.  

[49] In order to avoid oscillation during conditions of dropping voltage, controller circuit 450 

may be equipped with some memory or hysteresis. For example, controller circuit 450 may be 

configured close the switch whenever the monitored voltage rises above V, and may be 

configured to open the switch whenever the monitored voltage Vmodule is below 0.9 x 2/3 x Va.  

(Values other than 0.9 are also possible (e.g., 0.97, 0.95, 0.8, 0.7, 0.5, 0.4), depending on system 

design and expected operating conditions.) Alternatively, or in addition, controller circuit 450 

may use a memory that records the state of switch 460 and/or a rising/falling detector to enable 

smooth operations.  

[50] FIG. 5 illustrates one example of a photovoltaic facility 500 that uses three photovoltaic 

modules such as the module shown in FIG. 4. In this example, facility 500 includes three solar 

modules 510, 520, 530 and an inverter 550. Modules 510, 520, 530 each include a plurality of 

solar cells that are connected in series. Each of modules 510, 520, 530 is partially shorted by an 

internal controller when it produces a voltage Vmodule in excess of a threshold voltage V (as 

discussed above with regard to FIG. 4). When a module 510, 520, or 530 partially shorted, 1/3 of 

its internal series-connected solar cells are disconnected. Modules 510, 520, 530 are connected in 

series with respect to inverter 550. The total voltage generated by the modules is therefore the 

sum of the voltages generated by modules 510, 520, 530. Because they are partially shorted 

when their voltages exceed the threshold voltage, the maximum voltage generated by the three 

modules corresponds to approximately the maximum voltage that would be generated by two of 

the unshorted modules.  

[51] FIG. 6 is a graph showing one example of the relationship between the voltage produced 

by a series of three partially-shortable modules (Vmodules) and the average voltage that would be 

produced by the unshorted individual modules (<unshorted module voltage>). In this example, 

three modules such as modules 510, 520, 530 from FIG. 5 are connected in series so that the 

voltages of the three modules add. Thus the graph is a line with a slope of 3, for low values of 

the average unshorted module voltage.  

[52] Without partial shorting, the maximum voltage produced by the three modules would 

exceed the limit voltage Vimiinveter that is acceptable to an inverter used as a load for the 
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modules (e.g., inverter 550). However, because of the automated partial-shorting feature of the 

modules, the modules operate so that the net voltage generated by the modules effectively drops 

by 1/3 during high-voltage operation, when the average unshorted module voltage exceeds the 

threshold voltage Va. Thus the graph drops by a factor of 1/3 at <unshorted module voltage>= 

V, and then proceeds to climb with a slope of 2.  

[53] As was the case in FIG. 1, the modules in FIG. 3 operate so that adding up the three 

individual highest-voltage operations (3 x 2/3 x Vocmax=250 V in this example) produces less 

than the limit voltage (Viimit-inveter=5 10 V) that is acceptable to the inverter in this example.  

[54] When conditions cause the unshorted module voltage to exceed Vth, the maximum 

voltage produced (2 x Voc-max) is within the tolerable limit of the inverter Viimit-inveter.  

[55] A comparison of FIG. 3 and FIG. 6 shows that the automated partial-shorting in FIG. 5 

may lead to higher voltages during the typical conditions under which the system operates. This 

situation implies that--under typical operating conditions--the inverter (a relatively costly 

resource) may be better utilized when connected to an increased number of modules (e.g., 3 

modules as in FIG. 5) that automatically partially short some internal cells than when connected 

to a lower number (e.g., 2 modules as in FIG. 1) that do not have partial shorting. Various 

examples of partially-shorted solar arrays are described in U.S. Patent Application No.  

14/572,722 entitled "Voltage Clipping", naming Andrew Ponec et al. as inventors and filed on 

December 16, 2014.  

[56] The partial shorting may allow systems to achieve higher voltages during typical 

operation by limiting the voltage of a section of the array when the voltage exceeds a predefined 

threshold or setpoint. By placing this threshold voltage near the Vmpp of the section of the array, 

the system can be safely designed around the threshold voltage rather than the temperature de

rated Voc of the section of the array. This approach may substantially increase the number of 

modules that can be deployed in a string of modules, thereby reducing the total number of strings 

and/or the total number of required inverters for a given array power.  

[57] In various situations, such designs may allow additional power to be generated even in 

sub-optimal conditions. Alternatively, such as design may mean that a lower-capacity (and 

perhaps less-expensive) inverter may be used as a substitute.  
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[58] FIG. 7 illustrates one example of a photovoltaic facility 700 that uses three partially

shorting photovoltaic modules. In this example, facility 700 includes three solar modules 710, 

720, 730 and an inverter 750. Modules 710, 720, 730 each include a plurality of solar cells that 

are connected in series.  

[59] Photovoltaic facility 700 resembles photovoltaic facility 500 discussed above. However, 

each of modules 710, 720, 730 is partially shorted by an internal controller when it produces a 

voltage Vmodule in excess of a threshold voltage, with the threshold voltages being different from 

one module to another. In this example, module 710 is partially shorted when its voltage exceeds 

a threshold V1. Module 720 is partially shorted when its voltage exceeds a threshold V2. Module 

730 is partially shorted when its voltage exceeds a threshold V3. When a module 710, 720, or 730 

is partially shorted, 1/3 of its internal series-connected solar cells are disconnected. Modules 710, 

720, 730 are connected in series with respect to inverter 750. The total voltage generated by the 

modules is therefore the sum of the voltages generated by modules 710, 720, 730. Because they 

are all partially shorted when their voltages exceed the highest of the three threshold voltages, 

the maximum voltage generated by the three modules corresponds to approximately the 

maximum voltage that would be generated by two of the unshorted modules.  

[60] FIG. 8 is a graph showing one example of the relationship between the voltage produced 

by a series of three partially-shortable modules (Vmodules) with different thresholds and the 

average voltage that would be produced by the unshorted individual modules (<unshorted 

module voltage>). In this example, three modules such as modules 710, 720, 730 from FIG. 7 are 

connected in series so that the voltages of the three modules add. Thus the graph is a line with a 

slope of 3, for low values of the average unshorted module voltage.  

[61] Without partial shorting, the maximum voltage produced by the three modules would 

exceed the limit voltage Viimit-inverter that is acceptable to an inverter used as a load for the 

modules (e.g., inverter 750). However, because of the automated partial-shorting feature of the 

modules, the modules operate so that the net voltage generated by the modules effectively drops 

in increments as the voltage climbs past the three threshold voltages. The graph drops by 1/9 

when the average unshorted module voltage reaches the lowest of the three threshold voltages, 

and 1/9 of the total cells are shorted out. The graph then proceeds to climb with a slope of 8/3.  

The graph drops by 1/8 when the average unshorted module voltage reaches the second of the 
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three threshold voltages, and another 1/9 of the total cells are shorted out. The graph then 

proceeds to climb with a slope of 7/3. The graph then drops by 1/7 when the average unshorted 

module voltage reaches the highest of the three threshold voltages, and yet another 1/9 of the 

total cells are shorted out. The graph then proceeds to climb with a slope of 6/3 (=2).  

[62] As was the case in FIG. 3, the modules in FIG. 7 operate so that adding up the three 

individual highest-voltage operations (3 x 2/3 x Voc-max=250 V in this example) produces less 

than the limit voltage (Viimit-inverter=5 10 V) that is acceptable to the inverter in this example.  

[63] A comparison of FIG. 6 and FIG. 8 shows that the individual thresholds used for partial

shorting in FIG. 7 may lead to yet higher voltages during the typical conditions under which the 

system operates. This situation implies that--under typical operating conditions--the inverter may 

be better utilized when connected to an increased number of modules (e.g., 3 modules as in FIG.  

7) that automatically partially short some internal cells at different thresholds.  

[64] In various situations, the use of modules that automatically short a portion of their 

internal cells may improve the efficiency of solar installations. Various approaches may be taken 

for selecting the setpoints or thresholds for each of the modules. By appropriately selecting the 

voltage thresholds, different modules will limit their voltage at different times and avoid a drastic 

drop in voltage, enabling the inverter to find more optimal operating points when responding to 

changes in environment or when curtailing power.  

[65] The foregoing discussions describe the shorting or disabling of portions of a solar array to 

safeguard an inverter from excessive voltage. As noted above, many inverters also have safety 

limits on power: they need to be safeguarded from excessive input DC power.  

[66] Inverters may be configured to protect themselves from excessive input power with 

modified MPP tracking procedures that reduce the input DC power during high power

production conditions. These inverters may operate at points on an I-V curve that are not optimal 

for maximum power production, but which lead to safe input power levels for the inverter.  

Voltages both lower and higher than the Vmpp may lead to lower power than at the Vmpp, so the 

inverter may either increase or decrease voltage from the Vmpp in order to avoid an excessive DC 

power input. In practice, many inverters are configured to increase voltage above Vmpp when 

needed to reduce power. This is because many inverter runs more efficiently and/or with lower 
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component stress at higher voltages and lower currents than at higher currents and lower 

voltages.  

[67] In various situations, it may be helpful to deploy an oversized DC solar array relative to 

the AC capacity of inverters that service the array. This may done for a number of reasons, 

including reducing the total cost of the inverters for an installation, in view of a relatively low 

cost of the additional solar cells. The disadvantage of this arrangement is that during peak 

production, the inverters may use modified MPP tracking to significantly limit their DC input 

power for protection. In most cases, the lower capital expenditures from fewer inverters offsets 

the lost revenue from limiting power to protect the inverters during peak conditions.  

[68] The modified MPP tracking procedures may lead to inverters drawing higher voltages to 

protect themselves from excessive input power, especially in the situation of inverters connected 

to oversize arrays. The techniques described above with regard to FIGs. 4-8 may be useful in 

such situations to additionally protect the inverters from excessive input voltage.  

[69] By increasing the operating voltage of an array in order to limit power, an inverter may 

cause a system equipped with the voltage limiting devices described FIGs. 4-6 to unnecessarily 

drop the power production of the modules or other system elements they are monitoring. This 

drop may be seen as the sharp drop shown at Vd. in FIG. 6. A consequence of having all modules 

at the same (or substantially the same) threshold voltage is that the shorting controllers (e.g., 

controller circuit 450) may initiate excessive shorting during a particularly bright and cold day.  

Because voltage increases with increased irradiance and decreased temperature, such a scenario 

may result in the maximum power point voltage of a solar module exceeding the voltage 

threshold setpoints in the shorting controllers. Therefore, as the inverter tracks the maximum 

power point, it may effectively fall off a cliff as power increases, reducing the modules' voltage 

by 1/3.  

[70] An inverter attempting to reduce input power by decreasing current and increasing 

voltage may be forced to keep the modules of FIGs. 4-6 in the partially shorted state. The total 

input voltage may then be limited to 2/3, even if the inverter's MPP tracking system could 

satisfactorily curtail power at some other point between 2/3 and full system power. This is not 

ideal because it leads to unnecessary power loss.  
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[71] The use of modules with different threshold setpoints, as illustrated by the examples in 

FIGs. 7-8, may be helpful to an inverter that operates to find safe optimal operating conditions.  

The desired conditions may include (1) limiting input current to a safe level for the inverter, (2) 

limiting input voltage to a safe level for the inverter, and (3) maximizing power produced by the 

modules and/or inverter (given (1) and (2)).  

[72] In the examples of FIGs. 4-8, the thresholds Vth, V1, V2, V3 are internal setpoints within 

the various modules. In other embodiments, an inverter (or other controller element) can actively 

influence the various modules to limit voltage/power based on the real-time operating conditions 

of the inverter.  

[73] In the examples of FIGs. 7-8, the thresholds V1, V2, V3 are selected so that the total 

voltage produced by the modules does not experience overly dramatic swings when conditions 

vary and cause the cells to create more or less voltage or power. With panels that avoid 

significant swings in the voltage provided to the inverter, the inverter can more readily reach a 

desirable operating point. The facility overall can operate in situation where enough cells in the 

modules have been shorted to keep the inverter within power and voltage limits, but no more 

have been shorted than necessary.  

[74] FIGs. 7-8 illustrate a situation with three modules that have three different internally set 

thresholds V1, V2, V3. A facility may have other numbers of modules and other numbers of 

thresholds. As one example, a facility may have a string of 16 modules that each short out 1/3 of 

their internal cells at one of nine threshold voltages.  

[75] In this example, each of the 16 modules has a Vo-cmax of 40V and a Vmpp of 30V. The 

inverter is limited to 500V on its input. The table below shows how many modules need to short 

one substring (column Nshort) when the unshorted module voltage is at a specified level. For 

example, when the module voltage is 40V, only 11 of the 16 modules need to short a substring.  

The number of modules that short substrings is reduced as module current is increased (and 

hence voltage is decreased) until at 3 1V no modules are shorting substrings.  
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Table 1: example of threshold voltages in a 16-panel string.  

module Eh.t Nght Esring 

40 26.7 11 493.3 

39 26.0 10 494.0 

38 25.3 9 494.0 

37 24.7 8 493.3 

36 24.0 7 492.0 

35 23.3 6 490.0 

34 22.7 4 498.7 

33 22.0 3 495.0 

32 21.3 2 490.7 

31 20.7 0 496.0 

30 20.0 0 480.0 

[76] This table is constructed by computing for each row the smallest number Nhort so that 

Nshort * Vshort + (16 - Nshort)* Vmodule is less than 500V. Vmodule is the voltage of a module with no 

shorted substrings. Vhort is the voltage of a module with one substring shorted, which is 2/3 the 

value of the module with no shorted substrings.  

[77] Table 1 shows that the net voltage generated by the string stays within a relatively range 

of 480V to 494V when the non-shorted module voltages are in the range of 30V to 40 V. This 

narrow range is near the 500V limit of the inverter's input voltage, so the inverter's power point 

tracking may more readily draw a maximal power but within safe power and voltage limits.  

[78] In the situation described by Table 1, two modules are configured with a threshold Vth of 

32V, two have a threshold of 35V, and one each have thresholds of 33, 34, 36, 37, 38, 39, and 

40V. (If the modules are capable of producing voltages higher than 40V, then the five remaining 
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modules in the group of sixteen modules may be equipped with shorting thresholds of 41, 42, 43, 

45, and 46V.) 

[79] Various techniques may be used to create a collection of solar modules that have a 

suitable set of threshold voltages. One approach to setting the per-module threshold voltage is to 

set the threshold voltage for each module at the time the module is installed in a facility. This can 

be accomplished for example via a switch (e.g., DIP switch or rotary switch) or via setting a 

value in non-volatile memory. In another embodiment, the device can be factory calibrated with 

a random clipping threshold within a specified range, such that the probability that all devices in 

a string would have the same threshold is minimized. In yet another embodiment, a device could 

generate its own clipping threshold when it starts up, similarly to a hash function based on 

multiple input parameters (i.e. voltages, temperatures, serial number).  

[80] Another approach is for each module to discover its position in the string and to set its 

own threshold voltage based on that position. The relation between string position and threshold 

voltage for the example configuration is shown below in the example of Table 2. This example 

would lead to a collection of modules with threshold setpoints as described above in the example 

of Table 1.  

Table 2: example of threshold voltages based on module position in a string 

Position _th 

1 32 

2 32 

3 33 

4 34 

5 35 

6 35 

7 36 

8 37 

9 38 
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10 39 

11 40 

12 41 

13 42 

14 43 

15 45 

16 46 

[81] Modules may be able to discover their position in a string by having this set explicitly 

for example by a switch or by storing the position in a non-volatile memory. Alternatively a 

module may discover its position by communicating with its neighbor over the conductor 

connecting them. For example, on power-up (and periodically thereafter) each module may listen 

on its negative terminal and transmit on its positive terminal. Initially, modules transmit an "I am 

here" signal. A module that listens for a predetermined amount of time without detecting an "I 

am here" symbol determines that it is in position 1 and transmits "Position 1". The module 

receiving this transmission concludes it is in position 2 and transmits "Position 2". This 

continues down the string with each module receiving "Position X' and transmitting "Position 

X+1". Once it discovers its position in the string, a module may set its threshold voltage based on 

a calculation or a lookup table (e.g., such as Table 2).  

[82] In this example, until a module receives its position with high reliability (several repeated 

transmissions) it sets its threshold voltage as if it were module 1. Thus string voltages may be 

maintained at safe low levels during the discovery process. With this protocol, failure to receive 

a message results in modules numbering themselves with numbers that are too low - and hence 

conservatively setting their threshold voltages lower than the optimum level. Thus a 

communication failure results in a safe situation, with string voltage staying within limits.  

[83] In yet another example of position discovery, each module may discover its position by 

monitoring the voltage of its negative conductor relative to a shared ground.  
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[84] FIG. 9 illustrates one example of a photovoltaic facility 900 that uses three partially

shorting photovoltaic modules. In this example, facility 900 includes three solar modules 910, 

920, 930, an inverter 950, and a combiner box 960. Modules 910, 920, 930 each include a 

plurality of solar cells that are connected in series. Combiner box 960 is configured to selectively 

connect or disconnect each of modules 910, 920, 930 from supplying power to inverter 950.  

When combiner box 960 connects more than one module to inverter 950, the connection is made 

so that the modules are wired in parallel. Thus, combiner box 960 can selectively add current 

from zero, one, two, or three modules to supply inverter 950. As illustrated in the example of 

FIG. 9, combiner box 960 is configured to connect or disconnect modules 910, 920, 930 based 

on separate criteria, respectively condition 1, condition 2, condition 3. These criteria may be 

based on current, voltage, or power or combinations thereof, that are received from one or more 

of the modules.  

[85] Combiner box 960 may thus add or eliminate one or more parallel strings of solar cells 

(or solar modules) to reduce the available current of an array of solar modules feeding into an 

inverter. Combiner box may be configured with appropriate criteria so that the inverter does not 

need to increase system voltage to perform power curtailment.  

[86] Thus, an MPP tracking system 955 in inverter 950 may be configured to simply track the 

Mpp point on an I-V curve, without needing to avoid excess-power conditions. This approach 

may be used by an inverter, in various situations, to operate at a safe, power-optimized operating 

point. While modules are usually connected in series into strings, in many larger installations 

many of these strings are connected in parallel at combiner boxes or inverters (or both). At these 

locations electronics switches (FETs, relays, or other disconnects) can be used as described in 

FIG. 9 to selectively remove one or more strings from the DC array. Disconnecting one or more 

parallel strings has the effect of shifting the entire IV curve down.  

[87] Combiner box 960 (or other location where strings are paralleled) has control logic that 

measures voltage and/or current, and takes the appropriate action (such as opening switches to 

remove strings from the system or closing switches to insert strings into the system). The control 

of this device may be entirely local, or may be controlled from a central controller, including but 

not limited to inverter 950. For example, combiner box 960 may measure total array current and 

remove strings if that current is above a threshold. Additionally, or instead, the combiner might 
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measure voltage. In such situations, the combiner box may rely on an assumption that inverters 

may increase voltage when trying to limit power. If the voltage reaches above a certain threshold 

the combiner box may limit the current and power flowing into the inverter by disconnecting 

strings from the array. The combiner box logic may also take multiple input parameters, such as 

both a current and a voltage, before outputting control signals to disconnect or reconnect strings 

from the array.  

[88] The techniques described above may be used in situations where an inverter might 

otherwise not find a suitable safe operating point. In other situations, partial shorting based on 

several different criteria may help inverters operate more efficiently in a narrow range of 

operating points. By allowing some devices to start clipping (partially shorting) before others, a 

facility may be designed to keep the voltage within preferable ranges during a larger portion of 

an operating period. These preferable ranges may be related to inverter efficiency, but may also 

be important for keeping inverter temperature, inverter voltage stress, or other parameters in 

desired ranges.  

[89] FIG. 10 is a flow diagram of one example of a procedure 1000 for limiting the voltage 

generated by a set of solar cells. Procedure 1000 begins in act 1010 by measuring one or more 

performance metrics of the set of solar cells. The performance metrics may include voltage, 

current, power, or combinations thereof, as generated by the set of solar cells or by various 

subsets of the solar cells. Act 1010 may additionally include measuring environmental factors 

such as temperature, time of day, incident light angle, and other factors. The performance metrics 

are evaluated in act 1020. The evaluations are performed to determine whether various criteria 

have been met by the quantities ascertained in act 1010.  

[90] One example of an evaluation performed in act 1020 is a determination whether a solar 

cell, or a string of solar cells, or a solar module, or a string of solar modules, or other collection 

of solar cells is producing a voltage greater than (or equal to or greater than) a threshold value.  

The threshold value may be pre-selected as a setpoint that would be helpful for curtailing the 

voltage (or power or current) generated by a collection of cells. For example, the threshold value 

may be relevant for protecting an inverter or other load element from excessive voltage (or 

excessive power or current).  

- 20 -



WO 2015/183840 PCT/US2015/032497 

[91] In act 1030, a determination is made whether a first criterion has been met, according to 

the evaluations in act 1020. One example of a first criterion being met is a situation where a first 

module in a string of modules is producing voltage in excess of a first threshold voltage, e.g., 

32V.  

[92] Act 1035 is performed only if the determination in act 1030 finds that the first criterion 

has been met. In act 1035, a first subset of the set of solar cells is temporarily disabled. For 

example, act 1035 may short out one third of a string of solar cells in the first module. In other 

examples, solar cells may be disabled by opening a circuit that connects the cells to a load or to 

other components.  

[93] In act 1040, a determination is made whether a second criterion has been met, according 

to the evaluations in act 1020. One example of a second criterion being met is a situation where a 

second module in a string of modules is producing voltage in excess of a second threshold 

voltage, e.g., 33V.  

[94] Act 1045 is performed only if the determination in act 1040 finds that the second 

criterion has been met. In act 1045, a second subset of the set of solar cells is temporarily 

disabled. For example, act 1045 may short out one third of a string of solar cells in the second 

module. In other examples, solar cells may be disabled by opening a circuit that connects the 

cells to a load or to other components.  

[95] In act 1050, a determination is made whether the first criterion is not met (or is no longer 

being met), according to the evaluations in act 1020. One example of a first criterion being not 

met is a situation where the first module in a string of modules is producing voltage less than a 

third threshold voltage, e.g., (2/3) x 32V = 21.3V. In this example, the factor of 2/3 reflects a 

situation where one third of a string of solar cells in the first module was previously shorted out 

in act 1035. Another example of the first criterion not being met is a situation where the first 

module in a string of modules is producing voltage less than a third threshold voltage that is 

selected to avoid bistability, e.g., 0.9 x (2/3) x 32V = 19.2V.  

[96] Act 1055 is performed only if the determination in act 1050 finds that the first criterion is 

not being met. In act 1055, the first subset of the set of solar cells is re-enabled. For example, act 

1055 may un-short one third of a string of solar cells in the first module. In other examples, solar 
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cells may be re-enabled by closing a circuit that connects the cells to a load or to other 

components.  

[97] In act 1060, a determination is made whether the second criterion is not met (or is no 

longer being met), according to the evaluations in act 1020. One example of a second criterion 

being not met is a situation where the second module in a string of modules is producing voltage 

less than a third threshold voltage, e.g., (2/3) x 33V = 22V. In this example, the factor of 2/3 

reflects a situation where one third of a string of solar cells in the second module was previously 

shorted out in act 1045. Another example of the second criterion not being met is a situation 

where the second module in a string of modules is producing voltage less than a third threshold 

voltage that is selected to avoid bistability, e.g., 0.9 x (2/3) x 33V = 19.8V.  

[98] Act 1065 is performed only if the determination in act 1060 finds that the second 

criterion is not being met. In act 1065, the second subset of the set of solar cells is re-enabled.  

For example, act 1065 may un-short one third of a string of solar cells in the second module. In 

other examples, solar cells may be re-enabled by closing a circuit that connects the cells to a load 

or to other components.  

[99] Procedure 1000 then loops back to act 1010 to perform a new measurement.  

[100] A variety of additional or alternative acts may be included in procedure 1000. For 

example, the disabling of the second subset of the set of solar cells in act 1045 may be restricted 

to situations in which the first subset of the set of solar cells has already been disabled.  

[101] The evaluation of whether a previously-met criterion is no longer being met may involve 

hysteresis calculations (such as the factor of 0.9 noted above among the examples in acts 1050 

and 1060). Alternatively or in addition, these evaluations may refer to a memory that records 

whether enabling or disabling actions are currently in effect (e.g., whether some solar cells that 

would affect a performance metric are currently disabled).  

[102] In various situations, procedure 1000 may disable solar cells by shorting (or opening) 

connections adjacent to the solar cells so that the solar cells are disconnected from an inverter or 

other load. The electrical connections or disconnections may be made using FETs, relays, 

optically controlled switches, or other controllable electronic switching elements. In various 

applications, procedure 1000 may be used to protect an inverter or other load element from 

- 22 -



WO 2015/183840 PCT/US2015/032497 

excessive voltage (or excessive current or excessive power), and the criteria used in acts 1030, 

1040, 1050, 1060 may be tailored to the requirements of that inverter or other load element.  

[103] FIG. 11 is a block diagram of one embodiment of a computer system. For example, 

processing system 1100 may be an embodiment of one of the previously described trackers 155, 

555, 755, 955, or control unit 450 in module 400, or other control units in modules 510, 520, 

530, 710, 720, 730, or in combiner box 960. Processing system 1100 may be employed to 

implement or oversee procedures such as procedure 1100. Processing system 1100 may include a 

processor 1110 and a memory 1120 coupled together by a communications bus 1105. Processor 

1110 may be a single processor or a number of individual processors working together. Memory 

1120 is typically random access memory (RAM), or some other dynamic storage device, and is 

capable of storing database data 1126 and instructions to be executed by the processor, e.g., 

operating system 1122 and applications 1124. Applications 1124 may include distributed 

applications (deployed across more than one processor and/or more than one server), single-host 

applications, database server applications, measurement routines, evaluation routines, setpoint 

lookup routines, setpoint determination routines, random number generators, routines for 

identifying a module's position in a string, communication interfaces, electronic notification 

tools, and others. Memory 1120 may also be used for storing temporary variables or other 

intermediate information during the execution of instructions by the processor 1110.  

[104] Processing system 1100 may include an I/O interface 1154 that provides communication 

between processing system 1100 and external components. In various implementations, 

processing system 1100 may also include input devices such as a keyboard, mouse, or touch 

screen 1150, a USB interface 1152, output devices such as graphics & display 1156, a hard disk 

1158, a CD-ROM 1160, and a removable flash memory card 1170, which may be coupled to 

processor 1110, e.g., by communications bus 1105. It will be apparent to those having ordinary 

skill in the art that processing system 1100 may also include numerous elements not shown in the 

figure, such as additional storage devices, communications devices, input devices, and output 

devices.  

[105] Additional Notes and Examples.  

[106] Example 1 is a system. The system includes a plurality of solar cells, including a first set 

of one or more solar cells and a second set of one or more solar cells. The system includes a first 
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control element that is configured to substantially disable a subset of the first set of solar cells in 

response to the first set of solar cells generating electricity at more than a first threshold voltage.  

The system includes a second control element that is configured to substantially disable a subset 

of the second set of solar cells in response to the second set of solar cells generating electricity at 

more than a second threshold voltage. The first and second threshold voltages are based at least 

on an operating limit of an inverter coupled to the plurality of solar cells.  

[107] Example 2 is a system such as example 1. Moreover, the inverter is a switching inverter, 

and/or the first and second threshold voltages are based at least on an input voltage limit for the 

inverter, and/or the first threshold voltage is different than the second threshold voltage, and/or 

the first control element includes a FET, and/or the first set of solar cells is included in a solar 

module.  

[108] Example 3 is a system such as example 1, further including the inverter.  

[109] Example 4 is a system such as example 1. Moreover, the first set of solar cells is 

connected in series with the second set of solar cells, and the first control element is connected in 

parallel with the subset of the first set of solar cells.  

[110] Example 5 is a system such as example 1. Moreover, the first control element is 

connected in series with the first set of solar cells, the second control element is connected in 

series with the second set of solar cells, and a series of the first control element and the first set 

of solar cells is connected in parallel with a series of the second control element and the second 

set of solar cells.  

[111] Example 6 is a system such as example 1. Moreover, a maximum controlled power 

generated by the plurality of solar cells is a within a safe range of input power for the inverter.  

[112] Example 7 is a system such as example 6. Moreover, an uncontrolled maximum voltage 

of the plurality of solar cells would be in excess of a safe range of input voltage for the inverter.  

[113] Example 8 is a system such as example 1. Moreover, the plurality of solar cells includes 

additional sets of one or more solar cells.  

[114] Example 9 is a system such as example 1 and includes additional control elements, each 

configured to substantially disable a subset of a corresponding one of the additional sets of solar 

cells.  
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[115] Example 10 is a method. The method includes measuring one or more performance 

metrics of a set of solar cells coupled to at least one inverter. The method includes disabling, 

based at least on the performance metrics meeting a first criterion, a first subset of the set of solar 

cells. The method includes disabling, based at least on the performance metrics meeting a second 

criterion, a second subset of the set of solar cells.  

[116] Example 11 is a method such as example 10 in which the disabling the second subset of 

the set of solar cells is additionally based on the first subset of the set of solar cells being 

disabled.  

[117] Example 12 is a method such as example 10, also including enabling the second subset of 

the set of solar cells, based at least on the performance metrics not meeting the second criterion.  

Example 12 also includes enabling the first subset of the set of solar cells, based at least on the 

performance metrics not meeting the first criterion.  

[118] Example 13 is a method such as example 12. Moreover, the enabling the first subset of 

the set of solar cells is additionally based on the second subset of the set of solar cells being 

enabled.  

[119] Example 14 is a method such as example 10. Moreover, the disabling the first subset of 

the set of solar cells includes substantially shorting the first subset of the set of solar cells.  

[120] Example 15 is a method such as example 10. Moreover, the disabling the second subset 

of the set of solar cells includes substantially disconnecting the second subset of the set of solar 

cells from the set of solar cells.  

[121] Example 16 is a method such as example 10. Moreover, the first criterion includes a first 

voltage being above a first threshold level. The first voltage is a voltage generated by a first 

module that includes the first subset of the set of solar cells. The second criterion includes a 

second voltage being above a second threshold level. The second voltage is a voltage generated 

by a second module that includes the second subset of the set of solar cells.  

[122] Example 17 is a method such as example 16. Moreover, the first threshold level is 

recorded in the first module. The second threshold level is recorded in the second module.  

[123] Example 18 is a method such as example 16. Moreover, the first and second threshold 

levels are based on a connectivity positioning of the first module relative to the second module.  
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[124] Example 19 is a method such as example 16. Moreover, the first and second threshold 

levels are randomly generated values.  

[125] Example 20 is a control system. The control system includes an input and a processor.  

The input is configured to receive one or more performance metrics of a set of solar cells 

coupled to at least one inverter. The processor is configured to evaluate the performance metrics.  

The processor is configured to, based at least on the performance metrics meeting a first 

criterion, disable a first subset of the set of solar cells. The processor is configured to, based at 

least on the performance metrics meeting a second criterion, disable a second subset of the set of 

solar cells.  

[126] Example 21 is a non-transitory, machine-accessible storage medium having instructions 

stored thereon. The instructions are configured so that when they are executed on a machine, 

they cause the machine to measure one or more performance metrics of a set of solar cells 

coupled to at least one inverter. The machine is also caused to disable, based at least on the 

performance metrics meeting a first criterion, a first subset of the set of solar cells. The machine 

is also caused to disable, based at least on the performance metrics meeting a second criterion, a 

second subset of the set of solar cells.  

[127] The foregoing description presents one or more embodiments of various systems and 

methods. It should be noted that these and any other embodiments are exemplary and are 

intended to be illustrative of the invention rather than limiting. While the invention is widely 

applicable to various types of technologies and techniques, a skilled person will recognize that it 

is impossible to include all of the possible embodiments and contexts of the invention in this 

disclosure.  

[128] Furthermore, those skilled in the art will recognize that boundaries between the 

functionality of the above described acts, steps, and other operations are merely illustrative. The 

functionality of several operations may be combined into a single operation, and/or the 

functionality of a single operation may be distributed in additional operations. Moreover, 

alternative embodiments may include multiple instances of a particular operation or may 

eliminate one or more operations, and the order of operations may be altered in various other 

embodiments. Those of skill in the art may implement the described functionality in varying 
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ways for each particular application, but such implementation decisions should not be interpreted 

as causing a departure from the spirit or scope of the present invention.  

[129] Some benefits and advantages that may be provided by some embodiments have been 

described above. These benefits or advantages, and any elements or limitations that may cause 

them to occur or to become more pronounced are not to be construed as critical, required, or 

essential features of any or all of the claims. As used herein, the terms "comprises," 

"comprising," or any other variations thereof, are intended to be interpreted as non-exclusively 

including the elements or limitations that follow those terms. While the foregoing description 

refers to particular embodiments, it should be understood that the embodiments are illustrative 

and that the scope of the invention is not limited to these embodiments. Many variations, 

modifications, additions, and improvements to the embodiments described above are possible.  

[130] Examples of logic elements may include processors, microprocessors, circuits, circuit 

elements (e.g., transistors, resistors, capacitors, inductors, and so forth), integrated circuits, 

application specific integrated circuits (ASIC), programmable logic devices (PLD), digital signal 

processors (DSP), field programmable gate array (FPGA), logic gates, registers, semiconductor 

device, chips, microchips, chip sets, and so forth. Examples of software may include software 

components, application programs, operating system software, firmware, subroutines, 

application program interfaces (API), or others, or any combination thereof.  

[131] Some systems or supporting systems may be implemented, for example, using a machine 

or tangible computer-readable medium or article which may store an instruction or a set of 

instructions that, if executed by a machine, may cause the machine to perform a method and/or 

operations in accordance with the embodiments. In some implementations, one or more instances 

of these programs may be executed on one or more separate computer systems or separate 

processor units, e.g., in a distributed system, a multi-processor architecture, a multi-core 

architecture. Thus, although certain steps have been described as being performed by certain 

devices, software programs, processes, or entities, this need not be the case and a variety of 

alternative implementations will be understood by those having ordinary skill in the art.  

Instructions may be stored on machine-readable medium such as a magnetic medium (e.g., hard 

disk, floppy disk, tape), a semiconductor medium (e.g., flash memory, RAM), an optical medium 

(e.g., CD, DVD), or others, or combinations thereof. One or more aspects of a system may 

- 27 -



WO 2015/183840 PCT/US2015/032497 

include representative instructions stored on a machine-readable medium that represents various 

logic within a processor, which when read by a machine causes the machine to fabricate logic to 

perform the techniques described herein. The software programs may also be carried in a 

communications medium conveying signals encoding the instructions.  

[132] Various actions described herein involve operations performed by electronic computing 

devices that manipulate and/or transform data represented as physical quantities (e.g., electronic) 

within the computing system's registers and/or memories into other data similarly represented as 

physical quantities within the computing system's memories, registers or other such information 

storage, transmission, or display devices.  
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WHAT IS CLAIMED IS: 

1. A system comprising: 

a plurality of solar cells, wherein the plurality of solar cells comprises 

a first set of one or more solar cells, 

a second set of one or more solar cells; 

a first control element configured to substantially disable a subset of the first set of solar 

cells in response to the first set of solar cells generating electricity at more than a 

first threshold voltage; and 

a second control element configured to substantially disable a subset of the second set of 

solar cells in response to the second set of solar cells generating electricity at 

more than a second threshold voltage, wherein the first and second threshold 

voltages are based at least on an operating limit of an inverter coupled to the 

plurality of solar cells.  

2. The system of claim 1, wherein: 

the inverter is a switching inverter; 

the first and second threshold voltages are based at least on an input voltage limit for the 

inverter; 

the first threshold voltage is different than the second threshold voltage; 

the first control element comprises a field-effect transistor; and 

the first set of solar cells is comprised in a solar module.  

3. The system of claim 1, further comprising the inverter.  

4. The system of claim 1, wherein: 

the first set of solar cells is connected in series with the second set of solar cells; and 
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the first control element is connected in parallel with the subset of the first set of solar 

cells.  

5. The system of claim 1, wherein: 

the first control element is connected in series with the first set of solar cells; 

the second control element is connected in series with the second set of solar cells; and 

a series of the first control element and the first set of solar cells is connected in parallel 

with a series of the second control element and the second set of solar cells.  

6. The system of claim 1, wherein a maximum controlled power generated by the plurality 

of solar cells is a within a safe range of input power for the inverter.  

7. The system of claim 6, wherein an uncontrolled maximum voltage of the plurality of 

solar cells would be in excess of a safe range of input voltage for the inverter.  

8. The system of claim 1, wherein the plurality of solar cells further comprises: 

additional sets of one or more solar cells.  

9. The system of claim 8, comprising: 

additional control elements, each configured to substantially disable a subset of a 

corresponding one of the additional sets of solar cells.  

10. A method comprising: 

measuring one or more performance metrics of a set of solar cells coupled to at least one 

inverter; 

based at least on the performance metrics meeting a first criterion, disabling a first subset 

of the set of solar cells; and 

based at least on the performance metrics meeting a second criterion, disabling a second 

subset of the set of solar cells.  
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11. The method of claim 10, wherein the disabling the second subset of the set of solar cells 

is additionally based on the first subset of the set of solar cells being disabled.  

12. The method of claim 10, further comprising: 

based at least on the performance metrics not meeting the second criterion, enabling the 

second subset of the set of solar cells; and 

based at least on the performance metrics not meeting the first criterion, enabling the first 

subset of the set of solar cells.  

13. The method of claim 12, wherein the enabling the first subset of the set of solar cells is 

additionally based on the second subset of the set of solar cells being enabled.  

14. The method of claim 10, wherein the disabling the first subset of the set of solar cells 

comprises substantially shorting the first subset of the set of solar cells.  

15. The method of claim 10, wherein the disabling the second subset of the set of solar cells 

comprises substantially disconnecting the second subset of the set of solar cells from the set of 

solar cells.  

16. The method of claim 10, wherein: 

the first criterion comprises a first voltage being above a first threshold level, wherein the 

first voltage is a voltage generated by a first module that comprises the first subset 

of the set of solar cells; and 

the second criterion comprises a second voltage being above a second threshold level, 

wherein the second voltage is a voltage generated by a second module that 

comprises the second subset of the set of solar cells.  

17. The method of claim 16, wherein: 

the first threshold level is recorded in the first module; and 

the second threshold level is recorded in the second module.  
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18. The method of claim 16, wherein: 

the first and second threshold levels are based on a connectivity positioning of the first 

module relative to the second module.  

19. The method of claim 16, wherein: 

the first and second threshold levels are randomly generated values.  

20. A control system comprising: 

an input configured to receive one or more performance metrics of a set of solar cells 

coupled to at least one inverter; and 

a processor configured to 

evaluate the performance metrics, 

based at least on the performance metrics meeting a first criterion, disable a first 

subset of the set of solar cells, and 

based at least on the performance metrics meeting a second criterion, disable a 

second subset of the set of solar cells.  
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