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DETERMINATION AND MONITORING OF SERIES RESISTANCE OF A PHOTOVOLTAIC
DEVICE OR SYSTEM FROM VOLTAGE FACTOR

TECHNICAL FIELD
The present disclosure relates to photovoltaic systems. More particularly, the present
disclosure relates to a technique for determining and monitoring a series resistance of a

photovoltaic device or system or a voltage factor associated therewith.

BACKGROUND

Typical lifetime of photovoltaic (PV) systems is in the order of 20 to 30 years. During
such period of time, the electrical components of the PV systems are exposed to harsh
working conditions that include high temperatures, mechanical stress, and high irradiation
levels. In many cases, these working conditions lead to the deterioration and early failure of
PV modules, where the photoelectrical conversion takes place. Additionally, the harsh
conditions can affect other components like that of the so-called balance of system (BOS),
like junction boxes or cable connectors.

Many failure modes associated with the electrical components in a PV system may
lead, directly or as side-effect, to an increase of the resistance to the current flow in the
electrical circuit of the PV array. A higher series resistance, Rs, means a greater power
dissipation as heat and, hence, performance loss of the PV system. In the worst-case
scenario, the heat dissipation can lead to local overheating of the electrical components, with
a severe risk of fire in a PV plant. Some of these failure modes usually observed on-field are:
front delamination of PV module, module backsheet cracking, module cell interconnection
failure, module metallization discoloration/corrosion, module junction box interconnection
failure, and direct current (DC) interconnector mismatch.

Early identification of potential failure modes by means of an accurate determination
and monitoring of Rs of the different PV arrays can noticeably improve the performance of the
PV system during its lifespan, while reducing the operation and maintenance (O&M) costs. In
that sense, the development of procedures for the routine check of the health state of the PV
arrays through Rs is of interest for the PV industry.

US2018/131322A1 and Deceglie, Michael & Silverman, Timothy & Marion, Bill & Kurtz,
Sarah. (2015). Real-Time Series Resistance Monitoring in PV Systems Without the Need for
-V Curves. |IEEE Journal of Photovoltaics. 5. 1-4, describe the application of Suns-Voc
technique for real-time detection of series resistance changes in PV modules and systems
connected to a PV inverter, which only provides the maximum power point current and voltage
(Imee @and Vuep) of the |-V curve.

The Suns-Voc method calculates the Rs by combining the current-voltage (I-V) curve
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with a hypothetical series resistance free |-V curve obtained from pairs open circulit voltage-
short circuit current (Voc-lsc) measured at different irradiance levels.

Since the PV inverter only provides the Iuee and Vuee at different operation conditions
(irradiance and module temperature), the RTSR (Real-Time Series Resistance) method
provides a methodology to assess the Rs-free I-V curve at the actual Ivep and module
temperature. This methodology can take advantage of the fact that, when the PV inverter is
in stand-by mode at very low irradiance (typically G<100 W/m?), it provides information of the
open circuit voltage of the PV system.

The RTSR methodology implies the assessment of Voc at an irradiance target (typically
a 5-10% of the actual irradiance) and the actual module temperature. The calculation of the
irradiance target assumes that the ratio between the actual Iver and short-circuit current is
known (or can be estimated), while the temperature correction of Voc is carried out assuming
that the temperature coefficient of Voc is known at each irradiance target (or can be
estimated).

In some cases, these assumptions could be the cause of deviations or errors in the
calculation of Rs that could lead to a loss of reliability in the monitoring process of Rs. This
loss of reliability could mean the late detection of an increase of the series resistance, with the
consequent power and economic losses. In other cases, this loss of reliability could mean
unwanted false alarms that lead to an unnecessary deployment of the operation and
maintenance workforce, with the consequent economic losses.

There is a huge interest on the development of new procedures for the assessment
and monitoring of Rs in remote mode, using the basic information provided by e.g. a SCADA
system of a standard PV installation. These procedures must be able to provide a high level
of reliability during the monitoring process to effectively detect possible failure modes. This
means the capability to assess Rs with a greater resilience against possible measurement
errors, and a greater robustness against the lack of fulfilment of basic assumptions make in

the calculation procedure.

SUMMARY

A first aspect of the disclosure relates to a method comprising:

computing, by one or more processors, a voltage factor, VF, of a photovoltaic device
or system as a ratio between: an open circuit voltage, Voc, of the device or system, and a
voltage at a maximum power generation, Vuep, of the device or system;

computing, by the one or more processors, a partial derivative of VF with respect to a
current at the maximum power generation, Iuyep, of the device or system;

computing, by the one or more processors, a first ratio between: a product of a

predetermined constant, n, associated with the device or system times a thermal voltage, V14,
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nVTH).

of the device or system for a predetermined temperature, and luep (i.€. - X
MPP

computing, by the one or more processors, a second ratio between Vyep and Voc; and

computing, by the one or more processors, a value for a series resistance, Rs, of the
device or system at least based on: a product of the partial derivative (of VF with respect to
Imep) @and Voc; and a product of the first ratio and the second ratio.

The determination of the series resistance of the photovoltaic device or system, PV
device/system, is made without the provision of |-V curves unlike in other developments.
Rather, the determination is based on the evaluation of the voltage factor, which might improve
the reliability of the calculation of Rs when compared to other known procedures.

The voltage factor VF is contained in the so-called fill factor, which provides information
about the electrical losses in the parasitic resistances of the PV device/system. The fill factor,
FF, is defined as follows:

FF = Iupp " Vupp
Is¢ *Voc

Any increase in these electrical losses causes a decrease in the lupp-Vuer product of
the fill factor. Specifically, a PV device/system affected by an increase of the Rs shows a
progressive decrease in FF, mainly linked to a decrease in Vwpe without affecting Voc.
Therefore, the FF reduction and the associated power loss is determined by the VF decrease.

The calculation of the voltage factor requires the assessment of the open circuit voltage
Voc at the actual operation conditions of the PV device/system (instead of at multiple target
irradiances like in other methodologies). The open circulit voltage may be provided by e.g. an
electronic device that momentarily changes the operation point of the PV device/system to
measure the open circuit voltage. The open circuit voltage could also be assessed from a
multiparametric model that uses the actual meteorological data (irradiance, temperature, etc.),
the design characteristics of the PV device/system (number of series connected PV modules,
number of parallel strings, etc.), and the characteristics of the PV module (open circuit voltage
at standard test conditions, temperature coefficient of Voc, etc.) as input. Additionally, an
algorithm configured to evaluate data provided by the PV inverter could identify those voltage
values corresponding to open-circuit voltage usually observed at very low-irradiance
conditions. These experimental data could be used as a more reliable input for a
multiparametric model that allows the assessment of the open circuit voltage at any operation
conditions. Likewise, by way of example, a classification algorithm can also be used to identify
values of the open circuit voltage on a set of voltage values since, for instance, in many
occasions two different clusters of values are present in such sets of voltage values.

The voltage factor presents a linear decrease with Iwpe for a given operation
temperature T. This dependence between VF and Iyep is @ consequence of the increase in

voltage drop in Rs as the current level increases, for example, due to a higher irradiance level.
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Further, the slope of the dependence between VF and Iuwee for a given operation
temperature also relates to Rs. In this sense, the partial derivative of VF with respect to Iuep
becomes more negative as Rs increases. Therefore, the Rs can be monitored by monitoring
the derivative of the voltage factor with respect to the maximum power point current. This
simplified procedure may allow monitoring of the series resistance without introducing
assumptions about the actual short-circuit current of the PV device/system, thus improving
the reliability of the monitoring process. In sum, the partial derivative can be used for
monitoring the possible degradation of Rs of the PV device/system.

The predetermined constant, n, which multiplies the thermal voltage (computable, for
instance, with formulae known in the art that are dependent on the temperature and the
electrical charge or an electron), likewise influences the series resistance calculation. The
predetermined constant is a value intended to characterize the electrical behavior of the PV
device/system; particularly, the predetermined constant can be e.g. an ideality factor as known
in the art.

With the computation of these parameters, the value for Rs can be computed, remotely
from the PV device/system and online, i.e. upon request. The computation of the value for Rs
is particularly simple when it does not require an estimation of lsc in some embodiments.

The resulting value for Rs is a good approximation of the actual value for the series
resistance. A relative error between the computed Rs value and the actual Rs value is typically
below 12%.

So, as explained above, in some embodiments Voc can be estimated for different
operating conditions, i.e. for different values of G and T, with a multi-parametric model. Initially,
the Voc can be obtained from the PV device/system itself when the in-plane irradiance is low,
e.g. below e.g. below 100 W/m?2. Under these conditions, the PV device/system is almost in
open-circuit thus the voltage is an accurate approximation of Voc.

In reference to the multi-parametric model, a non-limiting example is presented in the
following standard equation to describe the irradiance, G, and module temperature, T,
dependence of Voc. Values with the subscript STC refers to the standard test conditions. The
parameter nV,, corresponds to the product of the predetermined constant (e.g. ideality factor)
and the thermal voltage. Any other multiparametric physical or statistical model that correlates

the open circuit voltage with the actual operation conditions could be used as well.

G
Voc(G, T) = Voc(Gsre, Tsre) + 1V - In < ) + uyy - (T — Tsre)

GSTC
Concerning the short circuit current, Isc, evaluation thereof can be required for the

calculation of Rs. For instance, a multiparametric model can be used based on the design
characteristics of the PV device/system and additional data provided by e.g. one or more

sensors, a SCADA system, etc. as known in the art, such as: irradiance, temperature, lvep,



10

15

20

25

30

35

WO 2024/022977 PCT/EP2023/070314

etc.

An exemplary, non-limiting multiparametric model to this end is presented next that
relates the irradiance, G, a temperature of the PV device/system, T, to Isc. Values with
subscript STC refer to standard test conditions. TC[lsc] corresponds to the temperature

coefficient for |sc.

G TC[Is¢]
Ise = Isc.sre - ——- 1
sc = lseste " G ( + 100

' (T - TSTC))

As it is apparent for the skilled person, other multiparametric physical or statistical
models that correlates the short circuit current with the actual operation conditions could be
used as well and also fall within the scope of the present disclosure.

It is noteworthy that the determination of Rs according to the present method appears
to be more resilient to possible errors in the irradiance measurements, for example, errors
related to possible orientation mismatch between the plane of the PV device/system and a
sensor measuring irradiance when provided. This is even more so when the determination of
Rs is made without considering the values of Isc.

The method can be a computer-implemented method running in one or more
computing devices. A single computing device may carry out the steps, or a plurality of
computing devices may carry out the steps. When multiple computing devices carry out the
steps, one or more steps can be carried out by a single computing device and one or more
other steps can be carried out by two or more computing devices; or all steps are carried out
by two or more computing devices. Distributed computing across the different computing
devices whereby a computation is run in distributed manner and then combined is likewise
possible.

In some embodiments, the predetermined constant n is an ideality factor
representative of the electrical behavior of the device or system.

In some embodiments, in the step of computing the value for Rs, the value is a result
of:

Rs=A+B

where A at least has one term that is the product of the partial derivative and Voc; and
B at least has one term that is the product of the first ratio and the second ratio.

Owing to the aforesaid relationship between the partial derivative of VF with respect to
Imep, the product term in A is in negative form, i.e. multiplied by -1 (minus one).

In some embodiments, in the step of computing the value for Rs, the value is a result

of:

g ()12
s % Olypp Iypp Voc

In the above equation, n is preferably the ideality factor.
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The above equation is provided under the assumption that there is a linear correlation
between Isc and Ivmpp. And, thus, with the aforesaid equations, the value for Rs is more accurate
owing to the different factors considered therein. A relative error between the computed Rs
value and the actual Rs value is typically below 10%.

Further, when there is degradation in the Rs value, for example when the PV
device/system has run out of part of its nominal useful life, the relative error is typically below
12%.

In some embodiments, the method further comprises:

computing, by the one or more processors, a third ratio between: n times V4, and a
difference between a short-circuit current, Isc, of the device or system and Iuep; and

computing, by the one or more processors, a partial derivative of a difference between
Isc and Iuwpe With respect to luee;

the value for Rs is at least further based on: a product of the third ratio and the partial
derivative of the difference.

The difference between Isc and Iuep is approximated since the value of Isc cannot be
measured. And with said difference, the Rs value resulting from the computation is more
accurate, especially at higher Rs values where there is no linear correlation between Isc and
[mpp.

Isc might be estimated from the operating conditions of the PV device/system, like in-
plane irradiance G and module temperature T. In this sense, as known in the art, the
photovoltaic array configuration (i.e. number of photovoltaic strings connected in parallel) and
the characteristics of the PV device/system (Isc at standard test conditions, STC, and
temperature coefficient of Isc) define lsc. In any case, rather than estimating lsc, the one or
more processors estimate the difference between Isc and Iuep, which can be approximated by
way of a mathematical expression. In some embodiments, the mathematical expression is a
polynomial, whereas in some other embodiments it is a different function. The selected
mathematical expression preferably approximates the difference as accurately as possible.

For example, but without limitation, the difference can be computed with the following
equation corresponding to a second order polynomial:

Isc = Iupp = Colupp” + Cilupp + Co

In some embodiments, in the step of computing the value for Rs, the value is a result
of:

Rs=A+B+C

where A at least has one term that is the product of the partial derivative of VF with
respect to Iuep, and Voc, B at least has one term that is the product of the first ratio and the
second ratio; and C at least has one term that is the product of the third ratio and the partial

derivative of the difference.



10

15

20

25

30

WO 2024/022977 PCT/EP2023/070314
7
As aforementioned, due to the relationship between the partial derivative of VF with

respect to Iuep, the product term in A is in negative form.

In some embodiments, in the step of computing the value for Rs, the value is a result

of:
oVF nV. v, nv. 0(lse — 1
Rs = —Vyg - +< TH)_( MPP>+< TH )( Usc MPP))
Olypp Iupp Voc Isc = Iupp Olypp
where n is an ideality factor representative of an electrical behavior of the device or
system.

With the aforesaid equations, the value for Rs may be more accurate owing to the
different factors considered therein. A relative error between the computed Rs value and the
actual Rs value is typically below 5%, and sometimes even below 3% or even equal to or
below 1%. The relative error when there has been degradation in Rs rarely is greater, it rather
can be even smaller.

Coming back to the previous example about the mathematical expression

approximating the difference between lsc and Iuep, the partial derivative of the difference can

be set as:
0(lsc — 1
sc —Iupe) _ o0t 4
Olypp
Namely, the Rs value is the result of:
dVF nV, 1% nV,
Ry ==Voc- + < th) ' < MPP) + < a ) (2CIypp + C1)
aIMPP IMPP VOC ISC - IMPP

The values for coefficients C, and C1 can be determined, for example, with a fitting
algorithm, thereby providing the value for the series resistance.

In some embodiments, the ideality factor n is one of. estimated or simulated by the
one or more processors, manually inputted by a user, a predetermined value, and obtained
from a remote device via a communications link.

In some embodiments of the first aspect and/or the second aspect below, the method
further comprises:

comparing, by the one or more processors, the value for Rs with one or more
predetermined thresholds; and

executing or issuing, by the one or more processors, at least one action or command
based on a result of the step of comparing.

In addition to calculating the Rs value, one or more actions can be executed at the PV
device/system, at the computing device with the one or more processors, or at devices remote
from the computing device like e.g. a server at a control center, a mobile phone, etc. For
example, the operation of the PV device/system can be modified based on the comparison of

the Rs value with the one or more predetermined thresholds, personnel are notified of a
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possible malfunction, etc.

In some embodiments of the first aspect and/or the second aspect below, the step of
computing the value for Rs is conducted a plurality of times over a period of time, thereby
providing a time evolution of the values of Rs (and also for VF and the derivative of VF with
respect to Iuep).

The Rs and/or the derivative of VF can be periodically calculated within a sliding time
window to monitor their evolution. The obtained values can be compared with reference values
for the Rs and/or the derivative of VF previously calculated under normal operation conditions
of the PV device/system. Reference values for comparison can also be obtained, for example,
from physics modelling or any other approach that uses the characteristics of the PV
device/system.

By computing a plurality of Rs values as the time goes by, Rs, VF and/or the partial
derivative of VF with respect to Iupe can be monitored over time to detect possible degradation
or fault modes in the PV device/system.

In some embodiments, the method further comprises:

comparing, by the one or more processors, at least one of. the time evolution (of the
values of Rs), a time evolution of the values of VF, and a time evolution of the values of the
partial derivative of VF with respect to Iuer with one or more predetermined thresholds or
predetermined curves; and

executing or issuing, by the one or more processors, at least one action or command
based on a result of the step of comparing the time evolution.

In addition to monitoring the Rs value over time, the VF value over time and the partial
derivative (of VF with respect to Iwee) value over time, one or more actions can be executed
at the PV device/system, at the computing device with the one or more processors, or at
devices remote from the computing device.

Upper and lower predetermined thresholds or curves (control limits) can be defined,
for example, based on statistical analysis of the data under normal operation conditions of the
PV device/system. Thus, a control chart can be used to detect failure modes when the
respective time evolution values fall outside of the lower and upper control limits. As it will be
noted by the skilled person, any other kind of statistical algorithm can be used to detect
possible worsening trends in the monitored parameters.

With regards to VF, the predetermined thresholds may for instance be provided by way
of a model for predicting the instantaneous VF, with the predicted value of VF being dependent
upon instantaneous irradiance, temperature, Iwep, and reference values for Rs and the
derivative of VF. That way, discrepancies between predicted and experimental instantaneous
VF values can be used as an early warning of possible changes in Rs and/or the derivative of
VF.
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An exemplary model for VF is presented in the following equation that provides its
value based on the instantaneous Iuweer produced by the PV device/system, and the
instantaneous temperature of the PV device/system. Values with subscript STC refer to
standard test conditions. The parameter pyr corresponds to the temperature coefficient of VF.
AVFere

dlypp
In some embodiments of the first aspect and/or the second aspect below, the at least

VE(Iypp, T) =VF (IMPP,STC» TSTC) + “Umpp — Iupp.stc) + tvr - (T — Tsre)

one action or command (resulting from the step of comparing the value for Rs and/or from the
step of comparing the time evolution) comprises one or more of. generating an alarm signal,
transmitting an alarm signal to an electronic device, transmitting a request for maintenance
tasks to an electronic device, reducing the electric current in the PV device or system
preferably to put it in open circuit conditions, and actuating one or more electrical protection
devices to disconnect the PV device/system from other PV devices/systems and/or from an
electrical system.

When alarm signals are generated or transmitted, the alarm signal may contain
information of the affected PV device/system, a temporal window in which the deviation was
detected, a statistical summary of the operating conditions of the PV device/system during the

operation thereof that resulted in the execution or issuance of the action or command, severity

. o VF
in terms of percentage of deviation from a reference Rs and/or a reference 5 among other
MPP

possible parameters of interest.

The alarm signal can be transmitted to a device of the operation and maintenance
workforce and/or generated for local warning by way of e.g. audible signals, visible signals,
etc. to check the existence of a possible failure mode and minimize the impact of the
associated power losses.

A notification for requesting or scheduling maintenance tasks can also be transmitted
to a device of the operation and maintenance workforce for prompt checking of any
problematic behavior that the PV device/system may feature.

To avoid running the risk of damaging the PV device/system itself or other parts of the
electrical system that the PV device/system is connected to, the current in the PV
device/system may be reduced (even all the way down to zero) so as to reduce the power
dissipated in the degraded series resistance, or be disconnected from the electrical system
by adjusting the configuration of electrical protection devices, for example by opening
protection switches in the electrical circuit that connects the PV device/system to the electrical
system.

In case that the result of the comparison reaches a certain predetermined threshold,

at least one processor (which may be the one or more processors or different ones) may be
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configured to control an operation point of the PV device/system to progressively reduce the
maximum power point current until a safety operation is obtained. A safety parameter can be
defined in terms of dissipated power in the degraded series resistance or any other pre-
defined parameter. The control of the maximum power point tracker can be carried out by
means of e.g. a maximum power point tracker (of e.g. an inverter) or by an electronic device
adapted for this function.

In some embodiments of the first aspect and/or the second aspect below, the method
further comprises estimating, by the one or more processors, degradation of the Rs of the
device or system by evaluating the partial derivative of VF with respect to lueep.

In some embodiments of the first aspect and/or the second aspect below, the method
further comprises determining, by the one or more processors and with respect to the
photovoltaic device or system, one or more of: Voc, Vuep, and lypp. In some embodiments, the
determining step also comprises determining Isc with respect to the photovoltaic device or
system.

In some embodiments of the first aspect and/or the second aspect below, the
determination is based on measurements provided by one or more sensors measuring one or
more of: lwpp, Vure, Voc, in-plane irradiance G and temperature T. In some embodiments, the
one or more Sensors comprises an inverter.

The sensor(s) may or may not be part of the PV device/system. For example,
magnitudes G and T could be measured by sensors remote from the PV device/system
(preferably as close to the PV device/system as possible to have values that are similar or are
the same as the ones that could be measured by a sensor that is part of the PV device/system)
and be supplied to the one or more processors for conducting the calculations.

In some embodiments of the first aspect and/or the second aspect below, the
photovoltaic device or system is or comprises one of the following photovoltaic devices or
systems: a solar cell, a module, a string, an array, an inverter, and a combination thereof.

A second aspect of the disclosure relates to a method comprising:

computing, by one or more processors, a partial derivative of VF with respect to a
current at the maximum power generation, Iuep, of a photovoltaic device or system from either:

a voltage factor, VF, of the device or system, calculated by the one or more
processors, as a ratio between: an open circuit voltage, Voc, of the device or system,
and a voltage at a maximum power generation, Vuep, of the device or system; or

data representative of pairs of Iwpp and voltage at a maximum power
generation, Vupep, of the device or system at a plurality of operating conditions, with the

Imer @and Vuep Of each pair being at same operating conditions; and

computing, by the one or more processors, a value for a series resistance, Rs, of the

device or system at least based on: the computed partial derivative (of VF with respect to luee),
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and at least one predetermined model characterizing a relationship between the Rs of the
device or system and a partial derivative (of VF with respect to Iuep).

The derivative of VF presents a strong correlation with the value of Rs, providing a key
parameter to identify possible failure modes that affect the Rs. In general, a mathematical
relationship can be found to describe the dependence between the series resistance and the
derivative of VF.

One or more mathematical expressions establishing the predetermined model(s) can
be obtained by means of a physical model that describes an optoelectronic behavior of the
PV device/system. Alternatively, one or more mathematical expressions can be obtained by
means of the single-diode model that describes a physical model of the PV device/system.

The predetermined model(s) may be defined by way of digital simulations intended to
characterize the behavior of Rs with respect to the derivative of VF, or even by way of
experimental tests. The latter is generally complex because it requires the PV device/system
under test to undergo changes in its Rs for an adequate modeling thereof, and Rs cannot be
typically modified in a controlled manner.

As the relationship between Rs and the derivative of VF is substantially linear, a
mathematical expression of the predetermined model(s) may take, for example but without
limitation, the form of the following equation:

dVF

+ B
Olypp

RS=A

Constants A and B are to be computed by means of the simulations or experimental
tests conducted for the characterization of the PV device/system.

It is noted that Rs varies with temperature, hence a mathematical expression as the
previous one is defined for a given temperature, or a mathematical expression that is
dependent upon temperature can be alternatively defined.

The plurality of pairs of Iuee-Vupe values may be experimental data, namely values of
the PV device/system that are measured, and/or synthetic data, namely values of the PV
device/system that are digitally obtained by way of e.g. simulations. In case of the latter, the
data are synthetic data that may be digitally obtained by the same one or more processors
computing the partial derivative of VF, or by some other one or more processors in which case
the obtained data are provided to the one or more processors computing the partial derivative
of VF.

Like the method of the first aspect, the method of the second aspect can be a
computer-implemented method running in one or more computing devices.

A third aspect of the disclosure relates to a data processing device or system
comprising means for carrying out a method according to the first aspect or the second aspect.

The data processing device or system may be a computing device or system



10

15

20

25

30

35

WO 2024/022977 PCT/EP2023/070314
12

configured to conduct steps of a method according to the first aspect or the second aspect.

Forinstance, but without limitation, the device may comprise a single computing device
with e.g. one or more processors, one or more memory units, both configured to conduct the
steps, for instance by way of one or more computer programs or computer code configured to
that end.

By way of another example, the data processing system may comprise a plurality of
computing devices communicatively coupled in such a way as to perform distributed
computing.

The data processing device or system may be part of the PV device/system itself or of
an inverter associated therewith, or be remote therefrom but communicatively coupled to
obtain the parameters.

A fourth aspect of the disclosure relates to a photovoltaic device or system comprising
a data processing device or system according to the third aspect.

In some embodiments, the photovoltaic device or system is or comprises one of the
following photovoltaic devices or systems: a solar cell, a module, a string, an array, an inverter,
and a combination thereof.

A fifth aspect of the disclosure relates to a computer program product or a data carrier
signal carrying the computer program product, the computer program product having
instructions which, when executed by a computing device, cause the computing device to
perform a method according to the first aspect and/or the second aspect.

In some embodiments, the computer program product is embodied on a non-transitory
computer-readable medium or a computer-readable data carrier has the computer program
product stored thereon.

A sixth aspect of the disclosure relates to a data carrier signal carrying a computer

program product according to the fifth aspect.

BRIEF DESCRIPTION OF THE DRAWINGS

To complete the description and in order to provide for a better understanding of the
disclosure, a set of drawings is provided. Said drawings form an integral part of the description
and illustrate embodiments of the disclosure, which should not be interpreted as restricting
the scope of the disclosure, but just as examples of how the disclosure can be carried out.
The drawings include the following figures:

Figure 1 shows the evolution of an |-V curve of an exemplary photovoltaic
device/system with respect to its series resistance, Rs. A progressive decrease of the fill factor
and the voltage factor is graphically shown as Rs is increased.

Figure 2 shows the VF dependence with the luep (for simplicity normalized to its value

under standard test conditions, STC) at different ranges of an exemplary PV device/system
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temperature for a constant series resistance, Rs.
Figure 3 shows the VF dependence with the luep (for simplicity normalized to its value
under standard test conditions, STC) at different series resistance values, Rs, for an

exemplary constant PV device/system temperature.

Figure 4 shows the derivative of the voltage factor with respect to luee, ovE

dlypp’

dependence with the PV device/system temperature for a given series resistance Rs

Figure 5 shows Vwmep evolution with the irradiance level of an exemplary PV
device/system as measured by e.g. a photovoltaic inverter. From this data, the values of open-
circuit voltage Voc can be determined with a clustering technique.

Figure 6 shows the evolution of the difference of short-circuit current, lsc, of an
exemplary photovoltaic device or system and Iuep, With Iypp itself (for simplicity normalized to
its value under standard test conditions, STC). Dependence is presented for two at different
ranges of PV device/system temperature for two different Rs values.

Figure 7 shows a comparison of Rs values according to different embodiments and a
prior art method. Rs values are assessed from the very same experimental data at different

in-plane irradiance levels

Figure 8 shows the partial derivative of the voltage factor with respect to luee, ovE

dlmpp’

dependence with the series resistance Rs for an exemplary PV device/system temperature.
Figure 9 diagrammatically shows a system with an exemplary PV device/system

whose series resistance is monitored.

DETAILED DESCRIPTION

Figure 1 shows graphically the evolution of the fill factor and voltage factor of a PV
device/system with respect to its series resistance, Rs. Particularly, Figure 1 shows an |-V
curve for a PV device/system, with the generated maximum power being represented by the
shaded area, whose top right corner is defined by the maximum power point (Iuee, Vmep).

As it can be seen in the graph, the shaded area decreases as the Rs is increased
mainly because of a decrease of Vupe While Voc is unaffected, meaning a decrease of the
voltage factor VF.

Figures 2 and 3 show relationships between VF and Iwee of a photovoltaic
device/system. In Figure 2, the relationship is shown as a function of temperature whereas in
Figure 3 it is shown as a function of Rs. For the sake of a clearer representation only, in the
horizontal axis the ratio luep / Ivep,sTc iS represented as a percentage.

Several operation temperatures for the PV device/system are shown in Figure 2,
ranging from 38 °C or less, up to 48 °C or more. For each of these operation temperatures,

the behavior of VF relative to Iuep features the same trend. Particularly, VF decreases
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substantially linearly as Iuer gets larger.

The dependence of VF with respect to Iuer is a consequence of the increase in voltage
drop in Rs as the current level increases, for example, due to a higher irradiance level.

A similar behavior also exists for different values of Rs as seen in Figure 3, but unlike
with temperatures, the slope of VF versus Iuer varies depending on the value of Rs. The curves
are represented for Rs values ranging from 0.3 Q up to 1.0 Q. The slopes of VF are all
negative, but they are more negative for larger Rs values and are less negative (i.e. closer to
zero) for smaller Rs values.

Based on this behavior, the slope of VF versus Iuer can be used to monitor how Rs of
the PV device/system degrades over time.

Figure 4 shows a relationship between the derivative of the voltage factor with respect
to Imee, and temperature.

Further to the graph of Figure 2, in Figure 4 the graph illustrates how the derivative of
VF becomes more negative for greater temperatures that the PV device/system is at. The
derivative of VF is represented for a same value of Rg, in this particular example for a value
of Rs of 0.33 Q. The evolution of the derivative with temperature is substantially linear.

Figure 5 shows Vuep Of a PV device/system as measured by e.g. a photovoltaic
inverter.

As it can be appreciated from the plot, which represents multiple Vuee values for
different in-plane irradiance, G, values, the Vuep is considerably greater for low irradiances
(e.g. G values below 50 W/m?) than for greater irradiances (e.g. G values above 50 W/m?).

By processing the Vypp values for distinct irradiance levels, it can be determined which
VMPP values corresponds to an open-circuit condition of the PV device/system. For example,
the open-circuit voltage Voc can be determined by means of a processor or processors
running a clustering technique that at least identifies cluster 10 corresponding to Voc values.

Figure 6 shows relationships between the difference Isc-lwee, and Iupp itself, as a
function of temperature. In the top graph of Figure 6, the relationship is shown for a series
resistance of 0.33 Q whereas, in the bottom graph, the relationship is shown for a series
resistance of 0.99 Q.

For both values of Rs, the behavior of lsc-Iwpe versus Iuep is similar at different
temperatures, and it increases with Iuep. What is not similar is the behavior for the different Rs
values.

For an Rs value of 0.33 Q, the behavior of Isc-Iwpp is linear or substantially linear. For
Rs value of 0.99 Q, the behavior of lsc-lupe is Not substantially linear.

Owing to said non-linear behavior that occurs for higher Rs values, e.g. starting from
0.6 Q, the accuracy in the computation of Rs without considering lsc in the computation tends

to reduce, thereby increasing the error between the calculated value and the actual value for
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Rs.

For this reason, it is preferable to at least consider lsc in the Rs computations at least
in these conditions in which Rs is relatively high. Notwithstanding, the computation of Rs also
taking into account Is¢ for lower Rs values, and the computation of Rs without taking into
account Isc for higher Rs values both fall within the scope of the present disclosure. It will be
noted that although less accurate, the computation without Isc is computationally simpler than
the computation with Isc and hence it may be convenient, in some occasions, to calculate Rs
in this manner even if the result will have more error; further, as it will be described with
reference to Figure 7, this way of computing Rs is also convenient for monitoring its evolution
over time as it is more resilient against errors in the measurement of in-plane irradiance.

Figure 7 shows a comparison of calculated Rs values, at different irradiance levels,
according to different embodiments and Rs values calculated with the RTSR method. The Rs
values resulting from RTSR are on the top graph, and the Rs values resulting from the
procedure of the present disclosure are on the bottom graph.

The graph represents the in-plane irradiance, G, in the horizontal axis, and the
calculated Rs value in the vertical axis. The actual Rs value, which is 0.39 Q, is plotted with a
dashed line for comparison of the accuracy in the Rs values calculated with the different
alternatives.

A technique according to embodiments of the present disclosure whereby Isc of the
PV device/system is not considered for the computation of Rs is labeled as Simp VFI, and it
usually provides values that are below the actual Rs value with an average relative error in
the order of 10%. The error increases as the irradiance increases due to a lower Rs value
resulting from the computation made. The dispersion in the Rs calculation is low, meaning that
the computed Rs values are steady. The reduced dispersion makes the technique suitable for
monitoring Rs over time as variations in the value can be associated with a change in Rs rather
than with an error in the calculation.

By contrast, the RTSR method has greater dispersion in the result, and provides Rs
values above the actual value and below the actual value. The relative error is typically a little
bit less than the previously mentioned technique; however, the dispersion is quite significant,
making this method less sensitive to detection of failure modes.

A technique according to embodiments of the present disclosure whereby Isc of the
PV device/system is taken into account for the computation of Rs is labeled as Std VFI, and it
outperforms both techniques. Particularly, this technique is capable of providing Rs values
with a relative error that is less than 3%, and even less than 1%. Further, the dispersion is
also low like with the technique labeled Simp VFI, so monitoring of Rs is possible and will

provide accurate estimations of the status of the PV device/system.
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avVF

Figure 8 shows the evolution of the partial derivative as the series resistance Rs

dlmpp

is increased for a simulated PV device/system.

The simulation is based on a physical model that provides Iure-Vure pairs for a wide
range of operation conditions (in-plane irradiance and module temperature). In this particular
case, for simplicity, an in-plane irradiance ranging from 0 to 1000 W/m? and a fixed module
temperature of 25°C were considered during the simulation.

Specifically, the obtained results show that, for this particular case, the relationship

avVF

between and Rs could be expressed by means of a simple linear regression. Thus, a

dlmpp

mathematical expression can be obtained that allows the assessment of the actual Rs of the
PV device/system from the oV F /d1,pp calculated from experimental lyre-Vuree data.

During operation of the PV device/system, a computing device obtains the value of the
derivative of VF with respect to Iuer and obtains the value of Rs from the predetermined model.
Thus, by obtaining the value of the derivative of VF and/or monitoring the time evolution of the
derivative of VF, determination and/or monitoring of the series resistance is made possible in
some embodiments of the present disclosure.

Figure 9 diagrammatically shows a system with an exemplary PV device/system 20
whose series resistance is monitored.

The system includes the PV device/system 20, in this example an array of PV modules,
a PV inverter 22 electrically connected with both the PV device/system 20 and an electric grid
24, and also includes a computing device 26 that, in this example, is electrically connected
with the PV inverter 22.

The PV inverter 22 provides data about the PV device/system 20 as known in the art.
The computing device 26, which may additionally be electrically connected with the electric
grid 24 and/or the PV device/system 20, obtains the data provided by the PV inverter 22.

The computing device 26 conducts a method as described in the present disclosure
by way of one or more processors thereof and at least one memory thereof including
instructions or computer program code for execution by the one or more processors. The
computing device 26 thus determines the value of the series resistance Rs of the PV
device/system 20 and/or monitors the evolution of Rs over time. The resulting value of values
may be provided to other devices for notification and logging purposes, for example, and/or
used by the computing device 26 itself for controlling the operation of the PV device/system
20, either directly or through the PV inverter 22.

In this text, the term “comprises” and its derivations (such as “comprising”, etc.) should
not be understood in an excluding sense, that is, these terms should not be interpreted as
excluding the possibility that what is described and defined may include further elements,

steps, etc.
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On the other hand, the invention is obviously not limited to the specific embodiment(s)
described herein, but also encompasses any variations that may be considered by any person
skilled in the art (for example, as regards the choice of materials, dimensions, components,

configuration, etc.), within the general scope of the invention as defined in the claims.
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CLAIMS

1. A method comprising:

computing, by one or more processors, a voltage factor, VF, of a photovoltaic device
or system as a ratio between: an open circuit voltage, Voc, of the device or system, and a
voltage at a maximum power generation, Vuep, of the device or system;

computing, by the one or more processors, a partial derivative of VF with respect to a
current at the maximum power generation, Iuyep, of the device or system;

computing, by the one or more processors, a first ratio between: a product of a
predetermined constant, n, associated with the device or system times a thermal voltage, V14,
of the device or system for a predetermined temperature, and luee;

computing, by the one or more processors, a second ratio between Vyep and Voc; and

computing, by the one or more processors, a value for a series resistance, Rs, of the
device or system at least based on: a product of the partial derivative of VF and Voc; and a

product of the first ratio and the second ratio.

2. The method of claim 1, wherein, in the step of computing the value for Rs, the value is a

result of;

gl ()12
Olypp Voc

where the predetermined constant n is an ideality factor of an electrical behavior of the device

R
s Iypp

or system.

3. The method of claim 1, further comprising:

computing, by the one or more processors, a third ratio between: n times Vru, and a
difference between a short-circuit current, Isc, of the device or system and Iuep; and

computing, by the one or more processors, a partial derivative of a difference between
Isc and Iuwpe With respect to luee;

wherein the value for Rs is at least further based on: a product of the third ratio and

the partial derivative of the difference.

4. The method of claim 3, wherein, in the step of computing the value for Rs, the value is a

result of;

Rq ovVF n <nVTH> ] <VMPP> n <ISCnVTH ) ) <a(lsc - 1MPP)>

=V,
9 lypp Voc

where the predetermined constant n is an ideality factor of an electrical behavior of the device

Iupp — Iypp Olypp
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or system.

5. The method of any one of claims 3-4, wherein the difference between Isc and Iuepe is

modelled with a mathematical expression approximating the difference.

6. The method of claim 5, wherein the mathematical expression is a polynomial.

7. A method comprising:
computing, by one or more processors, a partial derivative of VF with respect to a
current at the maximum power generation, Iuep, of a photovoltaic device or system frome ither;
a voltage factor, VF, of the device or system, calculated by the one or more
processors, as a ratio between: an open circuit voltage, Voc, of the device or system,
and a voltage at a maximum power generation, Vuep, of the device or system; or
data representative of pairs of Iwpp and voltage at a maximum power
generation, Vupep, of the device or system at a plurality of operating conditions, with the
Imer @and Vuep Of each pair being at same operating conditions; and
computing, by the one or more processors, a value for a series resistance, Rsg, of the
device or system at least based on: the computed partial derivative of VF, and at least one
predetermined model characterizing a relationship between the Rs of the device or system

and the partial derivative of VF.

8. The method of any one of the preceding claims, further comprising:

comparing, by the one or more processors, the value for Rs with one or more
predetermined thresholds; and

executing or issuing, by the one or more processors, at least one action or command

based on a result of the step of comparing.

9. The method of any one of the preceding claims, wherein the step of computing the value
for Rs is conducted a plurality of times over a period of time, thereby providing a time evolution

of the values of Rs.

10. The method of claim 9, further comprising:

comparing, by the one or more processors, the time evolution, a time evolution of the
values of VF, and/or a time evolution of the values of the partial derivative of VF with respect
to Imee With one or more predetermined thresholds or predetermined curves; and

executing or issuing, by the one or more processors, at least one action or command

based on a result of the step of comparing the time evolution.
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11. The method of any one of claims 8-10, wherein the at least one action or command
comprises one or more of. generating an alarm signal, transmitting an alarm signal to an
electronic device, transmitting a request for maintenance tasks to an electronic device,
reducing the electric current in the PV device or system preferably to put it in open circuit
conditions, and actuating one or more electrical protection devices to disconnect the PV

device/system from other PV devices/systems and/or from an electrical system.

12. The method of any one of the preceding claims, further comprising estimating, by the one
or more processors, degradation of the Rs of the device or system by evaluating the partial

derivative of VF with respect to Iupp.

13. The method of any one of the preceding claims, wherein the photovoltaic device or system
is or comprises one of the following photovoltaic devices or systems: a solar cell, a module, a

string, an array, an inverter, and a combination thereof.

14. A data processing device or system comprising means for carrying out the method of any

one of the preceding claims.

15. A computer program product or a data carrier signal carrying the computer program
product, the computer program product having instructions which, when executed by a
computing device, cause the computing device to perform a method according to any one of

claims 1-13.
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