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(54) Operation of large scale PV plants

(57) The present invention is concerned with
large-scale photovoltaic (PV) plants subject to non-uni-
form solar irradiance and/or partial shading. According
to the invention, a mathematical model of a PV generator
(1) with a plurality of PV modules (4) as basic components
arranged in strings (3) and electrically connected to an
inverter (6) is built. A lay-out model comprises component
dimension and PV generator configuration data. The PV

generator model is used in conjunction with solar irradi-
ance and temperature forecasts, derived from advanced
sensors or forecasting systems, to describe the electrical
properties of the PV generator. Quantities that may be
determined or predicted include a Maximum Power Point
(MPP) or the voltage region in which such point may be
located, output power, ramp rate, maximum power drop,
and duration of intermittency.
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Description

FIELD OF THE INVENTION

[0001] The invention relates to large-scale distributed
photovoltaic plants, specifically to their operation under
non-uniform irradiation.

BACKGROUND OF THE INVENTION

[0002] Conventional Maximum Power Point (MPP)
tracking algorithms may fail to provide the global MPP if
a large scale distributed photovoltaic power plant is sub-
ject to non-uniform irradiation and/or partial shading con-
ditions. This situation often arises when passing clouds
occlude the sun and cast a shadow over the modules of
a photovoltaic (PV) generator. In an exemplary case of
a PV generator consisting of a single string of ten series-
connected identical modules, characteristic curves in the
absence of any shading are shaped as depicted in Fig.1.
The characteristic curves include the IV curve - the rela-
tion between current (I) and voltage (V), and the PV curve
- the relation between power (P) and voltage of the PV
generator. The PV curve is unimodal and presents a sin-
gle MPP corresponding to pMPP = 1333 W obtained at
a voltage vMPP = 180 V and current iMPP = 7.41 A. In
this case, several basic MPP tracking algorithms may be
able to identify the MPP efficiently.
[0003] The two characteristic curves in Fig.1 are rep-
resentative of a superposition, corresponding to the elec-
trical series connection of the modules, of characteristic
curves of the individual modules. These single-module
curves have a similar shape as the resulting curves in
Fig.1 but are scaled to a voltage vMPP of only around
20 V. At a different ambient temperature, under partial
shading conditions, and/or subject to lower irradiance
due to the position of the sun, the single-module charac-
teristic curve still exhibits a shape as in Fig.1, but with
vMPP and iMPP being further reduced. Accordingly, in
a partial shading scenario where the last three of the
string modules are shadowed, the characteristic curves
of the string may change to those shown in Fig.2. The
characteristic shape with a distinguished drop in current
results from a superposition of ten single-module curves
of at least two distinct shapes corresponding to high and
low irradiance. In this case, the PV characteristic curve
presents two local MPPs, one at the voltage vMPP_1 =
86 Volts and the other one at the voltage vMPP_2 = 201
Volts. Clearly, the global MPP is given by the low voltage
case, which however may be difficult to detect for a con-
ventional MPP tracking algorithm implemented in the in-
verter.
[0004] In patent application US 20130257155 the solar
cells are mounted in groups in a rotatable manner such
that depending on the time of day and / or orientation of
the groups, self-shading may occur. In order to avoid
local MPPs an MPP tracking module is configured to de-
tect self-shading via information including motor set

points of a solar tracker responsible for positioning the
solar cells. In a modified method the MPP is identified by
performing a current-voltage curve sweep with a se-
quence of decrementing inverter reference voltage set
points with increasing step size.
[0005] The patent application US 20100198420 dis-
closes tracking a movement of clouds to predict the ef-
fects of cloud cover on irradiation of a solar-powered dis-
tributed power generation system. A determination is
made whether predicted effects of incoming changes on
power output are within tolerable limits. A predicted elec-
trical power output, or output change, is used to operate
the solar-powered system, specifically the inverters con-
nected to interconnected photovoltaic modules. The ac-
tuation possibilities of the inverters, including intention-
ally operating an inverter off a Maximum Power Point
(MPP), may then be utilized to produce electrical power
below a maximum power, and thus smoothen ramp rates
in the power system. Alternatively, predicted electrical
power output information can be used to coordinate the
operation of energy storage systems or the output of oth-
er co-located power storage or generating means such
as batteries or diesel engines to smoothen the total power
output at a certain node.
[0006] The patent application EP 14150332.6 likewise
discloses operation of photovoltaic plants based on
short-term forecasting of solar irradiance on the absorb-
ing elements of the plant. It involves recursive updating
of estimated parameters pertaining to pre-defined and
physically motivated cloud evolution models that are in-
stantiated and assigned to clouds identified in images
taken by a ground-based visible-light camera. Identifica-
tion of clouds, which includes assigning individual pixels
of an image to one or several identified clouds, and se-
lection of matching cloud models ultimately allows to pre-
dict a cloud-wise, as opposed to a pixel-wise, evolution
based on cloud evolution models with a limited number
of estimated parameters.

DESCRIPTION OF THE INVENTION

[0007] It is an objective of the invention to improve con-
trollability of large-scale photovoltaic plants under non-
uniform solar irradiance and/or partial shading, and in
particular to maximize the energy that can be extracted
from a photovoltaic generator under such conditions.
This objective is achieved by a method and a device ac-
cording to the independent claims. Preferred embodi-
ments are evident from the dependent patent claims.
[0008] According to the invention, a mathematical
model of a photovoltaic (PV) generator is built, in which
PV modules and diodes form the basic components, and
of which a lay-out model comprises component dimen-
sion and PV generator configuration data. The PV gen-
erator model is used in conjunction with solar irradiance
and temperature forecasts, derived from advanced sen-
sors or forecasting systems, to describe the electrical
properties of the PV generator. Quantities that may be
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determined or predicted include a Maximum Power Point
(MPP) or the voltage region in which such point may be
located, output power, ramp rate, maximum power drop,
and duration of intermittency.
[0009] Specifically, operating a PV generator with a
plurality of PV modules arranged in strings and electri-
cally connected to an inverter in a large-scale PV plant
subject to non-uniform solar irradiance and/or partial
shading comprises the steps of

- defining, or composing, a PV generator model of the
PV generator based on static PV generator lay-out
electrical and geometrical topology data and based
on characteristic current-voltage (IV) curves describ-
ing, or representing, an irradiation and temperature
dependent electrical performance, or property, of the
modules,

- providing, preferably forecasting, for each module
an irradiation and temperature level, possibly rela-
tive to standard conditions, and

- determining, from the PV generator model and the
irradiation and temperature levels, a characteristic
IV curve of the entire PV generator.

[0010] In a preferred variant of the invention, an equiv-
alent circuit model of the PV modules incorporates a mod-
ule bypass diode representative of intra-module diodes,
and the characteristic IV curves of the modules represent
module performance under consideration of a module
bypass diode current.
[0011] In an advantageous embodiment of the inven-
tion, a PV controller determines a global MPP of the char-
acteristic curve of the PV generator by solving a global
optimization problem, and provides the MPP, or a region
comprising the MPP, to an inverter controller of the in-
verter. This allows real-time power output maximization
based on actual ambient conditions, and with minimized
disturbances due to voltage sweeping by the inverter
controller.
[0012] In another advantageous embodiment of the in-
vention the PV generator is connected to a DC bus in
parallel with an energy storage such as a battery. A PV
power output set point of the PV generator is determined
or decided first, and an operation of the energy storage
is then controlled in order to maintain a voltage of the DC
bus, or a power ramp of DC bus power being jointly gen-
erated by the PV generator and provided or absorbed by
the energy storage, within limits. Preferably, a PV output
power forecast of the PV generator is determined based
on short-term forecasting of solar irradiance on the PV
generator, and used by an energy storage management
system to mitigate power ramps predicted.
[0013] In another advantageous embodiment of the in-
vention the inverter is deliberately operated at a voltage
different from a voltage of a global MPP. Specifically,
during positive ramps, the PV generator is constrained
to a maximum allowable power to be supplied by the
inverter, and the PV controller may, to that end, curtail

power by adjusting the PV generator voltage to appro-
priate, non-optimum levels. Preferably, a PV output pow-
er forecast of the PV generator is determined based on
short-term forecasting of solar irradiance on the PV gen-
erator, and used by the PV controller to mitigate power
ramps predicted. In anticipation of forecast negative pow-
er ramps, the power of the inverter may even be curtailed
proactively so as to comply with the ramp rate limits.
[0014] The present invention also relates to a computer
program product including computer program code for
controlling one or more processors of a device adapted
to control a PV generator based on a model of the PV
generator, particularly, a computer program product in-
cluding a computer readable medium containing therein
the computer program code.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The subject matter of the invention will be ex-
plained in more detail in the following text with reference
to preferred exemplary embodiments which are illustrat-
ed in the attached drawings, in which:

Fig.1 shows the characteristic curves of a string of
10 PV modules uniformly irradiated;
Fig.2 shows the characteristic curves of a string of
10 PV modules partially shaded;
Fig.3 depicts the structure of an exemplary distrib-
uted photovoltaic generator;
Fig.4 depicts a photovoltaic generator with module
bypass diodes and control elements;
Fig.5 depicts a photovoltaic generator supported by
an energy storage unit;
Fig.6 is an equivalent electrical circuit model of a
single PV module; and
Fig.7 is a simulated evolution of power-voltage char-
acteristic curves of a PV generator.

[0016] In principle, identical parts are provided with the
same reference symbols in the figures.

DETAILED DESCRIPTION OF PREFERRED EMBOD-
IMENTS

[0017] Fig.3 schematically depicts the structure of an
exemplary distributed photovoltaic (PV) generator 1 with
four arrays 2, each array comprising three strings 3, and
each string comprising 24 modules 4. A passing cloud 5
shadows the top-right corner of the PV generator as in-
dicated by the darker shading of some of the modules.
The modules have an active surface area in the order of
one to twenty square meters and in turn comprise a
number of PV cells. The nominal assignment of the dis-
tributed modules to well-defined strings and arrays is op-
tional, and may include any number of modules per string,
of strings per array, and of arrays per PV generator. Other
groupings of modules may be termed panels, and/or may
be mounted rotatable around some axis in order to orient
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the modules towards the sun for optimum solar illumina-
tion. The electrical connection of the cells in the module,
and of the modules within the PV generator, may include
series, total-cross-tied, bridge-linked, or any other state-
of-the-art connection. All the modules of the PV generator
are electrically connected to a single inverter converting
direct current (DC) generated by the PV cells to alternat-
ing current (AC). The AC-side of the inverter is connected
to an AC-grid or bus. Additional distributed PV generators
of the kind depicted in Fig.3 and each including a dedi-
cated inverter connected to the AC-grid or bus may be
present in a large scale PV plant.
[0018] Fig.4 depicts a PV generator with three strings
3, 3’, 3" connected in parallel to a DC/AC inverter 6,
wherein each string includes four PV modules 4 connect-
ed in series. Each module in turn is equipped with a mod-
ule bypass diode 7 as a consolidated or agglomerated
equivalent of cell bypass diodes of the PV cells in the
module. Each string is protected against current reversal
in its entirety by a string blocking diode 8. The inverter is
controlled by a PV controller 9 based on a PV generator
model 90 of the PV generator. The PV generator model
is based on static PV lay-out model data including module
specifications and plant topological information, both
electrical and geometrical such as configuration, ar-
rangement, and separating distances between modules,
strings and arrays. The PV generator module receives
ambient data 92 including irradiance and temperature
data at a present or future point in time, and is likewise
capable of determining PV output data 94 indicative of a
present or future power output by the PV generator at a
certain operating point.
[0019] Fig.5 depicts a PV generator 1 connected to a
DC/DC inverter 6’ generating a DC bus voltage on a DC
bus 10 that is likewise fed from a battery 11, or any other
kind of energy storage, via battery inverter 11’. DC/AC
inverter 6" inverts the DC current of the DC bus to AC
current for use in a connecting AC grid. Battery control
unit 96 is receiving PV generator model based PV power
output data in order to support the DC voltage, or a ramp
rate thereof, by transferring power between the DC bus
and the battery.
[0020] The ambient data 92 includes solar irradiation
and temperature data for the PV plant. Irradiation data
may be obtained from cloud tracking systems that employ
satellite or ground based visible-light imagery to monitor
sky conditions, or through a network of irradiance sen-
sors or pyranometers dispersed across the area of the
PV plant. The ambient data may include real-time obser-
vations on a level of grid points or regions covering the
plant area. The ambient data may also include forecast
ambient data on a plant level, presented for example as
a time series. Such irradiation and temperature forecasts
in conjunction with the plant lay out may be evaluated to
provide local predictive information including the estimat-
ed shaded sections of the PV plant and the number
and/or locations of shaded modules, strings and arrays.
Specifically, time-series data of irradiation G and tem-

perature T, either in absolute values or relative to the
standard test conditions of 1000 W/m2 and 25°C, may
be provided for each module.
[0021] The PV generator model 90 of the PV generator
may be ultimately based on a physical model of a pho-
tovoltaic cell (Shockley diode model), suitably multiplied
and aggregated to describe an entire photovoltaic mod-
ule as a collection of cells interconnected in a specific
manner. Alternatively, choosing an empirical model of an
entire module considerably simplifies the process. The
parameters required for such a modelling of the electrical
performance or properties of a PV module may be ex-
tracted from the specification data sheet provided by the
module manufacturer, at least at standard operating con-
ditions. Exemplary electrical parameters include open
circuit voltage VOC, short circuit current ISC, voltage
vMPP and current iMPP defining a maximum power
point, which parameters together determine the scaling
of a characteristic IV-curve of the module similar to the
IV curve depicted in Fig.1. Thermal characteristics of the
module such as temperature coefficients in order to ac-
count for thermal effects may also be extracted from the
specification data sheet.
[0022] Fig.6 depicts a circuit diagram representing the
main parameters of a model of a single PV module. The
circuit includes a photo-current source, a series resist-
ance, and an optional diode bypass or junction in parallel
to the photo-current source. Of the aforementioned pa-
rameters of the characteristic curve of the module the
open circuit voltage VOC is the voltage VPV at the termi-
nals of the module at zero current (IPV=0) while the short
circuit current ISC is the current IPV through the terminals
at zero voltage drop (VPV=0).
[0023] The model of the PV module may account for
cell bypass diodes that are integrated inside the modules
to mitigate adverse polarization effects, or current revers-
al, caused by non-uniform irradiation and/or partial shad-
ing conditions. Bypass diodes are installed in antiparallel
after a sequence of series connected PV cells in order
to bypass shaded cells that present low short-circuit cur-
rents, and prevent damage to the photovoltaic module
caused by the formation of hot spots. The effect of the
bypass diodes is thus a reduction in the output voltage
of the module. Parameters such as forward voltage and
on-resistance, required for accurate modelling of the by-
pass diodes may be extracted from manufacturer data
sheets. However, for the purpose of simplifying the mod-
elling effort it is convenient to consider a single bypass
diode for the entire module as a consolidated or agglom-
erated equivalent of the cell bypass diodes, to account
for the effects of the bypassed cells.
[0024] With the thermal voltage Vt, and the bypass di-
ode current IDBy the above model of a single module leads
to the following exemplary non-analytical relation: 
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[0025] Further explanations as well as details about
the empirical modelling of the irradiation and temperature
scaling, or dependence, of the aforementioned parame-
ters of the characteristic curves may be found in a paper
by L. F. Dominguez, entitled "Modelling and Simulation
of Utility-scale PV Plants under Partial Shading Condi-
tions", 4th Solar Integration Workshop, Berlin, Germany,
November 10-11, 2014. The PV module model may be
then expanded to construct a larger model describing a
string as a series connection of modules, optionally in-
cluding a string blocking diode as well, while a string mod-
el may be further extended to describe an array or set of
arrays which are subsequently connected to a junction
box or directly feeding an inverter.
[0026] Fig.7 depicts a simulated evolution of power-
voltage characteristic curves of a PV generator caused
by partial shading from clouds moving between the sun
and the PV generator. The five thin lines are selected
power-voltage curves at certain points in time during a
partial shading scenario while the thick line represents
the currently latest point in time. The dots interconnected
by a broken line represent the global MPP tracked by the
PV controller for a large number of points in time (for
which the individual power-voltage curves have been
omitted for sake of legibility). As apparent, in between
the rather smooth curves at little or no shading some
heavily distorted power-voltage curves are generated
which exhibit multiple local maximum power points. In
particular, the global MPP of the latest curve is located
at around 400 V, which is distinctly lower than the voltage
(600 V) of the local MPP that a tracking algorithm based
on decrementing inverter reference voltage set points
may detect first.
[0027] The global MPP of the characteristic curves de-
picted in Fig.7 may be identified in an optimization prob-
lem for a maximum power output of the PV generator
including ab objective function based on the PV gener-
ator model. Under uniform irradiation, this problem cor-
responds to a nonlinear programming problem (NLP)
which may be solved using standard optimization solv-
ers. Under non-uniform irradiation or partial shading con-
ditions, however, this problem becomes a non-convex
optimization problem for some of the modules operating
at different conditions of irradiation and temperature,
which results in the formation of various local MPPs in
the power-voltage characteristics. Global optimization
techniques are thus required such as branch and bound
(B&B) or branch and reduced (B&R) in combination with

local solvers. In order to reduce the computational ef-
fort/time for finding a solution, a use of linearization tech-
niques, active set or parametric optimization strategies,
as well as the use of parallel computation in conjunction
of multi-core platforms may be advisable.
[0028] The PV controller 9 for operating the inverter of
the PV generator is responsible for identifying the optimal
voltage level or for at least approximating a region 12
which maximizes the energy output of the PV generator.
This information may then be passed to an inverter con-
troller of the inverter. Specifically, the PV controller could
provide a voltage set point or move the inverter MPP
tracking algorithm to a region 12 around the global MPP
where to sweep the voltage in order to arrive faster to
the global maximum power point. This strategy minimizes
the disturbance to the system by reducing the amount of
voltage sweeping thus reducing current rippling which
may be transferred to the AC side of the inverter.
[0029] If the control algorithms embedded in the invert-
er controller do not accept this kind of external input, the
output of the PV controller may at least be used to monitor
the performance of the inverter under partial shading con-
ditions. If this monitoring should indicate that the power
extracted is not corresponding to the global MPP, appro-
priate corrective action may be applied in a subsequent
stage.
[0030] The battery controller 96 may be derived from
a mathematical model of the battery or energy storage
system. Such model may be deterministic, stochastic or
empirical and should take into account several perform-
ance measures such as state of charge (SOC) and state
of health (SOH) and rate of charge and discharge of the
system.
[0031] After a period the generator model may not be
able to predict the correct performance of the generator
due to external conditions such as the degradation of its
components, increase in thermal and electrical losses,
and/or accumulation of dirt, snow or any other external
element over the module surface. In this case, a param-
eter identification function block may be utilized to update
the parameters of the model using information from avail-
able sensor measurements.
[0032] While the invention has been described in detail
in the drawings and foregoing description, such descrip-
tion is to be considered illustrative or exemplary and not
restrictive. Variations to the disclosed embodiments can
be understood and effected by those skilled in the art and
practising the claimed invention, from a study of the draw-
ings, the disclosure, and the appended claims. In the
claims, the word "comprising" does not exclude other el-
ements or steps, and the indefinite article "a" or "an" does
not exclude a plurality. The mere fact that certain ele-
ments or steps are recited in distinct claims does not
indicate that a combination of these elements or steps
cannot be used to advantage, specifically, in addition to
the actual claim dependency, any further meaningful
claim combination shall be considered disclosed.
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Claims

1. A method of operating a photovoltaic PV generator
(1) with a plurality of modules (4) connected to an
inverter (6), comprising

- defining a PV generator model of the PV gen-
erator based on PV generator lay-out data and
based on characteristic curves describing an ir-
radiation-dependent and temperature-depend-
ant electrical performance of the modules,
- providing, for each module, an irradiation and
temperature level, and
- determining, from the PV generator model and
the irradiation and temperature levels, a char-
acteristic curve of the PV generator.

2. The method of claim 1, wherein the characteristic
curves of the modules represent module perform-
ance under consideration of a module bypass diode
current IDBy.

3. The method of claim 1 or 2, comprising

- determining a global Maximum Power Point
(MPP) of the PV generator, and
- providing the MPP, or a region (12) including
the MPP, to the inverter.

4. The method of claim 1 or 2, wherein providing an
irradiation level for each module is based on short-
term forecasting of solar irradiance on the PV gen-
erator.

5. The method of claim 3 or 4, wherein the PV generator
is connected to an energy storage (11), comprising

- determining a PV output power of the PV gen-
erator, and
- determining an operation of the energy storage
based on the PV output power.

6. The method of claim 3 or 4, comprising

- determining a voltage vMPP of a global MPP
of the PV generator, and
- operating the inverter at a voltage different from
the voltage vMPP of the global MPP.

7. A controller for operating a photovoltaic PV genera-
tor (1) with a plurality of modules (4) connected to
an inverter (6), configured to determine a global MPP
of the PV generator by solving an optimization prob-
lem including an objective function involving a PV
generator model of the PV generator, wherein the
PV generator model is based on PV generator lay-
out data and based on characteristic curves describ-
ing an irradiation-dependent and temperature-de-

pendent electrical performance of the modules, and
wherein the objective function is based on irradiation
levels provided for each module.

9 10 
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