© O NOoO OBk W DN P

A D W W WWWWWWWWNDNDNDNMNDNDDNMNDNNMDNNMNNMNNNNRPREPRPRPERPERPERERERPRER
m O © 00 NO Ol WNNPEFP O OWOoWwNO O WDNMNPFP OO NO O DN - O

Fluctuation of the PV array maximum power point voltage during irradiance
transitions caused by clouds

Authors:

Kari Lappalainen*, kari.lappalainen@tuni.fi, phone: +358401981511

Seppo Valkealahti*, seppo.valkealahti@tuni.fi, phone: +358408490915

*Tampere University, Electrical Engineering, P.O. Box 692, FI-33101 Tampere, Finland

Abstract

Photovoltaic (PV) arrays are prone to climatic changes of which solar irradiance and PV cell
temperature are the most important on PV power production point of view. In well-designed PV power
plants, such as in typical utility scale PV plants, operational conditions are quite stable and homogeneous
apart from the fast irradiance transitions caused by cloud shading. These shading transitions cause fast
power fluctuations leading even to stability and quality problems in power networks. Fast non-
homogeneous irradiance transitions cause also mismatch losses in PV generators and the occurrence of
multiple maximum power points (MPP), which appear in a wide voltage range of the PV generator. In
consequence, the global MPP can fluctuate in a wide voltage region causing possible MPP tracking
problems and power losses. This article presents a study of the behaviour of the global MPP voltage of
various PV array configurations during irradiance transitions caused by clouds. The global MPP voltage,
its rate of change and the differences in voltage and available energy between the global MPP and the MPP
with the largest voltage of the PV generators have been analysed comprehensively, for the first time, by
using the characteristics of around 8000 measured irradiance transitions.

Keywords: Photovoltaic power generation; Maximum power point voltage; Irradiance transition; Partial
shading; Multiple maximum power points

1. Introduction

Partial shading of a photovoltaic (PV) system leads to conditions under which the PV cells of the
system receive non-homogeneous irradiance levels. Under homogeneous operating conditions, the non-
linear electrical characteristic of a PV array has only one maximum power point (MPP). However, under
non-homogeneous conditions, such as partial shading, the cells of a PV array have different electrical
characteristics leading to an aggregated electrical characteristic of the array. The shape of the current-
voltage (1-U) curve of the array varies rabidly and differs considerably from the shape of the traditional I-
U curve of a PV cell. Consequently, multiple MPPs can exist on the characteristic of the PV array and the
global MPP can vary over a wide voltage range. Therefore, partial shading affects largely on the operation
of PV systems causing, e.g., mismatch losses and failures in MPP tracking (MPPT). Mismatch losses mean
the difference between the combined maximum power of individual PV modules of a PV array, as if they
were operating independently, and the maximum aggregated power of the array. Mismatch losses exist in
every PV system whenever the modules have different electrical characteristics and there is nothing one
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do, in practice, to reduce them in an existing PV system. On the other hand, multiple MPPs and large
variation of the global MPP voltage emerge primarily only during large variation of irradiance over the PV
plant. This kind of situation can take place only because of irradiance transitions caused by clouds in a
well-designed PV plant.

Under uniform operating conditions, successful MPPT is simple to implement. However, under
partial shading conditions typical MPPT algorithms based on the hill climbing method can be easily trapped
at a local MPP [1]. In order to harvest as large output power as possible under partial shading conditions,
various more complex MPPT algorithms have been presented such as particle swarm optimisation [2,3],
artificial bee colony optimisation [4,5] and Fibonacci search algorithm [6]. MPPT algorithms use a defined
operating voltage range to ensure that the global MPP is reached under varying operational conditions.
Some MPPT algorithms need to scan over 80% of the entire voltage range [7]. MPPT algorithms with
reduced voltage search ranges have been investigated e.g. in [8-10]. For most commercial inverters, the
manufacturers have specified an allowable voltage range of proper operation. It is essential to know the
operational MPP voltage range of the installed PV array in order to adjust the voltage range of the inverter
properly.

Partial shading of large PV power plants results mainly from overpassing cloud shadows. Several
research groups have studied cloud shadings previously. Irradiance transitions resulting from moving
clouds have been studied in [11,12] and also a mathematical model for transitions has been presented and
validated in [11]. Further, the apparent velocity of cloud shadow edges, i.e., the component of cloud shadow
velocity normal to the shadow edge, has been exhaustively studied in [13]. When a shadow of a moving
cloud covers a PV array, the apparent speed of the shadow edge defines how fast the PV array becomes
shaded. Moreover, mismatch losses and output power variation of PV arrays during measured irradiance
transitions caused by moving clouds have been studied in [14,15], respectively. It was found in [14] that
the overall effect of mismatch losses caused by cloud shadows is less than 1% on the energy production of
PV arrays, indicating that the mismatch losses resulting from cloud shadings are not a significant problem
for large PV power plants.

The range of global MPP voltage under partial shading has been studied earlier based on random
irradiance values in [8-10] and based on irradiance measurements in [16]. However, only single strings of
series-connected PV modules were studied with 24 PV modules at maximum. It was found in [8-10] that
the maximum possible global MPP voltage of a PV string is less than 90% of the nominal open-circuit
(OC) voltage of the string and the minimum global MPP voltages can be very low. Additionally, the MPP
voltages of individual partially shaded multi-crystalline silicon PV modules have been studied in [17].
However, all these studies considered only small basic PV generator configurations and were typically
based on hypothetical assumptions related to shading transitions. An exhaustive study on the MPP voltage
behaviour of PV arrays based on measured irradiance transition caused by clouds has not been presented
earlier.

For the first time, a study is presented in this paper on the behaviour of the global MPP voltage of
various PV array layouts and electrical configurations during measured irradiance transitions caused by
cloud shadows. The verified mathematical model of irradiance transitions caused by moving clouds [11]
was utilised to characterise around 8000 measured transitions. Then, the experimentally verified simulation
model of a PV module [18] was utilized to calculate the electrical properties of PV arrays composed of 10,
15 and 20 parallel strings of 25 series-connected PV modules and 25 parallel strings of 15 series-connected
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PV modules during the characterised shading transitions. Moreover, a total-cross-tied (TCT) electrical
configuration of 10 x 25 PV module array was studied for completeness. These PV arrays provide a
realistic view on the behaviour of PV arrays used even in utility scale systems and have still reasonable
computational times with the great amount of measured data used in analyses. The results are relevant
especially from the points of view of PV array and system design and MPPT algorithm development, when
striving for higher overall efficiencies of PV systems. The research methods and used data are presented
in Section 2, the results are presented and discussed in Section 3, and the main conclusions are provided in
Section 4.

2. Methods and data
2.1. Simulation model

Submodule of a PV module was used as a basic simulation unit in this study. A PV submodule is
the group of series-connected PV cells protected by a bypass diode. The simulations were conducted using
an experimentally verified MATLAB Simulink simulation model based on the well-known one-diode
model of a PV cell [18]. The relationship between the current | and voltage U of a PV submodule is

U+RgI U+ Rsl
L= gy — lo | @ANKT/A =1 | = ——, (1)
sh

where Ipn is the light-generated current, I, the dark saturation current, A the ideality factor, Rs the series
resistance, T the temperature and Rsh the shunt resistance of the submodule. Ns is the number of PV cells
in the submodule, k the Boltzmann constant and g the elementary charge. Bypass diodes were modelled
using Eqg. (1) with the assumptions that Ipn IS zero, Rs is infinite and the bypass diode temperature equals
to the temperature of the PV cells.

The simulation model was adjusted to represent the NAPS NP190GKg PV modules used in the PV
research plant of Tampere University of Technology (TUT) [19]. The electrical characteristics of these PV
modules consisting of three submodules of 18 polycrystalline silicon PV cells are shown in Table 1 under
standard test conditions (STC). The used parameter values for the submodules and bypass diodes are
compiled in Table 2.

Table 1

Electrical characteristics of the NAPS NP190GKg PV module under STC.
Parameter Value
Pwmpe, sTc 190 W

Impp, sTC 7.33A

Uwep, sTC 259V

Isc, stc 8.02 A

Uoc, stc 331V
Table 2

Parameter values of the simulation model for the submodules of the NAPS NP190GKg PV module and the bypass diodes.
Parameter Value

A 1.30
R 03290
Ren 188 Q

Lo, bypass 3.20 A
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Apypass 1.50
Rs, bypass 20.0 mQ

2.2. PV arrays

Various PV arrays were considered in this study consisting of 10, 15 and 20 parallel strings of
25 series-connected PV modules. This string length is typical in PV arrays of large-scale PV power plants.
In addition, an array consisting of 25 parallel strings of 15 series-connected PV modules was included in
the study in order to further study the effect of array shape on the behaviour of the global MPP voltage.
Series-parallel (SP) electrical PV array configurations were selected for the study since SP is the most
common configuration in PV array installations. For completeness, the total-cross-tied electrical array
configuration of 10 x 25 modules was also considered. TCT configuration, where groups of parallel-
connected modules are also connected in series, was selected since it is frequently proposed for improving
PV system performance [20-22]. The PV modules were installed at a 45° tilt angle with respect to the
horizon side by side in straight lines from east to west in the strings having a gap of 2.0 m between the
strings. The dimensions of the studied PV arrays consisting of the NP190GKg PV modules are compiled
in Table 3.

Table 3

Numbers of PV modules, dimensions, diagonals and areas of the studied PV arrays.
Number of modules (parallel x series) Dimensions (m)  Diagonal (m) Area (m?)
10 x 25 25.0 x 36.9 445 921
15x 25 38.5x36.9 53.3 1418
20 x 25 51.9 x 36.9 63.7 1915
25x 15 65.4 x22.1 69.1 1448

2.3. Irradiance transitions and the shading of a PV array

Irradiance transitions of cloud shadow edges were modelled mathematically using the equation
Gis—G

60 =1 caom

where G is the irradiance, t is the time and Gys and Gs are the irradiances of an unshaded and fully shaded

situation, respectively [11]. Parameter b is related to the sharpness of the transition and its sign determines

whether the transition is increasing (rise) or decreasing (fall). Parameter to adjusts the transition time

defining the midpoint of the transition. The shading strength (SS) of an irradiance transition, i.e., the

magnitude of an irradiance change with respect to Gys, is defined as
Gus - Gs

G 3)

By exploiting Eqg. (2), irradiance transitions can be defined with four independent variables: b, SS
and the apparent speed and direction of movement [13,23]. The duration of an irradiance transition was
calculated as a product of b and the experimental regression coefficient of 7.67 [23]. Since a partial shading
event of the studied PV arrays resulting from an overpassing irradiance rise is symmetrical to an event
resulting from a similar irradiance fall, the absolute values of parameter b for the identified irradiance
transitions were used in the simulations.

+ G, )

SS =
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In total 7880 shadow edges, 4046 rises and 3834 falls, were identified in four months (May—-August
2013) of irradiance data measured by three irradiance sensors applying the method offered in [11] and their
apparent velocities were determined utilising the method offered in [13]. The used sensors S2, S5 and S6
of TUT solar PV power station research plant [19] were oriented nearly due south with a tilt angle of 45°.
A 40% limit for minimum acknowledged SS was applied in the identification of the shadow edges since it
has been shown in [11] that shadows with lower SS have only minor effects on the operation of PV strings.
The average values of SS, the apparent speed and the absolute value of b of the identified shadow edges
were 59.2%, 8.66 m/s and 1.91 s, respectively. The average length of the irradiance transition area,
obtained as the product of the apparent speed and the duration of the transition, was 112 m. The identified
shadow edges moved dominantly towards eastern directions.

A cloud shadow edge was assumed to be linear across a PV array and the apparent velocity of the
shadow edge was assumed to stay constant during each simulation period, which are reasonable
approximations. A investigated simulation period lasted from the moment when a shadow edge moved
over the first PV submodule of the array until the shadow edge had moved across the array, i.e., when all
the submodules were again uniformly shaded. The used simulation time steps was 0.1 s and the irradiance
at the centre of each submodule was used for the whole submodule during a time step. To simplify and
speed up the computation, the PV array was selected to be under STC before each irradiance fall and the
temperature of the submodules was selected to stay constant. Only minor changes in PV module
temperatures, having negligible effects on the electrical operation of the modules, take place during fast
irradiance transitions.

3. Results

For the first time, the MPP voltage behaviour during cloud shading of PV systems has been studied
comprehensively based on irradiance measurements. The global MPP voltage behaviour of the selected
PV arrays was studied during all the identified 7880 irradiance transitions. The results of the global MPP
voltage values are presented in Section 3.1 and their rate of change during the transitions in Section 3.2. It
was also calculated how much energy would be lost if the PV arrays would have operated at the largest
MPP voltage instead of the global MPP voltage. Moreover, the power and voltage differences between the
global MPP and the MPP with the largest voltage were calculated, as well as the range of the largest MPP
voltage. These results are presented in Section 3.3.

3.1. Global MPP voltage

The development of the P-U curve of a PV array during irradiance transitions caused by a moving
cloud is illustrated in Figs. 1 and 2 by an example, where a sharp and dark shadow edge moves over the
10 x 25 SP array. It corresponds to the 95th percentile value of the SS (80.5%) and the 5th percentile values
of the apparent speed (2.97 m/s) and the absolute value of b (0.41 s) of all the identified shadow edges.
The apparent movement direction of the shadow edge was 45° with respect to the strings of the array. The
dots in Fig. 1 show four moments during the transition for which the P-U curves are presented in Fig. 2.
The global MPP voltage is almost constant in the beginning of the transition and there is only one MPP
demonstrated by the first pair of dots in Fig. 1. When larger share of PV modules get partially shaded,
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multiple MPPs exist in the P-U curve of the array (the second pair of dots) over a wide voltage region and
the global MPP voltage decreases down to 50% of the nominal MPP voltage of the array with increasing
system shading until the MPP with the highest voltage becomes the global MPP (the third pair of dots).
During this period, the global MPP voltage decreases almost in line with the decrease of the average
irradiance. When the local MPP at highest voltage becomes the global MPP there is a leap in the global
MPP voltage back to nominal MPP voltages of the array. The second lowest curve in Fig. 2 demonstrates
this step. Thereafter, the global MPP voltage stays close to the nominal value of the PV array until the array
is fully shaded. One should also note an interesting detail in Fig. 2 that the powers of the multiple MPPs
are almost equal on the P-U curves taken in the middle of the shading transition. This indicates that it might
not be relevant, actually, to follow the global MPP during cloud shading transitions.

S o s

|—TIrradiance
---Voltage

]
=
T

I
[N
T

Irradiance, voltage (p.u.)

=
=

5 10 15

Time (s)
Fig. 1. Average irradiance and global MPP voltage of the 10 x 25 SP array during irradiance transition caused by a moving sharp shadow edge over the array.
Irradiance is normalised to 1000 W/m? and voltage to the nominal MPP voltage of the array.
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Fig. 2. P-U curves of the 10 x 25 SP array at four moments (marked with green dots in Fig. 1) during irradiance transition caused by a moving sharp shadow
edge over the array. Power is normalised to the nominal MPP power of the array.

The ranges of the global MPP voltages for the studied PV arrays during the identified irradiance
transitions are presented in Table 4. The maximum observed global MPP voltage for all the studied PV
arrays was around 112% of the nominal MPP voltage (around 88% of the open circuit voltage) for the
arrays. The result is in accord with Boztepe et al. [8], where the maximum global MPP voltage of a string
of 20 PV modules was found to be 88.7% of the nominal open-circuit voltage. The smallest observed global
MPP voltage was 28.0% of the nominal MPP voltage for the 10 x 25 SP array and around 30.5% for the
15 x 25 and 20 x 25 SP arrays and the 10 x 25 TCT array. The range of the global MPP voltage was the
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smallest with a lower limit of 39% for the 25 x 15 SP array, i.e., the array with the shorter string length. It
is clearly smaller than for the 15 x 25 SP array of the same size, but having longer strings. The results mean
that the number of parallel-connected strings and the electrical PV array configuration have only minor
effects on the global MPP voltage range, only the string length has a visible effect to the smallest MMP
voltages. These findings justify our reasoning that the results of this study are valid also for larger arrays
of utility scale PV power plant having multitude of parallel connected strings.

Table 4
Range of the global MPP voltage for the studied PV arrays during the identified irradiance transitions.
Array Minimum voltage with Maximum voltage with Minimum voltage with Maximum voltage with
respect to Uwmpp, stc (%) respect to Uwmpp, stc (%) respect to Uoc, stc (%) respect to Uoc, stc (%)
SP, 10 x 25 28.0 112.0 21.9 87.6
SP, 15 x 25 30.5 111.9 23.9 87.5
SP, 20 x 25 30.4 111.9 23.8 87.5
SP, 25 x 15 39.4 111.6 30.8 87.3
TCT, 10 x 25 30.6 112.0 23.9 87.6

The relative cumulative frequencies of the global MPP voltage have been presented in Fig. 3 for
the studied PV arrays during the identified shading transitions. It can be clearly seen that the global MPP
voltage was most of the transition time near the nominal MPP voltage. The curve of the 25 x 15 SP array
differs clearly from the others showing that the decrease of the PV string length decreases the overall
deviation of the global MPP voltage from the nominal value. In particular, the proportion of time when the
global MPP voltage was higher than the nominal voltage was smaller for the 25 x 15 SP array than for the
others. This is in line that the range of global MPP voltage decreases with the decreasing length of PV
strings (Table 4), which is plausible since short strings experience smaller irradiance difference than long
strings during shading transitions caused by moving clouds. The curves of the other PV arrays
configurations are close together showing that the global MPP voltage variation does not depend on the
number of parallel connected strings or the electrical PV array configuration. The proportions of time when
the global MPP voltages of the PV arrays were within 1%, 2% and 5% of the nominal MPP voltage during
the identified irradiance transitions are presented in Table 5. The global MPP voltage was more than half
of the time within 1% of the nominal value, over 70% of time within 2% and close to 90% of time within
5%. These proportions of time were almost the same for the studied PV array configurations, except
increased with decreasing string length. They demonstrate that the global MPP voltage is only small periods
of time far from the nominal MPP voltage during the shading transitions. Actually, the global MPP voltages
of the studied PV arrays were less than 95% of the nominal MPP voltage very rarely (Fig. 3). These findings
have practical importance for the designing of PV systems and inverters used in them implying that a wide
operational voltage range might not be needed because of the power losses caused by cloud shading.
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Fig. 3. Relative cumulative frequency of the global MPP voltage for the studied PV arrays during identified irradiance transitions.

Table5
Share of time (%) when the global MPP voltages of the studied PV arrays was within selected limits from the nominal voltage during identified irradiance
transitions.

Array Within 1% Within 2% Within 5%
SP, 10 x 25 56.8 71.0 89.4
SP, 15 x 25 57.7 73.1 91.6
SP, 20 x 25 58.9 75.2 93.3
SP, 25 x 15 69.2 85.2 97.7
TCT, 10 x 25 57.1 70.6 87.6

3.2. Rate of change of the global MPP voltage

The average rates of change of the global MPP voltage during the identified irradiance transition
due to clouds are presented in Table 6 for the studied PV arrays. The average rates of change were from
0.4 to 1.0 %/s being highest for the smallest 10 x 25 PV array configurations and smallest for the 25 x 15
configuration with shorter string length. It is noteworthy that the effect of the string length is much greater
than that of the number of the strings. There was only minor difference in the average rate of change of the
global MPP voltage between the TCT array and the corresponding SP array bringing forth that the TCT
configuration does not provide extra value in response to added complexity of the array connections.

Table 6
Variation of the global MPP voltage for the studied PV arrays during the identified irradiance transitions with respect to the nominal MPP voltage.
Array Average rate of Maximum change
change (%/s) during a time step (%)
SP, 10 x 25 0.99 75.6
SP, 15 x 25 0.82 711
SP, 20 x 25 0.70 71.4
SP, 25 x 15 0.40 67.1
TCT, 10 x 25 0.97 71.8

The cumulative frequencies for the rate of change of the global MPP voltage are shown in Fig. 4
for the studied PV arrays during the identified irradiance transitions. Most of the time the global MPP
changed slowly and fast rates of change occur only seldom. For example, the rate of change of the global
MPP voltage was half of the transition times smaller than 0.31 and 0.21 %/s for the 10 x 25 and 20 x 25
SP arrays, respectively, and over 5 %/s rates of change were very rare. The rate of change was almost equal
for all the studied PV arrays, only somewhat smaller for the 25 x 15 SP array having shorter strings.

8
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Fig. 4. Cumulative frequency of the rate of change of the global MPP voltage for the studied PV arrays during the identified irradiance transitions.

As presented in Fig. 1, an irradiance transition caused by a cloud may cause a large step on the
global MPP voltage when a local MPP near the nominal MPP voltage, caused by the fully shaded modules,
becomes the global one. In general, the largest changes (steps) occur when a local MPP at a different
voltage region than the global MPP becomes the global one. The largest changes of the global MPP voltage
during a simulation time step of 0.1 s are presented in Table 6. The largest observed change was over 75%
for the 10 x 25 SP array. The largest upward changes occur when a local MPP with a voltage near the
nominal MPP voltage becomes the global MPP as happened in the example of Figs. 1 and 2. For cases
where a shadow moves away from the array (irradiance rises), the situation is opposite. The largest
downward changes occur when a local MPP at low voltages becomes the global one when the global MPP
is near the nominal MPP voltage.

Large steps of the global MPP voltage may cause failures in MPPT and disturbances to the PV
inverter operation and to the output power of the PV plant. Therefore, a question arises on how often do
large voltage steps take place? During monotonic irradiance transitions, only one large step of the global
MPP voltage can exist as illustrated in Fig. 1. The proportions of the identified irradiance transitions, which
caused at least 5%, 20% and 40% global MPP voltage steps, are presented in Table 7. For the smallest
10 x 25 SP array, 10% of the irradiance transitions caused at least 5% steps on the global MPP voltage and
3% caused at least 40% voltage steps. The number of large steps decreased with the increasing number of
PV strings connected in parallel. For the 25 x 15 SP array, only negligible portion of the transitions caused
large voltage steps of practical importance. For the TCT array, the number of large voltage steps is actually
slightly higher than for the corresponding SP array. These results indicate that irradiance transitions caused
by moving clouds lead typically to quite small steps in the global MPP voltage on the point of view of
possible problems with MPPT and cause only minor losses for PV power plants equipped with proper
MPPT algorithms. However, voltage transition higher that 40% can take place few hundred times in four
months, i.e. few times in a day on the average. This might cause disturbances and quality problems for the
operation of the PV plant and to the output power.

Table 7
Proportions of the identified irradiance transitions (%), which caused larger steps of the global MPP voltage than the set limits. The voltage steps are with
respect to the nominal MPP voltage.

Array At least 5% At least 20% At least 40%
SP, 10 x 25 9.89 6.65 3.15
SP, 15 x 25 8.22 5.37 2.44

9
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SP, 20 x 25 7.01 4.35 2.06
SP, 25 x 15 1.59 0.55 0.22
TCT, 10 x 25 10.41 7.20 3.39

3.3. Operation at the largest MPP voltage instead of the global MPP voltage

The previously presented observations indicate that following the global MPP during irradiance
transitions caused by clouds might not be very important on the point of view of energy harvesting. On the
other hand, large variation of the inverter reference voltage caused by highly fluctuating global MPP
voltage of the array during the transitions is a challenge for MPPT and can cause operational, power quality
etc. problems. Therefore, it might be feasible to keep the inverter operational point at high voltages closer
to the nominal MPP voltage all the time. This would make the PV system operation more straightforward
and predictable. It might also decrease the need for a wide operational voltage range of PV inverters thereby
increasing inverter efficiency. We have investigated the scenario of operating all the time at the largest
MPP voltage close to the nominal MPP voltage in more details to get more insight to this issue.

The differences in the voltage, power and produced energy between the global and the largest MPP
voltage for the studied PV arrays during all the irradiance transitions caused by clouds are shown in
Table 8. The average and maximum differences in voltage are from 3.9% to 7.4% and from 68.5% to
75.7%, respectively, for the studied PV arrays in line with our earlier finding, naturally. However, the
average differences in power are only between 0.7% and 1.4% although the maximum power differences
during the transitions are even over 40%. Although the differences in voltage are distinct, the differences
in power are quite small due to the flatness of the P—U curves during the transitions as demonstrated already
in Fig. 2. Only in some rare transition cases large differences can occur. The average differences in power
decreased with the increasing number of the strings connected in parallel indicating that the increasing PV
array size (area) smooths out irradiance fluctuations. Again, the decrease of the PV string length improved
the PV system operation by decreasing the power differences and the TCT array configuration does not
provide any actual benefit in terms of produced power or energy.

Table 8
Differences in the voltage, power and energy between the global and the largest MPP voltage for the studied PV arrays during the studied irradiance transitions.
Differences in voltage and power are with respect to the nominal array values and difference in energy with respect to the energy produced at the global MPP.

Array Average difference Maximum difference Average difference Maximum difference Difference in produced
in voltage (%) in voltage (%) in power (%) in power (%) energy (%)

SP, 10 x 25 7.44 75.7 141 42.9 0.14

SP, 15 x 25 6.32 73.3 1.08 43.2 0.09

SP, 20 x 25 5.80 73.4 0.95 425 0.07

SP, 25 x 15 3.87 68.5 0.69 35.6 0.02

TCT, 10 x 25 6.26 73.6 1.30 418 0.18

The difference in the produced energy between the global and the largest MPP voltage was only
from 0.02% to 0.18% for the studied PV arrays. This means that only very small amount of energy is lost
during the shading transitions if a PV generator is controlled to operate at the MPP with the largest voltage
instead of the global one. It is noteworthy that the studied PV arrays had only one MPP over 90% of the
time of the transitions and less than 10% of the time multiple MPPs. The difference in produced energy
was the largest for the TCT array although the differences in voltage and power were smaller for the TCT
array than for the corresponding SP array. The reason for this is that the proportion of time of having more
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than one MPP was larger for the TCT array than for the others. For the SP arrays, the difference in produced
energy decreased with increasing number strings connected in parallel and with decreasing length of the
strings in line with earlier findings. It is also worth noting that only the time when the PV arrays were
partially shaded due to clouds was studied. Therefore, the total difference in produced energy between the
operation in the global MPP and in the MPP with the largest voltage is negligible.

In the example of Fig. 2, the MPP with the largest voltage is the global one in three cases out of
four. In the case when the MPP with the largest voltage is not the global one (second highest curve in
Fig. 2), the power difference between the global and the largest MPP voltage is 1.68% of the nominal
power. Lost energy during the shading transition of the example would have been 2.38% if the PV
generator had been operated at the MPP with the largest voltage instead of the global one. This kind of
sharp irradiance transitions cause much higher irradiance differences for PV arrays than typical transitions
and, thereby, bigger voltage and power difference between the global and the largest MPP voltages and
larger energy losses. However, one must note that this kind of sharp irradiance transitions are quite rare
and fast phenomena. They have negligible effect on the total energy production, but can cause momentary
disturbances to the system.

For completeness, the cumulative frequencies of the power difference between the global MPP and
the MPP with the largest voltage for the studied PV arrays during studied irradiance transitions are
presented in Fig. 5. Most of the time, the power differences were very small being less than 5% more that
90% of time for all arrays. No major differences of practical importance exist between the studied PV
arrays.
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Fig. 5. Relative cumulative frequency for the power difference between the global MPP and the MPP with the largest voltage for the studied PV arrays during
the irradiance transitions.

Based on the presented results, it is clear that the amount of energy lost when a PV array is operating
at the MPP with the largest voltage instead of the global one is of no importance. Therefore, PV inverters
could simply operate during the transitions at the largest MPP voltage, where inverter efficiency is also
better. But does the voltage range of the largest MPP voltage differ much from that of the global MPP?
The ranges of the largest MPP voltage of the studied PV arrays during the transitions are presented in
Table 9. It is evident by comparing Tables 4 and 9 that the voltage range of the MPP with the largest voltage
is clearly smaller than that of the global MPP. The minimum value of the largest MPP voltage was
considerably larger and the maximum value slightly larger than the global MPP value for all the studied
PV arrays. The voltage range also decreases with increasing number of the PV strings connected in parallel

11



382
383
384

385

386
387
388

389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418

and with decreasing length of the strings. All these findings justify the operation of PV generators at the
MPP with the largest voltage, which has practical importance on the PV system control and design and on
MPPT algorithm development.

Table 9
Range of the largest MPP voltage for the studied PV arrays during the irradiance transitions.

Array Minimum voltage with Maximum voltage with Minimum voltage with Maximum voltage with
respect to Uwmpp, stc (%) respect to Uwmpp, stc (%) respect to Uoc, stc (%) respect to Uoc, stc (%)

SP, 10 x 25 49.8 116.7 39.0 91.3

SP, 15 x 25 55.5 116.6 43.4 91.2

SP, 20 x 25 58.4 116.1 45.7 90.8

SP, 25 x 15 745 1154 58.2 90.3

TCT, 10 x 25 57.2 116.9 448 91.4

4. Conclusions

The behaviour of the global MPP voltage of various PV arrays has been studied in this article during
irradiance transitions caused by moving clouds. SP and TCT arrays were studied having areas from 921 to
1915 m? containing from 250 to 500 PV modules. Both the number of series connected PV modules in the
string and the number parallel connected PV strings were varied. The study was based on the characteristics
of around 8000 measured irradiance transitions caused by moving clouds and was conducted using an
experimentally verified one diode simulation model of a PV module and a mathematical model of
irradiance transitions caused by moving clouds. The studied quantities were the values of the global MPP
voltages and their rate of change during transitions. Also the power differences and lost energy were studied
when the PV arrays were operated at the MPP with the largest voltage instead of the global one as well as
the range of the largest MPP voltage. This is the first time when these quantities of PV arrays are studied
comprehensively based on measured irradiance transition cause by clouds.

The global MPP voltage of the studied PV arrays varied between 28% and 112% of the nominal
MPP voltage during the irradiance transitions. The number of parallel-connected strings and the electrical
PV array configuration had only minor effects on the global MPP voltage range whereas the lower range
values increased notably with decreasing string length. The average rates of change in the global MPP
voltage during irradiance transitions were from 0.4 %/s to 1.0 %/s. The largest observed changes of the
global MPP voltage during a simulation time step of 0.1 s were over 75%. They occurred when a local
MPP at a different voltage region than the global MPP becomes the global one. However, only small
portion of the irradiance transitions caused very large voltage steps so that these phenomena are not
frequent.

The average differences in voltage and power between the global MPP and the MPP with the largest
voltage were from 3.9% to 7.4% and from 0.7% to 1.4%, respectively. The differences decreased with the
increasing number and decreasing length of the strings. The difference in available energy between the
global MPP and the MPP with the largest voltage was negligible. The range of variation of the largest MPP
voltage was clearly smaller than that of the global MPP voltage. These results justify the operation of PV
arrays at the MPP with the largest voltage instead of the global one, which is valuable information for the
design of PV inverters.
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In overall, the behaviour of the PV array MPP voltage during irradiance transitions resulting from

cloud shadows causes only marginal problems to the operation and power production of the PV power
plants when proper MPPT algorithms are applied. The behaviour of MPP voltages of PV arrays during
irradiance transition caused by moving cloud shadows is now studied conclusively based on experiments.
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