Solar Energy 193 (2019) 906-914

journal homepage: www.elsevier.com/locate/solener

Contents lists available at ScienceDirect

Solar Energy

New monitoring method to characterize individual modules in large

photovoltaic systems

Check for
updates

Eneko Ortega“, Gerardo Aranguren, Juan Carlos Jimeno

Technological Institute of Microelectronics, University of the Basque Country (UPV/EHU), 48013 Bilbao, Spain

ARTICLE INFO

Keywords:
Photovoltaic systems
Monitoring

Fault detection
Capacitive load
Maximum power point

ABSTRACT

Photovoltaic (PV) systems power losses are approximately 15-20% of the performance ratio for current PV
systems. There are several reasons that explain PV modules failures, and since they are connected in series to the
rest of the string, a failure in one module may result in losses in the entire string. In addition, some of these
failures, if are not fixed in time may become permanent and may reduce the lifespan of the PV modules. Periodic
monitoring is the only way to detect these failures. Monitoring techniques oriented to groups of modules are
unable to detect faults in individual modules. I-V curve tracers, which are oriented to module level and use
power electronics components and large capacitors, require to disconnect the PV module from the rest of the
system and long measurement times. This works proposes a methodology, that is able to take partial mea-
surements of individual PV modules and recompose their characteristics with only small capacitors in the range
of tens of microfarads and without power electronics components. The monitoring methodology is able to
measure individual PV modules without modifying the electrical interconnection circuit and to deviate the
operating point to +0.3 A and 5 V in less than 5 ms. From this deviation, the system recomposes the PV module I-

V characteristics with accuracies that are between 1 and 3% for the region close to maximum power.

1. Introduction

Solar photovoltaic (PV) energy source is the renewable energy
source that has increased the most during the past decades. The in-
stalled solar PV capacity is increasing almost exponentially, by more
than 30% each year (Sawin et al., 2017). In 2018, more than 100 GW of
new PV capacity was installed (Jager-Waldau, 2019). In addition, large
systems with hundreds of thousands of PV modules are increasingly
common. PV systems performance is usually evaluated in terms of the
performance ratio (PR) (Blaesser, 1997). Unfortunately, for current PV
systems, power losses are approximately 15-20% of the PR (Kumar and
Sudhakar, 2015; Khalid et al., 2016; Matsumoto et al., 2016). Failures
in PV module are behind a significant part of PR losses.

Failures in PV modules may be caused by several reasons such as
corrosion failures (Cristaldi et al., 2015), cell cracks (Kontges et al.,
2010; Kajari-Schrsder et al., 2012; Morlier et al., 2015), hot-spots (Kim
and Krein, 2013; Garcia et al., 2014), encapsulation failures (Park et al.,
2013), electrical or mechanical interconnection failures (Cristaldi et al.,
2015), potential induced degradation (Hoffmann and Koehl, 2014),
accumulation of dust or soiling (Caron and Littmann, 2013; Cova et al.,
2018) or partial shadows (Mé&ki and Valkealahti, 2012) among others.
Since PV modules are connected in series to the rest of the string, the
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failure of a single PV module may cause power looses in the whole
string. Furthermore, some of these failures, if not fixed in time, can
become permanent and accelerate the degradation of PV modules.
Periodic monitoring is the only way to detect failures in a PV system.
Thus, many PV systems monitoring methods, which monitor the PV
system at module level or measure groups of modules have been pro-
posed, but there is no agreement regarding the appropriate level for
monitoring the system (Ortega et al., 2017; Jones et al., 2018).

Some methods, based on several approaches, monitor the PV system
at string, array or inverter level. These monitoring techniques usually
combine a model of the PV system with temperature, irradiance and
electrical output data. Operating conditions can be measured using
either satellite data (Drews et al., 2007) or by adding temperature and
irradiance sensors (Firth et al., 2010; Chouder and Silvestre, 2010;
Silvestre et al., 2016; Mallor et al., 2017). Other methods use statistical
analysis and machine learning techniques to evaluate data from the PV
system to estimate the deviation from the optimum point (Vergura
et al., 2009; Dhimish and Holmes, 2016; Belaout et al., 2018; Wang
et al., 2018). Monitoring techniques oriented to groups of modules are
able to detect significant energy losses, but are unable to detect faults
affecting a single module or a small group of modules. In fact, mon-
itoring at system level provides little information about individual
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modules degradation or abnormal operating conditions (Jones et al.,
2018). In addition, with system-level monitoring, even if a fault is de-
tected, it is not clear which specific module is failing.

Methods for monitoring at module level can obtain several para-
meters from individual modules. Various technologies such as
SunSniffer (Kilper et al., 2015), which measures PV modules voltage
and temperature, and power optimizers such as SolarEdge or Tigo,
which measure modules output and combine it with maximum power
point tracking methods, have been introduced in the past. However,
power optimizers handle the total power of PV modules, which makes
them expensive solutions because they require power electronics.
Module level monitoring methods can be classified in function of the
number of parameters that are measured. When only module voltage is
measured (Kilper et al., 2015; Teubner et al., 2017), it is possible to
assess power losses, unless the fault is limiting the current of the string.
If the current is also measured, the working point is known and thus it is
possible to determine the module power losses (Fuentes et al., 2014;
Han et al., 2015; Samara and Natsheh, 2019). However, by only mea-
suring these two parameters, it cannot be known whether the power
loss is caused by a failure in the module or in the rest of the system and
the power loss is due to a module mismatch. If two more parameters,
current and voltage variations, i.e., the current-voltage (I-V) char-
acteristics of the PV module, are added, the module is electrically
characterized and in this way, the power loss origin can be determined.

I-V curve tracers measure the I-V characteristics of PV modules or
arrays by measuring a set of operating points that are defined by a value
of current and voltage, from short-circuit to open-circuit. Many
methods have been suggested to measure the I-V characteristic of PV
modules, strings or arrays based on different types of variable loads.
Approaches based on resistive loads (Van Dyk et al., 2005; Ibrahim,
2011; Rivai and Rahim, 2014), connect a plethora of resistances to the
module, limiting its output current at several values and measuring
their corresponding point on the I-V curve. These methods are limited
by the power dissipated by the resistance. When DC-DC converters are
used (Enrique et al., 2005; Duran et al., 2007; Riley and Tolbert, 2015;
Khatib et al., 2017), the PV module is connected to the input of the
converter and a resistive load is connected to the output. By modifying
the voltage of the converter, it is possible to modify the output power of
the module and obtain the I-V curve by repeating this process several
times. With the same methodology, other authors have proposed dif-
ferent combinations of transistors using MOSFET (Kuai and Yuvarajan,
2006; Belmili et al., 2010), BJT (Forero et al., 2006) or IGBT (Sahbel
et al., 2013) transistors. Similarly, I-V curve tracers based on capacitive
load move the operation point of the module with the charge of a
variable number of capacitors controlled with several switches
(Mahmoud, 2006; Muiioz and Lorenzo, 2006; Spertino et al., 2015;
Erkaya et al., 2016). These methods are able to measure the full I-V
characteristics of PV modules, typically in combination with tempera-
ture and irradiance data. However, most of these methods have three
main limitations. First, since the entire I-V curve is measured, the
monitoring system works at the module power. Therefore, power
electronics components and capacitors on the order of tens of milli-
farads are required. As a result, the cost and power consumption of I-V
curve tracers are increased. Second, prior to measuring the PV module,
these methods require disconnecting the PV module from the rest of the
system at least 5min before starting the measurements (Mufoz and
Lorenzo, 2006), with subsequent power losses (Stein et al., 2014).
Third, these techniques require relatively long measuring periods with
stable operating conditions to obtain the full I-V curve, especially for
modules with large response times.

Measuring the I-V curve of PV modules is an extended method for
PV modules characterization and for fault and anomaly detection.
However, previous limitations make I-V curve tracers unfeasible solu-
tions for the automatic and continuous monitoring of large PV systems.
This work proposes a new methodology that is able to take partial
measurements of individual PV modules and recompose their
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Fig. 1. Proposed monitoring methodology for an entire PV system. One mon-
itoring circuit (MC) for each PV module and a control unit (CU) for the entire
system.

characteristics with only small capacitors in the range of tens of mi-
crofarads and without power electronics components. Since the elec-
tronic circuit does not use power electronics components, the cost of the
monitoring system is reduced from a few tens of dollars in an initial
phase to a cost in the dollar range for large scale production with a high
integration level. Except for the two capacitors, all the components
could be included on a single integrated circuit for large scale pro-
duction.

2. Description of the system

The proposed monitoring system includes a small electronic circuit
called monitoring circuit (MC) for each PV module and a control unit
(CU) for the entire PV system. The preliminary concepts of the mon-
itoring methodology were introduced in (Ulasenka et al., 2015; Ortega
et al., 2016; Ortega et al., 2018). The MC is connected in parallel to
each PV module as shown in Fig. 1. As a consequence, the monitoring
system does not interfere with the operation of the PV modules, and in
the case of failure, it does not affect the PV system operation. Through
power line communications (PLC) the CU would be connected to every
MC in the PV system and controls the entire monitoring system without
adding additional wires. From the CU, each individual PV module can
be measured by ordering its MC to measure the module and send the
measurement data. In the CU, the data are processed and visualized
through a graphical interface. The CU is a complex system, but a single
unit can monitor hundreds or thousands of modules. The proposed
methodology is intended for central inverter systems, for which the
information of each PV module is minimum and the usefulness of the
monitoring system could be maximum. However, this methodology
could be used with any system architecture.

Fig. 2 shows the simplified scheme of the MC. In the figure, there is
only one MC connected to the middle module, but in a field application
of the monitoring system, one MC is connected to each PV module of
the system. The MC is a capacitive load based electronic circuit capable
of producing and measuring small and quick variations in the working
point of the PV module by using only low power components. The MC,
which is powered by the PV module, is based on two small 22 yF tan-
talum capacitors and controlled by six switches. Two switches (diodes)
are controlled only by the current direction, and four switches (tran-
sistors: SW1, SW2, Q1 and Q2) are controlled by a low-cost 8 bit PIC
microcontroller (MCU in Fig. 2).

The MC has four operating modes as depicted in Fig. 3: standby (the
initial state) and a three step monitoring sequence, called T1, T2 and
T3. During the standby mode SW1 and SW2 are in the “b” position, as
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Fig. 2. MC simplified scheme connected to a PV module on a string. The circuit
is based on 2 capacitors (C1 and C2), 6 switches, including: two diodes and four
transistors (SW1, SW2, Q1 and Q2), and an 8 bit microcontroller (MCU). The
blue T1, T2 and T3 labels indicate the step in which the switches are in active
mode. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

showed in Fig. 2 and transistors Q1 and Q2 are in cut-off mode. In this
mode no current is extracted from the PV module. When the CU orders
to measure the PV module, the MC wakes up, and the monitoring se-
quence is performed as indicated in Fig. 3.

In the first step, T1, SW1 and SW2 are switched to the “a” position
and Q1 and Q2 remain in the cut-off position. During this step, C1 and
C2 are charged to the operating voltage of the module by the diodes.
Through additional circuitry, that is not depicted in the figure, this
process is performed slowly, draining only a small amount of current
from the PV module.

During the second step, T2, SW1 and SW2 are switched again to the
“b” position, Q1 is turned on to the active position and Q2 remains in
cut-off mode. In Fig. 2, this step is depicted with T2 in the “b” position
of the switches and in the active transistor, Q1. During this step, the
circuit discharges C1 towards the PV module with a current limited to
0.3 A by additional circuitry. The electronic circuit tends to a new
equilibrium situation in which capacitor C1 is charged to the inverted
module voltage. Notice that in T2 the situation of C1 is inverted with
regard to T1. The evolution of the PV module operating point is shown
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Fig. 4. Displacement of the operating point to short-circuit and open-circuit
during T2 and T3 steps of the monitoring sequence with the MC.

in Fig. 4 by the green colour. The connection of C1 to the module during
T2 forces the operating point to follow the upper curve from point A to
point B and to subsequently return back to point A.

During the last step, T3, SW1 and SW2 remain in the “b” position,
Q1 returns to cut-off and Q2 turns on to active mode, as shown in Fig. 2
and depicted by T3. In this step, C1 and C2 are connected in series and
their voltages are added. This step displaces the operating point to
voltages higher than the operating voltage, with the same current
limitation of 0.3 A as T2. In Fig. 4, the displacement of the operating
point is shown in yellow. First, when capacitors C1 and C2 are dis-
charged the operating point displaces from A to C and subsequently
returns back to point A.

All the monitoring process is completed on the order of tens of
milliseconds (<50 ms for the charging of the capacitors and <5 ms for
the displacement of the PV module in both ways). The short times of the
monitoring methodology enable the use of low power components,
without power electronics, and small cross-section wires, thus avoiding
thermal dissipation. Furthermore, short times ensure that operating
conditions (irradiance and temperature) remain constant during the PV
module characterization.

While the operating point of the PV module is being displaced in
both directions (Fig. 4), the MCU takes several pairs of voltage and
current values around the operating point, with 10 bits resolution and a
35 ms sampling period. The voltage is measured through a voltage di-
vider and the current is measured from two ways. The absolute current
is measured through a shunt connected in series to the PV string. In-
cremental currents are measured on higher resistances, connected to
the MC but not to the string series. After the test, the measurement data
are processed by the CU, which estimates the I-V curve and the max-
imum power of the PV module.

: T1 : T2 C T3

| | | |

SW1 & Sw2 [—, 50 ms K } }

Q1 = = 3ms N :
Q2 . — 4] —

| | | L 2ms 3 |

| | | |

AV | | |

| | | |
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| | | |
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Fig. 3. Operating diagram of the MC. The MC has four states: Standby (the initial state) and T1, T2 and T3, the three steps of the monitoring sequence. The high value
of the signal is associated with activation of the corresponding switches. Notice that signals are not on scale.
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Current source

Load

MC cu

Fig. 5. Experimental test system scheme. PV module connected to a power
supply and an electronic load. The MC is connected in parallel to the PV
module, and the MC and the CU are connected through an isolated wired
network.

3. Experimental test system

A reduced series of a prototype of the MC was designed and man-
ufactured. The MC was evaluated using a 25 W Isofotén bifacial PV
module. The PV module was illuminated with 18 lamps, which illu-
mination level could be varied. This variability enabled the monitoring
methodology to be tested under different illumination conditions to
characterize the module in varying states.

Fig. 5 shows a simplified scheme of the test system used to evaluate
the methodology, and Fig. 6 shows the experimental set-up. In the
lower figure, the 25 W PV and the illumination system are shown. The
PV module was connected in series (upper figure) to a power supply
operating as the current source, which could vary from 0 to 5 A and 0 to
30 V. In addition, an electronic load was connected to them in series.

Ilumination |

Fig. 6. Experimental set up. MC, CU, electronic loads and current source (top)
and PV module and illumination (below).
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The electronic load (formed by two individual loads) had a total voltage
fixed at 26 V (13 'V each). With the mounted test system, the operating
point of the PV module could be adjusted by the current source.

The MC was connected in parallel to the PV module (Fig. 6) at the
same points used to connect it with the current source and the load. The
MC was, in turn, connected to the CU, which consists on a personal
computer (PC) with a graphical user interface (GUI) developed in
MATLAB (MathWorks Inc., Natick, MA, USA). The GUI receives the
measurement data from the MC and processes them to obtain the I-V
characteristic of the PV module around the operating point. All the
results shown in this study were extracted from the GUI.

4. Dynamic I-V characteristic

To evaluate the concordance between the static PV module I-V
characteristics and the dynamic data obtained from the MC system, the
static I-V characteristics of the PV module were first measured without
connecting the MC. For these experiments, the static characteristic had
Voe =1515V and I. = 045A. The operating point was fixed at
I, = 0.19A and V,, = 14.9 V and the MC was subsequently connected.

The measuring process begins with the load of the capacitors during
the T1 step, as explained above. Then, in the T2 step, the PV modules
operating point is shifted towards short-circuit. Fig. 7 shows the pla-
cement of the PV module under test in the string, where I, is the
current of the PV module, I is the string current and I, is the current of
the monitoring circuit. Any transient current in I,. has a very small
effect in the string current and forces the module current to move ac-
cording to Eq. (1), which facilitates module current measurement.

(€8]

As shown in Fig. 8 I, is a step-like function of approximately 0.3 A,
which shifts the operating point 5V towards short-circuit in approxi-
mately 0.25 ms (Section 1). The MC limits the current injected into the
PV module, which remains at 0.3 A (Section 2) until the capacitor is
discharged. Then, the output current starts to decrease more slowly
(Section 3), and thus the PV module voltage starts to recover until it
returns to the initial operating point. The entire sequence lasts less than
3ms.

Fig. 9 shows the representation of these values against the static I-V
characteristics. In Section 1, since the current variation is very fast, the
dynamic I-V values are not able to follow the PV module I-V char-
acteristics due to the intrinsic capacitance of the PV modules. When the
operating point reaches the maximum deviation, it tends to the static I-

[

Inoa = Is — Imc

Iou T lImc

Fig. 7. Placement of the PV module under measure on the string. I, is the
current of the PV module, I is the string current and I, is the current of the
monitoring circuit.
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Fig. 8. Evolution of PV module current
and voltage values during the T2 step
of the monitoring sequence, displacing
the operating point of the PV module
towards short-circuit. Current (left) and
voltage (right) of the PV module. Three
sections are identified: Section 1 (shift
of the operating point to short-circuit),
Section 2 (discharge of the capacitor
Cl1) and Section 3 (return to equili-
brium).
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Fig. 9. Displacement of the operating point towards short-circuit during the T2
step of the monitoring sequence. Static I-V characteristics (dashed blue line)
and dynamic I-V characteristics (green line). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of

this article.)

V characteristics, with a current value close to I, (Section 2).The op-
erating point stays there for 1 ms until the capacitor is discharged, and
then, in Section 3, it returns to the initial operating conditions in a

curve very close to the static I-V characteristics.

The third step, T3, in the measuring process consists of moving the

operating point of the PV module to open-circuit. To that end, capaci-
tors C1 and C2 decrease the output current of the module, as shown in
Fig. 10, which shows the current and voltage values during this step. In
Section 1, the MC displaces the operating point to the maximum de-
viation, which is a decrease of approximately 0.3 A. In Section 2 the
current remains constant for 0.2 ms until C1 and C2 are discharged, and

16

Voltage (V)

Fig. 11. Displacement of the operating point towards open-circuit during step
T3 of the monitoring sequence. Static I-V characteristics (dashed blue line) and
dynamic I-V characteristics (yellow line). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

then, in Section 3, it returns to the initial operating point. As shown in
Fig. 11, due to the intrinsic capacitance of the modules the dynamic I-V
characteristics fits the static I-V characteristics only during Section 3,
similarly to the second step.

5. Results discussion

Three different cases were analyzed. In one case the operating point
of the PV module is at an intermediate current value (as in Section 4).
The other two cases include more extreme conditions: one case with a
higher current value and the other case with a lower current value.

®

15} 15

Current (A)
Voltage (V)

-A5 +

13

Fig. 10. Evolution of PV module cur-
rent and voltage values during step T3
of the monitoring sequence, which
displaces the operating point of the PV
module towards open-circuit. Current
(left) and voltage (right) of the PV
module. Three sections are identified:
Section 1 (shift of the operating point
to open-circuit), Section 2 (discharge
of capacitors C1 and C2) and Section 3
(return to equilibrium).
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Fig. 12. Static (dashed blue) and dynamic (yellow) I-V characteristics and error rates (red) between them for intermediate current value operating point with

I, = 0.19A.

Figs. 9 and 11 show the dynamic evolution of the operating point for
the intermediate current case, in which the PV module is working at
50% of the maximum power. A fast current evolution can be seen
during Section 1 whereas in Section 2 the current value is sustained
until the capacitor is discharged. Obviously, Sections 1 and 2 do not
correspond with the static I-V curve of the PV module. Then, in Section
3 a slow charge is produced toward the static situation. Fig. 12 is ob-
tained from these two figures and shows the dynamic I-V characteristics
of the PV module, which correspond to Section 3 of the previous fig-
ures, plotted against the static I-V characteristic and the error rate be-
tween both measurements. The error rate was computed from raw
measurements, without filtering or additional processing.

From the measurements it is possible to estimate the short-circuit
current with an error rate below 3%. In the area around MPP, the error
remains below 3% and for points closer to open-circuit, the error rate
increases to above 10%. The error rate between the static maximum
power (5.7 W) and the dynamic maximum power (5.8 W) was 1.8%.

For the high current values case, the operating point was fixed at
I, = 0.28 A and the dynamic I-V curve was obtained. Fig. 13 shows the
static and dynamic I-V characteristics and the error rate between them.
In this case, the short-circuit current is estimated with an error below
3%, but closer to open-circuit the error rate increases up to 10%.
Around the maximum power the error rate between both curves was
below 2.5% and the error rate to estimate the maximum power of the
PV module (5.6 W) was 1.8%.

When the measurements were done closer to open-circuit, at the
lower current value (I,, = 0.09 A) Fig. 14 was obtained. Close to open-
circuit the error rate is below 5%. However, the error rate to estimate I,
is above 15% and it remains in that range in the MPP area. Even with
such low power, the maximum power (5.2 W) of the PV module can be

estimated with an error of only 8.8%. This result is very noteworthy
since the estimation was performed with the PV module working only
at 24% of the nominal power of the PV module.

The proposed method is able to estimate the I-V characteristics of
the PV module with 2 capacitors on the order of tens of microfarads,
and the disturbance of the operating point lasts less than 5 ms. Of these
5ms, only 0.875ms (to short-circuit) and 0.35 ms (to open-circuit) are
close to the I-V characteristics of the module. As shown in Fig. 12, the
error remains below 3% for almost all of the I-V characteristics. The
error only increases in function of the operating point for measurements
closer to short-circuit when the operating point is in the vertical region
of the I-V characteristics or closer to open-circuit, when the operating
point is in the horizontal area.

To evaluate how the error rate differs in function of the capacitor
size, the same experiment was repeated with two different capacitors,
one capacitor of 11 pF and another of 242 pF. Table 1 shows the max-
imum displacements with errors below 3% for the three capacitors and
the time required for each sequence. Fig. 15 shows the error for each
capacitor along the static I-V characteristics. Capacitors on the order of
tens or hundreds of microfarad induced a low error rate between the
static and dynamic I-V characteristics, and it is possible to estimate I
with an error below 6%. However, capacitors on the order of hundreds
of microfarads were discarded to avoid the use of electrolytic capaci-
tors. With capacitors on the order of tens of microfarads, the error rate
between the static and dynamic [-V characteristics is low enough to
estimate the PV module I-V characteristic and the maximum power for
current operating conditions. Conversely, if the PV system temperature
and irradiance conditions during the test are known, it would be pos-
sible to calculate the expected I-V characteristics and the expected
maximum power of the PV module from the reference PV module

T T T T T T T T T
L i S S . i o
0.4f 120 _
= o\
3 Z
= “
o
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£ 0.2 10 4
O Dynamic I-V
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0 2 4 6 8 10 12 14 16

Voltage (V)

Fig. 13. Static (dashed blue) and dynamic (yellow) I-V characteristics and error rates (red) between them for high current value operating point with I,, = 0.28 A.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 14. Static (dashed blue) and dynamic (yellow) I-V characteristics and error rates (red) between them for low current value operating point with I,, = 0.09 A. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Maximum and minimum voltage and current values, with the variations in
brackets, during the experiment with an error below 3%, in function of the

capacitor size. All the experiments were performed at an operating point with
I, =0.19 Aand V,, = 149 V.

Operating point deviation

Deviation to short-circuit Deviation to open-circuit

Vinin Inax (A)  time (ms)  Viax (V) Lnin (A) time (ms)
w)
242 yF 10 0.39 11.3 14.9 0.13 4.2
(=5) (+0.21) (+0.3) (—0.06)
22pF 10 0.39 3.15 14.8 0.16 2.6
(-5) (+0.21) (+0.2) (-0.03)
11 yF 12.0 0.36 2.9 14.7 0.165 1.9
(-3) (+0.18) (+0.1) (—0.025)
parameters.

The monitoring methodology was also implemented in an outdoor
3.2 kW PV system consisting of 12 mono crystalline JINKO JKMS285-60
PV modules connected to an SMA Sunny Boy 3000TL-21 inverter. The
monitoring process was performed on a single module without dis-
connecting it from the rest of the system. The MC proved to work re-
liably at the module voltage and current values and was able to disturb
the 285 W PV modules to obtain a dynamic I-V curve equivalent to the
curves obtained with the 25 W PV module, as shown in Fig. 16.

However, from these data the estimation of the I-V curve is not
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Fig. 16. Measurement with the MC in a Jinko JKMS285-60 PV module. Static I-
V characteristics (dashed blue line) and dynamic I-V characteristics (yellow
line). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

immediate, since several factors such as the dependence on the set-up,
the interactions with the rest of the system or the dynamic response of
the PV modules must be considered. Thus, further processing is re-

quired to fit the dynamic I-V characteristics with the static character-
istics of the PV module.
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Fig. 15. Error rate (%) between the static and dynamic I-V characteristic for the three capacitor sizes.
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For PV modules with high lifetime cells, the hysteresis effect would
be even greater. However, previous studies (Ortega et al., 2018) in
which parasite capacitances were added to the PV module have shown
that from the obtained measurements it is possible to characterize the I-
V curve of the PV module.

To quantify the losses of each PV module on large PV systems we
propose the use of two parameters: the mismatch and the degradation
of the PV module. The mismatch of the PV module is defined as one
minus the ratio between the working point and the real maximum
power point (MPP). The degradation is defined as one minus the ratio
between the real MPP and the expected MPP. These two parameters
give a clear indication of the performance of the PV modules and
provide information on which specific module is failing. The working
point and the real MPP are obtained from the monitoring system.
However, to assess the degradation of the module it is necessary to
know the expected power, which is obtained from the irradiance level
and the operating temperature of the PV cells. In a PV system in which
each PV module has an MC connected to it and V,. and I, are known, it
would be possible to statistically estimate the illumination level and the
cell temperature for each PV module. For example, if an illumination
level of 0.8 suns and a cell temperature of 53 °C were statistically es-
timated, for a 285 W PV module the expected power would be 202 W.
From the measurement data, we could obtain the working point and the
real maximum power, which in this example, are 1770 W and 195W
respectively. From here, the mismatch of the PV module would be 13%
and the degradation would be 3.5%.

6. Conclusions

A novel monitoring methodology has been proposed and evaluated.
A prototype of the monitoring circuit has been built and tested.

The proposed monitoring methodology is able to individually
evaluate each PV module within a string, without disrupting the normal
string operation and without modifying the electrical interconnection
circuit.

The monitoring process uses small value capacitors, on the order of
tens of microfarads, and low power components. The system has a low
cost and a high reliability, since no electrolytic capacitors are used.

The operating point deviations are limited to +0.3 A currents
around the operating point. For these currents voltage deviations of
approximately 5V are obtained in less than 5 ms.

From the dynamic I-V characteristics it is possible to estimate the PV
module I-V characteristics with accuracies between 1 and 3% for the
region close to maximum power and better than 10% for the rest of the
I-V curve. The use of higher value capacitors reduces the error, but their
higher cost and reduced reliability do not compensate for their use.
From these measurement data, it is possible to estimate the PV modules
maximum power for medium or high current values with an error
below 2%, which increases only to 8.8% when the PV modules is op-
erating with low current values.

Finally, a proposal for failures estimation has been introduced. The
methodology is based on giving only two parameters for each PV
module: the PV module power losses due to its intrinsic operation -
which we have named degradation losses - and the losses for not being
at the optimum operating point, which we have named mismatch
losses. Using any method that does not disturb the operating point and,
from there, estimates the I-V characteristics of the module it sounds
hard to distinguish between both parameters.
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