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Abstract: The measurement of current-voltage (I-V) curves of single photovoltaic (PV) modules
is at this moment the most powerful technique regarding the monitoring and diagnostics of PV
plants, providing accurate information about the possible failures or degradation at the module level.
Automating these measurements and allowing them to be made online is strongly desirable in order
to conceive a systematic tracking of plant health. Currently, I-V tracers present some drawbacks,
such as being only for the string level, working offline, or being expensive. Facing this situation,
the authors have developed two different low-cost online I-V tracers at the individual module level,
which could allow for a cost-affordable future development of a fully automated environment for
the tracking of the plant status. The first system proposed implements a completely distributed
strategy, since all the electronics required for the I-V measurement are located within each of the
modules and can be executed without a power line interruption. The second one uses a mixed
strategy, where some common electronics are moved from PV modules to the inverter or combiner
box and need an automated very short disconnection of the modules string under measurement.
Experiments show that both strategies allow the tracing of individual panel I-V curves and sending
of the data afterwards in numerical form to a central host with a minimum influence on the power
production and with a low-cost design due to the simplicity of the electronics. A comparison between
both strategies is exposed, and their costs are compared with the previous systems proposed in the
literature, obtaining cost reductions of over 80-90% compared with actual commercial traces.

Keywords: automated I-V curve; distributed I-V curve measurement; online I-V tracer

1. Introduction

The annual global market for photovoltaic (PV) solar energy has increased consider-
ably in recent years. Specifically, in 2019, the figure of 100 GW was exceeded. The total
accumulated capacity has been increased by 25%, reaching the value of 5785 GW. This
supposes a substantial growth if it is compared with the 15 GW of the previous decade.
The increased demand in emerging markets and Europe, due to a large extent to the con-
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tinuous price reductions, has offset a substantial decline in the market in China that had
consequences worldwide [1].

Self-consumption remained an important driver of the market for new systems dis-
tributed in some regions, and corporate purchases of PV solar energy expanded consid-
erably, particularly in the United States and Europe. Around the world, mining, manu-
facturing, and other industries were installing PV (and other renewable) solar plants to
supply power for their operations [1]. In the year 2018, investment was made in a new,
more efficient production capacity and additional advances in solar PV technology. At the
end of 2018, at least 32 countries had an accumulated capacity of 1 GW or more. PV solar
technology played a significant and growing role in the generation of electricity in several
countries, including Honduras (12.1%), Italy, and Greece (both around 8.2%), and by the
end of 2018, one in five Australian households generated at least part of their electricity
with solar PV [1].

In this scenario of the PV solar sector, it seems that the large production plants, as
well as their energy production, will play a very important role. One of the major focuses
of interest is the monitoring, inspection, and maintenance of PV solar plants, regardless
of their power [2—4]. Operation and maintenance (O&M) are the main saving points for
investors in solar PV, and for this reason, in recent years, there has been a greater emphasis
on advanced techniques for PV systems design, operation, and maintenance [5].

PV power plants are exposed to numerous types of problems that can cause perfor-
mance degradation due to elevated operating temperatures [6], but the main and most
worrying are those related to PV modules and PV inverters, as concluded after the pre-
sentation of some research in which sixty-three real PV solar plants were analyzed [7].
Classically, there are numerous fault detection techniques for PV modules. Perhaps the
most widely used method is infrared thermography (IRT), for hot spot detection [8,9]. Some
authors use the thermographic images obtained by drones to subsequently use artificial
intelligence systems for automatic fault detection [10]. Another important technique is
based on electroluminescence (EL) images [11], where in some cases, low-cost systems are
used [12], and in many cases, the use of drones is also possible [5]. All these techniques
make an estimation of the type of faults from the images obtained.

Concerning the measurements in a module or PV plant, the I-V curves are the most
interesting, since these curves provide accurate information about possible faults or degra-
dation of the module or set of modules without the need of any estimation process [13,14].
Therefore, being able to have I-V curves of the individual modules allows decisions on the
replacement of the specific faulty or degraded device. This decision is better taken based
on a direct measurement than based on an estimation. Recalling the phrase by William
Thomson Kelvin (Lord Kelvin), “if you cannot measure it, you cannot improve it”, it is critical
to have actual measurements of PV systems, and if possible, at the PV module level.

The necessity of shutting down the PV plant area during the traditional I-V electrical
inspection with commercial testers has led to an important reduction of the use of this
technique applied to the module level. It is more frequently used at the string level, as it is
much easier to disconnect the strings at the combiner boxes to perform the I-V curve tests
than disconnecting each single module. In any case, the great workforce and time required
for this traditional I-V inspection has been the reason for only checking a single percentage
of the strings of the plants in the preventive maintenance plan performed nowadays by the
operators, which is usually 5% of the strings per year [7,15,16]. Moreover, the identified
underperforming strings with this methodology will have to be inspected afterwards
to find the specific location of the defective modules. This subsequent examination has
been traditionally done using manual thermography. As will be seen, the two proposed
current-voltage (I-V) devices extremely facilitate this inspection in comparison with the
commercial testers, performing online I-V curves and minimizing the workforce and the
energy losses during the inspection.

There are many studies on I-V curve tracing systems in PV modules in the literature
and several commercial testers. The different strategies are reviewed in this section. Some
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authors propose a monitoring system of a PV module based on a microprocessor where, in
addition to the electrical parameters (V and I), the system measures irradiance and temper-
ature [17], but it requires the module to be disconnected from the corresponding string.

In [18], an I-V tracer with a measuring strategy close to one of those proposed in
this article is presented, but it is much more complex and expensive. It uses a relay to
isolate the PV module under measurements from the string and connect it to the tracing
device, and one minicomputer controls the entire system. Authors use the device to
study the degradations of the PV modules (discoloration, cracks, and Potential Induced
Degradation—PID) using the I-V curve.

Other authors propose an offline I-V curve tracer with extended capabilities that is
able to trace I-V curves for a single PV cell [19]. This equipment provides great versatility,
since it allows cell (or associations of them) traces to be made.

In [20], an inexpensive I-V curve tracer is presented. The device is based on an open-
source platform with an integrated microcontroller, which allows electrical measurements
and machine to-machine (M2M) communications.

Other authors present a portable I-V tracer for the characterization of PV modules
outdoors [21]. The work is validated in a real environment, and this portable device is
capable of making an I-V trace of a 6kV string.

There is a patent that proposes carrying out the I-V trace of a PV module, or a
string, involving the PV inverter in the measurement and control [22]. The inverter has a
first switch to disconnect its output from any device connected to it, a second switch to
disconnect the input direct current (DC), and a discharge device to release any residual
load in the input capacitor. The inverter also includes a voltage sensor and a current sensor
on the DC side, as well as a data logger to record the I-V trace.

Another patent raises an I-V curve tracer through a fixed-value inductive or capacitive
charging device [23]. The patent proposes the correlation between voltage and current
samples using a voltage digital value as the address of a memory module and the current
as the content of that address.

The patent in [24] also proposes a distributed online I-V tracer that includes an energy-
storage device in order to keep the voltage supplied by the module under test while the
measurements are made.

In recent years, some authors have done comparative work between different devices
(commercial and ad hoc for research). Specifically, many devices, both commercial and
research oriented, are presented in document [25]. Regarding those dedicated to research,
the authors present five different methods: variable resistive load method, capacitive
load method, electronic load method, four-quadrant power supply method, and DC-DC
converter method. The authors create the following performance indicators: performance
factor, deviation on critical points and full curve, fill factor, voltage and current ratio, and
slope deviation. In this way, different devices can be compared objectively. The authors
conclude that the DC-DC converter method shows the advantage of flexibility and effec-
tiveness to synthesize the merits of fast speed, high accuracy, low-cost solution, and ease
of control, but the high-frequency switching operation causes ripples and increases the
difficulty of data acquisition. The dynamics of power converters also affect the operational
speed for I-V curve tracing, but these issues can be overcome by improving power condi-
tioners and control strategies. For all the methods analysed, the measurement points were
unevenly distributed on the I-V curve, and the issue should be resolved to improve the
acquisition accuracy and resolution.

An online I-V for a complete string is proposed in [26]. In this case, the proposed
online I-V tracer topology does not require the plant to be brought offline to obtain the
I-V trace. The circuit topology allows energy stored in the capacitor during the trace to
be delivered to the load in the following state. The load does not experience any power
interruption while the panels are isolated from the load during the trace. The circuit is
retrofittable at the junction box level.
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In summary, and after the analysis of the documents mentioned, it is possible to affirm
that most of the proposed devices are quite invasive and time consuming, in the sense that
in order to perform the measurements, it is necessary to disconnect the PV modules from
the power line, and therefore, to interrupt the electrical circuit to the PV inverter, or they are
complex and quite difficult to integrate in a real scenario because of its size, complexity, and
cost. Therefore, research gaps have been identified. Then, the development and validation
of low-cost, simple, and small devices that allow the layout of a PV module integrated into
a power string, without the need to disconnect it (avoiding re-starting protocols and losses
of production), seems a leap forward.

Often, solutions proposed in the research field for distributed monitoring and diag-
nostics, despite being fully operative, are difficult to be implemented in a real industrial
environment because of their price.

A future commercial implementation of such a system depends strongly on the in-
module electronics cost, since no monitoring and diagnostics system cost should represent
a significant percentage of the module cost itself. For this reason, one of the main goals
of this work is to obtain an electronic system that is not only able to accomplish online
individual I-V tracings with quality but also to produce cost-effective hardware.

With the aim of improving the research gaps found, authors have developed and
presented two different low-cost methods for performing not only individual I-V traces of
the PV module but also concomitant measures of the partial voltages corresponding to the
(usually three) substrings of the panel, each of them protected by means of a bypass diode,
and all these measures being carried out online (without the need to disconnect the PV
module from the string to which it is connected). The first strategy proposes installing a
sweep block for each PV module (the authors propose calling this the distributed strategy),
and a second one, installing a common sweeping block for all the modules composing the
power string, which will be referred to as the mixed strategy.

The main goal of both designs will be the low-cost and simplicity of the electronics,
especially the ones installed within each module, due to its strong impact in the total cost
of the system. Following this line, the authors have proposed the implementation of all
the blocks previously mentioned (at least partially) with a low-cost 8 bit microcontroller.
Of course, some extra external components will be necessary, but these will be only two
inexpensive power MOSFET transistors, a linear voltage regulator, and a few passive
components. For experiments, the communications block relies on a small Bluetooth
module controlled via RS232 protocol from the microcontroller, but for the final version,
our group is now developing a Power Line Communication protocol specific for PV wirings
fully controlled in firmware from the same microcontroller, minimizing cost and complexity.
Both developed strategies are compared with other actual I-V tracer devices regarding
complexity, size, online or distributed measurement capability, power supply requirements,
accuracy, resolution, and cost, with the objective of highlighting the relevance of the
developed strategies.

As it will be detailed later, both methods have some advantages and drawbacks, and
they will be suitable for different situations. In addition, this work has a second aim, which
is to make a comparison between both methods presented, focusing on the advantages and
disadvantages of each one of them.

The paper consists of the following sections: Section 2 presents the materials and
methods used in the article; Section 3 presents the experimental results of the two models
presented; Section 4 raises a discussion and comparison of both methods; and Section 5
shows the main conclusions and future work related to the research presented.

2. Materials and Methods

This section, the experimental setup used for validation is presented. Furthermore,
the two strategies (distributed and mixed) are detailed and exposed.
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2.1. Experimental Installation

The experiments have been carried out in the facilities of the Duques de Soria Uni-
versity Campus of the University of Valladolid, in Soria (Spain). The installation has
three mini PV plants, all of them connected to independent grid-connected PV inverters.
Specifically, the experience has been performed in one of the mini plants, consisting of 11
PV modules connected in series (string) to a 3 kW PV inverter. The nominal characteristics
of the modules are shown in Table 1, and those of the inverter are as follows: Sunny Boy
SMA SB3000, 3200 W, maximum voltage DC 600 V, maximum input current 12 A, MPPT
number 1, maximum performance 95%, and single phase. Figure 1 shows a real photograph
of the installation previously described.

Table 1. Main nominal data of photovoltaic (PV) modules.

Module Model Power (W) Voc (V) Vmpp (V) Isc (A) Impp (A)
1 S-E7 EOPLLY 175 4435 36.26 5.45 4.83
2 S-E5 EOPLLY 175 44.35 36.26 5.45 4.83
3 E3 EOPLLY 175 44.35 36.26 5.45 4.83
4 S-E4 EOPLLY 175 4435 36.26 5.45 4.83
5 S-E3 EOPLLY 175 44.35 36.26 5.45 4.83
6 S-E1 EOPLLY 165 43.92 35.64 5.23 4.63
7 S-E2 EOPLLY 175 4435 36.26 5.45 4.83
8 S-E6 EOPLLY 175 44.35 36.26 5.45 4.83
10 S-V1 EGNG 180 444 354 5.35 5.08
SKY GLOBAL-SOLAR
11 S-51 MODULE 175 42.6 35.5 5.52 4.93

Figure 1. Experimental installation implemented in the Duques de Soria University Campus of the University of Valladolid,
Soria (Spain).

Since this is an experimental PV mini plant, the modules have been intentionally
installed with different kinds of degradation, failures, or performances, so it will be possible
to check if the diagnosis system is able to properly show and locate any of them.

With the aim of comparing the measurements of the I-V curves of both proposed
strategies, the experience has been completed with measurements of I-V curves obtained
by a commercial tester. For validating the curves obtained from the two prototypes, the
authors have used the commercial tester “Solar IV-e” from the manufacturer HT (ref. HT
0255) [27]. The curves from this commercial tester have been compared with the ones taken
with the prototypes. Table 2 represents some of the main useful parameters that can be
measured with this instrument.

2.2. Developed I-V Curves Strategies
PV module I-V characteristics tracing requires at least three basic electronics blocks:

e A measurement and storage block composed of Analog to Digital Converters (ADCs)
and enough memory to keep all data until they are transmitted out.

e A sweeping block that forces the PV module to consecutive working points between
the open circuit and the short circuit by means of any kind of variable load.

e A communication block that takes generated data and transmits them to an external host.
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Table 2. Parameters measurement capabilities of “Solar IV-e” photovoltaic (PV) tester.
Symbol Description Range Resolution
Pmax Maximum nominal power of a module 50-4800 W 1w

L 15-99.99 V 001V
Voc Open circuit voltage 100-320.0 V 01V
Vm Voltage on point of maximum power 15-99.99 v 0.01 v
PP geonp P 100-320.0 V 01V
Isc Short circuit current 05-15 A 0.01 A
Impp Current on point of maximum power 05-15 A 0.01A

If individual characteristics are desired to be obtained at the PV module level, the first
and the third blocks must be installed within each PV module, but for the second block,
the authors propose two possibilities: the obvious one, installing a sweep block for each
PV module (the one the authors propose calling the distributed strategy), and a second
one, installing a common sweeping block for all the modules composing the power string,
which will be referred to as the mixed strategy. In both cases, the aim will be to obtain
individual I-V curves for each PV module and even for the cells substrings.

While the so-called distributed strategy relies on some extra components in each of
the module electronics in order to perform the load sweep, the second (mixed) strategy
minimizes the electronic components at the module level and drives the load sweep from
a centralized card for a complete series arrangement of modules. The second strategy
requires synchronization between the electronics at the module level and the centralized
sweep card via communications system.

2.2.1. Distributed Strategy

In order to implement this strategy, the electronic board installed on all the PV modules
includes the sweeping electronics or variable load (the second block mentioned in the
introduction). In the literature, there are several ways to perform the load sweep needed
for the I-V tracing, but in our case, keeping in mind the low cost desired for the system,
without disregarding the precision and linearity needed for the capture of samples evenly
distributed along the curve, we have opted for implementing the variable load with a
MOSFET whose gate is directly controlled by the microcontroller by means of a closed
control loop implemented in firmware. This way, the complexity of the control relies on
the firmware with a minimum hardware support.

This distributed strategy board, independently and individually, is responsible for
making the I-V curve tracing process. The plant operator can request anytime an online
individual measurement, and the electronic board will record the measurement for later
download to an external host.

Regarding the distributed strategy, two options have been considered:

1.  Disconnecting the module under measurement from the string while a bypass diode
provides a path for the string current, performing the I-V trace, and reconnecting the
module to the string.

2. Bypassing the module under measurement in the string by means of an electronic
switch (MOSFET), performing the I-V trace, and reopening the bypass electronic
switch in order to reinsert the module in the string.

Anyway, both strategies require two MOSFET models for proper tracing a full I-V
curve (disconnection MOSFET and sweeping MOSFET in 1, and bypassing MOSFET and
sweeping MOSFET in 2), so finally, the option adopted has been the second one, because in
this case, no bypass diode is needed, minimizing the bill of components.

Figure 2 shows the circuit for the distributed strategy. It comprises a low-cost micro-
controller, a DC/DC converter, a current sensor (I), two MOSFETs (M1 and M2), and a
power supply holding circuit (diode D and capacitor C). In addition, the resistors used for
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voltage level adjusting in measurement are shown. The PV module is labeled as M (this
module will be connected to the rest of the modules, forming a string of modules connected
in series), and it is composed of three strings of cells S1, S2, and S3 connected in series.
Bypass diodes within the PV module are also shown. All connecting points between each
string are accessible, so it is possible to measure the voltages from the negative terminal to
these points and to the positive terminal (V1, V12, and V123, respectively). These values
allow us to determine the voltages corresponding to each string with simple subtractions.

¢ D
DCIDC
| Comm Converter] C
1]
V123 =
2  Vecc J
viz § J=— =
B DC
vi £ Cm2 Line
GND Cml
- Dp

Rg c
R B

-k

Figure 2. Schematics of the electronic board installed in each module for the distributed strategy.

The power supply needed by the electronics (5 V) will be supplied from the PV module
(M) (usually 40-50 V); thus, a DC/DC converter will be needed in order to regulate the
proper voltage. The input voltage for the DC/DC converter is obtained from the power
supply holding circuit implemented with the capacitor C and the diode D, in such a way
that when the PV module is short-circuited during an I-V tracing, the charge stored in
C guarantees the power supply for the electronics until the end of the tracing, while the
diode D blocks the discharge of C over the short-circuited module. The minimum value
(Cmin) of capacitor C can be determined considering that the average current consumption
of the circuit is about 30 mA, thus dV/dt = 0.03/Cmin V/sg. Since the typical short-circuit
lapse is about 40 ms, dV = 0.03 x 0.04/Cmin volts = 0.012/Cmin volts, which represents
the voltage decrement during the short-circuit. The typical module voltage is 45 V, and
the minimum voltage needed at the DC/DC converter for proper operation is 6 V, so
a maximum voltage drop of 45 — 6 = 39 V is acceptable. This leads us to a minimum
capacitance Cmin = 0.012/39 = 307.7 x 10~® F = 307.7 uF.

For the microcontroller, a low-cost 8-bit unit has been chosen. It has a 10-bit Analog
to Digital Converter (ADC) integrated, and it allows at least four of the I/O pins to be
programmed as analog input channels for the ADC: one for the current sensor (I) and three
more for measuring the voltages at the PV module terminals (V1, V12, and V123). These
four parameters can be measured in normal operation or synchronously with an I-V sweep
performed through the two MOSFETs to obtain a full I-V characteristic of the module. The
voltage level reduction needed to feed properly the ADC analog inputs (with a dynamic
range from 0 to 5 V) is accomplished with simple resistor dividers, which are also visible
in Figure 2. There are three main noise sources associated with this setup: thermal noise,
interference noise, and quantification noise. The last one depends on the ADC resolution
and the maximum dynamic range of the signals measured (adjusted with the resistive
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divisors in the case of voltages). For the module voltage, the resistor divider has been
calculated for a full scale of 50 V, while the resolution of the 10 bit ADC is 210 levels,
so the quantification noise has a maximum amplitude of 50/2!° = 48.8 mV. Our direct
measurements over the module with an oscilloscope show a composed noise (thermal +
interference) with a maximum amplitude of 2 mV; thus, the main contribution to noise is
the quantification one.

Regarding the current measurements, a sensor based on Anisotropic Magneto Resis-
tive effect (AMR) has been used. This device supplies an output voltage proportional to
the current across it. The model used has a measurement range of 0-5 A corresponding
to an output voltage swing of 2 V. The manufacturer reports a maximum output noise
of 4 mV, and in this case, the quantification noise is 2/ 210 = 1.9 mV, so the maximum
noise amplitude is about 6 mV, corresponding to 6 mV x 5 A/2000 mV= 15 mA of current
measurement noise.

For the commercial instrument (HT Solar I-V) used for validation, the manufacturer re-
ports an uncertainty of 0.5% of full scale for voltage and current, which in turn means 25 mA
for current measurements (with full scale of 5 A) and 250 mV for voltage measurements
(with full scale of 50 V).

Since there is no time-critical operation in the firmware, for simplicity and cost re-
duction, the clock source for microcontroller is an internal precision oscillator at 16 MHz,
so no quartz crystal is needed. The samples gathered during the I-V tracing process are
stored in an internal RAM memory capable of keeping 1K words of 8 bits (8 Kbit). Since
the samples from the ADC are 10 bits long, a compression process has been programmed
in firmware to store a maximum of 660 samples that are 10 bits long (6.6 Kbit) when we
take points with just a single sample for module voltage and a sample for current (curves
with 330 points). If we want to take three voltage samples (including substrings) and a
current sample, it is possible to store 792 samples 10 bits long (curves with 198 points).
Finally, the microcontroller has also a Digital to Analog Converter (DAC) integrated in it
that is capable of driving an output with 256 voltage levels (8 bits), which is intended for
controlling the sweeping MOSFET (M1) gate and the sweeping process itself.

The I-V tracing strategy is executed by the microcontroller firmware as follows: In nor-
mal operation, the microcontroller drives MOSFET M1 closed and MOSFET M2 open.
In this state, the module is connected to the DC line as usual. When an I-V tracing is
demanded, the microcontroller closes M2, forcing the module to short-circuit. Then, a load
sweep is started, controlling the gate voltage of M1, and the module is driven from the
short-circuit to an open-circuit configuration. Simultaneously, measurements of the current
and the three voltages are taken and stored in the microcontroller. Finally, M1 returns to an
ON state, and M2 is opened, getting back to normal operation.

The proper control of the M1 gate in order to perform a load sweep as linear as
possible is a key point for obtaining measuring points as evenly distributed as possible.
In our case, we have used a closed control loop where the values of current and voltage
sampled by the ADC are used as feedback to vary the gate voltage of M1 via the Digital to
Analog Converter (DAC). Figure 3 shows a schematic of the closed control loop.

This configuration allows control to rely on the firmware programmed within the
microcontroller, and this way, all the control loop parameters affecting the linearity of the
sweep and stability can be programmed and tuned via microcontroller firmware. The
algorithm programmed in firmware for the proper control of the sweeping process is
shown in Figure 4. The sweep starts with the module in short circuit, and the maximum
gate voltage of M1 (5 V). First, the gate voltage of M1 is lowered in a previously fixed
quantity (step); then, the ADC takes samples of module current and voltage, obtains the
increments with respect to the previous values measured, and compares these increments
with some fixed thresholds (one for current and one for voltage). If any of the increments
(V or]) is over the corresponding threshold, these last values measured are stored, and a
new measure is taken; otherwise, a new step down in gate voltage is performed followed
by a time delay. As our experiments have evidenced, adjusting the four parameters of the



Electronics 2021, 10, 671

9of 22

algorithm (gate voltage step, time delay, voltage threshold, and current threshold) allows
the control of the sweep in the upper part of the I-V curve (where variation is mainly
observed on the voltage and current variations are very small), but also in the right part of
the I-V curve (with the opposite behavior, main variation in current and little changes in
voltage), resulting in evenly distributed I-V points along all the curve, regardless of the
section that is being traced.

Microcontroller PV module

Figure 3. Schematic of the sweeping closed control loop.

Measure |

Measure V Store |-V

Increment of |
> Threshold (l)

Step down gate
Voltage of M1

Increment of V
> Threshold (V)

Module in
short circuit

Figure 4. Flow chart showing the basic sweeping control algorithm.

During the I-V tracing process, the string production current externally fixed by the

inverter always has a path to flow: through the module under measurement while storing
the I-V points with a current value over the string current or through the protection diode
inside MOSFET M2 (Dp). Figure 5 shows the current distribution in every phase of the I-V
tracing process:

A.
B.

In normal work, the string current flows across the module (Figure 5A).

When a tracing is started, MOSFET M2 pushes the module to short-circuit, so the
total current across it equals the short-circuit current (Isc), which is bigger than the
string current (Figure 5B). In this phase, the string current keeps flowing across the
module (blue line in Figure 5B), and the difference between Isc and the string current
flows through M2 in the direction shown by the red line in Figure 5B (downward).
In this phase, the load sweep has started reducing the current across the module, but
the module current is still bigger than the string one, so the M2 current is reduced,
but it keeps its direction downwards (red line in Figure 5C).

In this phase, the sweeping process continues, and the module current has become
smaller than the string current, so in order to keep the value of the last one, the M2
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current direction is inverted, flowing now across the protection diode inside it. This
way, the string current splits in two branches: across the module, and across the M2
protection diode, as shown in Figure 5D.

°_o
vy

A

] ]

Normal production Module pushed to short-circuit

Load sweep, Imodule > Istring Load sweep, Imodule < Istring

Figure 5. Current distribution during a current—voltage (I-V) sweep.

When I-V tracing is over, the system returns to the normal configuration in Figure 5A.

In order to drive the M2 gate properly with logic levels from the microcontroller, a
special circuit has been designed. The current between the Drain and Source pins of the
MOSEFET in the active zone depends mostly on the Gate to Source voltage (Vgs). When
in normal operation M1 is closed, the source pin of M2 is at ground potential, and the
microcontroller output voltage Cm2 will drive M2 to the on state.

However, when M1 is opened later, the voltage in the M2 source pin rises over the
ground potential, and the Vgs voltage will vanish or even turn into a negative value,
making it impossible to keep M2 in an on state.

To overcome this issue, a gate driver circuit has been designed. It comprises a diode
(Dg), a capacitor (Cg), and a resistor (Rg), which are connected as shown in Figure 2. With
this arrangement, when M1 is closed, a high output level from the microcontroller will
charge the capacitor Cg connected between the source and gate of M2 through the diode
Dg. This capacitor will keep the voltage Vgs of M2 regardless of the voltage rise of the
M2 source when M1 is opened. Diode Dg blocks the condenser discharge through the
microcontroller output and protects it from the voltage rise. In this situation, M2 will
remain in an on state as long as Cg holds enough gate voltage. Then, the only path to
condenser discharge is the parallel resistor Rg, so by adjusting the discharging RC constant
of Cg and Rg, it is possible to keep M2 in the on state for a long enough time for the I-V
trace to complete.

The effect of the I-V tracing strategy over the DC line is a voltage drop of 1/N x 100%
during the short time taken by the tracing (about 40 ms in our case), with N = number of
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PV modules associated in series within the power line. If N is big enough, the voltage drop
will be small in percentage, and the inverter will manage to keep on operating, allowing the
capture of I-V curves for individual modules without interrupting the power production
and with a negligible loss or energy. The I-V data stored numerically in the microcontroller
must be downloaded after the capture through a communications port. For our experi-
ments, we have used a USART integrated in the microcontroller connected to a Bluetooth
radio device as a communication system. This is a convenient way to test the boards, but
following the low-cost philosophy of our system, a specific Power Line Communications
(PLC) system is being developed now as part of this project. Figure 6 shows the picture of
the electronic board installed in PV modules for the distributed strategy.

MlqrbcbOtrpuer

’%1

2 Currgn "

B I |*Reserved'
'l area for
‘ Future PLC
Mosfet Comm

M2 ay §igm
(A

Figure 6. Picture of the electronic board installed in PV modules for the distributed strategy.

2.2.2. Mixed Strategy

Regarding this second strategy, an electronic card is installed in every PV module as
well, but the components dedicated to forcing the I-V sweep and the current measurement
are moved to a central card, which is common for a series arrangement of PV modules
(string), and in this way, the sweep operation will affect all the PV modules in the string
simultaneously. For the experiments, we have used the same boards used in the previous
strategy but reprogrammed to just take measurements and manage communications. In a
commercial application, the same module board design can be used, but to get a lower cost,
the installation of the sweeping components could be avoided.

In this case, the measurement process will be as follows: when an I-V tracing is
demanded, the central electronic card disconnects the string from the DC power line
opening the switch Sw (Figure 7) and sends a start signal to the individual PV module
cards via the communication system; then, an I-V sweep begins and, simultaneously, string
current measurements (via sensor I in Figure 8). When the start signal from the central
card is received by the PV module cards, these begin capturing voltages in such a way that
sweeping and sampling are synchronized. In order to stop the capturing process in the
PV module cards, the end of the sweep could be detected either by the absence of changes
in successive samples or by fixing a capturing/sweeping time from the start point. Of
course, this strategy requires proper coordination between the centralized card and the
decentralized ones. When the measurement is finished, the central card reconnects the
string to the solar plant by closing the switch Sw, as shown in Figure 7.
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Figure 7. General schema of setup for mixed strategy.
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Figure 8. Detail of the centralized card schematic with sweeping circuit on the right.

For this mixed strategy, the sweeping circuit must manage voltage values corre-
sponding to the whole string modules arrangement (typically 400-800 V), so the previous
implementation with a sweeping MOSFET whose gate is controlled will require a high
power MOSFET, which in turn means expensive devices requiring some kind of cooling
system. For this reason, in this case, a capacitive load-sweeping element has been chosen.

The circuit has been implemented by means of a high-voltage MOSFET switch (M0 in
Figure 8) in parallel with a high-voltage capacitor (C0 in Figure 8) and a microprocessor
capable of controlling the MO0 gate, measuring the string current, and managing communi-
cations. For the reason explained above, the MOSFET will work in a low-power dissipation
switch mode (on/off). Figure 9 shows a real picture of the common sweeping electronics.

In normal operation of the PV plant (production), the capacitor C0 is charged up to
the power line working voltage. When an I-V trace is demanded and the switch Sw is
opened (Figure 8), the capacitor voltage rises up to the open circuit string voltage. Then,
the first step is closing MO for discharging C0 and driving the string to short circuit. From
this point, the microprocessor sends the start signal, reopens M0, and the charging process
of the capacitor performs the I-V sweep. Caution must be taken during the capacitor
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discharge process, because just after closing MO0, a high initial discharging current will
flow through the MOSFET at the same time as the voltage is maximum. This means very
high instant power dissipated by M0, which could destroy it easily. For this reason, a
high-power resistor (R0) has been placed in the discharging way, so that R0 will dissipate
the energy stored in the capacitor properly, thus protecting the MOSFET from damage. The
diode D0 bypasses the resistor during charging in a way that R0 does not interfere with
the sweep process.

Figure 9. Picture of the common sweeping electronics.

This centralized card is also responsible for string current measurements during
the I-V sweep via current sensor I in Figure 8. Placing the current sensor here helps
minimize the components in individual PV module cards. Of course, it is quite important
for the current measurements to be properly correlated to the corresponding voltage
measurements in PV module cards. This will be guaranteed by the microprocessors
firmware using synchronization signals via communications system, which in conclusion
will allow the proper drawing of the I-V curve.

A possible issue due to the asymmetry of the PV modules composing the string must
be considered for this sweeping strategy: when the complete string is pushed to short
circuit, differences in the module efficiency or even local irradiance changes will result in
the fact that not all the PV modules will reach the zero voltage point. Those with better
characteristics will keep a residual voltage, while the worst ones will become dissipating
charges with the module bypass diodes in the forward state. Considering that the total
sum of residual direct voltages and dissipating voltages must be equal to zero when the
string is in short-circuit, the maximum residual direct voltage corresponds to the (unlikely)
situation where only one module acts as a generator while all the rest are charges. The
maximum residual voltage measured in our experimental plant when the complete string
is in short-circuit has been 6V, with a mix of modules of different aging and several faults.

This issue results in some module I-V curves not reaching the current axis (zero voltage
point) when the mixed strategy is used. This is not a severe limitation, because it is feasible
to make a good extrapolation in this section of the curve in order to complete it, and fur-
thermore, the incomplete curves will correspond to the modules with the best performance
characteristics, which in conclusion are the ones with no need of extra diagnosis.
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This second strategy has been conceived as an option for reducing the cost of the
system in those situations where a short disconnection of an entire string is acceptable,
such as for example in big solar plants with many strings where power production does
not depend on a single string. Energy losses per module as a result of I-V tracing are
approximately equal to those derived from the distributed strategy, but in this case, the
data acquisition is much faster because the whole string is measured at a time.

3. Results

For validating the curves obtained from the two prototypes described above, the
commercial tester “Solar IV-e” from manufacturer HT (ref. HT 0255) has been used. The
curves from this commercial tester have been compared with the prototype’s ones.

Measurements have been made in our local plant for the two strategies described
before, and in order to validate the resulting I-V curves, measurements have been carried
out successively with our prototypes and with the commercial tester.

Every measurement has been made in the same conditions for which each device has
been intended, that is to say:

With the module disconnected from the string for the commercial tester measurements,
Under production with the prototype card connected to one module within the string,
and the string connected to the inverter for distributed strategy,

e  Over the whole string (11 modules in series) disconnected from the inverter for the
mixed strategy.

These prototypes aim at being able to get the same I-V characteristics under their own
operating conditions as the commercial instrument does over an isolated module.

The time between the prototype and commercial tester measurements has been re-
duced as much as possible, and measurements have been performed in the central hours of
a clear day, so they should be taken under the same irradiance and temperature conditions.
Irradiance and temperature have been recorded for every measurement and checked out to
be equal (within a 1% difference between the commercial tester and the prototype) for the
same module. This way, a good comparison can be made between the commercial tester
and prototype measurements.

In Table 3, the irradiation level, ambient temperature, and module temperature condi-
tions in which the measurements have been taken are shown.

3.1. Distributed Strategy Results

The electronics corresponding to the distributed strategy have worked as expected
when an I-V tracing was demanded over one of the eleven modules forming the string of
our mini-plant. The short voltage drop (during about 40 ms) was overcome by the power
inverter without any power interruption. In our experiments, the string voltage drop was
about 9% of the nominal value (one module shorted among eleven), which is close to a
typical ratio in power plants. The low-pass filtering associated with the wiring inductance
and the usual capacitive input stage of the inverters allow this strategy to work properly
without the need of any storage device supplying energy during the measurement lapse,
such as the one proposed in reference [24]. This is a key point to keep the electronic cost
at its minimum, as the storage device (battery or condenser big enough) will have a price
over the total cost of the whole card without it.

Figure 10 shows the most representative I-V curves obtained with the distributed
strategy compared with the commercial tester ones. Each graph displays dashed yellow
curves corresponding to RAW data from the prototype and continuous red curves with
data points superimposed for commercial tester data.

The measurements have been carried out in our experimental plant, always with the
string under production, over each of the modules composing the string. The modules
in our plant have quite different performances, and several of them show different kinds
of faults, resulting in a variety of curve shapes. Representative curves of modules with
different types of faults and faultless ones are shown.
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The fit between the commercial tester curves and the prototype ones has been evalu-
ated by calculating the orthogonal distance between them. This led us to deviations lower
than 0.5% except for the first sample from the commercial tester next to the short circuit.
In this zone, next to the short circuit point, all the curves from the commercial tester show
a straight segment between the first and second samples that is almost 3 V apart. The first
sample from the commercial tester seems to be always misaligned with the prototype curve
(sometimes over, sometimes under it), and direct measurement of the short circuit current
corresponding to each curve shows that the current value from the prototype is the correct
one. For this reason, this first sample has been discarded when comparing the curves, and
the orthogonal deviations between prototype and commercial tester are kept within 0.5%.
This percentage is the same as the uncertainty reported for the commercial tester, and it is
small enough for diagnosis and monitoring purposes.

Table 3. Irradiation level, ambient temperature, and module temperature conditions in which the measurements have been taken.

Distributed Mixed
Module
Commercial HT Developed Strategy Commercial HT Developed Strategy

W (W/m?2) 723 726 865 862

1 T amb (°C) 333 33.4 34.3 34.2
T module (°C) 49.6 49.6 55.2 55.0

W (W/m?2) 732 732 873 870

2 T amb (°C) 33.8 339 34.8 34.8
T module (°C) 50.7 50.8 53.6 53.0

W (W/m?2) 824 825 871 870

3 T amb (°C) 36.4 36.6 355 35.7
T module (°C) 48.9 50.0 52.1 52.5

W (W/m?2) 744 745 891 889

4 T amb (°C) 35.4 35.4 35.0 349
T module (°C) 51.3 51.9 52.7 52.5

W (W/m?) 745 745 922 923

5 T amb (°C) 339 40.1 36.5 36.5
T module (°C) 48.9 49.0 50.0 50.1

W (W/m?2) 823 826 958 967

6 T amb (°C) 33.6 33.6 35.8 35.7
T module (°C) 452 45.1 50.2 50.1

W (W/m?) 762 764 985 995

7 T amb (°C) 36.2 36.0 35.0 349
T module (°C) 51.8 51.9 445 444

W (W/m?2) 776 777 985 983

8 T amb (°C) 37.1 37.2 35.3 35.6
T module (°C) 51.8 52.0 46.8 47.2

W (W/m?2) 781 783 982 977

9 T amb (°C) 35.1 35.3 35.4 35.8
T module (°C) 50.0 50.1 50.2 50.1

W (W/m?2) 811 815 991 1000

10 T amb (°C) 35.3 355 35.8 35.9
T module (°C) 52.2 52.6 48.0 47.6

W (W/m?) 803 806 1011 1013

11 T amb (°C) 36.1 36.2 36.0 36.0
T module (°C) 46.4 46.4 48.0 48.0
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Figure 10. Distributed strategy/commercial tester comparison curves.

As shown in the graphs, the resolution along the prototype curves is higher than
that from the commercial tester except for a short segment between 5 V and 14 V, where
both resolutions are approximately equal. Regarding the resolution, it must be noted that
the commercial tester takes 150 points/curve, but our prototype takes 330 points/curve.
This reduced resolution of the prototype in the mid-early section of the curve is due to
the fact that the firmware-controlled control loop (needed for performing the load sweep)
takes some time to lock the desired voltage/time slope, as a consequence of the limited
processing speed of the ultra-low-cost microcontroller used. Anyway, the resolution next
to the short circuit point is as high as that out of this mid-early zone, allowing for a
good determination of module parameters that very much depend on those next to the
short-circuit zone.

3.2. Mixed Strategy Results

The system using the mixed strategy has also worked successfully. In this case, the
measurements have been carried out in our experimental plant by disconnecting the
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string from the inverter and connecting it to the sweeping electronics common for all the
strings. The synchronization between the sweep card and the measurement cards installed
in every module has been implemented for the experiment via RS232 protocol over a

Bluetooth device

The sweeping card (that in this case manages about 500 V, corresponding to the whole
string) was stressed by forcing up to 5000 sweeping cycles one second apart, and no fault
was found. Figure 11 shows the most representative I-V curves obtained with the mixed
strategy from the same modules as with the previous strategy, and the comparison with
the commercial tester ones. Each graph displays dashed yellow curves corresponding to
RAW data from the prototype and continuous blue lines corresponding to commercial

tester data.
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Figure 11. Mixed strategy /commercial tester comparison I-V curves.

The curve from module 7 has been added in this second set of comparison curves
because it reveals the effect of a mixed strategy prototype curve not reaching the zero
voltage point, which is due to the issue described before regarding the asymmetry between
the modules within the string. In the case of module 7, when all the strings are pushed to
short-circuit, its best performance allows this module to remain as an active generator and
its minimum voltage to reach about 6 volts, while most of the other modules behave as
dissipative loads.

In this second set of curves, the first sample from the commercial tester shows the
same strange behavior pointed out before; thus, it must be also disregarded for compar-
ison. For the curves obtained with the mixed strategy, the orthogonal distance between
the commercial tester curves and the prototype ones shows deviations lower than 0.8%,
which are slightly bigger than the previous ones but small enough for monitoring and
diagnosis purposes.

Regarding this mixed strategy, no control firmware of the sweeping process has been
implemented, since a capacitive load has been used. This result in a lower resolution in the
upper zone of the curves obtained than the one in the right zone, but anyway, the resolution
is higher than the one of the commercial tester, and it is high enough for diagnosis purposes.
The lack of a sweeping control for this strategy could be supplied by an adaptive capture
rate programmed in firmware in a fashion that resolution in different segments of the curve
could be equalized.

4. Discussion and Comparison

The word “online” along this document means that all the measurements are made
without the need of a physical disconnection of the individual modules from the string.
It could be considered that there is a short (in the order of milliseconds) disconnection for
measurements, especially regarding the mixed strategy, but the fact that in both strategies,
this disconnection is automated through semiconductor devices and short enough allows
for the plant not to be stopped and power production uninterrupted, so the authors think
that the term “online” is perfectly appropriate.

The reason for defining the two topologies presented is to try to meet the specific
needs of two kinds of solar plant installations: small or domestic solar plants, whose
power production depends on just one modules string, and big industrial solar plants, with
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many strings connected, where a short unavailability of one string can be assumed with
monitoring and diagnostics purposes.

Both I-V tracing strategies described lead to curves with a reasonably good fitting in
relation to the commercial tester ones, as it can be seen in Figures 10 and 11, which are
accurate enough for monitoring and diagnosis purposes.

The main goal of our work regarding the low cost of the system and the simplicity of
the electronics in order to make its commercial introduction feasible has been successfully
accomplished. Supposing an average PV module price of about 100 Euros, the cost of the
distributed strategy cards is around 5-7% of the module price, and for the mixed strategy,
the cost is around 4-5% (charging each module card with the corresponding fraction of
the common sweeping card cost). On the other hand, for previously proposed online
distributed I-V tracers based in microcomputers such as the Raspberry Pi, the cost of only
these systems is around the 30% of the module price, or in the case of the systems that
need an energy-storage device, it is approximately priced over the total cost of the cards
proposed by the authors. Anyway, the complexity, physical size, and price of all the I-V
tracers in the literature are over the corresponding characteristics for the two systems
proposed here.

In the following Table 4, a comparison of I-V tracer devices regarding complexity,
size, online or distributed measurement capability, power supply requirements, accuracy,
resolution, and cost is performed. This table includes the comparison of a commercial I-V
tracer [27], the two online tracers proposed in [18,26], and the two strategies proposed by
the authors in this paper. As it can be seen in the last row of Table 4, the main goal of both
designs, which was the low cost and simplicity of the electronics, has been achieved, since
the total cost of the system is much lower than the cost of the current devices. The cost of
our distributed strategy is 10€, and the one of our mixed strategy is 10€ per module and
30€ for the central card, versus 4500€ for the commercial HT Solar I-Ve tracer [27], which
are 0.22% and 0.88% of the commercial price, respectively.

This success regarding the low cost, simplicity, and reduced size of the electronics
makes it possible to consider the integration of the electronic cards within the PV modules.
Therefore, the proposed strategies are really relevant for an actual PV system, leading to
the possibility of a full monitored solar plant at the PV module level, which will be difficult
to achieve based on bigger and more expensive devices such as those previously proposed
in the literature.

Both methods have some advantages and drawbacks, and they will be suitable for
different situations. In the following paragraphs, a comparison between both methods
focusing on the advantages and disadvantages of each of them and their optimal scenarios
is presented.

When the total cost of the system per module is the main goal, the mixed strategy
is the cheaper option, but as mentioned above, it makes the complete string unavailable
during the measurement, so it is better for those big plants with several panel strings
connected in parallel, which guarantees the continuity of power production regardless of
the disconnection of the string under measurement.

Furthermore, this mixed strategy uses sweeping electronics that operate at voltage
levels typically between 400 V and 800 V (that of a complete string), and this usually means
a reduced life for some components (as the power MOSFET and capacitor).

In addition, the choice of capacitive load as a sweeping device for mixed strategy
makes the control of the sweeping slopes impossible, which in general will vary in an
unpredictable way due to the complex shape of the string I-V curve, leading to successive
steps in the capacitor charging current and the corresponding successive changes in the
voltage slope. In practice, this lack of sweeping control does not represent a serious
drawback, since if the sampling frequency is high enough, an adjustment is possible of the
time between samples, in order to keep increments of voltage and current within reasonable
values, and in any case, curves that will allow accurate diagnosis of the modules.
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Table 4. Comparison of I-V tracer devices regarding complexity, size, online or distributed measurement capability, power

supply requirements, accuracy, resolution, and cost.

Device HT Solar I-Ve Sarikh et al. Ashish V. Our Distributed Our Mixed
[27] [18] Joglekar [26] Strategy Strategy
Commercial
Modules 1 5 NO NO NO
Complexity llg’igtrg’?tecel 28 (per module)
yP NO 20-50 40 33 12 (Central
Electronic
Card)
Components
50 x 70 x 30
. (per module)
Size (mm) 235 x 165 x 75 300 x 500 x 150 60 x 80 x 40 50 x 70 x 30 70 x 80 x 40
(central card)
Online Measurement Capability NO YES! YES YES YES 2
Distributed M.e;.asurement YES YES NO YES YES
Capability
Strin der Same module Same module
Power Supply Local Battery Mains (220 AC) g unde under under
measurement
measurement measurement
Accuracy (% of full Scale) V-1 0.5-0.5 1.5-35 Not reported 0.1-0.5 0.1-0.5
Resolution (points/Curve) 128 60 1500 256 256
10 (per module)
Estimated Cost (€) 4500 200400 80-120 10 + 30 (Central
Card)

1 The strategy in order to keep the string working during the I-V tracing is not explained in this paper, so authors are not sure that
this device is capable of performing online measurements in the sense of making them without a string power interruption. 2 A short
disconnection of the string under measurement is needed (100 ms). In a plant with several strings, the power production is not interrupted.

Regarding the distributed strategy, it makes the module under measurement unavail-
able during the short time necessary for the I-V tracing (typically 40 ms—100 ms), but the
measurement sequence proposed guarantees that the power production of the panels string
will be uninterrupted.

In terms of energy loss due to the I-V tracing process, both strategies have the same
ratio loss/I-V trace, since both take the same time to perform each tracing.

Namely, supposing that one I-V trace (taking 40 ms) is done each day and a daily
production time of 7 h in average, the order of daily energy loss could be approximated as
40/(7 x 3600000) = 0.00016%, which is almost negligible.

In small or domestic plants with just one string, the distributed strategy is the only
choice if it is preferable for the energy production to be uninterrupted, since the mixed one
makes the string unavailable for production during the measurement.

5. Conclusions and Future Work

This work has demonstrated the possibility of low-cost online I-V tracing viability at
the module level with a minimum invasion, presenting two successful different strategies
that lead to good quality measurement results. The main goal of our work regarding the
low cost of the system and the simplicity of the electronics in order to make its commercial
introduction feasible has been successfully accomplished. The cost of our distributed
strategy is 10€, and the one of our mixed strategy 10€ per module and 30€ for the central
card, versus 4500€ for other commercial tracers, which supposes 0.22% and 0.88% of the
commercial price, respectively.

When the total cost of the system per module is the main goal, the mixed strategy is
the cheaper option, but it makes the complete string unavailable during the measurement,
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so it is better intended for those big plants with several panel strings connected in parallel,
which guarantees the continuity of power production regardless of the disconnection of the
string under measurement. In small or domestic plants with just one string, the distributed
strategy is the only choice if it is preferable for the energy production to be uninterrupted,
since the mixed one makes the string unavailable for production during the measurement.

For both strategies, reliable low-cost communications play an important role, and
because of this, our research group is currently developing a PV specific power line
communication (PLC) system, which aims at implementing a half-duplex communication
hardware over the existing power wires and a corresponding firmware loaded in the same
low-cost microcontroller used for the I-V tracing, leading to a minimal circuitry (and cost)
of the board.

This communication system must support the signaling and control of electronic
boards and data transfer, and ideally, it could be fully controlled by firmware (even for the
modulation/demodulation processes).

Finally, the I-V measurements made from our prototypes (and eventually any other
data taken from sensors within the plant) must lead to the development of prediction
and/or decision tools.

Following this line, our group will focus the research on three main streams:

Improved strategies and increased applications,
Sensors integration and the development of a reliable low-cost power line communi-
cation system,

e  Development of multi-criteria tools intended to help in the decision strategies leading
to keeping production efficiency within PV plants.
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