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ABSTRACT
The AC-module is a relatively new development in PV-system technology and offers
significant advantages over conventional PV-systems with a central inverter : eg. increased
modularity, ease of installation and freedom of system design. Countries like The Netherlands
and Switzerland have a leading position in the field of AC-modules, both in terms of
technology and of commercial, large scale, application. An obstacle towards large scale
market introduction of AC-modules is that the reliability and operational lifetime of ACmodules and the integrated inverters in particular is not yet proven. Despite the advantages,
no module-integrated inverter has yet achieved large scale introduction. The AC-modules will
lower the barrier towards market penetration. But due to the great interest in the new ACmodule technology there is the risk of introducing a not fully proven product. This may
damage the image of PV-systems. To speed up the development and to improve the
reliability, research institutes and PV-industry will address the aspects of reliability and
operational lifetime of AC-modules.
From field experiences we learn that in general the inverter is still the weakest point in PVsystems. The lifetime of inverters is an important factor on reliability. Some authors are
indicating a lifetime of 1.5 years, whereas the field experiences in Germany and Switzerland
have shown that for central inverter systems, an availability of 97% has been achieved in the
last years. From this point of view it is highly desirable that the operational lifetime and
reliability of PV-inverters and especially AC-modules is demonstrated/improved to make
large scale use of PV a success.
Module Integrated Inverters will most likely be used in modules in the power range between
100 and 300 Watt DC-power. These are modules with more than 100 cells in series, assuming
that the module inverter will benefit from the higher voltage.
Hot-spot is the phenomenon that can occur when one or more cells of a string are fully or
partially shaded. Alpha Real has conducted considerable testing of shading and temperature
rises of up to 180 °C have been observed. Such a temperature rise will influence the lifetime
and reliability of the module, and it is therefore common practice to protect modules from
these conditions by using by-pass diodes.
Having now an active element on the back of the module, such as a module integrated
inverter, new possibilities are offered for new concepts for hot-spot prevention.
The main conclusions of the ARIA project are:
• Both the AC module inverters, Sunmaster 130S and Edisun E230721G, withstood the
electrical immunity tests successfully.
•

The Sunmaster 130S passed the accelerated reliability tests with good results.

•

The Edisun E230721G passed the temperature cycling test and a humidity-freezing test.

•

The ANIT s.r.l. ARIA modules met all requirements of the CEI/IEC 61215 standard.

•

The voltage comparison method is a most promising principle for hot spot detection. It is
implemented into both the Solcolino E230721G and the Sunmaster 130S. The costs for a
200W module are about $1. to $2.5, where the costs for by-pass diodes are $4 to $15.

•

Measurements at different locations in three countries have shown that the new Hot Spot
Detector (HSD) by comparing the voltages operates.
Computer simulations show that if the current through the shaded cell is less than or equal
to the current generated by the shaded cell, the shaded cell will not become reverse biased.
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1.

OBJECTIVES OF THE PROJECT

The goal of the ARIA project is to improve the reliability of the AC-module by improving the
reliability of the inverter, aiming a lifetime expectancy figure of at least 10 years. Therefore
two objectives are defined.
The first objective of the ARIA project is the determination and improvement of the reliability
and operational lifetime of AC-module inverters. This will be done by (electrical) immunity
tests and by environmental stress tests in a climatic chamber. These tests will be done to
determine the operational lifetime and the most frequently occurring failure mechanisms in
the inverter. The results from these tests will be used to make an improved inverter design for
AC-modules. The redesign of the inverters is not a part of this project.
Two inverter types for AC-modules, from two different manufacturers, will be tested:
Inverter 1
Inverter 2
Name and type
Sunmaster 130S
Edisun / Solcolino E230721G
Manufacturer
MasterVolt
Alpha Real
Country
Netherlands
Switzerland
The second objective is the development of a hot-spot detector to prevent large modules(>100
Watt) from hot-spots without the use of by-pass diodes. The by-pass diodes (one diode per 18
cells in series) in a large module require additional external electrical connections to the
module. These so called tabs damage the backsheet of the solar module where humidity and
air could reach the lamination layer easier than without breakthroughs. In case of conducting
current (up to 6A in large csi-cell modules) the by-pass diodes require cooling that can not be
guaranteed when the by-pass diodes are laminated into the module. A fail-safe operation of
such a laminated by-pass diode is highly questioned.
The new Hot Spot principle with a novel detection method is incorporated into the inverter
that is optimal for AC-modules with their attached inverters from the first objective. The
detector senses the presence of hot-spots and it will reduce the load of the module when a hotspot occurs. Hot spots can be caused by partial shadowing or dirt on the module.
The development of the hot-spot detector will extend the lifetime of the module and will also
lead to lower production costs of the module, because the by-pass diodes can be left out of the
production process. Prototype modules will be made and tested in the field under non-ideal
conditions

6
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PROJECT OVERVIEW

The work of this project can be divided into four main research activities.
A) Immunity tests of AC-module inverters
B) Environmental stress tests of AC-modules
C) Development of low-cost hot-spot detector
D) Monitoring of AC-module systems under non-ideal conditions

Task A) Immunity tests of AC-module inverters
These tests will be performed to assess and improve, if required, the inverter EMC
specifications and EMC characteristics of AC-module inverters.
Despite the advantages no module-integrated inverter has yet achieved large scale introduction and a number of costs and performance challenges remain. Such as:
- Module lifetime of 20+ years may be mismatched with an inverter that may have a
substantially shorter life.
- The inverter must operate in an extremely harsh environment (at temperatures from -20 to
70 C and relative humidity levels up to 100%), and test procedures have not yet been
established.
The tests performed in this project must demonstrate or improve both the electrical and
mechanical reliability of AC-modules. For the electrical reliability this means that the ACmodules must be able to withstand disturbances from the grid and its electromagnetic
environment.

Task B) Environmental stress tests of AC-modules
These tests will be performed to improve the mechanical reliability of AC-modules and to
assess the lifetime of the AC-module inverters.
Environmental stress tests:
The inverters must operate in an extremely harsh environment. This may affect the lifetime of
the inverter, because under these conditions corrosion processes may be activated that may
cause disconnection of contacts or mechanical defects such as cracks. To assess the lifetime
and the mechanical reliability tests will be performed under stressed conditions in a climatic
chamber, i.e. at temperatures from -40 to 85°C and relative humidity levels up to 85%. The
tests will also be performed with operating inverters because the corrosion processes are only
activated when voltage is supplied to the circuits.

Task C) Development of low-cost hot-spot detector
Module reliability improvement:
The hot-spot detection mechanism will improve the reliability of the PV-module. Especially
larger modules (>100 Watt) with a large number of cells will benefit from this more advanced
hot-spot prevention. With an AC-module a more sophisticated way of prevention can be used,
because the electronics is already on the module. The current way of preventing hot spots in a
PV-module is done by by-pass diodes. This is an effective but rather simple way to prevent
ECN-C--01-093
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damage as a result of hot-spots. AC-modules provide the opportunity to incorporate more
sophisticated ways of hot-spot prevention.
Module Integrated Inverters will most likely be used in modules in the power range between
100 and 300 Watt DC-power. These are modules with more than 100 cells in series, assuming
that the module inverter will benefit from the higher voltage when all the cells are placed in
series.
New methods and approaches of the problem
The conventional approach with the by-pass diodes is simply to limit the voltage over the
shaded solar cell, and hence the total amount of dissipated power. The new approach is to
limit the current by controlling the maximum power point tracker within the electronic
interface of the module integrated inverter. The problem to be solved then is how to
implement a new hot-spot detection method. So far, three new concepts have been developed.
Within the project advantages and disadvantages of each concept should be evaluated.
The available concepts are given hereafter:
- The string is divided into two sections, preferably two similar sections, and the two
voltages across the two sections are compared. Under shading conditions the shaded cells
will shift the working voltages to the other direction and will result in an inbalanced
situation. By a simple comparison of the two voltages, shading conditions can be detected.
- A low cost screen printing technique of temperature sensitive material on the back of the
module can be used to detect a temperature rise in one or more cells.
- Individual temperature sensors.
This method seems expensive and may require additional wiring. However, this may also
be done by screen printing on the backsheet of the module. E.g. it can be assumed that the
backsheet (either Tedlar or glass) is simply screenprinted by a temperature sensitive paste
before being laminated to the back of the module

Task D) Monitoring of AC-module systems under non-ideal conditions
Apart from the laboratory tests, which are simulated conditions, additional field monitoring
of AC-module systems is necessary. The AC-modules will be operated in a non-ideal way,
i.e. partially shaded. The AC-module systems will be installed at different locations in
Europe corresponding to two types of climates and will be monitored to collect long term data
under non-ideal conditions. The configuration and location of the monitored systems is as
follows:
system 1
system 2
system 3
system 4
system 5
JRC Ispra
ECN
JRC Ispra
ECN
ANIT
monitoring
performed by
JRC Ispra
ECN test site JRC Ispra
ECN test site ANIT test site,
location
test site, Italy Netherlands
test site, Italy Netherlands
Italy
climate type mountainous, sea-shore, cold mountainous, sea-shore, cold Mediterranean ,
warm
warm
warm
MasterVolt
MasterVolt
Alpha Real
Alpha Real
MasterVolt
inverter
Solar
Solar
manufacturer Solar
ANIT
to be specified to be specified ANIT
module mfctr ANIT
8
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IMMUNITY TESTS OF AC-MODULE INVERTERS

3.1

Introduction

The immunity tests on two AC-module inverters, Sunmaster 130S and Edisun 230721G, must
investigate and possibly improve the electrical reliability af the AC-module inverters. Tests
are performed according to the international IEC standards (IEC 61000 series). A detailed
description of the test procedure can be found in the IEC publications.
Most of the tests have been executed in the ECN laboratory in the Netherlands, however
because ECN at that time lacked the equipment to investigate the immunity to radiated and
conducted disturbances these tests have been performed by a specialised firm (DARE
consultancy, Woerden, The Netherlands).

3.2

Test description

A very detailed description of the test set-up and procedure can be found in the corresponding
IEC publication. In this paragraph only the purpose of the test is further explained. The test
is described as far was deviated from the prescribed procedure or if additional measurements
were done.
The following tests are carried out :
1) Burst (Electrical Fast Transients) immunity test
(IEC 61000-4-4)
This test is performed by superposition of short (50ns range) overvoltage ‘needles’ (rise time
is approximately 5ns) on the normal AC voltage waveform. This simulates the effect of
induced voltage peaks caused by other powerelectronic switching devices on the AC grid.
The test is repeated on the DC side (voltage ‘needles’ superposed between DC plus and
minus) because not all inverters are have a galvanic isolation between DC and AC side.
2) Surge immunity test
(IEC 61000-4-5)
A surge is an overvoltage pulse with a rising edge of 1.2µs and amplitude that is half its peak
value after 50µs. The test investigates the possible effect of a lightning strike or a switching
transient in the AC grid. The test is performed on the DC and the AC side of the inverter and
in both cases for line-to-line (DC plus and minus, AC line and neutral) surges and line-toground surges.

3) Electrostatic discharge test
(IEC 61000-4-2)
The electrostatic discharge test is probing the ability of the inverter to withstand a discharge
of a charged part to the ground. The polarity of the charge is placed in various parts of the
inverter is alternated and a discharge through air as well as discharge over surfaces (‘contact
discharge’) is triggered

ECN-C--01-093
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4) Immunity to conducted disturbances induced by RF fields
(IEC 61000-4-6)
During this test a capacitive coupling clamp is placed on the various conductors coming in
and out of the inverter, i.e. input (DC) and output (AC) cables and communication/monitoring
wires. The goal is to simulate voltage and current disturbances induced by electro-magnetic
fields in the vicinity of the conductors of the AC-module. These fields could be caused by
other inverters in parallel to the AC-module inverter or other field emitting equipment.
5) Radiated, RF electromagnetic field immunity test
(IEC 61000-4-3)
This test aims to investigate the immunity of the AC-module inverter to radiated disturbances.
A classic example is the radiation coming from a cellular phone which should not disturb the
operation of the AC module.
6) Voltage dips, short interruptions and voltage variations immunity
(IEC 61000-4-11)
This test evaluates the grid-compatibility of the AC-module inverter by supplying the AC
connection of the inverter with a grid voltage that exhibits all possible disturbances occurring
in the AC grid : voltage sags (‘brown outs’), voltage interruptions (short ‘black outs’) and
varying voltage amplitude. These disturbances are quite frequently even in industrialized
countries with a strong electrical grid: the AC-module inverter should remain functional
independent of the frequency of the disturbances.
7) Immunity for low-frequency conducted disturbances and signalling in public power supply
systems
(IEC 61000-2-1)
A controlled ‘disturbance’ on the AC grid is the presence of signals for controlling certain
switchgear and safety functions as well as turning on and off street lights. According to the
standards the voltage level of the signals go from 20V at 200Hz down to 5V at 2000Hz. It is
mandatory that the inverter is immune to these signals and preferably it should stay in
operation.

3.3

Spinn-off of immunity test results

The tests at Dare laboratories have shown that the EMI character of the Sunmaster 130S
inverter unit can be influenced when applying the communication PCB option without taking
appropriate measures. As a result, a set of installation design rules have been created in order
to avoid (possible) EMI problems in practice. This problem, namely the fact that the
compliance of a electrical system is a function of the installational lay-out, is a well known
one in the EMC world. As the communication is seldom used in commercial applications,
because of its relatively high cost, there have never been encountered any problems.
Because of the inherent relatively high costs of a communication system and the above
mentioned (additional) aspects of it, new developments in the field of AC-modules have been
started up at Mastervolt. An example of this is the Solar Adapter Inverter. It is also possible to
develope an infra-red irradiation based read-out system which can be used to communicate
10

ECN-C--01-093

via the PC or lap-top with a built-in IR port. Currently the R&D effort of Mastervolt is
focused on this field.
The Edisun inverter was originally designed to withstand the well-known electrical immunity
tests. In fact, in order to gain the CE label, these tests were already carried out in a very early
stage of the prototype evaluation. As these tests are of utmost importance to evaluate inverter
behaviour and functionality, design rules with respect to the electrical immunity tests were
improved continuously. Because the tests carried out within the ARIA project showed no
problems with the production model of the inverter, these design rules are now established.
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4

ENVIRONMENTAL STRESS TESTS OF AC-INVERTERS

4.1

Introduction

The environmental stress tests are performed to investigate the factors that determine the
lifetime expectancy of two types of inverters, the Sunmaster 130S and the Edisun / Solcolino
E230721G, used in AC-modules. The Edisun and Solcolino are to some extent similar, the
main difference is that Hardmeier Electronics was responsible for the manufacturing and
distribution of Solcolino. The name Solcolino was chosen because Hardmeier Electronics had
successfully manufactured and sold over 500 Solcon 3 kW inverters.
The tests are performed in the ECN laboratory in the Netherlands using testprocedures that
achieve accelerated ageing by raising the temperature and the humidity. The tests performed
are:
• High temperature, long exposure test
• High temperature, high humidity, long exposure test
• Temperature cycling test
• Humidity freezing test
Special attention was given to the electrolytic capacitors because these components are the
most sensitive components for ageing.

4.2

Test description and test levels

The inverters must operate in a harsh environment. This may affect the lifetime of the
inverter, because under these conditions corrosion processes may be activated that may cause
disconnection of contacts or mechanical defects such as cracks. To assess the lifetime and the
mechanical reliability, tests will be performed under stressed conditions in a climatic
chamber, i.e. at temperatures from –40°C to +85°C and relative humidity levels up to 85% as
far as the inverter and his specification allows these environmental conditions. The tests will
also be performed with operating inverters because the corrosion processes are accelerated
when voltage is supplied to the circuits. To make the ageing visible the capacitors, which are
the most sensitive components for ageing, are monitored before and after the environmental
stress tests.

4.2.1

High temperature, long exposure test

The inverters will be tested at high temperature (70°C) and full power to determine the
operational lifetime. This test will accelerate the ageing processes within the inverter. The test
results will be extrapolated to an equivalent test time at a temperature of 21°C. This
temperature is called the effective ageing temperature, see [1]. The effective ageing
temperature is a constant temperature where, according to the ageing model, the inverter
during a year shows the same ageing effect as caused by the normal temperature variations
during a year under field conditions. When the effective ageing temperature is T1 and the test
is performed at inverter temperature T2 it is assumed that the ageing process is accelerated by
a factor A, where A is given by the Arrhenius relation, see [2]

12
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A = exp A
 n.k

 1 1 
⋅  −  
 T1 T2  

With EA/n being the activation energy and k the Boltzmann constant. The effective ageing
temperature of 21°C corresponds with an activation energy of 0.6eV.
Typical test duration for these types of tests is 2000 hours. This gives an accelerating factor of
A=29.5 and corresponds with an equivalent test time of 6.7 years. The test will be performed
with a sample of 10 inverters of both types.

4.2.2

High temperature, high humidity, long exposure test

The inverters will be tested at high temperature (70°C) and high humidity (85%RH) at full
power to determine the influence of high humidity on the operational lifetime. The high
humidity will also accelerate the corrosion in the inverter. The influence of the humidity will
be determined.
This test will be performed with the inverters used in the high temperature, long exposure test.
The relation between temperature T, relative humidity RH and acceleration factor A can be
described by the formula, see [3] [4]
E
A = exp A
 n.k

  1
 1 1 
1  

⋅  −   exp B
−

T
T
RH
RH
2 
1
2 
 1
 

Here we see an Arrhenius formula expanded with a factor for the relative humidity, with
B=3.767 and 0<RH<1. Typical test duration for these types of tests is 2000 hours. If the
environmental conditions are changed from T=21°C and RH=60% to T=70° and RH=85%,
the acceleration factor will be A=187. This corresponds roughly with an equivalent test time
of 42+ years.
The test will be performed with a sample of 10 inverters of both types.

4.2.3

Temperature cycling test

Inverters will be cycled between –40°C and 85°C to determine their mechanical strength and
the influence of temperature fluctuations. Temperature fluctuations will lead to thermal
expansion and contraction, this can cause damage to the components or the printed circuit
board. This is a worst case simulation of power up / power down and is based on stringent
military requirements. This test complies on the ESTI specification 503, chapter B11, see [5].
Here too an adapted form of the Arrhenius relation, see [2], can describe the ageing. A typical
number of cycles is hundred. This test will be performed with two inverters of each type.

ECN-C--01-093
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4.2.4

Humidity freezing test

The temperature cycling test (-40°C and 85°C) will be expanded with high relative humidity
of RH=85% to determine the reliability of the external connections and contacts of the
inverter. This test complies on the ESTI specification 503, chapter B12, see [5]. A typical
number of cycles are 10. This test will be performed with the inverters used in the temperature
cycling test.

4.2.5

Input capacitors

The input capacitors are electrolytic capacitors. This type of component is one of the most
sensitive components for ageing. Therefore the input capacitors are measured, see [6], before
and after the High temperature, long exposure test and the High temperature, high humidity,
long exposure test. In combination with the efficiency the effect of the environmental stress
tests will be visible.

14
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ENVIRONMENTAL STRESS TESTS OF AC-MODULES

5.1

Introduction

As part of the ARIA project a slightly modified version of the IEC 61215 standard
(Crystalline silicon terrestrial photovoltaic (PV) modules – Design qualification and type
approval) was applied to eight prototype AC-modules with integrated inverters.
The scope of the IEC 61215 standard is to determine the suitability for long-term operation of
PV modules in a general open-air climate, as defined in IEC 721-2-1. As such the aim of these
extended tests, incorporating a functionality test of the inverters, was primarily aimed at
determining if the integrated inverters could withstand the normal test procedures applied to a
series of modules in an IEC 61215 test. Such that the incorporation of such integrated
inverters would not jeopardise the type approval of any crystalline silicon module.

5.2

Test description

In order to ascertain if the integrated inverters could withstand the climatic testing of the IEC
61215 tests a simple testing method was adopted, as outlined below and [13].
Each of the eight modules, RI01 to RI08, was mounted in a similar manner as for NOCT
measurements and the AC output of the inverters connected to the grid via an isolation
transformer. The AC power (VA) of the modules were then monitored for a period of at least
one hour at a global irradiance of >400 Wm2 (preferably >750 Wm2). The integrated power
for each module, RI02 to RI08, was then compared with the integrated power from the
reference module RI01 to give a relative power rating for each module. Following the main
climatic tests TC200 (RI03, RI04) DAH (RI07, RI08) and the series UVE, TC50, HUF (RI05,
RI06) each of the modules was re-measured relative to the reference module. This testing had
two purposes, first to demonstrate that the inverters continued to function and secondly that
the delivered power output of the inverter had not been significantly degraded by the climate
test.

5.3

Summary test results

From the results of the tests, outlined in Table 5.1, it can be deduced that all of the inverters
continued to function following the climatic tests of the IEC 61215. The method of using the
reference module for relative power measurements is less clear cut. As can be seen from the
results of RI03 and RI04 (TC200) which show an increase (RI03 of 103.6 to 109.4%) (RI04
of 104.6 to 105.9%) in the AC power (VA) relative to the reference module. As the measurements are relative this could be caused by a reduction in the power of RI01 or by an
increase in the power produced by RI03 and RI04.

ECN-C--01-093
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Percentage of power of RI01
Date

RI01

RI02

RI03

RI04

RI05

RI06

RI07

RI08

16 May

100

99.8

103.6

104.6

103.8

100

100.4

101.3

22 June

100

103.7

99.8

5 July

100

104.4

100.1

13 July

100

101.4

99.3

26 July

100

27 July

100

109.4

105.9
103.1

98.5

Table 5.1 Integrated power produced as a percentage of the reference module RI01.

5.4

Implication of results to IEC standard 61215

The successful completion of the modified IEC 61215 test sequence indicates that integrated
inverters can withstand the module qualification test procedure. As such the incorporation of
integrated inverters does not present an unacceptable risk in the qualification procedure of
crystalline silicon terrestrial photovoltaic (PV) modules according to the IEC 61215 standard.

16
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DEVELOPMENT OF LOW-COST HOT-SPOT DETECTOR

6.1

Introduction

In order to generate higher voltages, it is common practise to interconnect more than one solar
cell in a serial string. This is normally done in a module. It is common that about 36 or 72
solar cells are interconnected in series. If required, these modules are then interconnected
again in series to even reach higher operational voltages. It is therefore likely to have systems
with a few hundreds of solar cells interconnected in series. A similar situation is also given in
other solar cell technologies like thin film technologies, where individual solar cells are
interconnected in series, in order to achieve the design voltage. The total of all solar cells
interconnected in series is called a string.
However, there may be a critical situation when such a string of serial interconnected solar
cells is exposed to sunlight and when part of the string, e.g. one or more cells are partially or
totally shaded. This situation can occur very often in real application. What happens is that
under this shaded situation, the electrical parameter voltage and current through the cell is
shifted in such a way, that the cell does not any longer produce electric energy but, on the
contrary, dissipates electric energy, generated in the other solar cells in the same string.
Hence, the solar cell becomes loaded and by dissipating electrical energy the cell is heating
up. This may lead to local overheating within the solar module. This situation is known as
Hot-Spot. Depending on the characteristic of the solar cell, it is recommended to shunt a
series of interconnected solar cells (typical between 10 and 40 cells in series) with a so called
by-pass-diode. This by-pass-diode prevents that within the shaded solar cell (cells) the
development of a negative voltage is limited to a value, so that the dissipated electrical energy
in the cell is reduced to a safe value. In this way critical overheating of the solar cell can be
prevented, which otherwise may lead to the destruction of the solar cell and/or the module.
Measurements showed that in worst case situation (short circuit) 170°C can be reached.
Figure 6.1 shows the principle lay-out of a PV-installation, where a string of serial
interconnected solar cells is connected to a load via the interface. By detecting current and/or
voltage and/or temperature, the occurrence of dangerous Hot-Spot condition can be detected
through the Hot-Spot detecting device which then activates a signal which controls the
interface in order to limit the current through the solar cells to a safe value. In gridinterconnected solar cell systems, the interface is generally realised by the power conditioner,
also called inverter. The DC-input circuitry normally consists of a max-power-tracker. In
conjunction with the Hot-Spot detecting device, the alarm signal will directly be used to
control the max-power-tracker in order to limit the current through the string of solar cells to a
safe value. In the case of grid-interconnected PV-systems, the load then represented by the
grid, where in stand-alone applications the load can be an appliance or a battery. In standalone applications, the interface may be only a combiner box or also an electronic as e.g. a
max-power-tracker. The idea to protect against failures from Hot-Spot is also applicable if
strings are connected in parallel.
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Figure 6.1 shows the schematic layout of an AC-Module with integrated Hot Spot detector .
According to the state of the art, overheating of shaded solar cells under Hot-Spot conditions
is prevented by limiting the voltage using by-pass-diodes. According to the rules of the new
idea, not the voltage over the shaded solar cells, but the current through the shaded solar cells
is limited to a safe value. This new idea was worked out and implemented in an inverter by
Alpha Real in Switzerland .

6.2

Effect of a Hot-Spot on solar cells and solar modules

To investigate the resulting temperature rise into the module laminate due to a Hot Spot (one
partly or entirely shaded cell) an experiment was set up which one can see in figure 6.2. It
consists of a large module (160 cells connected in series) and with a mini module of one cell
with an integrated Pt-100 temperature sensor. This one cell was used for tests where different
shading patterns were applied. Due to the incorporated temperature sensor the effect of the
Hot-Spot could be observed.
current meas.

Uz'

.
.

.
.

U1

U

Load
Culatti resistor

Large Solarmodule
160 cells in series

Test cell with
temp. sensor

one cell area

2

0%
no shading
Experimental set up

25%
shading

50%
shading

100%
shading

Shading patterns

Figure 6.2 Experimental set up and shading patterns
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Figure 6.2 shows on the left the experiment set up with the 160 cell module and the Test cell
with temperature sensor. On the right the applied shading patterns on the test cell to
investigate the danger of a Hot Spot are shown. At the worst condition when the current was
highest (short circuit operation), and the test cell completely isolated and shadowed 170°C
were reached within one hour.
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Figure 6.3 Temperatures in an entirely shaded cell.
Figure 6.3 shows the temperature in an entirely shaded and isolated mc-silicon cell in
connection with 160 cells in short circuit operation where 170°C were reached within 40
minutes. Short circuit operation is the worst case in terms of dissipated power in the shaded
cell.
After the test the mini module exhibited severe delamination and decoloring of the casting
resin. The presence of bubbles in the lamination significantly shortens the lifetime of the
module but has minimal effect on the power generation. (See figure 6.4)

Figure 6.4 shows a delamination pattern of the test cell after the Hot-Spot with the cell
temperature shown in figure 6.3.
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The change of the voltage-current characteristic compared to the characteristic of the
unshaded module is dependent upon the shading pattern. The shading of half a cell develops
more hot spot power in the affected cell than when the cell is completely shaded, especially in
the case of short circuit operation. The unshaded part of the cell is exposed to sunlight and
therefore also suffers from thermal impact.

6.3

Protection principles of solar modules against Hot Spots

6.3.1

Voltage limiting principle with bypass diodes

The state of the art solution to prevent the development of a Hot-Spot in a PV module is to
limit the voltage over the affected cell(s). This is done by connecting bypass diodes over a
number of solar cells in opposite direction (anti-parallel diode) or an integration into the cell
itself. This is symbolically drawn in figure 6.5 symbolised with a diode. Thus the max
possible negative voltage over the solar cell is limited to a value, which limits the hot spot
energy dissipation in accordance with manufacturer data to a maximum admissible value.
I [A]

2. quadrant
Area with max
dissipated power
Pv=U* Isc
-15

-10

2
Bypassdiode
-5

by current
limiting

reduced disspated
power by voltage limiting
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1

characteristic of one solar cell
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20
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photo current
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-2
unshaded module
-3
-4
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olar cell
3. quadrant

-5
-6
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Figure 6.5 shows the effect of one shaded solar cell in a series connection of 36 cells.
Depending on the characteristic of the solar cell, it is recommended to shunt a series of
interconnected solar cells (typical between 10 and 40 cells in series) with a so-called by-passdiode.
If to many cells per diode are applied, the protection against hot spot is no more ensured. In
the case of 36 cells per diode, the diode only starts conducting current when two cells are
fully shaded [10]. The worst case for the cells is a half-shaded cell that can only be protected
with a diode per 18 cells or even less. Best protection and the least energy losses could be
achieved with one diode per cell as proposed by Green [8]. Other authors also mention the
benefits of bypassing fewer cells with one diode [7], [9].
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6.3.2

Current limiting principle

Figure 6.1 shows the layout of a PV-installation, where a string of PV modules is connected
to a load through the power electronic interface. By monitoring i.e. voltage and/or
temperature, is dependent on the detection method, a Hot-Spot condition can be detected. The
Hot-Spot detection device activates a signal triggered by abnormal values of voltage and/or
temperature. This alarm signal controls the interface in order to limit the current through the
solar cells to a safe value.
In contrary to the state of the art solution, overheating of a shaded solar cell under Hot-Spot
conditions is not prevented by limiting the voltage but by limiting the current to a safe value
through the strings of the affected cell. E.g. the dissipated power will be limited to 9W with
the current limiting method.

6.4

The voltage comparison method

6.4.1

Description

Module with Center tab

The Hot-Spot detection device will measure at least two voltages within the string of serial
interconnected solar cells. As shown in figure 6.6, two voltages, V1 and V2, can be
measured. Under normal operating condition, the voltages V1 and V2 will be therefore almost
identical. Under Hot-Spot condition, however, there will be a significant difference in the
voltages of some voltage up to the half of the module voltage. According to the method, these
two voltages can be compared in an electronic comparator device which monitors and
compares the voltages.

..

V1
dV=V1-V2
+
-

..
V2

Hot Spot
Detection signal
comparator

=
-

230 V AC

Figure 6.6 shows the schematic of the voltage comparison method. The comparator can also
be incorporated in a module-integrated inverter.
In unshaded condition, each solar cell will generate between 0.4 and 0.8 Volt. Under shading
conditions, however, the string current through the solar cell will induce a negative voltage
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over the shaded cell. This negative voltage may reach up to a maximum of 20 V, depending
on the solar cell technology, the actual solar irradiance and the conditions of the shading. This
means that the voltage over the shaded part of the string compared with the voltage of the
non-shaded part of the string will deviate substantially. This change in the voltages can be
easily detected in a simple comparator device. Such differences in voltages can be used to
generate an alarm signal and/or signal to control the interface.
Also more than two voltages can be measured over the string. This may be advisable since
this combination reduces the probability of an identical, symmetrical shading of two solar
cells, where each solar cell may belong to one of the reference voltages. Using more than two
voltages also enables to locate more precisely the location where shadowing occurs. It has,
however, to be mentioned that the symmetrical shading of two solar cells belonging to
different sections of the voltage comparison is very unlikely. Furthermore, measurements
have shown that, if more than one cell becomes shaded, the current through the entire string is
reduced, so that the dissipated energy becomes smaller at any rate.
Since the experimental results were very promising with measuring two voltages, it has been
continued with this method.

6.4.2

Results of experimental tests

The following results are based on measurements performed on a large mono-crystalline (mc)
module of 160 solar cells interconnected in series. The voltage across the shaded cell was
measured by connecting an additional test-cell in series.
The voltage shift depends primarily on the bias point and the current irradiation in the panel
plane. The change of the voltage-current characteristic compared to the characteristic of the
unshaded module depends upon the shading patterns. If more than two cells are shaded, the
current drops to such a low value that a dangerous hot spot situation is unlikely. Therefore the
Hot Spot detector should primarily work for the shading of 1 cell. Of course symmetrical
shading has to be taken into consideration which will be discussed later.
Test results pointed out that with large-scale modules the hot spot problem is most critical
with a 50% shaded cell.
The short circuit mode is the worst case for the shaded cell: in this case the dissipated energy
generated by the other cells is at its maximum. This working can be reached when the
inverters control mechanism has the start up and safe point at UDC=0. Also when resetting the
MPPT the inverter will return to this point.
With an 100% shaded cell a voltage shift of 15 V at a current of 2.5A results in an energy
dissipation of approximately 40 Watts in the shaded cell. That high a voltage difference can
easily be detected by an electronic comparator. Partial shading less than 25 % of the cell’s
surface is only critical at current levels above 2.5 A. Completely shaded cells cause a
significant voltage jump over the whole current range and the dissipated hot spot power
increases with increasing current value.
It is interesting to see that in a partially shaded cell the part, which is not shaded, becomes
warmer than the shaded part. In addition to the dissipated power due to the negative voltage
the irradiance also affects the temperature on the non-shaded part of the cell. E.g. the resulting
hot spot power in a half-shaded cell will be 5 W higher (at 1000W/m2) than in the shaded part,
assuming a 10 by 10 cm cell.
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Figure 6.7 shows the voltage shift dU and dissipated power in the shaded cell versus the cell
current for different shading patterns (100 % = cell completely shaded)

Symmetrical shading
When comparing the voltages across two sections of the module, symmetrical shading will
not be detected. In a test it was measured, that a panel with two entirely shaded cells, one in
each section, the resulting current becomes low enough to create a non dangerous hot spot
condition. However figure 6.8 shows the effect that the current of two half shaded cells is
higher than in the case of only one completely shaded cell.
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Figure 6.8 shows the voltage-current characteristic of an unshaded large mono-crystalline
module with 160 cells in series with three different shading patterns. One entirely shaded cell,
two entirely shaded cells and two half shaded cell in one module half. The measurements are
performed at irradiance values of 470 to 560 W/m2. For the representation a standardisation to
550W/m2 according to IEC891 has been done.

6.5

Temperature sensitive method: Detection by measuring temperature

6.5.1

Description

The Hot-Spot situation can also be monitored by measuring the temperature of each solar cell.
This is done in the simplest way, measuring the temperature on the backside of the solar cell.
Under Hot-Spot condition (or other similar defects), the solar cell absorbs electrical energy
and overheats. And it is this overheating which is dangerous for the solar cell and the module.
The measurement of this temperature can be done with sensors as shown in figure 6.9. Instead
of using discrete elements, temperature sensitive materials can be used. This can be applied
e.g. by screen printing on the backside of the solar module. If screen printing is applied, a
special print lay-out can be utilised. Since the backside of solar modules often consists of nonconductive material such as plastic or glass, these materials are very suitable for printing
temperature sensitive material using screen printing.
A string of temperature sensors connected in series can be split in one or more segments as
shown in Figure 6.9. The values of the different loops can then be compared with each other.
This is especially helpful if temperature sensors with non-linear devices in the considered
temperature range cannot be found or applied. When comparing two or more strings of
temperature sensors, the impact of the actual module temperature compared with the heated
solar cell can be eliminated.
Temperature sensitive materials can be applied on the backside of the solar module e.g. by
screen-printing. If screen-printing is applied, a special print layout can be utilised. Since the
backside of solar modules often consists of non-conductive material such as plastic or glass,
these materials are very suitable for printing temperature sensitive material using screenprinting. Unfortunately screenprinting is not accurate enough to measure slight resistance
deviations due to the tolerance in the production line.
A similar method is to integrate a grid of non-linear wire in the back-plane of the module.
Nickel and Wolfram wire has been investigated but those are expensive materials. Another
option is a polymer foil that has an abrupt and large resistance increase over a specified
temperature. The integration of such a foil, arranged as a grid, could become part of the
lamination process of the PV module.
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Figure 6.9 shows the overview of the investigated solutions for the temperature sensitive hot
spot detection method. The very left solution shows a looped electrically conductive plastic
foil with a signum function(temp. vs. resistance), in the middle the solution with a meander
consisting of wire or screenprinted PTC material and to the right discrete thermal sensors for
each cells. A voltage can be measured as an output from an induced current. The voltage will
vary according to the loop resistance which is temperature dependant.
The thermal method has the advantage of detecting also small area hot spots, which is very
useful in installations with large solar cells and therefore large currents.
The new methods of hot spot protection devices require a Hot Spot detection method, which
output signal triggers the control loop of a Power Conditioning unit (inverter or battery
charger) and control the current through the module.
Within the work of the project four solutions have been investigated:
• A plastic foil with a signum property of resistance vs. temperature (abrupt positive
temperature coefficient; abrupt PTC effect)
• Tungsten wire with PTC -effect to form a wired loop
• Silver paste with PTC effect to form screen printed loop
• A solution with a discrete temperature sensor for each cell.

6.5.2 Discussion of the achieved results
Technical and economical comparison of the four solutions:
In Figure 6.10 one sees the summary of the investigated temperature sensitive Hot Spot
detection methods and the estimation of costs.
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Figure 6.10 shows a comparison in sensitivity, evaluation, costs and application of the four
investigated solutions in outcompound application. (Application in the backsheet of the solar
module) One can see that the solution with discrete elements is too costly. The wiring grid
shows accurate resistor vs. temperature properties and is thoroughly known in glass
fabrication but is too costly. Screenprinting has the disadvantage of not being accurate enough
because the process applies loops with tolerances of up to 15% in thickness and therefore a
widely distributed resistor value results. The only solution which is economically and
technically feasible is the first one with the plastic foil (PEX-material).

Availability of PEX material
As the decision for the solution with the PEX foil was defined, intensive studies on the
thermal sensitive method with the PEX-foil was started.
At first Borealis former NESTE has been contacted. During the restructuring of the company
the manufacturing site in Stockholm where this material has been produced had to close.
Borealis Switzerland made several investigations but could not find any location which
produce this material furthermore.
The same answer was at Lipp Terler in Austria. The manufacturer of floor heating systems
recently changed the material and the manufacturer or rear mirror heating systems no more
use the questionable material in their application field.
To lower the threshold temperature for PV-module application a completely new compound
should have been developed. Lipp Terler assumed 0.5 to 1 year for such a development. Not
only the time but also the costs for the development of such a new material is not part of the
contract. A subsequent project could investigate this possibility.
Problems of the realisation into the module laminate
During internal discussion between the partners the practicability of placing a foil into the
module compound was highly questioned. Material lifetime expectation and compatibility
with the encapsulation material arose. The safety issues such as safety class II, isolation
properties and when introducing a conductive layer into the module compound were also an
issue.
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6.6

Implementation of the voltage comparison method

As the voltage comparison method is the most promising method for Hot-Spot detection, this
method was implemented into the Edisun inverter from Alpha Real. The Hot-Spot detection
device has been implemented in analogue technique. If the differential voltage exceeds
approximately 3V, the maximum power point tracker reduces the power to about 40%. This
mechanisme repeats as long as the differential voltage will be lower than 2.5 Volts.
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7

MONITORING OF AC-MODULE SYSTEMS UNDER NON-IDEAL
CONDITIONS

7.1

Introduction

AC modules, with the new inverters with Hot-Spot detector, were tested at different locations
in Europe. In Switzerland, the Netherlands and Italy the AC modules are installed and tested
under different shading conditions. The aim of these tests is to analyse the voltage comparison
method in the field and compare it with the state of the art method with bypass diodes. The
methods were compared in terms of the proper operation and effect on the energy output with
different shading patterns ranging from shading a quarter cell to a whole cell.

7.2

Field tests with the Solcolino Inverter in Winterthur, Switzerland

7.2.1

Description of the test set up

At the Engineering school in Winterthur the voltage comparison method has been
incorporated in a module integrated Solcolino inverter. First the tests should have been done
on a 240W module. Due to a defect in the big module, where the IV-curve showed an
electrical problem, the tests have been done with four modules connected in series where two
of them formed the one module half. The test set up (figure 7.1)included four 45W (36 cells
per module, Kyocera) modules in series. This PV system was split up in two sections of two
modules each [10].
The hot spot detection principle with the voltage comparison method is compared with the
bypass diode method. The test modules had one bypass diode per 36 cells, which could be
disabled on the special labboard.
The following measuring equipment was used:
3.
4.
5.
6.
7.

IV-curve meter: Stella PV Field tester (FAT)
Datalogger: Campbell CR10
AC-Energymeter: Elnet 2W
Harmonics Analyzer: Fluke 41B
Oscilloscope

Different tests were done and compared with each other:
- Operation at normal conditions
- Operation with the bypass diodes (deactivated Hot Spot detector) and applied shading
patterns.
- Operation with the Hot Spot detector (deactivated bypass diodes) and applied shading
patterns.
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Figure 7.1 shows the test set up at the Engineering school in Winterthur. Four Kyocera
modules formed one AC-module where the Solcolino was attached and connected to the grid.
The installations had the possibility to switch of the bypass diodes. The measurements could
be done with and without bypass diodes.

7.2.2

Characterisation of the AC-module with and without bypass diodes

Figure 7.2 shows the characteristic of the 4 Kyocera modules, corresponds to one AC-module,
when different shading patterns were applied. For this measurements the bypass diodes were
not in operation and the inverter was not attached. The measurements were done with the IVcurve meter.
Figure 7.3 shows the case when the Hot Spot protection principle with voltage limiting is
applied. Namely the bypass-diodes, one diodes for 36 cells in series in the case of the test set
up, will ensure this operation. It is apparent that the bypass diode conducts current when more
than a half of one cell is shaded.
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Figure 7.2 shows the IV-characteristic of the 4 Kyocera modules connected in series without
bypass diodes when different shading patterns were applied. Legend: Dark blue with dots:
unshaded; pink: one whole cell; light blue with crosses: half a cell; brown with dots: quarter
cell; blue with squares: symmetrically one cell; light blue with dots: symmetrically half a cell;
yellow with triangles: symmetrically quarter cell.

Figure 7.3 shows the IV-characteristic of the 4 Kyocera modules connected in series with
bypass diodes when different shading patterns were applied. Legend: Dark blue with dots:
unshaded; yellow: one whole cell; violet with crosses: half a cell; green with vertical lines:
quarter cell; blue with rectangles: symmetrically one cell; green with squares: symmetrically
half a cell; blue with crosses: symmetrically quarter cell.
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7.2.3

Operation of the AC-module with the Hot Spot detector (HSD)

To measure the situation with the Hot Spot detector the Solcolino inverter was added into the
test set up and hooked to the grid. The inverter limits the currents in case of a shading
condition has the integrated HSD by comparing voltages, due to the integrated HSD by
comparing voltages.
The Hot Spot detector operates correctly but the control strategy has to be modified in order
to limit the current to a safe value also for half-shaded cells. Especially when symmetrical
shading is applied, the inverter tends to shift the working point to a high current value, which
is not lower than without shading.
For the case with asymmetrical shading an oscillation of the voltage of the shaded section on
the module could be observed. When shading a cell, the voltage could drop down to such a
low value that the inverter control mechanism could begin to oscillate.

7.2.4

Power loss due to the Hot Spot Detector protecting device

Due to bypassing cells with bypass diodes or limiting the current with the inverter in case of
shading situations the power delivered from the PV-module will be affected. As the goal of
the PV installation is to deliver the maximum of energy it is desirable that the Hot Spot
protection device insures safe operating conditions for the PV-module with regard to an
optimum power output. Therefore the two methods has been compared regarding the power
loss in shading conditions.
In the case of a completely shaded cell the inverter reduced the power to below 10% of the
nominal value. With bypass diodes the output power remains at 75%. For the half-shaded cell
the values with bypass diodes and hot spot detector are the same. No significant power
reduction could be observed for both cases when only one quarter of the cell’s surface was
shaded.
The effect of cast or full shading is negligible to the power reduction. The highest power
reduction is at the situation with the HSD and one cell shaded. With the same shading the
power reduction with the bypass diodes is much smaller. Especially by applying the
symmetrical shading the characteristic of the module can be so altered that the conditions for
the inverter are no more in the operation range. The MPP tracker has to find a working point
to meet the DC-voltage specified for the inverter and this is not necessarily the MPP. The
reading was manually done. The oscillation on the power when the HSD was active were
high, therefore unreliable accuracy in reading also occurred.
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Figure 7.4 shows the case with full shading patterns applied on the modules. Pv_1 is the
power reduction in % with the bypass diodes compared to the unshaded module. Pv_2 is the
power reduction in % with the HSD compared to the unshaded module.

Figure 7.5 shows the case with cast shading patterns applied on the modules. Blue is the
power reduction with the HSD and red with the bypass diodes.
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7.3

Field tests at ECN in Petten, the Netherlands

7.3.1

Availability of test specimens

For the tests with the AC-modules equipped with the Solcolino inverter, ECN bought four
PV-modules: SOLON Solarstrommodul 225Wp, Polykristallin, 1750 x 1115 mm. Each PVmodule consists of 144 cells and has a centertab. Two of these PV-modules were equipped
with 8 by-pass diodes, 1 by-pass diode per 18 cells. The other two PV-modules did not have
any by-pass diodes. These four PV-modules were integrated with the Solcolino inverters to
AC-modules, by glueing the inverter on the rearside of the PV-module. Two AC inverters,
one of each type, were sent to JRC in Italy. The other two AC-modules were sent to ECN in
the Netherlands. During transportation to ECN one module with by-pass diodes became
broken. Therefore all the measurements are done on the AC-module without by-pass diodes.

7.3.2

Description of the test set-up

In the period September 1999 till April 2000 outdoor measurements were performed at the
test location of ECN in Petten in the Netherlands. This is a seashore / cold location as
mentioned in the Amendment n°1 to the contract JOR3-CT97-0122. The AC-module is
placed outside, facing South with a tilt of 45°. The PV-panel is divided into two sections.
Each section has its own voltmeter and a temperature sensor on a test cell. Also DC current,
ambient temperature, irradiation, AC voltage and current is measured. The AC power is
calculated. Figure 7.6 shows the test set-up.
The following measuring equipment was used:
Device
Manufacturer
Reference cell
SSE N° 00183
Temp. sensor (air)
Miery Meteo
Temp. sensor (PV-panel)
AD590KH
Current sensor (Idc)
LEM LA25-NP
Amplifier
KNICK 1231OM
Computer
Pentium
Data acquisition software
ZIMPRO 2.5

ECN code
DEPV0050
DEPV0018
DEVE0274

Different tests were done and compared with each other.
• Operation with the internal Hot Spot Detector activated and applied shading patterns
• Operation with the internal Hot Spot Detector de-activated and applied shading patterns
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Figure 7.6
De-activating of the Hot Spot Detector is done by disconnecting of the centertab. No by-pass
diodes were applied because this PV-module only has the possibility of connecting two
diodes, 1 per 72 cells. The by-pass diode will then only conduct if the total voltage on a
module half becomes negative. This situation occurs when more than 4 cells, out of the 72
cells in a PV-module half, are completely shaded.
The signals that are monitored are:
Channel
Item Dimension
CH1
Ua1 [V]
CH2
Idc
[A]
CH4
Pfi
[W]
CH5
Ta1 [°C]
CH6
Ua2 [V]
CH10
Ta2 [°C]
CH12
Tamb [°C]
CH15
Gi
[W/m²]
CH16
Uac [V]

Remark
dc voltage of the right module half
dc current of the module
ac power from inverter
cell temperature on the right module half
dc voltage of the left module half
cell temperature on the left module half
ambient temperature
solar irradiation of the reference cell, tilt 45°
ac voltage of the grid

The AC-module with Hot Spot detector was shaded with various patterns by covering one cell
or two cells symmetrically.
By covering a cell in a module completely, this cell will be forced to conduct the dc current
generated by the other cells. This cell becomes reverse biased and acts as a zener diode. The
power dissipated in the covered cell is determined by the working point of voltage and current
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of the cell. If a cell is partly covered, like 50% or 25%, the working point of the cell is
different and it is not certain that the cell becomes reverse biased and generates a hot spot.
The applied shading patterns for the inverters with the Hot Spot Detector activated are:
Shading code
Percent of shading
00
2 x 0%
14
1 x 25%
24
2 x 25%
12
1 x 50%
22
2 x 50%
11
1 x 100%
21
2 x 100%
For the inverter with Hot Spot Detector de-activated the applied shading patterns are:
Shading code
Percent of shading
00
2 x 0%
14
1 x 25%
12
1 x 50%
11
1 x 100%
As the Hot Spot Detector controls the DC current to a safe value to prevent extreme
temperatures of the reverse biased cell, the graph of Idc versus Gi is presented. At an
irradiance of about Gi=700W/m2 monitoring data is given. This is a high irradiation level
where the effect of the Hot Spot Detector is visible and where hot spots occur.

7.3.3

Operation of the AC-module with Hot Spot Detector (HSD)

Shading code 00
This shading code represents normal situation with no shading. Figure 7.7 shows the DC
current as a function of the irradiation.

2 x 0% with HSD
2.5

Idc [A]

2
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1
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Figure 7.7 Shading code 00
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At an irradiation of 733W/m2 the monitoring data is:
Fig. Idc
Ua1
Ua2
Tamb
7.7
1.98A 37.97V
38.15V
7.5°C

Ta1
20.9°C

Ta2
19.8°C

Shading code 11
Shading code 11 means that one cell out of the 144 cells is completely covered. This gives a
graph according to figure 7.8
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Figure 7.8 Shading code 11
At an irradiation of 731W/m2 the monitoring data is:
Fig. Idc
Ua1
Ua2
Tamb
7.8
0.21A 39.63V
44.63V
7.7°C

Ta1
24.9°C

Ta2
25.4°C

Here the inverter limits the power to the grid because the voltages difference between each
module half exceeds a certain threshold. The inverter adjusts the dc current to a safe value
where the voltage difference between the two voltages of the module halves is about 5Vdc.
This situation prevents a hot spot. The highest monitored temperature of the covered cell is
Tm1=30.8°C. The temperature of the uncovered cells is Tm4=29.5°C, where the ambient
temperature is Tamb=8.2°C and the irradiation is Gi=800W/m2.
Shading code 12 and 14
Covering one cell with a shading percentage of 50% or 25% does not activate the hot spot
detector, see figure 7.9 and figure 7.10. The voltage difference between the two module
halves does not exceed the threshold voltage of 5Vdc. Due to the less current generated by the
partly shaded cell, the maximum available power is less with respect to the unshaded situation
of shading code 00. The result is a lower Idc in figure 7.9 and figure 7.10 with respect to
figure 7.7. This effect is stronger at higher irradiance and at larger shadow percentages.
Therefore the graphs in figure 7.9 and figure 7.10 are not a straight line. In figure 7.10 there is
an extra line. This extra line has the shape of an angle and is the result of ice on the PV-panel.
In the morning the temperature was below 0°C. In the beginning the ice on the PV-panel
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inhibits normal operation. The dc-current is below 0.15A and there is little internal power
dissipation. When the sun is strong enough, above 450W/m2, the ice starts melting and the dccurrent increases. Due to the internal dissipation and the irradiance all the ice melts. After all
the ice was melted at 485W/m2 there is the normal curve for a shaded cell.
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Figure 7.9 Shading code 12

Figure 7.10 Shading code 14

At an irradiation of 733W/m2 the monitoring data is:
Fig. Idc
Ua1
Ua2
Tamb
7.9
1.24A 36.43Vdc
41.11Vdc
8.4°C
7.10 1.67A 36.20Vdc
39.43Vdc
6.2°C

Ta1
34.7°C
31.7°C

Ta2
28.3°C
26.1°C

Although one cell is partly covered, these two shading conditions do not give a hot spot.
Shading code 21
At a shading code of 21 two cells, each module half one cell, are covered symmetrical

Idc [A]

2 x 100% with HSD
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1.2
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Fig. 7.11 Shading code 21
on the module. Because the voltage difference is too low between the two module halves, the
hot spot detector is not functioning, see Figure 7.11. The temperature of approximately 35°C
of the covered cells is still acceptable.
At an irradiation of 672W/m2 the monitoring data is:
Fig. Idc
Ua1
Ua2
Tamb
7.11 1.61A 27.38V
23.97V
9.2°C
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Ta1
35.0°C

Ta2
35.3°C
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Shading code 22 and 24
At these shading codes the voltage difference is still not enough to activate the hot spot
detector. The temperature of the covered cells is acceptable too.

2 x 25% with HSD
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Figure 7.12 Shading code 22
At an irradiation of 742W/m2 the monitoring data is:
Fig. Idc
Ua1
Ua2
Tamb
7.12 1.25A 39.27V
37.63V
6.7°C
7.13 1.54A 40.77V
41.12V
- 0.7°C

7.3.4
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Gi [W/m²]

Figure 7.13 Shading code 24
Ta1
11.6°C
16.9°C

Ta2
11.2°C
15.9°C

Operation of the AC-module without Hot Spot Detector

Shading code 00
The graph of Figure 7.14 is equal to the graph of Figure 7.7.
At an irradiation of 733W/m2 the monitoring data is:
Fig. Idc
Ua1
Ua2
Tamb
7.14 1.96A 36.08V
35.96V
9.7°C
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Ta1
32.6°C

Ta2
30.8°C
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2 x 0% without HSD
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Figure 7.14 Shading code 00
Shading code 11
This is a worst case condition. One cell is completely covered and there is no protection at all,
see Figure 7.15 and Figure 7.16.
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Figure 7.15 Shading code 11
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1 x 100% without HSD
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Figure 7.16 Shading code 11
At an irradiation of 734W/m2 the monitoring data is:
Fig. Idc
Ua1
Ua2
Tamb
7.15 1.82A 30.29V
30.20V
11.9°C

Ta1
67.2°C

Ta2
34.4°C

The highest monitored temperature of the covered cell is Tm1=82.7°C. The temperature of
the uncovered cells is Tm4=34.7°C, where the ambient temperature is Tamb=12.4°C and the
irradiation is Gi=826W/m2. Here a hot spot occurs of 70°C above ambient temperature. As
this situation is not at maximum irradiation it is expected that the effects of hot spot can be
worse.

Shading code 12 and 14
The influence of the covered cell is not enough to create a hot spot.
1 x 50% without HSD

1 x 25% without HSD
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Figure 7.17 Shading code 12

40

Idc [A]

Idc [A]

2.5

0

200

400

600

800

1000

Gi [W/m²]

Figure 7.18 Shading code 14
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At an irradiation of 673W/m2 (code 12) and 728 (code 14) the monitoring data is:
Fig. Idc
Ua1
Ua2
Tamb
Ta1
Ta2
7.17 1.65A 35.00V
34.88V
7.9°C
20.5°C
16.1°C
7.18 1.67A 37.02V
36.92V
15.2°C
33.8°C
34.2°C

7.3.4

Computer simulation of shaded cells.

At ECN a software tool for mismatch calculations is available This software is developed by
ECN to calculate and analyse the behaviour of complex strings of PV-cells. This tool is used
to analyse the partial shading of one cell in a string of 144 cells. The shaded cell is divided
into four separate equal parts. These four parts are placed in parallel. Each quarter cell can be
a dark cell (25%dark) or an irradiated cell (25%lght). The other 143 cells in the string are not
divided into parts. Therefore the IV characteristics of three cells are defined (25%dark,
25%lght and 100%lght) based on the two diode model. Several shading units (patterns) are
made (shade00, shade25, shade50, shade75 and shade100) by using 25%dark and 25%lght.
The definition of the cells and units are:
Cell
Area
Gi
T
Isc
Rseries
Rshunt
I01
I02

25%dark
5x5cm2
1W/ m2
25.0ºC
0.75A
0.04Ω
60Ω
3.750E-11
2.125E-6

25%lght
5x5 cm2
1000W/ m2
25.0ºC
0.75A
0.04Ω
60Ω
3.750E-11
2.125E-6

100%lght
10x10 cm2
1000W/ m2
25.0ºC
3.00A
0.01Ω
15Ω
1.500E-10
8.500E-6

Unit 2
Shading
25%dark
25%lght
Connection

shade00
0%
#0
#4
parallel

shade25
25%
#1
#3
parallel

shade50
50%
#2
#2
parallel

shade75
75%
#3
#1
parallel

shade100
100%
#4
#0
parallel

Strings were made of 143 cells of 100%lght and one cell of Unit 2 in series.
String 3
# 143
#1
Connection

code00
100%lght
shade00
series

code14
100%lght
shade25
series

code12
100%lght
shade50
series

code13
100%lght
shade75
series

code11
100%lght
shade100
series

Appendix A figures 1/3/5/7/9 show the calculations and in figures 2/4/6/8/10 the IV-graph of
the various strings. The Mismatch screen in figures 1/3/5/7/9 shows the V_mpp, I_mpp and
P_max for string 1 (143 x 100%lght), string 2 (1 x unit 2) and string 3. At the bottom V, I and
P are shown for a given current for the shaded cell. The results are:
V
I
P
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shade00
0.483V
2.726A
1.316W

shade25
-3.702V
2.496A
-9.240W

shade50
-10.031V
2.691A
-26.993W

shade75
-10.209W
2.691A
-27.473W

shade100
-10.360V
2.691A
-27.878W
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A negative power means power dissipation in the cell, where a dissipation of 27W is a hot
spot. Between a shading percentage of 25% and 50% the reverse voltage of the cell becomes
V= –5V, the point where the Hot Spot Detector interrupts the MPP-tracker.
Figures 2/4/6/8/10 show the IV-curve and the power-curve for the various configurations.
Clearly can be seen the development of a new maximum power point. By limiting the current
through the string, demanded by the MPP-tracker, power dissipation in the shaded cell can be
prevented. As an example various calculations are given in Appendix A - figures 11/12/13 for
code12 which has a shading percentage of 50% on one cell. As long as the current (Imppt)
demanded by the MPP-tracker is less than or equal to the current (Iscsc) generated by the
shaded cell, the shaded cell is not reverse biased and no heat is generated in it.
The results of figures 11/12/13 are:
Shade50
V
I
P
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Imppt < Iscsc
0.441V
1.400A
0.617W

Imppt = Iscsc
0.007V
1.500A
0.010W

Imppt > Iscsc
-1.493V
1.600A
-3.388W
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7.4

Field tests at JRC in Ispra, Italy

7.4.1

Description of Outdoor Measurement Set-up

Introduction
The ARIA modules were monitored outdoors
using the existing NOCT set-up at the ESTI
site, which was modified to include the AC
measurement facility. The modules' electrical
performance
and
the
environmental
conditions (irradiance and air temperature)
were recorded at one-minute intervals. The
modules were left to track the maximum
power operating point as determined by the
electronics inside their respective junction
boxes. Additionally, the modules' performance was studied under a variety of shading
Figure 7.19. Outdoor facility at ESTI.
conditions to investigate the outdoor
behaviour of the different junction box
technologies under hot-spot conditions. During the outdoor monitoring, the following
parameters were measured:
•
•
•
•
•
•

Irradiance (from both ESTI sensor & pyranometer)
Ambient Temperature (PT100)
Wind speed and direction (MESA Anemometer)
Module Temperature (PT100)
DC Power
AC Power

The power measurements were made using an Hewlett Packard 34970A data acquisition
instrument. Both the DC and AC power were determined by measuring the voltage output and
the current (as a voltage across a precision shunt) and multiplying the two quantities.
Hot-spots
Shading levels were created by sticking reflective metallic-tape over parts of the module
surface, in order to provide partial and full shading of individual cells (see Figure 7.20). These
shaded cells may become reversed-biased and dissipate heat, which under extreme cases can
damage the module.
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Figure 7.20. Creation of hot-spots by shading of cells using metallic tape. The shading
included various combinations of full / partial shading of single / multiple cells.
The modules' electrical and thermal behaviour was continually monitored during the hot-spot
measurements.

7.4.2

Outdoor Monitoring Results

Module Identification:
TH01:
Solon AG 00000003 (diodes)
TH02:
Solon AG 00000004 (Alpha Real HSD)
PJ01:
ANIT s.r.l. E991058 (Mastervolt HSD)
PJ02:
ANIT s.r.l. E991051 (Mastervolt HSD)
The outdoor results are sub-divided into 3 sections:
•
•
•
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Comparison of power output under shady conditions of AC module with hot-spot detector
(HSD, TH02) vs. AC module with diodes (TH01).
Monitoring of thermal characteristics of modules under hot-spot conditions.
Investigation of power factor of inverter under low irradiance conditions.
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1. Hot-spot Detector
Figures 7.21 and 7.22 show the accumulated data over several measurement weeks for the AC
module series TH and PJ respectively. The charts show the DC power against irradiance for
different shading conditions. The following shading conditions were investigated:
00 = no shading
14 = 1/4 of one cell covered
12 = 1/2 of one cell covered
34 = 3/4 of one cell covered
11 = one full cell covered.
The shading was generated as described in the measurement description section. Additionally,
combination shading conditions were investigated such as 3x1/4 cell and 4x1/2 cell. These
results are not presented as they gave similar results to those obtained from single shadings of
the same fraction on one cell alone.
From the charts it is clear that the module with the HSD gives increased power under shaded
conditions. The difference between the HSD and the diodes technology is more marked when
higher fractions of the cells are covered.
For both the TH and PJ module types, the power output under conditions of full shading of a
single cell is virtually constant and independent of the irradiance value.
2. Thermal Characteristics
Once the hot-spot conditions were being monitored in the outdoor environment, a Inframetrics
760 thermal imaging camera was used to characterise the thermal behaviour of the module at
a specific condition. Figures 7.23 and 7.24 show the front and rear views of PJ01 at 850 W/m2
and air temperature of 29 °C, and the module has 3/4 of one cell shaded. The images clearly
show the modules' hot-spot and the increased temperature with respect to the rest of the
module. Also note that the junction box causes the cells in front of the image to operate at a
higher temperature than the rest of the module, although from the rear the junction box itself
is cooler than the rest of the module (primarily due to convection cooling).
3. Inverter Power Factor under non-ideal conditions
The active and reactive AC power was simultaneously measured under non-ideal field
conditions for the TH02 module, which contains the hot-spot detector. The evolution of the
inverter power factor under these conditions (low irradiance, full cell shading) is presented in
Figure 7.25. From these plots, it is clear that the power factor of module decreases with
irradiance under the full-cell shading, meaning that the system uses less and less of the
available "apparent power". Also shown in the plots is the "switch-off" moment when the
light level falls below a certain value and the module starts consuming around 85 mW during
the night-time standby condition, which is represented by the negative power factor value.
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Figure 7.21. Plot of DC power output of the AC modules TH01 and TH02 under different shading conditions. TH02 has a
hot-spot detector and clearly delivers increased power under shaded conditions.
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Figure 7.22. Plot of power output of the AC modules PJ01 and PJ02 under different shading conditions, obtained by
measuring the line voltage (rms) and the voltage across a precision shunt (rms). PJ01 delivered slightly more power than
PJ02 without shading, but this difference was more noticeable under shaded conditions.

Figure 7.23. Thermal imaging of PJ01 under hot-spot conditions. The 3/4-cell shading causes
a hot spot with a temperature about 8% higher than the module's average temperature, as seen
from the front surface by the infrared camera. The cells in front of the junction box are also
operating at a higher temperature than the rest of the module.
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Figure 7.24. Thermal imaging of PJ01 under hot-spot conditions. The 3/4-cell shading clearly
causes a hot spot on the module, as seen from the rear by the infrared camera.
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TH02 (HS Detector): Power vs. Time, 1 full cell shading
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Figure 7.25a. Power traces for AC module inverter with hot-spot detection. The downward
step of the VA (rms) power around the time of 20:40 marks the moment when the module
witches to the standby condition and consumes around 85 mW during the night.
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TH02 (HS Detector): Power Factor at Low Irradiance, with 1 full cell shading
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Figure 7.25b. Power factor and phase difference of the hot-spot detecting inverter at low
irradiance and full cell shading. The power factor decreases with falling light-levels and
settles a slightly negative value as the module consumes 85 mW during the night-time
standby condition.
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CONCLUSIONS

Immunity tests of AC-module inverters
In general both the AC module inverters, Sunmaster 130S and Edisun 230721G, withstood
the electrical immunity tests successfully. The applied levels of the disturbances are in
conformity with the applicable thresholds for certification procedures. None of the inverters
failed during testing and no deterioration of performance was detected.
It was generally acknowledged that intensive guidance and a close follow-up is necessary
when undergoing certification tests: EMC consultancy and test bureaus have little or no
experience with this type of equipment. Thus it is recommended that the manufacturers are
heavily involved during EMC certification measurements on their products and assist the
accredited test institute in establishing a relevant test procedure and correctly interpreting the
standards used.

Environmental stress tests of AC-inverters
The Sunmaster 130S passed the accelerated reliability tests with good results. Eleven inverters
were tested in two high temperature tests. Two inverters failed, one after 3720 hours and one
after 6540 hours. Seven inverters were operating normally after 6540 hours and the two
remaining inverters after 3910 hours. The equivalent test time at 21°C and normal RH for
6540 hours of test is 26 years.
Two inverters were tested in a temperature cycling test and a humidity-freezing test. Both
inverters passed these tests with good results.
The electrolytic capacitor is a sensitive component regarding ageing. The ESR is increasing
significantly by a factor 4½. The capacitance is decreasing slightly by a factor 0.95, while the
efficiency is remaining stable. This shows that the capacitors, and thus the inverters, are
ageing visibly. However the inverter design is insensible to changes in the ESR.
As long as the Edisun/Solcolino E230721G inverters are operating within specs no problems
were encountered. Due to the temperature limits of the inverter, these inverters could not
operate within the environment of the high temperature tests. Therefore no results are
available from these tests. To gain information about reliability, long term temperature were
carried out at Alpha Real. The long lifetime issue was verified by a temperature test over
several months. The tests at Alpha Real show no signs of failures due to lifetime issues.
Two inverters were tested in a temperature cycling test and a humidity-freezing test. Both
inverters passed these tests with good results.
There are several methodes to gain information about reliability. All of these methodes have
their own advantages. If one method is not suitable to gain information about reliability there
is always an alternative. Wellknown methodes are:
• Long time monitoring
• Accelerated lifetime tests
• HALT
• Calculation according to MIL-STD-217
Longtime monitoring requires only time. The gained information is real lifetime. Unfortenutely it needs a lifetime to gain this information.

ECN-C--01-093

51

Accelerated lifetime tests need the investment of a climatic chamber. It is more expensive
than longtime monitoring. Lifetime information is gained in a relative short period. If the
device under test is not able to operate at elevated temperatures to effect the desired
acceleration factor, like the Edisun/Solcolino inverters, no information is gained.
HALT stands for Highly Accelerated Life Test. This method also requires a climatic chamber.
The device under test is completely heated until it stops operating. The component or circuit
that is responsible for stopping the operation must be located. After repair this component or
circuit will be cooled while the rest of of the device under test is heated further until the next
stop occurs. This approach not only requires a climatic chamber with a cooling device for
single components but also an intensive cooperation between a specialised test institute and
the designer of the device under test. Although this is a very expensive testmethod it gains
detailed information in a short time.
Calculation according to MIL-STD-217 is a theoretical method. The military standard MILSTD-217 describes how to calculate the lifetime of electronic circuits. It needs detailed
information about the design such as: in what way are the components stressed, what are the
individual temperatures of the components, in what way are the used components derated.
Because of the theoretical approach the calculated lifetime is never equal to the real lifetime.

Environmental stress tests of AC-modules
The ANIT s.r.l. ARIA modules met all requirements of the CEI/IEC 61215 standard.
The integrated Mastervolt Sunmaster 130S inverters successfully passed through the climatic
testing (TC2000, DAH and the series UVE, TC50, HUF). All of the inverters continued to
function and exhibited no noticeable degradation in their electrical performance relative to the
reference module RI01.

Development of low-cost hot-spot detector
The technical feasibility study showed, that the temperature sensitive Hot Spot detection
method is critical namely because of class II isolation and safety issues when incorporating
conductive material into the module laminate. Economical studies showed that only the PEXmaterial with an abrupt PTC property at a certain temperature could be cost effective
compared to the state of the art method (with bypass diode) and voltage comparison method
when assuming mass production. Therefore the project team proposed to skip the temperature
sensitive hot spot detection method and concentrate on the very promising voltage
comparison method.
The voltage comparison method showed very promising results in the experimental tests. The
situation of a possible short circuit operation of the installation has to be taken in mind when
applying the voltage comparison method. Two situation has to be considered as critical:
Short circuit working point: As the current in this working point is highest, a possible Hot
Spot will then create most dissipated power in the cell
Symmetrical shading: A first prototype showed a critical working point when symmetrical
shading was applied.
Power loss: First prototypes reduced the power to a very low value which affects the
installation energy output when only very small shadow pattern occurred on the modules. For
further work the reduction ratio has to be adjusted.
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Field tests with the Solcolino Inverter in Winterthur, Switzerland
The measurements showed that the Hot Spot protection principle by limiting the current with
the Hot Spot detection (HSD) by comparing voltages operates. In comparison to the state of
the art method with bypass diodes the power reduction is higher. Long-term measurements
should show the effect on the temperature of the shaded cells.
The symmetrical shading condition showed that the HSD moved the inverter to a working
point with a high current value, which is not a safe value for the protection.
To overcome the high power loss and the problems in the symmetrical shading case, the
control strategy has to be enhanced.

Field test at ECN in Petten, the Netherlands
Measurements at the test location of ECN in Petten in the Netherlands have shown that the
new Hot Spot Detector (HSD) in the Solcolino inverter functions. When no shading pattern is
applied to the PV-panel the HSD does not intervene. When partial shading is applied to the
PV-panel the difference between the two voltages of the module half is to little to activate the
HSD. Due to the different IV-curve of the PV-panel the MPP-tracker finds a new working
point. Complete shading of one cell activates the HSD and the current through the PV-panel is
forced to a safe value. Symmetrical shading shows that the HSD does not detect this condition
and the MPP-tracker finds a here a new working point too.
Computer simulations show that if the current through the shaded cell is less than or equal to
the current generated by the shaded cell, the shaded cell will not become reverse biased.

Field test at JRC in Ispra, Italy
Outdoor measurements performed at ESTI have shown that the hot-spot detector works for
both the TH02 (Solon/Alpha Real) and the PJ01&02 (ANIT/Mastervolt, and successfully
shifts the module operating point to lower the current. Under non-shaded conditions the
inverters with the hot-spot detectors produced a similar AC power as that of the Diode
protected module indicating that the hot-spot detector did not adversely affect normal
operation.
Results show that a module with the hot-spot detector (TH02) delivers more power under
shady conditions than a conventional module with diodes (TH01).
The thermal properties of the hot-spot condition were characterised under field conditions,
and excessive heating of a single cell was avoided using either hot-spot detection or diodes.
The maximum recorded rise of around 25oC over the NOCT temperature (48oC) any of the
modules does not pose a great threat to the integrity of the modules.
The power factor of the inverter with hot-spot detection decreases with irradiation under nonideal field conditions.
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APPENDIX A
+--------------------------- Mismatch menu V4.06 ----------------------------+
¦ Mismatch berekeningen
¦
¦
¦
¦ Naam unit 1
100%lght # 143 Conf ser
Maak str 1
Serie
S3=S1+S2 ¦
¦ Naam unit 2
shade00
# 1
Conf ser
Maak str 2
Parallel S3=S1//S2 ¦
¦ Naam string 3 code00
Schrijf str 3
¦
¦
¦
¦
Str 1
Str 2
Str 3
¦
¦
V_mpp
69.073
.483
69.576
¦
¦
I_mpp
2.727
2.727
2.726
¦
¦
P_max
188.328
1.317
189.642 1.000
¦
¦
¦
¦
String1 : 100%lght
Schakeling : Serie
¦
¦
String2 : shade00
¦
¦
¦
¦ Berekeningen met vrije I of V
¦
¦
¦
¦ Stringnaam : shade00
Kies stroom
: 2.726
Bereken
¦
¦
V .483
¦
¦
I 2.726
¦
¦ IV curve maken (apart menu)
P 1.316
¦
¦
¦
¦
¦
+------------------------------------------------------------------------------+

Figure 1

Figure 2
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APPENDIX A
+--------------------------- Mismatch menu V4.06 ----------------------------+
¦ Mismatch berekeningen
¦
¦
¦
¦ Naam unit 1
100%lght # 143 Conf ser
Maak str 1
Serie
S3=S1+S2 ¦
¦ Naam unit 2
shade25
# 1
Conf ser
Maak str 2
Parallel S3=S1//S2 ¦
¦ Naam string 3 code14
Schrijf str 3
¦
¦
¦
¦
Str 1
Str 2
Str 3
¦
¦
V_mpp
69.073
.477
69.432
¦
¦
I_mpp
2.727
2.035
2.496
¦
¦
P_max
188.328
.971
173.291
.915
¦
¦
¦
¦
String1 : 100%lght
Schakeling : Serie
¦
¦
String2 : shade25
¦
¦
¦
¦ Berekeningen met vrije I of V
¦
¦
¦
¦ Stringnaam : shade25
Kies stroom
: 2.496
Bereken
¦
¦
V -3.702
¦
¦
I 2.496
¦
¦ IV curve maken (apart menu)
P -9.240
¦
¦
¦
¦
¦
+------------------------------------------------------------------------------+

Figure 3

Figure 4
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APPENDIX A
+--------------------------- Mismatch menu V4.06 ----------------------------+
¦ Mismatch berekeningen
¦
¦
¦
¦ Naam unit 1
100%lght # 143 Conf ser
Maak str 1
Serie
S3=S1+S2 ¦
¦ Naam unit 2
shade50
# 1
Conf ser
Maak str 2
Parallel S3=S1//S2 ¦
¦ Naam string 3 code12
Schrijf str 3
¦
¦
¦
¦
Str 1
Str 2
Str 3
¦
¦
V_mpp
69.073
.467
59.870
¦
¦
I_mpp
2.727
1.344
2.691
¦
¦
P_max
188.328
.628
161.131
.853
¦
¦
¦
¦
String1 : 100%lght
Schakeling : Serie
¦
¦
String2 : shade50
¦
¦
¦
¦ Berekeningen met vrije I of V
¦
¦
¦
¦ Stringnaam : shade50
Kies stroom
: 2.691
Bereken
¦
¦
V -10.031
¦
¦
I 2.691
¦
¦ IV curve maken (apart menu)
P -26.993
¦
¦
¦
¦
¦
+------------------------------------------------------------------------------+

Figure 5

Figure 6
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APPENDIX A
+--------------------------- Mismatch menu V4.06 ----------------------------+
¦ Mismatch berekeningen
¦
¦
¦
¦ Naam unit 1
100%lght # 143 Conf ser
Maak str 1
Serie
S3=S1+S2 ¦
¦ Naam unit 2
shade75
# 1
Conf ser
Maak str 2
Parallel S3=S1//S2 ¦
¦ Naam string 3 code13
Schrijf str 3
¦
¦
¦
¦
Str 1
Str 2
Str 3
¦
¦
V_mpp
69.073
.445
59.708
¦
¦
I_mpp
2.727
.657
2.691
¦
¦
P_max
188.328
.292
160.654
.852
¦
¦
¦
¦
String1 : 100%lght
Schakeling : Serie
¦
¦
String2 : shade75
¦
¦
¦
¦ Berekeningen met vrije I of V
¦
¦
¦
¦ Stringnaam : shade75
Kies stroom
: 2.691
Bereken
¦
¦
V -10.209
¦
¦
I 2.691
¦
¦ IV curve maken (apart menu)
P -27.473
¦
¦
¦
¦
¦
+------------------------------------------------------------------------------+

Figure 7

Figure 8
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+--------------------------- Mismatch menu V4.06 ----------------------------+
¦ Mismatch berekeningen
¦
¦
¦
¦ Naam unit 1
100%lght # 143 Conf ser
Maak str 1
Serie
S3=S1+S2 ¦
¦ Naam unit 2
shade100 # 1
Conf ser
Maak str 2
Parallel S3=S1//S2 ¦
¦ Naam string 3 code11
Schrijf str 3
¦
¦
¦
¦
Str 1
Str 2
Str 3
¦
¦
V_mpp
69.073
.017
59.555
¦
¦
I_mpp
2.727
.002
2.691
¦
¦
P_max
188.328
.000
160.252
.851
¦
¦
¦
¦
String1 : 100%lght
Schakeling : Serie
¦
¦
String2 : shade100
¦
¦
¦
¦ Berekeningen met vrije I of V
¦
¦
¦
¦ Stringnaam : shade100
Kies stroom
: 2.691
Bereken
¦
¦
V -10.360
¦
¦
I 2.691
¦
¦ IV curve maken (apart menu)
P -27.878
¦
¦
¦
¦
¦
+------------------------------------------------------------------------------+

Figure 9

Figure 10
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+--------------------------- Mismatch menu V4.06 ----------------------------+
¦ Mismatch berekeningen
¦
¦
¦
¦ Naam unit 1
100%lght # 143 Conf ser
Maak str 1
Serie
S3=S1+S2 ¦
¦ Naam unit 2
shade50
# 1
Conf ser
Maak str 2
Parallel S3=S1//S2 ¦
¦ Naam string 3 code12
Schrijf str 3
¦
¦
¦
¦
Str 1
Str 2
Str 3
¦
¦
V_mpp
69.073
.467
59.870
¦
¦
I_mpp
2.727
1.344
2.691
¦
¦
P_max
188.328
.628
161.131
.853
¦
¦
¦
¦
String1 : 100%lght
Schakeling : Serie
¦
¦
String2 : shade50
¦
¦
¦
¦ Berekeningen met vrije I of V
¦
¦
¦
¦ Stringnaam : shade50
Kies stroom
: 1.400
Bereken
¦
¦
V .441
¦
¦
I 1.400
¦
¦ IV curve maken (apart menu)
P .617
¦
+------------------------------------------------------------------------------+

Figure 11
+--------------------------- Mismatch menu V4.06 ----------------------------+
¦ Mismatch berekeningen
¦
¦
¦
¦ Naam unit 1
100%lght # 143 Conf ser
Maak str 1
Serie
S3=S1+S2 ¦
¦ Naam unit 2
shade50
# 1
Conf ser
Maak str 2
Parallel S3=S1//S2 ¦
¦ Naam string 3 code12
Schrijf str 3
¦
¦
¦
¦
Str 1
Str 2
Str 3
¦
¦
V_mpp
69.073
.467
59.870
¦
¦
I_mpp
2.727
1.344
2.691
¦
¦
P_max
188.328
.628
161.131
.853
¦
¦
¦
¦
String1 : 100%lght
Schakeling : Serie
¦
¦
String2 : shade50
¦
¦
¦
¦ Berekeningen met vrije I of V
¦
¦
¦
¦ Stringnaam : shade50
Kies stroom
: 1.500
Bereken
¦
¦
V .007
¦
¦
I 1.500
¦
¦ IV curve maken (apart menu)
P .010
¦
+------------------------------------------------------------------------------+

Figure 12
+--------------------------- Mismatch menu V4.06 ----------------------------+
¦ Mismatch berekeningen
¦
¦
¦
¦ Naam unit 1
100%lght # 143 Conf ser
Maak str 1
Serie
S3=S1+S2 ¦
¦ Naam unit 2
shade50
# 1
Conf ser
Maak str 2
Parallel S3=S1//S2 ¦
¦ Naam string 3 code12
Schrijf str 3
¦
¦
¦
¦
Str 1
Str 2
Str 3
¦
¦
V_mpp
69.073
.467
59.870
¦
¦
I_mpp
2.727
1.344
2.691
¦
¦
P_max
188.328
.628
161.131
.853
¦
¦
¦
¦
String1 : 100%lght
Schakeling : Serie
¦
¦
String2 : shade50
¦
¦
¦
¦ Berekeningen met vrije I of V
¦
¦
¦
¦ Stringnaam : shade50
Kies stroom
: 1.600
Bereken
¦
¦
V -1.493
¦
¦
I 1.600
¦
¦ IV curve maken (apart menu)
P -2.388
¦
+------------------------------------------------------------------------------+

Figure 13
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