Module 7 :: Photovoltaics
During the course of this Tutorial several aspects of photovoltaic simulation have
been covered already. In Modules 1 and 2 the PVI block has been introduced and
examples like plotting I-V curves and module temperature profiles were
explained. The topic of maximum power point trackers has been touched in
Module 5 in the context of Loop blocks.
In this module some typical tasks will be presented which occur frequently in the
project work of a photovoltaic engineer. Let’s start with a simple simulation
model of a grid-connected PV generator.

7.1

Grid-connected PV generators
The main components of a grid-connected PV system are
PV generator,
Maximum power point tracker,
Inverter, and last but not least
Weather, i. e. time series of global irradiance, ambient temperature and
sometimes wind speed.
Of course, weather is not really a component, but from INSEL’s point of view
there is no principal difference between components and other things which
influence the performance of components – they are all just blocks. Concerning
the weather, we will keep things simple for a start, because the topic has already
been discussed in detail in Module 6. So let us assume the location of our first
investigation is Oldenburg in Germany and our generator is orientated towards
south with a tilt angle of 70 degrees. In this case, we may use the weather file
meteo82.dat from Module 3 and simply read in the required meteorological data.
The temporal resolution of the data is one hour which is a typical time step for
PV simulations. The length of the data is one year which should be the minimum
for the calculation of the energetic performance of PV systems. Since our aim is to
analyze some system performance aspects in detail, we use a READD block so
that we can directly access specific days, weeks or months comfortably – this
method has been presented in Module 3, page 57 f.
The next step is to decide which PV module we are going to use for our first
example. Usually PV cells and modules are simulated in INSEL by using the
PVI block with the underlying two-diode model. The main problem here is to find
a set of parameters for a specific module.
INSEL provides different methods to get access to these parameters. The most
convenient way is to use one of the modules in the INSEL data base which includes
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several thousand parameter sets. If a module is not included in the module data
base INSEL provides methods to determine its parameter set – we will come back
to these methods later. For now, let’s choose a module which is in the data base.
PV browser

A convenient way to choose a module from the data base is to use the PV module
browser of the PVI block’s PV Module tab.

Click the radio button Choose product, choose a manufacturer from the
Manufacturer list and a module from the Product list. The browser will show the
main data sheet information of the selected PV module in the lower half.
The PV module browser gets its information from an ASCII file named
pvModules.dat which can be found in the data directory of insel 8.
Inverter data base
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The second important component of a grid-connected PV generator is the
inverter. Similar to the PV module data base there is a data base for hundreds of
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market-available inverters. The browser is integrated in the IVP block’s Inverter
pane.

The inverter data are saved in the data directory in file inverters.dat
Exercise 7.1

Solution

Construct the block diagram for a grid-connected PV generator with SunGlobe
modules A 165 P and the selected SMA inverter Sunny Boy 3000. Make sure that
the voltage, current, and power levels fit reasonably. Analyze some details of the
system performance.
The block diagram is rather simple:

The file meteo82.dat has been described in detail in Module 3, page 53. Since we
are interested in the global irradiance in south direction at a tilt angle of 70◦ and
the ambient temperature, we need access to the 7th and 10th data column in the
file and the Fortran format is (18X,F5.0,10X,F5.1,26X) – do you copy?
A reasonable PV generator for the Sunny Boy 3000 inverter could have about
3 kWp and since one module has a nominal power of 165 W a total of 20 modules
would result in a 3.3 kWp generator. The nominal voltage of the module is 34.4 V
so that two strings of 10 modules in series each would fit with the voltage range
requirement of the inverter.
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Do not forget to set the temperature mode of the PVI block to NOCT mode. If
you would use IN3 mode, the yield of the generator would be overestimated
because of unrealistic low module temperatures.
Since the open-circuit voltage of the module is about 40 V, ten modules in series
should never reach 500 V on the DC side and we can set the search interval for
the mpp tracker to [0,500]. An accuracy of 0.1 V should be sufficient.
As always, it is recommended to check first if the data from the file are read
correctly. The next plot shows one week, starting from the first of June 1982 –
nice weather in Oldenburg, quelle surprise!

Since the irradiance and power values are of order 1000, we have multiplied the
ambient temperature by a factor of 100 so that the order of the numbers is
comparable. We see that the temperature varies between 20 and 30 ◦ C. The
radiation data reach values of about 800 W m−2 . This is comparatively low for
June. The large tilt angle β = 70◦ is the reason for it.
The reason for the large tilt angle is, that the data were recorded for a
self-sufficient laboratory building, the Energielabor of the Oldenburg University –
very innovative at that time to construct a building without grid connection.
When you analyze the performance data over a whole year you will find that the
tilt angle is optimized with respect to winter operation and low elevations of the
Sun. We will come back to some aspects of the Energielabor building and its
technologies later.
To come back to the plot, the blue and magenta lines are the DC and AC power
outputs. They reach a maximum of about 2000 W, so maybe the inverter is
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oversized or the PV generator is undersized. A quick view at the maximum DC
power during the whole year shows that the highest value is 2917 W. Did you find
the same value with the MAXX block?
We are now going to investigate some more details of the grid-connected PV
generator model.
Exercise 7.2
Solution

Calculate the annual energy yield of the system in kWh and in kWh/kWp .
We have put the calculation into a small macro which uses the AC power output
of the IVP block as input.

The connection of an attenuator block with a factor 1000 for the conversion of
watt to kilowatt hours, a global cumulation block and a screen block shows that
the annual energy yield is 2868 kWh. Another attenuator with parameter 3.3 for
the nominal power of the generator shows 869 kWh/kWp.
Please observe again that we can simply use the power output of the inverter and
think of the watt unit as watt hours, since the simulation time step is one hour.
For a different time step an additional attenuator block would be required. For
example, if the time step is 15 minutes, we have to divide the power by a factor
four in order to have the correct value for the watt hours. In practice, you would
probably use the value 4000 for the parameter of the attenuator which converts
watt to kilowatt hours.
Exercise 7.3

Solution

Check how often the maximum power point voltage is outside the inverter’s DC
voltage range of 268 to 600 volt and how much energy is lost if the corresponding
DC power is neglected in the energy cumulation. Do not count the night hours
when the MPP voltage is zero.
Again, we present the counter in a little macro.
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The required logics is quite straight forward. We need three comparisons for the
zero voltage case, the lower voltage limit of 268 V and the upper limit of 600 V
(which is never reached), one OR block to distinguish between the upper and
lower limit cases and, in addition, one AND block for the night values. A global
cumulater block CUM is used to count the outside range cases and find a value of
464 occurrences during daytime and 4751 with the night cases.
In order to check that the model calculates the DC power in the low voltage range
correctly, we have analyzed the DC power output for the cases where the voltage
is less than 268 volt. The graph shows the result filtered through an IF block:

The highest values are in the 10 W range and therefore less than the self
consumption of the inverter. They sum up to 2.1 kWh which is absolutely
negligible.
Conclusion

7.2

The restriction to the voltage level of an inverter in the simulation of a gridconnected PV generator can be neglected, provided that the system is properly
dimensioned. However, if a system is designed at the voltage limit of the inverter
it is possible to quantify the losses as a function of the PV generator size easily.

Optimum tilt angle
We have started the discussion about grid-connected PV with the data set
measured in Oldenburg at a tilt angle of 70 degrees towards south. This is far
from the optimum regarding annual electricity production.
Exercise 7.4
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Calculate the optimum tilt angle for this location in Germany (latitude 53.133
degrees north, longitude 8.217 degrees east, time zone 23).
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Solution

We need to read the global and diffuse horizontal radiation data from
meteo82.dat (and meteo83.dat for comparison). The Fortran format string to
read these data is (8X,2F5.0,46X). We assume that the maximum lies between
25 and 45 degrees. So, we let a DO block vary the tilt angle in this range in steps
of one degree. The rest should be clear.

The routing is a bit fancy. The macro in the upper right corner contains blocks for
some output, i. e. this graph:

and this table:
25.000
26.000
27.000
28.000
29.000
30.000
31.000
32.000
33.000

1118.070
1121.154
1123.917
1126.400
1128.609
1130.576
1132.248
1133.634
1134.796

1098.687
1102.355
1105.800
1108.936
1111.791
1114.401
1116.796
1118.946
1120.762
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34.000
35.000
36.000
37.000
38.000
39.000
40.000
41.000
42.000
43.000
44.000
45.000

1135.715
1136.364
1136.786
1137.013
1136.959
1136.681
1135.881
1134.784
1133.391
1131.705
1129.727
1127.454

1122.342
1123.676
1124.862
1125.833
1126.593
1127.062
1127.030
1126.710
1126.105
1125.215
1124.042
1122.584

This is the macro:

The result for the optimum tilt angle is 37◦ with 1137 kWh/m2 and 39◦ with
1127 kWh/m2 , respectively. It can be observed that the maxima are rather flat,
i. e. there are only about four kilowatt hours less in a range of ±5◦ , which
corresponds to approximately 0.35 % less energy yield.
If you have studied Module 6 on solar radiation, you are now ready to simulate
the performance of grid-connected PV generators “from scratch,” i. e. without the
necessity of measured data time series in hourly resolution. The only requirement
is monthly means of radiation and temperature data, which are available for all
locations worldwide – in the inselWeather data base, for instance.
Exercise 7.5

In the previous example we have seen the optimum tilt angle for a PV generator
in Oldenburg is about 38 degrees. Calculate the annual AC energy yield for the
generator which we had used several times in this module, i. e. 20 SunGlobe
A 165 P modules and a Sunny Boy 3000 inverter from SMA.

Two hints

Since we have constructed all parts which are necessary to solve this task several
times already, you may wish to start from the example nurnberg.vseit in the
examples\electricity\griConnectedPV directory.
When you use the inselWeather browser you will find that the location Oldenburg
itself is not available. Aurich is quite close to Oldenburg.

Solution

Tutorial

Only a few things need to be modified when you start from nurnberg.vseit.
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Radiation and temperature data: Change the location of the inselWeather browser
from Nurnberg to Aurich. Since the latitude, longitude and time zone parameters
are required three times by the blocks GOH, GENGT, and GH2GT, we have used
three global constants from the Mathematics – Constants category to define
Latitude, Longitude and TimeZone and set the values to the data displayed by the
inselWeather browser – remember that eastern longitudes require a minus sign.
PV generator settings: Browse to the SunGlobe A 165 P module and set the
number of modules in series and in parallel in the PVI block’s Simulation pane.
Inverter: Browse to the SMA Sunny Boy 3000 inverter.
Energy cumulation: We can use the macro from page 130.

The result is a total AC energy yield of 3451 kWh or 1046 kWh/kWp. Compared
to the values 2868 kWh or 869 kWh/kWp that we had calculated for the 70
degrees tilt angle case, this is a gain of twenty per cent.
Plenty of ink, not
much information

The last graph, which displayed the hourly time series of DC and AC energy
production of a PV generator near Oldenburg, Germany, wastes a lot of green ink.
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Due to the nearly twenty thousand data points (two times 8760 hours of the year
1982) it is even hard to distinguish between the DC and the AC data.
Exercise 7.6
Solution

Replot the graph with the daily DC and AC power peaks only.
A MAXXP block with p = 24 does the job.

Another option to plot a large amount of data is a carpet plot, as implemented in
block PLOTPMC:

Tutorial

136

7.6 Stand-alone PV systems
Explain and mprove appearance.

7.3

Parameter identification methods for PV modules

7.4

Module mismatch and shading problems

7.5

Thin-film modules

7.6

Stand-alone PV systems
Einleitung überarbeiten. In the concrete application in Oldenburg there is a PV
installation with a tilt angle of 70 degrees towards south. The reason behind this
tilt angle is that the building at the University of Oldenburg (the so-called
Energielabor) used to be an autonomous system at the time. In this case, the
optimum tilt angle is not defined through maximum energy output but through
the storage system, a lead-acid battery in this case. The goal is to minimise the
time when the battery is empty.
Let us have a closer look at the simulation methods required to calculate the
performance of systems, which have no grid access. Readers not interested in
stand-alone PV systems can proceed to the next section starting on page ??,
although some of the topics presented may be of interest nevertheless. The most
typical autonomous PV system consists of a PV generator, usually directly
coupled to a battery via a battery charge regulator and several loads, of course.
The following sketch depicts the usual circuit.
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As can be seen, the components PV generator, battery charge regulator, battery
and load are connected in parallel and therefore – according to Kirchhoff’s rules
and neglecting cable losses and the blocking diode – must share the same voltage,
or, in other words, the sum of all currents must be zero at all times. This forms
the basic idea of the INSEL simulation model of stand-alone PV-battery systems.
We will look at the components one by one, let’s begin with the battery.
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7.6.1

Batteries in INSEL
The beginning of such a section is usually something like: Batteries are
electrochemical devices which can be charged and discharged. They work as
follows. . . We would like to suggest a different approach.

Hyman model

In INSEL there is a simulation model for batteries, the so-called Hyman model. It
is implemented in two blocks named BTI and BTV and allows for the calculation
of battery current and battery voltage, respectively. This is the BTI entity editor:

A short look into the block reference – via a click on the Help button – shows that
the block requires two inputs, i. e. voltage and time – the latter as always in
INSEL as increasing time measured in seconds – and an optional input which
depends on the block’s capacity mode. The outputs are the battery current I and
the actual battery capacity Q. The third output is the charge efficiency η which
has a meaningful value only in case of charging, of course. We come back to the
other capacity mode shortly.
The performance of the block depends on the actual values of its parameters, 19
in this case. You can see that two times five parameters have to be known, one set
for the charging case and one set for the discharge case. For instance, the open
circuit voltage parameter is of order 2 V, which is a very typical value for a single
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lead-acid battery cell. At some later stage, you may want to know how the values
can be calculated for a real battery which is not part of the – so far tiny – battery
parameter data in INSEL. For the time being just accept that the displayed values
have been determined for a VARTA block battery Vb 624 with a nominal capacity
of 100 Ah.
Please observe that the nominal capacity is just one parameter in the general BTI
block and can be adapted freely, as can the initial capacity value. The block can
be used to simulate series and parallel connections of individual cells, which lead
to a multiplication of the cell voltage in the series case and a multiplication of the
current in case of parallel connections. From a numerical point of view there is no
problem in sight. However, in reality connecting batteries in parallel must be
treated with care, since defects in one or more cells can lead to unwanted
discharging of the complete battery bank – but that is a different story.
Three parameters are connected with the name Wood to be used with Wood’s
charge efficiency model. Some further details to Wood’s model can be found in the
block reference manual. The same applies to the self-discharge parameter which
ends our short excursion to the BTI block’s parameter set.
Now let us play a bit with our new toy to see and understand in more detail how
it functions and where the traps and dangers are – and there are quite some.
I-V curve

Exercise 7.7

How does the I-V characteristic of our battery look like if it is fully charged
(capacity 100 Ah) or fully discharged (capacity 0 Ah)? In order to answer these
two questions the Capacity input 3 mode is useful because it allows us (similar to
the PV module temperature case) to define a value for the actual battery capacity.
Concerning the voltage range, it is useful to know that a single lead acid battery
cell should never be discharged under 1.8 V and battery gassing starts at 2.4 V
per cell. Now you!

Solution

Okay, our solution is a bit quick-and-dirty, but it does all we wanted. Did you
remember to multiply the voltage range by the number of cells in series? Here
comes the graph as it was meant.
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Sign convention

The first observation is that positive and negative current values occur. The
convention is that for charging positive values and for discharging negative current
values are used.

Empty or not?

Second, an empty Vb 624 battery (green curve) can be charged at a maximum
current of about 40 A within the recommended voltage range. On the other hand,
it can be further discharged at a current of 15 A. How can this be? Is the battery
not empty when the capacity is 0 Ah? In fact, it is not and the reason for this is
the somewhat strange definition of the actual capacity which can even take
negative values down to −60 Ah in case of the Vb 624.
The electrochemical background for this behavior is provided by the so-called
Peukert law, which describes how the amount of charge which can be taken from a
battery depends on the magnitude of the discharge current. Since this module is
not meant as a lecture on electrochemistry we skip any further discussion of this
topic, except two remarks.

Two remarks

The first (not too serious) is that you should take negative capacities as an
example from real life to the joke about the empty room (Mathematicians like the
guy who wrote this module, have a strange kind of humor – so say some): If two
people move into an empty room and three come out, one guy has to enter it
later, so that the room will be empty again.
The second (more relevant) is that, as a general rule, batteries should never be
discharged by more than about 70 % (some say 60, others 80 %) of its nominal
capacity. That means, we will construct our simulation models in such a way that
negative capacities do not occur – if possible.

Fully charged case
Tutorial

Coming back to the resulting graph: We can see that the fully charged battery
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(green curve) still accepts small charging currents according to the Hyman model,
which would lead to capacity values higher than nominal capacity. In the BTI and
BTV blocks this is suppressed since the Wood model assumes that for a battery at
100 per cent of its nominal capacity the charge efficiency is down to zero.
The last observation from this example is that a fully charged battery can
obviously be discharged by a bit less than 80 A, which means that nearly 80 per
cent of its capacity can be discharged within one hour. This statement is true
only, if we neglect that during this hour the capacity will change continuously.
Discharging batteries
Nominal capacity

But this remark leads us to the definition of the nominal capacity of a battery. It
is defined as the amount of charge, measured in ampere hours, which can be
extracted from a fully charged battery with a nominal current In so that after a
nominal time tn a nominal final discharge voltage Vd,n is reached – it is not a
trivial experiment in real life to determine the nominal capacity of a real battery.
The “usual” definition of the nominal time is tn = 10 hours, the most common
definition of the final discharge voltage is Vd,n = 1.85 V per cell. Hence, a fully
charged 100 Ah battery would be empty after 10 hours, if continuously discharged
at 10 amps.

Exercise 7.8

Let us do the experiment in INSEL. It is common practice to plot the time axis on
a logarithmic scale in such applications.

Solution

The INSEL model is straight forward, maybe except the detail that we have
started “recording” time after 6 minutes (360 seconds) rather than confusing the
LOG10 block by having to deal with log 0.
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Our result presents a final discharge voltage slightly higher than 1.85 V – we have
already talked about error tolerances in simulation models several times.
Serious business?

Exercise 7.9

Some battery manufacturers use a nominal time of 100 h for the determination of
the nominal capacity of their batteries. Consequently, the nominal discharge
current for a 100 Ah battery goes down to 1 A. It follows from the previous
discussion that the battery voltage at the end will be higher than 1.85 V after
100 hours of discharging. What does this mean?
Repeat the discharge experiment and use a discharge current of one ampere
instead of ten.

Solution

In this case, we have changed the time step to 0.1 hours (instead of 360 seconds)
and used a GAIN block for the simulation time in seconds as required by the BTV
block.
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The result is that after 100 hours the voltage is down to 1.95 V (remember
log 100 = 2) and it is possible to further discharge the battery for another
50 hours before the final discharge voltage limit of 1.85 V is reached.
Nominally, yes, but a real battery would be dead after such a deep discharge.
We believe that plenty of batteries in stand-alone systems with charge regulators
based only on voltage measurements had a poor lifetime, because small discharge
currents have lead to deep discharges of the batteries.
Charging batteries with PV modules
When we want to charge a battery with a PV module or a PV generator, it must
be assured that the voltage levels of both battery and PV fit together. For
instance, the module which we have used earlier – the SunGlobe A 165 P – has an
open-circuit voltage of 43.2 V with its MPP at 34.4 V. Hence, an ideal battery for
this module would have a nominal voltage of approximately 34 V, which can
simply be reached by connecting 17 cells in series (numerically easy, in practice
not always possible to find on the market).
Exercise 7.10

Solution

How do the I-V curves of such a battery (empty, i. e. capacity 0 Ah and/or full
i. e. capacity 100 Ah) and one SunGlobe module under standard test conditions
(1000 W/m2 , 25 ◦ C, AM 1.5) look like? Plot it!
This is what we did to demonstrate the idea:
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We used an empty and a fully charged battery with identical parameters and
suppressed unwanted data via a small macro. This is the result:

and this is the macro which simply restricts the battery current values to the
interval between zero and six ampere.

In conclusion, the battery will be charged in a voltage range approximately
between 35 and 40 V with currents in the range up to 5 A. This means that in one
hour approximately 200 Wh can be charged into the battery. Since the battery
has a nominal capacity of 100 Ah and a nominal voltage of 17 × 2 = 34 V the
nominal energy content of the fully charged battery is 3.4 kWh. This means that
it will take approximately 3.4/0.2 = 17 h to charge the battery with one module
illuminated under STC.
The numerical problem to solve is to find the intersection between the two actual
Tutorial
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I-V curves of the PV module and the battery. Thereby, in each time step the
battery capacity will increase as a function of the irradiance.
Exercise 7.11

For a first experiment assume that we have the PV module in a laboratory under
a solar simulator which radiates 1000 W/m2 constantly and charges our empty
battery, connected in parallel to the PV module. Assume that the module
temperature is kept constant at 25 degrees Celsius. In Module 5 the NULL block
has been introduced. Can you use it for the battery charge experiment?

Solution

We have set the parameters of the DO block to 1, 30, 0.1 to run through 30 hours.
The conversion to the second signal required by the BTI block is done by a GAIN
block with parameter 3600.
The example demonstrates the idea that the PV current and the battery current
must be equal, or their difference must be zero. This is exactly what the NULL
block does, it iterates the output signal, ergo the voltage, in the range specified by
its parameters (we have chosen 0 to 50 with a tolerance of 0.001) so that its input
becomes zero (or null, in German).
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In addition, we have plotted the charge efficiency in per cent. As can be seen from
the graph the efficiency is constant in a wide range according to Wood’s model,
and therefore the increase in capacity is linear. Only when the battery reaches its
nominal capacity, the efficiency goes down rapidly, and drops to zero, when the
battery is full.
The next graph shows, how the module output power changes with time.

The module power decreases with time, not down to zero but it stays at a value
slightly less than 110 W. This means that we simulate this power as charging the
battery, but dissipate the energy in the battery in a gassing process.
Another interesting quantity to observe is the battery voltage.
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The green and the blue constant lines show the recommended lower (1.85 times
17) and upper (2.4 times 17) voltage limits. In our experiment the voltage is
always within these limits, which is good for the battery.
Deep discharging

Let us come back to the discharge process and use a former model again for a
small experiment. What happens if we try to discharge the battery longer?

For two hundred hours with one ampere trying to extract 200 Ah out of our
100 Ah battery, for instance.
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The model in the BTI block lets the capacity go down to minus 60 Ah and then
keeps the capacity constant – the level of this value is one of the Hyman
parameters, by the way. So, the numerical model is stable, whatever nonsense is
done to it.
Unfortunately, real batteries do not have the same behavior, they just flush off.
This is the reason why some electronic guys come in and construct controllers like
battery charge regulators which try to avoid unregular operations of batteries in
real life.
In INSEL there is a block which simulates a battery charge regulator with fixed
voltage limits – we have mentioned already that this is not the optimal solution
for a BCR in real life. The block, named BCR, is basically a NULL block with
additional restrictions. It delivers an indicator, when the load should be switched
off in order to avoid deep dischgarge of the battery and it returns a value how
much energy is lost in case of gassing.
Have a closer look at the construct (don’t worry, we are not going to speak about
The Matrix).
The BCR block
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∆I
?
BCR
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p1 . . . p7
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SLd Pdump

The BCR entity comes with a careful default parameter set for a 2 V cell.

Since BCR is similar to the NULL block it should be clear that it is an L-block
and requires a corresponding TOL. Like the NULL block it iterates its output
signal Vop in such a way that the input ∆I becomes zero, plus minus the value of
parameter Current tolerance.
In case this cannot be accomplished within the limits specified by the parameters
it suggests to switch off the load by setting SLd = 0 or calculates the amount of
power Pdump which would better have been dumped before it leads to gassing
inside the battery.
When the load should be switched off it is not wanted that the load is switched on
again immediately but that the battery is given some time to recover. Therefore,
there is a hysteresis before the load switch is set to one again, defined through the
parameter Voltage limit load switch on. The dump voltage parameter defines the
maximum allowed operation voltage for the battery. The other parameters are not
so important for the time being. Of course, the maximum number of allowed
iterations should be greater than zero.
Now let us rebuild the former example where the battery was discharged
constantly with 1 A, but now controlled by a BCR in order to avoid deep
discharge.
This is a first attempt to solve the problem.
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We have changed the default parameter set of the BCR block to 1.85 V for the
switch-off voltage, and 1.9 V for the switch-on voltage.
Instead of the connection of a constant one ampere discharge current we are now
looking for the correct operating voltage of the battery coupled with a load which
constantly tries to discharge one ampere from the battery. Since the battery
discharge current is negative by convention, we have used a positive value for the
discharge current of one ampere instead of using −1 A and a CHS block.
The somehow frustrating result is not much different from our previous example.

A small difference occurs only at the end of the discharge process when we reach
the −60 Ah capacity. The reason for the difference is that – in contrast to the
previous application – we now contol the lower voltage limit and have restricted it
to 1.85 V, demonstrated by the next graph.
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However, the battery is still deep discharged in the model. Did you already find
out, why? Yes, the reason is that we have calculated that we should switch off the
load, but we have not done it although the BCR block informed us that it would
be wise to do so (by setting the second output of the BCR and TOL blocks to
zero). Hence, we should multiply this information into the current balance before
the BCR decides how to handle the situation.

But, what a frustration! The result again remains nearly unchanged.
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The simple reason is that very small discharge currents can lead to deep
discharging of batteries, if only controlled by the battery voltage. In consequence,
this means that a switch-off voltage of 1.85 V is too high. So, what about a 2 V
minimum?

Now everything seems fine. The battery is not discharged below 80 % of its
nominal capacity. But what a birth! The nearness of reality – nothing is simple.
But now we are – almost – prepared for a realistic simulation of a stand-alone PV
system.
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7.6.2

Implementation of load profiles
The main influence on the performance of any stand-alone PV system is how users
of the system use the system. Huge efforts are done world-wide to find out, how
the energy requirements of users or customers are.
In this part of the Tutorial we will discuss some of the basic techniques how load
profiles can be implemented in INSEL. Of course, these profiles depend extremely
on the location. For a small case study, let’s assume we want to design a PV
system for a – let’s say – community somewhere near the equator. They have a lot
of available solar irradiance during the day, that’s for sure. And they have some
basic load during the day for equipment like computers and stuff and definitely
some consumers like lighting in the evening hours – this is where the batteries
come in at latest.

Exercise 7.12

Let’s assume the following electricity demand profile: a basic load of 10 kW, a
morning peak of 50 kW between 6 and 9 o’clock, a noon peak of 30 kW between
12 and 14 o’clock, and an evening peak of 100 kW between 18 and 23 o’clock. At
the weekend – say Saturdays and Sundays – we give half the people off to stay on
the beach or anywhere. This means, we divide the peaks by two but leave the basic
load unchanged. We compensate this with no vacations in the course of the year.
The block diagram is not complicated, but maybe you try it on your own before
you carry on reading.

Solution

Let us start with one of the peak loads – which are candidates for macros. For
example, the morning peak macro

delivers the desired result, i. e. 50 kW from six to nine, else zero.
The trick with the weekend case should also be clear now: create disjoint cases, like
day of the week less than six and day of the week greater or equal six, handle both
cases as required and sum up the results. This is a very old block diagram idea.
The complete block diagram is this:
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As you have certainly noticed, our load profile definition was independent of the
calendar week, so that it can be described as a function of weekday and time
without further complications. But it should be clear how the principle idea can
be extended to vacation periods and whatsoever exceptions – just more work, or
Gschäft, like the Swabians say.
We used the first week from January 01, 2007, since it practically started with a
Monday. We ended up with this graph:

It is easy to find that the mean load is 35.4 kW via an AVE block, for instance.
This corresponds to an average daily energy demand of 849 kWh.
In order to design a stand-alone system properly it is necessary to dimension the
PV generator and the battery. From the user’s point of view both components
should be as large as possible since this implies the highest usability. But when
economic aspects come in it is clear that reasonable sizes of the components are
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required. Hence, a compromise between user comfort and costs should be found. It
is clear, how costs can be quantified but how can user comfort in a stand-alone
PV system be measured?
7.6.3

System sizing
Loss of load
probability

One way to quantify the performance of a stand-alone PV system makes use of
the loss of load probability LOLP. Two different definitions of this parameter exist,
one in terms of time intervals
P
∆t
T
lolp = Plol
T ∆t
where the sum in the numerator is taken over all time steps when the load cannot
be satisfied and the sum in the denominator is taken over all time steps.
The other definition uses the energy relation
P
PL ∆t
T
lolp = Plol
T PL ∆t
where PL denotes the required load power during the particular time step.
The complementary value of the loss of load probability is the load coverage,
defined as
lc = 1 − lolp
The LOLP can obviously only be calculated through a simulation model.
Let us briefly discuss reasonable starting values for the sizes of PV generator and
battery in a stand-alone system.

Battery sizing

Battery sizes are sometimes measured in days during which the load can be fully
covered by the battery alone. In our case, a 1-day battery would have a nominal
energy content of approximately 850 kWh. As a rule of thumb, a battery size of
about 1.5 days is a reasonable starting point. Hence, in our case the battery size
should be approximately 1200 kWh.
The next thing to decide is the voltage level at which the system shall be
operated. Sine we are trying to design a rather large stand-alone system, let us fix
the DC voltage to approximately 240 volt. For simplicity, let us assume that we
can upgrade our Vb 624 battery to arbitrary dimensions. One cell has a nominal
voltage of 2 V, which implies that we have to connect 120 cells in series. This
means that one such block has an energy content of 240 V × 100 Ah or 24 kWh so
that 50 of these blocks are required in parallel.
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PV sizing

The question of the PV generator size cannot be answered without fixing a
location first. It was already mentioned that we have something close to the
equator in mind, why not Jakarta in Indonesia. From the inselWeather data base
we find that Jakarta is located 6.18 degrees south at a longitude of 106.83 degrees
east (i. e. -106.83 degrees in INSEL). The time zone is 17. The annual average
global radiation on a horizontal plane is 236 W/m2 . Assuming a PV module
efficiency of about 15 per cent we will get approximately
236 × 0.15 × 24 = 850 watt hours electricity per square meter and day.
If we further assume that the PV generator should be able to charge the complete
battery within one day a PV area of 1200/0.85 ≈ 1400 m2 is required. When we
decide to use the SunGlobe module from the beginning of this Tutorial’s Module
with a module area of about 1.3 m2 that gives us round about 1000 modules, or a
generator with a peak power of 165 kW.
In a first step, let us assume that all previously defined loads are DC loads,
directly coupled to PV generator and battery as depicted in the electric circuit
diagram on page 136, neglecting cable losses and blocking diode.
You are now ready to simulate the defined stand-alone system over one year and
calculate the two LOLPs with respect to time and energy.

Exercise 7.13

The first step is to provide meteorological data for Jakarta, i. e. global radiation
horizontal and ambient temperature. This procedure has been shown in Section 6.2
for the radiation data. What is new is the generation of temperature data.

Solution

The only difficulty might be the question how to access the inputs for the annual
mean ambient temperature, annual temperature amplitude etc. These required
values are provided by the MTM block. Since they are not default outputs of the
MTM entity they must be added manually by modifying the number of block
outputs in the MTM block’s entity editor.
This example is a good opportunity to use a carpet plot for the representation of
the annual time series.
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A very smooth annual distribution of the radiation data can be observed –
excellent conditions for stand-alone systems with high load coverage.
Exercise 7.14

In the second step we try to check, whether our battery definition really fits the
load requirements.

Solution

We have done most of the modeling work earlier in this module. So, we opened
the model with the load profile prof00.vseit, saved it as jakarta2.vseit,
opened the bcr2.vseit model, selected all the relevant objects, copied them to
the clipboard, opened the jakarta2.vseit file and pasted the battery staff.
A few further modifications let us test the discharge behavior of the battery under
our load profile and leads to this block diagram:

jakarta2.vseit

From the earlier discussion of the bcr02.vseit model we have learnt that
reasonable values for the BCR are 2 V for the switch-off voltage, 2.1 V for the
switch-on voltage and 2.4 V for the dump voltage. Since we want to use 120 cells
in series and 50 cells in parallel, all voltage values have to be multiplied by 120.
But what about the nominal and initial capacity? The parameters are valid for
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one cell of the lead-acid battery, so they are independent of the size defined
through the parameters for series and parallel connections. Hence, we start with a
full battery by setting the initial value of the capacity to 100 Ah.
Please recall the sign convention for the load as discussed earlier. When
everything is fine, a two day simulation gives this graph:

We see that only 50 per cent of the battery capacity (in total 5000 Ah, since we
have connected 50 cells in parallel) are used before the load is disconnected.
Maybe later we can reduce the switch-off voltage a little but for the time being 50
per cent is just right.
Before we look at the charging process let us briefly check to voltage levels.
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The discharge voltage varies between 250 and 240 volts. Please observe the voltage
increase to 245 V after the load is disconnected.
The next question is, how to connect the PV generator? The nominal voltage of
one module is 34.4 V. Since we expect the battery to be charged somewhere
between 250 V and 288 V a number of 260/34.4 ≈ 7.6, seven or eight modules
should be connected in series. Let’s try seven first. Since we have planned to use
1000 modules we need 1000/7 ≈ 142 modules in parallel, make it 150.
jakarta3.vseit

Let us charge an empty battery under standard test conditions. We did a similar
experiment on page 144 already using a NULL block. Now we use a BCR.

Please observe again the sign convention: The PV generator delivers a positive
current and since the battery is charged and the charge current is also positive by
definition, the battery current contributes negative to the BCR balance. In other
words, the battery is considered as a load.
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In fact, after 12 hours the battery is completely full. Observing the voltage again,
shows that the charge voltage increases from 255 V and is limited by the BCR to
a value of 288 V.

jakarta4.vseit
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Now we put everything together and run a one year simulation. It should be no
problem to construct the block diagram.
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We were careful and started the simulation for January with a fully charged
battery and observed the battery capacity.

Does your result look like this? Then you are probably happy with the system
layout. But you have forgotten – like we did at first – that now under real
operating conditions the temperature mode of the PVI block should be set to
NOCT mode rather than assuming that the module temperature is given by input
number three.
The result for January should be this:

Tutorial

7.6.3 System sizing

It is amazing how big the impact of the module temperature is. Our generator is
not able to fully charge the battery at all.
When you remember how we have dimensioned the PV generator we considered
the nominal conditions of the PV modules. In reality the module temperature is
usually much higher than 25◦ C, and therefore, the voltage much lower. Let’s try
to compensate this effect by enlarging the number of modules in series from seven
to eight and plot the graph again.

Everything seems fine. Now the same for the whole year.
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Nice.
Exercise 7.15
Solution

Let’s calculate the LOLP. The solution is easy. Try it for yourself first.
This is the macro we used for the calculation of the loss of load probability in
terms of time and energy:

Obviously, we should use a CUM block for the different integrations. Cumulating
a constant value of one in each time step gives us the total number of time steps,
which we divide into the total number of time steps in which the load switch
(2nd output of the BCR block) is equal to zero – or its logical inverse is equal to
one, calculated by the INV block. A GAIN block with a factor of 100 gives us the
LOLP with respect to time in per cent.
The second input of the macro is connected to the total load in kW, multiplied
with the number of time steps when the load is off. The SCREEN block outputs
LOLP = 33.05 %(t) = 29.81 %(E)

if the format parameter is set to
’’LOLP = ’’,F5.2,’’ %(t) = ’’,F5.2,’’ %(E)’’
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This means that we have a load coverage of approximately 70 %. Now you may
want to modify the sizes of the PV generator and/or the battery. For instance,
increasing the size of the PV by 20 % (180 modules in parallel instead of 150)
gives us
LOLP = 31.99 %(t) = 27.91 %(E)

which is not much of a gain. Going back to 150 modules in parallel and increasing
the battery capacity by 20 % (60 cells in parallel instead of 50) has a much higher
impact and we find
LOLP =

9.58 %(t) =

9.82 %(E)

Please observe that a modification of the sizes has an immediate influence on the
system’s operating voltage due to the slanted I-V characteristic of the battery.
Changing parallel connections is relatively harmless in this respect.
A modification of the number of either PV or battery cells in series implies that
the settings of the BCR must be adapted. Otherwise the operation points may no
longer be reasonable.
7.6.4

System studies
Now that we have a working simulation model of a stand-alone PV system let us
do a few investigations into the system behavior, because it is very easy to access
all variables of interest. We try to answer the question, whether the electric
performance of the system is reasonable or not.
For our analysis we start from the example jakarta4.vseit and save is as
detail1.vseit before we make any modifications. For the system sizes we choose
150 PV modules in parallel, 8 in series, and 50 battery cells in parallel although –
from the LOLP point of view one would probably choose something like 60
batteries in parallel since this brings down the LOLP from 30 to 10 per cent.
The first thing to look at is the system operating voltage. Just connect the voltage
output of the BCR to the PLOT block and see what happens in January.
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We can observe that the battery uses the full voltage range which we have
specified in the BCR and that we reach both limits from time to time. Another
thing we can see immediately is that when the battery reaches the lower voltage
limit of 240 V switching off the load results in an immediate increase of the
battery voltage and it remains at open-circuit voltage until the battery is charged
again by the PV generator.
Look at the first of January, for instance, and plot battery capacity and voltage,
charge/discharge current of the battery and output power of the PV generator
before the BCR.
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In order to have all curves in one reasonable plot, we have downsized the capacity
(blue curve) by a factor 10, plotted the PV power in kW (brown curve). The green
curve shows the system voltage, the red curve is the battery charge/discharge
current. Please observe, how the BCR limits the charge current even before the
battery is fully charged.
Feel free to do more investigations into the model on your own.
Exercise 7.16

Our last example will check how much energy is lost due to the fact that we
operate the PV generator coupled directly to the battery rather than in its MPP.
Plot the PV power against the MPP power and see how much energy we loose.

Solution

It is assumed that you know by now how to come to this graph. If you have any
problem with the block diagram, peep into detail2.vseit and check Section 3.3,
page 65.
The figures are 303 MWh compared to 364 MWh, hence we loose approximately
20 per cent. But please notice that not all the MPP power could be used by the
system due to the limited battery capacity.
Hint

Maybe one hint is useful: The PVI block calculates the PV current only as a
function of the battery voltage. It does not care, how much of this PV power can
actually be stored in the battery. If you want to evaluate this fraction you must
balance the PVI block with the Pdump output of the BCR block. We will not go
into the details here because this Tutorial (un)fortunately (depending on the point
of view) cannot be endless.
We will close the section about stand-alone systems with a first look at how
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parameter variations can be implemented in INSEL models. In Modules 9 and ??
we will come back to the topic more systematically.
7.6.5

Parameter variations
In INSEL we distinguish very scrupulous between block inputs and block
parameters. Inputs are considered to change practically in each time step while
block parameters are usually constant during a whole simulation run. Therefore, it
is not trivial to modify block parameters during a simulation run. Nevertheless, in
some cases tricks and workarounds enable parameter variations.
Looking at the PVI block and its two-diode-model equation shows that very large
and very small numbers like Boltzmann constant or electronic charge and
comparatively large numbers like temperature in kelvin have to be evaluated in
exponential functions. This is numerically very sensitive and one reason, why
INSEL evaluates the two-diode-model equation in current densities rather than
current.
Single cell
simulation

In fact, the PV generator dimensions as defined through the PVI block’s
parameter settings are internally reduced to a single cell. Then the equations are
evaluated and finally the cell voltage is simply multiplied by the total number of
cells in series and the cell current by the total number of cells in parallel. This
means that there is absolutely no difference in the calculation of a PV generator
with 150 modules in parallel and the calculation of a PV generator with only one
module in parallel and the current multiplied by 150, for instance. The same
argument holds for the number of cells in series of the BTI block.
This macro demonstrates the idea:

In consequence, when we want to make a parameter study with variable PV and
battery dimensions, we may set the corresponding parameters to one in the PVI
and BTI blocks, use two DO blocks for the respective values and multiply their
outputs into the currents.
Exercise 7.17

Vary the battery size between approximately one and three days, i. e. in our
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example between 50 and 150 batteries in parallel. Start from jakarta5.vseit,
make the modifications and save the model as jakarta6.vseit, for example.
Solution

The result looks reasonable.
For freaks!

Solution

What, if we would like to vary the PV size in the same diagram? Only a new DO
block is required to vary the number of PV modules in parallel, let’s say from 100
to 150 in steps of ten.
We have to modify the loss-of-load-probability macro a little bit.

The output is a bit frustrating, however.
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Well, although we used a parametric plot block with the number of PV modules
from the DO block as curve parameter this is not really the solution. Can you find
out what happened?
We can approach the problem from two sides. The Gnuplot view or the INSEL
view. Let’s start with the Gnuplot view.
insel.gpl

As you have learnt earlier, the PLOTP block writes its data by default to
insel.gpl in the hidden application data directory. These are the first records:
0.5000000E+02
0.6000000E+02
0.7000000E+02
0.8000000E+02
0.9000000E+02
0.1000000E+03
0.1100000E+03
0.1200000E+03
0.1300000E+03
0.1400000E+03

0.3785388E+02
0.3584475E+02
0.3603881E+02
0.3517123E+02
0.3469178E+02
0.2929224E+02
0.2708904E+02
0.2800228E+02
0.2860731E+02
0.2885845E+02

0.3982829E+02
0.3658619E+02
0.3515315E+02
0.3341349E+02
0.3236130E+02
0.2980828E+02
0.2853823E+02
0.2841235E+02
0.2802343E+02
0.2775716E+02

0.1500000E+03
0.5000000E+02
0.6000000E+02

0.2875571E+02
0.3592466E+02
0.2985160E+02

0.2746183E+02
0.3582610E+02
0.2989381E+02

You must know that Gnuplot plots a new line every time it finds an empty record
in the data files. Now it becomes obvious, what the problem is: The blank line
comes too early. A down-to-earth approach would be to use a text editor and
move all the wrong blank lines one down. You could then use the interactive
Gnuplot window, type in load ’insel.gnu and get the pretty printed graph.
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Model structure

If you wish to understand what happens in INSEL take a look at the principal
structure of the block diagram.

Three Timer blocks and one If block control the PLOTP block. Since the PLOTP
block is a successor of the CUMC block the PLOTP block is called only when the
CUMC block decides to let its successors be executed. Hence, what does the
CUMC block see on its condition input? As long as the battery capacity values
are equal to 10 the CUMC block continues cumulating its inputs.
The first time the number of battery cells in parallel is not equal to ten but
twenty, the CUMC block calculates the outputs and the PLOTP block is called.
Please observe again what we have seen in Module 11.4 already, that the CUMC
outputs a value of 10 rather than its input 20 because the CUMC block delays
this value (which is very practical).
It should be clear how the calls of the PLOTP block continue for 20, 30 battery
cells in parallel and so forth. What if this parameter reaches 150? Again the
CUMC block cumulates its inputs. When does it stop?
The answer is, when the condition input changes its value back to 50. How can
this happen? Only when the DO block for the battery block is reseted by the DO
block for the PV size variation. What is the PV size in this case? 110 modules
rather than 100. So? The PLOTP block is called with the condition 110 modules
in parallel and starts a new line – too early from a logical point of view – but for
human logics only, not the logics of the block diagram.
Is there no way out then? What about delaying the PV size parameter with a
DELAY block (initialized by zero – or 100 which leads to a similar result)?
Unfortunately, we get the same plot as before. Why? Let’s look at the calculation
list via the File – Show calculation list menu.
Not what we
wanted
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Block
Group
Jump
----------------------------------17
CONST
C
1
...
30
CONST
C
1
57
DO
T
1
58
DO
T
47
56
CLOCK
T
-1
14
HOY
S
1
9
GAIN
S
1
...
15
MTM
S
1

--!
1
2
3
25
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60
35
52

GENGT
TOL
DIV

S
-L
S

1
1
1

26
27
28

13
SUM
S
1
55
BCR
L
-10
65
INV
S
1
45
MUL
S
1
64
CUMC
I
-39
53
DIV
S
1
7
GAIN
S
1
54
DIV
S
1
8
GAIN
S
1
63
SCREEN
S
1
68
PLOTP
S
-45
69
DELAY
D
-48
-----------------------------------

36
37
38
39
40
41
42
43
44
45
46
--!

...

What do we see? Our DELAY block becomes the last block in the calculation list.
But when is it executed? The Jump parameter of the CUMC block points to the
CLOCK block. Once the CLOCK block is finished it returns to the DO block
number 58 due to its Jump value of −1. The DO block changes the number of
batteries from 10 to 20 (at the beginning) and returns control to the CLOCK
block. The next time the CUMC block is called it sees a changed battery
parameter and therefore its successors are executed – down to the PLOTP block
and the PLOTP block returns to the CLOCK block.
When the CLOCK block finishes, it returns to the DO block number 58. When
this DO block is finished – i. e. has reached 150 battery cells – it jumps 47 steps
forward to the DEALAY block which changes its output in return. The successor
of the DELAY block is the DO block 57 which changes the number of PV modules
from 100 to 110.
Hence, when the CUMC block is called the next time it sees 50 cells on the
condition input. The PLOTP block is called – but with 110 modules. Ergo, wrong.
In other words, INSEL has sorted the DELAY block between the outer DO block
and the DO block for the variation of the battery size.
Can we force INSEL to sort it into a different position? Remember, the position of
a block in the calculation list depends on the input signals connected to it. In our
attempt the only input to the DELAY block came from the outer DO block and
therefore the position of the DELAY block in the calculation list is rather logical.
If we want to make the DELAY block depend on the inner DO loop, we must add
a second kind of dummy input to the DELAY block – the output from the inner
DO block, for instance. Please check the modified calculation list.
What we wanted
57
58

DO
DO

T
T

1
-1
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56
14
9

CLOCK
HOY
GAIN

T
S
S

15
60
35
52

MTM
GENGT
TOL
DIV

S
S
-L
S

46 --!
1
1
1
2

...
1
1
1
1

24
25
26
27

...
13
SUM
S
1 35
55
BCR
L
-10 36
65
INV
S
1 37
45
MUL
S
1 38
64
CUMC
I
-39 39
53
DIV
S
1 40
7
GAIN
S
1 41
54
DIV
S
1 42
8
GAIN
S
1 43
63
SCREEN
S
1 44
68
PLOTP
S
-45 45
69
DELAY
D
-47 --!
-----------------------------------

and the result.

Now we may lean back and be happy that this works.

7.7

The hybrid system Energielabor
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