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1. Abstract

The energy demand of today’s society is growing, and the energy amount which is used daily
will continue to rise in the future. To meet the strong demands, on the one hand new
technologies have to be developed, and on the other hand current technologies have to be
improved by lowering the energy consumption itself and increasing the degree of efficiency.
Furthermore it is necessary on environmental grounds, alongside energy reduction, to avoid
and reduce emissions and pollution. Actions need to be established today to meet the
requirements of the future. The degree of efficiency of individual transportation can be
improved by the use of electronics and alternative energies, for example in hybrid and
electrical cars. This supports a sought-after reduction of energy in the transportation sector.
By extending the driving distance which can be taken electrically a possibility is established
to reduce fuel consumption, thus providing a transition away from fossil energy to alternative,
renewable energy. This work concentrates on the opportunity to use solar energy in hybrid
cars.

Institute for Electronics, Graz University of Technology 5
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2. Introduction to the topic

2.1. Costs of the battery

Efforts to increase the efficiency of the electronics in electric cars are centred on the battery.
The battery restricts the possible driving range of the car, and to achieve a better
performance the energy consumption has to be reduced as much as possible. Also, new
sources have to be found which offer the driver more freedom. A greater range which can be
driven electrically leads to more flexibility timewise, because of the longer interval between
connections to the energy grid for recharging the vehicle itself. By the use of electricity,
emissions emitted by fossil fuels can be reduced. It has, however, to be taken into account
that electricity also causes pollution.

Battery capacity is expensive. Depending on the used technology, at the moment an average
price of between €700 to €1000 can be estimated for 1kWh capacity. Current electrical
vehicles can run a distance of about 120km to 200km. According to this, an average distance
can be calculated to be around 140km. Furthermore, average energy consumption can be
estimated at 15 to 20kWh/100km. With these values, a price range for the distance of 140km
is calculated to be between €10,500 and €20,500 (Schoélimann M., Hoff C., Schriek J., 2010;
Kleine Zeitung, 2010; Think, 2010; Helmers, 2009; VIS!ON, 2010, Citroén, 2010, Peugout,
2010)

Consumption and costs

Comparison
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Costs [E]

Figure 1: consumption and costs of the battery

The figure above illustrates clearly that the battery price varies and can lead to an enormous
cost factor for the production of an electric car.
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Factors in primary focus for an electric car are weight, driving range and costs for the vehicle.
There is a strong connection between those different factors. If more driving range is
expected, the battery capacity has to be increased, which leads to a heavier and more
battery. With more weight the average consumption increases, which shortens the expected
driving range. To avoid this counter-effect the only correct option available is to reduce
energy consumption, as well as battery capacity, which ends then in a lower energy
consumption demand, which also has a positive impact back on the possible driving
distance. Solar energy offers a couple of possibilities as an alternative energy resource in
that situation. It has to be evaluated whether the energy output is suitable to power an
electrical vehicle or a hybrid vehicle (Helmers, 2009; Schéllmann M., Hoff C., Schriek J.,
2010).

Moreover, the overall price for an electric car can be reduced. The current situation can be
demonstrated in the following figure.

Costs for the battery

Estimation

B Minimun battery costs
B Additional battery costs

O Rest

Figure 2: costs of the battery in comparison to the total price of the vehicle

The price of the battery can extend in certain cases to half of the total price of the electric
car. The reason why a fast introduction of the electric car is not possible is this fact of the
high purchase costs of the vehicle. There is a discussion about the possibility of batteries not
being sold with the car; in this scenario the batteries could only be rented. This would cut the
costs of the electric car itself by half, as already indicated in the figure above.

The solution in the case of electric cars without batteries would be that batteries are just
recharged at recharging stations, which are comparable to conventional gas stations. With a
common battery mechanism which could be introduced to basically similar vehicles
(Mitsubishi MiEV, Peugeot iOn, Citroén C-Zero), batteries could also be just changed instead
of recharged. To operate a supply chain of this sort, about 2.5 batteries for each vehicle
would be needed. Furthermore it is uncertain who would bear the costs of the batteries. This
could be an energy supplying company or a city.

Institute for Electronics, Graz University of Technology 7
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Figure 3: Citroén Z-Zero and Mitsubishi i-MIiEV (Source: Citroén and Mitsubishi)

In any case, it will be the situation that the costs will be redirected to the customer who is the
driver of the electric car. This means that although the electric car itself is cheaper, the price
for each kilometer driven gets higher. At the moment the lithium-ion battery is the battery
most commonly built into electric vehicles. With future technologies, in combination with
alternative materials and mass production of batteries, there is the chance of price reduction.
The primary goal has to be to reduce the size of the required battery itself, which means less
weight and less energy consumption (Citroén, 2010; Peugout, 2010; Helmers, 2009;
Schoéllmann M., Hoff C., Schriek J., 2010).

Figure 4: Peugeot iOn (Source: Peugét)
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2.2. Solar energy in combination with vehicles

2.2.1. Motivation and background

Solar energy will become an important renewable energy source in future. Growth in the
solar energy sector is exponential. More and more roofs of houses are being covered with
solar panels to make households independent of electricity companies by producing their
own electricity. Some households produce more energy than they able to use. Transportation
requires a big part of society’s total energy demand every day. The question comes up why
renewable energy cannot be used in transportation systems as well. In the case of public
transport, for example railways, such a shift is not difficult to implement. Renewable energy
can be introduced into the power grid, which provides railways with energy. But in the same
way as for the roof of a house, also the roof of a car can be used for renewable energy (Nijs,
2009; Photon, 2010).
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Figure 5: trend of solar cell production worldwide (Source: Photon)
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Figure 6: car with sail

Wind energy is not the most efficient way to use the area on the roof of a car. On average
the roof of a conventional car is approximately one to two square meters in size. Germany is
one of the world’s most popular car manufacturers. In Germany it is possible to produce from
975 up to 1,275kWh solar energy out of an area of one square meter a year. Calculations
can be based on an average value of 1,125kWh for Germany yearly. Even in the cities with
the least illumination, 90% of the average solar energy amount can be gained. This offers the
possibility to produce solar energy in a good way in the whole of Germany. This solar energy
which can be gained is equal to the energy level of 230-310kg of firewood, 180-235kg of
brown coal briquettes, 95-120m? of natural gas or 95-120I of fuel oil. The energy which lies in
fuel oil is equal to the possible energy out of benzene or diesel. This leads to the opportunity
to save the fuel amount used in a car by the use of solar energy. If the energy is produced at
a fixed location, for different kinds of renewable energy resources and an area of one square
meter, the following values can be given for the possible driving distance of an average
conventional car (Nijs, 2009; Photon, 2010; DFS, 2002; Benkler, 2010).

renewable energy possible driving distance
oil seed 1.5km

cooled photovoltaics 979km

wind energy 1,529km

Table 1: possible driving distance (Source: Nijs, 2009; DFS, 2002; Benkler, 2010)
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Figure 7: possible amount of solar energy in Germany (Source: DFS)

2.2.2. Availability of solar modules and prices

For the experimental vehicle, which is a Toyota Prius, mono crystalline solar cells are used.
The price for the solar panel actually integrated into the roof of the Toyota Prius cannot be
used for a comparison based on prices which can be estimated for a series production. This
is the case because the solar panel is a prototype, which is designed to offer the opportunity
to connect and evaluate electronics described in later chapters. To estimate a realistic price
for a solar panel, prices for modules can be used. At first a calculation needs to be made
regarding how much solar energy can be installed on the experimental vehicle. Afterwards
an estimation can be made of how expensive this solar energy will be and which usage it has
over an average expected driving capability of a conventional car.

There is a degree of uncertainty in that prices of energy cannot predicted over several years.
It is the case that the efficiency of solar energy is increasing. As an absolute percentage this
will be about 25% from the year 2010 to the year 2020. For a clear statement, criteria need to
be found which restrict uncertainty. The final result will give a bandwidth for the approximate
costs and usage over a vehicle’s lifetime. The lifetime is estimated at 15 years with an annual
driving distance of 12,000km (Nijs, 2009; Photon, 2010; DFS, 2002; Benkler, 2010; Format,
2010).

Institute for Electronics, Graz University of Technology 11
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2.2.2.1. Used solar cell for the prototype vehicle

For the experimental vehicle, solar cells from the company Blue Chip Energy are used.
These solar cells have a dimension of 156mm by 156mm, and a thickness of 180um (Blue
Chip Energy, 2010).

Figure 8: Blue Chip Energy solar cell (Source: Blue Chip Energy)
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Figure 9: Blue Chip Energy solar cell dimensions (Source: Blue Chip Energy)
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The cells themselves can be sorted into different power classes concerning their degree of
efficiency, output voltage or output current. More information about these parameters is given
in the later chapters.

power class Py, [W] | efficiency min [%] to max [%] | Vimp [V] | Imp [A] | Vo [V] | Isc [A]
4.320 17.95% to 18.20% 0.522 |8.276 | 0.621 | 8.710
4.260 17.70% to 17.95% 0.520 |8.193 | 0.618 | 8.679
4.200 17.44 %to 17.70% 0.519 |8.093 | 0.615 | 8.634
4.140 17.20% to 17.44% 0.515 |8.039 | 0.613 | 8.602
4.080 16.95% to 17.20% 0.510 |8.001 | 0.610 | 8.569
4.020 16.69% to 16.95% 0.506 |7.945 | 0.609 | 8.532
3.961 16.45% to 16.69% 0.505 |7.844 | 0.608 | 8.508
3.931 16.20% to 16.69% 0.503 |7.816 | 0.607 | 8.493
3.901 16.20% to 16.45% 0.501 |7.787 | 0.605 | 8.478

Table 2: different power classes and output parameters (Source: Blue Chip Energy)

The plan is to install 45 solar cells on the roof of the experimental vehicle. With a possible
output power of each cell of about 4W, the installed solar power is 180W.

2.2.2.2. Prices for modules made with different materials

For a price calculation, prices from January 2010 to July 2010 are taken. For January to June
for each month four prices are given, and one price is given for July. There are different price
ranges for the different categories of solar modules. Actual prices show a rising in costs of
about 1.7% up to 5.5%, depending on the solar module category, from the beginning of June
to the beginning of July. Furthermore the difference in prices between solar modules from
Asia with the exception of Japan to Europe and USA declined from 25% to 6.8%. Solar
modules from Japan are at the moment the most expensive ones on the entire market. To
avoid influences from current and short term price instabilities, an average value is calculated
over the prices since the beginning of the year without special consideration of prices.

For a comparison, especially modules made of mono crystalline silicon are interesting. The
average price range calculated from prices from different manufacturers is from €1.42 per
Watt at the beginning of April up to €1.74 per Watt at the end of May. A further average value
can be calculated for that category of solar modules at €1.52 per Watt. For example the
average prices for solar modules made out of multi crystalline silicon are from €1.41 per Watt
at the beginning of April to €1.85 per Watt at the middle of June with an average price for this
category of €1.66 per Watt. For 180W installed solar power on the experimental vehicle a
price of €255.6 can be calculated. In comparison with latest prices the solar module costs
€293.4 but this price value is not suitable for the price estimation. The Toyota Prius roof is a
curved surface, which means that conventional module prices can not be used directly. The
flexible Enecom solar panel mentioned in later chapters which can be used for a possible
implementation already costs €530, which leads to a price of €6.63 per Watt or a price of
€1,192.5 for the solar panel for the Toyota Prius (Photon, 2010; Woéhe, 2008; Enecom,
2009).

Institute for Electronics, Graz University of Technology 13
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2.2.2.3. Impacts of solar panels on vehicles

In light of the above facts, the solar panel for the car will be more expensive than a
conventional one. Furthermore an impact is given by the alignment to the sun of the solar
panel on the roof. Approximately 95% of the nominal maximum output power can be gained.
This value is taken from the mounting of solar panels on flat house roofs. This is the situation
because with the flat mounted roof a perfect taken illumination will not be achieved as it
would be the case if the roof were mounted in an alignment of an angle of 30° facing to the
south. In that case 99% of the nominal maximum output power is possible. If 180W of solar
power are installed on the roof of the vehicle 95% or 171W are used. This value can drop
because of the curved surface of new cars’ roofs. With an alignment to the west or the east
and an angle of 30°, about 87% (156.6W)are possible . If the angle is lowered to 45°, for
example, 83% are possible. The driver of the vehicle has to deal with the fact that different
energy outputs of the solar panel will occur over the whole year with a possible maximum in
August (Nijs, 2009; Photon, 2010).
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Figure 10: sun intensity and possible power, Germany November 2009 (Source: Photon)
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2.3. Smart Grid

The 'Smart Grid' provides the possibility to use the electric cars connected to the power
supply grid as a capacity to establish short term needed energy for the complete power
supply network. Under normal conditions the electric vehicles can be an additional problem
for the current energy amount. With the additional load and requirement a solution needs to
be developed such that the complete power supply network will not be destabilized. To
support the power net a good exchange of energy is needed. Therefore a normal power
supply plug is not suitable. With a voltage of 230V and 16 Ampere only an amount of about
3.7kW can be exchanged between an electrical vehicle and the power grid. This is less in
comparison with what is possible with the 400V and 32 Ampere plug. With this plug 22kW
can be exchanged (Helmers, 2009; Schéllmann M., Hoff C., Schriek J., 2010; European
Commission — Community Research, 2006; U.S. Department of Energy, 2008).
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Figure 12: energy transfer along the smart grid (Source: Schéllmann M., Hoff C., Schriek J.)

Some of the smaller electrical vehicles with a battery capacity for a driving distance of about
100 to 130km with a full battery charge only offer the possibility to charge with the 230V
power plug. This leads to the situation that the less expensive and smaller cars cannot help
with the stabilization of the power net. It is obvious that more electrical vehicles on the road
mean an additional energy demand. Therefore even renewable energy is required.
Nevertheless it is also a good idea to load the electric cars with fossil energy because with
this solution the pollution of urban areas can be reduced. Emissions will be released in areas
away from family houses. Furthermore it makes sense to spread out energy in the sense that
instead of big power plants, smaller and distributed power plants are used (Helmers, 2009;
Schéllmann M., Hoff C., Schriek J., 2010; European Commission — Community Research,
2006; U.S. Department of Energy, 2008).
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On average a car is only driven for about 10% of its life; the rest of the time it is parked for
example on the parking area close to a house. This means that there is a lot of time available
on the one hand to load the vehicle and also use it as an additional capacity for the entire
power net. The system works in the same way as a storage power plant which has the
opportunity either to take energy by pumping water to a higher point or in the other way to
produce energy. To establish an opportunity for such a system to really work, the basic thing
has to be that an input and an output of energy of the battery is as efficient as possible. It
does not make sense when the stored energy in the battery is in a kind of way expensive
because the loss of energy is too high.

Furthermore the whole chain in which the electrical vehicle supports the energy production
by supplying energy to the power net has to be intelligent;a system of measurement has to
be installed to monitor how much energy is taken and given to the car. There has to be a
built-in price benefit to convince the owner of the the importance of the electric vehicle being
connected to the power net to support the net itself. With a Lithium lon battery it can be
stated that there is no memory effect and that the lifetime of the battery is not reduced due to
the procedure of loading and unloading. The first benefit will be that the power supply net can
be stabilized. This stabilization is dependent on the available cars connected to the power
supply, and the cars themselves have to work as a bidirectional energy storage possibility
and therefore a higher exchange amount of energy is required. With a 400V power supply
and 63 Ampere, already up to 43kW can be transferred.

The next step will be to enhance the capabilities of the electric car itself in such a way that it
will be a kind of electrical power plant. With a photo voltaic system placed on the roof of the
vehicle, energy can be gained to reload the battery for electrical driving. Additionally this
energy can also be taken by the power net to support short term high demand of energy. It
also makes sense to see this relationship of the electric car and the power supply net for the
case where the electric car is fully recharged with the photo voltaic system and there is no
additional energy needed anymore. Nevertheless energy can still be taken from the sun to
reload the battery. If energy is given to the power supply net at such times, the photo voltaic
system can be used continuously. One additional advantage will be in this case that the
energy is renewable. So it also requires the option to have this exchange with the power
supply net in constant use, and not only when energy is needed by the power supply net.

To compensate the need of energy the electric car has an example the possibility of
recuperative braking. This technology is also implemented in a hybrid car. Along this type of
car a difference is given. The amount of energy which can be stored in the battery is limited
in comparison to an electric car without a compulsion engine. In the case of the hybrid car
the idea can be to deliver the energy directly to the power grid, instead of the usage of an
additional battery. In general this can be a suitable solution to avoid converter losses and
enhance the degree of efficiency (Helmers, 2009; Schéllmann M., Hoff C., Schriek J., 2010;
European Commission — Community Research, 2006; U.S. Department of Energy, 2008).
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2.4. Hybrid Technology in cars

2.4.1. Overview

In order to fulfil the criteria for emissions and noise reduction, car manufacturers place an
emphasis on alternative propulsion systems. Additionally new ideas can also increase the
fun-to-drive factor and the comfort level of the car. A combination of an electrical engine with
a combustion engine offers the opportunity to downsize the combustion engine. The most
noteworthy benefits of a hybrid car are the start-stop technology, the use of the combustion
engine with the best degree of effectiveness and the recuperative braking. The weaknesses
of the normal conventional system are largely eliminated. Hybrid technology is a possibility to
arrange a transition from the combustion to the electric vehicle (Bosch, 2007; Helmers,
2009).

2.4.2. Propulsion concepts

The meaning of hybrid is that the propulsion is offered by more than one engine. It is a
combination of a combustion engine, one or two electrical engines and an energy storage
component. In general the whole system can be divided into basic structures. On the one
hand the serial drive and on the other hand the parallel drive. Furthermore also a
combination of these two structures is possible (Bosch, 2007).

Institute for Electronics, Graz University of Technology 18
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2.4.2.1. Serial hybrid

The engines are mounted in a serial combination together. This solution requires two
electrical engines and one combustion engine. One of the electrical engines is used as a
generator to produce the electrical energy while the other one is used as a motor and takes
care of the propulsion. The combustion engine is used to run the generator and not used for
the propulsion. The generator can either provide electricity to recharge the batteries or
supply the motor directly with energy so that the electrical motor is the only one which
handles the propulsion.

The advantage lies in the possibility to run the combustion engine at its best degree of
effectiveness and it can be built in separately into the vehicle. The disadvantage lies in the
need to convert the energy several times which can lead to a loss up to 30% on average.

The serial concept is used in diesel locomotives and furthermore for buses. In a conventional
vehicle the serial concept is not used (Bosch, 2007).
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Figure 13: serial hybrid scheme (Source: Bosch)

number | description
1 combustion engine
2 tank
3 generator
4 motor
5 converter
6 battery

Table 3: description of the parts from the serial hybrid scheme (Source: Bosch)
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2.4.2.2. Parallel hybrid

This case offers the possibility for the combustion engine and for the electrical engine to
provide the propulsion. By the use of the clutch the power of both engines can be combined.
This addition offers a downsizing of both engines without an impact on the driving capabilities
of the vehicle. The system includes only one electrical engine which means that the vehicle
cannot be driven electrically and recharge the battery at the same time. If a clutch is installed
between the two engines the combustion engine need not be integrated in the vehicle and
can be used for example as an additional range extender (Bosch, 2007).

6

F

A
\
3}

Figure 14: parallel hybrid scheme (Source: Bosch)

number |description

combustion engine

tank

electrical engine (generator and motor)
clutch

converter

battery

Table 4: description of the parts from the parallel hybrid scheme (Source: Bosch)

DA WIN|=

2.4.2.3. Serial-Parallel hybrid

By the help of a special gear system, the planetary device, it is possible to split the power
provided from the combustion engine. While one part of the power is used for propulsion, the
other part is used to run the generator. The energy produced by the generator can either be
taken to recharge the battery or supply the electrical motor. As a parallel hybrid system, both
engines (the combustion engine and electrical motor) can be used for propulsion.

The target for this model is to run at the most efficient operating point. The planetary device
is the only required gear system. The experimental vehicle, the Toyota Prius, uses this kind
of system for the propulsion, and the vehicle itself is a strong hybrid. The strong hybrid differs
from the micro hybrid and mild hybrid in that it offers to drive only electrically with energy
from the high voltage battery. Therefore a higher effort needs to be made to realize this
possibility (Helmers, 2009; Schollmann M., Hoff C., Schriek, J., 2010; Bosch, 2007)).
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2.5. Toyota Prius

2.5.1. Solar panel on the 3™ generation of the Toyota Prius

The Toyota Prius offers the opportunity for implementation of a solar roof. A primary question
which needs to be solved is for which source the gathered energy should be used. Basically
the idea is not new to integrate a solar roof in a car. Toyota offers to the customer a solar
roof as an optional feature in the 3" generation of the Prius.

Solar Panel

.&-‘
FA 0
I ———

Solar Panel

Potting Material
(Ethylene Vinyl Acetate Resin)

e \ -

Solar Cell (Silicon, Silver and
Back Sheet (Polyvinyl Fluoride Resin) Aluminum Compounds)

Figure 15: solar panel on Toyota Prius — schematic (Source: Toyota)

The purpose of the solar roof in the currently latest option from 2010 is to supply a ventilation
system which is used when the vehicle is shut off and parked, to control the temperature in
the driver’s cabin to enhance the comfort. The gathered energy from the supply powers a
blower fan to work alongside the air conditioning system, which is useful if the vehicle is
parked in the sunlight.

The solar panel is mounted on the rear side of roof and consists of 36 poly crystalline silicon
solar cells which are connected in series. The roof components are glass, potting material,
silicon, silver and aluminium compounds and a back sheet. The solar panel is available as an
additional package in combination with a sun roof for €1,150. For the solar roof also the
additional comfort package needs to be chosen which includes for example a rain sensor
and the smart-key-system which costs a further €750 (Toyota, 2010).
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Figure 16: solar panel on Toyota Prius — figure (Source: Toyota)

The solar panel has the following values:

value Description
60W nominal output power
22V at 25C°,77°F and on an average sunny day
27V at -30C°,-22°F and on an average sunny day
3.6A maximum output current

Table 5: Toyota Prius solar panel values (Source: Toyota)

Different parameters have an impact on the output values, such as temperature and sunlight
intensity. Basically the solar panel is equal to a conventional solar panel which is mounted on
the roof of a building for producing electricity, with the exception that it does not operate on
high voltage or charge batteries.

A decision for the energy sink requires analyzing the vehicle and the possibilities. In general
the height of the energy output also defines the usage. In the Toyota Prius the solar panel is
not connected to the 12V auxiliary battery, the high voltage battery or the SRS airbags. It
only supplies a blower fan. During driving and other conditions the solar panel produces
energy as well as when it is parked in the sun. The opportunity is available to use this energy
to reduce fuel consumption. For example by charging the 12V auxiliary battery or the high
voltage battery with the gathered energy from the solar panel, the drive distance which can
be taken electrically would be extended. This makes sense because the 3™ generation of the
Toyota Prius is a plug-in version. That means that the high voltage battery can be recharged
with external power. An evaluation can be made to figure out how much the external
recharging time can be reduced by recharging the batteries with the solar panel (Toyota,
2010).
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I_{E}jr_lovab_l__g Area

Side Curtain Airbag Inflators

Removable Area

Side Curtain Airbag Inflators

Figure 17: removable roof area of the Toyota Prius (Source: Toyota)

With the implementation of a larger solar panel and a different one from that which is
available from Toyota, a larger amount of area can be used. If a full integration is required or
holes need to be drilled, the side curtain airbags have to be considered. Normally this area
should only be removed in case of an emergency by the firefighters. A negative impact on
the stability of the car itself has to be considered. Removing the roof has to be performed
carefully to avoid breaching the side curtain airbags, and with a focus to ensure stability
(Toyota, 2010).

Figure 18: covering the solar panel of theToyota Prius (Source: Toyota)
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With the solar panel as an additional power source on the roof, additional scenarios have to
be considered. In case of an accident the solar panel still produces energy. To avoid injuries
the solar panel has to be disabled. This can be done by covering the roof with a material
which blocks the sun light. For example a cover folded in several layers delivers enough
protection. After the entire area of the solar panel has been covered the solar panel itself will
immediately stop producing power (Toyota, 2010).

2.5.2. Enecom solar panel

The solar panel from Enecom lItalia is similar to the optional solar panel from Toyota for the
Toyota Prius. It differs in the higher possible output values such as current and power. For a
measurement to gather comparable data the HF80 from Enecom was chosen. The HF80 is a
flexible module which uses 36 crystalline silicon cells which are connected in serial, as with
the solar panel of the Toyota Prius. The cells have a high efficiency and the design of the
Enecom solar panel makes it shatterproof, durable, waterproof and lightweight (Enecom,
2009).

Figure 19: example of a flexible solar panel from Enecom (Source: Enecom)

value Description
80 +3% | peak power [W]
21.96 open circuit voltage, Voc [V]

51 short circuit current, Isc [A]
18.18 voltage at maximum power, Vi, [V]
4.6 maximum power current, |, [V]

Table 6: Enecom solar panel values (Source: Enecom)
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It is developed basically for the use on the decks of boats and for roofs of mobile homes,
without the fear of damage caused by vibration, high temperatures or seawater contact. The
panel itself, the junction box and the cables are also resistant to seawater and UV light.
Furthermore Enecom panels can be curved up to a maximum of 30% of their length

(Enecom, 2009).

/_

1 18 19 36
/-

2 17 20 35
/-

3 18 21 34
/-

4 15 22 33
ya

5 14 23 32
/-

6 13 24 3
/-

7 12 25 30
/-

8 11 26 29
/_

9 10 27 28
\_

Figure 20: cells and connection of the HF80 solar panel from Enecom
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2.5.3. Comparison between the solar panels and possible output power

The nominal output power of the Toyota Prius solar panel is 60W. With a calculation of the
parameters of the panel the theoretical maximum output power can be calculated as follows:

P, =V, xI =22Vx3.64=792W

The maximum output power from the solar panel comes close to the given output power of
the Enecom solar panel, which is 80W with a tolerance of +3%. Basically it has to be said
that the solar panel of the Toyota Prius is designed to power a blower fan. The question is
how shadowing on the solar panel affects the power supply of this fan (Toyota, 2010;
Enecom, 2009).

2.5.4. Load for comparison measurement

To take measurements with the Enecom solar panel a load has to be designed. To calculate
the current out of the measured voltage and the given resistor, the voltage needs to be below
+10V. This is a requirement given by National Instruments (NI), the manufacturer of the
multifunction data acquisition (DAQ) module which can be connected via USB to a computer.
For the measurement the model 6259 is used, which offers for example 32 analog inputs and
4 analog outputs (National Instruments, 2009).

Figure 21: NI USB-6259 (Source: National Instruments)

Institute for Electronics, Graz University of Technology 26



Diploma thesis

The maximum voltage restriction has to be considered by the dimensioning of the load. For
the measurement load resistances of the type RB50 from ATE are used. Each resistor has a
resistance of 10Q and a nominal power of 50W. For the nominal power a heat sink is
required; without a heat sink the maximum power is 20W (ATE, 2007).

Figure 22: ATE RB50 with 10Q (Source: ATE)

A maximum output voltage of about 18V and a maximum output power of about 80W can be
expected from the Enecom solar panel. For that possible output three resistances have to be
taken. The two basic options are to connect them in serial or in parallel.

2.5.4.1. Serial connection of the resistances

V1 [] R1
10R, 50w

V I::I R2
10R, 50w

I:] R3
10R, 50W

AN -
Figure 23: serial connection of the resistances
v :%: 18.18V —6.067

Pt =V <1, =6.061 x4.64=27.83W
R, =R +R,+R,=10Q2+10Q+10€2 =30Q

On each resistor a maximum power of about 28W will occur. The maximum voltage V4 on
one resistor of about 6V is suitable for measurements with the NI DAQ module.
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2.5.4.2. Parallel connection of the resistances

Vv R1 R2 R3
[:I 10R, S0W [:I 10R, 50W [:I 10R, S0W
N .
Figure 24: parallel connection of the resistances
1 4.
I, =—* =—6A =1.53V
3 3

Proonn =Viw X1, =18.18V x1.534 = 27.82W

_ RR, _10Qx10Q _
PR +R, 10Q+10Q

_ R,R,  5Qx10Q
“ " R,+R, 5Q+10Q

3.3Q

On each resistor a maximum power of about 28W will occur. The maximum voltage V on one
resistor of a maximum of 18.18V is not suitable for measurements with the NI DAQ module

because the voltage is too high.

2.5.4.3. Chosen load for the measurement

For the measurement the serial connection of the load resistances is chosen. The
configuration of the measurement is shown in the following figure.

solar panel load

(36 cells) ——

NI DAQPad-6259

computer with
LabVIEW

Figure 25: measurement structure with serial load
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2.5.5. Shadowing on the solar panel and measurements

To ascertain the negative impact of shadowing the cell at the measurements was completely
covered. This was done to avoid the case that the cell could still receive light to produce
power and thus to operate with reproducible measurement criteria. The output voltage was
measured and the current calculated on the computer. The voltage was measured on R;
which has a nominal value of 10Q and a real value of 10.5Q. For R, and Rj3 the situation is
similar. This yields the following equations:

V = I X x Rtot % Imax = Vmax

max ma
tot

2
Pmax = Vmax'XImax = Vmax Vmax = (1818V) = 1 102W
Rtot 3OQ
1. :@:MZ()ﬁlA
R,  30Q
V 2
max,real = max,real Imax real = max,real mazredt = (1809V) = 1039W
’ ’ , , Rtot,real 3 1 SQ
V
oy = et I8V 57
’ R 31.5Q

tot ,real

The first step of the measurement is to cover one cell. In further steps of the measurement
two, four or more cells are covered. The cells are arranged with numbers as shown on the
figure in chapter 2.4.2. for a better record of the measurement.

e

Figure 26: Enecom HF80 sola

% AN

r panel in the sun at te time of measurement
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2.5.5.1. One cell covered

covered cell | voltage [V] | current [A] | power [W] | loss of power [W] | loss of power [%]
1 14.20 0.45 6.39 4.00 38.50
9 16.80 0.53 8.90 1.47 14.15
28 16.78 0.53 8.89 1.50 14.44
36 14.77 0.47 6.94 3.45 33.21

Table 7: measurement results for one cell covered

2.5.5.2. Two cells covered

covered cell | voltage [V] | current [A] | power [W] | lost of power [W] | lost of power [%]
1,2 13.17 0.42 5.53 4.86 46.78
8,9 10.90 0.35 3.82 6.57 63.23
28,29 13.84 0.44 6.09 4.30 41.39
35,36 10.63 0.34 3.61 6.78 65.26

Table 8: measurement results for two cells covered

2.5.5.3. Four cells covered

covered cell | voltage [V] | current [A] | power [W] | lost of power [W] | lost of power [%]
1,2,3,4 4.40 0.14 0.62 9.77 94.03
6,7,8,9 7.14 0.23 1.64 8.75 84.22

28,29,30,31 6.70 0.21 1.40 8.99 86.53

33,34,35,36 6.63 0.21 1.39 9.00 86.62

Table 9: measurement results for four cells covered

2.5.5.4. Other cell groups covered

covered cell | voltage [V] | current [A] | power [W] | lost of power [W] | lost of power [%]
1,18,19,36 7.45 0.24 1.79 8.60 82.77
9,10,27,28 7.21 0.23 1.66 8.73 84.02
1,18,19,36, 3.69 0.12 0.44 9.95 95.77
2,17,20,35

9,10,27,28, 4.5 0.14 0.63 9.76 93.94
8,11,26,29

1,18,19,36, 2.01 0.06 0.12 10.27 98.85
2,17,20,35,

3,16,21,34

Table 10: measurement results for other cell groups covered
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2.5.5.5. Average loss of power

_ (38.50% +14.15% +14.44%+33.21%)

Biossa = 1 =25.08%

P (46.78%+63.23%Z41.39%+65.26%) _sa17%

Py~ (94.03%+84.22%+86.53%286.62%+82.77%+84.02%) 26,379
P (95.77% +93.94%) 9486

0ss,8

Boss,lZ = 9885%

amount of covered cells | average loss on power [%]
1 25.08
2 54.17
4 86.37
8 94.86
12 98.85

Table 11: measurement results for other cell groups covered

average loss on power

100

90 /
0 .

70

60

—=— average loss on power [%) |

40

average loss on power [%]
on
[an]

30 o
20

1o

O T T T T
1 2 4 g 12
amount of covered cells

Figure 27: average loss on power in case of covered cells

The loss of power is significant and the covering of one cell results in a loss on average of
25% of power. With a covering of four cells nearly 90% is lost. It is unusual that only one cell
is covered by shadow. Moreover it will be the case that the negative impact of shadowing will
occur on more than one cell, for example on four cells. The measurement results show the
possibility that the blower fan cannot be supplied if a small area of the solar panel is covered
by shadow. This situation can be improved by the usage of maximum power point trackers.
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2.5.6. Different kinds of loads on the solar panel

For all measurements, three resistors of the type RB50 from ATE which are suitable for a
maximum power of 50W and four load resistances for a maximum power of 17W have been
available. The value of the total real resistance was taken by measurement.

2.5.6.1. Variant 1 (total resistance R = 15Q, real total resistance Riotrea = 15.9Q)

With additional load resistances of 10Q and a maximal power of 17W the total resistance of
the load can be reduced by a parallel connection of the additional load resistances with the
previous ones.

V1 [:l R1 [:l R2
10R, 50W 10R, 17W

Vv [:l R3 [:l R4
10R, 50W 10R, 17W

[:l R5 [:l R6
10R, 50W 10R, 17W

Figure 28: variant 1 load configuration

RR, _ RR, _ RR, 10Qx10Q

R, =Ry =Ry = = = = =5Q >R, =50Q+50+50Q=15Q
R +R, R, +R, R;+R, 10Q2+10Q
Vs = 1818V V e =17.3V
2
Pmax = Vmax leax = Vmax VmaX = (1818V) = 2203W
R 15Q

tot

1,real —

Vmax real
=————=5.7TV
3

Rtot,real = 159Q
V
Vmax real — ]max real X Rtot real - [max real — msed] = 173V = 109A
, ’ j , Rtot,real 15 9Q
14 2
Pmax,real = max,real Imax,real = ! Vmax,real = (11’7;” =18.82W

ges,real
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With the given load of 15.9Q a further measurement was made to gather information about
the voltage, current and power stability over a certain period of time. If the solar panel is
placed in full sunlight with the maximum amount on illumination which is possible for the
location and the time of the year, a variety of characteristics of the solar panel can be
calculated. This information can lead to a statement about the power output under normal
working conditions as well as under nearly ideal working conditions. The basis for the
calculation are 8268 measurement values which have been taken over a time period of about
one hour (exactly one hour, nine minutes and 37 seconds) with the DatalLogging
measurement tool. Before the measurement was started, the solar panel was in operation for
a certain time to ensure that it had reached its operating temperature.

voltage measurement

16,5

valtage [V]
oo
2 w o

&
o

14

Figure 29: voltage level of the measurement of variant 1 (8268 values)

current measurement

115

11

1,05

1

current [A]

0,95

04

0,83

Figure 30: current level of the measurement of variant 1 (8268 values)

V.. =1526V;V, =17.74V;1

max min

=0.964;1_, =1.124

max
1 8268

Vavera e T onzo I/l :1736V
8268 <

1 8268

I =——> [,=1.094
average 8268 ZZ=1: i

P, =V, x1I,, =1526Vx0.964=14.65W
P =V xI_ =1774Vx1.124=19.87W
P =V, xI,  =1736Vx1.094=18.92

average average average
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After a longer period of time and more measurement values, a more detailed statement can
be made. The output voltage and current are usually close to the average output voltage and
current under nearly ideal working conditions. Apart from a short exception, the output power
is close to the possible maximum power derived by calculation.

2.5.6.2. Variant 2 (total resistance Ry = 7.5Q, real total resistance Rigtreal = 7.9Q)

If the connection is changed again in the following way, a reduction in the total resistance of
the circuit can be reached. In comparison to variant 1 the total resistance is reduced by half.

+

V1 R1 R2
[:l 10R, 50W [:l 10R, 50W

V2 [:l R3 [:l R4 [:l R5 [:l R6
10R, 50W 10R, 17W 10R, 17W 10R, 17W

Figure 31: variant 2 load configuration

o BB, _100x10Q o p o RuRs  SOXSQ 50 2 5040502750
R +R, 10Q2+10Q R, + Ry, 5Q+5Q
Vi =18.18V3 Vo oy =17.5V
2
Pmax = I/max leax = Vmax Vmax = (1818V) =44.07W
R,  715Q
2 1
Lreal — _Vmax,real =1 167Va 2 real — _Vmax,real =5.83V
3 3
Rtot,real = 799
V
Vmax,real = Imax,real X Rtat,real - Imax,real = . red = 175V = 222A
Rtal,real
V 2
max,real Vmax real X Imax real — e I/max real — M = 3877W
’ ’ ’ ’ 7.9Q

ges,real

On variant 2 no measurements have been taken because of the better reduction in the total
resistance in variant 3.
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2.5.6.3. Variant 3 (total resistance Ry, = 6.6Q, total real resistance Riotrea = 7.3Q)

At this connection variant the value of the total resistance of the complete circuit is reduced
again, which leads to a higher available power on the load. With this configuration,
measurements over a short period of time have been made. Over about 20 minutes (exactly
20 minutes and five seconds) 2410 measurement values have been taken.

+

V1 R1 R2 R3
[:l 10R, 50W [:l 10R, 50W [:l 10R, 17W

[:l R4 [:l R5 [:l R6
10R, 50W 10R, 17W 10R, 17W

Figure 32: variant 3 load configuration

R,Ry  RuR, 5Qx10Q

Riy; = Ryse = = = =33 R, =3.3Q0+3.3Q0=6.6Q2
R,+R, Rs+R, 5Q+10Q
Vmax = 1818V’ Vmax,real = 157V
2
Pmax = Vmax X Imax = Vmax VmaX = (1818V) =50.08W
R,  6.6Q
I/max real
Lreal — — QY = 785V
’ 2
Rtot,real = 73Q
v
Vmax real — L max,real x Rtot real - Imax real — mexsed] = 157V = 215A
’ j j ’ Rtot,real 7 . 3Q
V 2
Pmax,real = max,real X [max,real = —mmereal Vmax,real = (1,57& = 33 77W

ges,real
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voltage measurement
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Figure 33: voltage level of the measurement of variant 3 (2410 values)

current measurement

current [A]
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Figure 34: voltage level of the measurement of variant 3 (2410 values)

V.. =14.95V;V, =16.12V;1

max

=2.084;1 ., =2.244

min max

8268

V =——> V., =15.73V
average 2 410 lzzl: i

1 8268
Iaverae:— Ii :218A
0410 &
P. =V xI_. =1495Vx2.084=31.10/
P, =V, <1, =1612Vx2244=36.11W

=V x 1 =15.73V' x2.184 =34.30W

average average average

With variant 3 the situation yielded was that the voltage, current and power were more
fluctuating than with variant 3. It can be stated that the solar panel was more sensitive to
illumination even though the solar panel worked during the 20 minutes under nearly ideal

conditions.
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2.5.6.4. Variant 4 (total resistance Ry, = 6.6Q, real total resistance Riotrea = 7.3Q)

At this connection variant the value of the total resistance of the complete circuit is reduced
again, which leads to a higher available power on the load. With the given equipment variant
4 was the maximum method to reduce the resistance of the load.

+

V1 R1 R2 R3
[:l 10R, 50W [:l 10R, 50W [:l 10R, 17W

V2 [:l R4 [:l R5 [:l R6 [:l R7
10R, 50W 10R, 17W 10R, 17W 10R, 17W

Figure 35: variant 4 load configuration

_ R,R, 50x10Q R R,  5Qx50Q

s = = =33QR,, = = =2.50;R,, =33Q+2.50=5.8Q
R,+R, 5Q+10Q R,;s+Ry;  5Q+5Q
Vo =18.18V3V, . =162V
2
Pmax = Vmax x Imax = Vmax Vmax = (1818V) = 5698W
R, 580
Vmax,real = I/1 + VZ - V2 = Vmax,real - Vl
R .
N By 33Q y y a0y, v )x132=9.207
V, R, 2.5Q ’
Vy =V = Vi =162V =9.22V = 6.98V
Rtot,real = 65Q
|4
Vmax real — 4 max,real x Rmt real - ]max real — e = 162V = 249A
’ ’ ’ , Rtot,real 6SQ
2
Pmax real — Vmax real x [max real — el Vmax real — M = 4037W
’ ’ ’ R ’ 6.5Q

ges,real
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voltage measurement

voltage [V]

2

]

Figure 36: voltage level of the measurement of variant 4 (7530 values)

current measurement
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current [A]
o

0.2

0

Figure 37: voltage level of the measurement of variant 4 (7530 values)

Viw =2.5TV3V,0 =1635V50 =0.314;1,, =1.964

min
1 8268

Vavera e = zAn Vl :1412V
7530 <

1 8268

I =——> 1, =1.694
average 7 530 ; i

P. =V xI_ =257Vx0314=0.80W
P =V xI__ =1635Vx1.964=32.05W
P =V, xI  =1412Vx1.694=23.86/

average average average
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With variant 4 the mismatch between load and source is more than at variant 1 and variant 3.
Even if the power on the load can be about 57W, in reality this value is not reached. This is
not because of the illumination, but is the case because of the given mismatch. The
maximum power value in the measurement time of one hour, two minutes and 45 seconds
which leads to 7530 measurement values was about 32W. Furthermore it is the case that if
the illumination is to less the voltage, current and power drop to a low value. During the
measurement the output went down below 1W. To gather the maximum possible power at a
certain given illumination from the solar panel, a match between the load and the solar panel
as source is necessary in combination with a Maximum Power Point Tracker.

At the different variants the load was not changed during the measurement. The conditions
of the car during driving can be changed. For example at a strong rise and a high speed, the
necessary high amount of propulsion requires a lot of energy. In that case the load is higher
than for example at a rapid decline where further energy can be gained by recuperation. It
makes sense to provide the gathered energy from the solar panel directly for propulsion
energy, to avoid converter losses by recharging the battery. A solar panel management
system is necessary to decide in which sink the power needs to be supplied. The primary
aspect is therefore the efficiency.

Figure 38: load variant 4 with passive cooler
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2.5.6.5. Simulation of total load mismatch

For small electrical consumers, solar panels are designed according to the requirements of
these consumers. This is done by defining a certain value of nominal maximum output power
of the solar panel. In general the output power of the solar panel exceeds with a small value
the required power of the load. A total load mismatch is given if a high energy consuming
load is connected to a solar panel which is not designed to provide enough energy for that
load even under ideal illumination conditions. The Enecom solar panel was connected in this
experiment at first to one halogen lamp and afterwards to two halogen lamps by changing
the connection.

Figure 39: halogen lamp box with two lamps

Lamp1
Vs 12V.100W

Lamp2
15V, 150W

N

Figure 40: circuit of the lamp box
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If the two halogen lamps are connected in serial a total voltage of 24V, a current up to 8A
and a power 250W can be taken. Even under nearly ideal illumination conditions the voltage
of the Enecom solar panel collapsed down to 2V. The same output voltage was available if
one halogen lamp was connected. The output current was too small to power the lamp box.
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2.5.7. Maximum Power Point

2.5.7.1. Principle

The maximum output power of a solar panel is determined by the product of voltage and
current on the current-voltage curve under illumination. In this curve a direct connection
between illumination and output current is shown. The point where the product of voltage and
current is at maximum is named as Maximum Power Point (MPP). At that certain point the
voltage is named V,, (voltage at maximum power) and the current I, (current at maximum
power). The theoretical maximum power of an ideal solar cell cannot overtake the product of
open load voltage V, and short circuit current Isc. For a typical silicon cell solar panel with a
serial connection of 36 cells, the MPP is at about 17V.

In reality the MPP is related to illumination, temperature, exemplary scattering and aging.
With the help of a Maximum Power Point Tracker (MPPT) which is an electronic system, the
solar panel can operate in the MPP, a mode where the power is produced which they are
capable of producing. With the rate of the current illumination and given temperature the
electrical operating point of the module is varied to reach the state where the maximum
available power is generated. The additional gathered power can be used as increased
output current (Cullen R. A, 2004; Pastore R ., 2006; Schneider D., 2006; Schenke G.,
2010).

4 — 2.0
Isc [=1{V}
MPP
Imp '
3 1.5
[ [ 2 1.0
= <
E — ] // 0,5
25 [ -
o 3
2 3 g4 0
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
voltage [V] ——

Figure 41: maximum power point diagram (Source: Schenke G.)
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2.5.7.2. Implemented maximum power point tracking (MPPT) for the experimental vehicle

The realization mentioned for the experimental vehicle is oriented to work with about ten
solar cells. In its first version, the maximum power point tracker is linked to a cell group of 15
or 18 cells. A prototype of this solar panel which will be mounted on the experimental vehicle
is described later. The 10/15/18 cells are connected in serial to a small group. This variant of
connection can be beneficial in cases where shadowing present or if the solar group is
mounted on a curved surface. In the final version the maximum power point tracking units will
be integrated into a back-contacted solar panel so that the solar panel works as a ‘smart
module’. The primary purpose of the MPPT is to power the 12V auxiliary net for extending
the electrical driving range and for cooling the passenger cabin (FHJ, 2009).

USB-Interface

NI DACPad-6259

Datalogging Tool
(LabVIEW program)

Module .- Maximum Power Point Tracking Unit [
5 “ be 12
cell group (I\ o -
I'II: »| Connoler
certain amount modules

bord net

one unit for each module

4]

12V battery

Figure 42: MPPT-unit and connection of the DataLogging Tool (Source: FHJ)

The maximum power point tracking unit is an active circuit which is supposed to replace the
conventional Bypass-diode and work as middleware between the solar cells as power source
and the 12V board net as power sink. In a solar panel suitable to provide a voltage of 12V 36
cells are used. In that kind of solar panel a Bypass-diode is located after 20 cells. By the
usage of a conventional Bypass-diode the entire power which is produced by the 20 cells is
lost. The MPPT offers the opportunity to avoid these losses and to secure a minimum
amount of power which is still available by the for example shadowed solar cells.
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With the maximum power point tracking the purpose of the DC/DC converters is to act as
active circuit for intelligent impedance matching. A controller with an integrated MPPT
algorithm is used in order to set the duty cycle of the DC/DC converters. Throughout the
complete circuit each converter is acting as a power source with a voltage limit to draw the
maximum available power out of the connected cell group.

2.5.7.3. Impedance matching theory and MPPT requirement

The solar panel is like a real power source with a resistance Rs. On this power source the
load R.aq ,as before in different variants, is connected. The calculation to be solved is the
requiredproportional relationship of Rs and Ry for reaching the maximum power of the
source. In this circuit the solar panel is the active component and the load the passive
component. If this optimal proportional relationship is not solved, the degree of efficiency is
reduced because the maximum available power of the solar panel is not taken or used
(Fischer, 1991).

V=V,—IxRy

2
Vg X Ripa

P=VxR,=V,xI-1*xR, =
(RS+Rlaad)

[:I RS [:I RLOAD
VS ()

Figure 43: source and load connected (Source: Fischer)

For matching, Raq Needs to be equal to R;. If the proportion is made in that way on Ry,.q the
maximum possible power occurs (Fischer, 1991).

P = s = Vs
" 4 X Rload 4 X Rl
2
Po=VixI=—"5
RS + Rload
ve Wy

P = =
ST xRy 2R

P
Mo = =% 100% = 50%

S, max
The calculation leads to the statement that with an active source and a passive sink only a

maximum degree of efficiency of 50% is possible. Because of this situation a Maximum
Power Point Tracker is required.
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2.5.8. Supplying the Toyota Prius with gained solar energy

The potentials to provide the gained power from the solar roof have to be analyzed. To
supply the Toyota Prius, the most efficient possibility has to be found along with the highest
degree of efficiency.

2.5.8.1. Hybrid Synergy Drive components and location

At first the structure of the hybrid technology needs to be analyzed. The Toyota Prius has a
serial-parallel hybrid technology. This means that there are two electrical engines, one
combustion engine and a high voltage (HV) battery available.

LU
®

—
—

Figure 45: components of the Hybrid Synergy Drive, figure 2/3 (Source: Toyota)
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Figure 46: components of the Hybrid Synergy Drive, figure 3/3 (Source: Toyota)

number

component

location

description

1

12V auxiliary battery

on the right hand side
of the cargo area

a conventional lead-acid that
provides power to low voltage
device on the board net

HV battery pack

cargo area behind the
rear seat bench

201.6V Nickel Metal Hydride
(NiMH) battery, 28 modules with
7.2V each module, 168 cells

power cables

undercarriage and
engine compartment

these orange coloured cables
with high voltage are the
connection between the HV
battery pack, inverter/converter,
electric motor and electric
generator

inverter/converter

engine compartment

For the electric motor and the
electric generator. Boosts, inverts
and converts DC to 3-phase AC
in both directions

combustion engine

engine compartment

can deliver propulsion energy for
the vehicle or power the electric
generator

electric motor

engine compartment

is used for propulsion energy,
nominal power is 50kW

electric generator

engine compartment

is used to recharge the HV
battery pack, 10kW nominal
power

A/C compressor (with
inverter)

engine compartment

high voltage AC electrically
driven motor compressor

fuel tank and fuel line

undercarriage and
center

the fuel line is located in the rear
end of the car with a capacity of
about 50 litres (11.9 gallons)

Table 12: measurement results for other cell groups covered (Source: Toyota)
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2.5.8.2. Possibilities for energy sinks

The Toyota Prius has a conventional 12V auxiliary battery which is not directly a component
of the hybrid drive technology. The basic idea is to use the energy output of the solar panel
to supply this battery. This opportunity is obvious because the output voltage of the DC/DC
converters of the MPPT-unit is about 14V. By powering the 12V battery, normal consumers
like the radio or the air conditioning system can be supplied. For example also the anti-theft
device is connected to the 12V battery. If the vehicle is parked, the auxiliary battery can be
overloaded, causing damage to the battery. If the vehicle is not used or the auxiliary has a
high state of charge, energy can be supplied to the HV battery pack. This scenario requires
an additional converter to power the high voltage battery. However, recharging the high
voltage battery with external power is not recommended.

This is the case because the state of charge (SOC) has to be at a certain level to guarantee
a long lifetime for the battery. Therefore a special electronic circuit unit (ECU) takes care of
this matter. The role of this hybrid battery control system is to monitor the high voltage
battery by calculating the SOC based on voltage, current and temperature. The ECU controls
a blower fan to handle the temperature of the HV battery. The target is that the SOC can be
constantly maintained at a median level. The charge amperage by the generator and the
discharge amperage by powering the electric motor are estimated by the ECU. The target
SOC is 60%. If the SOC drops below this value the ECU submits a request to recharge the
HV battery pack. If the SOC is below 20% the electric motor will not be powered (Toyota,
2010).

Example of change in SOC Upper SOC control limit

Jercharged regio

Control
region

Lower SOC control limit Target SOC control

Time —
Figure 47: state of charge areas for the HV battery pack (Source: Toyota)

The high voltage battery is charged by the electric generator which either receives power
from the combustion engine during driving or from recuperative braking. In case the HV
battery pack needs to be charged otherwise, Toyota suggests using a special charger which
comes from Japan and is not sold by dealers. The charger is used to charge the high voltage
battery from a SOC below 15% to a SOC of 40-50% in about three hours (Toyota, 2010).
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Figure 48: external recharging of the HV battery pack (Source: Toyota)

The process occurs to be extensive if energy from the solar panel is determined to power the
high voltage battery. Even if the vehicle is parked, the ECU is not operating, which means
that the blower fan to maintain the temperature of the HV battery is not in operation. The
ECU needs to be integrated in to the charging process with the solar panel to avoid
overcharge by the solar panel. Furthermore the ECU needs to know about the solar panel
attendance to consider the output power of the solar panel in the estimations for the charge
and discharge amperage.

For the normal auxiliary battery, different charging times can be estimated depending on the
state of charge of this battery. By fast charging, a high current is used to recharge the battery
in a short period of time. This method can shorten the battery’s lifetime which leads to the
necessity for a slow recharging. Furthermore the auxiliary battery provides a small amount of
charge capacity which is between 28Ah to 34Ah. 12V batteries in conventional combustion
vehicles have above 45Ah. If the total amount of charge capacity is lower, the self-discharge
time is increased (Toyota, 2010; Schollmann M., Hoff C., Schriek J., 2010).

reserve capacity rating 20h rating 5A 10A 20A 30A | 40A
75min or less 50Ah or less 10h 5h 2.5h 2h —
above 75min to 115min above 50 to 75Ah 15h | 7.5h | 3.25h | 25h | 2h
above 115min to 1605min | above 75 to 100Ah 20h | 10h 5h 3h | 2.5h
above 160min to 245min above 100 to 150Ah 30h | 15h 7.5h 5h 3h

Table 13: typical charging rates for fully discharged batteries (Source: Toyota)
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When recharging the 12V battery, the current needs to be regulated and the voltage needs to
be checked according to a characteristic curve of the battery. The following points need to be
considered to extend the battery’s lifetime at slow charging:

e the maximum charging current needs to be less than 1/10™ of the total battery
capacity. For a battery capacity between of 28Ah to 34Ah the charge current is
required to be at 2.8A up to 3.4A

e the voltage needs to be checked to provide the battery from emitting hydrogen gas. If
the voltage is stable for more than one hour the battery is fully charged

The opportunity is given to provide the energy directly to the electric motor. In that case a
communication via the CAN-bus is required because of the different possibilities of the
energy flow. Several electronic circuit units need to be informed about the solar panel as an
additional energy provider.

Figure 49: different energy flows of the Toyota Prius (Source: Toyota)

For the experimental vehicle there is an additional battery available. It is a lithium ion battery
and it is installed in the spare tire well. The battery’s function is a range extender to enhance
the driving distance which can be taken electrically. With the additional battery the Toyota
Prius uses the pure electric drive more often, which results in reducedfuel consumption. The
lithium ion battery from A123Systems with a charge capacity of 5kWh can be recharged only
by external electrical power. This leads to the necessity that the vehicle be parked for about
5 to 6 hours. The weight of the battery is 91kg or 200lbs. The charging voltage is 120V and
the maximum charging current is 10A. This battery can also be used as an opportunity to
store the gained power from the solar panel (A123Systems, 2008).

4
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3. Optical sensor unit

3.1. Prototype

The basic function of the optical sensor unit is to provide information about shadowing.
Shadowing has a negative impact on the power output of the solar panel. The purpose of the
sensor unit is either to deliver a reference signal to make sure that shadowing has taken
place on the solar panel and to analyze the different shadowing activities.

The complete sensor unit consists of the following parts:

3V power supply for the sensor and the operation amplifier (supply 1, Vgar1)

3V power supply for the reference power supply (supply 2, Veatz)

Optical sensor with connections to pick up the measured signal

Second optical sensor with connections to pick up the measured signal (optional)
DIP-switch to enable and disable the hardware

The basic idea for the first test is to have one optical sensor unit at the front right hand side,
and on the back left hand side. In general no prediction can be made as to whether there will
be more shadowing at the left side or at the right side of the roof during driving. Shadowing
itself influences the decision regarding how the cells are connected to the modules
(Toshihisa S., 2001; Photon 2010).
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sensor 1

183.5¢cm

sensor 2

108.5cm

Institute for Electronics, Graz University of Technology

Figure 51: position of the optical sensor units
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3.1.1. Description of the components
3.1.1.1. Normal power supply, optical sensors and operation amplifier

This power supply is needed to supply the optical sensor and the operation amplifier. For the
prototype the optical sensor TSL250 and TSL250RD from TAOS are used. In general the
TSL250 and TSL250RD are from the functional point of view equal; the difference is in the
packaging. For the second board only the TSL250 is assembled.

The supply voltage for this light-to-voltage optical sensor is from 3V to 9V. The output voltage
of the sensor is related to the light intensity (irradiance) on the photodiode which is used in
combination with a transimpedance amplifier. An advantage of this sensor is the low power
consumption which is required for the battery based power supply.

The output voltage of the optical sensor is related to the power supply of the sensor. In the
datasheet the diagram shows only the range from 4V to 10V. A measurement leads to the
result that a supply voltage of 3V produces an output voltage of about 2.1V (TAOS, 2010).

MAXIMUM OUTPUT VOLTAGE
Vs
SUPPLY VOLTAGE

? |

Eg = 2.6 mWicm2
— Ap =880 nm

RL =10 kQ

Ta = 25°C

7 /
5 /
7

-]

Vom — Maximum Output Voltage - V
o

4 5 6 7 8 9 10
VpD - Supply Voltage - V

Figure 52: maximum output voltage related to the supply voltage (Source: TAOS)
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Figure 53: functional block diagram of the TSL250 and TSL250RD (Source: TAOS)
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On the sensor unit the AD820AN is used. This low power FET-input operation amplifier is
used as a differential amplifier and has a single supply capability from +3V to +36V which is
needed because of the use of the battery supply. The used form of the differential amplifier
has the advantage that the realisation of the circuit itself is possible by the use of only one
operation amplifier. The basic function is that the differential voltage between the inverting
input and the non-inverting input is amplified (Tietze U., Schenk Ch., 2002; Beuth K.,
Schmusch W, 1997).

VBAT

+V8

| 1c1
3 \ 5 VOUT
B

(1%

R1
10

1
—J
2,
o o 7] AD820AN
1
—J
1 -vs
GND
V1 vouT
X
V2 z 9
1
—J

GND
Figure 54: circuit of the differential amplifier (Source: Tietze U., Schenk Ch.).

The gain of this kind of amplifier can be calculated because of the circuit as follows:

In general:
= (R, +R,)R, U, -U)
(R3 + R4) Rl

With the choice of R1=R3=10Q and R,= R;=12kQ:
R
U =—2U,-U
a R ( 2 1)

1

4 B 12500
P R10Q

1
At the prototype board a resistor with a value of 120Q was initially used. After practical

measurements it turned out that a higher gain is required, which led into the additional
resistor of 10Q in parallel to the 120Q.
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3.1.1.2. Reference power supply

The reference power supply provides a voltage which is used for a comparison. This
comparison is performed with the operation amplifier (AD820AN). The concept of this kind of
power supply is based on a divider with resistors. In general a divider with resistors is used to
cut a voltage in half. Therefore both resistors have to be exactly the same value.

For the optical sensor unit a wider range to tune or adjust the voltage is necessary. This
leads to different values of the resistors (Beuth K, Beuth O., 2003).

+3V

E[]§

¢
2

V2
fji

GND
Figure 55: divider with resistors (Source: Beuth K, Beuth O.)

V1

500
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R; is a resistor with the value of 100Q and R, is a potentiometer with 500Q.

In general:
U __R
U, R, +R,

Minimum reference voltage (R2 minimum at about 1Q):

U,=U —R2 3y 182 g5,y

R, +R, 1010

Maximum reference voltage (R2 minimum at about 500Q)):
U,=U, R, =3V 50062 =25V
R, +R, 600Q2

If higher voltages for a reference are needed, the value of R, can be changed. Therefore the
value of the potentiometer needs to be increased.
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3.1.1.3. DIP-switches

Figure 57: DIP-switches on the second board

position 1

>
-
*
*
>
°
v
v
&y

supply for optical sensor(s) and operation amplifier
position 2

supply for reference power source

Table 14: connections on DIP-switch 1

position 1

supply for sensor 2 (optional) / reserved
position 2

supply for sensor 1

Table 15: connections on DIP-switch 2
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3.1.1.4. Connection possibilities and parts of the optical sensor unit

On the prototype of the optical sensor unit, the position (7) is additionally available. All the
other connection opportunities are similar. The connection option (5) on the second board is
available even though it is unconnected.
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» <.C4u(l"_‘,
o
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*
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QQ
*
°
e &
5> v

[ i » '
Figure 58: connection possibilities on the optical sensor unit

Vout, Output voltage for the software of the sensor unit
GND, connection for the measurement cable
measurement of sensor 1 with the same pin layout

sensor 1 output

sensor 2 output (optional)

sensor 1, TSL250

sensor 2, TSL250RD (optional)

Potentiometer for the configuration of the reference source
reference source voltage

Table 16: description of the connections of the optical sensor unit

OO NO|AARWIN=
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Figure 59: sensor unit including wooden case

To protect the electronics, the operation amplifier and the batteries, from direct sunlight and
possible influence of thereby increased temperatures, a small wooden case was designed.
The sensor is raised so that the electronic circuit is below and can be covered from the sun
by the wood. A wooden case has the advantage, compared to a metal case, of offering better
heat protection. A metal case can offer the opportunity to run higher speeds because of
higher stability.
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3.1.1.5. Output signal of the optical sensor unit

The output signal of the optical sensor unit is measured with the help of a computer. In the
development of the prototype the decision was made to use the light-to-voltage optical
sensor for a basic decision between shadow and sun. This decision is derived by computer
with the program LabVIEW.

Basically, the difference of the output voltage is low according to the low supply voltage of
3V. The reference source is adjusted close to the output voltage of the sensor when shadow
occurs. With the differential amplifier this difference is amplified to enhance the sensibility of
the optical sensor unit itself. For the measurements, the configuration was set up that 0.4V
are equal to shadow, and 0.4V plus a security distance voltage up to 0.8V are detected as
sun. The security distance can easily be set with the software on the computer. Furthermore
the optical sensor unit can be adjusted along a decreasing power supply voltage because of
the usage of batteries.

voltage [V]

F 9

0.8

sun detected
logical 1’

1 security distance

0.4

shadow detected
logical '0'

time [s]

Figure 60: graphical representation of the output signal of the optical sensor unit
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3.1.2. Description of the measurement

3.1.2.1. Basic objective

During driving in urban areas, different impacts can occur on the mounted solar panel on the
roof of the vehicle, resulting in a totally different situation from that of a parked vehicle. The
shadowing effects depend for example on:

direction

speed

time of day (kind of month)
location

traffic conditions

weather conditions

However, generalized data cannot be used to make statements about the efficiency of the
solar panel with movement in urban areas. The output characteristic is strongly connected to
individual factors which appear during the driving. For example it can be the situation that
one traffic-lane of the street is totally in shadow while the other one is fully in the sun. When
the driving direction is changed, for example by turning left or right at a junction, the level of
efficiency can turn from very high to very low.

Figure 61: example picture for shadowing in urban areas
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The example picture for shadowing in urban areas, taken on the 2" of August at 2 o’clock
p.m. in the 2" urban district in the centre of Graz, shows an interesting aspect for movement
in urban areas. The height of the buildings and also of the trees along the street has also an
effect according to the daytime and the month on the shadowing of the road. If the street is
driven in the morning or in the afternoon, the energy output will be not the same. The length
of the street is not that long but the situation is similar in other streets. If measurements are
made the results cannot be simply summed up to lead to a result for the whole year. Thus
the efficiency and a statement about how much energy can be generated with the solar panel
on the roof of the vehicle are strongly connected to the use of the car, and any estimation for
the entire year bears an undefined uncertainty.

Even if the vehicle is parked, it does not need to be the case that energy is generated over
the whole day. If the parking place is for example in the centre of the city, as shown on the
example picture above, it depends on the daytime and the location nearby. In the morning it
can be in shadow, whereas the battery will be charged in the afternoon. If the vehicle is
needed in the afternoon the possible good charging option is not given. Furthermore many
people do not have a fixed parking place in urban areas where the recharging possibilities
are similar. This is the case because of the high amount of apartments which are for rent. For
example the person who lives in the 2™ urban district of Graz can have a parking place in a
certain area called zone 7. This leads to the fact that the parking possibilities and the
recharging possibilities are restricted and different for every vehicle owner. With higher
density of traffic, it can happen that a stop occurs in the sunlight or in the shadow.
Furthermore the weather itself is a key component to the possible energy output.
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Figure 62: parking possibilities in the 2" urban district of Graz (Source: City of Graz)
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3.1.2.2. Measurement preparation

The two optical sensor units are mounted on the roof as described at the beginning of the
chapter. This arrangement of the sensors on the roof leads to the largest possible distance
between the two sensors.

sensor 1

-

15cm

-

153.5cm

2Bom

sensor 2

_ 108.5¢cm -~

Figure 63: distance between the optical sensor units
The distance can be calculated simply as follows:

a=153.5¢m—28cm —15¢cm =110.5¢cm
b=100cm
d*=a*+b*

d =/(110.5cm)> (100cm)> =149.03cm

If the optical sensor unit is directly integrated in the roof, the possible distance will be
increased. For the mounting of the optical sensor units a thin 4mm wooden plate is used.
The length of the plate is for the front side 120cm and for the rear end of the roof 116cm. The
advantage of it is the flexibility that it lies close on the roof and has a good stability with
lashing straps, offering the opportunity to run speeds up to 80km/h or 50mph with the
vehicle.
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. -
Figure 64: experimental vehicle with mounted optical sensor units in the urban area

The picture above illustrates a further scenario. It is also the case that on a parked vehicle
shadowing can appear. This effect can be analyzed as well with the optical sensor units. In
general the configuration of the measurement looks like the following illustration.

Optical Sensor NI DAQPad-6259
Unit
3 computer with
2x (S1 and S2) LabVIEW
car battery 12V DC 230V AC
P
voltage converter

Figure 65: experimental vehicle with mounted optical sensor units in the urban area
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3.1.2.3. Example measurement

The following picture illustrates a typical situation which can be found in the urban area
during a normal sunny day, as already shown in the example picture at the beginning of the
chapter. The following measurement results are similar to other results from other
measurements which have been made on streets with similar conditions. The measurement
has been made on the 2" of August at 3 p.m in the ‘Naglergasse’ in the 2" urban district in
the city centre of Graz. The outside temperature was 26°C or about 80°F.

Figure 66: view into the ‘Naglergasse’ from the measurement starting point

The street has a length of approximately 300 metres. Each 500ms the software made a
caption from the actual value of both sensor units. The car was driven with a constant speed
of 25km/h or about 15mph. In total 48 measurement values were recorded , and these are
listed in the following table.

At the starting point of the measurement it is the case that one optical sensor unit is in the
sun, in the picture it is sensor 1 (S1) on the right hand side at the front of the roof of the
vehicle, and the other optical sensor unit, in the figure sensor 2 (S2), is in the shadow. A
visual check of the shadow behaviour in the street gives the impression that it will be several
times the case that the optical sensor modules will deliver different values according to
different shadowing effects on the roof where the solar panel is mounted. As a proof of this
impression the measurement data needs to be analyzed.
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Nr. | Time S1 S2 | sensors equal
1 | 14:57:02 1 0 no
2 | 14:57:.02 1 0 no
3 |14:57:03 1 0 no
4 | 14:57:03 1 0 no
5 [14:57:04 1 0 no
6 | 14:57:04 1 0 no
7 | 14:57:05 1 0 no
8 |14:57:05 1 0 no
9 |14:57:06 0 1 no
10 | 14:57:06 0 0 yes
11 | 14:57:07 1 0 no
12 | 14:57:07 1 0 no
13 | 14:57:08 1 1 yes
14 | 14:57:08 1 1 yes
15 | 14:57:09 1 1 yes
16 | 14:57:09 1 1 yes
17 |1 14:57:10 1 1 yes
18 | 14:57:10 0 0 yes
19 | 14:57:11 0 0 yes
20 | 14:57:11 1 0 no
21 | 14:57:12 1 1 yes
22 | 14:57:12 1 1 yes
23 | 14:57:13 1 1 yes
24 | 14:57:13 1 1 yes
25 | 14:57:14 1 1 yes
26 | 14:57:14 1 1 yes
27 | 14:57:15 1 0 no
28 | 14:57:15 0 0 yes
29 | 14:57:16 1 0 no
30 | 14:57:16 1 1 yes
31 | 14:57:17 1 1 yes
32 | 14:57:17 1 1 yes
33 | 14:57:18 1 1 yes
34 | 14:57:18 1 1 yes
35 | 14:57:19 1 1 yes
36 | 14:57:19 1 1 yes
37 | 14:57:20 1 1 yes
38 | 14:57:20 1 1 yes
39 | 14:57:21 1 1 yes
40 | 14:57:21 1 1 yes
41 | 14:57:22 1 1 yes
42 | 14:57:22 1 1 yes
43 | 14:57:23 1 1 yes
44 | 14:57:23 1 1 yes
45 | 14:57:24 1 1 yes
46 | 14:57:24 1 1 yes
47 | 14:57:25 1 1 yes
48 | 14:57:25 1 1 yes

Table 17: Measurement data from the example measurement
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A comparison from the picture taken with the camera and the collected measurement data
with the computer shows a connection. The shadowing effect is seen in two ways in the
picture. If a small band of shadow appears from the front, sensor 1 can be ‘0’ while sensor 2
can be ‘1’ or later on sensor 1 can be ‘1’ while sensor 2 can be ‘0’. The band of shadow can
also be long enough to cover the complete roof. In this case both sensor units will signal ‘0’.

sensor 1

153 5em

sensor 2

Figure 67: shadow appears from the front
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In the same way the shadow can appear more on one the side as it is the case in the
beginning of the measurement. In this case sensor 1 signals ‘1’ and sensor 2 signals ‘0’. The
same case can be the other way around. Sensor 1 can signal ‘0’ while sensor 2 can signal
‘1’. The optical sensor units can be moved along the mounted wooden plate. This leads to
additional other cases which can be tested with the two units. They can be for example:

sensor 1 on the left hand side, sensor 2 on the right hand side

[ ]
e sensor 1 on the left hand side, sensor 2 on the left hand side
e sensor 1 on the right hand side, sensor 2 on the right hand side
e sensor 1 in the middle of the roof, sensor 2 in the middle of the roof
sensor 1
A
E
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |
7 TOBBEm >
sensor 2

Figure 68: shadow appears on one side of the roof
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Figure 69: experimental vehicle half in the sun and half in the shadow

For a more detailed statement or a better analysis, more sensors are needed. Even for the
information how huge the shadowing area is on roof. If the measurement is performed in
more detail, which requires more sensor units, a better statement can be given regarding
how the cells should be connected in groups. The efficiency and the output power of the
solar panel are related to the interconnection of the cells and the placement of the modules
on the roof. With the usage of more optical sensor units, the software features have to be
adapted so that the measurement of more sensor units at the same time is supported.

In general there are plenty of possibilities to interconnect the cells in groups. To generate a
suitable output voltage for the DC/DC-converter for the maximum power point tracking, at
least nine cells should be connected in serial. In the following figure a few examples are
given. There is the opportunity to connect nine cells in serial if the dimensions are a little bit
extended:

e as a three times three block (46.8cm x 46.8cm)
e asone times nine block (15.6cm x 156¢cm)
e as a block of three and a block of six (46.8cm x 15.6cm plus 93.6cm x 15.6cm)

With the different placing possibilities up to 54 cells or 6 modules can be mounted on the roof
of the experimental vehicle.
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Roof

153.5em

108.5cm
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Figure 70: possibilities to connect the cells to modules with dimensions
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sensor 1
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Figure 71: experimental vehicle half in the sun and half in the shadow

For conventional use it does not make sense to mount so many sensors on the roof of the
vehicle, but it helps to generate statistics with the experimental vehicle. With the help of a
long period of measurement at different daytimes and over a couple of months, a better
decision can be made for the interconnection of the cells to the groups.

A method could be to place several sensor units along the roof, for example sensor 3 to 6 as
option (a) in the figure above. This method can produce information about how much of the
total area of the roof is covered by shadow from the side. Another possibility is to place
sensor units along the roof, for example sensor 3 to 9 as option (b) in the figure above. This
method generates information about how long the roof is covered by shadow. Even at a stop
in an area with a mixture of sun and shadow, for example at a traffic light where a waiting
time can be about 30 seconds, the situation can be better analyzed with more sensors.
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Measurment result
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Figure 72: graphical representation of the measurement result

times | description in percent
48 | totally collected measurement values 100%
14 | different values between S1 and S2 29.17%
43 | sunon S1 detected 89.58%
31 sun on S2 detected 64.58%

Table 18: analyzed measurement data from the example measurement

sun detected in percent

o sun detected in percent

SENSArs

0 20

40 B0 a0 100

percent [%a]

Figure 73: sun detection as percentages of sensor 1 and sensor 2
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However, the result of the example measurement shows that there is a difference which has
to be taken into account and shows that the topic of how the cells are connected with each
other is not redundant. The optical sensor unit is suitable to perform measurements to
generate statistical data. Furthermore it can be used as a reference source to support the
energy management of the vehicle with data about the current amount of shadowing on the
roof. For a better performance and an integration into the roof of the vehicle some
improvements can be made which are discussed in the following chapter.

Figure 74: sun situation in urban areas

Institute for Electronics, Graz University of Technology 71



Diploma thesis

3.2. Improvement of the optical sensor unit

The experimental vehicle provides an area at the maximum of about 1.5m? (153,5cm x
108,5cm). A larger area would be given by the mounting on a hybrid bus used for public
transport. If a solar panel is mounted on the roof on that kind of bus the negative impact of
shadowing is much more because in this case the vehicle spends so much time in
movement. Of course a normal bus can also be parked in the sun to avoid shadowing. But
for a bus used for public transport in an urban area the situation is different.

3.2.1. Volvo 7700 Hybrid

The Volvo 7700 Hybrid would be such a bus. The propulsion is provided by a diesel engine
and electric power. Within the parallel hybrid system the electric engine can work as a motor
or generator. Under normal circumstances the electric motor is suitable to accelerate from a
standstill to a speed of about 20 km/h or about 12,5 mph. This action promotes considerable
fuel savings. If higher speeds are reached the diesel engine takes care of propulsion. When
the diesel engine is operating the electric engine is used as a generator to recharge the
batteries. This hybrid solution is ideal for urban operations and that kind of combination
results in fuel savings up to 30% (Volvo, 2008; Volvo, 2009).

==
e

= S i
7700 Hybrid bus

I‘éigure 75: Volvo (Sﬁc—)’afléé: Volvo)

Torque

‘ [l Electric motor

. Diesel engine

B Electric motor and
diesel engine

S rpm

Figure 76: Volvo 7700 Hybrid torque (Source: Volvo)
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With the saving of fuel by efficient propulsion, also the operating costs are reduced. A further
reduction is achieved in the caused emissions. The benefit of the hybrid system appears if
the bus pauses for example at a bus stop or a traffic light. The bus produces in this case no
emissions because the diesel engine is switched off and the electric engine takes care of the
necessities. This leads to a reduction of CO, as well of NO, and other emissions of about 40
to 50%. A further benefit shows up with the overall noise reduction by 4 db(A). It can be said
that the Volvo 7700 Hybrid bus provides a good amount of capacity combined with low
emissions (Volvo, 2008; Volvo, 2009).

The main components of the Volvo hybrid system
1. Diesel engine 2. Electric motor/generator

3. Transmission 4. Powertrain Management Unit (PMU)
5. Energy converter DC/DC 600V/24V 6. Batteries

7. Clutch

Figure 77: Volvo 7700 Hybrid main components (Source: Volvo)

It is the case that the electrical energy can only be produced by the diesel engine. However,
for recharging the batteries, emissions have to be taken into account. If more pauses need to
be made for example because of a traffic jam or close bus stops, the diesel engine needs to
be switched on to prevent the battery being discharged. An external recharge possibility
cannot help to improve this situation because of the given movement of the bus. With the
implementation of a solar panel a possibility is established in which the batteries are
recharged during the drive.

The advantage of a bus is the large area available where solar cells can be mounted. A
calculation can be made for the area for solar modules which can be implemented on the
surface of the roof of the Volvo 7700 Hybrid. Flexible solar cells can help to avoid problems
caused by the rising of the roof at the front and at the rear end of the bus.
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S

Figure 78: Volvo 7700 Hybrid Bus Dimensions (Source: Volvo)

Part Description Length [mm]
G Overall length 12074
Y Height at battery cover 3216
X Height at radiator cover 3207
K Overall width 2520
A Wheelbase 5945
I Front overhang 2694
J Rear overhang 3435
M Track, front 2107
N Track, rear 1885

Table 19: Volvo 7700 Hybrid Bus Dimensions (Source: Volvo)

A

roof

=11050mm x 2000mm = 22100000mm* = 22.1m*>

The Toyota Prius offers as a comparison an area to mount solar cells of about 1.5m?. The
first implemented version of the solar panel on the roof of the experimental vehicle does not
require the entire available area. There is 15 times more space on the Volvo 7700 Hybrid in
comparison to the Toyota Prius.
If there is the opportunity to mount more solar cells, the situation changes in different ways in
a conventional vehicle compared to a large public transport vehicle. With the higher number
of solar cells the energy output will increase. This situation leads to the necessity of
additional implementations.
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3.2.2. Additional implementation requirements

The prototype version of the optical sensor is designed to generate measurement data for a
statement about shadowing on a roof of a vehicle during driving in urban areas. If the amount
of energy output is higher, which is the case on larger roofs as for example on public
transport vehicles, then further expects show up, which leads to an improvement of the
optical sensor unit and a fix implementation to the solar cells on the roof.

3.2.2.1. Differential amplifier

To enhance the gain performance of the optical sensor unit an instrumentation amplifier can
be used instead of the current different amplifier. For the realisation, three instead of one
AD820AN are required. The most noteworthy benefit is the adjustable gain (over the resistor
Rgain); Other additional characteristics are the very low DC offset, low drift, low noise, a very
high common mode rejection ratio and very high input impedances. In general
instrumentation amplifiers are used for operations where great accuracy and stability is
required, both for short-term solutions as well as for long-term solutions (Tietze U., Schenk
Ch., 2002).
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Figure 79: instrumentation amplifier (Source: Tietze U., Schenk Ch.)

For the dimensioning the following settings can be choosen:

Ra=Ri=R;

Rb = R3 = R4

Rc = R5 = Re

A: Vout :(1+ 2Ra )&
Vz'Vl Rgain Rb

Institute for Electronics, Graz University of Technology 75



Diploma thesis

3.2.2.2. Power supply for the optical power unit

To support the optical sensor unit with power for a longer period of time, a converter from
12V, which for example a USB interface offers, can be integrated into the optical sensor unit.
The AS1341 is a Step-Down Converter which offers the opportunity to provide this voltage.
The AS1341 itself has an efficiency of up to 96%. To operate more sensitively with the
optical sensor unit there is the possibility to establish a real light-to-voltage measurement and
not to decide only between shadow and light detection. Therefore a higher supply voltage for
the used optical sensor from TOAS is recommended. The AS1341 can also be designed to
provide higher output voltages if the input voltage is for example 12V.

> A >
o n
- +
T
2
1
5 v%f Ic1 L1 ©
= JP2
[ 5 [y x4 LAY YRR
7 1 SHDNN 3 10u
ot 8 1 wmir .
_10u ouT GND _CZ
5 =
wl POK 100u
2 1
GND FB
= |=
AS1341 “5] -
GND GND GND GND

Figure 80: AS1341 Step-Down Converter from 12V to 5V (Source: austriamicrosystems)

3.2.2.3. Direct supply of the energy and LIN bus communication

If the energy output of the solar panel is high enough, for example if the solar panel is
mounted on a bus, further steps can be performed. If solar modules with equivalent solar
cells of the Toyota Prius are mounted on the Volvo Hybrid 7700, a solar energy output of
about 3.2kW can be generated. In general to extend the lifetime of the high voltage battery
the energy can be provided directly to the electric motor. At the Volvo Hybrid 7700 this can
be done with the I-Shift transmission. In the case of the Toyota Prius the energy produced by
the electric generator can be directly supplied to the electric motor without charging and
discharging the HV battery pack.

The optical sensor unit can provide the different electronic circuit units with information about
the sun illumination on the roof of the vehicle, and provides in that way data for an estimation
of how much energy can be gained from the solar panel. For the ECU, which controls the
charge and discharge of the high voltage battery, this information can be useful and
necessary. Therefore a certain amount of communication is required. A LIN bus with a
gateway to a CAN communication offers the opportunity for the expected amount of
information traffic (Volvo, 2008; Volvo 2009; Bosch, 2007).
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4. DatalLogging tool and software implementation

4.1. Approach

The measurement software is implemented in LabVIEW in its version 8.0 from National
Instruments. The basic function of the software is to collect measurement data from solar
panels or solar modules, which can be used for statistical evaluation to gain information and
knowledge about the level of efficiency. To establish freedom for the measurements, options
need to be implemented to allow the operator different kind of settings according to need.
The DatalLogging tool in the version 2.0 at the moment of the creation of this diploma thesis
offers the opportunity to use the multifunction data acquisition (DAQ) module mentioned in
an earlier chapter or to communicate with the FPGA via USB to receive the measurement
values.

4.2. Opportunities

At the beginning the operator has to check several settings and to provide some input
information before the measurement itself can be started. These settings can be made on
the second page ‘configuration’ and on the first page as well. However, the measurement
can be stopped at any time and the configurations can be changed. In case of necessity, the
configurations can be set without stopping the measurement. If the path where the data is
stored is changed, the program needs to be restarted. Furthermore there is no specified
order in which the settings have to be done . If the DataLogging tool is started the operator
gets to the main page.

Measurement ‘ Configuration | Description ‘

Syskem

OnfofF

@ Total Yoltage [V] Total Current [A]
S

100,0-]
0,0

Graph | History

— 60,0 Sensor 1

vokage [¥] 9 1 40,0~ Sensor 2 1
0 3 20,0
3 0,07 |
Current [A] N N : 00:00:00 00:01:58
T g &
Lewvel of efficiency [%] Module Output Power [W]
" )
o 9

Measurement timebase [ms]  Mote! 1} li}

:JW How often the measurment

should be performed. Time

Measurment with Datalogging

| Date | Time w1 = |vz = |v3 = | v = |vs =3 | v =3 |51 |52 |
| | \ | | \ \ | \ \ | | \ | | \ | =19

Module 1 |MnduleZ \ Module 3 | Module 4 | Module 5 | Module 6 Configuration | peadjwrite | Readout | Conwversion
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( | Gcoms | Heone S IE]
Total Valtage 1 [¥] Total Current 1 [4] baud rate stop bits
115200 I1.0 Nate:
. / Ta activate the setting possibiities for the
Volkage 1 [¥] data bits flow contral COM-Interface, in the configuration panel
0 s r the COM has to be enable

Mane
Current 1 [A]
a

Madule Control

Figure 81: main page of the DataLogging tool
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4.2.1. Basic software flow

The Datalogging tool is realized on a basis following the settings.

start

¥

¥

rr-e\aausrz::sm time 3ﬂlE:(':nt|:|r~‘l:JLIl.Jl-i.-lx=,~t::.:_! o Selnct naminal
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L
OnfiOAf
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¥
data path
set and enable
¥ ¥ ¥
FPGAUSB Ml DACQPad-6259
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) SEnsor
COM m:j;ilg.ldratmn configuration configure simulator
n enabled

level of efficiency
visualization

Figure 82: data flow of the DatalLogging tool
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At the beginning the operator can, but does not need to, set:

¢ the measurement time base [ms] — the default value is 500ms. For this setting there is
no minimum or maximum value given

e the amount of modules which are measured — the default is three modules

¢ the nominal output power [W] of the panel or module which is measured — the default
value is 80W

If the On/Off switch is pressed the measurement tool is activated. Afterwards the option can
be selected that the data is stored into a text-file. Measurement is also possible without

saving the captured data. In case of necessity, the storage of the data can be started at any
time.

The next step is to select the source from which the measurement data is taken. Only one of
the three possible sources can be chosen at the same time:

e the communication with the FPGA via USB

e the multifunction data acquisition (DAQ) module
e the integrated simulator

4.2.2. Main page elements

The order of the elements and components on the main page is presented to offer the
operator a clear view of the measurement tool possibilities and functions.
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Figure 83: elements of the main page of the DatalLogging tool
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element | name description
1 Main On/Off switch by pressing this swich the Datal.ogging tool is activated
2 Main voltage and depending on the number of modules the total current
current gauge and voltage is displayed
3 time base selection this value defines how often a recall is made to get
measurement data — there is no restriction given for the
setting of this value
4 level of efficiency the current and several past values of the level of
visualization efficiency is displayed here. The value is displayed as an
absolute percentage value in comparison to the possible
or nominal maximum output power of the module(s)
5 DataLogging values | if the data is mentioned to be stored in this table all the
values are displayed
6 optical sensor unit if the multifunction data acquisition (DAQ) module is
visualization used the optical sensor unit can be connected and will
be visualized on the main page
7 Main Stop switch to switch off the tool at any time
8 Module Control each voltage and current values can be watched
separately
9 COM configuration if the communication via USB is used this control panel
will be activated for the settings

Table 20: elements of the main page description

4.2.3. Settings at the configuration panel

4.2.3.1. Module Measurement Control

Module Selection |Sensu:|r iConfigurakion  Shunk Configuration |

Murnber of modules Mote:
A The number of modules can be choosen
=
) from 1 {as minirmurn) o & (as masximum)
Cukput Poveer '] Make:
A Seleck the maximum oukput power given For
4110
) the solar module by the manufacturer

Module Measurement Conkral

Figure 84: Module Measurement Control, figure 1/2

The Module Measurement Control is located at the configuration panel. Here the amount of
modules can be set for the measurement. Depending on the activated number of modules at
the front panel, more or less modules are displayed. The DataLogging tool is capable of
measuring six modules at the same time and store the data into a text file. At least one
module needs to be enabled.
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Figure 85: Module Measurement Control, figure 2/2

If the multifunction data acquisition (DAQ) module from National Instruments is used, a shunt
can be used for the current measurement. Furthermore a multiplier can be chosen for the
voltage measurement if the total voltage exceeds 10V. With a voltage higher than 10V the
measurement with the DAQ module does not work correctly. Therefore it is useful to have
this multiplier function in the case where a serial circuit with a certain amount and kind of
loads is measured. For example if two equal resistors are connected in serial to each other,
half of the voltage will be at each resistor. By a multiplier of two the total voltage can be
calculated and will be correctly visualized.

4.2.3.2. Measurement Tool Selection Control

Figure 86: Measurement Tool Selection Control, figure 1/3

At the Module Selection Control also located on the configuration panel the source can be
chosen from where the measurement data is gained. To get to know the Datalogging tool it
is possible to use the simulator instead of the measurement with the DAQ module or the
communication via USB with the FPGA. The simulator will generate for the amount of
selected modules random voltage and current values. The values will be different for each
module and are located around a definable voltage value with a difference of -0.23V up to
+1.2V and around a definable current value with a difference of -0.47A up to +1.2A.
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Also the data from the simulator can be stored into a text file as the measurement data taken
by the DAQ module or from the FPGA.

S RETIH Dewlfai?i 13

Devlfaild: 15

Figure 87: Measurement Tool Selection Control, figure 2/3

If the DAQ module is selected, the measurement channels can be selected according to the
table on the DAQ module. However, some recommend default channels are already set. At
the time of activating the option to measure with the DAQ module, the opportunity to take
measurement data by the communication with the FPGA or to run the simulator to produce
data will be disabled, for as long the DAQ module option is enabled. If the DAQ module is
chosen the second page of the Module Measurement Control will be enabled.

At the configuration page called Sensor Configuration, a visualization of the values received
from the sensors is available if required. If the DataLogging function is enabled, the data from
the optical sensor units is both displayed on the main page and stored in the text file. The
sensors can be configured by pulling the slide switch. The actual sensor voltage value and a
security distance are used to define the logical ‘0’ and the logical ‘1’ as described in the
earlier chapter 3. Furthermore the security distance can also be adjusted here. If the sensor
measurement is enabled, the detection of shadow or sun is displayed in a diagram on the
main page in the upper right corner.
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Figure 88: Measurement Tool Selection Control, figure 3/3

The measurement data can be stored into a text file by pressing the switch on the third frame
of the Measurement Tool Selection Control. For statistical evaluation of the measurement
data the content of the text file can easily be transported into an Excel file. This was done
also in the earlier chapters for example to generate diagrams for the Enecom solar panel.

Figure 89: COM Control panel on the main page

If the communication via USB with the FPGA is chosen the COM control panel on the main
page is activated and available. The settings by default are recommended but can be
changed if necessary. The LabVIEW program sends a command to the FPGA via USB and
receives a data string from a register of the FPGA. A parser is implemented in LabVIEW
which analyzes and converts the received data to measurement data. This measurement
data can be stored in a text file.
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The following figure shows the DatalLogging tool in mode of operation. The measurement
data is generated by the integrated simulator. The sensors are not simulated along the
integrated simulator. Furthermore the data is stored into a text file and in the table on the
main page the last saved values are displayed. The last values which have been taken
during the last two minutes are shown in a diagram. The level of efficiency is not stored into
the data file because the purpose is only a visualization of the current energy output of the
measured solar module.

0,0000 | 0,0000 |0,0000 |0,0000 |0,0000

Figure 90: main page with activated simulator
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5. Analysis

5.1. For comparison: energy of oil

One barrel of oil is equivalent to approximately 6.1GJ or 1,700kWh. In one barrel there are
158.987295 litres of oil. With a level of efficiency it can be said that with 1litre benzene,
diesel or heating oil generates about 10kWh. Thus for 1kWh, approximately 0.1l fuel is
necessary. The same value can be used in calculation of the possibility to save 95 to 1201 on
heating oil with an illumination of 975 to 1,275kWh/m2. The available area to mount solar
cells on the roof is, for the Toyota Prius, 1.5m2. With 45 solar cells with a dimension of
156mm by 156mm an area of about 1.1m? are taken. The nominal maximum output power is
180W and with the flat and curved surface and the non-ideal angle to the sun, the possible
output power is 156.6W to 171W (DFS, 2002).

5.2. Estimation of the output and possible benefit

5.2.1. Replacement of benzene

For estimations to generate output data, some simplifications need to be made. This leads to
a possible prediction regarding approximately how many kilometres the car needs to go until
the solar panel will be a benefit from the point of view of the costs of the solar panel. This
point is called break even point in the economics and finance sector (Woéhe, 2008;
Grohmann-Steiger C., Schneider W., Eberhartinger E., 2008; Bundesministerium flr
Finanzen, 2010).

o the effective area is the energy output of 1m? solar cells or 165W of nominal output
power

e with a certain amount on illumination the possible output is calculated to be between
900kWh/m? and 1,200kWh/m? for the whole year

e because of certain impacts for example because of shadowing during driving, the
possible output is reduced to 800kWh/m? to 1,100kWh/m?

e over the entire year from 800kWh up to 1,100kWh can be gained

¢ the solar panel itself will cost €1,200 without government support. To integrate the
solar panel into the roof of the car a cost of €400 is assumed in addition to €400 for
further electronics, cables and configurations of the board net. leading to total costs of
€2,000

¢ the solar panel is capable of surviving the of 15-year lifetime of the vehicle and will
not reduce its power output over this period of time. This can be expressed as
average costs of €133.33 for each year

e the fuel used for the vehicle is benzene with a price per litre for January 2010 of
€1.10. With a rising of the price on average of 8% each year a price for January 2015
is approximately €1.50 and for January 2020 €2.20

This leads to the following equations:

800kWh/m* =800x 0.1/ = 801
L100AWh/m* =1,100x 0.1/ =110/
2010:80/x €1.1=€88;2011:80/x(€1.1x1.08)= €95.04
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After performing all calculations a table can be made with the values which are required for
the diagram.

year 800kWh/m? 1,100kWh/m?
2010 €88.00 €121.00
2011 €95.04 €130.68
2012 €102.64 €141.13
2013 €110.86 €152.43
2014 €119.72 €164.62
2015 €129.30 €177.79
2016 €139.65 €192.01
2017 €150.82 €207.37
2018 €162.88 €223.96
2019 €175.91 €241.88
2020 €189.99 €261.23
2021 €205.18 €282.13
2022 €221.60 €304.70
2023 €239.33 €329.07
2024 €258.47 €355.40

Table 21: savings on fuel over the years of the entire lifetime

The total savings on money are between €2,389.39 for 800kWh/m? and €3,285.4 for
1,100kWh/m2.

costs with 800kWh/m?

3000

2500

1500 —e—solar panel costs
/ —=—fuel costs
1000

500 /

costs [€]

Figure 91: costs with 800kWh/m? and replacement of benzene
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costs with 1,100kWh/m?
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Figure 92: costs with 1,100kWh/m? and replacement of benzene

5.2.2. Replacement of electrical energy

A plug-in vehicle can also be recharged with external energy. If it is the case that only 100%
renewable energy is used for recharging the vehicle’s battery the same amount can be saved
on external energy as on fuel. The basic conditions are the same as on the fuel saving
calculations. The change is according to the prices of the used energy resource.

e 1kWh 100% renewable energy costs €0.215 by day and €0.155 at night. For the
calculation, an average value of €0.185 is taken
e the prices are increasing by 8% each year. The price in the year 2010 is €0.185

This leads to the following equations:

800kWh/m* =800 x €0.185 = €148

L100AWh/ m* =1,100 x €0.185 = €203.5
2010: €148
2011:800 x (€0.185x1.08) = €159.84
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After performing all calculations again a table with the values can be made which are
required for the diagram.

year 800kWh/m? 1,100kWh/m?
2010 €148.00 €203.50
2011 €159.84 €219.78
2012 €172.63 €237.36
2013 €186.44 €256.35
2014 €201.35 €276.86
2015 €217.46 €299.00
2016 €234.86 €322.93
2017 €253.65 €348.63
2018 €273.94 €376.66
2019 €295.85 €406.80
2020 €319.52 €439.34
2021 €345.08 €474.49
2022 €372.69 €512.48
2023 €402.50 €553.44
2024 €437.70 €597.72

Table 22: savings on energy over the years of the entire lifetime

The total savings on money are between €4,021.51.39 for 800kWh/m? and €5,525.34 for
1,100kWh/m?2.

costs [€]
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Figure 93: costs with 800kWh/m? and replacement of electrical energy
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Figure 94: costs with 1,100kWh/m? and replacement of electrical energy
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6. Conclusion

The performed research shows that different benefits will occur if a solar panel is used to
extend the electrical driving range of either a hybrid vehicle or a pure electrical vehicle.
Firstly, it can be said that the fuel amount can be reduced in case of a hybrid car by an
annualamount of up to 120litres. This leads to a reduction of emissions like CO,. Each
kilometre which can be taken electrically is a benefit for the environment and society
because of the usage of solar energy as a 100% renewable energy resource. A first analysis
of profitability shows that the investment in a solar panel pays for itself. The costs which need
to be met in the beginning change into a profit over the lifetime of the vehicle. The level of
efficiency of use of solar energy is increasing, which offers the opportunity to see the car as a
small power plant if the energy is not used for driving.

The area on the roof of a vehicle is restricted. Analyses carried out in this diploma thesis
point to the necessity of using this amount carefully in order to establish a high level of
efficiency and to maximize on available output power. The Datalogging tool is suitable to
gain information and knowledge regarding how cells can be connected in groups on the roof.
As a reference source the optical sensor unit is a suggestion. By the usage of the maximum
power point tracking unit a further step is taken in the right direction to establish a high level
of efficiency. The situation can vary depending on the vehicle where a solar panel can be
integrated. The battery management and the participating electronic circuit units need to be
provided with information. Communication between the different distributed components can
be a key in saving energy without a negative impact on driving conditions.

The solar panel is a very lightweight construction. The solar panel from Enecom has a weight
of less than 2kg. An introduction of solar energy as a power resource for a vehicle does not
lead to a higher amount of fuel consumption. In comparison the lithium battery has a capacity
of 5kWh and a weight of about 100kg, which can cause a slightly higher amount of fuel
consumption. With further research, the solar panel is capable of completely substituting for
the normal roof of a car. The substitution of fuel with 100% renewable energy in hybrid
vehicles is the correct way to establish a transition to the electric car until the costs of the
electric car are reduced and the electrical car becomes more attractive. Solar energy can
already help today to lower the battery capacity and so also the total costs of a vehicle, even
if money needs to be spent on the solar panel. Therefore the opportunity is available.
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9. Appendix

9.1. Schematic plan of the optical sensor unit prototype
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Figure 95: schematic plan of the optical sensor unit
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9.2. Final measurements and outlook

At the final days of working on this diploma thesis final measurements have been made in
cooperation with the University of Applied Science Joanneum. The following figures show the
measurement and give an idea of the following steps which will be the evaluation of the
performance of the Maximum Power Point Tracker (MPPT). The basic idea has been to
justify the correct communication between the Datalogging tool and the FPGA board via
USB to secure the opportunity for further tests. Furthermore a prototype of a solar module
has been constructed which allows different configurations on the connection of solar cells
and which is equivalent to the solar module which will be integrated in the experimental
vehicle.

Figure 96: prototype of the solar module
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Figure 98: power supply and computer with DatalLogging tool

Institute for Electronics, Graz University of Technology

98



Diploma thesis

Figure 99: measurement with effects of shadowing
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