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1.2 Short description of project objective and results 

1.2.1 English version

The basic objectives and results of the project have been

· Development of a mathematical tool to design PV LED systems and simulate their performance in relatively shaded areas like the urban environment. 

· Development of a laboratory facility being able to feed in the relevant data for the simulation. 

· Development of an electronic conversion unit tailored for PV lighting systems in the range <50 Wp, seen from the PV side, having an efficiency beyond 90% in the dynamic rage. 

· Creation of a PV LED ENGINE technical platform based on the above mentioned technology and bringing them to them market in products in different scales of the addressed <50 Wp interval. 

5 solar powered prototypes of different sizes of lighting products in the whole power span has been simulated, measured, fabricated and tested/validated based on the PV LED ENGINE. 

1.2.2 Dansk version

Den primære målsætninger og resultater af projektet har været
· Udvikling af et matematisk værktøj til dimensionering af PV LED systemer og simulere deres ydeevne i relativt skyggefulde urbane områder. 

· Udvikling af laboratoriefaciliteter, der kan realisere de nødvendige data for hver komponent i PV LED systemet for simulation heraf.

· Udvikling af en skalerbar, elektrisk styringsenhed skræddersyet til solcelledrevet belysning i <50Wp effektområdet med >90% effektivitet i hele dynamikområdet. 

· Realisering af en PV LED ENGINE skalerbar teknisk platform baseret på den udviklede teknologi og realisering af prototyper til test baseret derpå i forskellige skalatrin i <50Wp. 

5 prototyper af solcelledrevne lysprodukter er realiseret i projektet og er - baseret på ovenstående nøgleleverancer - blevet simuleret, målt, produceret og testet. 
1.3 Executive summary

The market for solar powered lighting products is still in its very early and immature state. It has a huge market potential, since cabling is very costly and very often has a cost close to or event higher than the lighting product. Cabling costs in Denmark are about 1000 DKK/meter in average but much higher in the cities being closer to 5000 DKK/meter. In Norway the cabling costs are 3000 NOK/meter and in Berlin it is close to 2000 €/meter. Therefore, the opportunity for having CO2 neutral green lighting products powered only by the sun is attractive since the savings on the cabling costs are huge and extra cost of making the lighting product stand-alone by adding solar panel, battery and electronics is only a fraction of the cabling costs. 
This is though only true if there is sufficient conversion efficiency inside the product - from solar radiation to electricity and charge on the battery, and back again as light relevant for the people in public spaces. Objective 1 of the project has been, through excellent Danish research and company corporation, to realize a scalable 1-50 Wp controller unit having efficiency of >90% in the whole dynamic range (all relevant irradiation levels onto the solar panel 50-1000 W/m2) This has been done and due to cost optimization realized in 
· <10 Wp solution with up to 98% efficiency

· 10-50 Wp solution with up to 98.5% efficiency

High efficiency is extremely important to realize successful solar powered lighting solutions. But even the most efficient system will not perform acceptably if not dimensioned correctly. No PV simulation tool is available on the market where time resolved simulations can be done dynamically to foresee the performance of a PV system. Since solar panels, electronics, and batteries are behaving very differently under different irradiance, temperature, state-of-charge and charging levels a time resolved model is necessary to make proper predictions of a PV LED lighting products. Furthermore, shadow environments are very important to take into consideration when evaluating and dimensioning systems for the urban environment. Objective 2 has been to create a mathematical tool based on the needs described above, which has been done in the project in a MATLAB environment. The tool has shown to be relevant for both dimensioning the solar powered lighting products but is also applicable for prediction of the lighting output of a given solar product for a given position. This is a very important tool in the future, since the urban planners need to have reasonably correct performance expectations in the buying phase not to be disappointed in a later stage. Solar powered lighting products can easily get a bad image, if they do not live up to the expectations and the PV LED ENGINE simulation model can give a best guess based on Normal Meteorological Data for a given place on the earth of the performance of a given solar powered product. 
However, the mathematical tool will not work if not all parameters of the individual components of the system are known. Laboratories already exist on DTU for measuring most of the components in the chain of PV, electronics, battery and LED and the missing part has been built and tools for transferring data to the mathematical model described above has been made which overall has been objective 3 of the PV LED ENGINE project. 
Objective 4 has been to demonstrate the mathematical toolbox through measurements in the lab and the electronics in several prototypes which has been done with the power levels shown below

	Prototype
	PV Power level

	ADELIE-SUN
	50W

	WALL-LIGHT
	25W

	RESCUE LADDER
	12W

	JELLO SUN
	5-10W

	BIKE-LIGHT
	1W


The project results have caught interest all over the world and perfect dimensioning, high efficiency and great Danish design is a perfect combination for conquering the market for PV powered lighting products which is about to take off. No large players have yet entered this market and there is unique chance now based on a significant edge over the international competitors. Hence, this project enables interested companies to gain important market shares and file the broad and relevant patents for Denmark to get most out of this market. It can be added that out-sider and DTU Fotonik was invited to Saudi Arabia to disseminate the project results for client and contractor behind King Abdulaziz Center for World Culture where one of the prototypes (WALL-LIGHT) has been offered in 978 pieces giving a single export opportunity of 10 Mio DKK on this single product. BIKE-LIGHT is at this moment being installed in 33 prototype pcs at Kvæsthusmolen in Copenhagen as part of project partners work towards market maturing the PV LED ENGINE based products. The rescue ladder is expected to be sold in at least 1000 pcs in DK when the product is mature, has the relevant approvals etc. ADELIE SUN is sold by Thorn and will be heavily marketed nationally and internationally when the PV LED ENGINE is mature and is sure to work for several years without break downs. 
The project group is applying for support from the Market Development Fund (“Markedsmodningsfonden”) March 2015. The aim is develop a perfectly market mature product series based on the rather complicated PV LED ENGINE technology that can penetrate the market fast and efficiently both locally and globally with an expected early turnover of at least 100 MIO DKK for PV LED ENGINE related products 3 years from now for the involved producing and sales partners. This is expected in the same time frame to create 5-10 white collar jobs and 15-20 blue collar jobs in Denmark. The future from 3 years and beyond is hard to foresee since new company structures, joint ventures etc. might be needed to effectively penetrate a growing market after take-off.
1.4 Project objectives

The project objectives have fallen within the following scientific work packages:
WP 1. Software tool for dimensioning of PV applications. 

WP 2. Market scan and literature search

WP 3. Selection of active components

WP 4. Technology interface optimization

WP 5. Electronics Development

WP 6. Optical optimization

WP 7. Prototyping

WP 8. Pre Field test. 

WP 9. Optimization

WP 10. Field test

WP 11. Promotion of PV dimensioning engine through Danish Lighting Center. 

The work packages have been used as basis for developing the tools to meet the core objectives of the project, which are:
· Development of a mathematical tool to dimension PV LED systems and simulate their performance in relatively shaded areas like the urban environment. 
· Development of a laboratory facility being able to feed in the relevant data for the simulation. 

· Development of an electronic conversion unit tailored for PV lighting systems in the range <50Wp, seen from the PV side, being superior to the systems on the market. 

· Creation of a PV LED ENGINE technical platform based on the above developed technology and bringing them to them market in products in different scales of the addressed <50 Wp interval. 

The project has met many obstacles on its way, which was not possible to foresee when it started. That is the nature of a project involving both research and development and having so much pull from the market on its way. The boundaries change along the way dictated by the market, and it is difficult to develop very narrowly defined world class performing components taking many dedicated research hours to comply with just to be confronted with an ever-changing market wanting something a bit different on a day-to-day basis. Nevertheless, the project group faced this challenge with a good and pragmatic approach leading to some good compromises, which have actually made it possible to meet the objectives on a high level seen from a system perspective. There is always a risk in such projects where it is the system performance, which is the most important, that some of the sub components can get a too high individual focus and can be seen isolated to have extremely high quality but doesn’t create much value in the total system. That is one of the huge pitfalls, which the project group largely managed to avoid. 

Furthermore, the project experienced challenges with recruitment. DTU Elektro was not able to find the perfect PhD candidate before the end of the first year of the project. However, it turned out to be a valuable decision to wait for the best candidate instead of just employing someone on PhD candidate application market. Even though the project plan changed a bit over time, it did not affect the quality of the total project deliveries, which is what is most important. The project also had to change a position from PhD to a research engineer at DTU Fotonik, simply because the best candidate did not have a PhD profile. Both decisions were risky but in the end they showed to be right.
When the project started, the market for PV LED stand-alone lighting was very much driven by the Middle East, which at least made high temperatures a more critical parameter than expected. Excessive temperatures are critical to batteries and electronics but the project group was able to find solutions. The project implementation has evolved better than expected and the market has shown great interest in the project results and the product portfolio that is made possible by deliveries in the EUDP project. 
1.5 Project results and dissemination of results
Below the main activities and the results herein are described in detail.
1.5.1 Research and development of software tool for dimensioning and simulation of PV LED applications

The software tool has the basic conceptual functionality as shown on the block diagram below in Figure 1. 
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Figure 1 – Block diagram of PV LED ENGINE Model 
The energy flow is basically made up of

1. Energy flow from the sun to the PV panel

2. Energy flow from the panel – through the charger – and into the battery

3. Energy flow from the battery – through the discharger – into the LEDs

4. Stand-by consumption of the electronics controller due to its intelligent energy harvesting and intelligent disposition of the energy for lighting (the lighting scheme).

The individual parts are described below
1.5.1.1 Energy flow from the sun to the PV panel

The orientation of the panel should be known to calculate how much sunlight that reaches the solar panel. The solar path is known for each position on the earth, so if there were no atmosphere and thereby weather conditions to disturb the rays from the sun, it would be very easy to calculate exactly how much light would hit the PV panel for a given hour on a given date. The other disturbing factor looking from the PV panel to the sun is the shading conditions due to buildings, trees and other obstacles blocking the rays from the sun to the PV panel. In this project the shading conditions are modelled in one of 2 ways, 1) by a measurement of the shading conditions on the exact position where the PV LED product should be placed or 2) by using a CAD-model of the place, se Figure 2.
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Figure 2 – a: Hand-held device for measuring shading conditions, b: CAD-model of buildings where shading conditions can be calculated from.

Using an on-site measurement or a CAD-model to find the shading conditions gives the same result. The shading conditions take both the direct and the diffuse component of the solar irradiance into account. The direct component could basically be viewed as turned on and off with respect to the obstructing items in the surroundings, whereas the diffuse component is determined based on the portion of the hemisphere represented by clear sky.

Once the orientation of the panel is given, and the shading conditions are set, the model calculates how much energy that reaches the panel based on highly time resolved (5-10 min) solar irradiation data for that location and for the time period of interest. Along with the solar irradiation data, this energy also depends on the ambient temperature, hence this also serves as an input to the model. This calculation results in a time resolved data set with information about how much energy that actually reaches the panel.
1.5.1.2 Energy flow from the panel – through the charger - and into the battery
The next step in the model is to determine how much of the energy that reaches the panel that actually goes into the battery. This is the task of the charger, and thus depends on its efficiency. This efficiency is dependent on several parameters, such as the power delivered by the panel and the state of charge (SOC) of the battery. This dependency of the charger is characterized in the laboratory and implemented in the model. For example, the charge voltage is determined using the maximum power point (MPP) power of the panel and by the voltage of the battery and the relation of these described by the graph in Figure 3.
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Figure 3 – Charge voltage as a function of the maximum power point (MPP) power from the panel and the battery voltage. These function properties are measured in the laboratory and implemented in the mathematical model.
The charge voltage is then added to the battery charge, which results in a new state of charge and hence a new battery voltage. This is done by using the characterized data of the battery, an example of which is shown in Figure 4.
[image: image7.png]46

—&— Charge
—— Discharge

44| | —— Open Circut Votage

42

Voltage / V

36

34

32

0 01 02 03 04 05 06 07 08 09 1
soc




Figure 4 – Example of charge-, discharge- and open circuit voltage curves as a function of state of charge (SOC) for a characterized battery.

1.5.1.3 Energy flow from the battery – through the discharger – into the LEDs

The energy flow through the discharger is determined in the same manner as through the discharger. As in the case of charging, the efficiency of the discharger is characterized in the laboratory. The power extracted from the battery will depend on the battery voltage, the power of the LEDs and the lighting schedule of the LEDs. This schedule could either be very simple, such as just turn the LEDs on and off based on the sunset and sunrise, or more “smart”, e.g. triggered by a PIR sensor, or following a programmed dimming schedule. Such a schedule may be based on expected activities in the area or on the amount of energy stored in the battery at the moment together with the recorded accumulated energy for the last days in order to estimate the required energy for the next upcoming days, etc. Included in the preparatory process is the characterization of the LEDs used. This is conducted in a lighting quality laboratory at DTU Fotonik and includes investigations of such parameters such as efficiency, efficacy, CCT and CRI. Figure 5 illustrates an example of results from such a characterization.
[image: image8.emf]2.7 2.8 2.9 3 3.1 3.2

0

100

200

300

400

500

600

700

Voltage (V)

Current (mA)

  14 lm

  39 lm

  61 lm

  80 lm

  97 lm

  112 lm

  125 lm

  131 lm

Maximum luminous flux = 131 lm

Efficacy = 58 lm/W

CRI = 80

CCT = 3000K


Figure 5 - Example of concluded results from a characterization measurement of a LED light source.
1.5.1.4 Stand-by consumption
Besides the actual energy consumption by the LEDs, energy is also required for the electronic controller unit (ECU) for controlling the charger, the discharger, the intelligent energy harvesting and the intelligent disposition of the energy. This is called the stand-by consumption. In the model, in every time step when energy isn’t harvested or consumed, this energy consumption is taken into account.

1.5.1.5 Examples of results produced by the model

As shown in Figure 1, the inputs to the model are solar irradiation and temperature data along with information about the shading conditions and orientation of the panel. The model then simulates the behaviour of the device based on the characteristics of the comprising components, as described above. During the simulation, the parameters voltage and current for the three components (panel, battery and LED) are logged. The voltage and the current are then multiplied and integrated over time to determine the energy flow through each of the components. This is the main output of the model. Figure 6 shows an example of a diagram, illustrating this simulated energy flow.
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Figure 6 – Example of output result from the model when simulated three days in September; energy flow diagram of the comprising components of the device.

In the example illustrated in Figure 6 one can conclude that the battery gains energy during the three days of the simulation. It is desirable that the battery curve oscillates about the zero energy line, indicating that all energy is optimally utilized.
By examining the outcome of these simulations, one can derive which combination of different types of components and lighting schemes is best suitable for the present conditions of shading, orientation and location.
1.5.2 Development of a laboratory facility being able to feed in the relevant data for the simulation.

Within the project a laboratory being able to characterize all subparts of these light to light systems has been established.  The laboratory consists of 4 stations:

1. PV-characterization equipment
2. Electronics characterization equipment

3. Battery Characterization Equipment

4. Luminaire Characterization Equipment (Doll Quality Lab)

The PV characterization equipment is a modified industrial solar cell tester. The use of a Halide lamp allows illumination of smaller solar panels and measuring IV curves from 50 W/m^2 to 1000 w/M^2. The low light levels are very important to characterize since it is difficult to predict the low light behaviour based on high light measurement, and here in the Nordic region the panels will operate most of the time at low light.
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Figure 7 - Example of a PV characterization
An example of a measurement of the PV characterization in shown above.

The electronics controlling the system are tested in order to measure:

· Charging efficiency

· Standby power consumption and 

· LED driver efficiency. 
The measurement is performed using emulators to imitate the behaviour of the PV modules and the behaviour of the batteries. During the project acquisition of some programmable source measure units (SMU) was done. These SMUs operates in 4 quadrants which means that the both can supply energy and dissipate energy, and since they have a programmable output resistance, they can be programmed with IV-lists e.g. measured from a PV panel.
This feature also enables the same device to emulate a battery, both for the charging and the discharging of the battery.

To measure the charge efficiency, the measured PV-IV curves are feed into the emulator, which is connected to the controller, and another SMU in constant voltage mode is used as battery emulator. The power flow is measured in a power analyzer. Hence all combinations of IV-curves and battery voltages are measured in an automated way providing the data shown in Figure 3 above. 
The standby measurement is done by connecting the controller to a battery emulator and the power is measured via the power analyzer put in integration mode. The LEDs are disconnected. The integration mode activates a coulomb counter insider the power analyzer that ensure the even the smallest short current pulse is included in the measurement.
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Figure 8 - Example of a Standby measurement
For the LED driver efficiency measurement the battery emulator is used as battery and the real LEDs are use as sink. For the case where the LED power can be controlled via interface software directly on the controller board, the LED power levels are adjusted through the software, and in rare case an external PWM
 generator is attached. For the case where there is no software control, the driver efficiency is obtained from field tests.
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Figure 9 - Measurement on a LED driver efficiency at nominal battery voltage of 3.6 V
DTU Energy Conversion and Storage has also established a battery test station, which can test batteries, by applying charge cycles to them. Furthermore, DTU Energy Conversion and Storage owns a thermos chamber that allows for characterization under real operation temperatures, where the voltages and capacities changes from that of the room temperature measurement. The characterization outputs are curves like the ones shown in Figure 4. The voltage and the capacity also depends on the rate of current drawn from the battery, however since the current drawn for these systems in operation is low compared to the battery capacity the effect of the current on the battery voltages and capacity is very close to that of the unloaded battery and does not needs to be considered.
The luminaires are characterized in DOLL Q-lab. Here there are both integrating spheres, that can measure to the total luminous flux out of the luminaire, and there is a state of the art near field goniometer which measures the light distribution from a luminaire. Both measurement stations measures spectrally resolved, enabling colour engineering.
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Figure 10 – Left, near field goniometer. Right, integrating sphere
The lighting distribution of WallLight is shown below as an example of a lighting measurement:
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Figure 11 –Luminous intensity distribution of WallLight
To compare with real world operation, a terrace that enables field testing with external data loggers is also established.  Pictures of the terrace are shown below:
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Figure 12 – Field test of PV LED ENGINE based prototypes
The currents and voltages are logged several times a minute, and the data is fed into a database from where the energy flows in the systems can be calculated. The products are furthermore monitored by a webcam solution to check that the programmed lighting scenarios in the PV LED ENGINE products behave as expected during nighttime. 
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Figure 13 – Webcam monitoring of PV LED ENGINE prototypes and its lighting performance at nighttime. 
1.5.3 Electronics Research and Development

First of all the partners agreed on a set of electrical and mechanical specifications for the first prototype, the low-power prototype. 
	Specification low-power prototype

	PV-port (input)

	Vin
	0 … 8.1 V

	Iin
	0 … 2.0 A

	Pin_max
	11.6 W

	Battery (bidirectional power)

	Vbat
	2.5 V … 3.7 V

	Ibat
	0 … ± 2.08 A

	LED (output)

	Vout
	0 … 26.4 V

	Iout_cont.
	0 … 0.1 A

	Iout_max
	0 … 1.0 A


Table 1 - Specification of low-power prototype (10W)
The table shows the electrical specifications for the three ports of the power converter: Firstly the interface to the solar cell, secondly the interface to the battery and thirdly the interface to the LED. The mechanical specification was size compatibility with the control board developed by AKJI. The demands for the power conversion part of the electronics were analysed, published knowledge on state-of-the art converters was researched and a specific weight was given to the operation modes of the existing converters.

The prototype was defined as the power interface between the solar cell and the battery during daylight and the power interface between the battery and the LED during nighttime. The control board developed by AKJI is the interface to the user parameter setting which is based on the above described model. The interface to the solar panel includes a digitally controlled maximum power point tracker and the interface to the battery a digitally controlled battery management system and the interface to the LED includes a digital dimming control. While designing the first prototype, efficiency over a wide load range was the key parameter in mind. 
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Figure 14 - Prototype of PV LED ENGINE Electronics for 1-10 W

The design resulted in a prototype (see Figure 14) fulfilling the specification and having unprecedented efficiencies over a wide load range. Figure 15 and Figure 16 show the prototype and the efficiency curves in the two operating modes (power transfer from PV cell to battery (PV-BAT) and power transfer from battery to LED (BAT-LED)).
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Figure 15 – Conversion efficiency between PV panel and battery
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Figure 16 – Conversion efficiency between battery and LED
The design data of the first prototype was handed over from research to the development partners of this project and an invention based on the new topology used in this converter was applied for. The second prototype for higher power levels was specified by the industrial partners of the project afterwards (see Table 2). The main difference is the higher power level and the output to the LEDs was divided in multiple strings to allow partial lighting.

	Specification high-power prototype

	PV-port (input)

	Vin
	0 … 8 V

	Iin
	0 … 9 A

	Pin_max
	50 W

	Battery (bidirectional power)

	Vbat
	3.2 V … 4.3 V

	Ibat
	0 … ± 15 A

	LED (output)

	Vout
	0 … 12 V

	Pout_max
	30 W

	# strings
	4


Table 2 – Specification of high power prototype (50W)

A second prototype was designed based on this specification using the above novel technology and therefore also proving its scalability. A photograph of the second converter and its efficiency curves is shown in the picture below (Figure 17). 
[image: image24.png]



Figure 17 - Prototype of PV LED ENGINE Electronics for 10-50 W
Note that the full specified power level was not reached, as the battery in this project was too small to allow charging at these power levels. However, the converter was tested with an ohmic load, where it was possible to prove its full functionality all the way up to 50 W. 
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Figure 18 - Conversion efficiency between PV panel and battery for 50 W prototype
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Figure 19 - Conversion efficiency between battery and LED for 50 W prototype
1.5.4 Demonstration and Prototypes
The PV LED ENGINE has been demonstrated in the following prototypes:
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Figure 20 – Prototypes created and tested in the project based on the PV LED ENGINE
The prototypes and power level seen from the solar panel are shown in the table below:

	Prototype
	PV Power level

	ADELIE-SUN
	50W

	WALL-LIGHT
	25W

	RESCUE LADDER
	12W

	JELLO SUN
	5-10W

	BIKE-LIGHT
	1W


Table 3 – Overview of the developed and demonstrated prototypes in the project
1.5.4.1 WALL-LIGHT
WALL-LIGHT was designed together with Snøhetta – A Norwegian company also responsible for the design of The King Abdulaziz Center for World Culture. This is a bold new initiative on the part of the Saudi Aramco Oil Company to promote cultural development within the Kingdom. Following an invited architectural design competition in 2007, Snøhetta was selected to design this new prestigious cultural facility. Located in Dhahran in the Eastern Province the Cultural Center will provide for a wide range of activities serving the local population and becoming a cultural landmark on both a regional, national and global horizon. When completed, the project will contain diverse cultural facilities, including an auditorium, cinema, library, exhibition hall, museum and archive. The auditorium will seat 930 visitors and will provide for a wide range of events ranging from opera, symphony concerts, musicals and lectures etc. Together with the smaller cinema, this will be an unrivalled venue for the performing arts in the Kingdom. The library will become a center of learning containing some 200,000 books on open access and catering for all ages and categories of users. The great exhibition hall will accommodate large scale travelling exhibitions, as well as providing the setting for social events, banquets and conferences. The museum and archive facilities connect the vibrant cultural life of the center to the past and to the very roots of the society from which this center is conceived.
[image: image28.emf]
Figure 21 – WallLight by out-sider and Snøhetta

WallLight is shown in Figure 21 above and 978 units of this solar powered luminaire based on the PV LED engine was projected in the project of The King Abdulaziz Center for World Culture. 
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Figure 22 – paths around the King Abdulaziz Center for World Culture
In the image above the paths around the King Abdulaziz Center for World Culture are shown all having 0.5 meter high walls with the PV powered luminaire integrated on each side of the path illuminating the path during the dark hours. 

[image: image30.jpg]



[image: image31.jpg]



[image: image32.jpg]


[image: image33.jpg]


[image: image34.jpg]



Figure 23 – 5 images from the building site in Dharan, Saudi Arabia
Shading measurements was made in December 2014 at the building site in Dharan, Saudi Arabia (se Figure 23 above). 
A specialized optical system was designed to spread the light optimally between the walls on the path, see Figure 24 below. 

[image: image35.png]Right

18.84

20.28 :L
@* ;.7¢
f = T = I~
A ok cl
AN
414
12.46
=) -
20.24 =





Figure 24 – Reflector design for WALL-LIGHT
A prototype of the reflector is shown below on Figure 25. 
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Figure 25 – prototype of reflector for WALL-LIGHT. The LED unit can be seen in the middle. 
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Figure 26 – The custom design luminaire for WALL-LIGHT
In Figure 26 above the full luminaire can be seen for WALL-LIGHT. The light is mostly directed downwards and outwards on the ground between the walls perfectly illuminating the path without glare for the people walking the path. The specification made by the client was at least 5 lux 2 meters from the luminaire. Figure 27 below shows an isolux diagram of WALL-LIGHT based on the data from the PV LED ENGINE model. 

[image: image38]
Figure 27 – Iso lux curves of WALL-LIGHT at 350 mA
It can be seen form the figure, that the lux levels are way beyond 5 lux. This is true even at an LED load of 350 mA. However, in the winter season there are days where the maximum power will be around 100 mA. In Figure 28 below the calculated lighting level 2 meters from the luminaire all over the year is simulated. 


[image: image39]
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Figure 28 – Simulation of lux level on the ground 2 meter from the luminaire in WALL-LIGHT
Based on simulation of a 25 Wp solar panel, the PV LED ENGINE electronics, the measured luminaire properties and the typical weather data for Dharan, Saudi Arabia the expected lux levels can be simulated for the WALL LIGHT installed in a typical path. It can be seen from figure 28 that the lighting level is always beyond the required 5 lux. 
The night time is divided into 4 phases:

· Sunset to 22:00 (P4) – Many people around

· 22:00 – 24:00 (P5) – Few people around

· 24:00 – 06:00 (P1) – No people expected to be around

· 06:00 – Sunrise (P2) – Many people around


[image: image41]
Figure 29 – Intelligent distribution of the harvested solar energy in the dark hours – here an example of January – the most challenging month in in Dharan, Saudi Arabia. 
The harvested energy from the solar panels can be distributed intelligently during the dark hours, so the energy is used as lighting for the people when most people are around. The lighting levels are uploaded to a microprocessor in the PV LED ENGINE controller unit based on the calculations and simulations. A new lighting program can be uploaded if the client for some reason wants to change it. The PV LED ENGINE model makes it possible to distribute the energy as favourably as possible based on some frame properties in the dark phases. An energy balance can be made as shown below in Figure 30. 
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Figure 30 – Energy balance of WALL-LIGHT

The battery level is set to work mostly beyond a stage of charge of 80% to secure a lifetime of at least 5 years. 
The WALL-LIGHT case shows how the simulation tool, laboratory facilities and the PV LED ENGINE controller unit works together to design perfect solar powered luminaires for the very different market conditions. 

1.5.4.2 BIKE-LIGHT

PV powered BIKE-LIGHT prototypes will be placed in May/June 2015 around The Royal Danish Playhouse (“Skuespilshuset”) in Copenhagen. The luminaire is shown below. 

[image: image43.emf]
Figure 31 – BIKE-LIGHT

The luminaire has solar panels on the top and on two sides and a presence sensor on the two other sides facing the bicycle user. 
[image: image44.emf][image: image45.emf]
Figure 32 – Detailed view of BIKE-LIGHT
An LED light panel shines light toward the ground within the luminaire and toward the user in a narrow beam angle. 
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Figure 33 –Simple CAD model of placement of 33 BIKE-LIGHT at Skuespilhuset in CPH.

A simple CAD model of the shading environment has been used as input to the PV LED ENGINE model to calculate the expected lighting levels and dimension the systems and orientation. 

1.5.5 Dissemination activities in the project

The PhD project and the R&D tasks in the project has given rise to the following dissemination activities sorted by year:

	2015


The PV LED Engine - a new generation of intelligent solar powered LED lighting  

Poulsen, Peter Behrensdorff ; Thorsteinsson, Sune, Presented at: Opening of the International Year of Light, 2015, Lyngby, Type: Poster

Soldrevet LED-belysning på vej mod success
Poulsen, Peter Behrensdorff, LYS, Nr 01/2015, p. 30-31

The PV LED Engine – a new generation of intelligent solar powered LED lighting

Poulsen, Peter Behrensdorff, The 3rd European-Asian Workshop on Light-Emitting Diodes, March 5-6, 2015, Lyngby, Denmark, Keynote speak. 

The PV LED Engine – a new generation of intelligent solar powered LED lighting

Poulsen, Peter Behrensdorff, The 3rd European-Asian Workshop on Light-Emitting Diodes, March 5-6, 2015, Lyngby, Denmark, D2.03 Proceedings. 

Furthermore the following papers and conference talks are accepted for publication in near future:

Power Flow Control of Dual-Input Interleaved Buck/Boost Converter with Galvanic Isolation for Renewable Energy System

APEC 2015. 

MOSFET Loss Evaluation for a Low Power Stand-Alone Photovoltaic LED System

Digest

PEDS 2015

Solceller og LED, en platform for smart city belysning og applikationer
Poulsen, Peter Behrensdorff, KVANT nr. 2, 2015

Solceller og LED, en unik kombination i fremtidens urbane lysmiljøer
Poulsen, Peter Behrensdorff, LYS, Nr 02/2015

PV LED engine characterization lab for stand alone light to light systems

4th Symposium Small PV Applications, Intersolar Munich, June 9/10, 2015

The overall project results is disseminated to the public at a full day conference track in Bella Center March 19th 2015 at the conference Smart City Belysning og Applikationer. 
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	2014


PV LED ENGINE - characterization lab for standalone light-to-light systems  

Thorsteinsson, Sune ; Poulsen, Peter Behrensdorff ; Lindén, Johannes ; Hansen, Søren Stentoft ; Dam-Hansen, Carsten ; Mira Albert, Maria del Carmen ; Knott, Arnold ; Norby, Poul, Proceedings of EU PVSEC 2014, 2014, Presented at: 29th of the European Photovoltaic Energy Conference and Exhibition, 2014, Amsterdam

Analysis and Comparison Based on Component Stress Factor of Dual Active Bridge and Isolated Full Bridge Boost Converters for Bidirectional Fuel Cells Systems. 

Pittini, Riccardo; Mira Albert, Maria del Carmen; Zhang, Zhe; Knott, Arnold; Andersen, Michael A. E. Proceedings of IEEE International Power Electronics and Application Conference and Exposition. IEEE, 2014. p. 1026-1031.

PV LED ENGINE – Folkemøde 2014 på Bornholm

JELLO and ADELIE SUN, poster material and presentation of the PV LED ENGINE project was presented at Folkemøde 2014 12.-15. June at the DTU Stand. 80.000 people participated the 4 days showing a lot of interest in solar powered LED products. 

5BV.3.21 PV LED ENGINE

Thorsteinsson, Sune ; Poulsen, Peter Behrensdorff ; Dam-Hansen, Carsten ; Lindén, Johannes ; Hansen, Søren Stentoft ; Mira Albert, Maria del Carmen ; Knott, Arnold ; Norby, Poul, Presented at: 29th of the European Photovoltaic Energy Conference and Exhibition, 2014, Amsterdam, Type: Poster

Analysis and Comparison of Magnetic Structures in a Tapped Boost Converter for LED Applications. 

Mira Albert, Maria del Carmen; Knott, Arnold; Andersen, Michael A. E. Proceedings of IEEE International Power Electronics and Application Conference and Exposition. IEEE, 2014. p. 594-599. 

A Three-Port Topology Comparison for a Low Power Stand-Alone Photovoltaic System. 

Mira Albert, Maria del Carmen; Knott, Arnold; Andersen, Michael A. E. Proceedings of IPEC 2014. IEEE, 2014. p. 506-513.

Wide Operating Voltage Range Fuel Cell Battery Charger. 

Hernandez Botella, Juan Carlos; Mira Albert, Maria del Carmen; Sen, Gokhan; Thomsen, Ole Cornelius; Andersen, Michael A. E. In: Elektronika ir Elektrotechnika, Vol. 20, No. 5, 2014, p. 97-103.

	2013


Boost converter with combined control loop for a stand-alone photovoltaic battery charge system. 

Mira Albert, Maria del Carmen; Knott, Arnold; Thomsen, Ole Cornelius; Andersen, Michael A. E. IEEE 14th Workshop on Control and Modeling for Power Electronics . IEEE, 2013.

Isolated Boost Converter with Bidirectional Operation for Supercapacitor Applications.

Hernandez Botella, Juan Carlos; Mira Albert, Maria del Carmen; Sen, Gökhan; Thomsen, Ole Cornelius; Andersen, Michael A. E. In: Journal of Power Electronics, Vol. 13, No. 4, 2013, p. 507-515.  
Published Simulation Tool for Designing off-Grid PV Applications for the Urban Environments. 

Poulsen, Peter Behrensdorff; Dam-Hansen, Carsten; Thorseth, Anders; Thorsteinsson, Sune; Lindén, Johannes; Petersen, Paul Michael; Mira Albert, Maria del Carmen; Knott, Arnold; Norby, Poul; Jensen, Allan Krogh; Mogensen, Ib; Lyhne, Morten; Herbst, Silla; Bay, Anne. Proceedings of the 28th EU PVSEC. 2013. p. 5CV.7.41. 

1.6 Utilization of project results

1.6.1 Commercial utilization of the project results

The project has delivered several direct business potentials. Out-sider and DTU Fotonik was invited to Saudi Arabia to disseminate the project results for client and contractor behind King Abdulaziz Center for World Culture where one of the prototypes (WALL-LIGHT) has been offered in 978 pieces giving a single export opportunity of 10 Mio DKK on this single product. The project group is currently applying for support from the Market Development Fund (“Markedsmodningsfonden”) March 2015 to make sure to have a perfectly market mature product series based on the rather complicated PV LED ENGINE technology that can penetrate the market fast and efficiently both locally and globally with an expected early turnover of at least 100 MIO DKK for PV LED ENGINE related products 3 years from now for the involved producing and sales partners. The rescue ladder is expected to be sold in at least 1000 pcs in DK when the product is mature, has the relevant approvals etc. ADELIE SUN is sold by Thorn and will be heavily marketed nationally and internationally when the PV LED ENGINE is mature and is sure to work for several years without break downs. BIKE-LIGHT is at this moment being installed in 33 prototype pcs at Kvæsthusmolen in Copenhagen as part of project partners work towards marking maturing the PV LED ENGINE based products.
The project results and tools may be used in other outdoor stand-alone applications (such as road sensors and different kind of outdoor monitoring and surveillance) the potential project output is even bigger. Hopefully the broad communication of the results will lead to such innovations and more business.
1.6.2 Intellectual property (IP)

A patent application has been filed on the high-efficient 3-port controller unit developed in the project which has the internal reference number in the DTU system: 95727. 

1.6.3 Contribution to realizing energy policy objective

The PV LED ENGINE project in paving the way for 100% CO2 neutral lighting products for the urban environment. The goal of independency of fossil fuel applies to all scales of products and solar powered lighting products in the 1-50W scale as developed and demonstrated in this project is representative for many of the lighting products on the market today in urban environments, parks, city squares etc. Furthermore, the future of lighting products in a smart city is, that they should contribute more than just by lighting, e.g. by supplying wifi, monitor traffic, monitor pollution, call for emptying the trash bins when full, watch for flooding etc. The PV LED ENGINE integrate perfectly with these ambitions, and to make them 100% stand-alone and CO2 neutral requires high efficiency of the systems and proper dimensioning, which is exactly what this project has been developing tools and components for. 
1.6.4 PhD and teaching

A PhD project has been part of the project at DTU Elektro. Maria del Carmen Mira Albert has been the PhD candidate supervised by Professor Michael A. E. Andersen and Associate Professor Arnold Knott.
The PhD project results have been deployed in teaching as well as published in international conferences and journals. The table below shows the involved student activities in the project:

	Course
	Title
	ECTS
	Date

	31910
	Synthesis Electrotechnology – Power Supply for Airship
	10
	Feb – June 2013

	31015
	Introductory project – Electrotechnology – LED lamp
	10
	Feb – June 2013

	BSc Thesis
	Direct DC-AC Conversion from Photovoltaic cells – Nicolas de Crook Weikop
	15
	May – Aug 2013

	MSc Thesis
	Efficiency Optimized PV Converter – James Land Gertsen
	35
	April – Oct 2013

	31352
	Power Electronics 1 – Assistance 
	10
	Sept – Dec 2013

	BSc Thesis
	MPPT for Multiple Strings on a PV panel – Mads Elbo
	15
	Oct – Dec 2013

	31015
	Introductory project – Electrotechnology – LED lamp
	10
	Feb – June 2014

	Special Course
	Three Ports Isolated Full-Bridge Buck DC-DC Converters with Four Quadrant Integrated Transformer (FQIT) – Boris Landbo Langemark
	5
	Maj – Aug 2014

	31352
	Power Electronics 1 – Assistance
	10
	Sept – Dec 2014


Table 4 – Teaching based on the results from the PhD project
1.7 Project conclusion and perspective

The market for solar powered lighting products in still in its very early and immature state. It has a huge market potential, since cabling is very costly and very often has a cost close to or event higher that the lighting product. Cabling cost in Denmark is about 1000 DKK/meter in average but much higher in the cities being closer to 5000 DKK/meter. In Norway the cable cabling cost is 3000 NOK/meter and in Berlin it is close to 2000 €/meter. Therefore, the opportunity for having CO2 neutral green lighting products powered only by the sun is attractive since the savings on the cabling cost is huge and extra cost of making the lighting product stand-alone by adding solar panel, battery and electronics is only a fraction of the cabling cost. 

This is though only true, if the conversion efficiency inside the product from solar radiation to electricity and charge on the battery, and back again as light relevant for the people in public spaces. Objective 1 of the project has been to through excellent Danish research and company corporation to realize a scalable 1-50 Wp controller unit having efficiency of >90% in the whole dynamic range (all relevant irradiation levels onto the solar panel 50-1000 W/m2) This has been done and due to cost optimization realized in 

· <10 Wp solution with up to 98% efficiency

· 10-50Wp solution with up to 98.5% efficiency

High efficiency is extremely important to realize successful solar powered lighting solutions. However, even the most efficient system will not perform acceptable if not dimensioned correctly. No PV simulations tools is available on the market where time resolved simulations can be done dynamically to foresee the performance of a PV system. Since solar panels, electronics, and batteries are behaving very differently under different irradiance, temperature, state-of-charge and charging levels a time resolved model is necessary to make proper predictions of a PV LED lighting products. Furthermore, shadow environments is very important to take into consideration when evaluation and dimensioning systems for the urban environment. Objective 2 has been to create a mathematical tool based on the needs described above, which has been done in the project in a MATLAB environment. The tool has shown to be relevant for both dimensioning the solar powered lighting products but is also applicable for predict the lighting output of a given solar product for a given position. This is a very important tool in the future, since the urban planners need to have some reasonable correct performance expectations in the buying phase not to be disappointed in a later stage. Solar powered lighting products can easily get a bad brand, if they do not live up to the expectations and the PV LED ENGINE simulation model can give a best guess based on Normal Meteorological Data for a given place on the earth of the performance of a given solar powered product. 

The mathematical tool though will not work if not all parameters of the individual components of the system is known. Laboratories already exist on DTU for measuring most of the components in the chain of PV, electronics, battery and LED and the missing part has been build and tools for transferring data to the mathematical model described above has been made which overall has been objective 3 of the PV LED ENGINE project. 

Ojective 4 has been to demonstrate the mathematical toolbox, measurement in the lab and the electronics in several prototype which has been done with the power levels shown below

	Prototype
	PV Power level

	ADELIE-SUN
	50W

	WALL-LIGHT
	25W

	RESCUE LADDER
	12W

	JELLO SUN
	5-10W

	BIKE-LIGHT
	1W


The project results has shown of interest all over the world and perfect dimensioning, high efficiency and great Danish design is a perfect cocktail for concurring the market for PV powered lighting products which is about to take off. No large players has still entered this market and there is unique chance now based on a big edge over the international competitors this project has given to be able to dominate this market for a while and file the broad and relevant patents for Denmark to get most out of this market. It can be added that out-sider and DTU Fotonik was invited to Saudi Arabia to disseminate the project results for client and contractor behind King Abdulaziz Center for World Culture where one of the prototypes (WALL-LIGHT) has been offered in 978 pieces giving a single export opportunity of 10 Mio DKK on this single product. The project group is applying for support from the Market Development Fund (“Markedsmodningsfonden”) March 2015 to make sure to have a perfectly market mature product series based on the rather complicated PV LED ENGINE technology that can penetrate the market fast and efficiently both locally and globally with an expected early turnover of at least 100 MIO DKK for PV LED ENGINE related products 3 years from now for the involved producing and sales partners. BIKE-LIGHT is at this moment being installed in 33 prototype pcs at Kvæsthusmolen in Copenhagen as part of project partners work towards marking maturing the PV LED ENGINE based products. 
The rescue ladder is expected to be sold in at least 1000 pcs in DK when the product development is finalised, has the relevant approvals etc. 
ADELIE SUN is sold by Thorn and will be heavily marketed nationally and internationally when the PV LED ENGINE is mature and is expected to work for several years without break downs. 
� Pulse Width Modulator as dimming system
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