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Prototype of a sub-watt LEH power solution in building sector monitoring equipment
MARTIN GLIMSTRAND

Department of Electrical Engineering

Chalmers University of Technology

Abstract

Recent developments in the fields of photo-voltaic (PV) and super-capacitors tech-
nology has enabled a wider range of products to be less reliant on the usage of
batteries for electrical storage, or lessen the dependency on such solutions. A wide
range of 10T products are now able to instead rely on useful power in the nearby
environment through the use of devices known as ’energy harvesters’. Devices known
as ’'Light Energy Harvesting’ (LEH) are able to to extract useful power from light
levels common to indoor environments, rather than intense sunlight. This thesis has
created a prototype based on data collected on lighting conditions, temperature and
humidity in building site conditions and combined it with LEH modules, an e [cieht
DC/DC low power converter and super capacitors.

The prototype is able to supply useful power in ordinary in-door lighting condi-
tions and the LEH module has been tested and been shown to work in a range of
illumination from 120 to 1100 lux, temperatures between 7 and 31 degrees C, and
been shown to be minimally impacted by humidity. The converter has been tested
and shown to work well in illuminations ranging from 120 to 1100 lux with an ef-
ficiency of around 44%, producing between 1 and 5 mW. It is expected that with
some additional work the prototype should be a viable supplement to the current
power solution to current Brinja products. Some issues regarding the prototype and
measurement set-up are brought up and future improvements are discussed.

Keywords: Power-converter, LEH, Super-capacitor, PV, MPP, Buck-boost con-
verter, Energy storage.
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Introduction

1.1 Background

Over the last few decades massive improvements have been made to switch mode
power supplies (SMPS) and photo-voltaic (PV) technology. The e ciency of these
technologies are vastly improved and their increased power densities have enabled
them to be found in ever smaller applications. PV technology has advanced to the
point that viable in-door options are available, commonly known as Light Energy
Harvesting (LEH), which are able to extract useful energy from ambient lighting
conditions [1]. These conditions have been identi ed to be in the range of approxi-
mately 200-1000 lux [2]. This o ers many new interesting possibilities in how energy
is gathered and used, which may help in reducing future energy demands. The usage
of super capcitors for sub-mW converter storage [3],[4] and the use of special tech-
nigues to get more useful energy out of capacitor storage [5] have been previously
utilized to improve e ciency.

Construction has been identi ed as an area that constitutes a signi cant part of the
global energy demand. Improvements in how energy is sourced may therefore be a
great aid in the shift towards decreased reliability on non-renewable energy. By using
a combination of SMPS and PV the possibility of creating wireless technology which
doesn't require connection to the grid at all emerges. Brinja is a company which
currently produces monitoring equipment solutions for construction sites and their
ambition is to make them wireless and self-sustaining in order to make them more
appealing on the market. By maturing the technology of in-door energy harvesting
there may be future improvements in for example homes and o ce spaces in terms
of their energy demand.

1.2 Problem description

In order to create a working prototype a viable indoor PV cell is required, as well
as an e cient DC/DC power converter which is able to operate on low input power.
Earlier work in these areas include clever ways of getting more usable energy from
super capacitor storage, as well as e cient ways of performing power conversion for
very small power levels [4]. These solutions have however not been performed in
conjunction with LEH modules under varied conditions and thus leaves room for
research into the subject. The PV cell will be tested on how climatic conditions
such as temperature and humidity a ects power generation, as well illuminance in

1



1. Introduction

order to determine applicability during di erent lighting conditions. The DC/DC
converter will be tested regarding it's e ciency and ability to produce adequate
power to the load under varying supply and energy storage conditions. These take
the form of varying lighting conditions on the PV cell, and di ering size and type
of energy storage connected to the converter. The DC/DC power converter will
additionally be tested over a varying temperature range.

1.3 Aim

The thesis aims to achieve the following:

To create a prototype of a low power solution for sensor equipment based on
the harvesting of indoor lighting using LEH technology.

To evaluate the e ciency, applicability and viability of such a system by mea-
suring energy harvesting potential under varying climatic and optical condi-
tions.

To evaluate the impact that the choice of energy storage has on e ciency and
robustness of the system.

1.4 Limitations

Due to several limitations, though mostly time-constraints, some aspects of the
the5|s work which would contribute to results has to be omitted:

The LEH modules will only be evaluated in a temperature span of 10 to
30 C due to limited cooling and heating of the test chamber.

The LEH modules will only be tested in lighting conditions similar to those
expected in their later application.

The DC/DC converter will not be implemented from scratch, but an evaluation
board will be used instead.

The chromaticity of the light source, and the chromaticity response of the
examined LEH modules will not be examined.

Only two levels of humidity will be examined.

The nal prototype will not be fully optimised for the expected conditions.

A simpli ed model of the digital load will be used.
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Theory

2.1 Photo-voltaic cells

PV cells are able to convert energy from photons into electrical energy through the
photo-voltaic e ect. Recent technological advancements have made it possible to
harvest energy from indoor lighting. Modern PV cells are able to harvest 18V
per cn? at an illumination of 500 lux [1]. Devices which are able convert energy from
di erent sources at very low energy densities are referred to as 'energy harvesters',
while those who speci cally do so using photons are called 'Light Energy Harvesters'
(LEH).

2.1.1 Photo-voltaic modelling

In electrical systems a PV cell may be modelled as current source in parallel with
a diode and an equivalent shunt resistance, as well as in series with a resistance [6],
as shown in Figure 2.7.

Figure 2.1: Single diode model of a PV cell, showing photocurrehf,, shunt-
resistanceRg,, series-resistanceRs and internal diode D.

This model is commonly referred to as the "single diode model" of PV cells. In this
model the amount of current produced by the current source is determined by how
much light is striking the cell. The output current from a PV cell is

|

[
A(Vout + loutRs) 1 Vout + loutRs
nkT Rsh

wherel, is the photocurrent, | is the the diode saturation current,q is electrical
charge, Rs is the series resistancen is the diode ideality factor, k is Boltmanz's
constant, T is the junction temperature, andRg, is the shunt resistance [7]. (2.1)
shows that the output currentl oyt of the PV panel is low for high values oVgyt
and vice versa. This also implies that the power produced by the PV panel should

lout = Iph s exp (2.1)

3



2. Theory

be greatest somewhere inbetween these two extremes, where the product of the
output current and voltage is the greatest [8][9]. This is shown in Figure 2.2. It
may also be noted that the termL is also known as thermal voltage, and results in

a voltage change depending on tche temperature of the junction. The actual voltage
change depends on several non-ideal e ects and the value of time factor. The
characteristics for the LEH module used are shown in Figure 2.3, including Short
Circuit Current (SCC) and Open Circuit Voltage (OCV) [1].

(@) IV and Power curve (b) 1V curve at di erent
illuminations

Figure 2.2: Graphs showing where the MPP point is located, and how it changes
depending on lighting conditions.

(@ Maximum power output (b) Short Circuit Current

(c) Open Circuit Voltage

Figure 2.3: Outline of maximum power, SCC, and OCV for the LEH module used
depending on illumination from the datasheet, as well as extrapolated data used later.
They are shown to be linear for maximum power and SCC, while being exponential
for OCV.
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2.1.2 Optics

Light may interact with matter in three di erent ways. It may either pass through

a material, be absorbed, or re ect o of it [10]. These three interactions between
light and material are shown in Figure 2.4. The mode of interaction which takes
place depends on the wavelength of light which falls onto the surface, but electrical
energy is only created in PV cells when light is absorbed by the material [11].
Absorption of photons can only occur when the material has a band gap which is
lower than energy content of a photon, at which point the excess energy becomes
heat. Choosing PV panel material is therefore a trade-o between how much energy
that can be absorbed and how e ciently this conversion takes place. PV panels
which are designed for in-door use will therefore perform comparatively poorly in
natural lighting conditions due to the di erence in light intensity.

Figure 2.4: Ways that light may interact with a material:
a) Re ection, b) Absorption, c¢) Refraction

2.1.2.1 lllumination and chromaticity

When observing a light source modelled as a black-body object, the chromaticity
of the light source may be described as a combination of colour and temperature
and is usually how light sources are characterised. An illustration of the perceived
temperature of a radiating object and it's wavelength is shown in Figure 2.5 [12].

lllumination is a measure of the intensity of light which falls on an object, measured

in lux.

Figure 2.5: Perceived colour of a black body radiating at a speci c temperature.
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2.1.3 LEDs

Light emitting diodes (LED) do not distribute light evenly. Most manufacturers
include a lens in front of the semiconductor which focuses photons in a desired
direction [13]. This is characterised by the angle away from the center at which the
light intensity has halved. This can be seen in Figure 2.6. This parameter is of
interest when illuminating a surface, as it dictates at which distance the light source
has to be placed and how densely they need to be installed in order to provide even
illumination. This is further discussed in section 3.1.2.3.

Figure 2.6: Example distribution of illuminance given o by an LED compared
to the transmission angle at a set distance. The red line shows the charateristic
illuminance distribution of the particular LED.

2.2 DC/DC conversion

The DC/DC power converter used for this prototype is based on the buck-boost
converter typology [14]. This section will explore the working principle of the power
converter and the additions made to it.

2.2.1 Buck-Boost Converter

The buck-boost converter is an inductor based power converter topology which uses
a single switch to control power ow. The principal schematic of the buckboost
converter is shown below.

Figure 2.7: Schematic of the Buck-boost converter topology, showing the DC voltage
input Vi, , nMOS switch, inductor L, diode D, capacitor C and resistive load R.

Inductor based power converters store energy between switching cycles by creating a
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2. Theory

magnetic eld around the inductor which later collapses, transferring the energy to
the circuit. The size of the inductor is based on the amount of energy that needs to
be stored in-between cycles. This in turn depends on the load current and switching
cycle according to:

VD
ILl;PPfs
where L, IS the minimum required inductance,V; is the input voltage, D is the
duty cycle, I .pp Is the peak-to-peak current through the inductor, andf s is the
switching frequency [14]. The buck-boost converter is able to both step up and step
down the input voltage by altering the duty cycle of the switch. The relationship
between input and output voltage in an ideal buck-boost converter is given as

(2.2)

Lmin =

V, D

(2.3)

Vi 1 D
whereV, is the output voltage, V; is the input voltage, andD is the duty cycle of the
switch. Due to parasitic elements present in the circuit this ratio is very inaccurate
for large values of D because they result in a drop-o of the ratio between output
and input voltage. The coulombic e ciency

_ Pou t _ Voulow t _ Eou

.= = 2.4
cout Pm t Vh|m t Em ( )

2.2.2 Background for MPP algorithms

As shown in the Figure 2.2 there is a point at which the maximum amount of power
Is extracted from a PV panel, and that this moves depending on illumination. The
Maximum Power Point (MPP) algorithm in the power converter controls operation
in order to maximise output power as illumination and temperature on the LEH
module changes. This is done by matching the equivalent impedance of the PV
panels to the source impedance of the converter, as this is the point at which the
most power is transferred. The SPV1050 does this in a static fashion by con guring
resistors to operate close to the MPP of the PV panels at a single point [15]. This
static con guration works well as long as the type of PV panel, amount of PV
panels connected in series remains constant, and the light intensity which strikes
the surface of the PV panels is somewhat constant. If the light intensity were to
di er too much, the converter may produce much less power or even drop out due to
too low input voltage. A more advanced version of this algorithm is the Maximum
Power Point Tracking (MPPT) algorithm, which is able to dynamically change the
operating point of the converter to match that of the power source in real-time [16].
The evaluation board used in this prototype doesn't support this feature.
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2.2.3 The power converter IC

The SPV1050 [15] may be con gured for a wide range of inputs and outputs and
operates well for very low currents and has a built-in MPP algorithm. The IC was
chosen because it supported all of these critical features on a single device, mas-
sively simplifying the prototype building process. The alteration of a few resistors,
two capacitors and a single power inductor is all that's necessary to con gure the
converter. The speci c component choices are discussed in Chapter 4.1, as well as
some of the trade-o s brought up by the manufacturer. A gure of development kit

is shown in Figure 2.8.

Figure 2.8: Picture of the ST evaluation board without any peripheral components.

2.3 Super-capacitors

Super Capacitors (SC), also known as 'Double layer capacitors' or 'Ultra capacitors'
is a relatively new component on the market which o ers new possibilities in elec-
tronics design due to their unique characteristics. Super capacitors o er very large
capacitance values but only rated for low voltages as well as higher energy densities
than electrolytic capacitors, and o ers higher power densities than Lithium-ion bat-
teries [17]. They also have very low series resistance, but also have relatively large
leakage currents. This set of qualities makes super capacitors an appealing choice
within 10T applications and other areas of low-voltage electrical power storage. Su-
per capacitors are an appealing choice in small devices as they o er much higher
energy and power densities for their volume than traditional electrolytic capacitors.
This makes solutions much more compact and easily integrated in large systems.
The super capacitors used are 'FSOH473ZF' made by Kemet [18]. They are rated
for 5.5 volts and 47 mF each. A picture of this super capacitor is shown in Figure
2.9 as well as an electrolytic capacitor along with a comparison of their potentially
stored energy.
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2. Theory

Figure 2.9: The maximum rated energy of the two super capacitors on the left is
equal to that of the ve electrolytic capacitors to the right, but only needs a seventh
of the voltage to do so.

2.4 Humidi cation of air

In order to regulate the humidity in the test chamber di erent kinds of salts were
used to ensure that di erent humidity levels would be kept at di erent testing tem-
peratures. Salts retain di erent levels of moisture depending on the specic type
used and the temperature at which they are kept [19]. By gathering sensor data
from building sites a pro le could be created which shows the correlation between
ambient temperature and relative humidity levels to be expected. A table was then
used to nd salts which would be suitable to get a speci ¢ humidity level at the
speci ed temperature. When the salts are placed in an environment with a di ering
relative air humidity, the water suspended in the air and within the salt will di use
until the two are in equilibrium, illustrated in Figure 2.10. Di usion takes place in
three separate areas inside the test chamber.

Between salt and air:  On the boundary between the ambient air and salt
crystals, water molecules may cross over from one to the other.

Inside the salt: As water is released or absorbed through the surface of salt,
water travels out from/in towards the center, in order to balance the osmotic
pressure.

Throughout the ambient air: Air will keep exchanging moisture with it's
surroundings until the enclosed volume has reached equilibrium. Forced con-
vection will distribute humidity more quickly.

All of these processes have associated time constants, resulting in delays between
initial and nal moisture content. The time constant inside of salt is much longer
than at the interface between salt and air. The change in humidity transportation

is therefore dependant on the gradient of moisture between salt and atmosphere
and surface in relation to volume of the salt used. The more of the salt is directly
exposed to the atmosphere, the quicker the rate of change.



2. Theory

Figure 2.10: Diusion of water between salt and ambient surrounding air. The
net di usion of water is zero in equilibrium.

2.5 Heat transfer

The transfer of heat energy occurs when heat is transported from a hotter region to
a colder region. This energy may be transferred in one of three di erent ways [20][21]:
" Convection. This occurs when uids move in order to distribute heat, such

as air or water.

Conduction. This occurs when a solid material conducts heat through itself.
Metals are typically seen as good thermal conductors.

Radiation. All materials which are hotter than absolute zero emit thermal

radiation due to the movement of atoms.

These modes of heat transfer are illustrated in Figure 2.11.

Figure 2.11: |lllustration of how heat is transferred:
a) Conduction b) Convection and c) Radiation

Convective heat transfer may be described as shown in (2.5) at the interface between
a solid and a uid

Geonv = h(Ts Tf) (2-5)

whereq,ny iS convective heat transfer ir\%, h is the heat transfer coe cient in m"VTK
which is dependant on the material, andl is the surface temperature of the solid
and T; is the temperature of the uid at the interface. The convective heat transfer
coe cient is a very complex variable which depends on velocity, surface area and
much more. In general it is greatly increased with increased velocity. Similarly the
conductive heat transfer across a temperature gradient over a solid medium may be
described as in (2.6)

Oeond = kr T (2.6)

10



2. Theory

where g.ong IS the conductive heat transfer in%, k is the conductive heat transfer
coe cient of the material in m""TK andr T is the temperature gradient across the
material. A table of some relevant conduction coe cients [21] can be found in Table

2.1. Finally radiative heat transfer is determined by (2.7) [12]

Prorm = ET 4 (2.7)

where P IS radiated power in % is the Stefan-Boltzmann constant which is
approximately equal t05:67037 10 & % T is the temperature of the object, and

E is constant used to approximate the behaviour of non-black bodies, ranging from
zero to one. Radiated power can be assumed to be negligible for most non-ideal
black bodies at room temperature.

Table 2.1: List of a few thermal conductivity coe cients for di erent materials.

Material Thermgl Conductivity
Coe cient [W/m*K]
Aluminium 100
PET <1
Styrofoam << 1

11
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Case Set-up

For an overview of the resolution and uncertainty of instruments used, as well as a
list of where di erent aspects of the measurement are discussed, please refer to the
Appendix.

3.1 Design of test chamber

A custom test chamber was made in order to conduct measurements under con-
trolled conditions. The test chamber was designed to ease the regulation of the
temperature, light levels and humidity that the LEH modules were exposed to dur-
ing measurements. In order to contain an exact amount of water vapour the setup
was put inside a plastic container with sealed openings and grease to seal the lid.
Polystyrene panels were used to create a thermal barrier against the ambient en-
vironment, and dark plastic sheets provided additional blockage of light from the
outside. In order to create the testing conditions a combination of heat exchangers,
salts, a small electric fan and an LED array was used. These are illustrated in Fig-
ure 3.1 as well as shown in Figures 3.2 and 3.3 along with the necessary openings
and other test equipment. The features and design are further elaborated on in this
chapter.

(@) Top View (b) Side view

Figure 3.1: Test chamber interior showing: a) Measurement probe (gold), b) Salt
containers (white), c) PV-panels (blue), d) Heat exchangers (gray), e€) Fan, fl1)
Hosing exit (red), f2) Wiring exit (red). Dashed line encompasses area of direct
illumination by LED-strips. Elements show relative position, not actual size.

13
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