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Abstract

In any gym there are people on treadmills, stationary bikes, elliptical or rowing machines
producing power in order to burn calories. The power being produced is dissipated primarily
as heat. Human energy, if captured and used as an alternative to fossil fuel could supply a
gyvm with clean sustainable energy that would be good for the environment and save the gym

money. The process of capturing, converting and storing this energy is known as Energy

Harvesting (EH).

This project examines the use of a stationary bike to harvest energy with the use of magnets
and an electromagnet. The aim was to create a device that would not require modifications to
be made to a standard stationary bike, thus making it affordable and easy to use. A prototype
of a stationary bike was designed using SolidWorks and experiments conducted to test the
feasibility of this method of EH, results were positive. A typical stationery bike was acquired,
experiments were conducted to determine the ideal set up for optimum EH and modifications
were made as required. Based on the findings of these experiments the final set-up of the
stationary bike incorporated an electromagnet made with high permeability, magnets were
attached to a flywheel of a stationary bike with their poles alternating to enhance production
of flux, suitable number of magnets were determined and the air gap in the circuit was
adjusted to control reluctance. After the set-up was complete the bike was ridden and power
output recorded, the findings showed that while energy was harvested the quantity was not
significant. Therefore this method of EH is not efficient on a stand-alone machine; however
with further research and in conjunction with other forms of EH it could be used. This project
was successful in creating a method of EH from a stationary bike using magnets and an
electromagnet, without modifying the bike; it is a step in research, in the journey towards

capturing and converting wasted energy.
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Chapter 1. INTRODUCTION

1.1. Introduction

Energy is everywhere in the environment surrounding us and is available in many forms.
Capturing this energy and converting it to electrical energy has been the subject of many
research investigations. This process is known as Energy Harvesting (EH). Recent
advancement in technology has made it possible for many real life applications to be powered

by EH.

To meet the worlds increasing energy needs, many companies around the world are investing
in the research and development of environmentally sustainable technologies. This research
has progressed in the fields of solar, wind and nuclear energy. However, there exists a large

untapped source of dissipated energy that has potential to help solve this energy problem.

Every day, gym goers produce lots of energy just by doing their daily workout on exercise
equipment. The power generated by the equipment is dissipated primarily as heat. This
energy, if used as an alternate to fossil fuels could supply clean sustainable energy. This
would be good for the environment and also save gyms money at the same time. However,
this energy is produced in mechanical form rather than electrical form, but slight
modifications to the exercise equipment would allow the energy being produced to be

converted to electrical energy which can be harvested, and stored for a later time.

The main objective of this project is to design an EH system to harvest the energy being
generated by stationary bikes using magnets and an electromagnet. The goal is to design a
system that could be added on as an attachment to any stationary bike with a flywheel. Below

is an outline of the process undertaken for this project.

Chapter two is a literature review conducted to examine existing research on EH, Green gyms

and rotational energy harvesting. The literature review revealed a gap in research in the use of



magnets to assist in EH from a stationary bike. This project addresses the gap by

experimenting EH with the use of magnets first on a prototype and then on a stationary bike.

A prototype was made to replicate a stationary bike. The details of the design of the prototype
and the experiments conducted are outlined in chapter three. The model for the prototype was
designed using Solidworks (CAD software). The prototype was used to help identify the
factors that needed to be considered when building an energy harvester for a stationary bike.

The results showed that this method of EH would be feasible on a stationary bike.

Chapter four is an outline of the methodology used for the setup of a stationary bike for EH
and chapter five lists the experiments conducted using tables, graphs and equations. This

chapter also includes an analysis of the experiment results.

Experiments conducted investigated the effects of the following factors on the power
generated: the material of the electromagnet, the pole orientation of the magnets, the number
of magnets placed on the flywheel of the bike, the strength of the magnets used and the air

gap present in the magnet.

The results obtained are discussed and conclusions drawn on the best setup for this method of
EH. Data recorded and calculated showed that while there was energy harvested it was not
significant and therefore could not be used as a stand-alone source of EH. Recommendations

for further research are identified.



Chapter 2. LITERATURE REVIEW

2.1. The energy problem

Fossil fuels are finite and environmentally costly. Consumption of fossil fuel is the main
contributor for the rise of carbon dioxide (CO2) levels in the atmosphere, making it a
significant cause for global warming [4]. This reduces agricultural production and causes
social and biological difficulties [4]. The United States of America, which constitutes less
than 4% of the world’s population, is responsible for 22% of the CO2 produced from the
consumption of fossil fuels, which is higher than any other nation, or as seen in Figure 2.1.

Reducing the consumption of fossil fuels will reduce the speed of global warming [3, 4].

In recent times, the supply of energy has been one of the most pressing and debated subjects.
It is widely accepted that the change in climate and greenhouse gas emissions are connected.
Additionally there is a consensus that the fossil fuel reserves of the world are running low
[18]. Consequently, as the electricity requirements of the world increases, it is important to

look for alternate sources of energy for electricity production.

Sustainable, environmentally friendly energy can be acquired by capturing energy from
ambient sources or by nuclear fission. Ambient energy is available widely and large-scale
technologies are being developed to capture it efficiently. Of these, the main sources are
solar, wind, wave, hydroelectric and nuclear power. On the other side of the spectrum, there
are small quantities of wasted energy that would be useful if captured. Attaching a dynamo to
any turning wheel can be considered as a source to produce electric power. As a few cardio-
vascular machines in a gym turn a wheel it is possible that gyms can be a potential source to
produce electrical power. Harvesting even a fraction of this energy can have a huge

environmental and economic impact. This is where EH comes in [1, 19].



Table 1. Fossil and solar energy use in the United States and world, in
kilowatt-hours and quads.

United States World

Form of energy kWh x 10° Quads kWh x 10° Quads
Petroleum 10,973.1 37.71°2 43,271.7 148.70°
Natural gas 6431.1 22.10° 24,4149 83.90°
Coal 6314.7 21.70° 27,295.8 93.80°
Nuclear power 2249.4 07.732 6984.0 24.00°
Biomass 1047.6 03.60° 8439.0 29.00
Hydroelectric power 989.4 03.40° 7740.6 26.60°
Geothermal 93.1 00.32° 291.0 01.00
Biofuels (ethanol) 26.2 00.09° 52.4 00.18
Wind energy 11.6 00.04 232.8 00.80
Solar thermal 11.6 00.04 11.6 00.04
Photovoltaics 11.6 00.04 11.6 00.04

Total consumption 28,159.4 96.77 118,745.4 408.06

Note: A quad is a unit of energy equal to 1 quadrillion British thermal units.
a. Adapted from USBC (2001).

b. Adapted from DOE/EIA (2001).

c. Adapted from Pimentel (2001).

Figure 2.1: Fossil Fuel consumption of the world

2.2. Energy Harvesting

In recent times many universities and companies have invested time and money into research
and development of EH. This is in response to the growing need to have clean sustainable
energy and also due to the fact that the world is running low on the fossil fuels which provide

power for our everyday activities.

2.2.1. What is Energy Harvesting?

The term EH, is also known as energy scavenging or power harvesting [2]; is the process of
capturing small quantities of energy from any number of naturally-occurring energy sources,
which would otherwise be dissipated or lost (e.g. as sound, light, heat, movement or
vibration); collecting them and storing them for later use [5, 6]. Park (2009) is of the opinion
that EH is made up of 3 key components namely: energy conversion, harvesting and

conditioning circuit and energy storage.



Bickerstaffe (2011) argues that the common definition of EH as the process of converting
ambient energy into electrical energy is too narrow. He suggests the term should be defined
as “the collection and storage of ambient energy for on-demand, off-grid use”. This is
because the common definition of EH considers only the transducer technology for energy
conversion, and assumes that the energy must be converted into electricity. Whereas his
definition takes a broader view, where the transducer is one component of a complete system
that provides power for applications where other sources of energy are unavailable or

unsuitable. [8]

EH, includes electrodynamics, thermovoltics, piezoelectrics and photovoltaics, among other
options, which are presently being implemented in a wide range of applications [7]. Harrop &
Das, (2012) are of the opinion that this technology has now got to a tipping point, as more
efficient energy gathering, storage and low power electronics are now readily available,

affordable, reliable and last longer. for many number of applications to be feasible [7].

EH devices effectively and efficiently capture, collect, store, condition and manage this
energy and provide it in a form which can be used to achieve many helpful tasks (see Figure

2.1)[5, 15].
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2.2.2. Why Energy Harvesting?

The process of harvesting abundant energy from the environment to power small devices or
assist larger devices — has secured a sure foot-hold in building and industrial markets,

powering wireless sensors to improve efficiency, reduce costs and increase automation [10].

Wireless sensor networks are allowing technology to be used in a wide range of applications.
Ultra-low-power wireless powering solutions cover a broad range of products, such as
batteries, power management of ICs, sensor and control systems, mesh networks, radio
frequency identification devices and microelectro-mechanical systems. Although many of
these applications are stationary, almost every wireless sensor network utilizes some form of

battery back-up—both primary and secondary [11].

Developments in technology have increased the efficiency of devices which capture minute
amounts of energy from the surroundings and transform it into electrical energy. In addition,
advance developments in microprocessor technology have increased the power efficiency,
essentially reducing the amount of power consumption. In combination, these advances have
created interest in the engineering community to develop more applications that utilize EH

for power [5].

EH is positioning itself as an alternative to batteries, and it could result in becoming a
“supplement” to batteries. Maintaining batteries and replacing them is often said to be the
biggest motivation to use EH [12]. In addition, EH can be used as an alternative energy
source to enhance the reliability of a system, supplement a primary power source and prevent

power interruptions [5].

EH is a reliable and attractive alternate for wall plugs and expensive batteries for remote
applications as it can provide inexhaustible energy from natural energy sources wherever the
system is deployed. If designed and installed properly this makes the system maintenance
free and is able to provide free energy for the lifetime of the application [9, 5, 8, 11]. Self-

powered wireless sensors do not require a lot of wiring and are easy to install. Maintenance
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of EH systems are low as energy harvesters allow for devices to function unattended which
eliminates the need for service visits to replace batteries. This reduces installation and

maintenance costs run by energy harvesters [13].

EH is also driven by the desire to address the issue of global warming and climate change
[11]. Dependency on battery power is reduced or completely eliminated when a system is
powered by an energy harvesting device which helps reduce the negative impact batteries

have on the environment [13].

2.2.3. Sources of Energy Harvesting

A huge variety of sources are available for EH. This includes solar power, thermoelectricity,
ocean waves, physical motions (either active/passive human power) and piezoelectricity.
Yildiz, states that “no single power source is sufficient for all applications”, and that the

selection of energy sources must be considered according to the application characteristics

[2].

An advantage of EH is that it is virtually unlimited and is essentially free if the energy is
captured at or near the system location [5]. Table 2.1 and Figure 2.3 give a compiled list of

the various sources for EH [2, 5,9, 11].

Mechanical Energy from sources such as vibration, mechanical stress and strain
Thermal Energy waste energy from furmnaces, heaters, and friction sources
Light Energy captured from sunlight or room light via photo sensors. photo

diodes, or solar panels

Electromagnetic Energy | from inductors, coils and transformers

Natural Energy from the environment such as wind. water flow. ocean currents, and
solar
Human Body a combination of mechanical and thermal energy naturally generated

from bio-organisms or through actions such as walking and sitting

Other Energy from chemical and biological sources

Table 2.1: Sources of Energy Harvesting
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Figure 2.3: Ambient Energy Systems

2.2.4. Applications of Energy Harvesting

Advancements in technology have made it possible to power many real life applications
using EH. The use of Wireless sensor network systems benefit from EH as systems such as
ZigBee can be powered by EH. For example, when a wireless node is installed at a remote
location where a battery or wall plug is either unavailable or unreliable, EH can supply the
necessary power. Another example is that EH can make a remote control node to be a self-
powered electronic system. In other instances, the overall reliability and efficiency can be

enhanced where multiple energy sources are used [5]. This project examines the application

of EH in the context of a gym.



2.3. Green Gym

Gyms take a lot of energy to power televisions, air conditioning, vending machines, lighting
and other equipment. Implementing energy harvesters where the energy harvested is used to

power devices in the gym will help reduce the power costs of a gym.

In almost every gym there are people performing controlled and repetitive movements. As
people exercise the energy created by motion is lost. Channelizing this kinetic energy into

energy that can be harvested and used is the idea/concept of a Green Gym.

A green gym is a gym dedicated to reduce their power consumption by using various EH
techniques to generate power to meet their energy needs. This has not reached the point
where the whole gym is powered by alternate energy but has drastically reduced the amount

of energy these gyms would consume.

Currently there are a growing number of gyms all over the world implementing EH units on
to their machines to reduce their power bills and also to produce clean sustainable energy.
This is being done by installing energy harvesting units mostly on to stationary bikes from

which power is generated as the bike is pedalled.

2.3.1. Who’s doing it and how are they doing it?

The general idea of attaching a generator to exercise equipment has been around for many
decades. The concept of harvesting energy from an exercise machine was introduced by a
Hong Kong gym called California Fitness who fitted 18 exercise machines which were used
to charge a battery and power fluorescent lights [15]. Since then, there have been three
establishments in the United States that have been working to commercialize this technology,

each taking a slightly different approach than the other as explained below [16].



In 2007, Hudson Harr, a graduate of the University of Florida collected used elliptical
machines and electrical parts [17]. He found that the machines already had DC generators
inside, which powered the monitoring console on the machine [16, 17]. Harr noticed that the
power generated by the generator was dissipated across a bank of resistors. Getting rid of
these resistors meant that Harr could harvest the energy which was otherwise dissipated.
Harr’s strategy was to wire each elliptical machine to a central unit containing an inverter
which converts the DC power generated to AC, see Figure 2.4. The inverter in turn connects
the AC power to the building’s electrical system and can ultimately feed the grid [16]. This
strategy gave birth to ReRev, the first commercial company who retrofitted exercise
machines with a module which harvested energy.

Since then Harr’s company, ReRev, has installed systems at many colleges, including Drexel
University, James Madison University, Oregon State University, Texas State University, and

the University of Florida [16].

S
—

|

Figure 2.4: ReRev’s strategy to generate power

At around the same time another company, The Green Revolution, started by Jay Whelan and
Mark Sternberg, decided to use EH but on exercise bikes instead of elliptical machines like
ReRev. They began by propping the back wheel of an ordinary bike on a triangular frame,
next they connected the back wheel to a car alternator and boosted the generated power, this

in turn raised the resistance of motion [16, 17].

Their idea was to design and build completely new exercise bikes with generators connected

to them. However gym owners did not want to buy all new equipment. Therefore the Green
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Revolution team decided to design a module which could be fitted onto bikes that gyms
already had. This module could be directly attached to the bikes, where the generated
electricity was fed to two 12V batteries wired in series. This is shown in Figure 2.5. When the
bike was pedalled, the batteries got charged, and when the battery is fully charged, the
inverter converted the 24V DC power into 110V AC and sent the power to the grid [16].

=

Figure 2.5: Energy Harvesting Modules built by The Green Revolution

While the team at Green Revolution decided against making custom machines, Mike Tagget
an entrepreneur, decided to design his own custom machines. He began marketing his
strategy at trade shows by attracting visitors to his booth where he would generate electricity
with the machines he designed. Demonstrations at such events led to the idea which Taggett

later unveiled as the Human Dynamo, a custom designed stationary bike [16].

In addition to the usual pedal, Taggett, included hand cranks at the top of the machine which
provided riders an upper body workout and so helped generate more electricity. Taggett’s
design is shown in Figure 2.6. The Human Dynamo was designed where the sprockets of the
bike were chained together, which made the hand and leg cranks to both spin at the same

speed to turn the flywheel on the bike [16].
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patented

Figure 2.6: The Human Dynamo

To reduce the costs involved Taggett made a system in which several machines could be
connected together to drive a single generator. This configuration was coined by him and his
team as the Team Dynamo, shown in Figure 2.7. With this configuration a total of up to 10
machines could be connected to one big generator and one electronic package. This cuts
down expense and maintenance costs as there was only one big generator and one electronic

package instead of one each for each machine [16].

Figure 2.7: The Team Dynamo
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2.4. Example of a regular gym

As the search for alternative sources of energy continues, David Pickup (2010) conducted
research to examine the possibility and economics of a human powered gym. He studied the
probability of an untapped potential power plant present within each of us.

Pickup first considered the amount of power consumed in a gym and then estimated the

power that could be generated by that particular gym.

2.4.1. Power Consumption of the gym

Pickup studied the power consumption of Addlestone Leisure center (ALC), a gym based in
Surrey, United Kingdom. He was provided with accurate and current data and based on his
past experiences of visiting several gyms over the years, he determined that the ALC gym

was a typical setup [20].

First, he considered the air conditioning of the gym. An estimate of the power consumed by a
standard air conditioning unit is 600W [21]. In most gyms there is usually more than one air
conditioning units making it one of the main power users in a gym. The ALC gym had three

such units, which gave a total power estimate for air conditioning to be 1800W.

Next he considered the power consumed by the lights and music played in the gym. The ALC
gym used ten 20W fluorescent tubes, which meant that ALC was using an estimate of 200W
for their lighting. The power consumed from the music systems present in ALC was S0W

[22].

Televisions are a common and popular addition in most gyms. A typical large T.V uses
around 100W [23]. Every gym usually has multiple televisions around the gym; ALC had a
total of five T.Vs. This gave a total of SOOW of power consumed by T.Vs at ALC.

13



A lot of gadgets get used at gyms these days. Most people take their own personal gadgets,
such as ipods and phones into the gym with them. For the convenience of gym goers most
gyms these days provide slots in the gyms where people can charge their electronic devices
as they exercise. Powering these devices does not require a lot of power and is usually around
S5W [24]. It is important to note that this is not the total power consumed by the gym; rather it

is the amount of power consumed by each individual machine.

Table 2.2 shows the collected values of the power usage for ALC gym. The total communal
power consumption of the gym is estimated to be 2550W, and the individual power
consumption is estimated to be SW. This total value is not complete, as the power consumed
by the reception equipment, such as phones and computer were not included. Also the power
consumed by the equipment present in the changing rooms, such as showers and hairdryers
were not included. This is an estimate of the power consumed in the gym workout area,

which is where the power would be generated.

Device Total Power Estimate
Air Conditioning 1800W
Lights 200W
Televisions S500W
Music System S0W
Total 2550W

Table 2.2: Communal power consumption at ALC gym

2.4.2. Power Generation

An estimate of the power generated by one exercise machine was made. A stationary bike
was chosen because of its simplicity and the availability of information. Estimates of the total
power generated by a human on a stationary bike was found to be 50W [25], 75-100W [26]
and 60-120W [22]. The value of 80W was taken, as most people working out at a gym would
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not be working out at high levels for extended periods of time. Since gym machines are not
100% efficient, not all of the generated power could be used as electricity. The efficiency of a
stationary bike is around 70% [22]. So the power generated which can be used is

approximately S6W.

In ALC there were 14 stationary bikes which could be used to generate power. In terms of
generating electricity, elliptical and stationary bikes were considered to be equivalent, while
treadmills, rowing machines and weight machines were ignored. As stated above it is
possible to generate about S6W from each of these machines, so these 14 machines could
generate 784W. This showed that the machines, in the ALC gym, were capable of generating

about 32% of the total communal power consumption of the gym.

Based on that, Pickup (2010) concluded that a gym cannot be powered just by the power
generated by the machines. However this could reduce costs quite significantly for the gym
as they would be able to generate up to 32% of their energy need in the gym area. Not only
would it reduce their monthly power bill but it will also reduce a gyms carbon footprint, as
the energy generated by EH is clean, sustainable and has no negative impacts on the

environment.

2.5. Electromagnetic Energy Harvesting

Nineteenth century scientists such as Hans Oersted, Joseph Henry, Michael Faraday, James
Maxwell, and Heinrich Hertz pioneered the early work in electromagnetism. The famous
Maxwell equations describe the interplay between magnetic and electric fields. One of these
equations, Faraday’s law of induction, describes how a time varying magnetic field will
induce an electric field. Thus a permanent magnet moving relative to a conductive coil of
wire will induce an electric potential (i.e. a voltage) across the terminals of the coil. Faraday
was the first to develop an electric generator based on this principle [27]. Today electrical
generators have widespread use in power generation systems such as fossil fuels, nuclear

power, hydroelectric power and wind turbines. This section will focus on an overview of
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induction energy harvesters, i.e. electromagnetic generators that produce power from ambient
energy. Arnold [28] and Mitcheson [29, 30] provide comprehensive reviews of some

electromagnetic energy harvesting techniques.

Inductive energy harvesters can be categorized by how they achieve a relative velocity
between the coil and the magnet. Linear harvesters feature the magnet moving along a
straight line relative to the coil. Rotational harvesters use magnets mounted on a spinning
rotor with stationary coils mounted around the rotor. Pendulum harvesters feature the magnet
on a pendulum moving relative to a stationary coil. Beam-based harvesters attach either a

magnet or a coil to an elastic beam. This project uses rotational EH.

2.5.1. Rotational Energy Harvesters

Several researchers have studied rotational energy harvesters. Typically these harvesters
require a mechanism to convert the linear motion of a vibrating structure into a rotational
motion to drive the device. Rotational energy harvesters are not limited in displacement like
linear harvesters, and this allows for larger power densities. However rotational generators
typically operate at higher frequencies than linear generators [28]. An early electromagnetic
energy harvester is the Seiko Kinetic self-powered wristwatch, first introduced at the 1986
Basel Fair [39]. The motion of the wearer turned an eccentric mass on the rotor of a small
electric generator. There was no need for the user to wind the mainspring of the watch or

replace a battery.

Yeatman [40] studied the maximum power density of rotating and gyroscopic energy
harvesters. His work concluded that rotational devices can achieve higher power densities
than linear energy harvesters, but they require low parasitic damping. Furthermore if a torsion
spring is used to connect the rotating mass to a rigid frame, then the spring must have a large
angular range. Trimble et al. [41] examined a simple generator consisting of a rotating mass
suspended by a torsion spring. Magnets attached to the rotating mass moved relative to coils
mounted on the rigid housing. The 80 cm3 prototype device was able to produce over 200

mW at a resonance frequency of 16 Hz and an angular acceleration of 150 rad/s2.
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The above has been a summary of existing literature on EH. However the literature review
did not bring up the use of magnets in a stationary bike for EH. This project aims to add to
research literature by exploring the use of magnets and an electromagnet to harvest energy

through experimenting first with a prototype for feasibility and then on a stationary bike.
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Chapter 3. THE PROTOTYPE

3.1. Introduction

This project is based on the idea of using electromagnetic EH on stationary bikes to generate
electricity. As experimenting on an actual stationary bike would require a lot of man power,
initial experiments were done on a small scale prototype model of the proposed idea to
harvest energy. From experiments conducted it was found that the most efficient way of
producing electricity, on a stationary bike, is by continuously turning a flywheel at various

speeds through an electromagnetic energy harvester [19].

Most stationary bikes and cross-trainers have large flywheels which spin when the machine is
used, making them the most effective machines to generate electricity. Human-powered gyms

based in Hong Kong [52] and Portland, Oregon [53] reflects this.

To create a prototype model which has the key functionalities of a stationary bike, a small
disc made out of mild steel was used. This disc imitated the flywheel present in a stationary
bike. Varied number of neodymium magnets were placed on different locations of the disk. A
DC motor was used to spin the disc through a U shaped electromagnetic core. Experiments
were conducted by changing pole orientation of the magnets, the number of magnets and the
placements of magnets on the disk to check what would give the best/highest output. The

outputs were rectified, boosted and analyzed across various loads.

3.2. Stationary bike

To design a model which depicts a stationary bike, it was imperative to study the basic
characteristics of a stationary bike. A stationary bike by design is basically a modified
bicycle. It is designed for high intensity training which regular bikes cannot handle. Built
from strong materials, mostly steel frames, these bikes are able to withstand a lot of pressure.
The pedals are commonly connected to a gear which is fixed and constant resistance is
provided by the flywheel mechanism. The flywheels usually varies in weight; the heavier it is

the greater the momentum. [47]
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Figure 3.1 depicts a common stationary bike found in gyms across the world. The stationary
bike is very similar to a bicycle. The only difference is that it does not move when pedaled
and hence the term stationary. As the bike is pedalled the flywheel, located in the front, spins
and builds momentum. It is designed to feel a lot like riding a regular bicycle. All stationary
bikes have a knob present on the bike with which the rider can increase or decrease the

resistance while pedalling [47].

Figure 3.1: Stationary Bike

3.3. Design of a prototype

To develop a prototype that imitated the functionality of a stationary bike, the main aspects of
a stationary bike had to be transferred on to the prototype model. Since the flywheel was
needed to produce and harvest energy, it was vital that the prototype model had a

flywheel/disc and a means to spin the flywheel.
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The project aims to come up with a technique where gyms would not have to buy new
machines to harvest the energy generated by the machines, but rather attach a module to the
existing machines. As most stationary bikes have large flywheels in the front, as seen in

Figure 3.1, attaching a harvester in the front under the flywheel seemed logical.

Based on experiments conducted it was found that an efficient way to harvest energy from a
stationary bike was to use the rotation of the flywheel and pass it through an electromagnet
core. To implement this, neodymium magnets had to be placed on the disc and passed
through a U shaped electromagnet. As the disc was spun, the magnets placed on the disc
passed through the core of the electromagnet. The electromagnet had to be designed in a way

that the flux generated by the magnets would pass through the core to produce power.

The prototype was designed using Solidworks, a CAD software. Figure 3.2 shows the first
design of the prototype. It consisted of a U shaped electromagnet, a disc and a motor to spin

the disc through the core.

Figure 3.3 gives a different view of the design and points out where the magnets were to be

placed on the disc.

Electromagnet

Figure 3.2: First design of prototype in CAD software
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Magnets
placed around the
front face of disc

Figure 3.3: Side angle view of the prototype

A U shaped electromagnet with a gap of 30mm between the two ends was initially designed.
However, this meant that there would be a huge air gap resulting in a lot of losses, hence the
design had to be modified. Magnetic flux is reluctant to travel through air; it is easier for it to
travel through iron [54]. From this it can be concluded that air has a high reluctance, and iron
has a low reluctance. Therefore, in order to reduce the losses, a new design was made in

which the air gap was reduced. Figure 3.4 shows the new and final design of the prototype.

<= Electromagnet

Figure 3.4: Final Design of Prototype model
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3.4. Flywheel

To replicate the properties of a flywheel from a stationary bike for the prototype model a disc
of 150mm, 3mm thick, was made out of mild steel. Figure 3.5 shows the CAD drawing of the

disc.

Mild steel was chosen because it is the most common form of steel. The price was relatively
low, but still provided the material properties that were acceptable for many applications.
Mild steel was used though there were materials with better permeability due to availability

and cost.

Figure 3.5: CAD design of the Flywheel for the prototype model
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3.5. Electromagnet

The most important piece in EH is the device or module which captures and converts ambient
energy into electrical energy. For this setup, the energy harvester is an electromagnet made
out of iron core. The initial design of the electromagnet was a U shaped electromagnet made
out of mild steel. Mild steel was chosen because of its cost, availability and good

permeability properties.

Figure 3.6 shows the CAD design on the left and the mild steel electromagnet on the right.
This was machined out of 15mm thick block of mild steel. The center of the core was wound
with 0.5mm gauge enamel covered copper wire. It consisted of 250 turns and wound layer
upon layer. Later, this was mounted in such a way that the flywheel was approximately Imm

above the coil.

Figure 3.6: 3D Model and Initial Design of the Electromagnet

As discussed earlier this design was later changed as having a U shaped electromagnet with a
large air gap in the middle meant that there would be huge losses of power. A new

electromagnet was designed to reduce the air gap.
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Figure 3.7 shows the 3D model of the modified design of the electromagnet on the left.
Changing the design from a U shaped electromagnet to the design, as shown in figure 3.7,
helped reduce the reluctance. This enabled a more complete circuit for the magnetic flux to

travel as the air gap was very small.

The windings on the modified electromagnet remained the same as the U shaped
electromagnet. It consisted of 250 turns of 0.5mm gauge enamel covered copper wire, wound
layer upon layer from side to side. Figure 3.7 shows the electromagnet after it was wound

with the coil on the right.

Figure 3.7: 3D Model and Final Design of the Electromagnet

3.6. Motor

In an actual stationary bike the flywheel spins when the bike is pedalled. For the prototype a
12V high power DC motor was used to spin the flywheel. Figure 3.8 shows the motor used to
spin the flywheel. This motor was connected to a voltage generator and the speed of the disc

was controlled by varying the voltage on the voltage generator.
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Figure 3.8: 12V DC Motor

3.7. Magnets

Materials containing neodymium are frequently used in green energy devices such as wind
turbines and hybrid because of their strong permanent magnetism. ‘Neodymium magnets’ are
commonly an alloy of neodymium, iron and boron that forms a tetragonal crystal structure
with the molecular formula Nd,Fe 4B [48]. This alloy has numerous appealing properties,
such as a Curie temperature of 585 K (suggesting that this material will retain its
ferromagnetism at high temperatures) and has a high energy product of 440 kJ/m’, which is

almost ten times that of ceramic ferrite magnets [49].

Although there are many uses for neodymium in the electronics industry, it is evident that its
worth in renewable energy devices is increasingly relevant as the implementation of these
technologies increases [51]. Based on these properties and benefits, neodymium magnets

were chosen for this project.

Magnets come in all types of shapes, sizes, and magnetization direction. For the purpose of
this project, a Neodymium disc magnet of a 10mm diameter and 3mm thickness was used as
shown in Figure 3.9. For this magnet the magnetization direction had to be axial, as the poles

needed to be on the flat side of the magnets. Table 3.1 is the specification of the magnet.
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Figure 3.9: 10mm Disc Magnet

Type Disc

Dimensions 10mm dia x 3mm thick
Magnetization Direction Axial

Material NdFeB, Grade N42
Plating NiCuNi

Max Op Temperature 176°F (80°C)

Br Max 13,200 Gauss

BH Max 42 MGOe

Table 3.1: Magnet Specifications

Figure 3.10 is a graph of a pull force test conducted on this particular magnet. The test shows
the maximum force needed to pull this magnet free from a flat steel plate. This was found to

be about 4.41 Ibs.
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Figure 3.10: Pull Force of Magnet

Figures 3.11 shows the magnetic field visual of the magnet in free space and Figure 3.12

gives the BH characteristics of the magnet.

gauss

Figure 3.11: Magnetic Field of D62 Magnet
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3.8. Experiments
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Figure 3.12: BH characteristics of the magnet
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The main goal of the prototype model was to find the most suitable setup for a stationary bike

to get the best possible output from the harvester. The following factors needed to be

considered to note the effect on the output of placing the magnets on a flywheel and rotating

them through the electromagnet.

a) The number of magnets on the disc

b) The placement of the magnets on the disc

c) Pole orientation of the magnets
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<= Electromagnet

Copper
Coil

Figure 3.13: 3D model of the Prototype

Experiments were conducted with these factors in mind to find the setup that would give the

best possible output. The prototype was setup as seen in Figure 3.13.

Figure 3.14 shows the prototype in action. The disc was connected to the motor which was
powered by a voltage generator. The speed of the motor and the disc was controlled by
varying the voltage on the voltage generator. Multiple magnets were placed on the disc and
spun through the electromagnet. The output of the electromagnet was connected to an

oscilloscope and the waveforms were captured.

29



Figure 3.14: Prototype Model running

The waveforms were used to analyse and note the effects the three factors listed above had on
the output of the electromagnet. Once the best setup was found the output of the
electromagnet was rectified and boosted. This was done in order to note the amount of power
this kind of a setup could generate. Figure 3.15 shows the steps taken to note the amount of

power that could be generated by this set up.

Electromagnet Rectification Boost

Output Circuit Converter

Figure 3.15: Process diagram of the experiment

3.8.1. Pole orientation of the magnets

Before checking the effects of the number of magnets and the placement of magnets, it was

imperative to check the pole orientation that would best suit this setup. As seen in figure 3.16
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the magnetic flux goes from the North pole to the South pole. Based on this characteristic, it
was assumed that having all magnets with the same pole orientation would be ideal. This

meant that all the magnets on the disc had the same pole face touching the disc.
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Figure 3.16: Magnet displaying magnetic field lines

Figure 3.17 gives a visual of this. As the flux would go from north to south, it was assumed
that having the magnets as displayed in Figure 3.16 would mean that the magnetic field lines

would pass through the electromagnet such that it passes through the core and the coil in the

electromagnet.

The path taken
by the magnetic
flux

Figure 3.17: Prototype with all the magnets facing same poles.

An experiment was done with a setup as shown in Figure 3.17. The output from the coil was

connected to an oscilloscope from which waveforms were captured. The experiment was
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repeated with the changed pole orientation of the magnets, so that the magnets alternated

poles. This is shown in Figure 3.18.

The path taken
by the magnetic
flux

Figure 3. 18: Magnets with alternating poles

Both experiments were run exactly the same way. The disc was spun at the same speed of
200RPM. The only difference was the pole orientation of the magnets. Waveforms from both

experiments were captured and analysed as shown in Figure 3.19.

Tek L Trig'd M Pos: 0,000s MEASURE  Tek  JL Trigd M Pos: 0,000s MEASURE
- ; B : ; .

Same Poles : Alternating Poles

Figure 3.19: Magnets with same poles and alternating poles at 200RPM

The peak-peak voltage of the captured waveforms was used to note the strength of the signal

coming from the electromagnet. Figure 3.19 shows, on the left, that when the disc was spun
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at 200RPM, the peak-peak voltage coming from the coil was 880mV. However, when the
disc was spun at 200RPM with magnets having alternating poles, the peak-peak voltage of
the coil was 3.58V as seen in Figure 3.19, on the right. Comparing these two waveforms it

was evident that alternating the poles on the magnets would produce a much higher output.

When all the magnets were placed having the same poles in one direction, the only change
was that the magnetic field was varying in strength. As a magnet approaches the coil, the
magnetic strength increases and as the magnet passes the strength decreases. This continued
to happen as each magnet passed through. As a result, only a small amount of Electro
Magnetic Flux (EMF) was being generated. But when the magnets were placed where the
poles alternate, not only did the magnetic strength change but also the direction of the

magnetic field changed and hence created more flux.

3.8.2. Number of magnets

After deciding that having alternating poles gave a higher output, tests were run to note the
effect the number of magnets on the disc, would have on the output. The magnets were
placed with equal distance between each magnet. To be precise a drawing matching the size
of the disc was done in Solidworks, which marked out the placement of the magnets. Figure

3.20 shows how the magnets were placed on the disc.
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Figure 3.20: Placement of magnets on the disc

Four experiments were conducted and each test had different number of magnets on the disc.

Spinning the disc at various speeds, experiments tested the effect on the output when the disc

had 8, 10, 12 and 14 magnets. The outputs from the coil were connected to an oscilloscope

and waveforms were captured. Table 3.2 shows the peak-peak output voltages at various

speeds for the four tests conducted.

Speed 8 Magnets | 10 Magnets | 12 Magnets | 14 Magnets

(RPM) (Pk-PkV) | (Pk-Pk V) (Pk-Pk V) (Pk-Pk V)
74 0.48 0.76 0.96 0.36
95 0.88 0.96 1.04 0.44
123 1.16 1.2 1.64 0.52
148 1.48 1.58 1.8 0.56
176 1.64 1.88 2.08 0.64
212 1.96 2.08 2.32 0.68

Table 3.2: Peak-peak voltage with 8, 10, 12 and 14 magnets
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With the data acquired from the tests conducted, it was noted that having more magnets did
not necessarily mean better outputs. The output increased when the magnets were increased
from 8 to 10 magnets and 10 to 12 magnets. However, increasing the number of magnets
from 12 to 14 made the output drop drastically. Figure 3.21 shows the relationship of the
number of magnets with respect to the speed of the disc. This showed that for this setup

having 12 magnets with alternating poles gave the highest output.

10M (V) 120 (V] 14M (V)
- = p
o (%3] o
| 1 1 1 1 | 1 1 1 1 | 1 1 1

. . . . ‘ . . . . |
100 150 200
Speed (RPM)

Figure 3.21: Relationship between number of magnets and the speed

With the data acquired from the experiment it was noted that the higher the number of
magnets the higher the change in the magnetic field strength and direction. This created more
flux, which in turn generated more EMF. However, there was a limitation to this concept as
having too many magnets very close to each other produced very little flux. As the number of
magnets were increased the space between the magnets was reduced. Since the magnets were
placed on the disc where they alternate poles, having the magnets too close to each other
would cause the output to decrease since, the magnetic field lines of a magnet would go from
a magnet into the magnet opposite to it instead of cutting the coil.
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Figure 3.22 are the waveforms captured when the disc was spun at 212RPM with 8, 10, 12,

and 14 magnets. The waveforms clearly showed that having 12 magnets with alternating

poles would give the best output.
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Figure 3.22: Waveforms of the outputs with 8, 10, 12 & 14 magnets at a speed of 212RPM

3.8.3. Placement of magnets

Once the number of magnets was decided, experiments were conducted to see if having the

magnets on different parts of the disc affected the output. The magnets were placed on two

parts of the disc, close to the edge of the disc and in line with the electromagnet. Figure 3.23
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shows the magnets placed in line with the electromagnet, (on the left), and the magnets

placed to the edge of the disc (on the right).

Figure 3. 23: Magnets in line with the electromagnet and to the edge of disc

Having the magnet to the edge of the disc, meant that there was an air gap of 4mm between
the disc and the edge of the electromagnet. Placing the magnets in line with the electromagnet
reduced this air gap from 4mm to 1mm as the thickness of the magnet was 3mm. Further,
having the magnets in line with the electromagnet made a closed loop making it easier for the

flux to pass through. Figure 3.24 shows a 3D model setup of what this looked like.
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Figure 3.24: Magnet to the edge of disc and Magnet in line with the electromagnet

Experiments were run at various speeds with 12 magnets on the disc. The results of these

experiments are shown in Table 3.3.

Speed 12 Magnets | 12 Magnets to the
(RPM) (Pk-Pk V) edge (Pk-Pk V)

74 0.96 1.12

95 1.04 1.48

123 1.64 1.8

148 1.8 2.13

176 2.08 2.44

212 2.32 2.8

Table 3.3: Peak-Peak voltages of magnets to the edge and in line with the electromagnet

Results showed that both closeness of the magnet to the coil and minimal air gap would give
the best output. In this setup one had to be chosen over the other because of the way the
electromagnet is designed. Reducing the air gap meant having the magnet away from the coil.
Not having the magnet close to the coil meant having a lower output. Since this experiment
was looking for what would give the higher output, having magnets to the edge was chosen

over having the magnets in line with the electromagnet. Figure 3.26 shows the peak-peak

38



output voltage with respect to the speed of the disc and figure 3.25 shows the waveforms
captured when magnets were placed in line with the electromagnet and when magnets were

placed to the edge of the electromagnet.
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Figure 3.25: Waveforms for magnet placed in line with Electromagnet to the edge of disc
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Figure 3.26: Relationship between magnet placement and speed
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3.9. Electronic Circuits

The output from the electromagnet is an AC signal. This signal had to be rectified before
being connected to a boost converter. A simple rectification circuit was made with the use of
four Schotky diodes. Once the signal was rectified, it then needed to be boosted and put

across a load to investigate the amount of power this kind of setup could generate.

The first circuit designed was a simple rectification circuit consisting of 4 schotkky diodes.
This was used to convert the AC signal coming from the electromagnet into a DC signal. A
few tests were done to note the output of the rectification circuit. It was found that the DC
signal coming out of the rectification circuit ranged from 500mV to 1.5V depending on the

speed of the flywheel disc.

A boost converter was required as the rectified DC signal was low. Using one of the
application diagrams suggested in the LTC3105 datasheet [56] a converter design was made
to meet the needs of this experiment. A converter was designed to boost the voltage coming

into the converter to 4.1V.

3.9.1. Boost Converter

Implementation of low-power electronics is critical to minimize the circuit loss in EH.
Significant research efforts have been dedicated to improve the circuit efficiency [9]. For the
majority of the time the power generated by energy harvesters is quite low. Hence, it is
important to have circuits which can boost the voltage generated by the harvester. Also as the
signal coming into the boost converter would be low, a boost converter with low start-up
voltages had to be designed. Various converter topologies were researched and the LTC3105

integrated step-up circuit by Linear Technology was chosen.

The LTC3105 stands out mainly because it was specifically designed for applications which
require low start-up voltage. The LTC3105 is able to operate from high impedance sources
like solar cells, has maximum power point control, low power input, burst mode to adjust
peak switching current and has a low start-up voltage of 250mV [56]. All these features made
the LTC3105 as the ideal power converter for this project.
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Figure 3.27 is an application diagram taken from the datasheet of the LTC3105 (see appendix
A). This is almost identical to the circuit utilized in this project, except for the component

values. Figure 3.28 shows the internal block diagram of this chip.
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Figure 3.27: Step-up Circuit from data sheet
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Figure 3.28: Internal Block Diagram of LTC3105
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Figure 3.29: Boost Converter Schematic

Figure 3.29 shows the circuit schematic that was drawn in Altium Designer, an electronics

design software. The LTC3105 begins by charging the Caux and keeps charging it till it

reaches 1.4V. At this time the maximum power point control (MPPC) is not yet enabled.

When Vux reaches to 1.4V the LDO output is regulated by the converter. Once this is done

the output is turned ON and the converter begins to operate and boost the voltage to 4.1V.

Figure 3.30 shows the waveforms of this process.
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Figure 3.30: Waveform for LTC3105 at start-up mode and normal operation mode
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As the energy coming in from the harvester varies depending on the person pedalling the
bike, it is necessary to have a control in place, to make sure that the circuit is not dropping
below or going higher than the threshold value. This is where the MPPC is useful as it allows
the user to set the desired input voltage operating point for a given power source. This is done
via the resistor connected to the MPPC pin, allowing the IC to make sure it operates the input
at this fixed voltage. When Vv is greater than the set MPPC voltage the inductor current is
increased until Vi is pulled down, and when Viy is lesser than the set MPPC voltage the
inductor current is reduced until Vy rises to the MPPC set point. This is important for this
experiment as the voltage coming in Vv keeps fluctuating so having MPPC helps keep the

input to the converter constant [56].

Figure 3.31 shows the PCB design before it was printed on to a circuit board and Figure 3.32

shows the PCB with all the components mounted onto the board.

Figure 3.31: Printed Circuit Board design in Altium
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Figure 3.32: Boost Converter with parts mounted on board

3.9.2. Power Calculations

The experiments that were discussed showed that for this setup, using 12 magnets with
alternating poles placed to the edge of the disc would provide the best output. The following
experiments were done with the model setup in that manner. Figure 3.33 shows the steps that

were taken for these experiments.

Electromagnet Rectification Boost . el R GEG

Output Circuit Converter

Figure 3.33: Process block diagram for power calculations

The AC signal generated by the electromagnet was rectified and boosted, using the converter

discussed earlier in this chapter. Figure 3.34 shows the setup for the power calculations made.
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Figure 3.34: Setup to calculate power

Before the load was connected to the boost converter a few tests were done to check if the

boost converter was operational. Table 3.4 shows the output from the rectification circuit and

the output from the boost converter at different speeds.

12M AP Rectified & Boosted

Speed | Rectified | Boosted
(RPM | (V) 42
74 0.0788 4.18
95 0.721 4.19
123 0.936 4.18
148 1.06 4.18
176 1.31 4.18
212 1.43 4.18

Table 3.4: DC outputs from Rectification and Boost Circuits
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One probe of the oscilloscope was connected to the output from the rectification circuit and
another probe was connected to the output from the boost converter. Figure 3.35 shows the
waveforms captured. Channel 2 (the blue line) shows the output of the rectification circuit
which was also the input to the boost converter. Channel 1 (the yellow line) shows the output
of the boost converter. The waveform on the left was captured when the flywheel was
spinning at 95RPM. The waveform on the right was captured when the flywheel was
spinning at 212RPM. This showed that the boost converter was boosting the input voltage

and maintaining it at 4.18V.
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Figure 3.35: Waveforms of the output of rectifier and boost converter

The final step in this experiment was calculating the power output of the complete system. To
calculate the output the boost converter was connected to a variable resistor. The resistor was
set from a value of 10ohm to 100ohm. The flywheel was spun at four different speeds and the
power was calculated. Table 3.5 shows the power values across a range of loads at different

speeds.
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TARPM 123 RPM 148 RPM 240 RPIM

Load 74RPM 123RPM 148RPM 240RPM
(ohm) (Watt) (Watt) (Watt) (Watt)

10 0.0000676 0.0001849 0.00016 0.0021025
20 0.000125 0.0003698 0.0004418 0.00186245
30 0.000192533 | 0.000512533 | 0.000563333 | 0.0023763
40 0.00025 0.000648025 | 0.000765625 | 0.002544025
50 0.0003125 0.00079202 | 0.00109512 | 0.00297992
60 0.000416067 | 0.001170417 | 0.001392017 | 0.0036504
70 0.000691429 | 0.001903214 | 0.002128514 | 0.004756129
80 0.00091125 | 0.00190125 | 0.002194513 | 0.005040313
90 0.000934444 | 0.002025878 | 0.003216044 | 0.005351511
100 0.001225 0.00272484 | 0.004096 0.00565504

0.006—

0.004+

0.002

0.000

Table 3. 5: Power values at different speeds

f
50
Resistance (ohm)

Figure 3.36: Power values plotted in relation to the resistance (load) and speed of the

flywheel
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Figure 3.36 graphs the power values across the speed and load. This shows that as the speed

of the flywheel increases, the power generated by the coil increases as well.

In summary, experiments showed that having alternating poles on the flywheel would give a
higher output than having magnets with the same poles. It was also found that while having
more magnets produced a higher output there was a limit to the number of magnets on the
disc for the desired effect. Having too many magnets meant that the magnets were too close
to each other and this caused the output to drop drastically. In the case of the placement of
magnets, experiments showed that having the magnets close to the coil gave the highest
output. Finally, findings showed that more power was generated as the speed of the flywheel

increased.
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Chapter 4. THE STATIONARY BIKE: METHODOLOGY

4.1. Introduction

Every machine in a gym with a flywheel can be used to harvest energy. Almost every
stationary bike has a big flywheel that is visible in most bikes. This assists the objective of
making an EH system which can be installed onto an exercise machine without any changes

to the structure of the machine.

A common spin bike was acquired from a fitness store for the following experiments.
Neodymium disc magnets of different thickness were bought. The electromagnetic core is the
main part of the energy harvester for such an experiment. Mild steel and Electrical steel was
used to make the electromagnet. Mounts to hold the electromagnet in place were designed

and machined using a CNC machine.

4.2. Stationary Bike

The basic structure of a stationary bike is a modified design of a bicycle. It is designed for
high intensity training which regular bikes cannot handle. These bikes are built with steel
frames and are able to withstand a lot of pressure. The pedals are commonly connected to a
gear which is fixed and constant resistance is provided by the flywheel mechanism. The
flywheel usually varies in weight and the heavier the flywheel is the greater is the

momentum. [47]

The stationary bike is designed to feel a lot like riding a regular bicycle. The only difference
is that it does not move when pedalled and hence the term stationary. As the bike is pedalled
the flywheel spins and builds momentum. All stationary bikes have a knob present on the

bike with which the rider can increase or decrease the resistance while pedalling [47].

A Vortex Spinner bike was used for this project as seen in Figure 4.1. This stationary bike
was manufactured by Elite fitness, one of the leading manufacturers of stationary bikes in
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New Zealand. It comes with all the functionalities any standard stationary bike in a gym

would have.

Figure 4.1: Vortex Spinner Bike

Stationary bikes are driven by either chains or belts. This particular model is a chain driven
system. It is called a chain drive because a chain connects the flywheel of the bike to the
crank [57]. Stationary bikes with chain drives are identical to the drive system of a real road

bike.

4.2.1. Flywheel

Flywheels are designed to store and release mechanical energy. A Flywheel is disc-shaped,
and true to its weight on all sides and locations of the disk. The size and weight of the

flywheel is proportional to the power produced. However, there is a trade off with the amount
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of energy needed to get larger flywheels in motion. As a flywheel spins faster, it accumulates
more energy. As it slows down, it releases that stored energy and increases the rotational
momentum put out by its power source. Flywheels are made out of steel, but they can be
created out of any material that can be manipulated into a wheel. Concrete, rebar, and

plywood are all capable materials

A flywheel is usually located in the front of the bike, where the wheel of a bicycle would be.
It is known as the heart of the exercise system. It spins and builds momentum as it is
pedalled. It provides a smooth ride designed to feel a lot like biking outdoors. Resistance can

be adjusted using the knob which controls the tension.

The weight of the flywheel is what makes one machine better than the other. Flywheels vary
in weight and size but they usually weigh around 38lbs or 17.5 kilos [47]. The greater the
weight of the flywheel, the smoother the ride. This is because the weight smoothens out the
variations [57]. The stationary bike used for this project had a flywheel that weighed 18kgs as

seen figure 4.2.

Figure 4.2: 18kg Flywheel of Vortex Spinning Bike
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4.2.2. On-board computer

Most stationary bikes come with an on-board computer mounted in the front. It informs the
rider of their speed, the distance they have travelled, the number of calories they have burned,
the RPM of the bike and the time. It was quite expensive to get a stationary bike with an on-

board computer; therefore a bike without this feature was bought.

A cycle computer was bought separately as this was more cost effective. It was important to
know the speed of the flywheel for this project. An EONtouch 16C cycle computer was
bought to display the speed of the bike. Figure 4.3 shows the main interface of the cycle

computer.

Figure 4.3: Cycle Computer Interface

This computer is not limited to one particular machine as it can be programmed and used on
any bike. To set the computer for this project the circumference of the flywheel had to be
input. This provided the speed of the bike in km/h and the RPM of the bike. The cycle
computer came with a magnetic sensor and a transducer which communicated with the main
computer. The magnetic sensor was placed on the flywheel and the transducer was placed
parallel to the sensor. For every revolution the flywheel completed, the sensor would go past
the transducer once. Since the computer knew the circumference of the flywheel, it was able

to calculate the speed.
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4.3. Electromagnet

A magnet that runs on electricity is called an electromagnet. Unlike a permanent
magnet, changing the amount of electric current flowing through the electromagnet
allows for its strength to be changed. Reversing the flow of electricity allows the poles

of the electromagnet to be reversed [66, 2]

A magnetic field is created when electric current flows through an electromagnet. The
magnetic field created by the electric current forms circles around the electric current,

as shown in Figure 4.4.

An electric current flowing toveards you An electric current flowing away from you
produces a maagnetic field that circulates in produces a maagnetic field that circulates in
a counter-clockwise direction. a clockwise direction,

Figure 4.4: Magnetic field created by the flow of electric current

Two identical electromagnets were made for this project the dimensions are shown in Figure
4.5. One was made out of mild steel and the other was made out of electrical steel. The
electromagnets were made out of different materials to check the effect the materials had on
the output from the core. The following sections provide more detail on these two materials

including a magnetic circuit analysis for both materials.
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Figure 4.5: Dimensions of Electromagnets made for this project

4.3.1. Mild Steel Electromagnet

The electromagnet made of mild steel was designed in Solidworks and then machined in the
workshop. The dimensions of the electromagnet was the same for both the electromagnets
made. Once machined 0.5mm enamel coated copper wire was used to wire the coil. The coil
was wound in the middle in layers. Each layer started from one end of the electromagnet and
finished at the other end and consisted of approximately 60turns. The coil had a total of 550
turns of wire. Figure 4.6 shows the electromagnet after it was machined and the coil wound.
To make sure the wound wire was held tight, black electrical tape was wrapped around the

coil after every layer
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Figure 4.6: Electromagnet made of mild steel

4.3.2. Electrical Steel Electromagnet

Electrical steel was used to make the second electromagnet. This steel is usually
manufactured in cold rolled strips with thicknesses of 2mm or less. These strips were stacked
together to form a core. A stack of these strips are usually referred to as laminations. Once
stacked together these strips of steel form the laminated cores which are usually present in

transformers and the stator and motor parts of electric motors [58].

Figure 4.7 shows a single sheet of the electrical steel used to make the electromagnet. Figure
4.8 shows the laminated core which consisted of 55 sheets of the U shaped electrical steel.
This material was chosen as this steel is tailor made for magnetic core, mainly due to the

material’s high permeability and small hysteresis area [58].

Figure 4.7: Single sheet of Electrical Steel
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Figure 4.8: Laminated core of 55 sheets of Electrical Steel

After the laminated sheets were firmly stacked together they were wound with 0.5mm gauge
enamel coated copper wire. The coil was wound the same way as it was done for the mild
steel electromagnet. Figure 4.9 shows a particular layer of copper wire being wound around
the laminated core. Electrical tape was used after each layer of winding to make sure that the

wire was held tight.

Figure 4.9: Electrical Steel Electromagnet
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4.3.3. Magnetic Circuit Analysis

To analyse the magnetic circuit of the electromagnets used in this project it is important to
first consider a simple magnetic circuit. Figure 4.10 is a core material consisting of current
carrying coil of N turns, a magnetic core length of /. and a cross sectional area 4.. Reluctance

present in the flow of flux is given as R and the permeability of the material is given by p..

W 7]  Mean core
; Magnetic -—————+— 11~ length /.
B flux lines
+0 "
L L.
A k,/i 2]l _ Cross-sectional
" —rr area A,
B | Magnetic core
Winding, permeability
N turns

Figure 4.10: Simple Magnetic Circuit

By ampere’s law
55,: Hdl = 555 ] da Equation (4.1)
It can be written as
H_l.= Ni Equation (4.2)

Where H. is the magnetic field strength in the core, /. is the length of the core and Ni the

magnetomotive force. The magnetic flux through the core can be expressed as
®. = B_.A. Equation (4.3)
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Where @, is the flux in the core, B, is the flux density of the core and 4. is the cross sectional

area of the core. The constitutive equation of the core material is

B, = pH,
Therefore
@ . Ni __F
c— I . — 5
£ﬂcf‘ic) Re
giving
R, = —<
He Ag
And
F =Ni

Equation (4.4)

Equation (4.5)

Equation (4.6)

If the magnetic flux @, is taken as the current, the magnetomotive force F=Ni as the emf of a

voltage source and R, = iﬂf (u.A,) (which is the magnetic reluctance), as the resistance in
cCoC

the circuit, an analog of Ohm’s law in an electrical circuit is obtained. This is shown in figure

4.11.
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Electric Circuit Magnetic Circuit

Figure 4.11: Electric and Magnetic Circuit

4.3.3.1. Mild Steel

The magnetic circuit of the electromagnet used in this project can be analysed from the above

equations. The core for this project has an air gap unlike the magnetic core above. Figure

4.12 shows the magnetic circuit for this experiment.

Ra

WwW»

AD

WV——m

Re Rpm

Fpm =Hm Im

Figure 4.12: Magnetic circuit for this project
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R, 1s the reluctance of air; R, is the reluctance of the core and R, is the reluctance of the

permanent magnet. Equation 5 was used to calculate the reluctance of this circuit.

R L Equation (4.7)
= uation (4.
Holy* A 1

To be able to calculate the reluctance the Length /, Permeability x4 and Area 4 are needed.

The length of the air gap present in this circuit is /, - 0.017m. The length of the core is /. —
0.1m and the length of the permanent magnet is /,,, — 0.0064m

The permeability of the air is g - 47 = 1077, the permeability of the mild steel core is u, —

200 and the permeability of the permanent magnet u,,, is calculated using

B,
po* He

Um = Equation (4.8)
Where B, is the flux density of the magnet and H. is the field strength of the magnet. Both
these values were acquired from the B-H characteristic curve of the magnet. The magnet had
a B, value of 1.3 Tesla and H, value of 1114084.6 A/m. Inserting these values into equation
4.8 provided the permeability of the magnet

1.3 Tesla
# =
™ 4m=1077 = 1114084.6 4/,

p,, = 093

The area of the air gap present in the circuit is A, — 0.0001m?, the area of the core is 4. —

0.0001m* and the area of the magnet 4,, is calculated by

Ay = T * T2 Equation (4.9)

The magnet used for this project had a diameter of 0.0222m giving it a radius of 0.0111m.

Inserting this into equation 4.9 gives
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A= m=* 0.0111°

pm

— 2
Ay = 000038 m

Inserting the values of the length, permeability and area allows calculation of the reluctance

present in the air gap, core and the permanent magnet using equation 4.7.

The reluctance of the air gap is given by

!
R, = :,4
-P['D il

0.017 m
er = . -7 . 2
4w+ 1077 = 0.0001m

R, = 1352817016/,

The reluctance of the core is given by

L
RE= A
ILLGILL‘?':': C

01m
Rc = ' -7 . . 2
4 =107 =200 = 0.0001 m

R_= 3978873577 H/

The reluctance of the permanent magnet is given by

l

R =_ pm
P ol * Apm

n 0.0064 m
Pm T 4m x 1077 % 0.93 = 0.00038 m?2

R, = 14411313.47 fi/,,

Adding the reluctance values gives
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IR= R, +R_+R,,
IR = 1352817016 + 3978873.577 + 1441131347

IR = 1536718886 /[,

Inserting the sum total of the reluctance in the circuit into equation 4.4 gives the flux

generated in the circuit to be

_ Hely
0= IR

Equation (4.10)

o 1114084.6 4/, = 0.0064 m
153671888.6 A/,

@ = 0.0000464 weber

Thus giving a total flux for the magnetic circuit of the electromagnet made of mild steel.
4.3.3.2. Electrical Steel

To analyse the electrical steel electromagnet the same procedure as the one used for the mild
steel electromagnet is used but the permeability value for electrical steel is changed to u, —

5000. Changing this in the equation, the flux is calculated to be:

The reluctance of the air gap is given by

!
R, = :,q
-H'E' [ird

0.017 m
er = . -7 . 2
4w+ 1077 = 0.0001m

R, = 13528170161/
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The reluctance of the core is given by

l

RE = E.
Moty * A,
R = 0.1 m
€ 4 +10~7 = 5000 = 0.0001 m?

R_ = 159154.9431 A/

The reluctance of the permanent magnet is given by

l

R,,=—7%:"—
T Holgm * Apm

. 0.0064 m
P™ T Am 1077 £ 0.93 = 0.00038 m2

R, = 1441131347 H/

Adding the reluctance values gives

IR= R,+R_+R,,
IR = 1352817016 + 159154.9431 + 1441131347

TR = 149852170

Inserting the sum total of reluctance in the circuit into equation 4.4 gives the flux generated in

the circuit to be

_ Hely
0= IR
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o 1114084.64/,, = 0.0064 m
149852170 H/

@ = 0.0000476 weber

Thus giving a total flux for the magnetic circuit of the electromagnet made of electrical steel.

4.3.4. Electromagnet Mount

The electromagnets had to be held in such a way that the flywheel would pass through the
electromagnet without interfering or effecting the movement of the flywheel as seen in Figure
4.13. It was decided that having the electromagnet under the flywheel in the front of the bike
would be the best way to do this, as this would not affect the functioning of the bike.

Figure 4.13: Location for Electromagnet

The space under the flywheel is limited and because of the way the electromagnets are a
mount had to be designed to hold the electromagnets in place. Figure 4.14 gives the front

view and the dimensions of this area.
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Figure 4.14: Dimensions of area under the flywheel for the electromagnet

The mounts were designed using Solidworks. Initially the mount was designed such that the
steel plates bolted on to the side of the bike frame would press in on the sides of the
electromagnet, to hold it in place. Figure 4.15 gives a 3D model view of the design. However
this idea was not practical as this design did not allow enough space for the magnets when

placed on the flywheel.

Figure 4.15: Initial 3D model design of the mount
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A different method to hold the electromagnet had to designed, where the placement of the
electromagnet under the flywheel was flexible. Therefore another design was made in
Solidworks, this design is shown in Figure 4.16. The intention was to have two steel plates
bolted from the front of the bike frame, where the plates pressed against the edge of the
electromagnet. This method would provide the flexibility necessary if more of a gap was

required on either side of the flywheel.

Figure 4.16: Final 3D design of the mount for the electromagnet

The frame of the bike where the mount would be put was an elliptical tube. A CNC machine
was used to make the parts for the mount as per the unique shape of the bike frame. The code
to machine the parts was generated in SolidCAM (3D model software). Figure 4.17 shows
the mount being machined (on the left) and the machined product (to the right).
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Figure 4. 17: CNC machining of the mount and the finished product

Figures 4.18 and 4.19 show the mounts fitted onto the bike frame holding the electromagnet
right under the flywheel. Loosening the bolts reduced the pressure pushing against the
electromagnet, allowing for the electromagnet to be moved around if necessary. Tightening

these bolts would secure the hold of the electromagnet.

Figure 4.18: Side view of the Electromagnet mount
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Figure 4.19: Front view of the Electromagnet mount

4.4. Magnets

Since a prominent feature of this project is to generate power using magnets, it was important
to have good quality magnets. This would help give an accurate idea of the amount of energy

that this technique of EH could generate.

Neodymium disc shaped, axially magnetized magnets were chosen for this project. Magnets
with axial magnetization direction have its poles on the flat ends of the magnet [55]. Figure
4.20 shows the nature of a magnet axially magnetized. These were necessary since the

magnets were going to be placed flat on the flywheel of the stationary bike.

I
e
> |
Axially @@=~ s
(Discs, Cylinders, Rings) |
),

Diameter Thickness/
Length

Figure 4. 20: Magnetization Direction for Disc magnets
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Two kinds of magnets were bought from K&J Magnetics. Both magnets were of the same

diameter but the thicknesses of the magnets differed. Magnets with different thicknesses

were used to test the effect it would have on the output generated from the electromagnet.

Table 4.1 gives the specifications of both magnets used in this project. Both magnets were

22.225mm in diameter, Magnet 1 (M1) was 6.35mm thick and Magnet 2 (M2) was 9.53mm

thick. One of the key factors to note is the pull force of a magnet. This is the force required to

pull a particular magnet off a steel plate. Figures 4.21 shows the magnetic field generated by

each magnet, it is evident that M2 is a lot stronger than M1.

Magnet 1 (M1)

Magnet 2 (M2)

Dimensions: 22.225mm dia. x 6.35mm thick
Tolerances: £0.004" x =0.004"
Material: NdFeB, Grade N42
Plating/Coating: Ni-Cu-Ni (Nickel)
Magnetization Direction: Axial
Weight: 0.652 oz. (18.5 g)

Pull Force, Case 1: 22.87 Ibs
Surface Field: 3275 Gauss

Max Operating Temp: 176°F (80°C)
Bmmax: 13.200 Gauss

BHmax: 42 MGOe

Dimensions: 22.225mm dia. x 9.53mm thick
Tolerances: £0.004" x £0.004"
Material: NdFeB. Grade N42
Plating/Coating: Ni-Cu-Ni (Nickel)
Magnetization Direction: Axial
Weight: 0.978 oz. (27.7 g)

Pull Force, Case 1: 31.85Ibs
Surface Field: 4295 Gauss

Max Operating Temp: 176°F (80°C)
Bmmax: 13.200 Gauss

BHmax: 42 MGOe

Table 4. 1: Magnet Specifications

/AN

Figure 4.21: Magnetic Field Strength of M1 and M2 on the left and right respectively.
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4.5. Circuits

A buck-boost converter had to be designed for this project as the output of the electromagnet
varies depending on the person riding the bike. Different topologies were considered and
researched, and the LTC3433 high voltage step up-step down converter was selected. This
converter has a high frequency current mode switching regulator that provides both step-up
and step-down regulation using a single inductor [64]. The IC operates over a wide range of
4V-60V input voltage making it suitable for applications such as this, where the input varies
dependent on the person riding the bike. Control circuitry present in the IC monitors the

input and either steps down the voltage or boosts it [64]. Figure 4.22 shows the block diagram
of the IC.

SENSE
AMPLIFIER

I

SLOPE AN

comP
OSCILLATOR 200Kz
FREQUENCY
CONTROL

MODE
CONTROL

»l
Ll

ERROA
30% L AMPLIFIER
LoAD = )
= =
=z
g SHUTDOWN
L 5%
= Loan
L “Q,
L sewo
18,9161

Figure 4.22: Block Diagram of LTC3433

Figure 4.23 is a schematic acquired from the data sheet (see appendix B). It depicts a circuit

for an application with a varied input producing an output of 12 volts.
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Figure 4. 23: Schematic of a Step-up and Step-down circuit

The regulated output for this circuit can be easily changed to give the necessary output.
Changing the feedback resistors connected to pin 7, which is the Voltage feedback helps give
the necessary output. As the output from this was going to be used to charge a 12V
rechargeable battery, the output of the buck boost converter was set to 14V. Equation 4.11

was used to set the desired output voltage
V,ur = 08= (1 + %) Equation (4.11)

Where R, and R; are part of the resistor feedback network, connected from the output and to
pin 7 of the IC. In order to achieve the desired voltage of 14 volts, a 7.5kohm resistor was

choosen for R, and a 124kohm for R;. Inserting these values into Equation 4.11 gave

V _DB'(1+124)
out ~ 27 75

V.

outr

=14V
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Figure 4.24 shows the schematic of the circuit designed. This was done in Altium designer.

Diode SD1 switches the Viy side of the inductor making it a buck converter and SD2

switches the Vour side of the inductor to make it a boost converter.

LT3433

D1

Vhias

PWRGND

D2
I N4 148

Figure 4.24: Buck-Boost Circuit Schematic

—Lf_'ﬁ IN415R1
3 10n |
L1 I N400F
150uH GND (i\_.l)
— “
5 SD2 H
—';| SW 1
13 2
""" IN4O0T

After the circuit schematic was designed the next step was to design the PCB for the

converter. The PCB layout for this schematic is shown in figure 4.25

Figure 4.25: PCB design layout of the Buck-Boost converter
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Figure 4.26: Buck-Boost PCB

Figure 4.26 shows the circuit board after all the components were soldered on the board. This
was then tested to see if the converter worked and output the desired voltage. To check the
functionality of the converter, the converter was connected to the output coming from the
electromagnet. Figure 4.27 shows the setup for this experiment. The bike was pedalled with
18M1 magnets placed on the flywheel of the bike. Waveforms were captured at the output of

the electromagnet and the output that came out of the Buck-Boost converter.

Rectification

Circuit

Figure 4.27: Setup to check functionality of the Buck-Boost converter

Figure 4.28 shows the waveforms captured from the experiment. One channel of the
oscilloscope was connected to the output of the electromagnet (yellow signal in the

waveform) and the other channel was connected to the output of the Buck-Boost converter
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(blue signal in the waveform). The waveforms show that though the input was different the

output of the converter remains the same.

Tek JL. Trig’d M Pos: 0,000s MEASURE
v N

Mear

M 10.0ms
29-Nov-12 17:58

S10

Tek JL. Trig'd M Pos: 0,000s MEASURE
v |

M 10.0ms
29-Nov-12 18:02

$30

Figure 4.28: Waveforms of signal from the electromagnet and the output of the Buck-Boost
Converter

The experiments and results of the stationary bike are discussed in the following chapter.
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Chapter 5. THE STATIONARY BIKE: EXPERIMENTS,
RESULTS AND ANALYSIS

5.1. Introduction

The previous chapter outlined the method this project used to harvest energy from a
stationary bike using magnets and an electromagnet. This section discusses the
implementation of this method and analyses the results acquired from various experiments
that were conducted. Experiments were conducted to check the relationship of the factors

listed below and the effect these factors had on the power output.

e The material of the Electromagnet core

e Magnet Pole orientation

e The number of magnets used

e The thickness or strength of the magnets used

e Airgap

To achieve the best possible setup for this method of EH, experiments were conducted and
adjustments were made based on results in each area listed above. Experiments were also
conducted to note the maximum power that could be generated and the amount of energy that

could be harvested, implementing the proposed method of EH.

5.2. Relationship of the electromagnet material on the Output

The first factor tested was the effect of the material of the electromagnet core had on the
output generated. As mentioned in the previous chapter two identical electromagnets were
made for this project. One was made out of mild steel and the other was made out of

electrical steel.
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5.2.1. Experimental Setup

Two experiments were conducted with each electromagnet to check the relationship between

the core material and the output. The only difference between the two experiments was the

magnets used for the experiment. Magnet 1 (M1) was used first and then magnet 2 (M2) was

used for the second experiment. The experimental setup for both magnets M1 and M2 is

shown in Figure

Magnet M1
Magnet M1 - 6.4mm

5.1.

[

6.4mm

a

7.6mm

€«

Flywheel

e 28mm a

9.4mm

30mm

9.5mm

Magnet M2¢
Magnet M2 - 9.5mm Flywheel
11mm 6mm
E 28mm a
1111}
Coil 30mm
LI

Figure 5.1: Setup for M1 and M2 magnets

To test this, experiments were run with 18 magnets placed equally apart on the flywheel. First

it was tested with 18 M1 magnets and later with M2 magnets. Figure 5.2 shows the process

followed to conduct the experiment.

Electromagnet

Rectification
circuit

1

1200uF 100 ohm

Vo - Voltage Output

Figure 5.2: Block diagram of the setup for the experiment
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As the bike is pedalled the flywheel (with the magnets) passed through the electromagnet
generating an AC signal. This AC signal was connected to a rectification circuit which
converts the AC signal to a DC signal. Schotky diodes were used for the rectification to keep
the losses to a minimum. A capacitor was used to smooth out the power coming out of the
rectification circuit. This output was then connected to a load of 100ohm. The output was
hooked to a multimeter. Voltage readings were taken and power output calculated. The bike
was pedalled at various speeds and the voltage output was noted along with the speed of the

bike. Figure 5.3 shows the setup of the system.

Flywheel with magnets

Electromagnet

Multimeter

Load of 1000hm

Rectification Circuit 1200uF Capacitor

Figure 5.3: Bike Setup
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5.2.2. Effect of Mild Steel

Two experiments were done using the electromagnet made out of mild steel. First experiment
was done using M1 magnets and the second with M2 magnets. The bike was pedalled at
various speeds ranging from riding the bike slowly to riding it at as fast as possible. The

output voltage at various speeds was noted from the multi-meter connected to the system.

Mild Steel Electromagnet
M1 Magnets M2 Magnets

Speed Output Voltage Power output Output Voltage Power output

(RPM) V) W) 2 W)
20 1.3 0.0169 1.9 0.0361
30 23 0.0529 2.9 0.0841
37 3 0.09 3.6 0.1296
45 3.8 0.1444 4.7 0.2209
54 4.6 0.2116 5.6 0.3136
64 54 0.2916 6.1 0.3721
72 6 0.36 7.2 0.5184
79 6.5 0.4225 8.5 0.7225
90 7.3 0.5329 9.2 0.8464
99 8 0.64 10 1
109 8.6 0.7396 10.5 1.1025
121 9.5 0.9025 11.4 1.2996

Table 5.1: Generated Voltage and Power outputs using a mild steel electromagnet

Table 5.1 shows the Voltage and the Power outputs coming out from the system using both
M1 and M2 magnets, at different speeds. The power output was calculated using Equation

5.1 derived from the combination of Joules law and Ohms law.

P=— Equation (5.1)

Where P is the instantaneous power, which is measured in Watts, V is the potential difference

across the component measured in Volts and R is the resistance measured in ohms.

78




M2 Power Qutput (%)

)

0.5+

M1 Power Output |

00 1 T T | T T T T | T T 1
50 100
Speed (RPM

Figure 5.4: Power characteristics of M1 and M2 magnets at different speeds

Figure 5.4 shows the power characteristics of both M1 and M2 magnets at different speeds
across a load of 100ohm. It shows that there was a steady increase in the power output as the
speed was increased. The use of M2 magnets, blue line in the graph, gave a slightly higher
output than M1 magnets, so it can be concluded that an electromagnet made of mild steel

having stronger magnets would give a higher output.

5.2.3. Effect of Electrical steel

Similar experiments were done using the electromagnet made out of electrical steel. First
experiment was done with M1 magnets and the second with M2 magnets. The bike was
pedalled at various speeds ranging from riding the bike slowly to riding it at as fast as
possible. The output voltage was noted, from the multi-meter connected to the system, at

various speeds. Table 5.2 shows the Voltage and Power outputs generated.
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Electrical Steel Electromagnet

M1 Magnets M2 Magnets
Speed Output Voltage Power output | Output Voltage | Power output
(RPM) V) W) V) W)
20 3.1 0.0961 3.9 0.1521
29 4.9 0.2401 5.5 0.3025
36 59 0.3481 6.1 0.3721
48 7.3 0.5329 7.8 0.6084
53 8.9 0.7921 8.4 0.7056
65 10.6 1.1236 10.5 1.1025
69 11.3 1.2769 11.2 1.2544
79 12 1.44 12.1 1.4641
90 13.9 1.9321 13.8 1.9044
100 15.1 2.2801 15 2.25
107 15.9 2.5281 16.1 2.5921
125 17.8 3.1684 17.4 3.0276

Wy M2 Power Cutput (W)

M1 Power Output |

Table 5.2: Generated Voltage and Power outputs using a electrical steel electromagnet

T

-
|

50
Speed (RPM)

Figure 5.5: Power characteristics of M1 and M2 magnets at different speeds
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Figure 5.5 gives the power characteristics of both M1 and M2 magnets at different speeds
when connected across a load of 100ohm. The figure shows that there is a steady increase in
the power output as the speed is increased, and that both M1 and M2 magnets give very
similar outputs. This shows that stronger magnets do not necessarily give higher power
outputs. Having stronger magnets on the flywheel increases the air gap present between the
flywheel and one side of the electromagnet. Magnetic flux is reluctant to travel through air.
Therefore a larger air gap results in losses in the winding and increases eddy current losses,
which might cause the output to drop. The effects of air gaps are discussed in detail further in
this chapter [59]. So, from this experiment it can be concluded that stronger magnets increase

the air gap which in turn reduces the power output.

5.2.4. Comparison of Results

Comparing the results of both the electromagnets, it is evident that the output of the electrical
steel electromagnet is far greater than that of the mild steel. Power values for both electrical
and mild steel electromagnets using both M1 and M2 magnets are shown in Table 5.3. It

shows that at every speed checked the output is always higher with the electrical steel

electromagnet.
M1 Magnets M2 Magnets
Mild steel Electrical Steel Mild steel Electrical Steel
Speed Power output Power output Power output | Power output
(RPM) W) W) W) W)
20 0.0169 0.0961 0.0361 0.1521
30 0.0529 0.2401 0.0841 0.3025
37 0.09 0.3481 0.1296 0.3721
45 0.1444 0.5329 0.2209 0.6084
54 0.2116 0.7921 0.3136 0.7056
64 0.2916 1.1236 0.3721 1.1025
72 0.36 1.2769 0.5184 1.2544
79 0.4225 1.44 0.7225 1.4641
90 0.5329 1.9321 0.8464 1.9044
99 0.64 2.2801 1 2.25
109 0.7396 2.5281 1.1025 2.5921
121 0.9025 3.1684 1.2996 3.0276
Table 5. 3: Power outputs of both M1 & M2 magnets using mild steel & electrical steel
electromagnet
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Considering the permeability (u) of both the materials provides reason for the power
generated using one material being higher than the other. Permeability (p) is the measure of
the ease at which a magnetic field can be set up in a material [60]. The higher the p value of

the material the lesser the reluctance present in the material.

The relationship between permeability and reluctance is given by

[
R= —m8—
Uolty * A Equation (5.2)

Where R is the reluctance of the circuit, / is the length of the magnetic circuit, u is the
permeability of the material and 4 is the cross sectional area of the magnetic circuit. So from
equation 5.2 it can be concluded that to have a magnetic circuit with low reluctance the
length of the electromagnet should be kept short, the material chosen should have a high

permeability and the cross section of the area of the circuit should be large.

The only difference between the two electromagnets used in this experiment is the materials
used. Therefore considering the permeability of the materials provides the reason for the
electrical steel electromagnet giving a higher power output. The permeability of mild steel is
known to be pwmig steel - 200-800, and electrical steel has a value of Ugiectrical steel 1000 — 5000
[61]. As the p is a lot higher in electrical steel than mild steel, the reluctance is a lot higher in
mild steel. This is reflected in the results of Figure 5.6 which shows that the power generated
using the electrical steel electromagnet is a lot higher than that of the mild steel

electromagnet.
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Figure 5.6: M1 magnets power output of electrical steel and mild steel

5.3. Effect of the orientation of the magnet pole

The second factor tested was the effect that the pole orientation of the magnets had on the
output generated. Experiments were conducted to check if there would be a difference in

output, if the poles of the magnets were changed.

5.3.1. Experimental Setup

Two experiments were run with 18 M1 magnets placed on the flywheel. First experiment was
done with all the magnets being placed with their south pole facing the flywheel. The second
experiment had the same setup as the first but the poles of the magnets alternated. Figure 5.7

shows this setup.
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Figure 5.7: Setup for pole orientation of magnet poles

To calculate the power generated the output of the electromagnet was connected to a
rectification circuit and then connected across a load of 1000ohm. Waveforms of the outputs at
different sections of this process were captured for analysis. Figure 5.8 shows a block

diagram of the process used to carry out this experiment.

Rectification -L I

Electromagnet g 1200uF Vo - Voltage Output
circuit 100 ohm

Figure 5.8: Block diagram of the setup for the experiment

5.3.2. Results and Discussion

As the experiments were run, an oscilloscope probe was connected to the output from the
electromagnet and waveforms were captured at various speeds. The peak-peak voltages were

noted from the waveforms captured.
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Figure 5.9: Peak-Peak voltage waveform of magnets with different pole orientation at 110

RPM

Figure 5.9 shows a waveform comparison of when the bike was pedalled at a speed of

110RPM. The waveforms clearly indicate that having magnets with alternating poles give a

higher output.

The output voltage, across the load, from both experiments was noted. From this the power

generated by the system was calculated. Table 5.4 gives the Voltage and Power outputs

generated by the system.

Not Alternating Poles Alternating Poles
Speed Voltage output | Power output | Voltage output | Power output
(RPM) M W) M W)
35 5.8 0.3364 7.1 0.5041
70 9.3 0.8649 12.5 1.5625
110 12.5 1.5625 16.8 2.8224

Table 5.4: Power Generated by having magnets with different pole orientation
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Figure 5.10: Relationship of magnet pole orientation and speed

The power characteristics of the magnet pole orientation and the speed is plotted in Figure
5.10. The figure shows that having magnets with alternating poles would give a higher output

than having all the magnets placed facing the same way.

If all the magnets are placed having the same poles, the only change is that the magnetic field
varies in strength. As a magnet approaches the coil the magnetic strength increases and as the
magnet passes the strength decreases. This continues to happen as each magnet passes

through. Because of this there is only a small amount of EMF being generated.

However when the magnets are placed where the poles alternate, not only does the magnetic
strength change but also the direction of the magnetic field changes and hence creates more

flux.
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5.4. Effect of the number of magnets

The third factor tested was the effect that the number of magnets on the flywheel had on the
output generated. As discussed in the previous chapter the power increases with the number
of magnets used but this has a limit. Experiments were done to see how many magnets could

be placed on the flywheel to get the best possible output.

5.4.1. Experimental Setup

Two experiments were run with different number of M1 magnets, with alternating poles,
placed on the flywheel. The first experiment consisted of 18M1 magnets and the second with
20 M1 magnets. The magnets were spaced apart equally on the flywheel. Figure 5.11 shows

the process for this experiment and Figure 5.12 shows the setup for this experiment.

Rectification -L I

Electromagnet 1200uF Vo - Voltage Output
B circuit 100.0hm I

Figure 5.11: Block diagram of the setup for the experiment
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[ ]
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Figure 5.12: Experimental setup for the effect of the number of magnets used
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5.4.2. Results and Discussion

As the experiments were run waveforms of the outputs were captured using an oscilloscope.

The mean voltage output by the system was noted from the waveforms for further analysis.

JL. M Pos: 0.000s MEASURE Tek JL M Pos: 0.000s MEASURE

Tek

20 Mi'Magnets

S30 18.1V

18 Mi'Magnets
S30 16.8V
Figure 5. 13: Waveforms of 18 and 20 M1 magnets at a speed of 110RPM

Figure 5.13 is the waveforms captured at the output of the load at a speed of 110RPM. The
waveforms show that the output voltage with 18 magnets at 110RPM is 16.8V and with 20
magnets at the same speed the output voltage is 19.4V. Table 5.5 gives the Voltage and

Power outputs at various speeds.

18 M1 Magnets 20 M1 Magnets 22 M1 Magnets
Speed Voltage Power Voltage Power Voltage Power
(RPM) | Output (V) | Output (W) | Output (V) | Output (W) | Output (V) | Output (W)
35 7.1 0.5041 8.02 0.643204 4.3 0.1849
70 12.5 1.5625 14.2 2.0164 5.9 0.3481
110 16.8 2.8224 19.4 3.7636 7 0.49

Table 5.5: Voltage and Power output for 18, 20 and 22 M1 magnets

The power characteristics of the relationship between the number of magnets and the speed of
the bike is shown in Figure 5.14. As the speed increases the output increases. The output is

slightly higher when 20 magnets are used instead of 18. Increasing the number of magnets
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past 20 drops the voltage drastically. So the ideal number of magnets on the flywheel for this

experiment is 20.

20 M1 Magnets (W) 22 M1 Magnets (W)
i

—
[

18 M1 Magnets (W)

0 T T T T | T T T | T
0 50 100
Speed (RPM)

Figure 5.14: Power output with 18, 20 and 22 magnets at different speeds

The greater the number of magnets the greater the change in the magnetic field strength and
direction. This in turn creates more flux which in turn generates more EMF [61]. However,
the results of this experiment shows that having too many magnets very close together

produces very little flux.

< —.

~~x s == N 3
/”‘ Fo———]
C -

Figure 5. 15: Behaviour of magnetic field lines when they are too close to each other
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Figure 5.15 shows how the magnetic field lines can travel in a straight line if the magnets are
too close. The magnetic field lines of a magnet always go from North to South. So when the
magnets are placed where the poles alternate and the magnets are too close, the magnetic
field lines will go from a magnet to the opposite magnet. From this can be concluded that the
cause of the huge drop in output when 22 magnets are used is due to the fact that there is very

little space between the magnets.

5.5. Effect of the strength of the magnet

The fourth factor tested was the effect that magnets with different strengths would have on
the output generated. Two magnets of different strength but same diameter were used for this
project. The two magnets used are referred to as Magnet 1 (M1) and Magnet 2 (M2). M1 had
a thickness of 6.35mm and had a surface field strength of 3275 Gauss. M2 was slightly
stronger than M1, which was 9.5mm thick and had a surface field strength of 4295 Gauss. In
theory, M2 should produce a higher power output based on its surface field strength.

5.5.1. Experimental Setup

Two experiments were conducted with each electromagnet to check the relation between the
magnet strength and the output. 20 magnets placed with alternating poles were used for both
experiments. The only difference between the two experiments was the magnets used. Figure
5.16 shows how the output voltage was acquired and Figure 5.18 is a visual on the setup used

for both magnets.

Rectification J— I

Electromagnet 1200uF Vo - Voltage Output
B circuit 20:0hm

Figure 5.16: Block diagram of the setup for the experiment t
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Figure 5.17: Experimental setup for the effect of the strength of the magnet on the output

5.5.2. Results and Discussion

As the experiments were run, waveforms of the outputs were captured using an oscilloscope.
The mean voltage output by the system was noted from the waveforms for further analysis.

Figure 5.18 shows the waveforms of the voltage output at 1 10RPM for both the magnets.

Tek JL M Pos: 0,000 MEASURE Tek  JL M Pos: 0,000s MEASURE

Magnet M1 . Magnet M2
830 S30

Figure 5.18: Waveform of voltage output for different magnets at 1 10RPM
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In theory, the voltage and power output is expected to be more when stronger magnets are
used. However, in this experiment stronger magnet M2 did not give a higher output compared
to M1. M1 gave a slightly higher voltage output than M2. The results of the experiments are
shown in Table 5.6.

Magnet M1 Magnet M2

Speed Voltage Output | Power OQutput | Voltage Output | Power Output
(RPM) M W) M W)

35 8.02 0.643204 7.36 0.541696

55 10.7 1.1449 10.7 1.1449

70 14.2 2.0164 13.2 1.7424

90 16.5 2.7225 16.2 2.6244

110 19.4 3.7636 18.1 3.2761

Table 5.6: Voltage & Power outputs for magnets of different strength at various speeds

Figure 5.19 shows the power characteristics in relation to the speed and magnet strength.

M1 has a slightly higher power output compared to the output of M2. Though M2 is the
stronger magnet the output shows that M1 gives a slightly higher power output. This can be
the result of a bigger air gap present in the setup when magnet M2 is used. As M2 is
approximately 4mm thicker than M1, this increases the air gap by that distance. Even a gap of
a few millimeters can cause a drop in the output since the strength of the magnetic field drops
exponentially with distance [62]. Because of this M1 produces a higher power output than

M2, as is the case in this experiment.
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Figure 5. 19: Power output of M1 and M2 magnets at different speeds

5.6. Effect of an air gap

The fifth and last factor tested was the effect that an air gap present in the electromagnet
would have on the output generated. Having an air gap in this experiment was unavoidable
but could be reduced. The presence of an air gap increases the reluctance in a magnetic
circuit and causes the flux generated to spread into the surrounding medium. This is referred
to as the flux-fringing effect [63] and figure 5.20 shows this in an electromagnet.
Experiments were run to see the difference in power output when the air gap present in this

system was reduced.
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Figure 5.20: Fringing effect caused by an air gap

5.6.1. Experimental Setup

Air gaps present in this circuit were the gaps present on either side of the flywheel. The side
with the magnets had an air gap of 7.6mm, and the side without the magnets had an air gap of

9.4mm. Figure 5.21 shows these air gaps.

6.4mm

b=
Magnet M1 ¢

Magnet M1 - 6.4mm

Flywheel & Amm

28
< mm )

Coil 30mm

Figure 5. 21: Experimental setup for effect of air gap on the output
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The air gap on the side with the magnets could not be reduced further. Doing so would cause
the magnets on the flywheel to hit the electromagnet which would in turn cause the flywheel
to stop spinning. However, the air gap on the opposite side of the flywheel could be reduced
as this would not affect the spinning of the flywheel. The air gap was reduced by putting a
small stack of I shaped electrical steel sheets between the flywheel and the electromagnet.

Figure 5.22 shows a stack of I shaped electrical steel held together by electrical tape. This
was made 8mm thick so that it fit snugly in the air gap of 9.4mm. A gap of about Imm was
given between the stack of electrical steel and the flywheel because that would cause the

stack of electrical steel to rub against the flywheel.

Figure 5. 22: Stack of I shaped electrical steel sheets

Figure 5.23 shows the electromagnet with an air gap of 9.4mm. Figure 5.24 shows the
electromagnet with the air gap reduced by the insertion of the I shaped electrical steel stack.
The experiment was run with the same process as the previous experiment. This is shown in

Figure 5.25.
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Figure 5. 24: Setup with reduced air gap
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Figure 5.25: Block diagram of the setup for the experiment

5.6.2. Results and Discussion

Two experiments were run to see the relationship between the air gap present in the system
and the power output. Both experiments had 20 M1 magnets with alternating poles placed on
the flywheel. Experiments were done with the system having an air gap of 9.4mm and then a
reduced air gap of Imm. The voltage and power outputs for both these experiments are

shown in Table 5.7.

Air Gap of 8.5mm Air Gap of 1mm

Speed Voltage Output Power Output | Voltage Output | Power Output
(RPM) M W) ™ W)

35 8.02 0.643204 9.11 0.829921

55 10.7 1.1449 11.5 1.3225

70 14.2 2.0164 15.3 2.3409

90 16.5 2.7225 17.9 3.2041

110 19.4 3.7636 21.1 4.4521

Table 5. 7: Voltage and Power output when an air gap is reduced

By looking at the power values generated, it is evident that reducing the air gap gives a higher
output. Figure 5.26 shows the power characteristics in relation to the speed and the air gap
present in the system. The strength of the magnetic field drops exponentially with distance
because having an air gap in the circuit increases the reluctance in the circuit [62]. A Larger
air gap means more reluctance in the circuit. Reducing the air gap reduces the reluctance in
the circuit which in turn increases the amount of power generated. This provides a clear

indication that reducing the air gap in this system has increased the power generated.
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Figure 5.26: Power characteristics of the speed of the bike and the air gap present in the
system

5.7. Maximum Power and Energy Calculations

After all the variables that could affect the output were investigated the best possible setup
for harvesting energy using this method was determined. The experiments showed that an
electromagnet made with high Permeability (i) material would increase the power output. It
was also found that the orientation of the poles of the magnets used is important. Having
magnets with their poles alternating produced more flux in the circuit. Results showed that
there is a limit to the number of magnets that can be placed on the flywheel at a given time,
as having too many magnets on the disc would cause the power generated to drop drastically.
The experiment also indicated that a stronger magnet does not necessarily increase the output.
The stronger the magnet the thicker it is and creates a larger air gap in the circuit. This in turn

causes the output to drop when compared to a magnet with smaller thickness. This showed
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that as the air gap in the circuit increased the reluctance in the circuit also increased causing

the output to drop. Reducing the air gap resulted in higher power output.

5.7.1. Experimental Setup
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Figure 5.27: Final Experimental Setup

Figure 5.27 shows the final setup of the system. This was based on the results and findings of
the previous experiments. This system was used to conduct experiments to investigate the
Energy (E) and Power (W) that could be generated using this method of EH. To do this, the
output from the coil/electromagnet was connected to a rectification circuit which was passed
through a capacitor to smooth out the signal. The signal was then connected to a Buck-Boost
converter which would either boost the incoming voltage to 15V or limit it to 15V. The
output of the Buck-Boost converter was then used to charge a 12V rechargeable battery.
Figure 5.28 shows a block diagram of the setup and figure 5.29 is a picture of the actual setup

of the whole system.
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Figure 5.28: Block diagram of the setup for the experiment
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Figure 5.29: Setup of the stationary bike to charge a battery
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To calculate the Energy (E) generated, the output from the Buck-Boost controller was used to

connect a 12V rechargeable battery as shown in Figure 5.28. The intent was to charge the

battery for certain periods of time and record the charge of the battery. The following

100



equations were used to record this. For this the battery voltage (V3 ) was noted at the start and

then noted every Sminutes as the bike was pedalled.

The equation to calculate Energy (E) is

E=PF =t Equation (5.3)

charging

Where F,is the Power output measured in Watts and t.;4,4ing 18 the time the battery has been

charged measured in seconds. The power output (Po) was calculated using equation 5.4

P, =Vg=* I, (Equation 5.4)

harging

Where, V3 is the battery voltage measured in Volts and /cjaging 1 the charging current of the

battery measured in Amps. The charging current (/ciarging) Was calculated using equation 5.5

_ Vin—Vp .
| charging — o Equation (5.5)

Where, Vv is the voltage coming in to the battery from the Buck-Boost converter measured

in volts, V3 is the battery voltage measured in Volts and R is the resistance measured in ohms.

Inserting equation 5.5 and 5.4 into equation 5.3 gives us
_ Vin— Vg :
E= Vg= (T) * Leharging Equation (5.6)

Where E is the energy generated by the system measured in Joules, Vj is the battery voltage
measured in Volts, V,,, is the voltage out of the Buck Boost converter measured in Volts, R is
the resistance between the Buck Boost converter and the battery measured in ohms and ¢ is

the time the battery has been charged measured in seconds.

5.7.2. Maximum Power (Pyax) Calculations

Before connecting the system to a battery experiments were done to check the maximum

power output from the system. The system was setup as shown in figure 5.27. Experiments
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were run by varying the load resistance of the system and the Voltage and Power outputs

were noted.

. i 10 ochm I
Rectification J— 25 ohm

Electromagnet S 1200uF Pl Vo - Voltage Output
circuit o0 ohin I

Figure 5.30: Block diagram of the setup for the experiment

Figure 5.30 shows the process of this experiment in a block diagram. A variable resistor was
connected to the output of the rectification circuit. Experiments were done with the resistance
being set to 10ohm, 250hm, 50ohm and 100ohm. The bike was pedalled at different speeds
and the voltage output noted. The results from these experiments are shown in Table 5.8. It
was found that the voltage output increased as the speed and resistance in the system
increased. Figure 5.31 shows the results of this experiment graphically. It clearly shows that
the voltage output increases when the bike is pedalled faster. It also shows that the voltage

increases as the resistance in the circuit is increased.

Resistance | Voltage (Vo) | Voltage (Vo) Voltage (Vo) Voltage (Vo) | Voltage (Vo)
(ohm) 35 RPM 55 RPM 70 RPM 90 RPM 110 RPM
10 3.42 4.05 4.09 4.45 4.46
25 5.43 7.16 8.92 9.32 10.2
50 6.78 9.38 11.5 13 14.7
100 7.9 11.3 14.1 16.6 19.4

Table 5.8: Voltage output with different Load resistance
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Figure 5.31: Voltage output with different load resistance at various speeds

From the output voltages the power output of the system was calculated using Equation 5.1.

Table 5.9 gives the calculated power outputs when the speed and resitance in the system was

varied.
Resistance | Power (Pg) | Power (Pg) | Power (Po) | Power (Po) | Power (Po)
(ohm) 35 RPM 55 RPM 70 RPM 90 RPM 110 RPM
10 1.16964 1.64025 1.67281 1.98025 1.98916
25 1.179396 2.050624 3.182656 3.474496 4.1616
50 0.919368 1.759688 2.645 3.38 43218
100 0.6241 1.2769 1.9881 2.7556 3.7636

Table 5.9: Power outputs across varied loads at different speeds
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Figure 5.32: Power output with different load resistance at various speeds

Figure 5.32 gives a visual display of the power outputs plotted against the resistance at
different speeds. It highlights that the maximum power Pyax is acheived when the system has
a load resistance of about 250hm. It shows that the power increases with the load to a certain

point and then begins to decrease as the resistance in the circuit is increased.

5.7.3. Energy Calculations

For the experiment the bike was pedalled for 30 minutes at a constant speed of 70RPM. The
Buck-Boost converter was set to output 15V. The resistor between the Buck-Boost converter
and the battery was a 100ohm. The initial battery voltage Vg was 11.49V. As the bike was
being pedalled the battery voltage Vi was noted every 5 minutes. The results of the
experiment are shown in Table 5.10 and graphically in Figure 5.33-5.36. The charging

current, power and energy was calculated using equations 5.5, 5.4 and 5.6 respectively.
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Battery Voltage | Charging Current Power Energy
Time (Vi) Q) W) Q)]

0 11.49 0.361 4.14789 0
300 11.71 0.339 3.96969 1190.907
600 11.77 0.333 3.91941 2351.646
900 11.81 0.329 3.88549 3496.941
1200 11.84 0.326 3.85984 4631.808
1500 11.87 0.323 3.83401 5751.015
1800 11.9 0.32 3.808 6854.4

Table 5.10: Energy outputs from experiment
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Figure 5.33: Battery voltage over time
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Figure 5.34: Charging current over time
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Figure 5.35: Power generated by EH in 30 minutes
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Figure 5.36: Energy generated by EH in 30minutes

This experiment shows that when the bike is pedalled at a speed of 70 RPM, the system
generates 6854J of energy in 30mins. When the bike is pedalled the battery voltage increases
with time and the charging current drops slightly (see Figure 5.33 and 5.34). Since the power
generated 1s dependent on the charging current, power reduces slowly as the charging current

decreases.

The battery was charged for half hour as stated above. Tests were then done to measure the
length of time taken to discharge the battery. For this a 12V 50W bulb was connected to the

battery and the battery voltage was monitored using a multimeter. Figure 5.37 shows the
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setup used to discharge the battery and Table 5.11 gives the battery voltage for the charging

and discharging process.

Figure 5. 37: Discharging Battery using 12V S0W bulb

Time Battery Voltage
(Minutes) (Vp)
0 11.49
5 11.71
10 11.77
15 11.81
20 11.84
25 11.87
30 11.9
31 11.88
32 11.83
33 11.79
34 11.74
35 11.67
36 11.6
37 11.54
38 11.46
39 11.39
40 11.26

Table 5.11: Charge and Discharge of Battery voltage over time
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Figure 5.38: Charging and Discharging of Battery Voltage over time

Figure 5.38 is a graphical display of the battery being charged by the system for 30 minutes
and then discharged for 10 minutes. Charging the battery for half hour powers a 50W bulb for

around 8 minutes.

The energy generated by pedalling the bike at 70 RPM is enough energy to power a S0W
bulb for about 8 minutes. Previous experiments have shown that increasing the speed that the
bike is ridden at would increase the amount of power that could be generated. This
implemented on a stand-alone machine will not produce a significant output. Therefore
implementing this in a gym with more machines fitted with more than one electromagnet
could increase the amount of energy created, thus making it a significant method of EH.

Further research is required to test this.
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Chapter 6. RECOMMENDATIONS FOR FUTURE WORK
AND CONCLUSION

6.1. Recommendation for future work

In the area of EH on a stationary bike using magnets there is scope for future work.
Implementing the method used in the current project but with more than one machine or

using more than one electromagnet is one area for further research.

The aim of not wanting to modify the bike put certain constraints on the methods that could
be used for EH. Making certain inexpensive modifications to the bike to improve EH could

also be an avenue for further research.

Future work could be conducted building on the understanding acquired from this research on

this method of EH.

6.2. Conclusion

The aim of this project was to develop an EH system that could be fitted onto any stationary
bike with a flywheel. The literature review conducted gave a clear understanding of EH and
the ways in which it could be used in real world applications. Information and knowledge
gained from the study of electromagnetic energy harvesting helped in the understanding of

how EH could be applied in a gym setting.

A prototype model was developed for this project to ascertain the feasibility of using magnets
to produce energy using a stationary bike. The experiments conducted showed that it is
possible to harvest energy by placing magnets on a flywheel and spinning it through an
electromagnet. The most effective way to harvest energy using magnets was having the
magnets placed with their poles alternating and having the magnets close to the coil. A
specially designed DC-DC boost converter for low power applications was used to boost the
low voltages generated by the harvester. Developments of such converters in EH is important

as most EH methods output small amounts of energy.
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The aim of not needing to modify or change the existing stationary bike was made possible
with this method of EH. However this created the need to make design adjustments to fit the

system around the bike.

Six different factors were considered to examine their effect on the generated output. The
experiments showed that an electromagnet made with high Permeability (p) material would
increase the power output. It was also found that having magnets with their poles alternating
produced more flux in the circuit. However there is a limit to the number of magnets that can
be placed on the flywheel at a given time, as having too many magnets on the disc would
cause the power generated to drop drastically. The experiment also indicated that a stronger
magnet doesn’t necessarily increase the output. Finally it was found that as the air gap in the
circuit increased the reluctance in the circuit also increased causing the output to drop.

Reducing the air gap resulted in higher power output.

This method of EH implemented on a stand-alone machine will not produce a significant
output. However implementing this in a gym with more machines or a machine fitted with
more than one electromagnet could increase the amount of energy created, thus making it a

significant method of EH. Further research is required to test this.

With the increasing need for alternative sources of energy the field of EH in its entirety is
vast and has incredible scope for further research. The above recommendations focus on
extending the research conducted in the current project. The rationale for these
recommendations are that while this project has successfully found a method for EH it needs
to be extended to capture more power to make it a significant source of EH. However in the
meantime it could be used in conjunction with other methods of EH since it is a step in the

direction of reducing the wastage of untapped energy.
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TECHNOLOGY

LTC3105
400mA Step-Up DC/DC

Converter with Maximum Power
Point Control and 250mV Start-Up

FEATURES

n Low Start-Up Voltage: 250mV

n Maximum Power Point Control

n Wide ViyRange: 225mV to 5V

n Auxiliary 6mA LDO Regulator

n Burst Mode” Operation: Io = 24pA

n Qutput Disconnect and Inrush Current Limiting

n V> Vour Operation

n Antiringing Control

n Soft Start

n Automatic Power Adjust

n Power Good Indicator

n ]10-Lead 3mm x 3mm x 0.75mm DFN and 12-Lead
MSOP Packages

APPLICATIONS

Solar Powered Battery/Supercapacitor Chargers
Energy Harvesting

Remote Industrial Sensors

Low Power Wireless Transmitters

Cell Phone, MP3, PMP and GPS Accessory Chargers

=}

B

B

=]

=}

DESCRIPTION

The LTC"3105 is a high efficiency step-up DC/DC converter
that can operate from input voltages as low as 225mV. A
250mV start-up capability and integrated maximum power
point controller (MPPC) enable operation directly from
low voltage, high impedance alternative power sources
such as photovoltaic  cells, TEGs (thermoelectric
generators) and fuel cells. Auser programmable MPPC set
point maximizes the energy that can be extracted from
any power source. Burst Mode operation, with a
proprietary self adjusting peak current, optimizes
converter efficiency and output voltage ripple over all
operating conditions.

The AUX powered 6mA LDO provides a regulated rail for
external microcontrollers and sensors while the main
output is charging. In shutdown, Ig is reduced to 10pA
and integrated thermal shutdown offers protection from
overtemperature faults. The LTC3105 is offered in 10-lead
3mm x 3mm x 0.75mm DFN and 12-lead MSOP packages.

X, LT LTC, LTM, Linear Technology, the Linear logo and Burst Mode are registered trademarks
and ThinSOT is a trademark of Linear Technology Corporation. All other trademarks are the
property of their respective owners.

TYPICAL APPLICATION

Single Photovoltaic Cell Li-Ion Trickle Charger

Output Current vs Input Voltage
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ABSOLUTE MAXIMUM RATINGS

LTC3105

(Note 1)

SW Voltage Maximum Junction Temperature (Note 4) ............ 125°C
DCoeeeeee e, -0.3Vto 6V  Storage Temperature..........cccceeveereneen. —65°C to 150°C
Pulsed (K100NS)...c..ccvevveieierieeeieiereereeieins —1Vto 7V  Lead Temperature (Soldering, 10 sec.)

Voltage, All Other Pins .........ccccceveveiiennnne. -0.3Vto 6V MS Package........ccoovevieieieieieieieeeeeeeeeen 300°C

Operating Junction Temperature

Range (NOte 2).....cccvvuvenirininirienenieine —40°C to 85°C

TOP VIEW
_________ TOP VIEW
B AUX FB 100 112 AUX
LDO o Vour LDO 2] 111 Vour
FBLDO " GND PGOOD FBLDO 3 110 PGOOD
SHDN ! W SHDN 4 OJ 09 SW
: MPPC 5 [} 18 Vv
MPPC R N GND 6 17 GND
DD PACKAGE MS PACKAGE
10-LEAD (3mm x 3mm) PLASTIC DFN 12-LEAD PLASTIC MSOP
Tomax = 125°C, p =43°CW, o =3°C/W Tymax= 125°C, x = 130°C/W, e =21°C/W
EXPOSED PAD (PIN 11)1S GND, MUST BE SOLDERED TO PCB

LEAD FREE FINISH TAPE AND REEL PART MARKING PACKAGE DESCRIPTION TEMPERATURE RANGE

LTC3105EDD#PBF LTC310SEDD#TRPBF LFQC 10-Lead (3mm x 3mm) Plastic DFN —40°C to 85°C

LTC3105SEMS#PBF LTC3105SEMS#TRPBF 3105 12-Lead Plastic MSOP —40°C to 85°C

Consult LTC Marketing for parts specified with wider operating temperature ranges.

Consult LTC Marketing for information on non-standard lead based finish parts.

For more information on lead free part marking, go to: http://www.linear.com/leadfree/

For more information on tape and reel specifications, go to: http://www.linear.com/tapeandreel/

3105fa
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LTC3105

ELECTRICAL CHARACTERISTICS The 1 denotes the specifications which apply over the full operating

junction temperature range, otherwise specifications are at T, =25°C (Note 2). Voyx= Vour= 3.3V, VLpo = 2.2V, V|y = 0.6V, unless

otherwise noted.

PARAMETER | CONDITIONS MIN TYP MAX UNITS

Step-Up Converter

Input Operating Voltage 1 0.225 5 \

Input Start-Up Voltage (Note 5) 0.25 0.4 \Y
Ty =0°C to 85°C (Note 5) 0.36 \

Output Voltage Adjust Range 1.5 5.25 \

Feedback Voltage (FB Pin) 0.984 1.004  1.024 \

Vour lg in Operation Veg=1.10V 24 pA

Vour lg in Shutdown SHDN = 0V 10 uA

MPPC Pin Output Current Vmppce = 0.6V 9.72 10 10.28 uA

SHDN Input Logic High Voltage 1.1

SHDN Input Logic Low Voltage 1 0.3

N-Channel SW Pin Leakage Current Vin=Vsw =5V, Vggpn = OV 1 10 pA

P-Channel SW Pin Leakage Current Vin=Vsw =0V, Vour = Vayx=5.25V 1 10 pA

N-Channel On-Resistance: SW to GND 0.5 Q

P-Channel On-Resistance: SW to Vyr 0.5

Peak Current Limit Vig = 0.90V, Vyppc = 0.4V (Note 3) 0.4 0.5

Valley Current Limit Vig=0.90V, Vyppc = 0.4V (Note 3) 0.275 0.35

PGOOD Threshold (% of Feedback Voltage) Vour Falling 85 90 95 %

LDO Regulator

LDO Output Adjust Range External Feedback Network, Voyx> Vipo 1 1.4 5

LDO Output Voltage VegLpo = 0V 2.148 2.2 2.236

Feedback Voltage (FBLDO Pin) External Feedback Network 1 0.984 1.004  1.024

Load Regulation Ipo = ImA to 6mA 0.40 %

Line Regulation Vaux =25V to 5V 0.15 %

Dropout Voltage Iipo = 6mA, Voyur= Vaux=2.2V 105 mV

LDO Current Limit Vipo 0.5V Below Regulation Voltage 1 6 12 mA

LDO Reverse-Blocking Leakage Current Vin = Vaux = Vour= 0V, Vgupy = OV 1 pA

Note 1: Stresses beyond those listed under Absolute Maximum Ratings
may cause permanent damage to the device. Exposure to any Absolute
Maximum Rating condition for extended periods may affect device
reliability and lifetime.

Note 2: The LTC3105 is tested under pulsed load conditions such that

Ty H T,. The LTC3105E is guaranteed to meet specifications from

0°C to 85°C junction temperature. Specifications over the <40°C to 85°C
operating junction temperature range are assured by design, character-
ization and correlation with statistical process controls. Note that the
maximum ambient temperature consistent with these specifications is
determined by specific operating conditions in conjunction with board
layout, the rated package thermal impedance and other environmental
factors.

Note 3: Current measurements are performed when the LTC3105 is not
switching. The current limit values measured in operation will be somewhat
higher due to the propagation delay of the comparators.

Note 4: This IC includes over temperature protection that is intended to
protect the device during momentary overload conditions. Junction
temperature will exceed 125°C when overtemperature protection is active.
Continuous operation above the specified maximum operating junction
temperature may impair device reliability.

Note 5: The LTC3105 has been optimized for use with high impedance
power sources such as photovoltaic cells and thermoelectric generators.
The input start-up voltage is measured using an input voltage source with
a series resistance of approximately 200mQ and MPPC enabled. Use of the
LTC3105 with lower resistance voltage sources or with MPPC disabled may
result in a higher input start-up voltage.

3105fa
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TYPICAL PERFORMANCE

Vin = 0.6V, unless otherwise noted.

LTC3105

CHARACTERISTICS 1,=25°C, Vyyx= Vour=3.3V, Vipo= 2.2V,

Minimum Input Start-Up Voltage Shutdown Thresholds
vs Temperature vs Input Voltage ICEnable Delay vs Input Voltage
340 1000 120
320 IC ENABLE
S 800
>
~ 100
S 300 £ 200
E B 2
<< =
& 280 £ 600 IC DISABLE o
5 2 500 Z 50
a >
= 260 2 400 5
=) Z a
£ 240 4 300
= 60
& 200
220
100
200 0 40
45 30 —15 0 15 30 45 60 75 90 1.25 225 3.5 4.25 525 1.25 225 3.25 4.25 525
TEMPERATURE (°C) SUPPLY VOLTAGE, Viy OR Vayx (V) SUPPLY VOLTAGE, Viy OR Vayx (V)
3105 GOl 3105 GO2 3105 G03
MPPC Current Variation LDO Soft-Start Duration
vs Temperature vs LDO Load
23 1.25
2.0
1.20
g 15 5
£ 10 SIS
o =)
= =
g 05 5110
= <
= =
g o z
< £1.05
S-0s £
1.00
-1.0
-1.5 0.95
45 30 <15 0 15 30 45 60 75 90 1 2 3 4 5 6
TEMPERATURE (°C) 1105 Gos LDO LOAD CURRENT (mA) s
Vour I vs Temperature
During Shutdown Vix for Synchronous Operation
22 5.0
SHDN =0V ‘ ‘ ‘
20 45
_ NONSYNCHRONOUS
18 > 40  OPERATION
o
&)
16 2 35
I
[} .
=2 14 g 30
2 5 25
< 12 =
S 20
10 = SYNCHRONOUS
= L5 OPERATION
8 <z 10
=K
6 0.5
4 0
45 30 15 0 15 30 45 60 75 90 15 20 25 30 35 40 45 50 55
TEMPERATURE (°C) ) OUTPUT VOLTAGE (V)
3105 GO7 3105 G09
3105fa

;
g

ECHNOLOGY

4



LTC3105
CHARACTERISTICS 1,=25°C, Vyyx= Vour=3.3V, Vipo= 2.2V,

TYPICAL PERFORMANCE

Vin = 0.6V, unless otherwise noted.

Exiting MPPC Control on Ippak and Iyapppy Current Limit

Input Voltage Step Change vs Temperature Efficiency vs Viy
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LTC3105

PIN FUNCTIONS orvmsop)

FB (Pin 1/Pin 1): Step-Up Converter Feedback Input. Con-
nect the Voyrresistor divider tap to this input. The output
voltage can be adjusted between 1.5V and 5.25V.

LDO (Pin 2/Pin 2): LDO Regulator Output. Connecta4.7uF
or larger capacitor between LDO and GND.

FBLDO (Pin 3/Pin 3): LDO Feedback Input. Connect the
LDO resistive divider tab to this input. Alternatively, con-
necting FBLDO directly to GND will configure the LDO
output voltage to be internally set at 2.2V (nominal).

SHDN (Pin 4/Pin 4): Logic Controlled Shutdown Input.
With SHDN open, the converter is enabled by an internal
2MQ pull-up resistor. The SHDN pin should be driven with
an open-drain or open-collector pull-down and floated until
the converter has entered normal operation. Excessive
loading on this pin may cause a failure to complete start-up.

SHDN = Low: IC Disabled
SHDN = High: IC Enabled

MPPC (Pin 5/Pin 5): Set Point Input for Maximum
Power Point Control. Connect a resistor from MPPC to
GND to program the activation point for the MPPC loop.
To disable the MPPC circuit, connect MPPC directly
to GND.

Vi (Pin 6/Pin 8): Input Supply. Connect a decoupling
capacitor between this pinand GND. The PCB trace length
from the Vyypin to the decoupling capacitor should be as
short and wide as possible. When used with high imped-
ance sources such as photovoltaic cells, this pin should
have a 10uF or larger decoupling capacitor.

GND (Exposed Pad Pin 11/Pins 6, 7) : Small Signal and
Power Ground for the IC. The GND connections should be
soldered to the PCB ground using the lowest impedance
path possible.

SW (Pin 7/Pin 9): Switch Pin. Connect an inductor between
SW and Viy. PCB trace lengths should be as short as pos-
sible to reduce EMI. While the converter is sleeping or is
in shutdown, the internal antiringing switch connects the
SW pin to the Vyypin in order to minimize EML

PGOOD (Pin 8/Pin 10): Power Good Indicator. This is an
open-drain output. The pull-down is disabled when Vg
has achieved the voltage defined by the feedback divider
onthe FB pin. The pull-down is also disabled while the IC
is in shutdown or start-up mode.

Vour (Pin 9/Pin 11): Step-Up Converter Output. This is the
drain connection of the main output internal synchronous
rectifier A 10pF or larger capacitor must be connected
between this pin and GND. The PCB trace length from the
Vour pin to the output filter capacitor should be as short
and wide as possible.

AUX (Pin 10/Pin 12): Auxiliary Voltage. Connect a 1pF
capacitor between this pin and GND. This pin is used by
the start-up circuitry to generate a voltage rail to power
internal circuitry until the main output reaches regulation.
AUXand Vyr are internally connected together once Vi1

exceeds Vux.

3105fa
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LTC3105

BLOCK DIAGRAM

(Pin Numbers for DFN Package Only)
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LTC3105

OPERATION

Introduction

The LTC3105 is a unique, high performance, synchronous
boost converter that incorporates maximum power point
control, 250mV start-up capability and an integrated LDO
regulator. This part operates over a very wide range of input
voltages from 225mV to 5V. Its Burst Mode architecture
and low 24pA quiescent current optimize efficiency in low
power applications.

An integrated maximum power point controller allows for
operation directly from high impedance sources such as
photovoltaic cells by preventing the input power source
voltage from collapsing below the user programmable
MPPC threshold. Peak current limits are automatically
adjusted with proprietary techniques to maintain operation
at levels that maximize power extraction from the source.

The 250mV start-up voltage and 225mV
minimum operating voltage enable direct operation
from a single photovoltaic cell and other very low

voltage, high series impedance power sources such as
TEGs and fuel cells.

Synchronous rectification provides high efficiency opera-
tion while eliminating the need for external Schottky diodes.
The LTC3105 provides output disconnect which prevents
large inrush currents during start-up. This is particularly
important for high internal resistance power sources like
photovoltaic cells and thermoelectric generators which
can become overloaded if inrush current is not limited
during start-up of the power converter. In addition, output
disconnect isolates Vgypfrom Vg while in shutdown.

Vin> Vour Operation

The LTC3105 includes the ability to seamlessly
maintain regulation if Vyybecomes equal to or greater
than Voyp. With Vg greater than or equal to Vgyr,
the synchro- nous rectifiers are disabled which may
result inreduced efficiency.

Shutdown Control

The SHDN pin is an active low input that places the IC
into low current shutdown mode. This pin incorporates an
internal 2MQ pull-up resistor which enables the converter
ifthe SHDN pin is not controlled by an external circuit. The

start-up mode. Once in normal operation, the SHDN pin
may be controlled using an open-drain or open-collector
pull-down. Other external loads on this pin should be
avoided, as they may result in the part failing to reach
regulation. In shutdown, the internal switch connecting
AUX and Vyr is enabled.

When the SHDN pin is released, the LTC3105 is enabled
and begins switching after a short delay. When either Vg
or Vuyx is above 1.4V, this delay will typically range be-
tween 20us and 100us. Refer to the Typical Performance
Characteristics section for more details.

Start-Up Mode Operation

The LTC3105 provides the capability to start with voltages
as low as 250mV. During start-up the AUX output initially
is charged with the synchronous rectifiers disabled. Once
Vux has reached approximately 1.4V, the converter leaves
start-up mode and enters normal operation. Maximum
power point control is not enabled during start-up, however,
the currents are internally limited to sufficiently low levels
to allow start-up from weak input sources.

While the converter is in start-up mode, the internal switch
between AUX and Vgyp remains disabled and the LDO
is disabled. Refer to Figure 1 for an example of a typical
start-up sequence.

The LTC3105 is optimized for use with high impedance
power sources such as photovoltaic cells. For operation
from very low impedance, low input voltage sources, it may
be necessary to add several hundred milliohms of series
input resistance to allow for proper low voltage start-up.

Normal Operation

When either Viyor Vapy is greater than 1.4V typical, the
converter will enter normal operation.

The converter continues charging the AUX output until
the LDO output enters regulation. Once the LDO output
is in regulation, the converter begins charging the Voyr
pin. Vyxis maintained at a level sufficient to ensure the
LDO remains in regulation. If Vyx becomes higher than
required to maintain LDO regulation, charge is transferred
from the AUX output to the Vgt output. If Vyx falls too
low, current is redirected to the AUX output instead of
being used to charge the Vo output. Once Vyrises

SHDN Rin should be allowed to float while the Rart is in 3105fa
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LTC3105

OPERATION

INDUCTOR CURRENT

OUTPUT VOLTAGE

Vaux

1.4V —

TIME

Vipo Vour

TIME
Vour IN

REGULATIO

N

LDO IN
REGULATIO
N

Vour SYNCHRONOUS ' 0UT = VaUx

START-UP MODE | NORMAL OPERATION

RECTIFIER ENABLED 3105 F01

Figure 1. Typical Converter Start-Up Sequence

above Vyyx, an internal switch is enabled to connect the
two outputs together.

If Viy s greater than the voltage on the driven output (Voyr
or Vux), or the driven output is less than 1.2V (typical),
the synchronous rectifiers are disabled. With the synchro-
nous rectifiers disabled, the converter operates in
critical conduction mode. In this mode, the N-channel
MOSFET between SW and GND is enabled and remains
on until the inductor current reaches the peak current
limit. It is then disabled and the inductor current
discharges completely before the cycle is repeated.

When the output voltage is greater than the input voltage
and greater than 1.2V, the synchronous rectifier is enabled.
In this mode, the N-channel MOSFET between SW and
GND is enabled until the inductor current reaches the peak
current limit. Once current limit is reached, the N-channel
MOSFET turns off and the P-channel MOSFET between SW
and the driven output is enabled. This switch remains on
until the inductor current drops below the valley current
limit and the cycle is repeated.

When Vg reaches the regulation point, the N-and P-
channel MOSFETs connected to the SW pin are
disabled and the converter enters sleep.

Auxiliary LDO

The integrated LDO provides a regulated 6mA rail to
power microcontrollers and external sensors. When the
input voltage is above the minimum of 225mV, the LDO is
powered from the AUX output allowing the LDO to attain
regulation while the main output is still charging. The LDO
has a 12mA current limit and an internal 1ms soft-start
to eliminate inrush currents. The LDO output voltage is
set by the FBLDO pin. If a resistor divider is connected
to this pin, the ratio of the resistors determines the LDO
output voltage. If the FBLDO pin is connected directly to
GND, the LDO will use a 2MQ internal divider network to
program a 2.2V nominal output voltage. The LDO should
be programmed for an output voltage less than the pro-
grammed Voyr.

3105fa
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LTC3105

OPERATION

When the converter is placed in shutdown mode, the LDO
is forced into reverse-blocking mode with reverse current
limited to under 1pA. After the shutdown event has ended,
the LDO remains inreverse-blocking mode until Vyx has

risen above the LDO voltage.

MPPC Operation

The maximum power point control circuit allows the user
to set the optimal input voltage operating point for a given
power source. The MPPC circuit dynamically regulates
the average inductor current to prevent the input voltage
from dropping below the MPPC threshold. When Vyy is
greater than the MPPC voltage, the inductor current is
increased until Vyy is pulled down to the MPPC set point.
If Viy is less than the MPPC voltage, the inductor current
is reduced until Vyy rises to the MPPC set point.

Automatic Power Adjust

The LTC3105 incorporates a feature that maximizes ef-
ficiency at light load while providing increased power

capability at heavy load by adjusting the peak and valley
of the inductor current as a function of load. Lowering the
peak inductor current to 100mA at light load optimizes
efficiency by reducing conduction losses. As the load
increases, the peak inductor current is automatically in-
creased to a maximum of 500mA. Atintermediate loads,
the peak inductor current can vary between 100mA to
500mA. This function is overridden by the MPPC function
and will only be observed when the power source can
deliver more power than the load requires.

PGOOD Operation

The power good output is used to indicate that Vo is
in regulation. PGOOD is an open-drain output, and is
disabled in shutdown. PGOOD will indicate that power
is good at the beginning of the first sleep event after
the output voltage has risen above 90% of its
regulation

value. PGOOD remains asserted until Vo drops below
90% ofits regulation value at which point PGOOD will
pull low.

APPLICATIONS INFORMATION

Component Selection

Low DCR power inductors with values between 4.7uH
and 30uH are suitable for use with the LTC3105. For
most applications, a 10puH inductor is recommended. In
applications where the input voltage is very low, a larger
value inductor can provide higher efficiency and a lower
start-up voltage. In applications where the input voltage
is relatively high (Vpy>0.8V), smaller inductors may be
used to provide a smaller overall footprint. Inall cases,
the inductor must have low DCR and sufficient saturation
current rating. If the DC resistance of the inductor is too
high, efficiency will be reduced and the minimum operating
voltage will increase.

Input capacitor selection is highly important in low voltage,
high source resistance systems. For general applications,
a 10pF ceramic capacitor is recommended between Vg

and GND. For high impedance sources, the input capacitor

should be large enough to allow the converter to
complete start-up mode using the energy stored in
the input ca- pacitor. When using bulk input capacitors
that have high ESR, a small valued parallel ceramic
capacitor should be placed between Vpyand GND as

close to the converter
pins as possible.

A 1pF ceramic capacitor should be connected between
AUX and GND. Larger capacitors should be avoided to
minimize start-up time. A low ESR output capacitor should
be connected between Vo and GND. The main output
capacitor should be 10uF or larger. The main output can
also be used to charge energy storage devices including
tantalum capacitors, supercapacitors and batteries. When
using output bulk storage devices with high ESR, a small
valued ceramic capacitor should be placed in parallel and
located as close to the converter pins as possible.

I] TECHNOLOGY
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APPLICATIONS INFORMATION

Step-Up Converter Feedback Configuration

Aresistor divider connected between the Vot and FB pins
programs the step-up converter output voltage, as shown
in Figure 2. An optional 22pF feedforward capacitor, Cggj,
can be used to reduce output ripple and improve load
transient response. The equation for Voyr is:

LR1T )
V =1.004V e —+1
ouT R2+_)

LDO Regulator Feedback Configuration

Two methods can be used to program the LDO output
voltage, as shown in Figure 3. A resistor divider connected
between the LDO and FBLDO pins can be used to program
the LDO output voltage. The equation for the LDO output
voltage is:

LR3+1\
R4 )

Vipo = 1.004V «

Alternatively, the FBLDO pin can be connected directly to
GND. In this configuration, the LDO is internally set to a
nominal 2.2V output.

|___'T_VOUT
-1
-
1
'-———+—FB

3105 F02

Figure 2. FB Configuration

T LDO 22v—]LDO
R3 LTC3105 LTC3105
{ FBLDO FBLDO
1 _L__
R4 =
L

3105 F03

Figure 3. FBLDO Configuration

MPPC Threshold Configuration

The MPPC circuit controls the inductor current to main-
tain Vpy at the voltage on the MPPC pin. The MPPC pin
voltage is set by connecting a resistor between the MPPC
pin and GND, as shown in Figure 4. The MPPC voltage is
determined by the equation:

Vmpec = 10pA -« Ryppc

In photovoltaic cell applications, a diode can be used to
set the MPPC threshold so that it tracks the cell voltage
over temperature, as shown in Figure 5. The diode should
be thermally coupled to the photovoltaic cell to ensure
proper tracking. A resistor placed in series with the diode
can be used to adjust the DC set point to better match
the maximum power point of a particular source if the
selected diode forward voltage is too low. If the diode is
located far from the converter inputs, a capacitor may be
required to filter noise that may couple onto the MPPC
pin, as shown in Figure 5. This method can be extended
to stacked cell sources through use of multiple series
connected diodes.

MPPC
| 10pA

Rmppc i

LTC3105

|||—

3105 FO4

Figure 4. MPPC Configuration

MPPC
[ 10uA

Rmppc
v j_
VEWD I 10nF

LTC3105

—

3105 F05

Figure 5. MPPC Configuration with Temperature Adjustment

3105fa
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LTC3105

APPLICATIONS INFORMATION

Industrial Current Loops

The low 250mV start-up and low voltage operation of the
LTC3105 allow it to be supplied by power from a diode
placed in an industrial sensor current loop, as shown
in Figure 6. In this application, a large input capacitor
is required due to the very low available supply current
(less than 4mA). The loop diode should be selected for a
minimum forward drop of 300mV. The MPPC pin voltage
should be set for a value approximately 50mV below the
minimum diode forward voltage.

4mA TO 20mA

CURRENT LOOP +

VFwD

[ ViN

(N LTC3105

GND
Rmvppc

MPPC

3105 F06

Figure 6. Current Loop Power Tap

TYPICAL APPLICATIONS

3.3V from a Single-Cell Photovoltaic Source with Temperature Tracking

MPPC VOLTAGE (V)
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____________ N J_ L Vour g 33V
_ 10pF R1
l _| LTC3105 2.96M
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Rmppc OFF[ON' — SHDN LDO 2ov | ™M
9.09k
AUX FBLDO
W oy __CMPPC |
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* MRA4003T3
** COILCRAFT MSS5131-103MX

Vumppc Vs Temperature
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3105 TA02

MPPC Response to Input Source Current Step
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3105 TA02b
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LTC3105

TYPICAL APPLICATIONS

3.3V from Multiple Stacked-Cell Photovoltaic with Source Temperature Tracking
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LTC3105

TYPICAL APPLICATIONS

Industrial Sensor 4mA to 20mA Current Loop Power Tap
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LTC3105

PACKAGE DESCRIPTION

DD Package

10-Lead Plastic DPR Backag8émm)

(Refered@drag Piastic. DEN(3mm ) 3mm)
(Reference LTC DWG # 05-08-1699 Rev C)

'

 O0m0OE erxees

3.55+0.05 I 1.65 +0.05
2.15+0.05 (2 SIDES)

f

i

PACKAGE

OUTLINE

=
0.25+0.05 —»‘ :F
—>  =—0.50

BSC
l<— 2.38£0.05 —>
(2 SIDES)

RECOMMENDED SOLDER PAD PITCH AND DIMENSIONS

R=0.125

0.40+0.10

TYPW ¢

PIN 1
TOP MARK
(SEE NOTE 6)

0.200 REF

i

}

NOTE:

AW —_

IS

6 0y
RIRIHIE
3.00% 15 165+0.10
(@SILgsy (2 SIDES) PIN 1 NOTCH
Ll R=0200R
‘ 0.35 x 45°
UL L)) crameer
5 ‘ ‘ 1
0.75 £0.05 >l | l<— 025005
—> l<—050BsC
<~ 23840.10—>]
;;D'D-C"D'D—ii 0.00 - 0.05 (2 SIDES)
A BOTTOM VIEW—EXPOSED PAD

. DRAWING TO BE MADE A JEDEC PACKAGE OUTLINE M0-229 VARIATION OF (WEED-2).

CHECK THE LTC WEBSITE DATA SHEET FOR CURRENT STATUS OF VARIATION ASSIGNMENT

DRAWING NOT TO SCALE

. ALL DIMENSIONS ARE IN MILLIMETERS

DIMENSIONS OF EXPOSED PAD ON BOTTOM OF PACKAGE DO NOT INCLUDE
MOLD FLASH. MOLD FLASH, IF PRESENT, SHALL NOT EXCEED 0.15mm ON ANY SIDE

EXPOSED PAD SHALL BE SOLDER PLATED

SHADED AREA IS ONLY A REFERENCE FOR PIN 1 LOCATION ON THE

TOP AND BOTTOM OF PACKAGE

3105fa

-

ECHNOLOGY

15



LTC3105

-

PACKAGE DESCRIPTION

MS Package
12-Lead Plastic MSOP
(Reference LTC DWG # 05-08-1668 Rev ©)

2. DRAWING NOT TO SCALE
3. DIMENSION DOES NOT INCLUDE MOLD FLASH, PROTRUSIONS OR GATE BURRS.

0.889 + 0.127
(.035 = .005)
y - X
v
(52'%2) 3.20-3.45
MIN (126 —.136)
i D D D D 403940102
0.42+0.038 4 L« 0.65 (159 = .004)
(.0165 = .0015) (.0256) (NOTE 3) 0.406 + 0.076
TYP BSC il e
1211109 87 (.016 +.003)
RECOMMENDED SOLDER PAD LAYOUT H H H H REF
DETAIL “A” 3.00+0.102
0.254 4.90+0.152 | + 7@
(.010) 0°— 6o TYP (.193 £ .006) ' (NOTE 4)
A
GAUGE PLANE -1 e H H H H H H
T T 053+ 0.152 i
— ‘47 e e 123las56
g (.043) (:034)
DETAIL “A MAX REF
0.18 SEATING
(.007) PLANE |
P — JAAHAAE » v
N 0.22-0.38 %‘ ‘« AL0.1016i0.0508
(.009 -.015) 0.650 (.004 +.002)
NOTE: ( 6256) MSOP (M$12) 1107 REV @
1. DIMENSIONS IN MILLIMETER/(INCH) BSC

MOLD FLASH, PROTRUSIONS OR GATE BURRS SHALL NOT EXCEED 0.152mm (.006") PER SIDE

4. DIMENSION DOES NOT INCLUDE INTERLEAD FLASH OR PROTRUSIONS.
INTERLEAD FLASH OR PROTRUSIONS SHALL NOT EXCEED0.152mm (.006") PER SIDE

5. LEAD COPLANARITY (BOTTOM OF LEADS AFTER FORMING) SHALL BE 0.102mm (.004") MAX
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REVISION HISTORY

REV | DATE | DESCRIPTION | PAGE NUMBER
A 02/11  Added (Note 5) notation to Input Start-Up Voltage conditions 3
Added Note 5 3
Updated Start-Up Mode Operation section 8
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LTC3105

TYPICAL APPLICATION

Single-Cell Powered Remote Wireless Sensor

L1*
10pH
- J_ = Vin SW J
* L CiN Vour Vour
_T_ I 10pF 3.3V
LTC3105 2 32M I
MPPC FB Cout XMTR
100pF
Rymppe ‘ 02M | [
40.2 = = 10
— | | SENSOR
= OFF[oRT PGOOD EN . AD
SHDN LDO 20v Reg .
499k
| AUX FBLDO I\ Vpp  GPIO
14 2N7000 | Caux GND A oo GND
" "
* COILCRAFT MSS5131-103MX sios A
PART NUMBER DESCRIPTION COMMENTS
LTC3108/LTC3108-1 Ultralow Voltage Step-Up Converter and Power | Viy: 0.02V to 1V; Voyr =22V, 2.35V, 3.3V, 4.1V, 5V; 1o = 6pA; 4mm x 3mm
Manager DFN-12, SSOP-16 Packages; LTC3108-1 Voyr= 2.2V, 2.5V, 3V, 3.7V, 4.5V
LTC3109 Auto-Polarity, Ultralow Voltage Step-Up [Vin]: 0.03V to 1V; Voyr = 2.2V, 2.35V, 3.3V, 4.1V, 5V; I = 7pA; 4mm x 4mm
Converter and Power Manager QFN-20, SSOP-20 Packages

LTC4070 Li-lon/Polymer Shunt Battery Charger System 450nA 1g; 1% Float Voltage Accuracy; 50mA Shunt Current 4.0V/4.1V/4.2V
LTC4071 Li-lon/Polymer Shunt Battery Charger System 550nA Io; 1% Float Voltage Accuracy; <10nA Low Battery Disconnect;

with Low Battery Disconnect

4.0V/4.1V/4.2V; 8-Lead 2mm x 3mm DFN and MSOP Packages

LTC3588-1/LTC3588-2 Piezoelectric Energy Harvesting Power Supply

< 1uA g in Regulation; 2.7V to 20V Input Range; Integrated Bridge Rectifier

LTC3388-1/LTC3388-3 20V High Efficiency Nanopower Step-Down

Regulator

860nA I in Sleep; 2.7V to 20V Input; Voyr: 1.2V to 5V; Enable and
Standby Pins

LTC3225/LTC3225-1 150mA Super Capacitor Charger

Programmable Charge Current Up to 150mA; Constant-Frequency Charging
of Two Series Supercapacitors, No Inductors; 2mm x 3mm DFN Package

LTC3525-3/LTC3525-3.3/
LTC3525-5/LTC3525L-3

400mA Micropower Synchronous Step-Up
DC/DC Converter with Output Disconnect

95% Efficiency; Viy: 1V t0 4.5V; Voyr=3V, 3.3V or 5V; g = TpA;
Igp < 1pA; SC70 Package; LTC3525L-3 Viy: 0.7V to 4.5V

LTC3526L/LTC3526L-2/
LTC3526LB/LTC3526LB-2

550mA, 1MHz/2MHz Synchronous Boost
Converter

95% Efﬁciency; V[NZ 0.7V to SSV, VOUT(MAX): 525V, IQ = 9},[A,
Igp <1pA; 2mm x 2mm DFN Package

LTC3527 Dual 2.2MHz 800mA/400mA Synchronous Step-

Up DC/DC Converters

ViN: 0.5V to 5V; Voyr: L6V t0 5.25V; I =
3mm x 3mm QFN Package

12pA; Igp < 1pA;

LTC3528/LTC3528-2/
LTC3528B/LTC3528B-2

1A (Igw), IMHz/2MHz Synchronous Step-Up
DC/DC Converter with Output Disconnect

94% Efficiency; Viy: 0.7V to 5.5V; Voyrmax)= 5:25V; Ig = 12pA;
Isp < 1pA; 2mm x 3mm DFN-8 Package

LTC3537 2.2MHz, 600mA Synchronous Step-Up DC/DC Vin: 0.68V to 5V; Voup: 1.5V t0 5.25V; 3mm x 3mm QFN Package
Converter and 100mA LDO
LTC3539/LTC3539-2 2A (Isw), IMHz/2MHz Synchronous Step-Up 94% Efficiency; Viy: 0.7V to SV; Vourgmax) = 5.25V; Ig = 10pA;

DC/DC Converter with Output Disconnect

Igp < 1pA; 2mm x 3mm DFNPackage

3105fa
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TECHNOLOGY

FEATURES

Automatic Step-Up and Step-Down Conversion
Uses a Single Inductor

Wide 4V to 60V Input Voltage Range

Vouyt from 3.3V to 20V

Dual Internal 500mA Switches

100pA No-Load Quiescent Current

Low Current Shutdown

+1% Output Voltage Accuracy

200kHz Operating Frequency

Boosted Supply Pin to Saturate High Side Switch
Frequency Foldback Protection

Current Limit Foldback Protection

Current Limit Unaffected by Duty Cycle

16-lead Thermally Enhanced TSSOP Package

APPLICATIO S

B 12V Automotive Systems
® \Wall Adapter Powered Systems
® Battery Power Voltage Buffering

ALY, LTC and LT are registered trademarks of Linear Technology Corporation.
Burst Mode is a registered trademark of Linear Technology Corporation.
U.S. patent number: 5731694

High Voltage
Step-Up/Step-Down
DC/DC Converter

DESCRIPTION

The LT®3433 is a 200kHz fixed-frequency current mode
switching regulator that provides both step-up and step-
down regulation using a single inductor. The IC operates
over a4V to 60V input voltage range making it suitable for
use in various wide input voltage range applications such
as automotive electronics that must withstand both load
dump and cold crank conditions.

Internal control circuitry monitors system conditions and
converts from single switch buck operation to dual switch
bridged operation when required, seamlessly changing
between step-down and step-up voltage conversion.

Optional Burst Mode® operation reduces no-load quies-
cent currentto 100pA and maintains high efficiencies with
light loads.

Current limit foldback and frequency foldback help pre-
vent inductor current runaway during start-up. Program-
mable soft-start helps prevent output overshoot at start-up.

The LT3433 is available in a 16-lead thermally enhanced
TSSOP package.

TYPICAL APPLICATION

4V to 60V to 5V DC/DC Converter
with Burst Mode Operation

1N4148

1
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ABSOLUTE MYAXTIAUMRATIONGS

(Note 1)
Input SUPPLY (VIN) evvererererererireriririseeienne -0.3V to 60V
Boosted Supply (VBST) «evevvereeee —0.3V to Vgy p + 30V

(VsT(max) = 80V)

Internal Supply (VBIAS) «+eererereeeerermrmreennns -0.3V to 30V
SW_H Switch Voltage .........cccccovvvvcirininnne -2V to 60V
SW_L Switch Voltage .........ccccevreeeiennnns -0.3V to 30V
Feedback Voltage (VFg) ...cocvvrvvvrvereiereriiirinas -0.3Vto 5V
Burst Enable Pin (VBURST EN) «eerereereeenens -0.3V to 30V
Shutdown Pin (VGHDN) «eeeeeeererrereeeneeeens -0.3V to 60V
Operating Junction Temperature Range (Note 5)
LT3433E (Note 6) ...ovvveveeercirienes —-40°Cto 125°C
LT3433l ..o —-40°C to 125°C
Storage Temperature Range ................ -65°C to 150°C
Lead Temperature (Soldering, 10 sec)................. 300°C

PACKAGE/ORDER IFORMATIO

LT3433

TOP VIEW
SGND [1] [16] SGND
Vst R | ;T t 15 sw_L
SW_H[3] [14] PWRGND
v [4] : 17 I 13] Vour
BURST_EN [5] [12] Vaias
wie] | s
Veg [7] Eo-emmee-d [0 S8
SGND [8] [9] SGND
FE PACKAGE

16-LEAD PLASTIC TSSOP
Tyax = 125°C, L = 40°CW, \ ¢ = 10°C/W

EXPOSED PAD (PIN 17)
MUST BE SOLDERED TO SGND

ORDER PART
NUMBER

LT3433EFE
LT3433IFE

FE PART MARKING

3433EFE
3433IFE

Consult LTC Marketing for parts specified with wider operating temperature ranges.

ELECTRICAL CHARACTERISTICS

The @ denotes specifications that apply over the full operating temperature range, otherwise specifications are at Ty = 25°C.
VN =13.8V, Vg =125V, Voyr =5V, Vgurst en= 0V, VgsT=ViN =5V, unless otherwise noted.

SYMBOL PARAMETER CONDITIONS MIN TYP MAX UNITS
Vin Operating Voltage Range ] 4 60 \%
VinwvLo) Undervoltage Lockout Enable Threshold (] 3.4 3.95 \%
Undervoltage Lockout Hysteresis 160 m\

Vour Operating Voltage Range o 33 20 v
Vast Operating Voltage Range Vst < Vgw 4 +20V ] 75 %
Vest - Vsw H o 33 20 v

Ivin Normal Operation (Notes 2, 3) (] 580 940 (A
Burst Mode Operation Vyc< 0.6V ° 100 190 (A

Shutdown Varon < 0.4V ° 10 25 (A

Vaias Internal Supply Output Voltage (] 2.6 2.9 %
Operating Voltage Range (] 20 \%

lvBiAS Normal Operation o 660 990 (A
Burst Mode Operation Vyc < 0.6V 0.1 (A

Shutdown V3N < 0.4V 0.1 (A

Short-Circuit Current Limit 4.5 mA

RswH(on) Boost Supply Switch On-Resistance Isw = 500mA (] 0.8 1.2 &
RswL(on) Output Supply Switch On-Resistance Isw = 500mA 0 0.6 1 &
Vsron Shutdown Pin Thresholds Disable | 04 V
Enable 0 1 v

lvest/lsw Boost Supply Switch Drive Current High Side Switch On, Iy = 500mA (] 30 50 mA/A
lvout/lsw Output Supply Switch Drive Current Low Side Switch On, Iy, = 500mA (] 30 50 mA/A
ILim Switch Current Limit o 05 0.7 0.9 A
Foldback Current Limit Veg=0V 0.35 A

Iss Soft-Start Output Current (] 3 5 9 (A




LT3433

ELECTRICAL CHARACTERISTICS

The @ denotes specifications that apply over the full operating temperature range, otherwise specifications are at T = 25°C.
Vi =13.8V, VEg=1.25V, Voyr=5Y, VBURST_EN =0V, VgsT=V|N=5Y, unless otherwise noted.

SYMBOL PARAMETER CONDITIONS MIN TYP MAX UNITS
Ves Feedback Reference Voltage 1.224 1.231 1.238 v
o 1215 1.245 v

(Vg Feedback Reference Line Regulation 5.5V 3 V)y 660V 0 0.002  0.01 %/\
Irg Vg Pin Input Bias Current (] 35 100 nA
Im Error Amplifier Transconductance ® | 200 270 330 | umhos
Ay Error Amplifier Voltage Gain 66 dB
lsw/Vye Control Voltage to Switch Transconductance 0.6 ANV
fo Operating Frequency Veg> 1V 185 200 215 kHz
o | 170 230 kHz

Foldback Frequency Veg =0V 50 kHz

VBURST EN Burst Enable Threshold 0.8 \%
IBURST EN Input Bias Current VyrsT N €2V 35 (A
tonminy Minimum Switch On Time R =35& (Note 4) ] 250 450 ns
torFNy Minimum Switch Off Time R =35& (Note 4) 0 500 800 ns

Note 1. Absolute Maximum Ratings are those values beyond which the life
of a device may be impaired.

Note 2: Supply current specification does not include switch drive
currents. Actual supply currents will be higher.

Note 3: “Normal Operation” supply current specification does not include
Igias currents. Powering the Vgjag pin externally reduces lgc supply
current.

Note 4: Minimum times are tested using the high side switch with a 35Q
load to ground.

Note 5: This IC includes overtemperature protection that is intended to
protect the device during momentary overload conditions. Junction
temperature will exceed 125°C when overtemperature protection is active.
Continuous operation above the specified maximum operating junction
temperature may impair device reliability.

Note 6: The LT3433E is guaranteed to meet performance specifications
from 0°C to 125°C junction temperature. Specifications over the —40°C to
125°C operating junction temperature range are assured by design,
characterization and correlation with statistical process controls. The
LT3433l is guaranteed over the full —40°C to 125°C operating junction
temperature range.

TYPICAL PERFORMANCE CHARACTERISTICS

Maximum Output Current Vgias Output Voltage Vin Supply Current
vs VN vs Temperature vs V|y Supply Voltage
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= 400 s 590
o § 26
3 300 3 ~
(&} o <<
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3 200 3 24
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= >:—§ 530
g 100 SEE TYPICAL APPLICATION
ON THE FIRST PAGE OF
THIS DATA SHEET 9o 500
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ViN(V) TEMPERATURE (°C) Vin (V)
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TYPICAL PERFORMANCE CHARACTERISTICS

Soft-Start Current vs Temperature

Error Amp Reference
vs Temperature

LT3433
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LT3433

TYPICAL PERFORAMANCE CHARACTERISTICS

Switch Resistance
vs Temperature (Isyy = 500mA)

Vigst Supply Switch Drive Current
vs Temperature (Isy = 500mA)

Vout Supply Switch Drive Current
vs Temperature (I = 500mA)
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PIN FUNCTIONS

SGND (Pins 1, 8, 9, 16): Low Noise Ground Reference.

Vgst (Pin 2): Boosted Switch Supply. This “boosted” sup-
ply rail is referenced to the SW_H pin. Supply voltage is
maintained by a bootstrap capacitor tied from the Vggr pin
to the SW_H pin. A 1uF capacitor is generally adequate for
most applications.

The charge on the bootstrap capacitor is refreshed through
a diode, typically connected from the converter output
(Vour), during the switch-off period. Minimum off-time
operation assures thatthe boost capacitor is refreshed each
switch cycle. The LT3433 supports operational Vggr
sup- ply voltages up to 75V (absolute maximum) as
referenced to ground.

SW_H (Pin 3): Boosted Switch Output. This is the current
return for the boosted switch and corresponds to the emitter
of the switch transistor. The boosted switch shorts the
SW_H pin to the Vy supply when enabled. The drive cir-
cuitry for this switch is boosted above the V| supply
through the Vgt pin, allowing saturation of the switch for
maximum efficiency. The “ON” resistance of the boosted
switch is 0.8Q.

Vi (Pin 4): Input Power Supply. This pin supplies power
to the boosted switch and corresponds to the collector of

the switch transistor. This pin also supplies power to most
of the IC’s internal circuitry if the Vgjag pin is not driven
externally. This supply will be subject to high switching
transient currents so this pin requires a high quality bypass
capacitor that meets whatever application-specific
input ripple current requirements exist.

BURST _EN (Pin 5): Burst Mode Enable/Disable. When
this pin is below 0.3V, Burst Mode operation is enabled.
Pin input bias current < 1uA when Burst Mode operation
is enabled. If Burst Mode operation is not desired, pulling
this pin above 2V will disable the burst function. When
Burst Mode operation is disabled, typical pin input current
= 35pA. BURST _EN should not be pulled above 20V. This
pin is typically shorted to SGND for Burst Mode function,
or connected to either Vgjag or Vour to disable Burst Mode
operation.

Vc (Pin 6): Error Amplifier Output. The voltage on the V¢
pin corresponds to the maximum switch current per oscil-
lator cycle. The error amplifier is typically configured as an
integrator circuit by connecting an RC network from this
pin to ground. This circuit typically creates the dominant
pole forthe converterregulation feedback loop. Specificin-
tegrator characteristics can be configured to optimize tran-
sient response. See Applications Information.

3433f
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LT3433

PIN FUNCTIONS

VEg (Pin 7): Error Amplifier Inverting Input. The noninvert-
ing input of the error amplifier is connected to an internal
1.231V reference. The VEg pin is connected to a resistor
divider from the converter output. Values for the resistor
connected from Voyrto Vg (Rrg) and the resistor con-
nected from Vgg to ground (Rggy) can be calculated to pro-
gram converter output voltage (Voyrt) via the following
relation:

Vour = 1.231 * (Reg1 * Re2)/Res2

The Vgg pin input bias currentis 35nA, so use of extremely
high value feedback resistors could cause a converter
output that is slightly higher than expected. Bias current
error at the output can be estimated as:

AVout(ias) = 35nA * Regy

The voltage on Vg also controls the LT3433 oscillator
frequency through a “frequency-foldback” function. When
the Vgg pin voltage is below 0.8V, the oscillator runs slower
than the 200kHz typical operating frequency. The oscilla-
tor frequency slows with reduced voltage on the pin, down
to 50kHz when Vg = 0V.

The Vgg pin voltage also controls switch current limit
through a “current-limit foldback” function. At Veg = 0V, the
maximum switch current is reduced to half of the normal
value. The current limit value increases linearly until Vgg
reaches 0.6V when the normal maximum switch current
level is restored. The frequency and current-limit foldback
functions add robustness to short-circuit protection and
help prevent inductor current runaway during start-up.

SS (Pin 10): Soft Start. Connect a capacitor (Cgg) from this
pin to ground. The output voltage of the LT3433 error
amplifier corresponds to the peak current sense amplifier
output detected before resetting the switch output(s). The
soft-start circuit forces the error amplifier output to a zero
peak current for start-up. A 5pA current is forced from the
SS pin onto an external capacitor. As the SS pin voltage
ramps up, so does the LT3433 internally sensed peak cur-
rent limit. This forces the converter output current to ramp
from zero until normal output regulation is achieved. This
function reduces output overshoot on converter start-up.

The time from Vgg =0V to maximum available current can
be calculated given a capacitor Cggas:

tsg = (2.7 ° 105)CSS or 0.27s/ufF

SHDN (Pin 11): Shutdown. If the SHDN pin is externally
pulled below 0.5V, low current shutdown mode is initiated.
During shutdown mode, all internal functions are disabled,
and I is reduced to 10pA. This pin is intended to receive
a digital input, however, there is a small amount of input
hysteresis builtinto the SHDN circuit to help assure glitch-
free mode switching. If shutdown is not desired, connect
the SHDN pin to V|y.

Vgias (Pin 12): Internal Local Supply. Much of the LT3433

circuitry is powered from this supply, which is internally
regulated to 2.5V through an on-board linear regulator.
Current drive for this regulator is sourced from the Vy pin.

The Vg|as supply is short-circuit protected to SmA.

The Vpgas supply only sources current, so forcing this pin
above the regulated voltage allows the use of external power
for much ofthe LT3433 circuitry. When using external drive,
this pin should be driven above 3V to assure the internal
supply is completely disabled. This pin is typically diode-
connected to the converter output to maximize conversion
efficiency. This pin must be bypassed with at least a 0.1pF
ceramic capacitor to SGND.

Vour (Pin 13): Converter Output Pin. This pin voltage is
compared with the voltage on V| internally to control
operation in single or 2-switch mode. When the ratios of
the two voltages are such thata >75% duty cycle is required
forregulation, the low side switch is enabled. Drive bias for
the low side switch is also derived directly from this pin.

PWRGND (Pin 14): High Current Ground Reference. This
is the current return for the low side switch and corresponds
to the emitter of the low side switch transistor.

SW_L (Pin 15): Ground Referenced Switch Output. This pin
is the collector of the low side switch transistor. The low
side switch shorts the SW_L pin to PWRGND when enabled.
The series impedance of the ground-referenced switch is
0.6Q2.

Exposed Pad (Pin 17): Exposed Pad must be soldered to
PCB ground for optimal thermal performance.

3433f
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LT3433

APPLICATIONS INFORMATION

Overview

The LT3433 is a high input voltage range, step-up/step-
down DC/DC converter IC using a 200kHz constant fre-
quency, current mode architecture. Dual internal switches
allow the full input voltage to be imposed across the
switched inductor, such that both step-up and step-down
modes of operation can be realized using the same single
inductor topology.

The LT3433 has provisions for high efficiency, low load
operation for battery-powered applications. Burst Mode
operation reduces average quiescent current to 100pA in
no load conditions. A low current shutdown mode can also
be activated, reducing total quiescent current to 10pA.

Much of the LT3433’s internal circuitry is biased from an
internal low voltage linear regulator. The output of this
regulator is brought out to the Vgjag pin, allowing bypass-
ing of the internal regulator. The associated internal
circuitry can be powered directly from the output of the
converter, increasing overall converter efficiency. Using
externally derived power also eliminates the IC’s power
dissipation associated with the internal V,y to Vpjas
regulator.

Theory of Operation (See Block Diagram)

The LT3433 senses converter output voltage via the Vg
pin. The difference between the voltage on this pin and an
internal 1.231V reference is amplified to generate an error
voltage on the V¢ pin which is, in turn, used as a threshold
for the current sense comparator.

During normal operation, the LT3433 internal oscillator
runs at 200kHz. At the beginning of each oscillator cycle,
the switch drive is enabled. The switch drive stays enabled
until the sensed switch current exceeds the V¢-derived
threshold for the current sense comparator and, in turn,
disables the switch driver. If the current comparator
threshold is not obtained for the entire oscillator cycle, the
switch driver is disabled at the end of the cycle for 250ns.
This minimum  off-time mode of operation assures regen-
eration of the Vggt bootstrapped supply.

If the converter inputand output voltages are close
together, proper operation in normal buck configuration
would require high duty cycles. The LT3433 senses this

condition as requiring a duty cycle greater than 75%. If
such a condition exists, a second switch is enabled during
the switch ontime, which acts to pull the output side of the
inductor to ground. This “bridged” operation allows volt-
age conversion to continue when Vgyt approaches or

exceeds V.

Shutdown

The LT3433 incorporates a low current shutdown mode
where all IC functions are disabled and the V| current is
reduced to 10pA. Pulling the SHDN pin down to 0.4V or
less activates shutdown mode.

Burst Mode Operation

The LT3433 employs low current Burst Mode functionality
to maximize efficiency during no load and low load condi-
tions. Burst Mode function is disabled by shorting the
BURST_EN pin to either Vgiag or Voyt. Burst Mode

function is enabled by shorting BURST_EN to SGND.

In certain wide current range applications, the IC could
enter burst operation during normal load conditions. If the
additional output ripple and noise generated by Burst
Mode operation is not desired for normal operation,
BURST_EN can be biased using an external supply that is
disabled during a no-load condition. This enables Burst
Mode operation only when it is required. The BURST_EN
pin typically draws 35pA when Burst Mode operation is
disabled (Vgyrst En = 2V) and will draw no more than
75uA with VBURS'F_EN =2V.

When the required switch current, sensed via the V¢ pin
voltage, is below 30% of maximum, the Burst Mode
function is employed. When the voltage on V¢ drops below
the 30% load level, that level of sense current is latched
into the IC. If the output load requires less than this latched
currentlevel, the converter will overdrive the output slightly
during each switch cycle. This overdrive condition forces
the voltage on the V¢ pin to continue to drop. When the
voltage on V¢ drops below the 15% load level, switching
is disabled, and the LT3433 shuts down most of its internal
circuitry, reducing quiescent current to 100pA. When the
voltage on the V¢ pin climbs back to 20% load level, the IC
returns to normal operation and switching resumes.

3433f
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APPLICATIONS INFORMATION

Antislope Compensation

Most current mode switching controllers use slope com-
pensation to prevent current mode instability. The LT3433
is no exception. A slope compensation circuit imposes an
artificial ramp on the sensed current to increase the rising
slope as duty cycle increases. Unfortunately, this addi-
tional ramp corrupts the sensed current value, reducing
the achievable current limit value by the same amount as
the added ramp represents. As such, current limit is
typically reduced as duty cycles increase.

The LT3433 contains circuitry to eliminate the current limit
reduction associated with slope-compensation, or anti-
slope compensation. As the slope compensation ramp is
added to the sensed current, a similar ramp is added to the
current limit threshold reference. The end result is that
current limit is not compromised so the LT3433 can
provide full power regardless of required duty cycle.

Mode Switching

The LT3433 switches between buck and buck/boost modes
of operation automatically. While in buck mode, if the
converter input voltage becomes close enough to the
output voltage to require a duty cycle greater than 75%,
the LT3433 enables a second switch which pulls the
output side of the inductor to ground during the switch-on
time. This “bridged” switching configuration allows volt-
age conversion to continue when Vy approaches or is less
than VOUT-

When the converter input voltage falls to where the duty
cycle required for continuous buck operation is greater
than 75%, the LT3433 enables its ground-referred switch,
changing the converter operation to a dual-switch bridged
configuration. Because the voltage available across the
switched inductor is greater while bridged, operational
duty cycle will decrease. Voltage drops associated with
external diodes and loss terms are estimated internally so
that required operating duty cycle can be calculated re-
gardless of specific operating voltages.

In the simplest terms, a buck DC/DC converter switches
the V|y side of the inductor, while a boost converter

switches the Vour side of the inductor. The LT3433

bridged topology merges the elements of buck and boost
topologies, providing switches on both sides of the induc-
tor. Operating both switches simultaneously achieves
both step-up and step-down functionality.

Step-Down (ViN > Vour)

Vour

Ci J_D LC
N ; out

Step-Up (VIN < Vour)
L D Vour
T '
S Cour
L

Step-Up/Step-Down (V|N > VouT or VN < VouT)

vy SW L D Vout

Ci i D SW Cout
= =+

= 433F01

Maximum duty cycle capability (DCyax) gates the dropout

capabilities of a buck converter. As Vy - Voyris reduced,

the required duty cycle increases until DCyax is reached,

beyond which the converter loses regulation. With a

second switch bridging the switched inductor between V|
and ground, the entire input voltage is imposed across the
inductor during the switch-on time, which subsequently
reduces the duty cycle required to maintain regulation.
Using this topology, regulation is maintained as V|y ap-
proaches or drops below Voyr.

Inductor Selection

The primary criterion forinductor value selectionin LT3433
applications is the ripple current created in that inductor.
Design considerations for ripple current are converter
output capabilities in bridged mode, output voltage ripple
and the ability of the internal slope compensation wave-
form to prevent current mode instability.
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APPLICATIONS INFORMATION

The requirement for avoiding current mode instability is
that the rising slope of sensed inductor ripple current (S1)
is greater than the falling slope (S2). At duty cycles greater
than 50% this is not true. To avoid the instability condition,
a false signal is added to the sensed current with a slope
(Sx) that is sufficient to prevent current mode instability,
or S1+ Sy > S2. This leads to the following relations:

Sy > S2(2DC - 1)/IDC

If the forward voltages of a converter's catch and pass
diodes are defined as Vg4 and Vgy, then:

S2 = (Vour + Ve + Vep)IL

Solving for L yields a relation for the minimum inductance
that will satisfy slope compensation requirements:

Lmin = (Vout + Vr1 + VE2)(2DC - 1)/(DC = Sx)

The LT3433 maximizes available dynamic range using a
slope compensation generator that generates a continu-
ously increasing slope as duty cycle increases. The slope
compensation waveform s calibrated at 80% duty cycle to
generate an equivalent slope of at least 0.05A/us. The
equation for minimum inductance then reduces to:

Lmin = (Vout + V1 + VE2)(15€-6)

For example, with Vout =5V and using Vg4 + Vg = 1.1V
(cold):

Ly = (5 + 1.1)(15e-6) = 91.5uH

Slope Compensation Requirements
Typical Minimum Inductor Values vs Vouyr

350

300

4 6 8 10 12 14 16 18 20
Vour (V)

3433 AlO1

Converter Capabilities

The output current capability of an LT3433 converter is
affected by a myriad of variables. The current in the
switches is limited by the LT3433. Switch current is
measured coming from the V|y supply, and does not
directly translate to a limitation in load current. This is
especially true during bridged mode operation when the
converter output current is discontinuous.

During bridged mode operation, the converter output
current is discontinuous, or only flowing to the output
while the switches are off (not to be confused with discon-
tinuous switcher operation). As a result, the maximum
output current capability of the converter is reduced from
that during buck mode operation by a factor of roughly
1 —DC, not including additional losses. Most converter
losses are also a function of DC, so operational duty cycle
must be accurately determined to predict converter load
capabilities.
ViN

A

SW_H

LT3433 L L
D1

SW.L R
| N Vout
= =

3433 Al02

Application variables:

V\n = Converter input supply voltage

Vout = Converter programmed output voltage
Vgst = Boosted supply voltage (Vgst = VswH)
DC = Operational duty cycle

fo = Switching frequency

Imax = Peak switch current limit

Al = Inductor ripple current

Isw = Average switch current or peak switch current
less half the ripple current (Iyax — Al /2)

Rswh = Boosted switch “on” resistance
Rswi = Grounded switch “on” resistance

r’ TECHNOLOGY
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APPLICATIONS INFORWATION

R = Inductor series resistance

AgsT = Boosted switch drive currents lyggt/lsy (in A/A)

Aoyt = Grounded switch drive currents lyout/lsw

(in AJA)

Vg1 = Switch node catch diode forward voltage

Vg = Pass diode forward voltage

lyin = VN quiescent input current

Iy = V)N switched current

Igias = VBias quiescent input current

Rcesr = Output capacitor ESR
Operational duty cycle is a function of voltage imposed
across the switched inductance and switch on/off times.
Using the relation for change in current in an inductor:

dl=Vest/L

and putting the application variables into the above rela-
tion yields:

dlonsringep) = (DC/fo * L)IViN — Isw * (Rswh *+ Rswi
+R)]

dlonuck) = (DC/o « L)IViN = Vour = Ve2— lsw
* (Rswh + RL + Resr)]

Slopr=[(1 = DC)ffo * LVout * V1 + V2 - Isw
* (RL+ Resgr)]

Current conservation in an inductor dictates dlgy = 8lofr,
soplugginginthe above relations and solving for DC yields:

DCgripcep) = [Vout + VF1+ Vr2— lsw * (RL + Resr)l/
[ViN = Isw * (Rswh * RswL * 2RL + Resr) + Vour +
Vr1+ Vi ]

DCiuck)= [Vout + VF1*+ Ve2— Isw * (RL + Resr)l/
[Vin = Isw * (Rswh *+ 2RL + 2RgsR) + V1]
In order to solve the above equations, inductor ripple
current (Al) must be determined so Igyy can be calculated.
Al follows the relation:

Al'= (Vour + Ve1+ Ve = Isw * RL)(1 - DC)/(L « fo)

As Al is a function of DC and vice-versa, the solution is
iterative. Seed Al and solve for DC. Using the resulting
value for DC, solve for Al. Use the resulting Al as the new
seed value and repeat. The calculated value for DC can be
used once the resulting Alis close (<1%) to the seed value.

Once DC is determined, maximum output current can be
determined using current conservation on the converter
output:

Bridged Operation: loyrmax) = Isw *[1-DC+
(1 +AgsT* Aout)] - IBiAs

Buck Operation:  lout(vax) = Isw * (1 = DC * Agsr)

- lgias

Pin = Pout + PLoss, where Pross = Pswon * Psworr * Pic,
corresponding to the power loss in the converter. P\c is the
quiescent power dissipated by the LT3433. Pgyon is the
loss associated with the power path during the switch on
interval, and Psyor is the PowerPath™ loss associated
with the switch off interval.

PLoss equals the sum of the power loss terms:
Puin = ViN * lvin
Pgias = Vour * Isias

Pswon@riDGED) = DC * [lsw % * (Rswh * RSVZVL"' RL)
+Isw * Vout * (AgsT + Aout) * Reesr® lout”]

Pswonsuck) = DC* [lsw 2+ (Rwr + R + lsw
Vour * AgsT * Reesr® (Isw * (1 = AgsT) — IBIAS —
lour)?]

Psworr= (1 =DC) *[lsw * (¥F1 + V) + low? * R+
Reesr © (Isw = Igias = lout)]

Efficiency (E) is described as Poyt/P)\, SO:

Efficiency = {1 + (Pvin + Pgias * Pswon + Psworr)/Pout} ™

Empirical determination of converter capabilities is ac-
complished by monitoring inductor currents with a cur-
rent probe under various input voltages and load currents.
Decreasing input voltage or increasing load current re-
sults in an inductor current increase. When peak inductor
currents reach the switch current limit value, maximum
output current is achieved. Limiting the inductor currents
to the LT3433 specified W/C current limit of 0.5V (cold)
will allow margin for operating limit variations. These
limitations should be evaluated at the operating tempera-
ture extremes required by the application to assure robust
performance.

PowerPath is a trademark of Linear Technology Corporation

LY LR
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APPLICATIONS INFORWATION

Design Example

4V-60V to 5V DC/DC converter (the application on the
front page of this data sheet), load capability for T =85°C.

Application Specific

Constants: LT3433 W/C Constants:
VIN =4V IMAX =0.55A
VOUT =5V RSWH =1.2Q
L = 100uH Rgwi = 1Q
R =0.28Q fo = 190kHz
V|:1 =0.45V AgsT = 0.05
VF2 =04V Aoyt = 0.05
RCESR =0.01Q lVIN = 600|JA
lgias = 800pA

The LT3433 operatesin bridged mode with V=4V, sothe
relations used are:
DC=[Vour * VF1+ Vra = lsw * (R + Resr)l[ViN —
Isw * (RswH + Rswi + 2R + Resr) + Vout + VR +
Vol

Al= (Vour + Ve + Vea - Isw e Ry) « (1 = DC)/(L « fo)
lout(max) = Isw * [1=DC (1 + AgsT + Agut)] - IBIAS
Iteration procedure for DC:
(1) Set initial seed value for Al (this example will set
Al =0).
(2) Using seed value for Al, determine Isw (Isw = 0.55 —
0=0.55).

(3) Use calculated Iy and above design constants to
solve the DC relation (DC = 0.683).

(4) Use calculated DCto solve the Al relation (yields Al =
0.0949).

(5) If calculated Al is equal to the seed value, stop.
Otherwise, use calculated Al as new seed value and
repeat (2) through (4).

CALCULATED VALUES
ITERATION # SEED [l Isw DC il
1 0 0.55 0.683 0.095
2 0.095 0.503 0.674 0.098
3 0.098 0.501 0.674 0.098

After iteration, DC = 0.674 and Al =0.098.

Use iteration result for DC and above design constants to
solve the loyT(uax) relation:

louT(AX) = 0.501 + [1—0.674 « (1 +0.05 + 0.05)] —
800pA

lout(max) = 129mA

Increased Output Voltages

The LT3433 can be used in converter applications with
output voltages from 3.3V through 20V, but as converter
output voltages increase, output current and duty cycle
limitations prevent operation with Vy at the extreme low
end of the LT3433 operational range. When a converter
operates as a buck/boost, the output current becomes
discontinuous, which reduces output current capability by
roughly a factor of 1 — DC, where DC = duty cycle. As such,
the output current requirement dictates a minimum input
voltage where output regulation can be maintained.

Typical Minimum Input Voltage as a Function of
Output Voltage and Required Load Current

24

20

200mA

S
= 175mA
s
=
>

» 125mA

4 8 12 16 20
Vour (V)

3433 AIO3

3433f
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Input Voltage Transient Suppression

Not only does a LT3433 converter operate across a large
range of DC input voltages, it also maintains tight output
regulation during significant input voltage transients. The
LT3433 automatic transitioning between buck and buck/
boost modes of operation provides seamless output regu-
lation over these input voltage transients. In an automotive
environment, input voltage transients are commonplace,
such as those experienced during a cold crank condition.
During the initiation of cold crank, the battery rail can be
pulled downto4Vinas little as 1ms. Ina4V-60V to 5V DC/

4V-50V to 5V Converter Input Transient Response
1ms 13.8V to 4V Input Transition

ViN
5V/DIV

Vout
0.1v/DIV

DC converter application (shown on the first page of this ms/DIV w3 s
data sheet) a cold crank transient condition, simulated
with a 1ms 13.8V to 4V input transition, yields regulation
maintained to 1% with a 125mA load.
4V-60V to 5V Converter with Switched Burst Enable and Shutdown
L1
Ds1 1004H
B160A COEV DU1352-101M
f>= — Vourt
— 5V
= D2 D + 4V <V|y<8.5V: 125mA
1N4148 B120A %%F 8.5V <Vin< 60V: 350mA Efficiency
R4 1(;? VBsT SW_L >|— = fov 90 T TTTT
VBATT 20K 1ov Vi =13.8V
(SWITCHED) S [AHREND | 80
VeaTT v LT3433V =
. IN ouT 70
4V TO 60V 342 F , 1N41a:3 S Viv= 1387 VN =4V
1(.)0],\A/ ,EIDZ»] 3 3300F BURST_EN BIAS o g 60 [~ BURST
— 20V 11 — 0.1uF 10V ‘-‘6-'
= » B Ve EIHD E 50 1y
R3 R1 — VN =4V
100k 1|an 68k Ve SS a; c1 40 (BURST)
I I SGND 0.01uF 2
R2 R5 L =
100k 309k = 20
1% 1% MODE SWITCH: 0.1 1 10 100 1000
R Vin H-L: 7.9V OUTPUT CURRENT (mA)
ﬁ‘ - smtacza  VINL-H: 8.3V 3433 TAO3D

3433f
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TYPICAL APPLICATIO 1S

8V-60V to 12V Converter

L1

Ds1
200uH
B160A TDK SLF12565T-221M1R0
r’: Vour
L ° 12V
= D2 8V < Vjy < 18V: 125mA
D IN
IN4148 B120A _L"' g?uF 18V < Vjy < 60V: 380mA
. 47% VasT SW_L pl—+o L 25V
20V
&—{ SW_H PWRGND [—
v LT3433 =
N Vi Vour ¢
8V 1060V 6 C3330pF D1
L (BURST) 1N4148
2.2uF r=i BURST_EN  Vgjag
100V ' L 6
= [ 168 = 1 _ 0.14F
H — Ve SHDN T 2ov
C2 1nF | =
R2 ; e % c4
= 20k 'f%k I SEIYD a; 0.01F MODE SWITCH:
1% 1 - VN H-L: 16.6V
1% N BURSTRE ViNL-H: 17V
b 3433 TAO4a
Efficiency Minimum Output Current vs V|y
100 M T 1711 500
VIN =20V
90 F BRIDGED
400
80
= Viy = 8V z
& 70— ViN=20V NS T 300
= (BURST) =
& 6 g
= =
=50 3200
. Viy =8V
IN =
40 (BURST) 100 BUCK
30
20 0
0.1 1 10 100 1000 0 10 20 30 40 50 60
OUTPUT CURRENT (mA) Vin (V)

3433 TAO4b

3433 TAO4c

3433f
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PACKAGE DESCRIPTION

FE Package
16-Lead Plastic TSSOP (4.4mm)
(Reference LTC DWG # 05-08-1663)

Exposed Pad Variation BB

490 -5.10*
314518 (193 = .201)
(.141) 3.58

-~ ==

+_Oooopooo L

16 [151413 12 111

ARARAARA
4.50+£0.10 T A 772

1
SEE NOTE 4 ¢
0.45 £0.05

vy [gooo q] q]ﬂﬂmsmm T '
T

RECOMMENDED SOLDER PAD LAYOUT

1.10
B .04
4.30-4.50 0.25 (&A3;(3)
(.169 —.177) y
REF 08
1 S THAAFAAAAT 4
o 085 | |
0.09-0.20 050-075 | | (.0256) 0.05-0.15
(.0035 —.0079) (.020 —.030) BSC (.002 —.006)
(8&)179757% |~€&— FE16 (BB) TSSOP 0204
NOTE: TvP
1. CONTROLLING DIMENSION: MILLIMETERS 4. RECOMMENDED MINIMUM PCB METAL SIZE
MILLIMETERS FOR EXPOSED PAD ATTACHMENT
2. DIMENSIONS ARE IN ™ N CHES) *DIMENSIONS DO NOT INCLUDE MOLD FLASH. MOLD FLASH
3. DRAWING NOT TO SCALE SHALL NOT EXCEED 0.150mm (.006") PER SIDE
3433f
Information furnished by Linear Technology Corporation is believed to be accurate and reliable.
However, no responsibility is assumed for its use. Linear Technology Corporation makes no represen-
tation that the interconnection of its circuits as described herein will notinfringe on existing patent rights.
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Burst Only Low Noise 5V Maintenance Supply
Ds1 33uH CIC_)\1LCRAFT Ds2
B160A LPO1704-333 B120A
> — a
= D1
1N4148
o1 VBsT SW_L |—
0.1uF
_ SW_H PWRGND ——)
L LT3433 = .
4V TO 60V ViN Vour D2
j_:z.zpF BURST EN V, a8
— C6 100pF - EES o
I I Ve SHDN T o
R2 Vre & Vout
= R1 SGND p—{ IN ouT— ’ 5V
T 510k 2.2M LT1761-5 j: c4 G5 1omA
5% 5% J:_ _‘ L1 sHon o BYP 0.014F i 2.24F
e
——c3 -
I 1oF
PART NUMBER DESCRIPTION COMMENTS
LT1076/LT1076HV | 1.6A (Ioyt), 100kHz High Efficiency Step-Down DC/DC Converters Vin: 7.3V to 45V/I64V, Voyrminy = 2.21V, Ig = 8.5mA,
Isp< 10[A, DD5/DD7, TO220-5/T0220-7
LT1676 60V, 440mA (lour), 100kHz High Efficiency Step-Down Vin: 7.4V to 60V, Voyrminy = 1.24V, Ig = 3.2mA,
DC/DC Converter lsp < 2.5[A, SO-8
LT1765 25V, 2.75A (lout), 1.25MHz High Efficiency Step-Down Vin: 3Vto 25V, Voyruing = 1:20V, Ig = TmA,
DC/DC Converter Isp < 15/A, SO-8, TSSOP16E
LT1766/LT1956 |60V, 1.2A (lou), 200kHz/500kHz High Efficiency Step-Down Vin: 5.5V to 60V, Vourpuiny = 1.20V, Ig = 2.5mA,
DC/DC Converters Isp < 25/A, TSSOP16/TSSOP16E
LT1767 25V, 1.2A (lour), 1.25MHz High Efficiency Step-Down Vin: 3V'to 25V, Vourguiny = 1:20V, Ig = 1mA,
DC/DC Converter lsp < 6A, MS8/MS8E
LT1776 40V, 550mA (loyt), 200kHz High Efficiency Step-Down Vin: 7.4V 1o 40V, Voutpuiny = 1.24V, 1 = 3.2mA,
DC/DC Converter Isp < 30(A, N8, SO-8
LT1976 B0V, 1.2A (loyt), 200kHz High Efficiency Micropower (I < 100(A) Viy: 3.3V o 60V, Vouruiny = 1.20V, Ig = 100 (A,
Step-Down DC/DC Converter Isp < 1/A, TSSOP16E
LT3010 80V, 50mA Low Noise Linear Regulator Vin: 1.5V to 80V, Vourpiny = 128V, 1g =30 (A,
lsp < 1/A, MS8E
LTC3412/LTC3414 | 2.5A (loy), 4MHz Synchronous Step-Down DC/DC Converters Vin: 2.5V to 5.5V, Voyrpuiny = 0.8V, I = 60 (A,
lsp < 1A, TSSOP16E
LTC3414 4A (loyt), 4MHz Synchronous Step-Down DC/DC Converter ViN: 2.3V to 5.5V, Voyrminy = 0.8V, g = 64 (A,
Isp < 1/A, TSSOP20E
LTC3727/LTC3727-1 | 36V, 500kHz High Efficiency Step-Down DC/DC Controllers Vin: 4V to 36V, Voyrpuiny = 0.8V, 19 = 670 (A,
lsp < 20(A, QFN32, SSOP28
LT3430/LT3431 60V, 2.75A (|OUT)s 200kHz/500kHz ngh Efficiency Step-Down VIN: 5.5Vto 60V, VOUT(MlN) = 120V, |Q = 2.5mA,
DC/DC Converters lsp < 30(A, TSSOP16E
LTC3440/LTC3441 | 600mA/1.2A (loyt), 2MHZ/1MHz Synchronous Buck-Boost DC/DC Converter | Viy: 2.5V to 5.5V, Voyrguiny = 2.5V, Ig = 25 (A,
with 95% Efficiency lsp < 1A, MS10

3433f

Linear Technology Corporation
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