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ABSTRACT

For a soldier deployed in a remote location on the earth or a recreational hiker in
the wilderness or a wild land firefighter battling a destructive wildfire, access to a power
source is problematic. Local and regional communication systems, navigation, lights,
imaging: all of these require a power source. For short time periods, batteries may be
sufficient but with extended time periods the weight of the batteries and cost of
replacement becomes a problem. Energy scavenging devices could fill this need and be

used as a secondary power source when solar or batteries are not available.

A linear electromagnetic generator is designed and prototyped for use in a frame
backpack configuration. A base excitation vibration model is developed to predict the
available energy from the movement of a person walking while wearing a backpack. The
energy scavenging device takes the ambient movement of the person walking and
converts it to usable energy. The electromagnetic generator does not affect how the
person walks and will decrease the weight carried by a soldier or backpacker by replacing
batteries. An analytic model of the mechanical and magnetic systems is developed to
determine and optimize for the design parameters of the electromagnetic generator. The

induction coils for the electromagnetic generator were fabricated in Low Temperature

iv



Co-Fired Ceramics (LTCC), taking advantage of the material system to produce a small

high density package of coils.

LTCC induction coils were found to be a viable way of scavenging energy. It was
determined that the electromagnetic generator has the potential for producing the required
energy need by a soldier or backpacker. Future work includes testing of the induction
coils, and designing the frame of the backpack and energy storage of the electromagnetic

generator.
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INTRODUCTION

Electronic advances have led to new devices with the following capabilities:
warning soldiers of chemical or explosive hazards, maintaining communications lines
between soldiers and aircraft, precision navigation on the battlefield, laser guidance
systems, and night vision imagery as seen in Figure 1. This enhanced electronic
capability has boosted the weight of a typical soldier’s batteries to approximately 12
kilograms according to Patal-Predo [1]. This trend has been particularly significant over
the last ten years and will continue in the future. Carrying an additional 12 kilogram
battery pack is an additional burden for each soldier, but recharging or replacing these
batteries in a remote battlefield is difficult logistically and very costly. The soldiers using
these battery packs are located in remote areas at the limit of the military supply chain.
An alternative power source that could reduce the battery weight and the frequency of
battery replacement would improve the efficiency of individual soldiers and optimize the

military supply chain.
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Figure 1. Communications in the Modern Battlefield [2]

The modern backcountry hiker or backpacker has experienced an increase in
available electronic tools and subsequent power requirements that is analogous to the
increased load of the modern soldier. The modern hiker uses communication equipment
such as a cell phone and two-way radios, navigation equipment such as a Global Position
System (GPS), imagery equipment such as digital cameras, and various lighting devices.
Each of these devices requires a battery pack that contributes additional weight and must

be recharged after use.



The need for an individual power source falls in between the macro-scale
generation of a Brayton cycle turbine and the micro-scale generation of a piezoelectric
crystal, according to Dunn-Rankin et al. [3]. A chart comparing needed power with
stored energy can be used to describe the energy requirements of various applications as
shown in Figure 2. The personal power devices used in the field fall into the shaded area
above a power of 10 W with a stored energy greater than 10 Whr. A high generation of
power can be produced, but without a large energy, the devices using the power will not
work for a long period of time. In comparison, the Ragone [4] chart comparing power
density with energy density for a variety of power generation sources is shown in Figure
3. The combustion engine group clearly achieves the highest energy and power densities,
but the technology for micro-combustion systems is currently under development and not
available for implementation. Electromagnetic generation significantly outperforms
photovoltaic cells and thermoelectric generation. Fuel cells are another area of research
with potential for remote power. Based on this data, the individual power requirements
fall into an area that is currently best served by batteries. A soldier on a 72-hour mission
needs a reliable energy source that will provide at least 10 Watts and last for the duration
of the mission, a breakdown of power requirements for a soldier is shown in Figure 4.
This shows that the largest component of energy usage is the computer/radio system.
Most soldiers do not carry a computer, but do carry everything else shown and from this
the requirements of power generation needed by a soldier or backpacker were

determined.
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Functional Operating Power (W)

Computer/Radio Subsystem
Computer 14.800
Hand-Held Flat Panel Display 6.400
Soldier Radio
Receive 1.400
Transmit 6.000
Squad Radio
Receive 2.000
Transmit 12.000
Global Positioning System 1.500
Video Capture L0
Subtotal 45.100

Integrated Helmet and Sight Subsystem (IHAS)

Laser Detectors 0.600
Helmet-Mounted Display 4,900
Imager Q100
Subtotal 5.600

Weapon Subsystem

Laser Rangefinder 0,050
Laser Aiming Light 0.075
Drigital Compass 0.350
Thermal Weapon Sight 5525
Subtotal 6.000
TOTAL 56.7
Figure 4. Power Requirements for the Land Warrior System [5]

The developments that led to the variety of electronic sensors and communication
devices have not translated into the area of micro-power generation. Photovoltaic (PV)
cells, micro-engines, and energy scavengers have been pursued to address the need for
micro-power with limited success. However, for each of these technologies, technical
and practical challenges have limited their full-scale adoption. Photovoltaic cells are well

established but are inefficient, expensive, and are not effective at night, in the forest, or



on cloudy days. Micro-engines, such as the micro-wankel engine [6] shown in Figure 5,
have the highest potential power density, but are limited by current fabrication
capabilities used in the electronics industry. A wide variety of power scavengers have
been developed that typically use piezoelectric materials or electromagnetic induction to
generate power from ambient vibrations. Piezoelectric devices generate high output
voltages but very little usable output power. Piezoelectric applications, such as the shoe
power system shown in Figure 6, which produces 2mW, Shenck and Paradiso [7], are
typical of Micro-Electrical Mechanical Systems (MEMS) energy devices, which produce
a small amount of power compared to portable power requirements needed by soldiers
and backpackers. MEMS fabrication methods draw from the vast processing knowledge
of the semiconductor industry and piezoelectric power generation has significant
advantages when scaled to the small Mirco-Electro-Mechanical Systems (MEMS) size
range. Typical semiconductor processing is batch processing technology including
photolithography and deep reactive ion etching (DRIE). Photolithography is the process
of transferring a pattern onto thin film. DRIE uses a high-density plasma source to dry
etch patterns according to Madou [8]. Batch processing works well for large production,
but if production is limited the process becomes expensive. Several researchers have
investigated MEMS devices fabricated in silicon to address the need for micro-power
generation. Epstein and Senturia [9] are developing a micro-scale gas turbine generator
device that combines a radial compressor and turbine with a catalytic combustor, seen in

Figure 7, but the technical challenges of scaling down an effective macro-scale engine



have limited its capability. Also, this device would be unrealistic in the field because of

the fuel requirements.

Figure 5.

Figure 6. Power Generation Using a Piezoelectric Source in a Shoe [7]



Figure 7. 4mm Diameter Micro-Scale Gas Turbine [9]

A new approach is required to develop individual power sources. Modern power
devices operate in either the micro-scale range occupied by silicon MEMS or the macro-
scale range occupied by traditional manufacturing techniques. Silicon MEMS are limited
by fabrication technology in scaling power generation applications into larger devices
with higher power output. Silicon is limited to the number of layers that can be used in
fabrication. Ceramic tape technology and the development of Ceramic-MEMS (C-
MEMS) offer an attractive alternative to both silicon MEMS and traditional fabrication
technology. C-MEMS devices occupy the meso-scale device feature size in the
millimeter range between the micro and macro size devices that is preferred for
individual power generation while still taking advantage of processing techniques that

allow for inexpensive batch fabrication.

C-MEMS devices provide a development platform that consists of internal, multi-

layer channels and embedded metal materials in the same monolithic substrate. The
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ceramic substrate is chemically and thermally resistant to harsh environments. Various
metals can be embedded into the substrate to form chemical catalysts, electrical
conductors, and thermal heat paths. Internal channels can be embedded inside the
substrate to transport fluids through the device on many distinct layers. The capabilities
of the C-MEMS materials platform allow the development of integrated systems that are
the foundation of individual power generation devices. Low Temperature Co-Fired
Ceramics (LTCC) is one ceramic material that is being used in this area of study.
Researchers at Sandia National Laboratories have developed several devices that take

advantage of this technology [10], which include 3D channels, inductors, and sensors.

Low Temperature Co-Fired Ceramics

Low Temperature Co-fired Ceramic (LTCC) materials are used in the electronics
industry as a packaging material. Multi-layer LTCC has the capability of integrating
circuitry into a hermetically sealed package: such as, resistive heaters, resistors, electrical
connections, and inductors. LTCC is low cost and can be used for a broad range of
applications. The advantages of LTCC for power generation were described by Plumlee

[11].

The LTCC materials system used in this work was supplied by DuPont and is
provided in the un-fired or “green state”. The LTCC substrate is composed of alumina,

low temperature glass, and an organic binder according to DuPont [12]. While in this
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state, the material can be machined, layered, and electrical circuitry incorporated. One
advantage of LTCC is the capability for three dimensional structures. Vias, electrical
connections between layers, can be used to connect circuits from one layer to the next.
The use of vias protects circuitry on layers by hermetically sealing the layers. An Ion
Mobility Spectrometer (IMS) prototype was developed by Plumlee et al. [13] with 66
ceramic layers. The IMS device uses multiple concentric rings to generate a constant
electric field through a tube. Ions are presented into the electric field at one end and
detected at the opposite end. The time required to traverse the length of the tube can be
correlated to molecule size, and therefore chemical species can be determined. All of the
rings have to be connected through the 66 layers using vias and each ring has an
embedded resistor, which is used to create the electric field. This device is shown in
Figure 8 and is one example of sensors being developed for use in the field and

demonstrates the ability of LTCC to provide protection from harsh environments.
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Figure 8. LTCC IMS with 66 Ceramic Layers [13]

The process for fabrication of a typical LTCC device is shown in Figure 9. The
LTCC material supplied by DuPont is 0.254 mm thick sheets. A LASER milling
machine is used to cut holes, vias, and cavities in the substrate. The LASER cut vias are
filled with conductive paste using a stencil and knife blade. Conductive and resistor
pastes are applied using a screen printer or direct writing system. Screen printers use a
wire screen and squeegee to apply thick film paste in the pattern desired. The direct
writing system dispenses paste onto the substrate in the pattern generated from a 3D
model file. The ceramic layers are aligned and stacked together to be laminated in a

vertical or isostatic press to 20.68 MPa. A uniaxial press laminates the LTCC from the
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top and bottom in the vertical direction, whereas the isostatic press uses a water bath to
press the part in all directions. Finally, the device is co-fired in a box furnace to 850°C,
during this process the organic binder burns away and the glass sinters around the
alumina participles forming the final device. This process is discussed in more depth

during the fabrication section.
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Figure 9. LTCC Process Flow [11]

Energy Scavenging Device (ESD)

An energy scavenging device (ESD) extracts energy from ambient movement in

the environment. Specific applications of this type of device range from the piezoelectric
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shoe demonstrated by Shenck and Paradiso [7] to the gear and pinion backpack described
by Rome et al. [14]. The energy generation used in the Rome backpack shown in Figure
10 is an example of a traditional solution to energy scavenging. The Rome backpack
suspends the pack load on a set of springs. The load is allowed to oscillate on rods and
bushings while the wearer is walking. The energy in the oscillations is extracted using a
rack and pinion gear system attached to a rotary generator similar to a car alternator. As
the pack moves up and down, the toothed rack spins the pinion on the generator
clockwise and then counterclockwise. The generator output power is then rectified to
produce a smooth DC output voltage that is used to charge a set of onboard batteries.
This design is an example of an adaptation of current technology for a remote power
source. The rotary generator is commonly used in turbines and alternators where the

driving power source is rotational motion in the form of a turning shaft.
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Figure 10.  Rack and Pinion Generator on a Backpack [14]

Using a traditional rotary generator to extract energy from the linear movement of
a backpack is inefficient and complicated. The multiple moving parts associated with a
rack/pinion/generator system substantially decrease the reliability of the device. The
exposure of the moving generator parts to the sand, ice, and rain found in harsh
environments accelerates corrosion, along with frictional wear. Any misalignments in
the system due to damage could render the generator system ineffective. The numerous
parts required for implementation substantially increase the overall system weight. Also,
the added inertia of the rack/pinion/rotary generator system limits the ability to extract
usable power from the pack oscillations. Combining these technological challenges

limits the functionality of the Rome backpack in a real world environment.
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Attempting to convert the oscillations from the backpack into power through a
rotary generator system is inefficient and ignores the link between the linear direction of
the oscillation and linear power generation. An alternative design can be found in large
scale power generation systems designed to extract energy from ocean waves as
described in Figure 11. These energy scavengers convert the linear motion of a floating

buoy rising and falling into a linear generator tethered to the ocean floor.

Buoy

Rope

End stop o

Ml

_Actuator
M 'f

Statar—__§ | ="
- L —Spring
— T

,-«-"/

Figure 11.  Linear Generator Developed for Wave Energy Extraction [15]

This group of energy scavenger devices relies on the movement of a linear
magnetic armature inside a linear coil to produce power by electromagnetic induction.

The number and size of the magnets and axial coils in the device determines the magnetic
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reacting force and thus the generated power. A 100kW device was recently proposed by
Ivanova et al. [16]. Danielsson et al. and Baker et al. have published several papers on
the design and selection of various types of linear generator concepts [17], [18]. Mueller
and Baker have presented a performance model for the large wave motion devices [19].
Wang et al has developed a similar model for a meso-scale tubular linear generator using
this same methodology [20]. This miniature device shown in Figure 12 produces an

output power of 15 mW with a magnet radius of 2.4 mm.

Figure 12.  Single Pole Prototype Linear Generator [20]

Electromagnetic Generator Integrated into a Backpack

According to Saunders, et al. [21], walking motion can be simplified to the
movement of an inverted pendulum. As the person steps down, the body pushes up off

the floor and jumps over the foot. The center of mass displaces a vertical distance of 4-7
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cm [22], shown in Figure 13. The frequency a normal person walks at is 2 Hz, which
was determined by Rome et al. [14]. Also, the backpack has a load between 20 kg and 38
kg, which was determined by the standard weight of a backpack also found by Rome et

al. [14].

uuuuuuuuuuu

IaH:~5cm - 3

Figure 13.  Walking Motion Modeled as an Inverted Pendulum [14]
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Two miniature tubular linear electrical generator devices similar to those
proposed by Mueller and Baker [19] will be integrated into the sliding pack saddle. The
saddle and pack will be suspended on springs and slide on a tubular frame attached to a
harness system, not shown in Figure 14. The only contact with the frame occurs through
slide bushings (4). The linear scavengers (2) are mounted as shown in Figure 14. The
magnetic armature is fixed in the tubular frame and the coils are positioned in the pack
saddle. No physical contact occurs between the armature and the coils. The relative
movement between the armature and the coils generates a magnetic reacting force that
induces a voltage in the device. This alternating output is then rectified and stored
internally in a battery. The backpack design and testing of the generator are not in the

scope of this thesis and will be studied in future work.
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Slide Bushings (4)

Linear Energy
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+ Straps

» Back Support
» Suspension
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Figure 14.  Backpack with Integrated Miniature Linear Electric Generators

The linear electric generator concept is shown in more detail in Figure 15. The
armature is composed of a series of rare earth (Neodymium) magnets positioned axially.
The magnets are shown in the figure as blue and red blocks. The red end is schematically
the north magnetic pole and the blue is the south magnetic pole. The magnets are
positioned with two north poles facing each other and are separated by a ferroelectric iron
spacer. The south poles are also facing each other separated by an iron spacer. The coils

are positioned cylindrically around the armature with a small air gap separating the inner
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coil from the protective sheath. The coils are fabricated using ceramic tape technology to

produce a high density coil that is resistant to harsh environments.

Spacers

Iron Spacers

Inductor Coils

Neodymium
Magnets

Figure 15.  Linear Electric Generator Concept

The predicted magnetic flux circuit and device cross-section are shown in Figure
16. As described by Mueller and Baker [19], the opposing magnets generate a magnetic
flux pattern that propagates radially through each coil. As the magnetic armature moves
through the coils, the flux direction alternates rapidly, thus generating an output power.
This system should be designed to be effective at various speeds and oscillation

amplitudes, particularly in the range of motion similar to human walking.
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Figure 16.  Linear Electric Generator Cross Section with Flux Lines

Thesis Description

For this project, a linear electromagnetic generator was modeled and designed for
use in a backpack configuration to charge small portable devices, reducing the need for
batteries. Compared to the Rome et al. [ 14] backpack, the device is a direct conversion
of a linear oscillation into a usable power output. If the losses are less when using a
direct conversion of linear oscillation, then the device will produce a higher peak power

output than the rack and pinion.

The electromagnetic generator design has several advantages over the rotary
generator concept being developed by Rome et al. [14]. The lack of a rack and pinion

gearing apparatus significantly reduces the frictional losses in the system. There is no
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rotational inertia to overcome in the linear system as compared to the rotary generator
and gearing approach. The non-contact linear magnetic induction allows the coil and
magnetic armature to be protected from sources of corrosion such as dirt, water and ice.
The linear inductive sliding mechanism can tolerate more misalignment if the tubular
frame is bent. Fewer moving parts reduce the overall complexity and weight of the
application. The advantages of the linear inductive system demonstrate the potential of

this application as compared to the rotary generator system.

The development of the generator starts with an analytical model that describes
the mechanical and magnetic systems. The mechanical system is a model of the vibration
of the physical system, which is used to predict the amount of available power that can be
generated by walking with a backpack. Because of the complexity of the magnetic
system, a model developed by Baker [23] was chosen to determine the power being
produced by the electromagnetic generator. A Simulink model completes the analytic
model to determine the design requirements of the generator. The design of the generator

is discussed in the following section, including a detailed design.
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ANALYTIC MODEL

An analytical model of the backpack’s motion and the generator is vital to the
project. The model predicts the available power generated from the walking motion and
the amount of power the electromagnetic generator can produce. Some constraints on the
system are the size and weight of the generator. The purpose of the generator is to reduce
the need for batteries, which can be heavy and expensive. The model is optimized for a 2
Hz walking speed, which is the speed of a brisk walk. The weight of the backpack was
set to 28 kg, standard weight of a military backpack [14]. The backpack should also not

prevent the wearer from using a normal walking motion.

The backpack suspends the pack load on a set of springs. The load is allowed to
oscillate on rails and linear bearings while the wearer is walking. The magnets and
spacers are attached to the person, and are moving with the base of the mechanical
model. This means that the coils are attached to the backpack and are moving with the
same frequency as the backpack. As the coils move past the magnetic armature, the flux

direction alternates rapidly, thus inducing a current.

The physical system is modeled in two parts. First the mechanical model is
presented. The results of the mechanical model are used in the development of the

electromagnetic model. As the coil generates power, it is extracting energy, which can be
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modeled as a damping force. Another type of force that acts like this is a viscous
damper; it converts the energy into heat instead of voltage. The generator damping ratio
of the system is the link between the Mechanical Model and the Magnetic Model. The
relative velocity, difference between the velocity of backpack and the person, is
calculated using the mechanical model and then used in the magnetic model to calculate
the magnetic force. As the generator removes energy from the system, it changes the
relative velocity. An iterative process was needed to calculate the peak magnetic force
accurately by starting with a damping ratio and calculating the relative velocity. The
relative velocity was then used in the magnetic model to calculate the peak force from the
coils. From the peak force, a damping ratio was calculated and if the ratio matched the
original damping ratio, then iteration was complete; and if the damping ratios were not
equal, the iteration process was repeated using the new calculated damping ratio until the

ratios were the same. A schematic of the process is shown in Figure 17.

; Relative Velocity
Mechanical Model » Magnetic Model

~

Magnetic Force

Figure 17.  Schematic of Analytic Model
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Mechanical Model

A mechanical model was used to determine the vibration and movement of the
backpack in order to predict the voltage and maximum power available from the system.
The backpack is modeled as a base excitation vibration model, shown in Figure 18. Base
excitation was chosen because the backpack is being excited by the harmonic
displacement of the person’s walking movement. Base excitation is the model of force
acting through a spring and damper on a mass, displayed in Figure 18. The shocks of an
automobile are one example of a base excitation system. The generator will take
advantage of the base excitation functionality of producing larger oscillation amplitudes
of the mass with smaller input amplitudes from the base. The backpack has greater
amplitude than the amplitude of the person’s center of mass. This modeling approach for

the backpack system was also used by Xu et al. [24].
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x(t)

y(t)

Figure 18.  Base Excitation Model

The equations used in the model are from Inman [25]. Some general equations
needed in analysis are natural frequency and damping ratio. Natural frequency, ®,, is the
frequency the backpack system will oscillate when set into motion without any
interference from external forces; see Equation (1), with k defined as the stiffness of the
spring and m defined as the mass of the system. The damping ratio, §, characterizes how
the oscillation amplitude of the backpack system will decay due to conservative forces.
Equation (2) shows the relationship between the damping ratio, §, and damping

coefficient, ¢, mass, m, and natural frequency, @,.
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Wn = \/é (1)

§ = )

Summing the forces on the mass yields Equation (3), with X and X being the

acceleration and velocity, respectively, of the mass of the backpack.

mi+cx—y)+k(x—y)=0 3)

Assuming the person walks with a harmonic output, the displacement of the base,
¥y(1), as a function of time, #, is shown in Equation (4). Y is the amplitude of the base and

wy is the frequency of the person walking. The frequency ratio, r, Equation (5), is the

ratio of frequency of the base, wp, and the natural frequency, w,.

y(t) = Ysin(wpt) “)

“p
wn %)
Inserting Equation (4) into Equation (3), taking the derivative of Equation (4) and

using the definition of natural frequency w, and damping ratio §, the equation of motion

becomes Equation (6).

¥+ 28wpx + wix = 28w, wpYcos(wpt) + wiYsin(wyt)

(6)
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Equation (6) is analogous to a basic spring-mass-damper system with two external

forces on the system. The solution to Equation (6) is the sum of the particular solution

for each harmonic sine and cosine excitation. From the principle of linear superposition,

the particular solution, x,(¢), of Equation (6) is Equation (7). To find the particular

solution, x,(¢), the method of undetermined coefficients is used. The method of

undetermined coefficients is the process of finding the solution of an inhomogeneous

ordinary differential equation by separating it into two homogeneous ordinary differential

equations and finding the solution to the homogenous equations. Each solution is shown

in Equation (8) and Equation (9), with &; defined as the phase shift, shown in Equation

(10).

x, (1) = xp + x5 7
Xy = 28 on@p? cos(wpt — 0;) (8)

J (03-w})* +2Ewnwp)?

xp = ORY sin(wpt — 6,) 9)

J(w%_a%){ﬂsznwby

0, = tan~! (Zf‘“—‘”b) (10)

wn—wj,

Summing Equation (8) and Equation (9) and using the properties of linear

combination of sine and cosine with the same frequency, Equation (7) becomes Equation



(11), with &, defined as the phase shift from combining sine and cosine, shown in

Equation (12).
_ wi+(2§wp)? a
x,(t) = wfy\/(w,%—wf,)2+(sznwb)2 cos(wpt — 6; — 6,) (11)
9, = tan~1 (Zg’;b) (12)

Substitute ey and w, from Equation (11) with the frequency ratio, r, seen in
Equation (5). The simplified particular solution becomes Equation (13), with the

magnitude, X, of the particular solution shown in Equation (14).

x,(t) = Xcos(wpt — 6, — 0;) (13)

_ 1+(2ér)2
X= Y\I (1-712)2+(28r)2 (14)
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Using these equations, it was found that oscillation at high frequencies (r>1) with

a large mass would be highly detrimental to the person walking because of the high

forces transmitted to the person as shown in Figure 19. The transmitted force is

calculated using Equation (15), which is the reaction force of the force acting through the

spring and damper on the mass. A value of 100 N was selected as the maximum

transmitted force to the person to limit how the backpack will affect the person’s walking

motion. Thus, a value less than 1 was chosen for the frequency ratio (r<1).
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Force on the Mass
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Figure 19.  Force Transmitted to the Person

Fr(®) = k(x,(6) —y(@®)) + c(5%, (&) — y(1)) (15)

The relative backpack velocity, backpack velocity minus the person (base)
velocity in the vertical direction, Equation (16), is shown in Figure 20 in time. Figure 20
indicates that the relative velocity is larger for larger frequency ratios. If the backpack
and person had the same velocity, Av=0, the magnets and coils would be moving together
and not producing any power. With larger relative velocity, the energy that will be

available to extract from the system increases.

Av(t) = x,(t) — y(t) (16)
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Relative Velocity

Relative Velocity (m/s)

Time (s)

Figure 20.  Relative Velocity of Person and Backpack

In order to observe the effect of the frequency ratio on the power output, the Root
Mean Square (RMS) Power was calculated from relative velocity as shown in Equation
(17). Power is work divided by time and the work being done is through energy
extraction by the electromagnetic generator. The work is force times distance and the
force is the damping coefficient times the RMS velocity. Useful work is generated from
the conservative force of the electromagnetic generator. The damping coefficient couples
to the magnetic model because it is the magnetic force. So the available RMS power is

shown in Equation (18). The frequency ratio is determined using the plot of the RMS
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power vs. the damping ratio. Also, this plot shown in Figure 21 shows a peak RMS
power for each particular damping ratio. For a frequency ratio of 0.8, there is a peak
RMS power of 16 watts corresponding to a damping ratio of 0.25. The peak is found for

relatively small damping ratios.

1 T
AVy s = \/Tz—T1 Iy dvdt (17)

Prns = CAVE s (18)
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Figure 21. n Maximum RMS Power Available
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From the relative velocity, Equation (16), and maximum RMS power, Figure 21,
a value of r=0.743 was chosen to maximize the relative velocity without reaching
resonant frequency (r=1) to reduce the force transmitted to the person wearing the
backpack. A spring constant of 8kN/m was calculated to achieve this frequency ratio.
The damping ratio includes the magnetic force generated from the induced current. The
magnetic force acts like a damper by taking energy out of the system; it opposes the base

force by the person.

Magnetic Model

The power generation produced by Mueller and Baker [19] from wave motion is
used as the model for the magnetic system, specifically the ironless tubular generator
proposed in Baker’s doctorial dissertation [23]. From Knight [26], Faraday’s Law states
that current is induced in a coil when it is passed through a changing magnetic field. The
opposing magnets generate a magnetic flux pattern that propagates radially through each
coil, shown in Figure 22. The axial force, force in the y direction, is maximized at the
steel spacers and the radial force, force in the z direction, is maximized at the center of
the magnets. The coil configuration is shown in Figure 23. Force is developed as a result
of current flowing through the coils, which are situated in the magnetic field of the stator.
The direction of this force is mutually orthogonal to the current and field strength and has
a magnitude of their product multiplied by the length of conductor in the field, from

Baker [23], shown in Equation (19).
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F=I1Ix¢g (19)



36

For this model, several constants are introduced to characterize the coil geometry.
The outer radius of the coil is a function of the magnet radius, air gap, and coil thickness,
shown in Equation (20). The Inner radius of the coil is shown in Equation (21), where
R,, is the magnet radius and gap is the air gap between the magnets and coil. The last

constant is the volume of the coil shown in Equation (22).

R, = R, +gap + ch (20)
R; = Ry + gap (21)
volume = mcw(R% — R?) (22)

The proposed system does not use steel on the outside of the device, but in order
to calculate the flux, an effective air gap needs to be calculated that will give the same
reluctance as if the steel were present as shown by Baker [23]. From Equation (23), the
effective air gap is calculated using the magnet and steel spacer widths. The flux is
calculated in Equation (24) using the remnant flux density, B,, geometric constants, and
the relative permeability. The flux density at the surface of the rotor is calculated using
Equation (25). Equation (26) comes from the model developed by Baker [23], which
assumes the flux density has an exponential decay with radius across the coil area. The
flux density is a function of the flux density at the surface of the magnets, Equation (25),

the coil and magnet radius, and the effective air gap, Equation (23).

W +Wwg
lg =—"— (23)
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nzBrwmwsR,Zn
P = 2y R (Wi +Ws) +Twmws (24)
TTBrRmWm
Bg N 2prRm (Wi +Ws) +Twmws (25)
B(R) = Byexp <_Rl+Rm) (26)
g

From the effective air gap and the flux density, the value of the coil radius can be
calculated by setting the flux density at the outer surface of the coil to be 25% of the flux
density at the surface of the rotor and solving for the radius. The induced current is

calculated from Ohm’s law [26] as seen in Equation (27) and Equation (28).

_ AMvLpB(R)
€ ™ Resistance (27)
_ by
]C " volume (28)

Peak force on the coils from the magnetic field can be calculated using the model
developed by Baker [23] by taking the integral over the volume of the coil, Equation
(29). This is a peak force and does not take into account the changing magnetic field as
the coil moves through the magnetic field, but the peak force does include the number of
coils to calculate the path length I,. Equation (30) is the integration of the peak coil force

of Equation (29).

Fo=J)" o0 3" JeB(R)RdzdRdo 29)
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—2ch1 —-2gap
l l
TewAvL3BElg|2Ri+1g—(2Ro+1g)e 9 |e 9

F. = (30)

2ResistancexVolume

Figure 24 shows the peak force as a function of time and the damping ratio (§).
The response is oscillatory with decreasing amplitude with increasing damping ratio;
with a small damping ratio, the relative velocity is larger. The peak force has a tradeoff
between extracting the most amount of energy from the system and extracting too much
energy, which slows down the system. If the system’s relative velocity is low, the peak
force will decrease. Each response has a different frequency due to the phase shift
described in Equation (10), which is a function of the damping ratio. For the calculations

of force and power, the number of coils is set to 480.
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Peak Force
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Figure 24.  Peak Force from Coil

The power generated by the magnetic force is shown in Figure 25. Power
generated is the magnetic force in the coil times the relative velocity. Figure 25 also
shows that a smaller damping ratio gives a larger power output, with a peak around 4
watts. The response is oscillating power and has different frequencies for each damping

ratio.
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Power Generated
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Figure 25.  Rectified Power Generated in Coil from Inductance

The force and power calculations are peak values when the coil is positioned at
the steel spacer and do not change with position. The flux density is changing with
position, shown in Figure 26. The valley is when the coil is positioned at the center of the
magnet and the peak is at the center of the steel spacer. The instantaneous magnetic force
and power are shown in Figure 27 and Figure 28, respectively. As the coil passes the
magnet, the force and power drop to zero and the peak value is the same as the values

shown in Figure 24 and Figure 25. When the coil is experiencing the maximum velocity,
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it is at the center of the rotor and has the highest peak value. Each drop to zero represents

the coil passing a magnet. In one cycle, the coil passes five magnets.

Axial Flux Density vs Axial Position
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Figure 26.  Axial Flux Density as a Function of Axial Position
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Figure 27.  Axial Magnetic Force
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Magnetic Power
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Figure 28.  Instantaneous Generated Magnetic Power

The magnetic model gives a reasonable estimate for the power that the generator
can produce based on the available power calculated in the mechanical model. It also
provided guidance in determining the number of inductor coils and the overall
dimensions of the device discussed in the design section. A more complex model of the

analytical solution was created from this geometry by Wang et al. [27].
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SIMULINK MODEL

The Simulink model was used to verify the equations of motion used in both the
mechanical and magnetic models. Also, Simulink shows the transient response of the
system and that it dies out quickly. The difference in the Simulink model is in the de-
coupling of the magnetic force, which is separated from the damping coefficient for
simplification in the analytical model. The damping force in the Simulink model is the
friction generated by the movement of the backpack. The damping coefficient is set to
§=0.1 and would need to be found experimentally in the actual apparatus. Also, the
Simulink model replaces the relative position and velocity with z, shown in Equation

(31). The equation of motion is shown in Equation (32).

Z=x—-Yy (31)
L2 %y kz = —mYwisin(wpt) — F 32
m-—+tc— z = —mYwjsin(wy ‘nag 32)

The Simulink model is shown in Figure 29. The input force is the force from the
person (base) walking, which is being transmitted through the spring and damper. The
damping ratio from friction was set to §=0.1. The relative velocity of the base and
backpack is used to determine the magnetic force. The script file for the MATLAB
Function of magnetic force is in Appendix B. The magnetic force is summed with the

input force, damping force, and spring force. The summation is then integrated twice to
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solve for the relative position of the backpack and person. Generated power from the coil
is also calculated by taking the relative velocity of the backpack and the base and then

multiplying that by the magnetic force.

1 1 ]
v, S > g
Input Force Velocity Position Relative Position
¢ le—
MATLAB L] Friction
Function
Magnetic Force [Fmag]
Goto1 —P |:|
X —
Product Power

[Fmag] >

Figure 29.  Simulink Block Diagram

The plot of magnetic force is shown in Figure 30, which shows the transient
response and steady-state response. The steady-state response is similar to the result
predicted by the magnetic model, as shown in Figure 24. This plot shows that the
magnitude of the force is slightly less in the Simulink model, which is logical because the

Simulink model includes friction and the magnetic model does not. The transient
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response dies out quickly, which is what would be expected based on the particular
solution of the differential equation used in the mechanical model. If the transient
response did not die out quickly, the particular solution used in the mechanical model
would not be valid. The transient response is not very large compared with the overall
force extracted by induction. This shows that when the person begins walking, the
backpack will not greatly affect the transmitted force on the wearer. If the transient

response maximum force were too high, it would be hard for the person to overcome.
Magnetic Force vs. Time
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Figure 30.  Simulink Magnetic Force
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The power generated can be seen in Figure 31, which also shows the transient
response dying out quickly. This generated power is also similar to the power predicted
in the magnetic model, shown in Figure 25. The power increases with increasing magnet
radius but the device is limited by the space available in the backpack frame. The
increasing power from magnet radius is shown in Figure 32. The frequency is constant,

but the amplitude of the power more than doubles when the radius is doubled.

Power vs. Time
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Figure 31.  Simulink Predicted Power
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Figure 32.
The force and power are also peak calculation and the instantaneous force and

power are shown in Figure 33 and Figure 34, respectively. The peak of the force and
power represent the coil passing the steel spacer and dips are the coil passing the

magnets.



Force (N)

Magnetic Force vs. Time
15 :

10+

<

1
o
T

-10

-15

_20 | | |

0 0.5 1 1.5 2

Time (s)

Figure 33.  Magnetic Force Changing with Position and Time
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Power vs. Time
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Figure 34.  Power Changing with Position and Time

The Simulink model is a better predictor than the mechanical or magnetic model
because it takes into account the transient response and solves the equation at each time
step. It can also be used to calculate other useful information such as the Kinetic Energy

of the system, shown in Figure 35.
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DESIGN

The design of the electromagnetic generator is modeled after the tubular linear
electrical generator device created by Baker [23] and from the analytical model
developed in the previous section. The Mechanical, Magnetic, and Simulink models are
used to determine the design requirements of the device. A summary of the requirements
is shown in Table 1. The spring constant is based on the optimized frequency ratio
observed in the Mechanical model. The backpack mass, amplitude, and walking
frequency are base on values described by Rome et al. [14]. The outside diameter of the
magnet is limited to one inch, similar to the backpack frame tube. From the Wang et al.
[27] analytical model, the optimal spacer width, w, was found to be equal the magnet
width, w,, for the geometry chosen. The remaining values were determined by the
Magnetic model to achieve the desired voltage. Fabrication of the generator was
completed using the facilities in the C-MEMS Laboratory at Boise State University. The

fabrication is discussed in detail in Appendix A.
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Table 1 Geometry Summary Chart

Geometry Symbol Magnitude
Spring Constant k (N/m) 8000
Mass m (kg) 28
Amplitude of Person |Y (cm) 2.5
Walking Frequency |w (rad/s) 12.566
air gap gap (mm) 0.4
Coil thickness ch (mm) 5.2
Coil width cw (mm) 12.7
Magnet Radius Rm (mm) 12.7
Magnet width wm (mm) 6.35
Spacer width ws (mm) 6.35
Number of Coils Nc 480

Electromagnetic Generator Design

The generator concept is shown in Figure 36. The armature is composed of a
series of Neodymium magnets positioned axially. The magnets are shown in the figure
as blue and red blocks. The red end is schematically the north magnetic pole and the blue
is the south magnetic pole. The magnets are positioned with two north poles facing each
other separated by a ferroelectric steel spacer. The south poles are also facing each other
separated by another steel spacer. The coils are positioned cylindrically around the
armature with a small air gap separating the inner coil from the magnets and spacers.

This system is effective at various speeds and oscillation amplitudes. The magnets used
were Neodymium ring magnets, axially magnetized, grade N52, with a nickel coating.

The radius of the magnets is limited to 12.7 mm because of the diameter of a backpack
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frame. An aluminum all-thread bar was used to align the magnets and steel spacers. The
coils are fabricated using Low Temperature Co-Fired Ceramics (LTCC). To insure the
current does not change direction between layers, the coils alternate direction between

layers, shown in Figure 37.

Alignment Rod
South Magnetic Pole /

North Magnetic Pole

Coil

Steel Spacers

Figure 36.  Linear Electromagnetic Generator Concept



Figure 37. LTCC Coil Design
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SUMMARY

A linear electromagnetic generator was studied to replace batteries for a soldier or
backpacker. The mechanical system was modeled using the vibration of the movement
of the backpack. The conservative energy produced by a person walking was used to
predict the transmitted force the walker would experience while wearing the backpack.
The transmitted force was reduced by decreasing the frequency ratio of the system. The
available RMS power was also calculated in the mechanical model. A magnetic system
was modeled after the work done by Baker [23] for an energy scavenging device used in
ocean waves. The magnetic model uses information from the mechanical model to
predict the generated power. A Simulink model was developed to combine the
mechanical and magnetic model together and predict the power generated by the linear
electromagnetic generator. The design of the generator was produced by input from the

analytical model.

The power generated from the Magnetic and Simulink model is shown in Figure
38. In the start of the plot, the Simulink model is very different from the magnetic model,
caused from the transient response in the Simulink model. As the transient response dies
out, the two models have the same frequency with different amplitudes. There is slight
time shift between the two models and this is caused by the time delay between models.

The Simulink model includes friction in the equation of motion, which decreases the
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power generated by the electromagnetic generator and the relative velocity is solved at
each time step, adjusting the magnetic force. The magnetic model predicts a higher
amount of power generated by the coil because it does not include friction in the

calculations and does not adjust the relative velocity for the magnetic force slowing the

system down.
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Figure 38.  Power Comparison of Magnetic and Simulink Model

Future work will include optimizing the fabrication and design process to

improve the experimental power output of the device. The backpack frame and power
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storage will also be designed and integrated with the optimized energy scavenging system

in future work.

LTCC is a potential fabrication option for inductive coils used in a portable power
generation device. With optimization, the electromagnetic design could provide a useful
source for portable power generation. The analytic model could be used for different
magnetic configurations. Also, the linear electromagnetic energy scavenging device

could be modified to work in other applications to generate power.
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Fabrication

Fabrication started with 3D modeling software, SolidWorks, which was then split
into parts representing the LTCC layers in 2D. CoreIDRAW was used to create the
LASER profile and screen printing pattern. DuPont 951PX LTCC sheets are 0.254 mm
thick and have four sets of coils on each 90 mm x 90 mm substrate layer as seen in Figure
A1l. The features of each layer are milled using Universal M-300 LASER which is
capable of cutting features as small as 0.1 mm. Cleaning and inspection of each layer
after routing was required because of the particles accumulated during the milling

process.



90 mm

Figure A1. Four Sets of Coils Printed on DuPont 951PX

Vias were filled with DuPont 6141 silver conductive paste and are shown in
Figure A2. A simple stencil and painting knife were used to fill each via. Each via was

inspected to insure the hole is adequately filled with paste.
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Figure A2.  Via Filled with DuPont 6141 Silver Conductor Paste

Screens created by RIV, Figure A3, were used to apply the DuPont 6145 silver
conductive paste onto the LTCC substrate to form the inductive coils. Some
complications arose during this fabrication process. The traces were very closely
inspected for breaks in the lines using a microscope. Breaks in the traces were created
from small foreign particles trapped underneath the traces during printing. A commonly
found particle was a small hair, shown in Figure A4. During firing the hair will burn
away and leave a gap in the silver trace, thus breaking conductivity. This problem was
overcome by using a Terra Universal Laminar Flow Bench 5’ VLF and cleaning all work

spaces before starting fabrication, as seen in Figure AS.



90 mm

Figure A3.

Screen of Silver Traces Made by RIV
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Figure A4.

LTCC Silver Traces Showing a Break in the Trace
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Figure AS. LTCC Silver Trace Improved

The ceramic layers are collated, stacked 6 layers high and pressed in a PHI
Thermal Uni-axial Hydraulic press heated at 70°C and pressed at 20.68 MPa for 10
minutes. The coils are then milled out of the 90 mm x 90 mm squares into a round shape
using the LASER. They are collated, stacked, and bonded together using Poly-2-
ethyloxazoline (PEOX). A second lamination is required to bond the rounded coils, but
the uni-axial press compressed and collapsed the first attempt, shown in Figure A6. A
different approach was needed due to the high layer count and the circular shape of the
coils. The KEKO Isostatic Laminator was used to laminate all of the layers together

resulting in a device that is 48 layers tall with 10 coils per layer and a total of 480 coils.
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Figure A6. First Coil Prototype Compressed by the Uni-Axial Press

After lamination the coils are fired in a Lindberg/Blue Box Furnace with a firing
profile shown in Figure A7. The furnace is programmed to ramp up to 365°C and burn
the organic binder. The furnace then ramps to 850°C for sintering of the LTCC. Liquid
phase sintering shrinks the device 12% in the x and y directions and 15% in the z
direction documented by Gongora-Rubio [28]. The final product is a hermetically sealed

device with 480 coils and only 12.7 mm tall, shown in Figure AS.
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Figure A8. Induction Coils in LTCC
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MATLAB Script File for the Magnetic Force

function Fm = Fmagl (u)

Inp
$u(l)= relative position
u(2 relative velocity

) =
v u(2);
x = u(l);
%$Constants

gap = 0.0002;
ch = 0.0052;

Rm = 0.0127;

wm = 0.00635;

Wp = 2*wm;

WS = wm;

mur = .99998;

cw = Wp;

lg = Wp/pi;

Br = 1.5;

Bg = (pi*Br*Rm*wm) / (2*mur*Rm*Wp+pi*wm*ws) ;

Ro = Rm + gap +ch;

Ri = Rm + gap;

vol = pi*cw* (Ro"2-Ri"2);

ra = (Ri + Ro)/2;

Ncoil = 480;

Ndevices = 1;

Lp = Ndevices*Ncoil*2*pi*ra;
Rsis = 10;

%$Calculate flux density along rotor (T)
if 0 < x && X < Wp
Ba = Bg*sin(pi*x/Wp) ;
elseif Wp < x && x < 2*Wp
Ba = —-Bg*sin(pi*x/Wp);
elseif 2*Wp < x && x < 3*Wp
Ba = Bg*sin(pi*x/Wp) ;
elseif -Wp < x && x < 05

Ba = —-Bg*sin(pi*x/Wp);
elseif -2*Wp < x && x < -Wp;
Ba = Bg*sin(pi*x/Wp) ;

elseif -3*Wp < x && x < —2*Wp;
Ba -Bg*sin (pi*x/Wp);
else
Ba = 0;
end

$Air gap (m)

%$Coil thickness (m)
$Magnet Radius (m)

%$Magnet Width (m)

$Pitch of Rotor (m)

$Steel Spacer Width (m)
$Permeability

%$Coil Width (m)

$Effective Air Gap
%$Remanent Flux Density (T)
$Flux Density at Rotor (T)
%$Outer Radius of coil (m)
$Inner Radius of coil (m)
$Volume of Coil (m)
%$Average Radius of coil (m)
$Number of Coils

$Number of Devices

$Path length of coil
%$Resistance of Coil (ohms)



%$magnetic force (N)
Fm = (cw*pi*v*Lp"2*Ba”2*lg*exp(-2*gap/lg)* (2*Ri+1lg-(2*Ro+1g) *exp (-
2*ch/1g)))/ (2*Rsis*vol);
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