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ABSTRACT

Recharging the battery system on Navy Autonomous Underwater Vehicles
requires physical electrical contact between the vehicle and a docking station specifically
designed to accommodate only one particular hull size. Inductive power transfer using
mutually coupled coils eliminates physical contact, which can lead to an electrical short
in a seawater environment, and provides the flexibility needed to create a docking station
that can accommodate numerous hull sizes. Unfortunately, the power-transfer efficiency
between these coils in an undersea environment can be very poor due to the conductivity

of seawater.

To improve the power-transfer efficiency, the magnetic flux generated by the
transmitting coil can be better concentrated through the receiving coil by careful
geometric placement of ferrite materials. In this report, various ferrite configurations
were evaluated using Computer Simulation Technology, and several high performance
models were selected for construction and laboratory testing. The measured data
collected in the laboratory are in good agreement with the simulation results, which
indicate that the laboratory model and circuit closely adhered to the physical and
electrical parameters of the simulation. This also underscores CST’s usefulness for

continued work in the field.
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l. INTRODUCTION

A. AUTONOMOUS UNDERWATER VEHICLES

Autonomous underwater vehicles (AUVs) are generally lightweight, unmanned
robotic machines capable of performing a wide variety of tasks including scientific
research, environmental monitoring, underwater mapping, and military-related
assignments. Complimented by highly sophisticated software systems, AUVs benefit
from the ability to complete relatively complex assignments without operator input.
Additionally, AUVs utilize internal power supplies, usually rechargeable batteries, which
allow for untethered operations far from their point of insertion. It is the way the batteries
are charged, however, which limits the full potential of these vehicles. The majority of
AUVs with rechargeable batteries must return to their respective power sources, whether
this is a surface vessel or a charging dock, and then an operator must connect a power
cable. For AUVs conducting environmental monitoring operations, for example,
continuous return trips to a common power source is costly from a time-management
perspective. AUVs with an accompanying surface vessel acting as a mother ship can
greatly reduce this cost while simultaneously increasing the effective area in which the
AUV operates, but it is costly to keep a vessel at sea. In essence, AUVs are not entirely
autonomous and are in need of an entirely new charging system to complement their

high-end capabilities.

B. WIRELESS POWER: THE WAY FORWARD

Wireless power transfer (WPT) offers a solution to the problems associated
with tethered charging. With a set of mutually coupled coils separated by a seawater
gap, AUVs could recharge their batteries by means of inductive power transfer (IPT).
IPT allows for the wireless transfer of energy between two separate coils of wire by
means of a linked magnetic flux. With the state-of-the-art navigation systems already in
use on some AUVs, recharging onboard batteries would be as simple as navigating to the

closest underwater charging station, conducting a charge, and returning to normal



operations. Since an operator is not required, charging stations could be placed almost

anywhere.

In 2013, a study was conducted at the Naval Postgraduate School in which pairs
of mutually coupled coils were extensively tested in order to provide the framework for a
suitable replacement for the charging system currently employed on the Navy’s Remote
Environmental Measuring Units (REMUS) AUV (see Figure 1) [1]. IPT using mutually
coupled coils was proposed as an alternative to the charging system in use. The research
was motivated by the shortfalls in the REMUS charging station; specifically, the charging
station was designed to accommodate only one particular hull size and, additionally,
exposure to seawater poses the risk of electrically shorting the AUV should the electrical
contacts corrode. By wirelessly transferring power through a seawater gap, a charging
system can be developed to accommodate AUVs of varying sizes and prevent physical

contact, thereby eliminating the possibility of shorting the AUV.

Figure 1.  REMUS approaching an underwater docking station designed specifically
for its hull size, from [2].

The basic WPT concept is illustrated in Figure 2. It consists of a base station
which provides power to the transmitting coil. On the client side, received power is

conditioned and then delivered to the battery charger or power plant.
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Figure 2.  Basic WPT concept diagram.

While inductive power transfer is a proven technology in some commercial
applications, such as charging electronic toothbrushes and cellphones, there are several
problems inherent to utilizing this method with an AUV in a seawater environment. In
particular, earlier research indicated that increasing the operating frequency above 100
kHz causes an undesirable increase in resistance due to the conductivity of seawater [1],
[3]. While operating frequency was shown to be limited for operations in a seawater
environment, placing a few small sheets of ferrite behind the coils shows some
improvement in overall power-transfer efficiency [1]. The ferrite used in laboratory tests
for this analysis and the prior study is an iron-based material used to concentrate the
magnetic flux generated by the transmitting coil toward the receiving coil. Based on these
promising results [1], the task of identifying the optimum geometric configuration of
ferrite materials placed in the vicinity of mutually coupled coils is addressed in this work.
It is shown in Chapter III that the power-transfer efficiency of mutually coupled coils can
be greatly improved by the careful geometric placement of ferrite materials in close

proximity to the coils.



C. OTHER WORK

In the preceding section, some of the challenges of using ITP in a seawater
environment were introduced. This has not deterred meaningful research and
experimentation on the subject. In 2007, a study was conducted for a new underwater
mooring profiler that was able to collect data from a seafloor observatory and transfer the
information to a subsurface platform using ITP [4]. While the data transfer was
occurring, the profiler was able to recharge its batteries via the same method. The profiler
benefited from a guidance cable that allowed for the insertion of a magnetically
permeable core between two separate coils (see Figure 3). The core provided a guide for
the magnetic flux and improved overall power transfer efficiency. For REMUS, having
an insertion core would greatly increase the complexity of the charging station, and it

would be difficult to align the two-coil system without the introduction of a guidance

cable.

-
= Battery Packin 10 | -
HFAC-16Vde inch Glass Sphere |

Converter/Smart —_

Battery Charger ‘ —
Converter
P Mechanical
Inductive Coupler 3 NG ATHEr Mooring Cable
Figure 3.  The mooring profiler ITP system. The insertion core can be seen in the

lower left-hand corner, and the guidance cable is visible in yellow, from [4].

In May of 2005, a study at the Massachusetts Institute of Technology was
conducted in which a new charging system for the Odyssey AUV was proposed [5].
Odyssey is a deep-diving AUV used for scientific research (see Figure 4). The design

allowed for the insertion of a primary core between two secondary cores. Additionally,

4



the design benefitted by a gap of only 0.5 millimeters, which helped to increase its
overall performance. As is discussed in Chapter III, the smallest gap used in this research

was 16 millimeters.

Figure 4.  The Odyssey AUV conducting research operations, from [6].

D. OBJECTIVE

The objective of this research was to determine the optimum mutually coupled
coil model which could serve as the primary component of a replacement charging
system for the Navy’s AUVs. Using a computational electromagnetic model of a two-coil
system generated with the commercial software package Microwave Studio, a product by
Computer Simulation Technology AG (CST), we were able to demonstrate how changing
various parameters of an IPT model affects its efficiency. An example of the CST model
is shown in Figure 5. The parameters included the magnetic permeability of ferrite, the
width of the gap between the transmitting and receiving coils, the dimensions of the
ferrite sheets used, the compensating capacitance for the overall circuit, and lateral
misalignment of the coils. In the next chapter, it is shown that adding a specific
capacitance to the charging circuit allows system to achieve optimum efficiency. The
goal was to determine which parameter set produced the highest efficiency while still
considering the overall size, weight, and cost of the design. Several of the best

performing models were selected and constructed for use in laboratory tests.
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Figure 5. Example of a mutually coupled core model generated using Computer
Simulation Technology (CST).

E. THESIS ORGANIZATION

This thesis is organized into five chapters. In Chapter I, prior research was
mentioned along with its accompanying issues and potential solutions. Ferrite material is
introduced as the primary focus for improving the efficiency of a replacement charging
system for AUVs. In Chapter II, the physics of IPT are briefly discussed in order to
provide a basic understanding of mutually coupled coils. Capacitance and its relationship
to an efficient power system are then dissected and, finally, ferrite and its highly desirable
properties are discussed in detail. In Chapter III, we take an extensive look at the CST
models and discuss the method that was employed during testing and analysis.
Simulation results are also discussed, and a few of the configurations are selected for use
in the laboratory testing. The results of Chapter III are built on in Chapter IV. Three
specific models were selected and built in order to provide measured data that could be
compared to the simulated data recorded from CST. Finally, the research in its entirety is
summarized and new areas of research are selected in Chapter V, and areas are proposed

for further review and analysis.



Il. THEORY

A. INDUCTIVE POWER TRANSFER

Before the discussion of a two-coil charging system can begin, it is important to
have a basic understanding of IPT. Faraday’s Law states that a time-varying magnetic
field can induce a voltage in a circuit [7]. It was not, however, widely accepted until
James Maxwell was able to demonstrate mathematically that the rate of change of the
magnetic field within a circuit was equal to the induced electromotive force (EMF).
Heinrich Lenz further contributed to the idea by proving that an induced current always
moves in a direction opposite to that of the force which created it [8]. As it came to be
known, the Maxwell-Faraday equation is expressed as [9]

oD

V=-N—". (1)

In Equation (1), V is the electromotive force, N is the number of turns in a coil of wire,

and @ is the magnetic flux.

B. MUTUALLY COUPLED COILS

Mutually coupled coils imply that there is inductance between two loops of wires.
This means that a change in current in the transmitting coil induces a voltage in the
receiving coil. In Figure 6, it can be observed that the magnetic field B, generated by a
current /; produces magnetic flux that links Coil 2, which induces a current /,. In Figure

7, some of the magnetic flux of Coil 2 due to current /; links Coil 1, inducing current /.



Coil 2

=
—_—
(—\\

(1

Coil 1 Ny
——
1
F 3
B,
Figure 6. A magnetic flux in Coil 2 is produced when current is applied to Coil 1,
from [9].
B
F 3
Coil 2 N,
!j J \\_/
Coil | Ny D5
4

Figure 7. The magnetic flux generated in Coil 2 causes current /; to flow,
from [9].

With reference to Figure 6, if the magnetic field B, is proportional to the current
which produced it, then it is intuitive that the magnetic flux generated in Coil 2 by B is
also proportional to /;. Mutual inductance M is the parameter used to describe this
relationship and is important because it represents the degree to which two inductors are
coupled [10]. Because of this, when a current is applied to either of the coils,
independence is absent and there exists a mutual dependence of each coil on the other.

The voltage generated at the output of Coil 2 due to current flow in Coil 1 is given by [9]

8



oD ol
Vzl :Nz dt21 :lej;' (2)

In Equation (2), M>; is the mutual inductance that exists between the coils, N, is the

number of turns of Coil 2, and ® ,; is the magnetic flux from Coil 1 to Coil 2.

C. RESONANT INDUCTIVE COUPLING

Mutual coupling between two inductors is classified as either loose or tight. This
is somewhat arbitrary, with the former encompassing a much greater spectrum of systems
and devices. A tightly coupled system is most easily explained by an ideal transformer.
Like any transformer, this ideal device creates a magnetic flux within its magnetically
permeable core via the primary winding, and an electromotive force is generated in the
secondary winding. Unlike practical transformers, however, the ideal model is able to
contain all of the magnetic flux within its core, there are no energy losses, and the
magnetic permeability of the core is infinite [11]. Magnetic permeability is the measure
of a material’s ability to concentrate a magnetic field. Transformers in general are
considered tightly coupled systems due to the existence of a highly permeable core, while
most other systems, particularly those required for transmitting wireless power through a
gap of any width, are said to be loosely coupled. Intuitively, this implies high energy
losses and a magnetic flux that is partially unutilized. To combat these losses, loosely
coupled inductors are designed to resonate at the same frequency as one another [12]. To
achieve this, each inductor must employ a specific compensating capacitor that is

mathematically related to the inductance of each coil.

For tests conducted for this study, all components for each coil were connected in
a series configuration, better known as series-series compensation (see Figure 8). The
term compensation stems from the use of compensating capacitors C; and C,. The
components included a voltage source Vs, compensating capacitors, the coils themselves,
and a resistive load Ry. The resistors R; and R, are the internal resistances of the coils and
Ly and L, are the inductances. Compensating the circuit in this way was done primarily

for simplicity and to maintain continuity with prior research [1].



Mutual
inductance

Figure 8. A series-series compensated circuit showing the placement of the
components used for assembly and testing, from [1].

The compensating capacitance is determined using the angular frequency wy of
the circuit and the corresponding inductance of the coils. The relationship between
inductance, angular frequency, and capacitance is

1

C= .
Lw;

€)

In this study the operating frequency-of-interest is 100 kHz. Using the inductance values

of the coils determined in [1], we selected the appropriate capacitor for each coil.

D. IMPEDANCE MATCHING

With compensating capacitance determined, the final step required for a series-
series compensated circuit to exhibit optimum performance is to match the impedance of
the circuit. Impedance is a measure of an electrical circuit’s opposition to the transfer of
energy to a load, and impedance matching is required for maximum power transfer from
the source to the load [13]. In the case of the circuit used in this study, maximum power

transfer is achieved when the complex conjugate of the impedance of the power source

Z.  is equated to the impedance of the load Z, . This is expressed as

source

10



Zload = Z :ource' (4)

In Equation (4), Z,,,, is the combined impedance of the circuit components on the load

side, while Z~

e 18 the combined impedance of the source components. With known
values for the capacitors, coil resistances, and the voltage source, the remaining
component of the circuit, R;, must be determined in order to impedance match the circuit.
The value of R;, is determined from the circuit efficiency calculation of the compensated
series-series circuit in Figure 8 [1], [13]. The efficiency 7 is given by
— RL (a)01‘4)2

R(R,+R,) +(w,M)*(R,+R,)

n (5)

To determine the value of the load resistance, the derivative of Equation (5) is

taken with respect to R;. The resulting expression is then set equal to zero, yielding

0=(wM)’[RR, +2RR,R, +(wM)’R, +(wM)*R,T"
—RR; +2RR,R, + RR; +(wM)R, + (@M )’ R, ] *([R, (@M )*] (6)
[2RR, +2R R, +(wM)’]).
Next, Equation (6) is simplified and solved for R;. Since a resistive load is necessary to
match the impedance of the circuit, R; is now referred to as Ry machea [1], [14] and is

expressed as

R
RL,matched = \/Rzz + (a)‘]\l)2 ?2 . (7)

1
With the value of Ry uchea determined, the complete circuit can be constructed. In is
important to note that the value of R, ,ucheq Only applies for a particular distance between
the coils. This is because the degree to which the coils are coupled, the mutual inductance

M, decreases as the coil separation increases. Mutual inductance for circular coils is

calculated from [1], [3]:

M =20, B 0= Lok p)- B (p) ®)
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where A= , 9
a’b’ ©)
2
B=—, 10
s (10)

and p= ’asz' (11)

In Equation (9), a is the radius of the transmitting coil, b is the radius of the receiving

coil, and D is the separation distance between the two coils. The term K(f) in Equation
(8) is a first-order elliptic integral, and E(f)is a second-order elliptic integral [1], [3].

The variable denoted 4, is the magnetic permeability of free space, 4m X 107 H/m.

E. FERRITE MATERIAL

Ferrite is an iron-based material with important applications in electromagnetics.
Transformer cores discussed previously are composed of ferrite because ferrite has a high
magnetic permeability and a low electrical conductivity [11]. A low electrical
conductivity is important because it reduces the probability that eddy currents will form
within the material. According to Lenz’s Law, the formation of eddy currents generate
magnetic fields that oppose the field that created them [8]. Intuitively, this is undesirable

considering the primary goal of IPT is to drive the magnetic flux toward a receiving coil.

Ferrite can be classified as either hard or soft. Hard ferrites are used to make
magnets, while soft ferrites are used in electromagnetic applications involving inductance
[15]. The ferrite used in this study is a soft Nickel-Zinc ferrite. In addition to being
relatively inexpensive, ferrite is available off-the-shelf in a wide variety of dimensions
and properties. For example, a flexible ferrite sheet with varying magnetic permeability

can be obtained.

Magnetic permeability 4 is an important factor for this analysis because it is the
measure of a material’s ability to support a magnetic field [16]. Magnetic permeability of

a material is the product of the relative magnetic permeability z times the permeability
in a vacuum g, . In Chapter III, coils with ferrites of varying permeability are simulated,
and it is shown that overall system efficiency is improved relative to coils in air alone.
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In this chapter, prior research [1], [4], and [5] on the subject of WPT for AUVs
was introduced briefly. The topic of ITP and its relation to mutually coupled coils was
explained. Concepts such as compensating capacitance, mutual inductance, impedance
matching, and magnetic permeability were discussed and related in order to set the stage
for the construction of a series-series compensated circuit for use in testing and analysis.
Finally, the derivation of the resistive load needed to match the impedance of the circuit
was listed and explained. In the next chapter, a portion of the CST simulation results are
presented along with a detailed explanation of the analogy used to arrive at the optimum

ferrite configuration for the mutually coupled coils available for laboratory testing.
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1. CST SIMULATIONS

A. MODEL DESIGN

The purpose for using simulations with a numerical electromagnetics code (NEC)
is to allow for the evaluation of many different models with various geometry and
material configurations and properties. Compensating capacitance was also varied in
order to demonstrate that efficiency suffers if conditions for resonance are not met.
Despite the fact that over thirty different models were tested, less than one quarter of

these were selected to be representative of the entire analysis.

CST Microwave Studio provides a platform for model construction that enables
the user to manipulate numerous properties. The background material can be manipulated

as well. For all simulated tests, the background was designated a vacuum with g = 1.

It is important to note that as materials change, effectively changing the relative
permeability, components remain visible but take on a different color. For example, the
cores in Figure 9 are blue because this color represents a vacuum, while the back plates,
which are composed of ferrite, are green. For the remainder of this chapter, this color
scheme remains in effect. Of note, the color red represents seawater. Additionally, the

circuit component colors have no significance.
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CIRCUIT COMPONENT

COLORS HAVE NO
THIS EMPTY SIGNIFICANCE.
SPACE IS THE
BACKGROUND.
e THIS MODEL. COLOR BLUE
BACK PLATES -
SHOWN IN REPRESENTS VACUUM.
GREEN.

Figure 9. A two-coil model for simulation. The color blue represents vacuum, green
is ferrite, and red is seawater. The circuit component colors have no
significance.

The CST models were designed to simulate the actual coils used for laboratory
testing as closely as possible. For this reason, the CST models had a coil radius of

60 millimeters and 20 coil turns. Parameters of the actual coils are listed in Table 1.

Table 1.  Laboratory coil physical and electrical properties, from [1].

Coil Property Transmitting Coil| Receiving Coil Units
Coil Turns 20 20 turns
Coil Radius 60.325 60.325 millimeters
Coil Internal Resistance 0.23 0.21 ohms
Coil Impedance 83.35 83.33 microhenrys

The goal of using CST was to maximize the power-transfer efficiency over
several parameters while operating in the frequency domain. The matched load depends
on the mutual coupling, which is not known exactly; therefore, CST was used to perform
a parameter sweep over a range of resistive load values from 20 Q to 150 Q. Once the

simulations had concluded, the data was plotted on a polar plot (Figure 10) and the data
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exported into a MATLAB script file that calculated efficiency for each resistive load
value. The MATLAB script file is found in Appendix A.

Figure 10.  Example of a polar plot showing impedance values
for a range of resistive loads.

B. SEPARATION DISTANCE CONSIDERATIONS

For the majority of CST simulations, the coil separation distance was maintained
at 16.0 mm. A separation distance of this magnitude may seem arbitrary; however, this
particular value was chosen with certain factors in mind. In particular, in prior research a
separation of 16.0 mm was used due to coil mounting system constraints [1]. Specifically,
the method used to secure the coils to the mounting stands during laboratory testing
physically prevented moving the coils any closer than this (see Figure 11). Since the
mounting system remained unchanged at the commencement of this study, 16.0 mm was
used as the smallest distance in CST. After all simulations had been completed, the
mounting system was redesigned and the limitation changed to 12.0 mm of separation
due the protective polyethylene coating surrounding the coils (see Figure 12).
Nonetheless, 16.0 mm remains applicable because it is likely that a production design of
an AUV charging system would need to include a sheet of polymer-based material
covering the charging unit to provide protection from sea pressure encountered at deep

depths.
17



Figure 11.  Distance between transmitting and receiving coils, coil mounting system

used in prior research, and the zip ties that limit
minimum separation distance, from [1].
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Figure 12.  New coil mounting system which minimizes coil spacing.
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A separation distance of 32.0 mm was used as the maximum distance for some of
the simulation testing. This was done in consideration of the maneuvering capabilities of
astern-powered AUVs that lack advanced bow thrusters or other multi-directional
propulsion systems that are required to allow an AUV to hover with precision either over
or under a charging system. Because of this, the AUV is required to lock itself into a
charging system at a fixed distance, and 32.0 mm provides sufficient room to accomplish

this.

C. SIMULATION RESULTS

The first model that was simulated consisted of the coils only (without the
inclusion of ferrite) as seen in Figure 13. This was done to establish a baseline and
because the actual coils were first tested in air during the laboratory-test phase of this
study. A coil separation distance of 16.0 mm was selected. The model shown in Figure 13
is considered the reference model, and any parameter variations deviating from this
model are highlighted in yellow in the results tables. The results for the reference model

are provided in Table 2.

Figure 13. A CST model showing two mutually coupled coils in a vacuum.
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Table 2.  CST results for the reference model shown in Figure 13.

Model Type Coils Only Units
Ferrite Relative Magnetic Permeability N/A unitless
Width of Gap between Coils 16 mm
Ferrite Back Plate Thickness N/A mm
Ferrite Back Plate Radius N/A mm
Ferrite Core Wall Thickness N/A mm
Ferrite Core Depth N/A mm
Lateral Misalignment of Coils 0 mm
Compensating Capacitance 0 pF
Peak Efficiency 79.30% unitless
Resistive Load at Peak Efficiency 50 Q

The next model selected for simulation was designed with the inclusion of ferrite
back plates with a relative permeability of 20. This permeability was selected to in order
to maintain continuity with the prior study conducted in the laboratory [1] and to
demonstrate how adding ferrite to the model, even with a relatively low permeability, still
improves efficiency. The model is shown in Figure 14, and the results are shown in Table
3. The efficiencies are plotted against resistive load in Figure 15. For simplicity, all
graphs use the following acronyms: Coils-only models are referred to as CO, coils with
back plates are called CP, coils with solid cores and back plates are called CCP, and those

with hollow cores are designated HCP.

Figure 14.  CST model showing ferrite back plates and a coil separation of 16.0 mm.
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Table 3. CST results for the model shown in Figure 14.

Coils with Back ]
Model Type Units
Plates
Ferrite Relative Magnetic Permeability 20 unitless
Width of Gap between Coils 16 mm
Ferrite Back Plate Thickness 3 mm
Ferrite Back Plate Radius 72 mm
Ferrite Core Wall Thickness N/A mm
Ferrite Core Depth N/A mm
Lateral Misalignment of Coils 0 mm
Compensating Capacitance 0 pF
Peak Efficiency 83.10% unitless
Resistive Load at Peak Efficiency 55 Q
84.0%
82.0%
=
& 80.0%
g
K=
& 78.0%
= =—4—CO
1]
£ 76.0% . —&-CpP
a
74.0%
72.0%
0 20 40 60 80 100 120
Resistive Load (Q)

Figure 15.  Efficiency comparison of CO and CP models.

Since there was a noticeable improvement in efficiency (83.1% vs. 79.3%) when
back plates were added to the reference model, the next model simulation was designed
using both back plates and solid ferrite cores. The idea for adding cores came from the
knowledge that ideal, tightly-coupled transformers use an internal core to help
concentrate the magnetic flux in the receiving coil. Despite a coil separation of 16.0 mm,

adding cores allow the model to more closely simulate a tightly coupled system. The
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model is shown in Figure 16, and the results are displayed in Table 4. In Figure 17, the

comparison of efficiencies for CP and CCP models is shown.

Figure 16.  CST model with solid ferrite cores and ferrite back plates.

Table 4.  CST results for the model shown in Figure 16.

Model Type Coils with Back Units
Plates and Cores

Ferrite Relative Magnetic Permeability 20 unitless
Width of Gap between Coils 16 mm
Ferrite Back Plate Thickness 3 mm
Ferrite Back Plate Radius 72 mm
Ferrite Core Wall Thickness Solid N/A
Ferrite Core Depth 36 mm
Lateral Misalignment of Coils 0 mm
Compensating Capacitance 0 pF
Peak Efficiency 92.50% unitless
Resistive Load at Peak Efficiency 110 Q
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Figure 17.  Efficiency comparison of CP and CCP models.

The addition of the ferrite cores caused a notable increase in peak efficiency
(92.5% vs. 83.1%). The next step in the process of identifying an optimum model was to
increase the relative magnetic permeability of the ferrite cores and back plates. The
relative permeability of the ferrite simulated in CST ranged from 20 to 3000; however,
the ferrite selected for laboratory tests and the remainder of CST simulations had a
permeability of 220. This is because ferrite with permeability in excess of 220 did not
show an increase in efficiency great enough to justify the excess cost. Models using
ferrite with permeability of 220 did perform better than models using ferrites with
permeability of 20 or 60. The results of the model constructed with ferrite back plates and

cores with permeability of 220 are summarized in Table 5.
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Table 5.

CST results for model constructed with ferrite cores and back
plates with relative permeability of 220.

Model Type Coils with Back Units
Plates and Cores

Ferrite Relative Magnetic Permeability 220 unitless
Width of Gap between Coils 16 mm
Ferrite Back Plate Thickness 3 mm
Ferrite Back Plate Radius 72 mm
Ferrite Core Wall Thickness Solid N/A
Ferrite Core Depth 36 mm
Lateral Misalignment of Coils 0 mm
Compensating Capacitance 0 pF
Peak Efficiency 93.20% unitless
Resistive Load at Peak Efficiency 120 Q

With an ideal configuration of ferrite components now determined, the next step
towards finding an ideal circuit was to determine the compensating capacitance that
maximized power-transfer efficiency. A parameter sweep of capacitance was conducted
using CST, and a MATLAB script file was used to identify which capacitance yielded the
highest efficiency. The MATLAB script file is found in Appendix B. The results of the

CCP model (. = 220) with compensating capacitance is summarized in Table 6, and a

graph comparing the model with and without capacitance is shown in Figure 18.

Table 6.  CST results for the CCP model ( , = 220) with a compensating
capacitance of 13.5 pF.

Coils with Back .
Model Type Units

Plates and Cores
Ferrite Relative Magnetic Permeability 220 unitless
Width of Gap between Coils 16 mm
Ferrite Back Plate Thickness 3 mm
Ferrite Back Plate Radius 72 mm
Ferrite Core Wall Thickness Solid N/A
Ferrite Core Depth 36 mm
Lateral Misalignment of Coils 0 mm
Compensating Capacitance 13.5 pF
Peak Efficiency 96.80% unitless
Resistive Load at Peak Efficiency 110 Q
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Figure 18.  Efficiency comparison of the CCP model ( . = 220) with
and without capacitance.

After finding an ideal CST model that produced the highest efficiency, we next
determined if replacing the solid ferrite cores with hollow versions adversely affected
performance. If a model with hollow cores yields similar results, the cost and weight of
the new charging system would be lower. More importantly, the overall weight of the
new unit would not significantly affect the buoyancy characteristics of the AUV,
particularly a small AUV like REMUS. The HCP model is shown in Figure 19. The

results are shown in Table 7, and a graphical comparison of the CCP model ( . = 220)

and the HCP model ( &, = 220) is shown in Figure 20.
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HOLLOW CORES SHOWN
WITH 3 mm WALL
THICKNESS

Figure 19.  CST model showing hollow ferrite cores with wall thickness of 3.0 mm
and ferrite back plates.

Table 7. CST results for model shown in Figure 19.

Coils with Back .
Model Type Units

Plates and Cores
Ferrite Relative Magnetic Permeability 220 unitless
Width of Gap between Coils 16 mm
Ferrite Back Plate Thickness 3 mm
Ferrite Back Plate Radius 72 mm
Ferrite Core Wall Thickness 3 mm
Ferrite Core Wall Height 33 mm
Ferrite Core Depth 36 mm
Lateral Misalignment of Coils 0 mm
Compensating Capacitance 13.5 pF
Peak Efficiency 95.30% unitless
Resistive Load at Peak Efficiency 95 Q
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Figure 20.  Comparison of CCP model ( z = 220) with the HCP model ( z. = 220).

With a power-transfer efficiency close to the CCP model (95.3% vs. 96.6%), the
HCP model proved a viable contender for a possible production model if cost and overall
weight are considered a priority. The final step for CST simulation was to determine the
power-transfer efficiency of a hollow core model with a core wall and back plate
thickness of 0.1 mm. The objective was to accurately simulate a model that could be
constructed in the lab. Ferrite with a thickness of 0.1 mm can be purchased in flexible
sheets that allow the user to attach them to a variety of contoured surfaces. The CST
model with 0.1 mm ferrite components is shown in Figure 21, and the results are shown

in Table 8.
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Figure 21.  CST model showing hollow ferrite cores and back plates with a thickness
of 0.1 mm.

Table 8.  CST results for model shown in Figure 21.

Model Type Coils with Back Units
Plates and Cores
Ferrite Relative Magnetic Permeability 220 unitless
Width of Gap between Coils 16 mm
Ferrite Back Plate Thickness 0.1 mm
Ferrite Back Plate Radius 72 mm
Ferrite Core Wall Thickness 0.1 mm
Ferrite Core Wall Height 33 mm
Ferrite Core Depth 33.1 mm
Lateral Misalignment of Coils 0 mm
Compensating Capacitance 13.5 pF
Peak Efficiency 86.70% unitless
Resistive Load at Peak Efficiency 60 Q

D. LATERAL MISALIGNMENT TESTING

In addition to considering coil separation distance for a production charging
system design, lateral misalignment between the coils was investigated in order to

provide meaningful data for designing an alignment system that would perform to

28



prescribed specifications. In other words, if it can be shown that misalignment of 5.0 mm,
or even 10.0 mm does not cause a significant reduction in power-transfer efficiency, then
an alignment system can more easily be designed with larger tolerances. A CST model
with solid ferrite cores and back plates misaligned 10.0 mm off center is shown in Figure
22, and the results for 5.0 and 10.0 mm misalignments are shown in Table 9 and Table

10, respectively.

10 mm LATERAL
MISALIGNMENT

Figure 22. CCP model misaligned 10.0 mm.

Table 9.  Results for CCP model misaligned 5.0 mm.

Coils with Back .
Model Type Units

Plates and Cores
Ferrite Relative Magnetic Permeability 220 unitless
Width of Gap between Coils 16 mm
Ferrite Back Plate Thickness 3 mm
Ferrite Back Plate Radius 72 mm
Ferrite Core Wall Thickness Solid N/A
Ferrite Core Depth 36 mm
Lateral Misalignment of Coils 5 mm
Compensating Capacitance 13.5 pF
Peak Efficiency 96.70% unitless
Resistive Load at Peak Efficiency 105 Q
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Table 10.  Results for CCP model misaligned 10.0 mm.
Model Type Coils with Back Uniits
Plates and Cores

Ferrite Relative Magnetic Permeability 220 unitless
Width of Gap between Coils 16 mm
Ferrite Back Plate Thickness 3 mm
Ferrite Back Plate Radius 72 mm
Ferrite Core Wall Thickness Solid N/A
Ferrite Core Depth 36 mm
Lateral Misalignment of Coils 10 mm
Compensating Capacitance 13.5 pF
Peak Efficiency 96.50% unitless
Resistive Load at Peak Efficiency 105 Q

According to simulation results, the reduction in overall power-transfer efficiency
at 10.0 mm was negligible (96.5% vs. 96.8%). In terms of percentage, a 10.0 mm lateral
shift over the entire 72.0 mm radius represents a factor of almost 14%. Having a
misalignment of this magnitude yet still achieving acceptable power-transfer efficiency

indicates adequate flexibility for the design of a new charging system for AUVs.

E. SENSITIVITY ANALYSIS

A sensitivity analysis was conducted in order to show that as the width of the gap
increased, the CCP model ( z. = 220) exhibited a much lower percent reduction in power-
transfer efficiency compared to a model without ferrite. The results from the simulation
confirm that a model loaded with ferrite continues to perform with an acceptable power-
transfer efficiency as the coil separation distance increases. The results are shown in

Table 11 and Table 12, respectively.
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Table 11.  Sensitivity analysis showing percent reduction in power-transfer
efficiency from a 16.0 mm coil separation gap to a 32.0 mm gap for

the CO model.
Model Type Coils Only Units
Ferrite Relative Magnetic Permeability N/A unitless
Ferrite Back Plate Thickness N/A mm
Ferrite Back Plate Radius N/A mm
Ferrite Core Type N/A mm
Peak Efficiency @ 16 mm 79.30% unitless
Peak Efficiency @ 32 mm 54.60% unitless
Percent Reduction in Efficiency 31.15% unitless

Table 12.  Sensitivity analysis showing percent reduction in power-transfer
efficiency from a 16.0 mm coil separation gap to a 32.0 mm gap for

the CCP model.
Coils with Back
Model Type Plates and Solid
Cores Units
Ferrite Relative Magnetic Permeability 220 unitless
Ferrite Back Plate Thickness 3 mm
Ferrite Back Plate Radius 72 mm
Ferrite Core Type Solid N/A
Peak Efficiency @ 16 mm 96.80% unitless
Peak Efficiency @ 32 mm 90.22% unitless
Percent Reduction in Efficiency 6.80% unitless

The data clearly shows that the inclusion of ferrite in the models greatly reduces
the sensitivity to changes in coil separation distance. This is perhaps the greatest
advantage of adding ferrite. While an improvement of almost 17% efficiency between a
model without ferrite and a CCP model at 16.0 mm is very promising, having a design
that is not sensitive to a significant lateral misalignment and coil separation distance

bodes well for the CCP model with respect to designing a practical charging system.
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F. SEAWATER SIMULATION

It was desired to simulate the optimum model in a seawater environment for two
important reasons. First, this produces results that closely resemble a mutually coupled
coil system operating in an undersea environment. Second, physical testing of this
configuration with seawater poses significant risks from an electrical safety standpoint if
conducted in a laboratory setting. Seawater was simulated by placing a thin cylinder in
the gap between the coils with a radius of 150.0 mm. The conductivity of the cylinder
was set at 5.0 S/m to simulate this value. The relative permittivity €, was set to 80. In
Figure 23, the seawater cylinder between the gap of the optimum model is shown. This is
only an approximation to the actual scenario because of the limited volume of the
seawater disk. Fewer magnetic field lines pass through the water disk than in the actual
environment. A comparison of the efficiency reduction for the optimum model and the
coils-only model is given in Table 13. Similar to the results seen when these two models
are compared with respect to lateral separation, the optimum model displays a much
lower reduction in efficiency. Plots of efficiency for the two models in seawater are

shown in Figure 24.

CYLINDER OF SEAWATER
BETWEEN COILS SHOWN

Figure 23.  The CCP model is shown with a thin cylinder of seawater filling the 16.0
mm gap between the coils.
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Table 13.  Comparison of the efficiency reduction for a 16.0 mm coil
separation distance when the CO model and the CCP model are
moved from a vacuum to seawater.

Percent Reduction in
Vacuum |Seawater .
Efficiency
Coils with Back
ot's With Bac 96.8% | 84.2% 13.0%
Plates and Cores
Coils Only 79.3% 43.3% 45.4%

90.0%

80.0% M
z 70.0%
f =}
2
L2 60.0% . .
E —4— Coils with Back Plates
£ 50.0% and Cores
O
(=]
i ——Coils Onl
& 20.0% f.‘....-.‘." '

30.0% ‘

20.0%

0 50 100 150 200
Resistive Load (Q)

Figure 24.  Efficiency comparison of optimum model and coils only model
at 16.0 mm in seawater.
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IV. LABORATORY TESTING

A SYSTEM SETUP

Having identified the optimum model that produced the highest power transfer
efficiency through simulation, the next step in development was to verify the design with
laboratory tests. The model selected for construction was a hybrid version of the optimum
model, having a ferrite component thickness of only 0.1 mm to facilitate ease of
construction. The circuit was constructed based on the series-series compensated circuit
shown previously in Figure 8. A block diagram of the test setup is shown in Figure 25,

and a photograph of the laboratory setup is shown in Figure 26.

TRANSMITTING pre—
SIDE e— e
AC POWER SUPPLY 05l IGSCOPE MONITOR
N N
TRANSMITTING
AMPLIFIER -. coiL ‘ TRAN(s:(n:Ir:-nNG
COMPENSATION
RECEIVING
LOAD - COIL - REcclilj\lr: NG
COMPENSATION
v
RECEIVING
SIDE
0SCILLOSCOPE
>

Figure 25.  Block diagram showing components of laboratory test circuit.

For the transmitting side of the circuit, the power source was an Agilent 33220A
function generator connected in series with an E&I 240L RF Power Amplifier. The
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voltage on the transmitting side (Figure 26, point A) and current for both the transmitting
side (Figure 26, point A) and the receiving side (Figure 26, point B) were monitored with
a Tektronix TDS 3032B oscilloscope. On the receiving side of the circuit, voltage was
monitored using a Tektronix TDS 2022B oscilloscope. The complete system setup is

shown in Figure 26.

RECEIgE SIDE
OSCILFOSCOPE

TRANSMIT SIDE OSCILLOSCOPE

AMPLIFIER

cikeuiT comPensation | IS

Figure 26.  Laboratory setup displaying circuit components, power supply, and
monitoring equipment.

POWER SUPPE¥

Capacitance substituter boxes were initially considered for use as the
compensating capacitors necessary for optimum circuit performance; however, these
were ruled out due to inadequate operating limits, and instead fixed units were added
with a capacitance of 15.0 pF (see Figure 27). Although CST simulation found 13.5 pF to

be the optimum capacitance, further investigation with CST showed the difference in
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efficiency to be negligible. A resistance substituter box with sufficient operating limits

was used to select the appropriate resistive load for peak circuit performance.

Figure 27.  One of two 15.0 pF capacitors used to achieve
optimum circuit performance.

The coils were placed on vertical wooden stands and attached using durable
double-stick tape that facilitated easy removal of the coils for various tests (see Figure
28). The relatively large mounting surfaces of the stands compared to the size of the coils
provided a favorable surface for ferrite placement. The height of the stand bases coupled
with the large mounting surfaces provided the necessary elevation of the coils, which
ensured any metallic constituents in the laboratory work bench did not electrically
interfere with electromagnetic performance of the circuit. A photograph of one of the test

coils mounted on its vertical wooden stand (without ferrite) is shown in Figure 29.
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VERTICAL MOUNTING STAND

TRANSMITTING
COIL

WOODEN BASE

Figure 28.  Transmitting coil mounted on vertical wooden stand and base.

TEST COIL VERTICAL STAND

i < e e e vy

Figure 29.  Test coil mounted on vertical wooden stand (without ferrite).
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B. MEASURING POWER TRANSFER EFFICIENCY

Current was measured at the input to the transmitting coil and at the resistance
substituter box of the receiving side of the circuit using a Tektronix TCPA 300 Amplifier
and a TCP 305A current probe. Voltage was measured across both the transmitting and
receiving coils. Using current, voltage, and the phase difference between the current and
voltage waveforms, we computed the transmitted power as

P=V I  cos6. (12)

rms= rms

In Equation (9), Vs is the input rms voltage, 7., is the input rms current, 4 is the phase
difference between the current and voltage waveforms, and P; is the transmitted power.
The power delivered to the resistance substituter box is

P =1V,. (13)
In Equation (10), ¥, is the load voltage, I; is the load current, and P, is the power

delivered to the load.

The data collected in the laboratory was the result of three distinct rounds of
testing. In the first round, the coils were tested without ferrite. In the second round, ferrite
sheets with a relative permeability of 220 were added behind the coils in order to mimic
CST simulations conducted with ferrite back plates. This is shown in Figure 30. Finally,
thin plastic cylinders covered with adhesive ferrite were placed inside the coils, while the

ferrite behind the coils remained in place as shown in Figure 31.

For each round of testing, the coils were gradually moved apart in 4.0 mm
increments beginning at 16.0 mm and ending at 32.0 mm. While 16.0 mm data was the
primary focus in CST simulations, the laboratory tests were done at additional distances
in order to establish the efficiency trend versus separation. The data is shown in Tables
14, 15, and 16, respectively. A graph comparing the efficiency versus coil separation

distance for the three laboratory models is shown in Figure 32,
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FERRITE BACK PLATE

Figure 30.  Test coil shown with ferrite back plate.

FERRITE BACK PLATE FERRITE-COVERED PLASTIC
CYLINDER

INNER WALL OF FERRITE-COVERED 7
2 PLASTIC CYLINDER. A YELLOW
OUTLINE HAS BEEN ADDED TO THIS

Figure 31.  Test coil shown with ferrite back plate and ferrite-covered plastic cylinder.

40



Table 14.  Efficiency results for round 1 (coils only).

Load Load Phase Coil .
| rms . Efficiency
Vrms (V) (mW) Voltage | Current | Angle |Separation (%)
(V) (mW) | (deg) (mm)
12.50 46.60 8.85 4.54 85 16 79.1%
12.50 46.60 7.82 3.98 85 20 61.3%
12.50 46.60 6.73 3.42 85 24 45.3%
12.50 46.60 5.85 2.97 85 28 34.2%
12.50 46.60 5.22 2.62 85 32 26.9%

Table 15.  Efficiency results for round 2 (with ferrite back plates).

Coil
Load Load Phase . .
V rms I rms Separation | Efficiency
Voltage | Current | Angle

(mm)
12.50 34.21 11.60 5.99 79.5 16 89.2%
12.50 34.21 10.51 5.42 79.5 20 73.1%
12.50 34.21 9.45 4.89 79.5 24 59.3%
12.50 34.21 8.55 4.34 79.5 28 47.6%
12.50 34.21 7.45 3.85 79.5 32 36.8%

Table 16.  Efficiency results for round 3
(with ferrite back plates and hollow cores).

Cail
Load Load Phase . .
V rms I rms Separation| Efficiency
Voltage | Current | Angle

(mm)
12.50 28.50 13.20 6.62 75.2 16 96.0%
12.50 28.50 12.11 6.31 75.2 20 84.0%
12.50 28.50 10.85 5.89 75.2 24 70.2%
12.50 28.50 9.75 5.12 75.2 28 54.9%
12.50 28.50 8.69 4.51 75.2 32 43.1%
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Figure 32.  Efficiency of laboratory models for various coil separations.

The data clearly show that the addition of ferrite to the models results in an
increase in power transfer efficiency. As such, it was expected that the laboratory version
of the CST optimum model would exhibit only a minor reduction in efficiency as the
lateral separation of the coils was increased in increments of 5.0 mm to a maximum

separation of 10.0 mm. The results in Table 17 and Table 18 confirm this expectation.

Table 17.  Lateral separation efficiency for coils with ferrite back plates and
cores at 16.0 mm.

Lateral Coil
Load Load Phase i . -
V rms I rms Separation|Separation| Efficiency
Voltage | Current | Angle
(mm) (mm)
12.50 28.50 12.91 6.58 75.20 5 16 93.3%
12.50 28.50 12.54 6.47 75.20 10 16 89.2%

Table 18.  Lateral separation efficiency for coils with ferrite back plates and
cores at 32.0 mm.

Lateral Coil
Load Load Phase R . .
V rms I rms Separation |Separation| Efficiency
Voltage | Current Angle
(mm) (mm)
12.50 28.50 8.32 4.29 75.2 5 32 39.2%
12.50 28.50 8.11 4.08 75.2 10 32 36.4%
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C. COMPARISON OF SIMULATED AND MEASURED RESULTS

It is expected that computer simulation results are better than those attained in the
laboratory. In a laboratory setting, realistic conditions coupled with various forms of error
tend to reduce performance; however, this assumption is based on the expectation that the
model or device itself closely represents the simulated version and vice versa. In the case
of CST results versus laboratory model performance, the data are nearly the same for the
coils without ferrite (79.1% vs. 79.3%). When ferrite is added, however, laboratory
results are as much as 10% better than simulation results at 16.0 mm. The likely driver
behind the efficiency difference lies in the configuration geometry of the ferrite back
plate. Because the ferrite sheets are small squares, the square area of the laboratory back
plate was almost 32% larger than the simulated circular back plate. When the area of the
ferrite back plate was reduced to more closely match the CST model, the resulting
efficiency was only 1.6% less than the efficiency determined by CST. The test coil with

the reduced back plate is shown in Figure 33.

Figure 33.  Reshaped ferrite back plate and test coil.

The trend seen with lateral separation efficiency reduction seems to contradict the

previous data comparison but is actually easily explained by again referring to back plate
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geometry. Recalling CST data from Chapter III, we found the reduction in efficiency for
the optimum model at 10.0 mm was negligible (96.5% vs. 98.5%); however, at this same
lateral separation in the laboratory, the efficiency reduction is much more pronounced
(89.2% vs. 96%). This is because the same 10.0 mm shift results in a higher percentage of

misaligned ferrite for a square back plate than it does for a circular one.

In Chapter I, it was mentioned that a study took place in 2013 [1] that provided
the framework for this research. The same test setup and coils used then were initially
used for this testing; however, the reported efficiencies in [1] were higher by 9%. Before
the recent measurements were taken, however, an aging Krohn-Hite 5S0W Amplifier was
replaced with the E&I 240L RF Power Amplifier. It was found that the old Krohn-Hite
amplifier had some loose terminals, and the transmit circuit was not well matched to the
amplifier. This caused a relatively large reflection that corrupted the voltage and current
measurement at Point A in Figure 26. This is likely the source of the discrepancy between

the two sets of data.
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V. SUMMARY, CONCLUSIONS, AND FUTURE WORK

A. SUMMARY

In Chapter I, AUVs were introduced and their power systems were identified as a
limiting characteristic of true autonomous operation. WPT, specifically IPT, was
proposed as an alternative means of recharging onboard batteries, and REMUS was
identified as the target AUV for this particular study. Seawater was mentioned as a severe
hindrance to implementing this method, and ferrite was proposed as means boost the
efficiency of an IPT system operating in this environment. A background for IPT,
including the discussion of prior work [1], [4], and [5] in the field, was provided in
Chapter II. In Chapter III, CST was used to identify the optimum ferrite configuration to
maximize power-transfer efficiency. This model was then extensively simulated to show
its viability as the optimum model. In Chapter IV, the IPT power circuit was constructed
based on the theory discussed in Chapter I, and the model was built based on the results
presented in Chapter III. This model then underwent extensive testing, and the measured

results were compared to CST simulated results.

When comparing CST simulation and laboratory results, it is clear that they are
very similar in terms of power-transfer efficiency. Even when laboratory testing the more
complex model with ferrite back plates and cores, the results were close after the
dimensions of the back plate more closely matched the model in CST. Because the
seawater simulation only loosely approximated an actual undersea environment, further
tests are required before an effort to replace present charging systems for AUVs (like

REMUS) can go forward.

B. CONCLUSIONS

The objective of this research was to determine the optimum mutually coupled
coil model to serve as the primary component of a replacement charger for the Navy’s
AUVs. Using CST simulations followed by laboratory testing, we showed that a specific
geometric combination of ferrite in the vicinity of mutually coupled coils significantly
improves power-transfer efficiency. Of equal importance is the data-supported indication
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that the addition of ferrite makes the power system much less sensitive to changes in coil
lateral misalignment and separation distance when compared to a model without ferrite.

This allows more flexibility in implementation and operation of a WPT system.

While the objective of this research was met, this does not necessarily mean that
an IPT charging system should replace all or even some of the systems currently in use.
The decision to do so rests on the answer to the following question: Will the benefits of a
complete system replacement outweigh the costs involved? For example, this decision
should be made in favor of replacement if electrical shorts over an extended period of
time created costs in excess of those associated with an overhaul. Likewise, replacement
might be necessary or desired if a current system precluded the AUV from conducting

operations that required more autonomy.

In any case, the technology, particularly in a seawater environment, requires more
innovation before it can be considered a truly viable alternative. In the case of REMUS,
for example, the test coils used in laboratory analyses were designed to fit inside the hull
as shown in Figure 34. This is somewhat limiting because, as the size of the coil
increases, it must be recessed further into the hull to prevent it from creating new
hydrodynamic characteristics that require additional modifications to the AUV. As the
coil is recessed, however, the internal electronics need to be altered or moved, again
creating the need for additional modifications. From an electrical standpoint, there is an
additional concern that the magnetic fields generated by the coils might potentially have

an adverse effect on sensitive onboard electronics.
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ALUMINUM HULL SECTION

RECEIVING
COoIlL

FERRITE BACK PLATE

Figure 34.  Test coil shown inside cross-section of aluminum
representing REMUS hull, from [1].

C. FUTURE WORK

A possible solution to the problem of fitting the receiving coil inside the hull is to
coil the wire around the circular hull itself. Since the length of most AUVs is larger than
their diameter, the space available for adding additional turns is only limited by the
length of the hull. Recalling the REMUS docking station displayed in Figure 1, we see
that the transmitting coil could exhibit a similar design by having wire coiled around its
circular geometry. Ferrite would still play a vital role in this design proposal. A large
transmitting coil encapsulated in ferrite would be part of a charging station, and a smaller
coil with ferrite backing would be wrapped around the AUV hull. Like REMUS and its
docking station, the AUV with onboard receiving coil would drive into a larger
transmitting coil that is part of the docking/charging station. The concept is illustrated in

Figure 35.
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AUV HULL RECEIVING TRANSMITTING COIL
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CHARGING STATION

OCEAN FLOOR

Figure 35.  System mockup of AUV in docking/charging station.

Unmanned Aerial Vehicles (UAVs) could also benefit from battery charging by
WPT. Specifically, UAVs can be remotely driven into a ground-based charging station,
while small AUVs like REMUS need a more restraining system due to ocean currents.
The fact that UAVs operate in air allows larger separation between the base station
(transmit coil) and the client (receive coil) due to the ability to transmit power at higher
frequencies in excess of the 100 kHz used in this research. Additionally, UAVs are
utilized by the military and the civilian sector to a much greater extent than AUVs. This
provides greater justification for incurring the cost of system replacement. A truly
autonomous UAV charging system ensures maximum air-time for the completion of

numerous missions.
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APPENDIX A. MATLAB SCRIPT FILE: RESISTIVE LOADS

This appendix contains the MATLAB script file that inputs exported raw CST

data and returns power-transfer efficiency for a parameter sweep of resistive loads.

% effFiciency calculation from exported CST sweep data
% raw data file with comments is read

clear
clc

rad=pi/180;
patl="="; pat2="/";

% read load voltage ---————--—-——---—--"--"-"-"-"-"""""""""“""""“""~— - ———

Fid=Fopen("LV.txt");

% extract the parameter value from header (the number between = and /)
i=0;

linedat=0;

while feof(fid)==0

linedat=Ffgetl (fid);
Pl=strfind(linedat,patl);
P2=strfind(linedat,pat2);
p1=P1(1);
pP2=P2(1);
S=linedat(pl+l);
% convert the string characters to a number
if p2-p1>1

for n=pl+2:p2-1

S=strcat(S, linedat(n));

end
end
i=i+l;
Rload(i)=str2double(S);
linedat=fgetl (fid);
% numerical entries
linedat=Ffgetl (fid);
D=sscanf(linedat, "%f");
% D(1) is freq, D(2) is magnitude, D(3) is phase
Tkhz1=D(1);
VI(1)=D(2)*exp(J*D(3)*rad);
linedat=fgetl (fid); % blank line after each load

end

fclose(fid);
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% read load current ---——--—-——---—------"--"-"-"-——— -

Fid=Fopen("LC.txt");

% extract the parameter value from header (the number between

i=0;
line

whil

end

dat=0;

e feof(fid)==0
linedat=Ffgetl (fid);
Pl=strfind(linedat,patl);
P2=strfind(linedat,pat2);
p1=P1(1);
pP2=P2(1);
S=linedat(pl+l);
% convert the string characters to a number
if p2-pl>1

for n=pl+2:p2-1

S=strcat(S, linedat(n));

end
end
i=i+l;
Rload(i)=str2double(S);
linedat=fgetl (fid);
% numerical entries
linedat=Ffgetl (fid);
D=sscanf(linedat, "%f");
% D(1) is freq, D(2) is magnitude, D(3) is phase
Tkhz1=D(1);
1HH)=D@)*exp(J*D(3)*rad);

linedat=Fgetl (fid); % blank line after each load

fclose(fid);

% read load voltage

Ffid=Fopen("PV.txt");

% extract the parameter value from header (the number between

i=0;

linedat=0;

while feof(Fid)==0

linedat=Ffgetl (fid);
Pl=strfind(linedat,patl);
P2=strfind(linedat,pat2);
p1=P1(1);
pP2=P2(1);
S=linedat(pl+l);
% convert the string characters to a number
if p2-pl>1

for n=pl+2:p2-1

S=strcat(S, linedat(n));
end
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end

i=i+l;

Rload(i)=str2double(S);

linedat=fgetl (fid);

% numerical entries

linedat=Fgetl (fid);

D=sscanf(linedat, "%f");

% D(1) is freq, D(2) is magnitude, D(3) is phase

Tkhz1=D(1);

Vi(1)=D(@)*exp(J*D(3)*rad);

linedat=Ffgetl (fid); % blank line after each load
end
fclose(Tid);

% read load voltage ---————-——--—-—--"--"-"-"-""""""""""“""""“""~~——————

Fid=Fopen("PC.txt");

% extract the parameter value from header (the number between = and /)
i=0;

linedat=0;

while feof(fid)==0

linedat=Ffgetl (fid);

Pl=strfind(linedat,patl);

P2=strfind(linedat,pat2);

p1=P1(1);

pP2=P2(1);

S=linedat(pl+l);

% convert the string characters to a number

it p2-p1>1

for n=pl+2:p2-1
S=strcat(S, linedat(n));
end

end

i=i+l;

Rload(i)=str2double(S);

linedat=fgetl (fid);

% numerical entries

linedat=Fgetl (fid);

D=sscanf(linedat, "%f");

% D(1) is freq, D(2) is magnitude, D(3) is phase

Tkhz1=D(1);

1i(i1)=D(2)*exp(@*D(3)*rad);

linedat=Ffgetl (fid); % blank line after each load
end
fclose(fid);
disp(["number of blocks read: *,num2str(i)])
disp(["load values in order read: ",num2str(Rload)])
% compute efficiency
PF=angle(Vi./11);
Pin=abs(Vi).*abs(li).*cos(PF);
PI=abs(Vl).~2_./Rload;
Effic=P1./Pin;
disp(["efficiencies: ",num2str(EFffic)])
Effic”
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APPENDIX B. MATLAB SCRIPT FILE: CAPACITANCE

This appendix contains the MATLAB script file that inputs exported raw CST

data and returns power-transfer efficiency for a parameter sweep of capacitance.

% efficiency calculation from exported CST sweep data
% raw data file with comments is read

clear
clc

rad=pi/180;
patl="="; pat2="/";

% read load voltage ----———————-——————————————

fid=fopen("LV.txt");

% extract the parameter value from header (the number between = and /)
i=0;

linedat=0;

while feof(fid)==

linedat=fgetl (fid);
Pl=strfind(linedat,patl);
P2=strfind(linedat,pat2?);
p1=P1(1);
p2=P2(1);
S=linedat(pl+l);
% convert the string characters to a number
if p2-p1>1

for n=pl+2:p2-1

S=strcat(S, linedat(n));

end
end
i=i+l;
Rload(i)=str2double(S);
linedat=Fgetl (fid);
% numerical entries
linedat=fgetl (fid);
D=sscanf(linedat, "%f");
% D(1) is freq, D(2) is magnitude, D(3) is phase
fkhz1=D(1);
VI(1)=D(@)*exp(*D(3)*rad);
linedat=fgetl (fid); % blank line after each load

end

fclose(fid);
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% read load current - --—————————————— -

fid=fopen("LC.txt");

% extract the parameter value from header (the number between = and /)
i=0;

linedat=0;

while feof(fid)==

linedat=fgetl (fid);
Pl=strfind(linedat,patl);
P2=strfind(linedat,pat2);
p1=P1(1);
p2=P2(1);
S=linedat(pl+l);
% convert the string characters to a number
if p2-pl>1

for n=pl+2:p2-1

S=strcat(S, linedat(n));

end
end
i=i+l;
Rload(i)=str2double(S);
linedat=Fgetl (fid);
% numerical entries
linedat=Ffgetl (fid);
D=sscanf(linedat, "%f");
% D(1) is freq, D(2) is magnitude, D(3) is phase
fkhz1=D(1);
1HH()=D@)*exp(*D(3)*rad);
linedat=fgetl (fid); % blank line after each load

end

fclose(fid);
% read load voltage - --——————---—--——————————

Ffid=Fopen("PV.txt");

% extract the parameter value from header (the number between = and /)
i=0;

linedat=0;

while feof(fid)==

linedat=Ffgetl (fid);
Pl=strfind(linedat,patl);
P2=strfind(linedat,pat?);
pP1=P1(1);
pP2=P2(1);
S=linedat(pl+l);
% convert the string characters to a number
if p2-pl>1

for n=pl+2:p2-1

S=strcat(S, linedat(n));

end

end
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i=i+l;

Rload(i)=str2double(S);

linedat=fgetl (fid);

% numerical entries

linedat=Ffgetl (fid);

D=sscanf(linedat, "%f");

% D(1) is freq, D(2) is magnitude, D(3) is phase

Tkhz1=D(1);

Vi(1)=D(@)*exp(*D(3)*rad);

linedat=fgetl (fid); % blank line after each load
end

fclose(fid);
% read load voltage -—-—-———-———-———— -

Ffid=Fopen("PC.txt");

% extract the parameter value from header (the number between = and /)
i=0;

linedat=0;

while feof(fid)==
linedat=Fgetl (fid);
Pl=strfind(linedat,patl);
P2=strfind(linedat,pat?);
pP1=P1(1);
p2=P2(1);
S=linedat(pl+1l);
% convert the string characters to a number
if p2-p1>1
for n=pl+2:p2-1
S=strcat(S, linedat(n));
end
end
i=i+l;
Rload(i)=str2double(S);
linedat=Fgetl (fid);
% numerical entries
linedat=fgetl (fid);
D=sscanf(linedat, "%f");
% D(1) is freq, D(2) is magnitude, D(3) is phase
fkhz1=D(1);
Li(D)=D@)*exp(*D(3)*rad);
linedat=fgetl (fid); % blank line after each load
end
fclose(fid);
disp(["number of blocks read: ",num2str(i)])
disp(["load values in order read: ",num2str(Rload)])
% compute efficiency
PF=angle(Vi./11);
Pin=abs(Vi).*abs(li) .*cos(PF);
Pl=abs(Vl) ."2./95;
Effic=Pl./Pin;
disp([“efficiencies: ",num2str(Effic)])
Effic”
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