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Figure 3.12: Left, picture from wirelessly powered light bulb experiment. Center,
schematic for powering the light bulb directly off of the Rx resonant coil. Right,
schematic for light bulb being powered from the Load Coil.

an oscilloscope as in previous experiments, but now there is a load current flowing
through a device which can additionally be measured to quantify transferred power.
With a much greater amount of power being driven and used by the system, the Drive
Coil is no longer supplied by a function generator but is powered by the Drive Board
described earlier. The efficiency calculations in the following experiments are derived
from the DC voltage and current going into the board, and not just what actually
comes through the Drive Coil. Although this will cause a lower efficiency overall,
practically it evaluates the system as a whole.

One of the main advantages of powering a light bulb is that it can run on both
DC and AC power. A light bulb can therefore be powered by either the Load Coil
(as originally intended) or from the resonant Rx Coil directly. This provides for
an insightful experiment which shows the effects of drawing power directly from the
Rx Coil (Fig. 3.12, center, Fig. 3.13), as opposed to inductively through the Load
Coil (Fig. 3.12, right, Fig. 3.14).
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Figure 3.13: Power transfer to the 4 W light bulb connected directly to the resonant
coil Rx.

Power transfer to Light Bulb on Load Coil
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Figure 3.14: Power transfer to the 4 W light bulb connected to the Load Coil coupled
with the Rx Coil.

During initial experiments, videos and data were taken for wirelessly powering
DC motors which are used in many robotic systems. However, initial results with DC
power transfer were not as good due to the inefficiency of the original off the shelf

DC rectifier. Once a home made rectifier was implemented, much better results were
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Figure 3.15: Direct comparison of efficiency for power transfer to 4 W bulb.
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Figure 3.16: Direct comparison of overall power transfer to 4 W bulb.
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obtained for powering DC motors wirelessly. Furthermore, even better results for DC

power transfer are realized once a board designed to handle DC specific operation is

implemented. These results are presented in Chapter 4.

The most significant difference found between the two light bulb experiments is
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from an efficiency standpoint (Fig. 3.15). When both systems are transferring around
2 W, the Rx Coil light bulb power transfer runs at an efficiency of 37% while the Load
Coil transfer runs at 61% efficiency. This is quite significant and reinforces the benefit
of using resonant coils for support of load coils in power transfer, rather than letting
resonate coils act as the source of power to the load themselves. There is a significant
conceptual difference between these two methods as well. After all, if power is taken
directly from the mass in the pendulum example, it will surely slow down, disrupt
resonance, and need more work put in to drive it.

There is one benefit found for using the second resonant coil as the direct power
source for the bulb; it provides the greatest amount of power transfer (Fig. 3.16).
At 2.44 W, the Rx Coil directly powers the light bulb with 6.6% more power than
the 2.29 W maximum power transfer the Load Coil is able to provide. This result is

further examined in Section 3.5.
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3.5 Chapter Summary

Before implementing a UAV-based wireless power transfer system, it is first necessary
to build a working ground system utilizing the best and most practical methods
currently available in research. In Chapter 3, successful mid range power transfer
through the use of strongly coupled magnetic resonances has been demonstrated and
shown to be superior to standard inductive power transfer. Using resonant power
transfer, more than 2.4 W was transferred with a distance of 0.4 m between the
transmitting and receiving coils, and power transfer was sustainable at many different
configurations. Other methods of wireless power transfer do have some advantages,
but from a practical standpoint these pale in comparison to resonant power transfer’s
adaptability to dynamic environments for operation from a UAV.

During testing, interesting results were found using the resonating coil directly
to power a device. This method of power transfer has not been found in any other
literature, yet in these experiments it was be able to transfer slightly more power
compared to the more practiced secondary load coil loading, and requires one less
coil. However, there are multiple disadvantages to taking power directly from a
resonant coil. One disadvantage of this system is that the device receiving power
must be capable of handling the high alternating voltages produced in the resonating
coil. Many sensors run off of DC sources, and rectifying the power off the resonant coil
directly could also prove impractical for maintaining resonance and thereby sufficient
coupling with the transmitting power source. Another disadvantage comes from a
drop in efficiency, although in some applications the source power may be of relatively
less significance in comparison to the amount of power realized at the receiving end
of the wireless power system.

Throughout this chapter many important accomplishments have been realized,
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and for each new success, another tangent of potential research has emerged: coils
of different geometries, using more than two resonant coils, or even exploring what
benefits exist by powering objects directly from a resonant coil. Although each of
these new project ideas are exciting, promising advancements are made through novel
application of this technology as well. Utilizing this foundation of research, Chapter 4
follows with the design and development of a UAV capable of providing wireless power

to remote locations.
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Chapter 4

Wireless Power Transfer from a

UAV

4.1 Introduction

After producing a working model for wireless magnetic resonant power transfer, we
chose a specific path of research to make contributions to UAV and wireless power
research. This objective, which is the remaining content of this thesis, is developing
a UAV which is able to provide power to remote locations through the use of wireless
power. In this chapter a working prototype for this application is completed, and by
implementing a power receiver board which autonomously optimizes power transfer,
nearly 5 W of power is transferred to a grounded sensor. This is significant as no
other system like this is known to exist. Section 4.2 begins by describing the system
design for demonstration and experiments. The control algorithm for optimizing
power transfer to the receiving node during flight is covered in Section 4.3. Next,
Section 4.4 explains the experiments and their results. Finally, Section 4.5 provides

a summary of Chapter 4.
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UAV Quadcopter

Drive Drive Coil
Board
\ Tx Resonant Coil
Alternating Magnetic Field
/ Rx Resonant Coil \
Load Rx
Board

Load Coil

Figure 4.1: UAV power transfer illustration.

4.2 UAYV Energy Delivery System Design

Designing and building a wireless power transfer system takes some determination,
and doing the same such that it can be carried and powered by a UAV is at least
slightly more arduous. Some challenges are managing added weight to stay within a
UAV’s payload, using the on-board battery to drive the resonant circuit, designing a
receiver board that can optimize power transfer from a dynamically changing system,
and stabilizing the UAV to augment effective power transfer. Note that it is possible to
land and transfer power in some environments; however, recharging sensors located
on hazardous terrain or underneath bridges can make landing infeasible. For this
reason, this system is designed to operate during flight. To begin this section, a
general description of the overall system is given, followed by in-depth information

on the power transfer coils, helicopter, and receiver node.
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4.2.1 Overview

The overall design begins with the components that are carried by the UAV. First,
power is taken from the UAV’s battery and converted to an alternating voltage by the
Drive Board. This alternating voltage is then applied to the power providing Drive
Coil (Fig. 4.1). The Drive Coil then generates an alternating magnetic field that
drives the neighboring resonant Tx Coil by standard inductive coupling. From the
Tx Coil a greater magnetic field resonates and couples over a distance with the first
component of the grounded sensor system, the resonant Rx Coil. Similar to the Drive
and Tx coils, the Rx Coil is located in close proximity to, and inductively couples
with the Load Coil. The Load Coil is connected to the receiving board, abbreviated
as the Rx Board, which ultimately uses the supplied power and applies it to the
load receiving power. A more in depth explanation of how this technology works is

provided in Section 3.2.

4.2.2 Power Transfer Coils

The two primary factors for resonant coil performance are that they resonate close
to the same frequency and that they have a sufficiently high quality factor. Two
ways to increase the quality factor are to lower capacitance or resistance as seen
in Eq. (3.8). Capacitance is easily decreased as this can be done by either pairing
capacitors in series or by using new capacitors with a lower value. The real effect
of a lower capacitance is a higher resonant frequency as shown in Eq. (3.7), which
limits significant currents due to voltages having less time to overcome magnetic
momentum. In our implementation of raising the Q factor it was found that operating
at a higher frequency can actually decrease efficiency due to MOSFETSs on the Drive

Board operating faster and generating more heat. The other method of raising the
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Q factor, lowering resistance, can be achieved by using a lower gauge of wire for the
resonant coils. However, lower gauges of wire are also heavier and the amount of
weight that the UAV can carry is limited. For weight reduction the inductors on
resonant, coils are limited to two wraps of 16 gauge copper coil. This is just one
example of many iterative design decisions that are made with the whole system in
mind.

The inductors for the resonant coils are made to a specific radius of 0.265 m to
mount directly to the UAV’s frame. Inductor coils can be made larger, but this
would start limiting the environments the UAV can traverse. These coils are used
with 0.1 uF capacitors to form the resonant coils. Using these parameters along with
Eq. (3.6), Eq. (3.7), and Eq. (3.8), the resonant frequency is approximately 189 kHz
and the @ factor is about 90. This Q factor is lower than that of the coils from
initial experiments in Chapter 3 which have a much thicker gauge of wire. However,
a lower Q factor also increases the bandwidth in which the coils will resonate, even
if not with as high of a peak. Since the proximity of transmitting and receiving coils
affects the resonant frequency of the system as a whole, this wider bandwidth has
advantages. These equations work well as a starting point for designing coil and
capacitor combinations, but final values are sensitive to physical parameters such as

bends in the inductor coil and variability between manufactured capacitors.

4.2.3 Helicopter

An Ascending Technologies Hummingbird quad-rotor helicopter [1] is used to carry
the transmitting coils and power system as seen in Fig. 1.2, left. This quadrotor has a
200 g payload. The power transmitting coils are each 38 g and the Drive Board is 51 g

for a total of 127 g of added mass. With this payload the flight time is between 15
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Figure 4.2: The Rx Board used for receiving and optimizing power transfer. Board
design by Carrick Detweiler.

and 20 minutes when using a 2.1 Ah, 11.1 V LiPo battery. This battery also powers
the Drive Board mounted on the UAV, which uses 50 A, 40 V MOSFETs switched
by a function generator operating at the resonant frequency of the system. For this
prototype the Drive Board is tethered to a function generator which operates at 190-
210 kHz dependent upon the exact configuration. In future work, signal generation
will be placed on-board, eliminating the need for this cable.

The Hummingbird uses approximately 80 W of power and the Drive Board peaks
at about 45 W. The battery can supply more than 550 W continuously, so this 125 W
total is not an issue, but the UAV does lose as much as 1/3 of its flight time when
providing power transfer. In future work, it will be possible to implement a power
switch for the Drive Board to extend flight time when the UAV is not actively trans-
ferring power. Despite carrying all of these components, the helicopter is extremely

stable and still has significant power for dynamic motions.

4.2.4 Rx Sensor Node

The receiving board collects power from the Load Coil for powering or charging the

sensor node. The Rx Board (shown in Fig. 4.2) consists of a power conversion circuit,



