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Abstract

Application of computing and communication systems towards monitoring physical devices
enables the Industrial Internet, a smart system of sensors integrated within physical objects. A
major challenge associated with designing a practical system of sensors is designing an
economically viable means to power them at such a large scale, which a wireless power
transmission system could facilitate. This thesis addresses the challenge of selecting an
appropriate strategy for power transmission and demonstrating its feasibility within a household
environment.

The first part of the thesis examines potentially feasible strategies for transmitting power to
sensors in a household setting. Existing technologies are surveyed and evaluated against the
functional requirements associated with this application. Resonant inductive coupling is selected
based on its suitability towards the desired application for reasons of power level, safety,
obtrusiveness, and efficiency.

The second part of the thesis describes the processes of design, simulation, fabrication, and
testing of a prototype resonant inductively coupled power transmission system. An
accelerometer-based sensor module that communicates via radio frequency is powered by a
resonant inductively coupled power transmission system, which consists of a large (1.07 m
diameter) transmitter coil embedded within a table and a small (0.038 m diameter) receiver coil
adhered to a water bottle. A suitable amount of power is supplied to the receiver module when it
is placed within 95% of the primary coil diameter up to a height of 20 cm, and up to a vertical
height of about 40 cm along the central axis of the primary coil.

Thesis Supervisor: Kamal Youcef-Toumi
Title: Professor of Mechanical Engineering
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Chapter 1

Introduction

Inefficiencies are rife in the global industrial system. Application of computing and

communication systems towards monitoring physical devices enables the Industrial Internet, a

smart system of sensors integrated within physical objects. This system is designed to reduce these

inefficiencies, facilitating large scale savings in cost and energy. A GE report on the Industrial

Internet estimates that 46% of the current global economy will benefit from the opportunity of the

Industrial Internet [1]. Key features that facilitate widespread instrumentation are declining

instrumentation costs, rising computing power, and advancements in analytical software.

A major challenge associated with designing a practical system of sensors is designing an

economically viable means to power the sensors at such a large scale. The common paradigm is

one in which each distinct device contains a battery that is either replaced or recharged when

depleted. This high maintenance cost limits the scalability of the system of sensors. Additionally,

batteries are often large, dense, and expensive relative to other components in basic monitoring

devices. In a report published by the WiTricity Corporation, Morris Kesler outlines major desirable

features of wireless power transfer, which include convenience, reliability, environmental

soundness, safety, and cost efficiency [2].

This work targets a new paradigm in wireless power transmission. The transmission system

must be able to power multiple discrete devices in an environment with various physical

obstructions. Additional functional requirements on safety, obtrusiveness, and cost are also

imposed due to the household setting in which this system must operate. Potentially feasible

wireless power transmission strategies are surveyed for the purpose of evaluating their merits with
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respect to the desired application. A promising strategy is then selected, upon which a prototype

wireless power transmission system is designed. This prototype is then modeled, fabricated, and

tested in order to characterize its performance and evaluate it relative to the functional

requirements of this application.

1.1 Functional Requirements

The objective is to design a means of powering sensors in a household setting that is unobtrusive,

safe, and efficient. The proposed wireless power transfer system must satisfy the following

functional requirements.

1.1.1 Power Level

The system must be able to continuously power multiple remote modules comprising of sensors

and wireless data transmitters. Power received must be somewhat continuous in order to minimize

dependence on a large battery. Average power consumption of a single receiver module is on the

order of 0.113 mW. See Appendix A for a complete breakdown of the power requirements of an

accelerometer-based sensing module with a radio frequency based data transmission scheme.

Restrictions on input power are imposed by the electrical wall outlet of a room. Although

a standard wall socket is physically capable of supplying 1-1.5 kW of power, a practical system

should consume much less in order to be sustainable. As a rough benchmark, a household stereo

system consumes about 10-30 W [3]. A higher efficiency is favorable for reasons of environmental

sustainability and cost effectiveness.

1.1.2 Range

The proposed power transmission system must operate indoors, with miscellaneous physical

obstructions. The system must be able to operate in the presence of most common household

objects.
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The distance over which power must be transferred depends upon the mounting location

of the power transmitter within a room. A device mounted along the peripheral architecture of a

room, such as a wall, floor, or ceiling, must be able to transmit power over a medium range (1-10

m). A device embedded within furniture, such as a shelf or countertop, must transmit power over

a short range (1-5 cm).

1.1.3 Safety

The proposed power transmission system must be able to operate continuously in an environment

inhabited by humans and pets. No significant short-term or long-term harm to the human body

may result due to exposure to the system. The parameters of the scheme must also comply with

legal guidelines on safe dosages. This requirement is especially applicable towards radiative

systems and high frequency inductive systems.

1.1.4 Obtrusiveness

A system that entails minimal interference with daily household activities is more favorable for

ergonomic reasons. The transmitter should occupy a minimal amount of space within the room in

which it is utilized. Preferably, the transmitter should be mounted at a fixed location, either along

peripheral room architecture (such as a wall or ceiling) or embedded within furniture (such as a

table or shelf).

The receiver module must not significantly hinder usage of the device upon which it is

mounted. It should be low in volume and weight. Neither the transmitter nor the receiver should

require frequent maintenance on behalf of the user.

1.1.5 Cost

A system must be reasonable in cost in order to be economically viable to the user. The cost of the

entire system should be on the order of that associated with sustaining a similar instrumentation
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system through the use of batteries over a prolonged period of time. The cost of the system

comprises the fixed cost of the components, in addition to the cost of electricity of the household.

In particular, the receiver module should be inexpensive to allow for cost effective scaling towards

a large number of integrated sensor modules.

1.2 Thesis Organization

This thesis is comprised of six chapters. A survey of prior art and potential strategies for satisfying

the aforementioned functional requirements is presented in Chapter 2, and the best strategy is

selected and developed. Modeling and simulation of a physical prototype are detailed in Chapter

3. In Chapter 4, key components and assembly processes in the fabrication of a prototype wireless

power transmission system are presented. The performance of this prototype system is

characterized in Chapter 5 with respect to positional variation and repeatability of receiver modules

through experiment. Finally, conclusions and recommendations are presented in Chapter 6.
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Chapter 2

Strategies

Potentially feasible strategies for transmission of power wirelessly are presented. Strategies are

classified by the energy domain through which power would be transferred from the transmitter to

the receiver. Each strategy is detailed and evaluated with respect to the aforementioned functional

requirements of the application. The strategy that best satisfies the functional requirements of the

application is then selected and developed.

2.1 Energy Domains

The following energy domains were selected due to their potential feasibility towards this

application. The merits and drawbacks of power transfer through each domain are discussed with

respect to the desired application.

2.1.1 Inductive Power Transfer

Inductive power transfer involves the transfer of power through electromagnetic induction. An

alternating current through a coil induces an oscillating magnetic field, which induces an AC

voltage in another coil. This strategy is particularly suitable for indoor home use because most
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common household objects do not interact with magnetic fields [4]. Additionally, this system is

efficient because the transmitter coil only couples with conductive loops oriented along its axis.

Systems with frequencies below 100 kHz have no significant damage on health [5]. Inductive

power transfer is either nonresonantly or resonantly coupled, depending on whether or not the

transmitter and receiver circuits are tuned to oscillate at the same frequencies.

In a nonresonantly coupled system, the primary and secondary tanks have different

resonant frequencies. This type of system is suitable for transmission of high power, but only over

a low range.

In a resonantly coupled system, circuits are tuned to resonate at the same frequency. This

type of power transfer is the subject of cutting edge research, and is commercially in development.

An example of a magnetic resonance power transfer system is that proposed by the WiTricity

Corporation for the purpose of powering electronic devices such as mobile phones at medium

range [6].

2.1.2 Radio Frequency (RF) Radiation

This strategy involves the transmission of energy through radio waves. It is commonly used within

wireless data transmission schemes, wherein modulated signals are amplified upon reception by

remote power sources. This type of system is suitable for transmission of low levels of power over

higher ranges. Radio frequency levels are regulated by the Federal Communications Commission

(FCC) for transmitted power in the frequency range from 9 kHz upwards for reasons of safety and

interference [7]. Ongoing research seeks to understand the harmful effects of different

combinations of frequencies [8].

WattUp, a product under development by Energous Corporation, partially overcomes the

issue of low efficiency by transmitting a concentrated RF wave to devices located by Bluetooth

[9]. By focusing the beam upon a small area, dissipative losses associated with this radiative energy

transfer are minimized.
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2.1.3 Optical Transmission

An optical power transmission scheme would consist of a light source and a photovoltaic cell. At

the receiving end, a photovoltaic cell would convert incident light into a potential difference. While

this scheme would be inexpensive, efficient, and make use of ambient light within the room, it

would be highly sensitive to opaque obstructions between the light source and the photovoltaic

cell.

The major obstacle of this strategy is that indoor lighting is 400 times weaker than sunlight

[10]. A highly efficient photovoltaic cell with an incident area of 4 in2 is capable of producing up

to 0.86 mW of power in an indoor setting [10]. Although this seems to satisfy the functional

requirement on output power, ergonomic factors hinder its feasibility. Receiver modules must be

kept within a well-lit room throughout the day, which is both inefficient and inconvenient.

An alternative scheme would be to shine a highly concentrated laser beam at the cell. This

strategy is employed by LaserMotive in aerospace applications [11]. However, a direct line of sight

must be established between the transmitter and receiver modules at all times. This is unlikely to

be feasible in an indoor setting due to the numerous physical obstructions imposed by household

objects.

2.1.4 Acoustic Transmission

An acoustic power transfer scheme would comprise an ultrasound emitter and a microphone.

Contrasted with the optical transmission scheme, this method is less efficient, but provides better

indoor coverage due to increased diffraction. Acoustic power transmission schemes are more

common in underwater applications, since acoustic waves have much greater efficiency within

liquid regimes than within gaseous regimes. This is a relatively new endeavor, and has been

applied towards biomedical implants [12].
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2.2 Strategy Selection and Development

The resonant inductive coupling strategy is singled out as most suitable towards the specified

application for reasons of power level, safety, obtrusiveness, and efficiency. All other potentially

feasible schemes would require a direct line of sight between the transmitter and receiver modules,

which is impractical in a household setting. A resonantly coupled inductive device would consist

of a transmitter (primary) coil mounted in a room that induces an oscillating magnetic field from

an AC current input and a receiver (secondary) coil mounted on a container that interacts with this

field to generate an AC voltage, which is rectified to power the sensor module. The proposed

design takes advantage of several unique characteristics of the target application, described below,

in order to overcome inherent drawbacks of this power transmission strategy.

The range requirement on power transmission is reduced by embedding the transmitter coil

within furniture and mounting the receiver coil on the bottom surface of the container. All receiver

modules rest upon a stationary platform, so variation in height is low. If the transmitter is

embedded within this stationary platform, the offset between the planes of the primary and receiver

coil will be constant. If the receiver coil is embedded near the lower surface of each device, this

offset will be small, on the order of 1-5 cm, depending on the thickness of the platform.

The range of this system is enhanced by increasing the diameter of the transmitter coil and

resonantly coupling the primary and secondary circuitry. Since range scales with primary coil

diameter, a transmitter coil with a large diameter could both encompass more devices radially and

interact with receiver coils at larger axial separations than one with a small diameter. However,

coupling is expected to decrease due to the size difference between the primary and receiver coils.

A resonantly coupled system will have a higher power transfer efficiency, permitting power

transfer over a greater range for a given input power compared to a nonresonantly coupled system.

Finally, the alignment constraint between transmitter and receiver coils is imposed by

mounting the receiver coil onto the container such that it aligns with the primary coil when the

container is in its upright position. Most containment units, such as plates, jars, and water bottles,

have upright positions, which are predetermined orientations for purposes of function and stability.

Inductive power transfer systems are generally sensitive to angular misalignment of axes between

the primary and secondary coils. Although the device will only charge when configured in a
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predetermined alignment, this configuration is repeatable and common when it coincides with the

container's upright position.

An ideal position for the receiver coil is on the bottom surface of the container, which

conforms well to the circular geometry of the coil due to its flat, circular geometry. The lower

surfaces of many containers, such as jars, cans, and bottles, are often flat and circular for functional

reasons. A flat base allows containers to maintain a low center of mass and a high contact area

with the surface below. Radial symmetry along the vertical axis reduces stress concentrations

within pressure vessels. Even dishes and bowls have flat circular bases in order to maintain upright

stability. Rounded edges in containers have ergonomic benefits as they are easier to clean, less

likely to chip, and eliminate the safety hazard associated with sharp edges.

2.3 Chapter Summary

In this chapter, potentially feasible energy domains for wireless power transmission are evaluated

with respect to the functional requirements of the given application. Existing devices and ongoing

research associated with each domain is discussed. By this design criteria, the resonant inductive

coupling strategy is singled out as most suitable towards the desired application for reasons of

power level, safety, obtrusiveness, and efficiency. Modeling and simulation of a prototype system

based upon this strategy are presented in the following chapter.
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Chapter 3

Modeling and Simulation

Modeling and simulation of electrical and magnetic interactions at the circuit level of analysis are

presented in this chapter. First, an analytical model was devised in order to approximate the

coupling constant and overall efficiency between the transmitter and receiver circuits. The

complete circuitry was then simulated in order to verify that the target amount of output power

could be supplied by a standard DC power adapter.

3.1 Analytical Model

An analytical model of the system was used to adjust and optimize parameters. A block diagram

of the primary modules within the prototype system is presented in Figure 3-1.
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Wall Outlet DC Power Supply Embedded within Furniture

AC Power AC to DC Cross-Coupled Primary I
Source Converter - Oscillator LC Circuit I

Alternating
Magnetic Field

AC to DC Secondary
Converter LC Circuit

I RechargeableJ
I Battery Rectifier Circuitry

Embedded within Container

Figure 3-1: Block diagram of primary modules that comprise a resonant inductively coupled

wireless power transmission system.

Note that although this block diagram illustrates interaction between a single transmitter

and a single receiver, the transmitter is capable of interacting with multiple receivers

simultaneously.

This model contains multiple degrees of freedom due to variability in number of windings

of each coil, primary and secondary coil diameters, and attainable driving frequencies and input

power levels. In such an optimization problem, a dimensional analysis would effectively

characterize relevant relationships between system parameters. However, due to the nontechnical

constraints associated with this particular application, a full dimensional analysis is beyond the

scope of this project. Guiding electrical and mechanical relationships are presented below.

This optimization problem is simplified by constraints imposed on the system due to

available resources and cost effectiveness. A primary coil diameter of 1.07 m (42.3 in) was

imposed in order for the coil to conform to an available wooden table.

AC voltage across the primary coil produces alternating linkage flux in the primary coil

and alternating flux in the air. The input AC voltage is related to the changing magnetic flux by

Faraday's law:
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Vin = -N d(3.1)

where fi, is the alternating input voltage, N is the number of windings in the coil, and (D

is the magnetic flux. For a given input voltage fin, the flux P increases as the number of windings

in the coil is decreased. In order to maximize the magnetic flux through the receiver coil, the

number of windings of the primary coil are minimized. Practical limits on capacitance that may be

integrated into the primary circuitry along with the desire to have a reasonable quality factor set a

lower limit on the inductance of the coil. A primary coil consisting of two windings is both efficient

and practical for sending flux to the receiver coil.

The receiver module was purchased as a single unit and is described in detail in the

following chapter. Its resonant frequency was measured by a network analyzer to be approximately

163 kHz. The primary circuitry is tuned to this frequency in the model. The capacitance of the

primary circuitry was later tuned experimentally in order to maximize output power.

Relevant parameters predicted by the model include the coupling coefficient and the

overall system efficiency. The coupling coefficient is calculated based on geometric parameters as

follows:

3

k = ( 2 )2 (3.2)

where r1 and r2 are the radii of the primary and secondary coils respectively, and z is the

displacement of the secondary coil from the primary coil along the central axis of the primary coil

[13]. The coupling efficiency is defined as follows:

77k -= (3.3)
1+k2QQ2

where Q, is the quality factor of the transmitter tank and Q' is the equivalent secondary

side quality factor reflected to the primary side [13]. Quality factor represents the ratio of stored

energy to dissipated energy within a circuit [14]. The secondary resonator efficiency is defined as

follows:

172 = Q2 (3.4)
Q2+QL
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where Q2 is the quality factor of the receiver tank [13]. Finally, the total efficiency of the

system is defined as the product of the coupling and secondary resonator efficiencies:

77total = 772 77k (3.5)

Internal resistances were measured to be 0.14 fl and 0.2 fl respectively. Desired

capacitance in the primary circuit for resonant coupling was estimated based on the resonant

frequency of the system. See Appendix A for the MATLAB coupling model of the system.

Relevant output parameters are presented in Table 3-1.

Table 3-1: Values of relevant output parameters of the analytical

coupling system.

model of the resonant inductive

Parameter Value

Quality Factor of Transmitter Tank 104

Quality Factor of Receiver Tank 154

Equivalent Secondary Side Quality 3.19

Factor Reflected to Primary Side

Coupling Coefficient 0.00740

Coupling Efficiency 0.0179

Secondary Resonator Efficiency 0.979

Overall Efficiency 0.0176

The coupling efficiency between the primary and receiver coils is the primary bottleneck

of the system. It was found to be about 55 times lower than that in the secondary resonator. The

coupling coefficient was used to model the circuit in the electronic simulation, which is presented

in the following section. The coupling coefficient could be increased by increasing the diameter

of the secondary coil relative to that of the primary coil, or by decreasing the axial separation

between the centers of the two coils.
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3.2 Circuit Simulation

Numerical software was used to validate parameters in the proposed circuit design. A circuit

diagram of the resonant system is presented in Figure 3-2.

VIT5 LATS

10. 10.

514470cr I 47?OOY

trn 2 Z.XU4C1SL BZXS4IS

.05 0625

KI L 1 2.0074 D RL1 C

100

07 Do

Figure 3-2: Circuit diagrams modeling electrical components of the system. Top: cross-coupled

transmitter module. Bottom: receiver module.

The component parameters of the receiver module were specified based on the

manufacturer specifications of the purchased module (see Appendix C). The circuit simulation

utilizes the coupling coefficient estimated in the analytical model in order to simulate coupling
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between the primary and secondary coils.

coil from this numerical simulation.

Figure 3-3 presents the voltage probed in the primary

V4V-N0iNU92

2W_

12V_

Ov- -dV_

46v

-2sv

04 . Ps 140ps 2189S ZeePs 350Ps 120p. d9ls 5602s p 63411 701'.

Figure 3-3: Plot of primary side tank voltage vs. time.

The voltage in the primary LC circuit oscillated at an amplitude of about 14 V and a

frequency of about 158 kHz, as expected. An output plot illustrating the primary side tank

oscillating current, probed at the same location, is presented in Figure 3-4.

ILl)
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Figure 3-4: Plot of primary side input current with time.

The current through the primary tank oscillated at the same frequency with an amplitude

of approximately 3.2 A. At a 5 V DC input voltage, a substantial output alternating voltage and

current in the primary coil could be produced by the cross-coupled oscillator. Power supplied to

the receiver was found to be on the order of 1 mW, which exceeds the functional requirement on

output power to the system. Having validated that the output power in such a system is on the order

desired, the exact output power could be achieved by varying the input voltage from the DC power

supply.
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3.3 Chapter Summary

In this chapter, a resonantly coupled wireless power transmission system is modeled analytically

and simulated numerically. The model predicted a coupling coefficient of about 0.00740 based on

coil geometries and a total system efficiency of 1.76%. The simulation estimated an output power

on the order of I mW for a system with a 5 V DC input. Construction of a physical prototype

system based on these parameters is detailed in the following chapter.
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Chapter 4

Fabrication and Assembly

The resonantly coupled inductive wireless power transfer system modeled in the previous chapter

was constructed for the purpose of demonstrating practicality. Electronic components and

fabrication processes of the prototype system are detailed within this chapter. Experimentation

upon this physical prototype, detailed in the following chapter, sought to validate its fulfillment of

functional requirements.

4.1 Component Selection and Assembly

The primary coil is comprised of 10 AWG insulated photovoltaic cable. The cable was wound

twice to form a large coil of diameter 1.07 m (42.3 in). The coil was held in shape by zip-ties and

adhered to a wooden board with electrical tape. The inductance of this coil was measured, using

an inductance meter, to be L1 = 14.3 MH.

The cross-coupled oscillator was constructed using transistors, resistors, capacitors, diodes,

and inductors. See Appendix C for a circuit diagram and photograph of this module. This module

was used to convert the DC input from the power supply into AC voltages and currents in the

primary coil. This device induced oscillation within the primary circuitry at the natural LC

frequency of the circuit.

The capacitance of the primary circuit was then tuned from the value of 67 nF predicted by

the model. The tank capacitance was varied incrementally with small capacitors in order to
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maximize the output power of two receiver modules positioned near the center of the primary coil.

The optimal capacitance for such a system was found to be 70.7 nF.

The receiver module was purchased as a single unit. It comprises of a small secondary coil

of diameter d 2 = 0.0038 m, as well as a rectifier circuit embedded on a small printed circuit board

to convert AC voltage from the secondary coil into a DC output voltage. See Appendix C for a

circuit diagram of the receiver module and relevant specifications provided by the manufacturer

of the device.

Since the primary purpose of the system is to supply power to sensor modules measuring

container capacity, the receiver modules were adhered to water bottles. The secondary coil was

taped to the center of the lower surface of each bottle such that its central axis coincided with that

of the bottle. The remaining circuitry, which was mounted on a printed circuit board, was taped to

the side of the bottle. For experimentation purposes, a 100 fl resistor was soldered across the

output terminals of the device in order to simulate a dissipative element, such as a battery being

charged. This can be seen in Figure 4-1, where photographs of receiver modules mounted to water

bottles are presented.

Figure 4-1: Photographs of receiver modules adhered to water bottles. Left: Each receiver coil was

adhered to the bottom surface of each bottle, while secondary circuitry was adhered to the side.

Right: Front view of upright bottle with receiver module attached.

25



An input voltage of 30 V was provided by two DC power supplies connected in series. The

inputs to the cross-coupled oscillator were wired to the power supplies, and the outputs were wired

to the primary LC circuit. A photograph of the fully assembled prototype system is presented in

Figure 4-2.

Figure 4-2: Photograph of the inductive power transfer system. Shown are DC power supplies,

cross-coupled oscillator, primary coil, and receiver modules adhered to water bottles.

The voltage across the primary LC circuit was probed. The voltage measurement processed

by the oscilloscope is presented in Figure 4-3.
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Figure 4-3: Photograph of oscilloscope measurement of potential across primary LC circuit.

An alternating peak to peak voltage of approximately 200 V was observed. The resonant

frequency of the primary circuitry was measured to be 158 kHz. This value was similar to that

used in the model (163 kHz), which was based off of network analyzer measurement of the receiver

tank. The resonant frequency calculated based on nominal capacitance and measured inductance

is about 158 kHz, and is validated by this measurement.

Several additional considerations need to be addressed in order to develop this system into

a commercial product. The variable DC power supply would be replaced by a fixed power adapter

that plugs into a wall outlet. Mechanical enclosures would also need to fully enclose and seal the

electronic circuitry on both the transmitter and the receiver. The final product would cost

approximately $170.39 for a system comprising of a single transmitter and twenty receiver

modules, in addition to electricity costs associated with operation. See Appendix D for a cost

breakdown of the final product.
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4.2 Chapter Summary

In this chapter, the process of constructing a prototype inductive wireless power transfer system is

detailed. A cross-coupled oscillator converts direct current from a power supply into alternating

current to drive the primary coil. Receiver modules adhered to water bottles receive power

wirelessly from the primary coil, which they are resonantly coupled with. The resonant frequencies

of the transmitter and receiver circuits were matched by empirically tuning the capacitance of the

primary circuit. The performance of this prototype system is characterized in the following chapter.
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Chapter 5

Experimentation

This chapter presents the methodology and results of experiments upon the prototype system. The

performance of the prototype inductive wireless power transfer system, whose design, modeling,

and fabrication are detailed in the previous chapters, was characterized in a laboratory setting.

Experimentation targeted characterization of variability in output power due to positional variation

of the receiver module and manufacturing repeatability.

The purpose of these experiments is to demonstrate that the prototype satisfies the

functional requirements of the application for which it is intended, as well as to obtain insight

towards major limiting factors affecting system performance. The methodology and results of each

experiment are presented below.

5.1 Effect of Positional Variation on Output Power

Variation in output power associated with the lateral and vertical position of the secondary coil

was investigated. A polar coordinate system was defined to express the position of the secondary

coil relative to the primary coil. This coordinate system is illustrated in Figure 5-1.
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Figure 5-1: Diagram of polar coordinate system defined to express the position of the secondary

coil relative to that of the primary coil. The origin of the coordinate system was defined at the

center of the primary coil.

Lateral position was expressed as a single dimension, r, due to the radial symmetry of the

primary coil. Vertical displacement above the primary coil was expressed by the z coordinate. The

origin of the coordinate system is defined at the center of the primary coil.

5.1.1 Methodology

The radial position of the center of the secondary coil was varied from the center of the primary

coil to a radial position of 80 cm by increments of 5 cm. This was repeated for various vertical

displacements between the two coils. The orientation of the secondary coil was maintained such

that its central axis remained parallel to that of the primary coil in order to maximize magnetic flux

through the secondary coil, which maximized power transfer. The orientation of the secondary coil

on the bottle maximizes coupling with the primary coil when the bottle is rested in the upright

position. A photograph of the experimental setup is presented in Figure 5-2.
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Figure 5-2: Photograph of experimental setup for investigation of the effects of varying the

position of a receiver module on its output power.

A digital multimeter was used to measure the potential difference across the output

terminals of the receiver module. The output power was calculated by the following relation:

Pout = vout2 (5.1)
Rload

where Vout is the potential difference across the output terminals of the receiver module,

and Rtoad = 100 fl is the resistance across the output terminals of the device. An input voltage of

30 V was maintained by the DC power supply throughout the experiment.

5.1.2 Results

Results of this experiment are presented in Figure 5-3. The variation in output power with radial

displacement is presented at various heights.
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Figure 5-3: Plot of output power vs. radial displacement of secondary coil at various heights. The

functional requirement on output power is displayed in red. The radius of the primary coil is shown

in purple.

The maximum output power (not shown in Figure 5-3) was measured to be roughly 108

mW at a radial position of 55 cm in the plane of the primary coil. Note that the radius of the primary

coil is approximately 53.7 cm. At low heights, radial positions of 50 and 55 cm maximized

proximity of the secondary coil to the primary coil. Greater irregularity was observed due to

dominance of local effects near the windings of the primary coil.

The output power varies erratically with radial displacement for heights below 15 cm. The

functional requirement on output power is satisfied for all lateral positions within 95% of the

primary coil diameter up to a height of 20 cm. The functional requirement on output power is

satisfied for at least one lateral position up to a height of 40 cm.
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5.2 Repeatability of Receiver Modules

Variation in output power between receiver modules of similar specifications was evaluated.

Potential variations would be due to manufacturing variations of the electronic components of the

device itself or mounting misalignments in the assembly process. Repeatability was tested among

three receiver modules. Since the capacitance in the primary circuitry was tuned to two devices,

lower output power is expected in the third device.

5.2.1 Methodology

Three receiver modules with the same specifications, obtained from the same manufacturer, were

tested for repeatability. The output power at each receiver module was measured at height

increments of 5 cm along the central axis of the primary coil. The output voltage was again

measured with a multimeter and used to determine the output power by Equation 5.1. A photograph

of the experimental setup is presented in Figure 5-4.

Figure 5-4: Photograph of experimental setup for repeatability experiment. Bottles A, B, and C are

identified for the purpose of distinguishing results.
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Bottles were arbitrarily assigned names in order to distinguish results associated with their

receiver modules. The primary circuitry of the wireless power transmission system had previously

been tuned to the receiver modules mounted on bottles A and B. Contrary to the setup in the

previous experiment, the output power was only sampled for positions along the central axis of the

primary coil.

5.2.2 Results

A plot of variation in output power of receiver modules with height is presented in Figure 5-5 for

each of the three modules that were tested. Output power was calculated by Equation 5.1 based on

measurements of output voltage.
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Figure 5-5: Plot of variation in output power with height along the central axis of the primary coil

for three receiver modules of equivalent specifications. Primary circuitry had been tuned to

receiver modules on bottles A and B.

The output power of the three receiver modules was found to be similar at heights above

25 cm. At lower heights, the output powers of the devices that were involved in the tuning of the
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capacitance of the primary circuit were of much greater magnitude than that of the third device,

and followed a roughly constant rate of decrease with displacement from the primary coil. The

output power of Bottle C, which was not involved in the tuning, was approximately one third that

of the other two devices at zero vertical displacement, and fluctuated slightly before coinciding

with the other two at a height of about 25 cm. This most likely occurred because the primary circuit

was not tuned to this module, whereas it was tuned to the other two receiver modules. 25 cm was

the turning point at which the limiting factor in efficiency transformed from coupling to

displacement. All three devices satisfied the functional requirement on output power up to a height

of about 40 cm along the central axis of the primary coil.

5.3 Chapter Summary

This chapter presents the methodology and results of experimentation upon the prototype wireless

power transfer system. Experimentation targeted characterization of performance based on

positional variation and repeatability of receiver modules. The functional requirement on output

power was satisfied for all lateral positions within 95% of the primary coil diameter up to a height

of 20 cm, and up to a vertical height of about 40 cm along the central axis of the primary coil.

Conclusions and recommendations based on these results are presented in the following chapter.
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Chapter 6

Conclusions and Recommendations

This work demonstrates practicality of a means of wirelessly powering sensors in a

household environment that is unobtrusive, safe, and efficient. An accelerometer-based sensor

module that communicates via radio frequency is powered by a resonant inductive coupling power

transmission system, which consists of a large (1.07 m diameter) transmitter coil embedded within

a table and a small (0.038 m diameter) receiver coil adhered to a water bottle. In Table 6-1, the

performance of this prototype is evaluated with respect to the initial set of functional requirements

identified in Chapter 1.

Table 6-1: Evaluation of resonant inductive

functional requirements of application.

power transmission prototype with respect to

36

Strategy Output Range Safety Obtrusiveness Cost

Power

Resonant 0.108 W - Up to 40 cm Further - Transmitter $275.40 for

Inductive (max) vertically investigation embedded 1 transmitter,

Coupled 71 ~ 0.03% - 95% of primary required within table 20 receivers,

Prototype coil diameter up to - Small, and 10 years

a height of 20 cm lightweight of operation

receiver



A suitable amount of power is supplied to the receiver module when it is placed within

95% of the primary coil diameter up to a height of 20 cm, and up to a vertical height of about 40

cm along the central axis of the primary coil. Further investigation of system safety is

recommended. Although neither coil comes in close contact with skin for a prolonged period, the

device operates at a frequency of 158 kHz, which is above the 100 kHz threshold identified by

ICNIRP [5]. The resonant frequencies of the transmitter and receiver tanks could be lowered by

increasing their inductance or capacitance in order to operate at a lower frequency.

Since the transmitter coil was embedded within the table, and the receiver modules were

small and lightweight relative to the bottles on which they were mounted, the system is deemed

unobtrusive. This could be validated through a usability study. The cost was estimated for a system

comprised of twenty receiver modules over a period of ten years. See Appendix D for a full cost

breakdown. Compared to a battery operated system, the prototype system costs $1,263.84 less to

manufacture and operate over this period.

Further experimentation upon the prototype system should target environmental

influences, scalability of receiver modules, and variation of coil geometry. In order to investigate

the role of environmental influences in coupling inefficiency, conductive household objects could

be placed within the immediate vicinity of the system, while the variation in output power of a

receiver module would be measured in order to attribute a specific inefficiency contribution factor

to each type of object. Investigation of performance variations associated with the addition of

receiver modules to the system would provide greater insight towards its scalability. In a

preliminary experiment, a variation in input current through the power supply was observed as a

result of placing additional receiver modules within the primary coil. The input current was found

to vary from 0.363 A when no receiver was present to a maximum of 0.372 A when three receivers

were present, signaling a rise in input power. A future investigation could correlate input power

with output power in order to determine the marginal power cost of adding a device. Finally,

additional experimentation to determine the effects of variation in primary coil geometry are

suggested. In particular, a rectangular primary coil would conform more easily to rectangular

tables and shelves. Edge and corner effects are expected to be most prominent in geometries with

sharper angles. Depending on the level of symmetry of the geometry, the effects of this variation
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may be difficult to model analytically, and would be best simulated numerically or measured

experimentally.

Attention to enclosures of both the primary and secondary circuitry is required for

development of this system into a consumer product suitable for a household environment. On the

primary side, a plastic injection-molded enclosure could be produced at low cost and adhesively

mounted beneath the platform on which sensor modules are placed. The primary circuitry could

be enclosed within a thermoformed plastic enclosure that conforms to the lower surface of the

containment unit and adheres to it.

Dimensional analysis would provide greater insight towards scaling the prototype to larger

settings. Dimensional analysis is beyond the scope of this investigation due to the numerous

constraints imposed on operation within a household setting. However, in a larger environment

with less constraints on available resources, ergonomic factors, and component customization, a

dimensional analysis would provide greater insight towards the relationships between model

parameters and simplify the optimization process of this complex system. Dimensional analysis

would also facilitate construction of a small representative model of a large system to ease the

process of physical experimentation.

Variability in coil diameter would allow for more efficient coupling and greater ease of

implementation. In particular, variability in primary coil diameter would allow the system to

conform to a greater variety of furniture sizes. The primary issue is that of variation in resonant

frequency of coupling between primary and secondary circuitry due to the associated variation in

inductance of primary circuitry. This could be overcome in a device by first using system

identification to detect the new resonant frequency of the device as part of an initial calibration

process, then compensating for this variation with a change in capacitance. Note that this does not

affect coupling between the primary circuitry and the alternating input current due to the presence

of the cross-coupled oscillator.

Likewise, variability in secondary coil diameter would allow for receiver modules on larger

containment units, such as plates and large containers, to receive power more efficiently. Since the

primary source of inefficiency within this inductive system was found to be the variation in

diameter between the primary and secondary coils, a larger secondary coil would be able to receive

energy more rapidly. The most practical solution would be to manufacture discrete receiver
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modules with different rectifiers and capacitors in order to compensate for the change in inductance

associated with a change in diameter. This would preserve the resonant frequency of coupling

between the transmitter and receiver, ensuring compatibility with other receiver modules.
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Appendices

Appendix A: Power Consumption of Data Acquisition Module

A breakdown of power consumed by the data acquisition module is presented in Table 7-1. This

module consists of the following components, in addition to passive devices. Calculation is based

upon an estimated cycle time ratio of ten seconds per half hour for each device. Breakdown and

calculation courtesy Jacob Wachlin.

Table 7-1: Average power consumption of components in data acquisition module.

Component Type Part Number Average Power

Consumption [mW]

Microcontroller and Atmel ATMEGA328P-MUR and 0.10108

Resonator Murata CSTCE8MOOG55-RO

Wireless Transceiver Nordic Semiconductor ASA 0.01022

NRF24LO 1 P-R7

Accelerometer Analog Devices Inc 0.00094

ADXL362BCCZ-RL7

Average Power Consumption of Entire Module [mW]: 0.11224

The total power consumption of the device is approximately 0.112 mW. Since the receiver

module can only charge while the device is in its rest state, this value is adjusted by the following

equation to attain the average output power requirement for the power transmission system.

Pin = (1 + rcycle)Pc (7.1)

where Pin is the average output power requirement of the power transmission system, rcycle

is the dimensionless cycle time ratio defined above, and P, is the average power consumption of

the sensor module. The average output power requirement of the power transmission system is

approximately 0.113 mW.
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Appendix B: MATLAB Model

A MATLAB script was used to optimize system parameters. The commented code, complete with

finalized model parameters, is presented below.

% Model of inductive wireless power transfer system

% Courtesy Erik G. Johnson

% Frequency [Hz]

% Angular frequency [rad/s]

% Period [s]

%Geometry and Coupling

rad2 =.019;

radl =.5;

uG = 1.25663706 * 10^-6;

M = uO*pi*(rad2^2)/(2*radl);

Turns = 2;

WireD = .326*10^-2;

Diameterratio = rad2/radl;

sizes

rec height = .01;

Primary and Secondary [m] {0.001}

Axialdistance = recheight/(2*radl);

diameter of Transmiter Coil Size

% Receiver coil radius [m]

% Transmitter coil radius [m]

% Permeability of free space

% Mutual Inductance

% Number of Primary Turns

% Wire diameter (3.26 m = Gauge 8)

% Ratio of Primary to Secondary Coil

% Distance of separation between

% Ratio of Distance between coils to

%Primary Side Resonant Tank

%Ll = Turns^2 * uC * radl * (log(16*radl/WireD)-2);

transmitter coil [Henries]

Ll = 14.3*(10^-6);

transmitter coil [Henries], measured empirically

C1 = 1/(w^2*Ll);

primary side resonator [Farads]

Clexp = 70.7*10^-9;

primary side resonator [Farads], tuned empirically

%Rl = 0.00206*pi*2*radl*Turns;

resistance of primary coil [Ohms]

% Inductance of

% Inductance of

% Capacitance of

% Capacitance of

% Parasitic
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f = 163000;

w = 2*pi*f;

T = 1/f;



RI = .14;

resistance of primary coil [Ohms], measured empirically

% Parasitic

% %Secondary Side Resonant Tank

L2 = 30*10^-6; % Inductance of receiver coil

in Henries

C2 = 1/(w^2*L2); % Capacitance of secondary

side resonator

R2 = .2; % Parasitic resistance of

receiver coil

k2 = M/sqrt(Ll*L2); % Imprecise calculation of

coupling coefficient based off of the mutual inductance given above,

inaccurate for resonant systems

k = (rad2*radl/(recheight^2 + radl^2))^(3/2) % Better Calculation of

coupling coefficient for resonant systems.

RL = 100; % Load Resistance

% Quality Factors

Ql = w*Ll/Rl; % Transmitter Tank Quality Factor

Q2 = w*L2/R2; % Reciever Tank Quality Factor

QL = w*C2*RL; % Load Quality Factor (How the load resistor

damps the reciever tank)

Q2_p = Q2*QL/(Q2 + QL); % Equivilent Secondary side Quality Factor

reflected to the primary side

RLopt = Q2*R2/k; % Optimal Load Resistance

Z_ref = w*k^2*Ll*Q2_p % Load impedence reflected to the primary

side

nk = k^2*Ql*Q2_p/(l+k^2*Ql*Q2_p) % Coupling efficiency

n2 = Q2/(Q2+QL) % Secondary resonator efficiency

QLopt = Q2/sqrt(k^2*Ql*Q2 + 1); % Optimal load quality factor

efficiency = 100*nk*n2 % Overall Efficiency Prediction
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Appendix C: Module Specifications

Detailed specifications of modules that comprise the prototype system are presented below.

Primary Coil

Measured parameters of the fully assembled transmitter coil are presented in Table 7-2.

Table 7-2: Specifications of transmitter coil, measured empirically.

Parameter Value

Inductance 14.3 pH

Resistance 0.14 Ql

Diameter 1.07 m

A capacitance of 70.7 nF was wired to the primary coil in order to maximize the output

power of the receiver module. The resonant frequency of the primary circuitry was 158 kHz.

Cross-Coupled Oscillator

A cross-coupled oscillator converted the input DC power to the system into AC power to drive the

primary LC circuit. The oscillator was constructed using transistors, resistors, capacitors, and

inductors. A circuit diagram and photograph of this module are presented in Figure 7-1.
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Figure 7-1: Cross-coupled oscillator module in transmitter circuit. Left: circuit diagram of module.

Right: photograph of circuit.

Receiver Module

The secondary coil and circuitry of the device comprise of a wireless charging receiver module.

Relevant device specifications are presented below.

Table 7-3: Relevant specifications of the wireless charging receiver module [14].
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Specification Value

Output Voltage 5 V (DC)

Output Current (maximum) 600 mA

Coil Inductance 30 pH

Coil Resistance 0.2 Q

Coil Diameter 38 mm

Coil Height 2 mm

Resonant Frequency 163 kHz

(determined experimentally)



A circuit diagram of the secondary coil of the wireless power transfer unit is illustrated in

Figure 7-2.
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Figure 7-2: Circuit diagram of receiver module circuitry, provided by the distributor [14].
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Appendix D: Cost Breakdown of Final Product

An estimated cost breakdown for a single commercial device in medium-scale production is

presented in Table 7-4.

Table 7-4: Cost breakdown for a single wireless power transmitter and receiver.

Module Component Cost [$1

Transmitter AC to DC wall adapter 10.00

Cross-Coupled Oscillator 5.00

Injection Molded Case 3.77

Secondary Coil and Rectifier 0.20

Circuitry

Thermoformed Cover 0.69

Insulated 10 AWG cable 17.25

Zip-ties 0.48

Cost of Transmitter Module 37.39

Receiver Secondary Coil and Receiver Circuit 5.00

Supercapacitor 1.50

Thermoformed Cover 0.15

Cost of Receiver Module 6.65

The manufacturing cost of a system consisting of 20 receiver modules is $170.39. The cost

of electricity, estimated at 0.11 $/kWh, associated with continuous operation of the prototype over

a ten year period is calculated in Table 7-5.

46



Table 7-5: Calculation of electricity cost associated with continuous operation
prototype over a decade.

Parameter Value Units

Input Power Required 10.89 W

Input Energy (per hour) 0.01089 kWh

Operation Cost (1 hour) 0.001198 $/kWh

Operation Cost (1 year) 10.50056 $/year

Operation Cost (10 years) 105.01 $/decade

of wireless

Taking into account the cost of electricity required to operate the device for a period of 10

years, the overall cost of this system is expected at $275.40. For comparison purposes, the cost of

powering these sensor modules with non-rechargeable coin cell batteries is calculated in Table

7-6.

Table 7-6: Calculation of cost associated with powering sensor modules
over a decade.

with coin cell batteries

Parameter Value Units

Energy Capacity of Battery 144 mWh/battery

Batteries Required (1 hour) 0.000785 batteries/hour

Batteries Required (1 year) 6.878726 batteries/year

Batteries Required (10 years) 68.78726 batteries/decade

Batteries Required for 20 Devices (10 years) 1375.745 batteries/decade

Unit Price of Battery at this Quantity 1.11884 $/battery

Total Cost of Batteries 1539.24 $

About 1,358 batteries would be needed, costing $1,539.24. For a system of 20 sensor

modules operating over a decade, $1,263.84 will be saved by utilizing the wireless power

transmission prototype rather than the non-rechargeable batteries.
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