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ABSTRACT

Wireless power transfer (WPT) is a promising way to reduce the inconvenience of
electric vehicle (EV) charging, which has been considered one of the major issues hindering
widespread adoption of EVs. This dissertation includes four parts aiming to solve key issues
associated with control, modeling, misalignment and safety concerns of wireless EV charging.
Part 1 of this dissertation addresses the output voltage variation and efficiency drop caused by
misalignment; a uniform voltage gain control for a series—parallel resonant converter is
implemented to improve the alignment robustness of wireless chargers. The uniform gain control
is achieved by analyzing the voltage gain and impedance across the frequency domain, and an
embedded program is developed to tune the switching frequency for a stable output voltage
based on phase angle feedback of the primary inverter. Experimental results show that the
efficiency of fixed frequency control dropped from 82% to 34% when the misalignment was
changed from 0 to 200 mm, while the efficiency of uniform gain control dropped from 81% to
60%.
Part 2 of this dissertation describes modeling a series—series topology WPT system for maximum

power transmission efficiency. A frequency-spacing model is proposed to calculate the unity-



gain switching frequency when the coil geometry and displacements are known. The
experimental results show that the unity-gain frequency can be predicted with varying loads and
air gaps (75mm to 250mm), and a demonstrated unity-gain error of <6%.

Part 3 of this dissertation introduces a parking alignment system for wireless EV chargers. The
alignment detection system is low cost because it uses the existing charging facility and only
four auxiliary coils to determine the direction and magnitude of required parking adjustments.
An alignment system for wireless EV chargers should be a fundamental approach to solve the
misalignment issues in EV wireless charging by making it easy for the EV driver to park
properly. The coil positioning accuracy of the system is <3cm.

Part 4 of the dissertation investigates safety concerns regarding exposure to strong
electromagnetic (EM) fields present during WPT. The body of work examines that a metal debris
placed on the primary pad have a temperature rise of 81°C under 3.1kW WPT, and the EM field
between the two charging pads can reach 1.656 mT, which largely exceeds the safety guideline
imposed by the ICNIRP standard.

The methodology of this work can provide a fundamental theory that allows for efficient, robust,

and safe wireless EV charging.

INDEX WORDS: Wireless Power Transfer, Inductive Power Transfer, Wireless Charging,
Electric Vehicles, Vehicle Alignment, Controls, Modeling, Resonant

Converter, Magnetic Coupler, Magnetic Emissions, Safety Concerns.
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CHAPTER 1
INTRODUCTION

Wireless communication has significantly changed human life in almost every aspect of society
since Guglielmo Marconi, the 1909 Nobel laureate in recognition of his contribution to wireless
telegraphy, invented the first radio telegraph system in 1895 [2]. Compared with wireless
communication, wireless power transfer (WPT) via electromagnetic waves has had limited
influence on the world although the concept of WPT was originally proposed by Nikola Tesla in
the 1890s [3-5].

Unlike wireless power delivery, wireless signal transmission does not emphasize transfer
efficiency because the signal content is preserved when modulated on an electromagnetic wave,
and can be successfully demodulated by a radio receiver even though it is greatly attenuated over
a long distance. In addition, wireless signals usually transmit on extremely high frequency
carriers ranging from several GHz to hundreds of GHz. High carrier frequency means high
antenna quality factor, which guarantees the signal strengths can remain within an acceptable
range over a long distance. WPT, however, has limited transfer distance considering the
efficiency and high attenuation and cannot operate on high frequencies for high volumes of
power transmission due to the limitations of existing power transistor technology. Normally the
frequency of WPT is limited to 300 kHz for high power applications including electric
transportation [3, 6, 7]. The operating frequency in some studies is above 1 MHz but only in low

power applications [8].



The following introduces currently available wireless power transfer techniques, the wireless
charging of electric vehicles (EV), research motivation, and the scope of research of the
dissertation.

1.1 WIRELESS POWER TECHNOLOGIES

Wireless power transfer technologies fall into two categories, one is radiative far-field including
microwave coupling and laser beaming, and the other is non-radiative near-field including
capacitive and inductive coupling [9-12]. Figure 1.1 demonstrates the structure of a typical WPT
system that consists of an energy/wave transmitter, a power conversion module for driving the
transmitter, an energy receiver, and a power conversion module which regulates the received

power suitable for loads such as batteries [12].

Grid 1+
power@ T Load

Power Power
conversion Transmitter Receiver conversion

Figure 1.1. WPT system structure
WPT has a wide range of potential applications such as digital devices and electric vehicle
charging, household appliances, medical implants, space solar power, etc., which has drawn
great attention and attracted a large number of researchers in the past few years [13-18]. Dr. Ron
Hui has focused on low power inductive coupling for more than one decade and his planar
printed circuit board transformer is available on the market nowadays for wirelessly charging
consumer electronics [19]. Dr. Paul Jaffe researched a space solar conversion and transmission

module to transfer sunlight energy to the earth via microwaves, and demonstrated a 12%



combined conversion efficiency on a prototype in a space-like environment [13, 20]. Dr. Patrick
Aiguo Hu et al. presented a wirelessly powered implantable device and its frequency control
method for effective power delivery under variations in load, alignment, coupling, and other
circuit parameters [17]. Dr. Joshua R. Smith’s team demonstrated a WiFi router-powered system
that transfers wireless power to sensors, smart devices, and cameras as long as these devices are
equipped with 2.4GHz antennas for communication via WiFi, Bluetooth, or ZigBee, allowing for
network and power transmission simultaneously. They have experimentally showcased battery-
free temperature and camera sensors powered with Wi-Fi at ranges of 17 and 20 feet separately
[18].

1.1.1 Radiative WPT

Radiative WPT is the transmission of energy over a distance which is much larger than the radio
wavelength [12]. The transmitter emits electromagnetic (EM) waves and the receiver in
somewhere else converts the radio waves to power its load. The radiation arriving at the
receiving surface is a certain proportion of the radiation emitted from the source. The power
density of the far-field operation declines by 1/r?, where r is the distance from the power source
to receiver antenna, indicating that the efficiency becomes much lower as the distance r increases
and making it suitable for low power level applications [12, 21]. To improve the efficiency of
radiative power transfer, high frequency EM waves in the microwave range or even visible
spectrum are employed to keep the energy beam narrow, which allows the energy transferred to
focus on the receiver antenna.

The microwave power transmission era began in 1958 when the Raytheon Company studied a
microwave-powered aircraft which could stay up in the air for communication or surveillance

purposes [5]. Unfortunately, the microwave-powered platform looked promising but was not



successfully developed [5]. Microwave power transmission is only suitable for low power level
application such as powering a sensor remotely in conditions where a battery exchange or
recharge is not convenient [12, 22]. This limited use takes human exposure to EM fields into
account since a high power density of microwaves can cause health risks to human body.

Laser power beaming is a type of radiative WPT that uses laser light as a medium to transfer
energy. The laser beam can maintain an intense energy concentration even at a long distance.
The basic principle is that a laser light beam from a laser source arrives at receiving photovoltaic
cells (PV) to produce electricity. Although laser power beaming seems a promising wireless
power transfer solution, the efficiency of PV for light to electricity conversion is <50%, resulting
in an even smaller overall efficiency considering the power losses in the stage of electricity-laser
at the transmitter side [12]. The laser beam can be blocked by solid dielectrics and can damage
eyes of humans and animals or even Kkill living objects. These negative effects strongly
discourage the use of laser power beaming on a mass scale.

1.1.2 Capacitive WPT

Capacitive WPT was first proposed and demonstrated by Nikola Tesla in 1891 [4]. The basic
principle is that alternating current (AC) can flow through a capacitor and achieve wireless
power transmission when the capacitor is configured as two conductive plates facing each other
at a certain distance. Figure 1.2 shows the typical capacitive WPT structure, which consists of an
AC source, four conductive sheets, a rectifier and power conditioner, and loads [23]. The energy
stored in the capacitor can be expressed by E = 0.5CU? where C is capacitance and U is voltage
across the two plates. The maximum allowed electric field is restricted to 30kV/cm to prevent air
ionization, indicating that the voltage across the two plates is limited to some value, which

reduces the power-delivering capability of the capacitive WPT system [24]. Therefore,



capacitive WPT should be more suitable for low power applications due to restriction of electric

field strength.

AC H | | )
| o 1+
Power | - | | = Load
L |
'_.T.J __._4__ .
Compensation Capacitive coupling

Figure 1.2. Capacitive WPT structure

In contrast to inductive WPT, capacitive WPT delivers power via electric field rather than
magnetic field. Unlike inductive WPT, metal debris between two capacitive WPT pads will not
influence the efficiency of power delivery since the metal sheet separates the capacitor into two
capacitors in series with each other. This might be one of the best known benefits capacitive
power transfer can bring over inductive [12, 25, 26]. Addtionally, capacitive coupling has greater
misalignment tolerance than inductive, and the electric field is confined between the plates [26].
These advantages of capacitive systems are inspiring researchers to overcome the above design
challenges and investigate high power applications with large distance between the transmitter
and receiver.

1.1.3 Inductive WPT

The idea of inductive WPT can date back to the discovery of electromagnetic waves by German
physicist Heinrich Hertz who created a spark gap transmitter and receiver and saw through a
microscope a small spark which was energized by a spark from the transmitter [5, 27]. Inspired
by Hertz’s work, Nicolas Tesla, who also proposed the capacitive wireless power transfer

solution, demonstrated and patented inductive WPT in the 1890s [5, 28]. Figure 1.3 shows a



picture taken in the 1890s of his experimental setup for powering a lamp wirelessly by using
magnetic resonance [28]. Unfortunately, inductive WPT did not become a fast growing research
topic or reality in industry until the beginning of 21% century, accompanying the availability of
high-frequency switching transistors, popularity of mobile network and digital devices, and
electric transportation [6, 16]. In many literatures, inductive WPT or inductive power transfer
(IPT) is simplified as WPT due to the prevalence of inductive coupling in the wireless power
field. Since power is delivered across an air gap in IPT, it is also called a loosely coupled

IPT/WPT system which is compared with a transformer.

W

Figure 1.3. Tesla coils illuminating the phosphorescent lamp close to bottom of the picture by
using magnetic resonance coupling
Today’s inductive WPT systems use the basic system structure and principle Tesla created more
than one century ago. The basic theory of IPT systems relies on Faraday's and Ampere's Laws.
The primary coil is energized by AC to produce a magnetic field, which in turn induces a
voltage/current in the secondary coil which is placed within proximity of the field. Since the

transmitter and receiver coils are loosely coupled due to a much lower coupling factor than a



traditional transformer, the air gap at which the power can be delivered is increased if both the
coils are compensated by capacitors to form resonance at a certain frequency. This energy
transferring process is also referred to as magnetic resonance coupling, or simply as
magnetic/inductive coupling. In Figure 1.4, an inductive WPT system typically includes a
transmitter coil (also called primary), an RF power supply for driving the primary, a receiver coil
(also called secondary or pickup), compensation capacitors, and power regulation electronics for

powering loads.

Secondary Coil
Compensation 1 P ES
Network _l_ I i
Gria —| HE Power | 1 | Compensation Power
Power |  Supply T Network Conditioner
Primary Coil

Figure 1.4. Block diagram of an inductive WPT system
Normally, the air gap of IPT systems is set at less than the radius of the primary or secondary
coils to maintain a decent efficiency, so they are categorized as near-field WPT in comparison to
far-field WPT such as laser or radiative coupling. The energy transferring distance of IPT can be
extended by applying a higher quality factor, which means a higher operating frequency.
However, a very high switching frequency (MHz level) could cause large power losses and
challenge power regulation; a very high quality factor means the power transferred can
significantly decrease even for a minor coil detuning, which is quite common in application.
Therefore, an IPT system operating from 10kHz — 200kHz should be suitable for high power
applications (kW level) including electric vehicle charging, and is a good compromise between

power transfer capability and efficiency, and system robustness.



1.2 WIRELESS ELECTRIC VEHICLE CHARGING

Electric vehicles (EVs), usually refueled by plug-in chargers, are becoming increasingly popular
due to concerns about greenhouse gas and air pollutant emissions, predicted fossil fuel crisis, and
a desire to move towards renewable energy [3, 6, 7, 16, 29]. Although zero emission EVs are
highly attractive, people are apprehensive of the shorter travelling range of a single charge and a
much longer refueling time than that of engine vehicles. Besides, they require the user to change
his or her behavior by remembering to plug in the EV, and their ground charging infrastructure is
at risk of vandalism and electrocution and can be vulnerable to harsh weather such as heavy rain
and snow.

Wireless charging (WC) using magnetic coupling is a promising way to address the above issues
with EVs. EVs can be recharged whenever a public charging station is available. Because of its
non-contact manner, WC improves upon EV convenience and charging safety; users simply park
their EV over a charger. WC infrastructure can be buried underground, making it waterproof and
safe from vandalism and electric shock.

1.2.1 A brief history

Although Nicolas Tesla proved the possibility of power delivery across an air gap through
magnetic coupling in the 1890s, WPT research and application did not make significant progress
until the early 1990s [3, 5, 16, 30, 31].

In 1994, researchers from UC Berkeley released a 60kW inductive charger powering a 35-
passenger bus in both static and mobile modes [31, 32]. The speed was set at 18 and 24 km/hr
respectively during the mobile testing. The efficiency for both operating modes was around 60%
at output power of 60kW. The switching frequency was 400 Hz due to the limitation of high

power transistors, which greatly limits the performance of the charger. This demonstration was



supported by California Partners for Advanced Transit and Highways (PATH) and showcased
great potential for wirelessly charging EVs [31, 32]. In the same year of 1994, an inductive
power distribution was patented by Dr. John Boys from Auckland University [30]. The IPT
prototype operated at 10kHz with output power level of 500W. From then on, researchers from
Auckland University directed by Dr. John Boys and Dr. Grant Covic have been working on IPT
systems for rail transportation, EVs, etc [33]. Based on Dr. Boys and Dr. Covic’s research on
IPT, HalolPT was created to provide EV wireless chargers and was acquired by Qualcomm in
2011.

In 2009, Korea Advanced Institute of Science and Technology (KAIST) launched an online
electric vehicle (OLEV) that is fed with electricity by road embedded IPT tracks while the
vehicle is on the move [34, 35]. KAIST announced that more than 180 patents have been filed on
the OLEV and related technologies [36, 37]. A 60kW bus was tested by the road embedded track
with an efficiency of 60% in the first demo. In 2013, two buses were delivered for a 24km inner
city transit route of Gumi, South Korea, with 85% efficiency in transferring 100kW electricity at
20kHz via a 20cm air gap from track surface to bus chassis. Generally, 5-15% of the bus route
needs to be rebuilt and equipped with segmented charging strips to allow the bus to receive
enough energy to power the entire route. The OLEV was chosen as one of the 50 best inventions
of the year 2010 the Time Magazine [37]. Researchers from KAIST claimed that the battery size
can be reduced by 80% with in-motion charging, aiming to solve the low density, high weight,
and long charging time of battery issues with current EVs [36]. OLEV Technology Inc. was
established in Boston MA, 2011, to commercialize the road powered EV solution.

Research on IPT technologies for powering EVs has drawn increasing public attention in the last

decade and a number of institutions from both academia and industry are involved in the effort to



popularize electric transportation. There are research groups from Virginia Tech, Georgia Tech,
U. of Michigan, New York U., Utah State U., etc. that are working on wireless EV charging [6,
38-41]. Researchers from Virginia Tech developed a 4 kW contactless EV charger and designed
an asymmetrical coupler for maintaining the coupling under air gap and lateral distance
variations [38, 42]. The research group led by Dr. Chris Mi from U. of Michigan developed a
double-sided LCC network and a bipolar coupler for efficient EVWC [43, 44]. Researchers from
Georgia Tech designed a universal inductive charger to be suitable for charging multiple EV
models [39]. The team from New York U. studied a multi-level type multi-phase resonant
converter for EVWC [45]. Utah State U. Power Electronics Lab (UPEL) are implementing an in-
motion wireless charging project for EVs and evaluated its economic and environmental
feasibility [46]. Oak Ridge National Laboratory (ORNL) developed and improved EVWC
technology for both stationary and in-motion charging [47-49]. They evaluated and tested this
technology in terms of power flow control, power converter design, EM exposure to human
body, and standardization of EVWC [50-52]. Another interesting in-motion wireless charging
concept, proposed by a research group led by Dr. Takashi Ohira at Toyohashi University of
Technology in Japan, applies dielectric coupling to transfer power from the roadway to a steel
belt installed inside vehicle tires [53]. They also demonstrated the wheel WPT concept via a 1/32
scale EV model [53]. The power transmission efficiency was reported up to 76% at an operating
frequency of 52MHz [54]. Since the vehicle tire and roadway surface are in close contact with
each other, a human or pet would have limited access to the electric field between the WPT
electrodes. Some start-ups that are providing EVWC solutions include Momentum Dynamics
(Figure 1.5a), WiTricity (Figure 1.5b), EVATRAN Plugless (Figure 1.5c), and HEVO Power

(Figure 1.5d) [16].
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Figure 1.5. (a) Momentum Dynamics WC setups; (b) WiTricity EVWC system; (c) Plugless

EVWC charging demo; (d) HEVO’s EVWC manhole.
Nowadays, EVWC has arrived at the stage of standardization; various groups have set general
requirements and specifications for IPT systems that suppliers need to follow into production.
The SAE (Society of Automotive Engineers) released SAE-J2954 in 2013 to standardize IPT
technology for charging EVs, including communication, alignment and foreign object detection,
power electronics topologies, testing procedures, and interoperability [55]. UL2750 is a EVWC
safety standard outlined by Underwriters Laboratories (UL) [56]. A collaborating group from
International organization for Standardization (ISO) and International Electrotechnical
Commission (IEC) works on a technical specification document, PT61980, to define

requirements of EM field, safety, and communication associated with EVWC [49, 57].
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1.2.2 IPT systems for EV charging

Figure 1.6 illustrates the components of a typical wireless charging system used for EVs. The
grid power is first rectified to DC, then a resonant inverter converts the DC power to high
frequency AC to drive the primary coil and produce a magnetic field. According to Faraday's law
of electromagnetic induction, another AC with the same frequency as the magnetic field is
induced in the secondary coil. Additional power conversion is required to convert the high
frequency circulating current into DC to charge a battery pack. The on-board electronics consist
of a rectifier, a DC-DC converter, a battery management system (BMS), as well as sensing
modules. As the AC load is not purely resistive, a phase shift between the grid voltage and
current will occur, which will lower the power delivery. Thus, a power factor correction (PFC) at
the grid power input is used to decrease the apparent power and total current drawn from the
grid. The driver interface displays all of the system’s electrical and mechanical parameters such
as charging monitor, alignment information, and existence of metal and living things. These
monitoring data can be transmitted to the primary controller via radios to enable, disable, and

control the power delivery.

Alignment & Foreign | Driver
Object Detection "| Interface

k.

On-board Electronics 1

ili | Rectifier, Converter & | T B;“ell{'}'
Utll“}' : Resonant Secmliﬁary Controller — ac
—_— PFC Converter
Power V&l
I(‘nnlml \/DSRC\/
User Primary ) ] T ors L
Interface Controller | 7 Radio Radio

Figure 1.6. Functional diagram of an IPT charger for EVs
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In a commercial wireless EV charger, Dedicated Short Range Communications (DSRC) are
recommended to be used as the wireless communication mechanism between the ground stations
and the vehicle side due to its fast response, and will be applied widely in cars as required by the
U.S. department of transportation and the SAE communications committee [49, 58, 59]. The EV
can communicate with a wireless charging station as long as it enters the zone where the DSRC
signal is available.

Figure 1.7 shows four topologies which are commonly used in IPT systems, including Series-
Series compensated (SS), Series-Parallel compensated (SP), Parallel-Parallel compensated (PP)
and Parallel-Series compensated (PS) setups [39, 60-62]. The series-compensated secondary is
equivalent to a voltage source, while the parallel-compensated secondary acts as a current source
suitable for battery charging. For the primary side, a series-compensated primary has several
benefits over parallel. First, the primary tuning capacitor is more robust over the range of
magnetic coupling coefficients or quality factors. On the other hand, the tuning capacitor in a
parallel-compensated primary setup should be adjusted if there is a magnetic coupling or quality
factor change caused by horizontal misalignment, vertical gap, parameter drifts of electronic
components, etc., which are quite common in real circumstances. Hence, the series-compensated
primary topology contributes to an easier way to achieve the resonance of the WC system.
Second, unwanted harmonics could occur due to parasitic components caused by loose magnetic
coupling. A series-compensated primary setup can reduce harmonic effects and keep the system

stable.
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Figure 1.7. Topologies for IPT. (a) SS; (b) SP; (c) PP; (d) PS.

In addition to the four basic IPT compensation topologies, advanced compensation topologies
such as LCC and LCL are proposed to lower the circulating current of coils and increase the rail
voltage of the primary inverter, which can further decrease the conduction loss by power
transistors and capacitor voltage stress. Detailed assessment of LCC is covered in depth by Li et
al. in [43], while Wu in [63], Huang in [64], and Hao in [65] discuss the LCL compensation
network.

Three types of coil structures and shapes are presented in the literature, including circular, flux-
pipe, and bipolar topologies [7, 56, 66, 67]. The circular coil structure is commonly used with an
efficiency as high as 90% [63]. Although the circular topology needs a bigger coil diameter than
the other two methods to achieve the same power transfer capabilities, its simplicity and low cost
make it a preferred option for our experimental setup. For the flux-pipe topology, the coil is
wound along an H-shaped ferrite bar [68, 69]. This coil structure has a double-sided magnetic
flux path, so it is also called a double-sided winding transformer. The flux on the pad's back is
the same as the front side, meaning that the magnetic loss in the shielding plate is significant.
The bipolar topology employs D or Q coils to couple the power; a detailed description is given in
[66, 67]. The bipolar pad has less flux going through the pad's back and a higher efficiency than

a circular pad.
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The control of IPT systems mainly involves pulse-width modulation (PWM) of the resonant
converter at the primary side. The frequency value and duty cycle are used to modulate the
converter for determining power efficiency and density [51, 70-72]. Fixed and variable
frequency controllers are generally used in EVWC [56]. The fixed frequency operation is simple
in both software programming and hardware realization. However, a fixed frequency requires
more severe operating conditions such as limited tolerance for the positioning of the coupled
coils and the size of the air gap between the pads, since the power delivery and efficiency can be
greatly reduced by misalignments [71, 73]. A variable frequency controller is proposed to make
the IPT more adaptive and robust in response to the external variances that could lower IPT
performance, although the system becomes complex and high-cost in both software and
hardware with control algorithms, additional circuits, and communication modules [51].

EVWC can be categorized into stationary (garage or park-to-charge) and dynamic (in-motion or
road-powered) charging [7, 16]. With stationary WC, an EV driver simply parks the vehicle over
a ground primary charging station, and a corresponding charging pad attached on the vehicle
underbody picks up the power and recharges the EV. WC technology has already been proposed
to be utilized in public transit systems at bus stops in what is known as “opportunity charging”
[16]. When the electric bus idles or waits for passengers at a stop, the bus can be refueled for as
long as it remains at the station. The concept of opportunity charging can potentially reduce the
battery pack size equipped on electric transit systems, leading to more sustainable public transit
due to lower battery cost and lighter vehicles. In addition, opportunity charging could reduce the

cost and volume of the heavy batteries carried by electric cars and trucks.
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Figure 1.8. Conceptual diagram of dynamic wireless charging (DWC) of EVs

Dynamic WC involves a string of charging pads or segmented charging strips that are built
underneath a length of the road or highway to charge EVs as the vehicles pass over them [7].
This concept would significantly decrease the need for energy storage devices on EVs and
fundamentally solve vehicle range anxiety. Figure 1.8 illustrates a conceptual diagram for future
transportation where the electric car is roadway powered while it is moving.

1.2.3 EV charging technologies

EV charging technologies can be classified as plug-in charging and wireless charging. Charging
a battery conductively by directly connecting the load with grid power is the traditional plug-in
charging method developed for EV usage. Considering about 80% of drivers in the U.S. drive 40

miles or less per day, there are three kinds of plug-in charging solutions available on the market:
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level 1, level 2, and DC fast charging [74-76]. Table 1.1 offers a comparison among the three
different charging solutions in terms of power, duration of charging event, range per hour of
charging, cost, typical uses, etc. Level 1 charging requires plugging the EV into an ordinary
household outlet, meaning that this charging method is low-cost and does not require any
professional installations as long as the user has access to a standard 110V outlet. However, the
maximum power of Level 1 is limited to 1.6kW. For a Nissan Leaf, Level 1 charging allows it to
be recharged at a rate of about 4.5 miles of range per hour, or about 22 hours for a full charge
[77]. DC fast charging, the fastest type of charging currently available, provides up to 40 miles
of range for 10 minutes of charging or 80% of full charge in 30 minutes [76, 78]. However, it is
almost impossible to install such a high power rating (50-60kW) and expensive charging
equipment (up to $160,000) [78]. Level 2 is a compromise between Level 1 and DC fast
charging; it requires 240V outlets and charges an EV at 6.6 kW or around 26 miles of range per
hour of charging [42, 76]. Some high-power household appliances also employ the 240V grid
input. All the electric cars are made to be compatible with both Level 1 and 2 charging, while
DC fast charging requires special equipment on the cars.

Table 1.1. Specifications and comparison of Level 1, 2, and DC fast charging for EVs [78, 79]

Level 1 Level 2 DC fast charging
Typical duration of 6-10 1-3 <0.5
charging event (hours)
Range each hour of 2-5 10- 20 >75
charging (miles)
Types of utility 120V AC 208/240V AC 208/480V AC three-
phase input
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Power ratings (kW) 1.6 Typically 6.6 (can be 50 - 60
up to 19.2)
Cost ($USD) 600 - 1,000 About 2,000 10,000 - 160,000
Typical applications Home use; Home use for a faster Long trip use;

Workplace parking charge; Extension of trip.

lot; Charging in a
Long term parking commercial area
(8+ hours). while shopping or on

business.

Location/installation Home garage; Municipal or private Close to highway

preferences Long-term; parking decks in entrances and exits;

parking/visitor downtowns, shopping | Roadway points with

parking; centers, or home high volume of

Workplace parking garage. transportation load.

area.

Although EV makers have not offered wireless chargers as an option on their EVs up to now,
W(C technology could become a competitive alternative over plug-in because of its cordless
manner, along with unique benefits such as hands-free, automatic charging, weather-proofing,
and avoidance of electric shock [3, 6, 80]. WC can be configured for multiple power levels since
both WC and plug-in charging can maintain an efficiency of >90% from grid to battery [3, 63].
Although plug-in charging can have a slightly higher efficiency than WC, the advantages of WC

over plug-in largely outweigh this small disadvantage.
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1.3 MOTIVATION AND SCOPE OF THE PROPOSED RESEARCH

As stated above, EVWC systems research involves circuit topologies, power flow control,
magnetic coupler design, safety, and vehicle alignment. Although there are a number of
publications and some preliminary commercialized products are available on the market,
research towards more adaptive, robust, efficient and safe WC is still of great value for
widespread adoption of EVs.

1.3.1 Positioning and adaptability to misalignment

One significant characteristic of WPT systems is the relative position between the primary and
secondary is variable. It is unrealistic to expect EV drivers to park their vehicle over a ground
station so that the two coils are precisely aligned. The inevitable misalignment of the two
coupled coils can cause a mutual inductance variation, which might lower the WPT efficiency or
even burn the power electronics in a severe condition. To address the misalignment issues in
EVWC, two approaches are researched in this dissertation:

First, a uniform voltage gain control is proposed to maintain a stable voltage output when the
coupled coils are not well aligned. The switching frequency of the IPT system is tuned in each
charge based on the alignment conditions between the two coils to compensate for the negative
effects of a misalignment. This frequency control method improves the maximum allowed
misalignment for EVWC but cannot solve the issue fundamentally. It cannot work if the mutual
inductance is too weak.

Second, a vehicle alignment detection system is proposed to assist the EV driver while parking to
ensure the two coils are well aligned before recharging the vehicle. However, additional

equipment for this purpose is bulky and can increase the system complexity and cost as well.
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This dissertation investigates two practical alignment methods that utilize the existing IPT
platform to detect coil positioning and guide parking. The first method is based on the fact that
the resonant frequency of IPT changes along with different alignment conditions, so the position
can be determined by measuring the resonant frequency and the phase angle between voltage and
current of the primary power inverter. The second method is to use four auxiliary minor coils as
sensors to measure a magnetic field that is produced by the ground station. The relation between
the four outputs and coil position is derived to determine the secondary coordinate in three
dimensions. Besides the horizontal alignment information, this method can also be used to figure
out the air gap considering different car models and weights. This data can be used to improve
the interoperability and universality of wireless EV chargers.

1.3.2 Frequency-spacing modeling

The leakage inductance is compensated by tuning capacitors for resonance to deliver huge
amount of power through an air gap in a loosely coupled system, meaning that IPT systems can
only deliver power at certain frequencies. Traditionally, the operating frequency is determined by
two steps: the first is to determine the coupler mutual inductance by finite element analysis (FEA)
or experimental measurement; the second is to calculate the optimal frequency for WPT. This
dissertation simplifies this process by modeling the relation of frequency and coil position in IPT
systems, which bypasses the intermediate mutual inductance process. The derived formula takes
three-dimensional coil position into account while assuming the two coils are in parallel with
each other. This model allows the frequency to be fixed in about 10ms, which shows higher
computational efficiency in contrast to FEA simulation. A fast approach to determining the
operating frequency of IPT is highly desirable in such a dynamic environment where the relative

position of coils can be variable in both lateral and vertical directions.
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1.3.3 Safety and health concerns

Although the wireless charging of EVs can be seen as non-radiative due to its relative low EM
frequency, possible health effects on the human body and safety concerns from the high volume
of power delivered between the two charging pads are investigated in this dissertation. The safe
operation of a WC system is evaluated in terms of possible health effects from human exposure
to EM field, thermal effect on metal, and EMI (electromagnetic interference) to other electronic
devices. International guidelines regarding EM health are reviewed to evaluate our testing results
and contribute to a deep understanding of safety concerns of EVWC.

1.4 BRIEF OVERVIEW OF THE DISSERTATION ORGANIZATION

Chapter 1 reviews the wireless power technologies and states the research background and
objectives of the dissertation. Chapter 2 investigates a uniform voltage gain control to tune the
switching frequency to allow the IPT system to have a larger misalignment tolerance. The
uniform voltage gain is achieved by analyzing a circuit model in multiple misalignment/mutual
inductance cases. An experimental platform is created and a tuning program is implemented on a
DSP controller to demonstrate the frequency control approach. Chapter 3 derives a mathematical
model to calculate the mutual inductance and resonant frequency of an IPT system. Experimental
results are conducted to validate the mathematical approach.

Chapter 4 describes a vehicle alignment technology that uses the mutual inductance to identify
the relative position between the primary and secondary coils while a three-dimensional coil
positioning approach is researched in Chapter 5 by using four auxiliary minor coils to sense the
EM field and align the two coils. The mathematical derivations between the voltage of auxiliary

and secondary coordinates are included in the chapter. The experimental results show the high
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value of this approach to assisting EV drivers with parking their car over a ground charging
station.

Chapter 6 introduces safety guidelines related to EVWC and shows a group of testing results
including thermal effect, human exposure to EM field, and potential damage to electronics
associated with EVWC. Design considerations and safety recommendations are presented for
EVWC in this chapter.

Chapter 7 summarizes contributions of the dissertation, limitations of the work, and proposes

future research topics in wireless EV charging.
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CHAPTER 2

UNIFORM VOLTAGE GAIN CONTROL ?

! Gao, Yabiao, Kathleen Blair Farley, and Zion Tsz Ho Tse. "A uniform voltage gain control for
alignment robustness in wireless EV charging.” Energies 8.8 (2015): 8355-8370.

Reprinted here with permission of the publisher.
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2.1 ABSTRACT

The efficiency of wireless power transfer is sensitive to the horizontal and vertical distances
between the transmitter and receiver coils due to the magnetic coupling change. To address the
output voltage variation and efficiency drop caused by misalignment, a uniform voltage gain
frequency control is implemented to improve the power delivery and efficiency of wireless
power transfer under misalignment. The frequency is tuned according to the amplitude and
phase-frequency characteristics of coupling variations in order to maintain a uniform output
voltage in the receiver coil. Experimental comparison of three control methods, including fixed
frequency control, resonant frequency control, and the proposed uniform gain control was
conducted and demonstrated that the uniform voltage gain control is the most robust method for
managing misalignment in wireless charging applications.

2.2 INTRODUCTION

The world has witnessed a rapid growth of plug-in hybrid electric vehicles (PHEVs) and pure
electric vehicles (EVs) over the past decade due to the increase in greenhouse gas emissions,
environmental pollutants, and fossil-fuel price fluctuations. However, PHEVs and EVs still need
to address range anxiety, high battery cost, and the inconvenience of charging before their
widespread acceptance [7, 44]. Wireless power transfer (WPT) has been an emerging research
area for several years and could overcome the inconvenience of EV charging [44]. WPT allows
power to transfer from a transmitter coil to a receiver coil over an air gap. Applications for WPT
include mobile devices, household facilities, medical implants, and electric vehicles [7, 16, 44,
60, 81-85]. WPT is based on the principle of magnetic resonance couplings. The WPT system is
mainly composed of a high-frequency power inverter, transmitter coil (also called “primary

side™), receiver coil (also called “secondary side”), compensation capacitors, and rectification
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electronics. The alternating magnetic field generated by the primary side induces an alternating
current in the secondary side. The rectifier converts the alternating current into direct current
(DC), and then a DC-DC converter can be used to drive the desired load—for example, a battery.
The compensation capacitors make up for the large inductance leakage and allow for a loose
coupling, so power can transfer wirelessly across a large air gap.

WPT systems are frequency-sensitive due to their use of magnetic resonance. Any change in the
resonant components, such as inductance, capacitance or load, can influence the operating
frequency of the system. Since WPT systems operate in a non-contact manner, the physical
spacing between the two coils can vary, resulting in a change in magnetic coupling and
eventually shifting the best switching frequency for WPT [86, 87]. Often, EVs used in everyday
life are not parked in the ideal position over the transmitter each time. The misalignment between
the two coils influences the output voltage at the secondary side and hence changes the power
delivery. Additionally, the chassis height might be different for different EVs, which can also
influence the optimal switching frequency.

The body of this study focuses on a uniform voltage gain control method to address the
frequency shift caused by misalignment and different air gaps while keeping the output voltage
stable. A WPT system was developed to experimentally demonstrate the proposed frequency
control under different coil alignments. There are four common resonant tank topologies for
WPT based on different capacitor arrangements, including series-series (SS), series-parallel (SP),
parallel-series (PS), and parallel-parallel (PP). A popular SP resonant tank is used as an example
to demonstrate the frequency control in the experiment.

The WPT frequency controls fall into two categories: fixed frequency control and variable

frequency control (also called “adaptive frequency control”). A fixed frequency control is
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normally operated under limited magnetic coupling variances, and a typical input voltage control
is used to keep the charging voltage constant [88]. Resonant frequency control, which is a kind
of variable frequency control, is designed to improve the WPT’s adaptability for coupling
change. Resonant frequency control allows WPT to always operate at a zero phase angle
between the output voltage and current in the primary inverters. However, this causes the
circulating current for resonant control to be quite high. In some studies, soft switching
techniques are used to minimize the power losses of switching devices where the phase angle is
forced to shift to a small value, making the WPT under-coupled [3, 39, 44, 61, 86]. There are
several different ways to provide resonant frequency control, such as adding auxiliary
components to adapt to the variance of magnetic couplings and directly switching the frequency
of gate signals. For example, Aldhaher et al. adjusted the operating frequency by using saturable
reactors [89], and the WPT system developed by Han et al. can adjust a different resonant
capacitor and then change the operating frequency [90]. Although these auxiliary resonant
components help to switch the frequency indirectly, they increase the cost of wireless chargers,
especially in high power applications, and the additional electronic elements make the WPT
system bulky. An automatic frequency tuning system is proposed by Sample et al. and Kar et al.,
where the WPT is tuned and operated at its resonant frequency, resulting in a zero load phase
angle [86, 91]. Although the system is physically resonant, the output voltage at the secondary
side is varied under different coil spacing, making it difficult to regulate power delivery to the
battery. To address the influence of load variances on output voltage, a universal WPT was
designed to charge different batteries [39, 92]. However, the universal system did not
compensate for misalignment issues. Moreover, a different hardware configuration was used to

achieve variable frequency control for WPT. Most of the proposed variable frequency controllers
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calculate the voltage and current of the secondary side via wireless communications, which can
increase the cost and overall system complexity.

Wireless charging systems could operate at an adaptive switching frequency with uniform
voltage gain in order to compensate for misalignment. The frequency control proposed in this
paper is based on voltage gain and impedance analysis across the frequency domain, and the
uniform voltage gain control is achieved through phase angle feedback at the primary side.

2.3 OVERVIEW OF THE WPT SYSTEM

The schematic diagram in Figure 2.1a illustrates the components of the WPT system with
frequency control. The phase angle between output voltage and current of the inverter is
measured before charging, and the digital signal processor (DSP) controller switches the
frequency of pulse width modulation (PWM) signals to adjust the impedance of the system,
thereby providing efficient wireless power transfer. The H-bridge inverter drives the transmitter
coil to generate high-frequency electromagnetic fields. The voltage/current induced in the
receiver is rectified to DC to power the load or charge a battery. Table 2.1 shows the parameters
of the coils in the WPT system.

Figure 2.1b shows the power inverter packaged with liquid cooling. Two half-bridge, insulated
gate bipolar transistor (IGBT) modules (FF100R12K4, Infineon) are employed to form the H-
bridge controlled by a four-channel gate drive board. Since the IGBT can support a higher power
rating with liquid cooling, the power inverter can be upgraded to a higher power level with minor
changes. A resistor-capacitor-diode (RCD) snubber circuit is paralleled with each half-bridge
switch to mitigate the undesirable spikes which can cause component failures and
electromagnetic interference (EMI) issues. Moreover, these spikes can result in poor phase angle

measurement, or even destroy the phase angle measurement circuit.
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Figure 2.1. (a) Overview of the WPT system; (b) Inverter and control electronics.

Table 2.1. Parameters of transmitter and receiver coils.

Specification Primary Secondary
Inductance (UH) 65.3 65.1
Tuning capacitor (UF) 1.0 1.0

Turns 12 12

Coil inside diameter (cm) 11 11

Coil outside diameter (cm) 56 56
Copper tube outside diameter (inch)  3/8 3/8
Copper tube inside diameter (inch) 1/4 1/4

2.4 PHASE ANGLE MEASUREMENT

The phase angle between the primary inverter’s output current and voltage can be used to
calculate the WPT’s frequency. The operating frequency influences both the voltage gain and the
phase angle. Thus, the phase angle must be measured in order to find and adjust the operating

frequency to control the WPT system’s power delivery.

28



Figure 2.2 shows the schematic design of the phase angle measurement circuit. The output
voltage (Vsense) and current (lsense) signals from the power inverter (modeled as an AC source in
Figure 2.2) are transformed into two square waveforms by comparators. An exclusive-OR gate
(XOR) combines the two square waveforms to one pulse waveform whose width is equal to the
phase delay between Vsense and lsense. A low-pass filter converts the pulse into a DC signal Vphs,
which can be acquired by the analog-to-digital converter (ADC) in the DSP controller. The DC
output of the filter is proportional to the phase angle between Vsense and lsense. Since the high
power in the WPT system can destroy the comparators and control circuit, four relays were used

to isolate the power and control sides, as shown in Figure 2.2.
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Figure 2.2. Schematic of phase angle measurement
Because the switching frequency is greater than 10 kHz, and at times even 100 kHz, it is quite
difficult for a commercialized hall-effect voltage sensor to pick up the high speed. The voltage
probe is directly connected to the output of the power inverter and then to the comparator. A
current transformer is used to measure the circulating current in the coil. Although discrete

Fourier transform (DFT) can be programmed in the DSP for phase angle measurements, using an
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XOR and an RC filter greatly simplifies the embedded software development process and
reduces the computational load of the DSP.

Once the phase angle has been measured, the switching frequency must be adjusted until uniform
voltage gain is achieved. The DC input voltage is limited to 12 V during the frequency tuning
process because lower voltage levels are much safer for the control circuit, and frequency tuning
at high power levels would prolong the tuning time. Additionally, unreasonably fast variance of
the frequency generates instability of output voltage and power emissions in high-power
applications, which could damage the battery. Hence, frequency tuning is designed to occur at
low power levels for both tuning speed and the safety of the circuit. After the switching
frequency is well tuned, the WPT system operates at high power and starts charging.

2.5 ANALYSIS AND SIMULATION OF WPT

A full-bridge series-parallel WPT schematic is shown in Figure 2.3a. The four semi-conductors
were driven by square waveform signals with a duty cycle close to but less than 50% to avoid
make-before-break situations (momentary short circuit) in the inverter. Although the energy
consumption of the rectifier can lower the system efficiency due to the inherent voltage drop, its
simplicity makes it an ideal choice for industrial use where reliability and low cost are highly

valued.
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Figure 2.3. Circuit diagram of proposed WPT system: (a) SP topology for WPT; (b) Simplified
SP topology; (c) Equivalent circuit of SP topology.
Figure 2.3b is a simplified series-parallel circuit diagram, and Figure 2.3c is the corresponding
equivalent circuit. Equation (2.1) describes the circuit impedance (Z) in terms of the switching

frequency (o).

1 : . : 1
Z(w) = c + jolL, + ja)Lm//(ja)le +E//RLJ (2.1)

P s
where C;, is the series tuning capacitance of the primary side and Cs is the tuning capacitance of
the secondary side. Cp must equal Cs to achieve resonance. Lp and Lg are the leakage
inductances of each coil. Since both coils are the same, Ly equals Lg. Lm is the mutual
inductance. The leakage and mutual inductance can be experimentally measured. The battery is

equivalent to a resistive load, R, which can be calculated using the delivered power and voltage
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across the battery. For a desired 1.4 kW/120 V battery charging condition, Ry is 20 Q. j is the
imaginary unit.

The coupling coefficient k is defined as

k = L:LS (2.2)
L =L, +L, (2.3)
L =L, +L, (2.4)

The voltage gain G is the ratio of output voltage V2 over input voltage V1 as shown in Figure
1.3c and is determined by

G a)ZLmeRL |
oL, LLC,C.R (1-k*)-&’R (L,C, +LC,)+R, - j(&’L,LC,(L-k*) - aL,)

s~ p’s

(2.5)

The mutual inductance changes with different coil alignments, which can cause a shift in the best
switching frequency for WPT. Figure 2.4 is a simulation result of impedance and voltage gain
against frequency performed in Simulink (MathWorks, MA, Natrick). Figure 2.4a, b show that
the resonant frequency of WPT varies due to different magnetic couplings. Figure 2.4c is the
voltage gain curve in the frequency domain. Although the WPT system has purely resistive
impedance if operating at the resonant frequency, the voltage gain can change dramatically with
different couplings, meaning that misalignment can cause the voltage output and power delivery
to be unstable. The output voltage at resonance can be extremely high even under a weak
coupling.

Although voltage gain varies at a specific frequency according to different magnetic couplings,
uniform voltage gain can be achieved for a given coupling by changing the switching frequency.

In Figure 2.4b, each curve goes through one fixed phase angle value at frequency fo. The phase
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angle is fixed at fo no matter how the coupling varies, but the voltage gain G and impedance
magnitude are the most unstable at fo, so the WPT system cannot operate at fo. On the left side of
fo, uniform gain theoretically exists, but the corresponding phase angle is much lower than on the
right side of fo, showing that the overall efficiency will be low if the WPT system operates on the
left side of fo. Therefore, the frequency range marked in Figure 2.4c, on the right side of fo, is
seen as the uniform gain control area. In Figure 2.4c, the frequency range for uniform gain
control decreases from 24.4 kHz to 20.2 kHz when the coupling becomes weaker, and the
corresponding phase angle is 18" at 24.4 kHz and 90" at 20.2 kHz. The total impedance is
inductive in this frequency domain where the input voltage leads the input current, which

realizes zero-voltage switching (ZVS) operation of the inverter.
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Figure 2.4. Impedance and voltage gain G in frequency domain. (a) Impedance magnitude; (b)
Impedance phase characteristics; (c) Voltage gain in frequency domain. The simulation
conditions were Lp=65 pH, Ls=65 uH, Cp =1 puF, Cs=1 pF, R=20 Q, and Lm = 2.5, 5, 7.5,
10, 12.5, 15, 17.5, 20, 22.5, and 25 pH.

For each curve of the phase angle in Figure 2.4b, one zero-crossing point exists, which indicates
the resonant frequency point. Therefore, the switching frequency can be shifted to some value
higher than the resonant frequency in order to achieve uniform voltage gain by first detecting the
phase angle. Since the phase angle measurement cannot detect polarity of angles, the first step is
to find the resonant frequency, and then increase the frequency until the predetermined uniform
gain is obtained. From Figure 2.4 b,c the phase angle for a uniform voltage gain is around 18 —
22 as long as the magnetic coupling (k) is relatively strong. The phase angle corresponding to

the uniform voltage gain increases when the magnetic coupling becomes worse.
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2.6 CONTROL LOOP DESIGN

The main objective of this section is to explore the use of the proposed uniform gain control to
generate a fixed output voltage regardless of any coil misalignment. The WPT is designed to
automatically choose the optimal frequency after the EV is parked but before charging begins. A
dummy resistor is required to simulate the battery status, as its equivalent resistive load can vary
at different levels of charge.

The resonant frequency is the frequency that makes the load phase angle between the primary
inverter’s input voltage and current zero. While the resonant frequency allows the system to
transfer maximum power, the output voltage at the secondary side varies significantly, thus
increasing the difficulty in designing a DC-DC converter that can ensure the charger voltage is
stable. The non-zero phase angle between the primary inverter’s output voltage and current
allows for the use of soft switches, decreasing the power losses caused by switching devices. The
tuning process is as follows:

Firstly, the WPT system searches for the resonant frequency for a specific alignment condition.
This resonant frequency is determined by the coil coupling, so it can be different each time a
driver parks an EV. As shown in Figure 2.5, the resonant frequency is located through frequency
shifting (Afp) and phase angle comparison between current and previous angles (Ocurrent and
Bprevious). AS the polarity of the phase angle cannot be detected by the measurement circuit, a
direction flag p is utilized in the firmware to determine whether to shift the frequency to larger or
smaller frequencies. The phase-angle which corresponds to the resonant frequency is zero, but
the phase angle read by the DSP at the resonant frequency is not exactly zero due to the
measurement error of digital devices. Therefore, the resonant frequency is set when the current

phase angle (Ocurrent) iS lower than t, where t is a value within the range of acceptable
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measurement accuracy. Secondly, the WPT system determines the uniform gain frequency once
the resonant frequency is known. The tuning program increases the frequency step by step (Af)
while measuring the load phase angle. The resonant frequency acquired in the first step
determines the phase angle curve (Figure 2.4b) and the mutual inductance between the two coils
can be calculated according to Equation (2.1). Once the mutual inductance is known, the phase
angle (Ouniform) for the uniform gain can be obtained using Equations (2.1) and (2.5). Then the
DSP program increases the switching frequency step by step (Af) while measuring the load phase
angle until the phase angle is equal to Ouniform. Finally, the WPT sets the switching frequency to

the uniform gain frequency and raises the input DC voltage to begin charging the EV.
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Figure 2.5. Flowchart of the uniform voltage gain control loop.
Theoretically, the calculation of the phase angle Ouniform for a known coupling can be derived
from Equations (2.1-5). However, a floating calculation could consume the computational
resources of a 16-bit DSP dramatically and might influence the tuning speed as well. In addition,

the theoretical value might have an error due to parasitic resistance and stray inductance in the




electronic elements. Hence, the phase angle Ouniform IS calibrated for each increase (set 2 cm in our
test) in misalignment and the coupling between two calibration points will linearly map the phase
angle Ouniform.

2.7 EXPERIMENTAL VALIDATION

2.7.1 3-Axis Platform for Alignment Study

Figure 2.6 shows a three-axis motorized platform which was used to set the alignment conditions
for experimental study. The three-axis platform shown in Figure 2.6 is based on a CNC machine
(Model DHC, PlasmaCAM, Inc., Colorado City, CO, U.S.). It has a width of 1.75 m, a height of
1.65 m, and a depth of 1.65 m. The maximum speeds are 25 m/min in the horizontal direction
and 2 m/min in the vertical direction. The movable ranges are 1.2 m x 1.2 m in the horizontal
plane and 0.6 m in the vertical direction (Figure 2.6). The speed and motion trail can be
programmed in a computer interface. The misalignment test was only performed in a single

direction in the horizontal plane since the coil shape is circular.
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Figure 2.6. Experimental setup for misalignment study.

2.7.2. Experimental Results with Misalignment under a Constant Air Gap

While the air gap was kept at 100 mm, the efficiency and voltage gain (G) were measured with
variance of misalignment in the horizontal plane. Figure 2.7 shows the efficiency and G curves
under three frequency control methods, the fixed frequency, the resonant frequency, and the
uniform gain control. The experiment was conducted using three input voltages: 10 V, 20 V, and
40 V, to show the influence of power losses of from switching devices on efficiency when the

frequency and misalignment stay the same.
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Figure 2.7. Experimental comparison in three control modes at a fixed air gap of 200 mm and
different misaligned coil conditions. (a) Efficiency at a fixed frequency; (b) Voltage at a fixed

frequency; (c) Efficiency at resonant frequencies (phase angle 6 = 0); (d) Voltage at resonant

frequencies (phase angle 6 = 0); (e) Efficiency at uniform gain frequencies;
(f) Voltage at uniform gain frequencies.

As shown in Figure 2.7a,c,e, the efficiency of resonant frequency and uniform gain control is
better in misalignment than that of fixed frequency control. The efficiency at resonant frequency
in different misalignment conditions is slightly higher than the uniform gain’s efficiency. For
example, at a DC input voltage of 40 V, the efficiency of fixed frequency control dropped from
82% to 67% when the misalignment was changed from 0 to 125 mm, while the efficiency of
resonance control dropped from 82% to 79%, and the efficiency of uniform gain control dropped
from 81% to 77%. It was noted that the efficiency curve of 40 V input was unavailable after the
misalignment exceeded 125 mm in Figure 2.7(c). This is because the mutual inductance between
two coils was too small, which led to a much smaller impedance under resonance. The DC
supply could not support such a heavy load. From the efficiency curves in Figure 2.7a,c,e, the
efficiency under different DC inputs is different even at the same misalignment value. This
phenomenon occurs when the switching device’s loss occupies a relatively larger portion of the
total consumed power when operating in a low power condition. The efficiency can still increase
if the DC input is greater than 40 V.
According to the voltage gain characteristics in Figure 2.7b,d,f, the output voltage at the
secondary side under fixed and resonant frequencies began to vary significantly at a
misalignment of more than 100 mm. However, the output voltage gain (G = V,,/V;,, Vin is the

DC input voltage of the inverter) was maintained at about 3.04 across the misalignment range up
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to 200 mm, which coincides well with the simulation result in Figure 2.4c. The DC output

voltage V,, after the rectifier and the smoothing capacitor (Figure 2.3a) is the rectifier input RMS

voltage V> multiplied by a constant value, specifically: V. = ng [3]. The theoretical peak-peak

voltage gain is 4.0 (Figure 2.4c); hence the theoretical DC output voltage over DC input is 3.27,
which is quite close to the measured gain.

A stable output voltage for wireless charging helps to reduce the burden on the DC-DC converter
to regulate the power flow. Although operating at resonance frequency has a slightly higher
efficiency than the uniform gain control, it introduces a much more complex power regulation
issue in comparison to the uniform gain control. Moreover, since the overall impedance under
resonance frequency operation is very small for a large misalignment, the circulating current in
the coils is extremely high and the power supply faces a huge challenge to drive the heavy load.
2.7.3. Experimental Results with Air Gap Variations under Zero Misalignment

When both the primary and secondary coils were in perfect alignment, the efficiency and voltage
gain (G) were measured with a variance of air gaps. Similar to the misalignment experiment,
Figure 1.8 shows the efficiency and G curves under three frequency control methods: fixed
frequency, resonant frequency, and uniform gain control.

The experimental results for air gaps (Figure 2.8) followed the same trend in efficiency and
voltage gain with the results shown in Figure 2.7, due to the fact that both misalignment and air-
gap variation change the magnetic coupling. The relative error for output stability under the
uniform voltage control was 2.0% for misalignment (Figure 2.7) and 4.7% for air gap variations
(Figure 2.8). One interesting phenomenon is that the efficiency of uniform gain control (Figure
2.8e) dropped more gradually than that of the resonant control when the air gap was more than

100 mm. As the coils used for EV charging are relatively large in dimension, they are more
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tolerant to misalignments than air gap variations. Thus, an air gap variation causes a worse
coupling compared with the same amount of misalignment in this case. The worse coupling
represents a heavier overall load that needs a larger current from the inverter, which results in
more conduction losses in switching devices and lowers the efficiency more quickly. Figure 2.8
a,c,e demonstrates that the efficiency varies under different DC inputs but the same frequency
method and misalignment condition. Since the switching device’s loss accounts for a higher
percentage of the total consumed power when operating in a low power condition versus a high
power condition, a lower DC input can make the WPT less efficient compared with a higher DC
input. Figure 2.8b shows that the output voltage at an air gap of 50 mm is much lower than that
of 100 mm. Since 100 mm is assumed a nominal operation gap for EV charging in our setup, the
switching frequency is chosen based on the 100 mm gap for fixed frequency control. Therefore,
although the wireless charging system has a stronger coupling at an air gap of 50 mm than 100

mm, the mistuned frequency causes the huge output voltage drop when the gap is 50 mm.
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Figure 2.8. Experimental comparison in three control modes with different air gaps and no coil
misalignment. (a) Efficiency at a fixed frequency; (b) Voltage at a fixed frequency; (c)
Efficiency at resonant frequencies (phase angle 6 = 0); (d) Voltage at resonant frequencies
(phase angle 6 = 0); (e) Efficiency at uniform gain frequencies; and (f) Voltage at uniform gain
frequencies.

2.7.4. Accuracy of Frequency Tracking
Figure 2.9 shows the comparison between theoretical and actual operating frequencies. The

theoretical switching frequencies were calculated with Matlab using Equation (2.5) and the
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acquired frequency was experimentally obtained by the proposed control method using a DSP
controller. The difference between the theoretical and actual values ranged from 0.8 to 1.1 kHz,
and all the acquired frequencies were lower than the theoretical ones. Since the inverter and
rectifier were considered ideal switching devices in the circuit model and the equivalent
resistance of coils was not considered, as shown in Figure 2.3(c), the actual switching frequency
is different from the theoretical one. Due to the error analysis of voltage gain as stated above,

such frequency tracking error should be acceptable in a practical application.
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Figure 2.9. The theoretical and acquired switching frequencies for uniform voltage gain
control with various couplings (misalignment at an air gap of 100 mm).
2.7.5. Frequency Control at a Large Misalignment
Figure 2.10 shows the primary side’s circulating current and the gate drive signals when the

misalignment is 200 mm and the air gap is set at 100 mm. These scope graphs are obtained under
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a DC input voltage of 40 V. Under these conditions, the circulating current of resonance
operation is extremely high, which challenges the electronic devices and hinders heat dissipation,
meaning resonant operation is impractical under severe misalignment. The phase angle between
the two signals is around 56° for fixed frequency control (Figure 2.10a). Such a large phase angle
results in a weak wireless power transfer capability. However, the current signal in Figure 2.10b
lags slightly (about 29.3°) behind the switching signal which is also consistent with the inverter
voltage. Thus, the soft-switching operation is used in the uniform gain control. The measured
mutual inductance is 9.69 pH when the misalignment is 200 mm and the air gap is 100 mm.
According to Figure 2.4b and Figure 2.9, the theoretical phase angle is 30.5°, which coincides
well with the experimental value (about 29.3°).

Figure 2.10 also shows that the RMS current of fixed frequency control is 13% smaller than that
of uniform gain control, while the efficiency of uniform gain control is 76.4% larger than that of
fixed frequency control (Figure 2.7a,e). Therefore, the maximum allowed misalignment can be
significantly extended with help of the uniform gain control. The power delivery of the uniform
gain control performs much better than the fixed frequency control under severe misalignments
while the resonance control cannot operate in such a weak coupling.

The current switching frequency band for light duty EV wireless chargers is 81.38 kHz—90 kHz
according to the SAE-J2954 [55]. For heavy duty EV wireless chargers, the SAE currently has
no such frequency recommendations due to the frequency properties of high power switching
devices. As far as the authors know, the switching frequency of several commercialized wireless
chargers is around 20 kHz. For instance, the Plugless wireless charging system from Evatran
Group, Inc operates at 19.5 kHz [80]. Following the trend of SAE, our future demonstrations for

light duty EVs will also focus on a nominal operating frequency of 85 kHz.
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Figure 2.10. Switching signals and the inverter circulating current under two extreme conditions
(misalignment = 200 mm, air gap = 100 mm) (a) Fixed frequency control (20.2 kHz); Sinusoidal
current waveform: Max = 32 A, RMS = 22.7 A, (b) Uniform gain operation (19.5 kHz).
Sinusoidal current waveform: Max = 37 A, RMS = 26.2 A. The voltage-current ratio of the
current sensor is 0.2 V/A.

2.8 CONCLUSIONS

A uniform voltage gain control for wireless charging can generate a stable and controllable
voltage to address the negative effects of misalignment and air gap variations in EV applications.
Simulation and experimental validation were conducted in comparison with traditional fixed
frequency and resonance frequency operation. The uniform voltage gain control offers certain
advantages, as shown by the theoretical analysis and experimental demonstration. Firstly, the
uniform gain control allows for operation under greater misalignment and is more robust under
differing vehicle chassis heights. Since the proposed control method can operate under worse
magnetic couplings, it can counteract the drawback of a common circular coupler, which is that
the coupling coefficient drops relatively quickly. Secondly, although the WPT system does not

operate at the resonance frequency under uniform control, it does not mean the overall efficiency
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is low. Lower current operation and use of soft switching can decrease the power loss caused by
switching devices, and hence uniform gain control has a competitive or even higher efficiency
compared to resonant operation. Thirdly, the stable voltage output under uniform gain operation
can decrease the design requirements of a DC-DC converter on the secondary side. Potentially, a
battery could be directly charged without the existence of the DC-DC converter using the
proposed gain control plus duty-cycle regulation. This could decrease the amount of electronic

components involved in wireless charging.
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3.1 ABSTRACT

The switching frequency of inductive charging can change along with the air gap between two
coils due to mutual inductance variation. Traditionally, the mutual inductance is acquired
through experimental measurement, finite element analysis, or frequency tracking control. In
order to simplify this process, a frequency-gap model for series-series inductive power transfer is
proposed to calculate the unity-gain frequency as long as the air gap and coil dimensions are
known. Neumann’s formula is applied to compute the mutual inductance of two coils. The
experimental results show that the unity-gain frequency can be predicted with varying loads and
air gaps (75mm to 250mm), and a demonstrated unity-gain error of <6%.

3.2 INTRODUCTION

Inductive power transfer (IPT) is used to charge electric vehicles, medical implants, and
consumer electronics due to its safety and non-contact manner [7, 39]. The switching frequency
at which IPT operates is important due to the principle of magnetic resonance. The unity-gain
frequency of IPT is defined as a load-independent frequency which allows the secondary side’s
output voltage magnitude to equal the primary inverter’s voltage magnitude [39]. The unity-gain
operation of IPT works similarly to wire electricity transmission. However, the unity-gain
frequency for IPT varies as the air gap changes because the size of the air gap influences the
magnetic coupling between the primary and secondary coils.

Traditionally, the frequency of IPT is obtained by measuring/simulating the mutual inductance
and calculating the frequency, or by using a frequency tracking control system through phase-
angle feedback and communication with the secondary side [39, 61, 91]. These approaches are
either complex or timing consuming. This paper proposes a direct way to calculate the unity-gain

frequency based on the physical dimensions of the primary and secondary coils.
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3.3 FREQUENCY-GAP MODELLING

The Neumann formula is used to calculate the mutual inductance between two circular wire

loops [93]. Equation 3.1 is the Neumann formula for mutual inductance.

e g B

4 (3.1)
N
Radius: b | N
Radius: a
TN g
a7 .
y
X
Figure 3.1. Spatial configuration for each set of wire loops.
According to Figure 3.1, we have
dp = a(—sin ¢X +cos¢gy)d¢
ds =b(—sin X +cosoy)d o (3.2)
dp-ds =abcos(¢—60)dpdE
From Figure 3.1, the distance r is
r= \/az +b*+g” +1° - 2abcos(¢ — &) — 2al cos ¢+ 2bl cos @ (3.3)
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where a is the radius of the primary coil, b is the radius of the secondary coil, I is the lateral
distance, and g is the distance between the two concentric coils (Figure 3.1). @ is the
corresponding angle of integration variable of the primary while 0 is the angle of the secondary.

Combining equations (3.1)-(3.3), and using Newton's generalized binomial theorem to expand
the integral expression up to the sixth order, the simplified mutual inductance between the two

wire loops can be expressed as

31° _ 15(a’h’+8al’ +80°1° +8bI°) _351(a’ +b”)

M < uyra’h? | 8p’ 128" 256 p° (3.4)
16,° , 315(a’h’ +3a'1* + 301" + 6a'd’l’ + 6a’h’I%) '
16384 °

where p =

2 2 2 2
a“+b +g°+lI . .
\/ g and Lo is the magnetic constant.

The formula deduction can be simpler and up to the seventh order if two coils are coaxially

placed (I equals to zero), then it can be simplified as

22 22 41,4 6146
\ _ Homa’ (1 15a’h? 315a’h*  15015a°b j (35)

3 + 4 + 8+ 12
16p 128p" 16384p° 4194304p

Since the coils used for IPT commonly include multiple turns of wire loops, the mutual
inductance between two planar coils is a sum of all the possible combinations of single wire

loops. Thus, the total mutual inductance between the two circular coils is

M tar :ZDZSMU (3-6)

i=1 j=1
where np and ns are the number of turns of the primary and secondary coils. For unity-gain
operations, both the primary and secondary coils have the same dimensions, so np = ns. Mj; is the

mutual inductance between the primary’s number i loop and secondary’s number j loop.
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Figure 3.2. Circuit model of symmetrical SS resonant tank. (a) Equivalent circuit of SS IPT;

(b) Simplified circuit at the unity-gain frequency fy
Figure 3.2 shows the simplified circuit model of a symmetrical SS resonant converter of IPT for
the unity-gain operation. Although there are two load-independent resonant frequencies that meet
unity-gain operation for symmetrical SS IPT [39, 94], the unity-gain frequency expressed in
equation (3.7) is preferred because it has the maximum power transmission efficiency for SS IPT
[94]. The leakage inductance of the coupled coils is fully compensated at this frequency.
Therefore, the circuit can be further simplified as shown in Figure 3.2b, resulting in minimal
voltage across the mutual inductance and thus minimum circulating current in the coil. A

minimum current in the coupler indicates that it operates at maximum power transfer efficiency.

f (3.7)

1
. 27[«/5
3.4 EXPERIMENTAL VERIFICATION
An IPT system was built to verify the frequency-gap model. As shown in Figure 3.3, it consists
of a full-bridge inverter, primary and secondary coils, compensating capacitors, and resistive
loads. The compensating capacitance is 2.0 yF in both the primary and secondary sides. The coil
specification is shown in Table 3.1. The resistive load was set at 12Q, 36Q, and 90Q separately

for each air gap. The air gap varied from 75mm to 250mm and data was recorded for each
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incremental step of 25mm. The DC input voltage of the inverter was set at 40V during the

experiment.

Power inverter
and controller

Upper: the secondary coil
Lower: the primary coil

Figure 3.3. Automated positioning system and coil setup

Table 3.1. Specification of primary and secondary coils (unit: mm).

Parameters Value Parameters Value
No. of turns 12 Coil track separation | 10.9
Outer coil diameter 560 Coil track width 95

Figure 3.4a shows the unity-frequency calculated by Matlab using the frequency-gap model.
Figure 3.4b compares the mutual inductance between the primary and secondary coils obtained
by measurement and computation via the model. The average difference between the measured
and computed values for the eight air gaps is 0.43uH (STD: 0.27uH). The maximum difference
is 1.02 at the air gap of 75mm. The minimum difference is 0.14 pH at the air gap of 175mm.

Figure 3.4c is the actual gain at computed unity-gain frequencies (Figure 3.4a) for three different
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loads. The gain changes from 0.94 to 1.05 for all twenty-four load and air-gap configurations
with an average gain of 0.98 (STD: 0.04). Figure 3.4d shows that the gain variation at each air
gap is lower than 3% for all three load conditions, and the gain change is zero when the air gap is
either 200mm or 250mm, indicating that the output voltage can stay quite stable for different

loads at the same air gap.
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Figure 3.4. Experimental results based on frequency-gap model. (a) Switching frequency at

various air gaps; (b) Comparison of measured and computed mutual inductance; (c¢) Measured
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voltage gain at various air gaps; (d) Gain stability among three resistive loads at each air gap.

The computational time to calculate the unity-gain frequency by Matlab was recorded for eight
air gap conditions from 75mm to 250mm with an increment of 25mm. The Matlab program has
an average runtime of 9.79ms (STD: 0.25ms), meaning that the proposed approach has higher
computation efficiency in comparison with finite element software.

3.5 CONCLUSION

The proposed frequency-spacing model allows the unity-gain frequency of a SS IPT system to be
computed in about 10ms. This process requires no measurement or finite element analysis to
acquire the mutual inductance in IPT; it is a direct way to calculate the unity-gain frequency. The
frequency-gap model can also take into account air gap variations. The average gain value for all
twenty-four configurations in the experiment is 0.98, and the gain stability at any air gap is

within 3% under three different loads.
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4.1 ABSTRACT

Wireless charging is a promising outlet to promote the electric vehicle (EV) industry due to its
safe and non-contact manner. Wireless EV chargers require the secondary receiver coil to be
well aligned with the primary station for efficient charging, which could require more of the
driver’s time and attention when parking a vehicle. Therefore, this paper presents a magnetic
alignment system to assist the EV driver during parking. The magnetic alignment approach uses
the existing coil and frequency tracking control electronics of wireless chargers to detect the
distance between the two coils while using 4 small auxiliary coils for direction and fine
adjustment, leading to a cost effective detection method for coil alignment in electric vehicle
wireless charging (EVWC). The testing results of a prototype shows acceptable measurement
correctness and the mean error for ten trials in range detection is within 0.25 cm at three different
misalignment conditions (10.5, 15, and 20cm). The positioning accuracy of coil alignment is
within 1.2cm for three different start positions with the auxiliary coils.

4.2 INTRODUCTION

Over the past decade, pure electric vehicles (EVs) and plug-in hybrid electric vehicles (PHEVS)
have increased in popularity due to environmental awareness and fossil fuel price fluctuations [7,
16, 39, 44, 61]. Wireless charging is a competitive option to overcome the inconvenience of
plug-in EV charging and the relatively low energy density stored in batteries by opportunity
charging [44]. A wireless EV charger typically includes power electronics that convert the grid
power to a high frequency power source: the primary coils placed/buried on ground, the
secondary coil mounted underneath the chassis of the EVs, on-board electronics that rectify the
secondary output to charge the EV battery, and a communication module between ground facility

and the on-board electronics [3].
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The efficiency of wireless charging highly relies on the alignment condition between the two
charging pads [95, 96]. The wireless EV chargers can commonly tolerate a misalignment error of
only 10cm, which presents a challenge to EV drivers while parking over a wireless charging
station [97]. Birrell et al. investigated the effects of drivers’ behavior and parking alignment on
wireless chargers [97]. According to their study, the mean longitudinal misalignment is more
than 70cm when the drivers parked over a wireless charging pad with no guidance from external
support. The study also shows that only 5% of EVs can park well enough to achieve efficient
wireless charging. Since the wireless chargers can only endure limited misalignment, advanced
frequency control methods and coupler design have been investigated with the goal to improve
the alignment flexibility for EV wireless charging. These advanced design indeed have better
performance than a common one. However, it still cannot compensate for parking errors greater
than 0.7m (which is greater than the diameter of the coils). Hence, a vehicle alignment system
should be a necessary sub-system of wireless EV chargers. Additionally, the alignment system
has been seen as an essential module of wireless EV chargers in the newly released SAE
technical standards (SAE-J2954) [55].

To the best of the authors’ knowledge, the magnetic method is the best option for alignment
detection. It uses the existing coil to generate a weak magnetic field that is detected by magnetic
sensors installed on the secondary side. Although RF positioning can meet the accuracy
requirement of alignment control, more than one RF antennae need to be fixed on the primary
side, which potentially increases its cost and leads to a complex system. Other potential detection
methods include RFID positioning, GPS, optical detection, mechanical stop, and mechanical
arm. The accuracy of RFID is more than 50cm which is inaccurate for alignment. The cost

becomes increasingly high if the pressure sensors are buried underground. Machine vision seems
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promising in vehicle alignment. However, it cannot work if the charging stations are covered
with snow in winter. The GPS signals are unavailable sometimes, and the positioning accuracy is
limited to 5m [98]. The mechanical stop is large in size, and cannot support automated alignment
control, while using a mechanical arm will increase the cost, and make the system more
complex.

There is currently still limited literature available regarding the design of an alignment system
for wireless EV chargers. Ni et al. presented a conceptual radio alignment system for EV
wireless charging [99]. The system applied eight radio nodes with four on the ground and the
other four mounted underneath the secondary pad to sense the relative position between the
primary and secondary coils. The radio nodes used by the system is based on an indoor ranging
technique called wireless ad hoc system for positioning (WASP), which operates in 5.8-GHz
ISM band with a bandwidth of 125 MHz, and achieves a distance measurement error of about 0.2
m. Chen et al. introduced an alignment system using sixteen reference RFID tags and two
readers placed on ground, and one tracking tag attached to the vehicle [100]. Although the radio
alignment method is an alternative option for EV wireless chargers, it can increase the system
complexity and thus result in a high-cost wireless charging system. The price of each
commercial radio reader can be as high as several thousand dollars, which surpasses the cost of
the basic charging electronics. For example, the current price of a commercialized 3.3 kW
plugless wireless EV charger is as low as $1260 for Chevy Volt [101]. Therefore, the radio
alignment system might encounter cost issues in an open market where the configuration that
meets requirements with minimal cost survives. Moreover, the additional operating frequency

band of the radio positioning system could possibly cause electromagnetic interference issues.
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This paper introduces a magnetic sensing system for alignment in wireless EV chargers. The
system utilizes the existing charging facility to generate a magnetic field and sense the relative
distance between the two coil centers. The system also requires four minor coils to be installed
on the secondary pad for direction detection using triangulation. The four small coils are also
able to adjust the alignment when the two major coils are close enough, ensuring the primary and
secondary pads well aligned.

4.3 OVERVIEW OF MAGNETIC ALIGNMENT FOR WIRELESS EV CHARGING

Figure 4.1(a) illustrates the components of the wireless charging system used for alignment
detection. Since the phase angle between output voltage and current of the inverter changes
along with the operating frequency and coil spatial distribution, the distance between the primary
and secondary coils can be measured by the phase angle feedback and the WPT system’s
frequency characteristics on misalignment. The digital signal processor (DSP) controller
switches the frequency of pulse width modulation (PWM) signals and acquires phase-angle
signals and charging information from the vehicle side via wireless communication. Two half-
bridge insulated gate bipolar transistor (IGBT) modules (FF100R12K4, Infineon) are employed
to form the H-bridge that drives the transmitter coil to generate high-frequency electromagnetic
fields. The voltage/current induced in the receiver is rectified to DC to power the load or charge
a battery. A National Instrument (NI) Data Acquisition (DAQ) card (NI CompactRio-9075) with
wireless communication modules is used to transmit the data from the primary to the secondary
side wirelessly. A user interface is developed in LabVIEW to display the alignment information
for the driver while parking.

Figure 4.1(b) shows the mechanical schematic of the secondary coil. The four minor coils can

detect its distance from the primary center when the two coils begin to overlap. Since the actual
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magnetic field strength and distribution is always different from the computational value, the
minor coils’ output distance is outputted by matching the immediate value with an
experimentally acquired data space. This scenario is used when the two big coils are close
enough with each other that the big-coil’s detection limit might not be effective. The use of four
coils allows the system to determine whether the driver needs to move left, right, forward, or
backward. The zero misalignment occurs when the relative value of the four nodes is 0. The four
small coils are mounted symmetrically.

Figure 4.1 is the existing hardware for wireless charging except for the four minor coils and an
ultrasonic sensor (MaxSonar-EZ2, MaxBtixInc, Brainerd, MN, USA) for height measurement.
Therefore, the alignment system shares most of the electronic components with the charging
facility, leading to a low-cost detection. After completion of alignment operation, the DSP
controller will tune its optimal switching frequency based on the phase-angle feedback as well as

the battery’s state of charge, and then start charging.
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Figure 4.1. (a) Block diagram of the proposed magnetic alignment system using existing

wireless charging equipment; (b) Secondary coil with four small auxiliary coils (A-D) for
direction and fine adjustment (unit: cm). P is the primary center while S is the secondary center.
Figure 4.2 is a block diagram of the phase-angle measurement module. The four relays are used
to isolate the power electronics from the control electronics due to the high power in wireless
charging. The comparators are used to transform the output voltage (Vs) and current (ls) signals
from the inverter into two square waveforms. The phase delay between Vs and Is is measured by
an exclusive-OR gate (XOR) that combines the two square waveforms to one pulse waveform. A
low-pass filter converts the pulse into a DC signal Vyns, then the DSP reads the voltage signal
and obtains the phase angle information. The DC output of the filter is proportional to the phase
angle between Vs and Is. The DC input voltage is operated at a relatively low voltage (limited to
24V) during the vehicle alignment process, as lower voltage levels are much safer for the control

electronics.
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Figure 4.2. Phase-angle measurement between the inverter’s output voltage and current.

In the phase angle measurement circuit, the voltage probe is directly connected to the output of
the power inverter by a resistance divider. This is because the switching frequency is more than
10 kHz, and thus such high frequency makes a typical commercialized hall-effect voltage sensor
unable to catch the fast response time. The AC current is measured by a current transformer.
Although discrete Fourier transform (DFT) can be programmed in DSP for phase angle
measurements, using an XOR and an RC filter greatly simplifies the embedded software
development process and reduces the computational load of the DSP.

4.4 RANGE DETECTION USING CHARGING COILS

Figure 4.3 shows the resonant tank using series parallel topology for wireless power transmission
(WPT). The primary and secondary coil both have 12 turns. The inductance of primary coil Lp is
65.3 uH and the secondary coil inductance Ls is 65.1 pH. The tuning capacitance for both sides
(Cp and Cs) is 1 pF. According to the equivalent circuit shown in Figure 4.3(b), the circuit

impedance Z(w) is

Z(w) =

1 i . i 1
ToC +jo(L, - L)+ joL, //[]a)(LS -L)+ JoC //RLJ 4.1)

P S
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where j is the imaginary unit, e is the angular frequency, Lm is the mutual inductance between
the two coils, and Ry is the equivalent resistance of the battery, which can be calculated using the
delivered power and voltage across the battery. For a desired 1.4 kW/120 V battery charging
condition, Ry is 20 Q.

The coupling coefficient k is defined as

k=—= (4.2)

According to the Neumann formula, the mutual inductance is a function of coil dimension and
spatial arrangement. Since the coil dimension has been determined, the coupling coefficient is a
function of misalignment and air gaps. Therefore, the coil misalignment can be measured

through analyzing frequency characteristics of WPT.
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(a) (b)
Figure 4.3. (a) Simplified circuit model of the WPT; (b) Equivalent circuit
Figure 4.4 is the simulated impedance and phase characteristics in the frequency domain with
multiple coupling coefficient values. For each curve of the phase angle in Figure 4.4(b), one
zero-crossing point exists, which indicates the resonant frequency. The resonant frequency varies
with different coupling coefficients. Thus, the lateral distance between two coils can be obtained
through adjusting the frequency until the phase-angle becomes zero. The resonant frequency

indicates the lateral distance.
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Figure 4.4. (a) Impedance magnitude across frequency domain; (b) Phase-angle across

frequency domain. The parameters of the wireless charging system were Lp=65 uH, Ls = 65
puH, Cp=1 pF, Cs=1 pF, R =20 Q, and the mutual inductance Lyn was assumed as 2.5, 5, 7.5,
10, 12.5, 15, 17.5, 20, 22.5, and 25 pH in the simulation.

In order for an accurate measurement, a calibration is necessary to build a data space that allows
the resonant frequency to match with it. The built-in data space is composed of 25 sets of
misalignments and resonant frequencies for each height. Since the vehicle chassis might be
slightly varied due to tire pressure or the weight it carries, the height should be taken into
account when building the data space, making it a multi-dimensional array. The calibration is
conducted for each step of 1cm so the total calibrated ranging is up to 25 cm for each height.

Following Figure 4.4(b), the misalignment value can be assumed to change linearly with the
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measured resonant frequency f between two calibration points as close as possible. Hence, the
misalignment L can be obtained by

L=L+ f_f‘f,ie[O,D) (4.3)

i+1 i

where i is the index number of the calibrated lateral distance L between two coil centers, fi and
fi+1 are the resonant frequency when the lateral distance is Li and Li+1, and D is the calibrated
range and is 25 in our experiment.

Figure 4.5(a) shows the flowchart used for lateral detection. As shown in Figure 4.5(a), the
resonant frequency is located through adjusting the frequency, reading the phase angle feedback,
and comparing between current and previous angles (Ocurrent and Oprevious). The resonant frequency
is obtained when the current phase angle (Bcurrent) IS lower than t, which is close to zero. After
that, the microcontroller will match the resonant frequency with the built-in data space and

calculate the lateral distance by equation (4.3).
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Figure 4.5. (a) Flowchart for lateral distance detection; (b) Flowchart of operation planning of

the magnetic alignment system.
4.5 AUXILIARY COILS FOR MINOR ADJUSTMENT
The four minor coils act as an auxiliary devices for minor adjustment to ensure the vehicle is
parked perfectly. The auxiliary coil inductance is measured by a LCR meter, and the resonant

capacitor is calculated by

1

C=—F-—
Az f2L

(4.4)
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where L is the inductance of the auxiliary coil and f is the resonant frequency of the small coil.
The switching frequency is assumed 20 kHz which is the proposed switching frequency of the
wireless EV charger. Figure 4.6(a) shows the auxiliary coil was made in printed circuit board
(PCB). Table 4.1 shows the auxiliary coil’s specification.

Table 4.1. Parameters of the auxiliary coil

Specification Auxiliary coil
Inductance (uH) 17.1
Resonant capacitor (1F) 3.7

Number of turns 10

Diameter of coil (mm) 51.5

Coil track width (mm) 1.0

Coil track separation (mm) 1.0

Figure 4.6(b) shows the circuit diagram for the four auxiliary coils. It includes an inverting
amplifier, a rectifier consisting of four Schottky diodes, and a film capacitor for filtering the
output voltage variations. Since the operating frequency of the wireless charging system can
range from 15 kHz to 25 kHz, the electric components need to be able to operate in the
frequency band. In Figure 4.5, the capacitor Co together with the feedback resistor adds a null
end to the Bode plot of the circuit, lowering the bandwidth of the amplifier and filtering high
frequency noises. The rectifier and the filtering capacitor convert the alternating current (AC)
signals of the amplifier to direct current (DC) signals which are then acquired by the NI DAQ
module. Because the data card faces difficulty in acquiring the high frequency signal, it is

necessary to convert the signal to DC first then the data card for further processing in LabVIEW.
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(a) (b)
Figure 4.6. (a) A picture of auxiliary nodes; (b) Circuit diagram for auxiliary coils.

4.6 OPERATING PLAN OF THE ALIGNMENT SYSTEM
The operation plan of the alignment detection is shown in Figure 4.5(b). When the vehicle is
parked, the alignment system is automatically activated from sleep mode. Firstly, the charging
facility reads the vehicle height, then calibrates and chooses the appropriate built-in data array
for matching purposes. Secondly, it measures and displays the immediate lateral distance Lcurrent
and the four auxiliary coils’ outputs for direction estimation. Thirdly, it compares the current
lateral distance with the previous one to decide whether it is the right time to alert the driver to
start minor adjustments. Finally, the charging process is initiated after both the charging pads are
well aligned and the driver shifts into park and locks the transmission.
4.7 RESULTS AND DISCUSSION
4.7.1 Experimental setup
Figure 4.7(a) shows the experimental platform used to validate the magnetic sensing for
alignment purposes. The 3-axis platform shown in Figure 4.7(a) is modified from a CNC
machine (Model DHC, PlasmaCAM, Inc., Colorado City, CO, USA). The platform has a width
of 1.75m, a height of 1.65m, and a depth of 1.65m with a maximum speed of 25m/min in the

horizontal direction and 2m/min in the vertical direction. The movable ranges are 1.2m x 1.2m in
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the horizontal plane and 0.6m in the vertical direction. Figure 4.7(b) is the power inverter of the
wireless charging and was used to drive the coil and generate a magnetic field for alignment. The
user operated the control panel to adjust the coil alignment based on the computer interface’s
navigational information. The distance between the two coils was recorded after the user

completed the test. The users did not have access to visually obtain the two coils’ spatial

distribution to ensure the functionality of the alignment system.

(a) (b)
Figure 4.7. (a) 3-axis platform; (b) Power inverter and frequency control electronics.

4.7.2 Experimental results with Lateral distance detection

Figure 4.8 shows the experimental comparison between measured values by the charging
electronics and the true values. Figure 4.8(a) is the experimental result when the coil air gap is
12cm and Figure 4.8(b) is the result when the gap is 11.5cm. The mean error is 0.2cm in Figure
4.8(a) while it is 0.34cm in Figure 4.8(b). As the system was calibrated at an air gap of 12cm, the
system shows more accurate measurement at 12cm than 11.5cm. The measurement error is
relatively higher when the two coils are very close together (<2 cm). This is because that
magnetic coupling is similar when the two coils are almost strictly aligned. In this case, the

resonant frequency of the WPT system varies little, making the system have relatively low
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sensitivity when the charging coils are in close to perfect alignment. Since the wireless charging
system can endure some misalignment, the alignment can still meet the requirements as long as

the navigation error is lower than 10cm for a common wireless EV charger.
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Figure 4.8. Experimental comparison between measured and true values across the whole
measurement range. (a) height = 12cm; (b) height =11.5cm.
Figure 4.9(a) shows the measurement accuracy of the alignment system when the lateral distance
between two coils is 5¢cm, 10.5cm, and 15cm. The measurement was repeated 10 times for each
lateral distance. The mean error is 0.2cm (STD=0) at the misalignment of 5¢cm, 0.25(STD=0.05)
at 10.5 cm, and 0.12cm (STD=0.03) at 15cm. These data shows that the system has a high

measurement repeatability.
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Figure 4.9. (a) Measurement accuracy at three lateral distances under a chassis height of 11.5
cm; (b) Measurement accuracy between two well aligned coils under a chassis height of 11.5
cm. The measurement was repeated 3 times for each starting position.
4.7.3 Minor adjustment with auxiliary coils
Figure 4.9(b) shows the positioning accuracy between the two well aligned charging coils with
assistance from the four auxiliary coils. The experiment was repeated three times for each
starting position. The mean error is 0.9cm when the starting point’s coordinate is (0, 15), 1.1cm
for (15, 15) and 1.2 cm for (-15, 15). Since the (0, 15) starting point is located on the Y axis, the
error is slightly smaller than the other two conditions whose starting positions are in the first and
second quadrants respectively. All three mean errors are lower than 1.2cm, which is within the
acceptable range of misalignment in wireless EV charging.
4.8 CONCLUSION
A magnetic alignment system using existing charging electronics demonstrates that it can be a
practical approach to address the misalignment issues in wireless EV charging. The distance
between the two coils is transmitted to the user immediately for navigation purposes. The four

auxiliary coils provide direction information and help the driver adjust the vehicle to ensure good
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alignment. The positioning error of the magnetic alignment system is within 1.2cm and allows
for highly efficient wireless charging. The whole system is based on the existing wireless
charging facility except for the four small auxiliary coils, thus, the overall cost of the system

should be much smaller than an additional alignment system such as RF positioning.
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THREE DIMENSIONAL COIL POSITIONING °
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Tse. “Three-dimensional coil positioning based on magnetic sensing for wireless EV charging,”
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5.1 ABSTRACT

Wireless power transfer (WPT) via magnetic resonance coupling is considered a promising outlet
for electric vehicle (EV) charging due to the non-contact manner. Unlike a traditional
transformer, with WPT the relative spacing between the primary and secondary coils is highly
variable, which can affect the wireless power delivery and lower the efficiency. A magnetic
positioning approach that shares the wireless charging structure is proposed to solve the
misalignment issue associated with wireless EV charging. The proposed alignment sensing
system employs multiple auxiliary minor coils on the secondary side to position the charging
pad. The positioning principle and equivalent circuit were analyzed. The experimental results
demonstrate that >92% of 108 samples have positioning error of <2cm, and 98% of the samples
have positioning error of <3cm.

5.2 INTRODUCTION

Unlike railway/subway transit systems where grid energy is conductively transmitted to vehicle
sides by pantograph sliding plates, road network complexity and EV flexibility cannot easily
allow grid energy to power the EV in a contact manner. Thus, energy dense batteries are installed
on EVs in order to achieve a decent travelling range on a single charge. The problem is that the
energy density (kW/kg) of current EV batteries is about 0.8% that of gasoline [6]. This means
either the total weight or cost of EVs would be too large to support a traveling range equal to
traditional engine vehicles, which could make the adoption of EVs almost impossible on mass
scale. To solve the battery issue, wireless EV charging through inductive power transfer (IPT) is
presented and proved as a convenient charging method to refuel the EV by a concept named

“opportunity charging” [7, 16]. Besides convenience, wireless charging could bring a few other

76



benefits over plug-in charging, including increased safety, battery volume reduction, and weather
proofing [6, 7, 16].

As described by SAE-J2954, a practical wireless charging system for EVs consists of power
converter at the primary side, magnetic coupler (primary and secondary coils), rectifier and DC-
DC converters on vehicle side, voltage/current sensors and charge control, alignment module,
foreign object detection, and communications [55]. The current research concerns about wireless
EV charging mainly include magnetic coupler design, circuit topologies, high frequency power
conversion, and charge control strategies and algorithms [3, 7, 38, 42, 44, 48, 50, 61, 95, 102-
106].

Although advanced power electronics and control approaches were presented to improve
wireless charging’s tolerance to misalignment, severe misalignment could still occur when a
driver is parking his or her vehicle [71, 97]. The relative position between the primary and
secondary coils can be highly variable depending on the driver’s parking, which can cause
efficiency drop or even lack of function if the misalignment is too large. Generally the wireless
charging system can endure a maximum misalignment of 10cm while keeping a decent
efficiency [97]. However, a previous study on drivers’ parking behavior has shown that the mean
longitudinal misalignment is more than 70cm when drivers do not receive any external parking
navigation support [97]. The study also indicates that only 5% of drivers can park their vehicles
within the accepted misalignment without any additional navigation tools. Overall, a vehicle
alignment system which provides coil positioning information to guide the driver’s parking for
efficient charging is highly desirable.

The vehicle alignment technology for wireless EV charging is mainly focused on magnetic and

radio positioning approaches [99, 107]. A radio positioning based alignment system uses
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multiple nodes underneath both the ground and vehicle and it operates at a higher frequency
band than the wireless charging gate switching signals. For example, the system in reference [99]
operates within 5.8GHz ISM band with a bandwidth of 125 MHz. The radio alignment tool is an
independent system to the charging facility that adds an additional operating frequency and
complex detection hardware, which could result in frequency interferences, system complexity,
and high-cost problems. Magnetic alignment, however, can share most of the hardware and
software platforms with the charging infrastructure and uses the primary coil to produce a
magnetic field with the same frequency band of IPT switching frequency. The only additional
hardware needed is the field detector.

This paper introduces a three-dimensional coil positioning technique employing the existing
primary station together with four minor coils mounted on the receiver pad. The four minor coils
work as magnetic sensors to pick up the magnetic field strength generated by the primary coil.
The aim of this work is to determine the alignment by using the existing charging hardware
while considering the air gap variations due to different car models or changes in weight carried
by the vehicles. The measurement principle is, first, mapping the four sensors’ output voltages in
the navigation area, then, matching the measured data with previously mapped data space. Our
previous study measures the misalignment through detecting the mutual inductance and
resonance frequency changes with different misalignment cases [107]. Compared with the
previous one that uses an additional ultrasonic sensor to measure the air gap, the current one
removes the vertical measurement module by deriving the output voltage and mutual inductance

over three dimensional coordinates.
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5.3 WIRELESS CHARGING SYSTEM FOR EVS

Figure 5.1 illustrates the components of a typical wireless charging system used for EVs. The
grid power is first rectified to DC, then a resonant inverter converts the DC power to high
frequency AC current to drive the primary coil and produce a magnetic field. According to
Faraday's law of electromagnetic induction, another AC current with the same frequency as the
magnetic field is induced in the secondary coil. Additional power conversion is required to
convert the high frequency circulating current into DC to charge a battery pack. The on-board
electronics consist of rectifier, DC-DC converters, battery management system (BMS), as well as
sensing modules. As the AC load is not purely resistive, a phase shift between the grid voltage
and current will occur, which will lower the power delivery. Thus, a power factor correction
(PFC) at the grid power input is used to decrease the apparent power and total current drawn
from the grid. The driver interface displays all of the system’s electrical and mechanical
parameters such as charging monitor, alignment information, and existence of metal and living
things. These monitoring data can be transmitted to the primary controller via radios to enable,
disable, and control the power delivery.

In a commercial wireless EV charger, Dedicated Short Range Communications (DSRC) is used
as the wireless communication mechanism between the ground stations and the vehicle side due
to its fast response characteristics, and will be applied widely in cars as required by the U.S.
department of transportation and the SAE communications committee [108]. The EV can
communicate with a wireless charging station as long as it enters the zone where the DSRC
signal is available.

For wirelessly charging EVs, two parameters can influence the charging greatly: one is the

existence of foreign objects over the primary station, the other is relative position between the
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primary and the secondary coils. Metal debris between the two charging pads could reach high
temperatures and lower the WPT efficiency. Moreover, living things should not be subjected to
the strong magnetic fields. Thus, a foreign object detection subsystem has been a necessary part
of the system.

As stated above, an alignment system serving as a driving/parking guide can solve the
misalignment issues by allowing the driver to easily park the vehicle perfectly. Considering
system total cost and complexity, it would be desirable to have a subsystem that could position
the coils by utilizing the existing wireless charging hardware. The proposed alignment system
achieves this goal; it uses the charging hardware along with only four auxiliary coils attached on

the secondary coil to measure the magnetic field and deduce the coil coordinates.
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Figure 5.1. System structure for wireless EV charging
5.4 CONFIGURATION OF THE PROPOSED COIL POSITIONING SYSTEM
The coil positioning sensor consists of a high frequency power source, primary coil, controller,
compensation capacitors, and multiple auxiliary coils attached on the secondary. As shown in

Figure 5.2a, most of the positioning structures utilize the wireless charging hardware, including
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the high frequency source, processor, and the existing coil. Since the secondary coil position (X,
y, z) has three unknowns in a three-dimensional coordinate system, at least three auxiliary coils
are needed to identify the position. Assuming the primary and the auxiliary coil planes are
parallel with each other in EV charging, the tilt and azimuthal orientation of the target are
neglected. Four auxiliary coils are employed for identifying three variables and they are fixed on
forward, backward, left and right directions of the secondary pad (Figure 5.2b). Although the
position coordinate of the secondary can be obtained by three auxiliary coil inputs, the
configuration of four auxiliary coils allows for a more accurate positioning by calculating the
average value of four sets of position data and can increase the detection range around the
primary for parking.

For the auxiliary coil design, a compensation capacitor is in parallel with the wire loops to create
resonance and increase output significantly. The coil is fabricated on a PCB board by winding in
a flat spiral loop.

The voltage at the auxiliary coil, which is consistent with the received power, is dependent on the
coupling coefficient between the coupled coils. The coefficient is directly proportional to the
mutual inductance between the coupled coils. For measurement purposes, voltage is generally
used to represent sensor signals and seen as a medium for signal transmission and processing.
Therefore, output voltages of the auxiliary coils are chosen as representatives of the positioning
sensing.

In practical application, the vehicle position is deduced by acquiring and analyzing the four
auxiliary coils’ outputs. The operation of wireless EV charging can be split into two steps: the
first is coil alignment to ensure efficient charging; the second is power delivery to start charging.

The primary coil is designed to generate a weak magnetic field out of consideration for the safety
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of both living things and the charging hardware, which might be destroyed under large
misalignment conditions if operated in high power. Switches are used to enable or disable the
compensation capacitors and load to avoid the mutual interference from the other coils during the
positioning. The switch on the secondary coil is disabled before starting charging. The switch on
an active auxiliary coil is turned on for the secondary coil to read data while all others are off to
keep other sensors inactive. The controller will transition to another minor coil as long as the
previous voltage output is stored in its RAM. The current position will be updated on the display

whenever the controller has a new data set of the four outputs.
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Figure 5.2. (a) Configuration of the three-dimensional coil positioning; (b) Vertical view of the

position sensor using four auxiliary coils. P: primary center; S: secondary center; F: forward
sensor #1; L: left sensor #2; R: right sensor #3; B: backward sensor #4.

5.5 PLACEMENT OF AUXILIARY COIL NODES

Theoretically, the position of the secondary coil can be calculated wherever the auxiliary coils
are placed on the secondary. However, the field distribution needs to be considered for the
auxiliary placement because the detection resolution can be variable for different coil placement.
The location of the minor coils attached on the secondary should ensure that they have the
maximum field measurement resolution when the primary and secondary coils are coaxial, which
allows for the highest positioning accuracy. Figure 5.3a shows the 3-D model of the coil spatial

structure. The field distribution is modeled and simulated by finite element method (FEM) to
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determine the maximum rate of field change for the auxiliary coil placement. The simulations
show that the mutual inductance between the auxiliary and the primary is around 0.08pH,
meaning that it can be disregarded for simplification and its effects on power transfer can be
neglected. Table 5.1 displays the coil parameters and specifications used in the simulation. The
circulating current is set at 0.3A in the primary coil and the air gap is set at 10cm in the
simulation. Figure 5.3b shows the magnetic flux distribution produced by the primary side. The
field slope is maximized when the distance from the primary center is 18-19cm which is seen as
the best auxiliary location on the secondary. The area where the field has the maximum slope
illustrates the auxiliary coils can detect the field at the highest resolution through the mutual
coupling with the primary. The highest detection resolution at this area can decrease the

positioning error for perfect alignment.
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Figure 5.3. (a) Spatial distribution of the coil positioning system; (b) Magnetic flux distribution

for determination of coil placement.
5.6 CONFIGURATION OF SIGNAL CONDITIONING CIRCUITRY
Figure 5.4a shows the configuration of signal sensing and conditioning. Vs is the power source to
drive the coil. The load R is the input impedance of an operational amplifier, which is infinite.
The operating angular frequency o of the primary inverter is calculated by keeping the two
coupled coils resonating simultaneously. The equation is
1

1
JLC, JLC,

p=p

= (5.1)

where Cp is the compensating capacitance at the primary side while C, is the compensating
capacitance at the auxiliary sides; Lp and La are self-inductance of the primary and auxiliary coils

respectively.
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Figure 5.4. (a) Sensing circuit diagram; (b) LTspice simulation result about signal amplitude of an
auxiliary coil. Simulation condition: Vs = 5.6V, Frequency = 19.8kHz, Mutual inductance is
0.05uH (assuming the coil gap is 10cm, the auxiliary coil is right over the ground coil), and the

amplification factor is set at 8.4.

86



The primary inverter is programmed to input a low current to generate a weak magnetic field for
the sensor coils to pick up the signal. A non-inverting op-amp is used to increase the amplitude
of the signal, then the secondary controller converts the amplifier’s analog output into digital
signals for a fast Fourier transform (FFT), to extract the signal amplitude in the frequency
domain. Table 5.1 shows the coil specifications including electrical characteristics and physical
dimensions.

Table 5.1. Specifications of the primary and secondary coils and auxiliary sensor coils

Specification Primary Secondary Auxiliary
Inductance (uH) 65.3 65.1 17.1
Resonant capacitance (UF) 1.0 1.0 3.7
Number of turns 12 12 10

Inside Diameter of coil (mm) 110 110 13
Outside Diameter of coil (mm) 560 560 51.5

Coil track width (mm) 9.5 9.5 1.0

Coil track separation (mm) 10.9 10.9 1.0

Figure 5.4b showcases LTspice simulation results about the sensor signal before and after the
amplification. Since the auxiliary coils are ten times smaller in diameter than the primary coil
and the mutual inductance is quite small when the two coils are relatively far away from each
other, the output voltage of the auxiliary coils can be quite weak, thus, an amplifier is applied to
increase their output level and detection range.

5.7 ANALYSIS OF EQUIVALENT CIRCUIT AND POSITIONING

The position of the secondary coil is estimated by measuring the auxiliary coil’s voltage output.

The auxiliary voltage output is determined by the mutual inductance or coupling coefficient
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between two coils. Here the mutual inductance is directly proportional to the coupling coefficient
(Equation (5.2)). Neumann formula defines the mutual inductance between two coupled coils by
their relative position, which in this case is variable, as well as physical dimension, which in this
case is fixed. Moreover, the center coordinate of the secondary can be transformed to the
auxiliary coordinates which correspond to the measured voltages. Thus, the section consists of
modeling the output voltage, converting voltage to mutual inductance, deriving the mutual
inductance from position, coordinate vector transformation from the secondary to the auxiliaries,
and calibration and positioning estimation.

The use of switches across the coils and tuning capacitors allows the primary coil to resonate
with only one of the four auxiliary coils at a time. Since the signal conditioning is isolated to the
resonance part and is a linear amplification on the resonance output, the equivalent circuit is
simply modeled as Figure 5.4a where L, is the mutual inductance between the two coupled coils.

The coupling coefficient is defined by

k=L,/JLL (5.2)

The input impedance of the equivalent circuit in Figure 5.4a:
Z(w) =(jaC,) ™" + joL, + joL, /[ joL, +(joC,)™ ] (5.3)

The voltage gain is

(J
5.4
‘ 7 (w) (5.4)
Substituting (5.2) and (5.3) into (5.4), it is
2
= @ Coplm | (5.5)
'L,L,C,C,A-K*) -’ (L,C, +L,C,) +1]
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As discussed above, Vs is linearly amplified by the conditioning circuitry, the output of signal

throughout the whole sensing circuit Vo is

KV, @°C, Ly, |

amp ‘s

Ml = Lcc (LK) -w?(L,C, +L,C,) +1]
p=p a—a

pTaTpTa

In which Kamp is the amplification factor of its signal conditioning circuitry.

(5.6)

The output V, is read by the secondary controller and extracted in terms of amplitude and

frequency.
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Figure 5.5. (a) Equivalent circuit of the auxiliary coil sensing; (b) The primary and an
auxiliary coil in a three-axis coordinate system.
Figure 5.5b shows the spatial configuration of each set of wire loops in a 3D coordinate system
for mutual inductance calculation. Neumann formula is used to express the mutual inductance

between two wire loops:

_ My dp-da
M = 4; gSpan—r (5.7)

where Lo is the space permeability, dp and da are the small line parameter for integration, and r
is the distance between dp and da,

In Figure 5.5b, ¢ is the corresponding angle of integration variable of the primary while 0 is the
angle of the secondary, the coordinate of primary coil center is (0, 0, 0), and the sensor coil

center is (x,y, z). Thus

r= \/rpz +1,2+9°+1* -2 r, cos(p— ) - 2r | cos g+ 2r,I cos & (5.8)
dp-da=r,r, cos(¢—0)dgdd (5.9
I:\/m,and g=2 (5.10)
Combining (5.7), (5.8) and (5.9) into (5.10):

M :&Zﬂh rpra COS(¢—9)d¢d9 (511)
47 5 9 \/rp2+ra2+x2+y2+zz—2rpracos(¢—9)—2,/x2+y2(rpcos¢—racosa)

Equation (5.11) shows the mutual inductance between two wire loops. As both of the two
coupled planar coils have multiple turns of wire loops, the mutual inductance between them is

the sum of all possible combinations of single wire loops. Hence, the total mutual inductance is

L=33M, 512)

i=1 j=1
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where Mj; is the mutual inductance between wire loop i of the primary and j of the auxiliary coil.

Equations (5.11) and (5.12) indicate that the mutual inductance Lm is a function of the sensor
position A, (x,, Yn, Z,) in which n is the number of sensor nodes, thus, the relation can be
described as L,,, = h(x,, Y, Z,). Given that all the electrical characteristics in equation (5.6) are
fixed in the sensing circuit except the mutual inductance depending on the relative position
between the coupled coils, V, is a function of position, assumed as

Vo = f(Lm) = flh(xn, Yn, Zn)] = F (X, Y, Z0) (5.13)
In this paper, 4 sensor nodes are supposed, so n=4. Assuming the secondary
coordinate S(xs,ys, 2z;), according to Figure 5.2b, the relation between A, (x,, yn, z,) and

S(xs, ¥s, Z5) can be expressed by the following matrix operation:

X\ Y, % 1 d v 2

X Yo Z|_|1 0 d 1 0 (5.14)
X; Yy Zg 10 -d 0 1 0

X, Y2 Z, 1 -d 0

in which d is the distance from the center of secondary pad to the auxiliary nodes and zs equals

the gap g.

Substituting (5.14) into (5.13):

Vy =F((x,+d),y,z,);
V,, = F (X, (Y, +d), Z,);
Vs = F (X, (y, —d),z,);
V4:F((xS d),y,.z,).

(5.15)

According to equations (5.11-5.15), although the output voltage corresponds to the secondary
position, which can form 4 equations for three unknowns, the position coordinate (xs, Vs, Zs)
cannot be mathematically expressed due to the calculating of dual integrals. However, a database

matching technique is established to derive the coordinate of the secondary and solve this issue.
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As discussed in the above equations (5.13)-(5.15), there is a one to one correspondence between

the voltage vector I7(V01,V02,V03,V04), which is acquired by the secondary controller, and the

secondary coordinates (xg, ¥s, Z5), in three-dimensional space. Hence, the three variables can be

derived by matching the measured voltage V;,, with the built-in voltage array V until ||V — V.|| is
minimized. The matching process is realized by a for-loop (known as an exhaustive search) to
determine the desired position one by one throughout the lookup table. The positioning flowchart
is shown in Figure 5.6.

Although the database can be numerically obtained through equations (5.13)-(5.15),
experimentally measuring the voltage outputs at positions within an alignment region can
increase accuracy by avoiding the possible negative influence of metal objects such as vehicle
chassis. A large metal chassis can re-shape the field distribution dynamically while aligning the
coils. Another advantage is that the systematic error resulting from sensor placements and

sensing circuits can be diminished because it bypasses the process or electrical elements.
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Figure 5.6. Flowchart of the 3D positioning

5.8 TESTING PLATFORM

Figure 5.7 shows the experimental platform where a three-axis motorized platform modified
from a CNC machine (DHC, PlasmaCAM, Inc., Colorado City, CO, USA) built to test the
alignment estimation approach. The secondary pad with auxiliaries is mounted on the platform
while the primary is placed on ground. The traveling path of the coil can be programmed on the
machine computer or manually operated by the control panel in Figure 5.7. The test platform can
move horizontally in a 1.2mx 1.2m plane and vertically in a 0.6m range. The maximum allowed
speed is 25m/min for the horizontal and 2m/min for the vertical direction. The dimensions of the
platform are: 1.75m width, 1.65m height, and 1.65m depth.

The inverter in Figure 5.7 is used to drive the primary to produce a magnetic field for the

auxiliaries to pick up. The inverter DC input is set at 5V to operate under low power during
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alignment process and generate a weak magnetic field of <15uT throughout the charging zone
for EM safety consideration of living things. An NI CompactRIO-9074 is applied to acquire the
sensing signals. The positioning search algorithm is run in MATLAB by using LabVIEW
Mathscript. A LabVIEW program was developed to analyze, extract, display, and record the
signals and position. During experiments, the position and related voltages will be stored into an
excel file whenever the LabVIEW receives inputs and operation orders from users. 108 position
samples from air gaps of 9cm to 14cm were measured in the experiment. The samples were

distributed on range of 0-70cm and both 0 and 10cm misalignment in the horizontal plane.

|
|
|

Computer o
interface

S
Power supply |

Figure 5.7. Experimental platform for coil positioning.

5.9 RESULTS AND DISCUSSION

5.9.1 Sensor testing

The high accuracy and repeatability of sensing elements play major roles in the overall
successful measurement. Figure 5.8 is the sensor output in both time and frequency domains
from NI LabVIEW under a 10cm air gap when the sensor coil was coaxial with the primary axis.
The signal spectrum shows that the output consists of a single frequency that is 19.8 kHz,

showing that possible noise in other frequencies are filtered and the sensor output is low in noise.
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The signal amplitude is close to the simulation result which is around 5.2V as shown in Figure

3b.
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Figure 5.8. Sensor output in (a) time domain and (b) frequency domain.
The sensor nodes were also tested throughout the whole measurement range of 99cm, with a 1cm
increment. Figure 5.9 shows the output voltage curves for 3 trials, which are highly coincided.
The maximum relative repeatability error is <4.1% for all the 100 positions, indicating the sensor
has high repeatability. The relative repeatability error is defined as the difference between the
maximum and minimal voltages divided by the mean value of the three trials under the same

conditions. Repeatable sensor output is essential in a measurement system.
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Figure 5.9. Sensor output repeatability under air gap of 10cm.

According to Figure 5.9, the derivative of the curves reaches the maximum value 0.235V/cm
when the distance from the primary coil center is 19cm. The maximum slope allows the auxiliary
coils to have the highest detection resolution when the distance from the primary center is 19cm.
In this paper, the placement of the auxiliary follows the maximum slope theory to let the system
have highest sensitivity when the two coils are close to perfect alignment. The same conclusion
can be drawn from Figure 5.10.

Figure 5.10 shows the testing curves under air gaps of 9-14cm. According to Figure 5.10, the
sensor output voltage becomes larger around the coil center along with a decrease of the air gap.
The sensor output drops to zero when the distance from the center is around 28cm which is right
over the primary coil edge. Since the field direction is reversed inside and outside the coil edge,
the overall magnetic flux going through the surface of sensor can be zero around the edge and

thus the output voltage can be zero.
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Figure 5.10. Sensor output at multiple air gaps ranging from 9-14cm.

5.9.2 Magnetic alignment evaluation

Figure 5.11 shows the comparison of actual and measured coordinates under different gaps. 108
position samples were tested to validate the accuracy of the alignment system. These samples are
taken from multiple air gap and alignment conditions. The error in Figure 5.11 ranges from
0.2cm to 4.3cm throughout the 108 samples. The curves in Figure 5.10 are almost overlapped
when the sensor distance is >50cm where all four nodes have close responses, which will
influence the detection range. Hence the maximum detection range is set at 70cm in Figure 5.11.

The measurement error is less than 1cm across Figure 5.11 (a) to (f) when x is approaching to 0,
indicating the system has higher alignment accuracy when both coils are well aligned. This is
because the magnetic fields are stronger, which generates a higher sensor output when they are
close to the center of the primary coil. A larger sensor output can increase the resolution over
distance, leading to a more accurate alignment evaluation at the zero misalignment condition.

Figure 5.11 also indicates that the proposed positioning method can meet the alignment detection
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requirement for efficient wireless charging, considering the maximum allowed misalignment is

10cm as stated above.

According to Figure 5.12, 62% of the 108 samples have a measurement error of less than 1cm,

30.5% have an error of between 1cm and 2cm, 5.6% are from 2cm to 3cm, and 1.9% are from

3cm to 4cm, showing that over 98% of the sample errors are not more than 3cm for a

misalignment range up to 70cm and gap variation from 9cm to 14cm.
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Figure 5.11. Comparison of measured and actual coordinates for 54 sample positions under two
different misalignment values and three air gaps. (a) air gap = 9 cm; (b) air gap = 10 cm; (c) air

gap = 11cm; (d) air gap =12cm; (e) air gap = 13cm; (f) air gap =14cm.
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Figure 5.12. Probability of error distribution
5.9.3 AIR GAP MEASUREMENT
Figure 5.13 shows the comparison results between measured and actual air gaps under zero and
10cm misalignment conditions. The measured air gap is the average gap of 9 samples along x

axis. As shown in Figure 13a, the measured air gap is 9.6 (SD=0.87), 10.5 (SD=0.88)
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11.4(SD=0.88), 12.5(SD=0.72), 13.4(SD=0.52), 14(SD=0) when the misalignment is zero and
the actual air gap is 9, 10, 11, 12, 13, and 14cm separately. When the misalignment was set at
10cm to repeat the measurement, the measured air gap is 9.1(SD=0.33), 10.1(SD=0.33),
11(SD=0.70), 11.9(SD=0.60), 13.2(SD=0.44), and 13.9(SD=0.33) (Figure 13b). All the
measurement errors of the above configurations are within 0.6cm. As the data was acquired with

an incremental step of 1cm during the calibration, the maximum measurement error of 0.6cm is

reasonable.
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Figure 5.13. Comparison between measured and true air gaps (a) no misalignment; (b)
misalignment = 10cm

5.10 CONCLUSION

This paper introduces a 3D coil positioning technique for wireless EV charging by using multiple
auxiliary coils as field sensors along with existing charging hardware. The circuit model is
simulated by LTspice to determine the electronic parameters of resonant elements and the non-
inverting amplifier. The relation between mutual inductance and coil coordinates is derived
based on Neumann’s equations to allow the voltage output to be related to position. The field

sensor was tested before the positioning experiment and shows high output repeatability and
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reliability. The alignment system has a detection range of up to 70cm. 92.5% of the tested
samples have an error of less than 2cm and 98% have an error of less than 3cm. The air gap
estimation also shows high accuracy, with maximum error of 0.6cm and mean error of 0.25cm.
The proposed 3D positioning system is a highly valuable approach to aligning coils for efficient

wireless EV charging.
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6.1 ABSTRACT

Wireless power transfer (WPT) is a promising method to address concerns over Electric Vehicle
(EV) charging. Since wireless charging stations operate without large cables or above-ground
stations, they can be conveniently installed in public locations without the risk of vandalism or
weather-inflicted damage, improving the life span of the EV charging station. In order for
wireless charging stations to become widespread, possible health considerations regarding
exposure to strong electromagnetic fields present during WPT must be investigated. This body of
work examines (1) potential human safety hazards, (2) electronic device interference, and (3)
thermal heating effects of wireless charging systems. A 3.3kW WPT prototype was built in
order to examine these effects. Changes in WPT efficiency due to coil misalignment were also
investigated using an automated 3-axis platform. Design considerations for EV wireless charging
systems and safety recommendations are presented.

6.2 INTRODUCTION

Although the basic concept of wireless power transmission was introduced by Faraday and Tesla
in the 19th century, the engineering research drew little attention due to the limitations of solid-
state power electronic devices at that time [7, 66]. WPT technology has been an emerging
research topic for a few years, and potential applications for WPT have been found in many
fields including mobile devices, intelligent household facilities, medical devices, and
transportation electrification [29, 35, 60, 63, 81, 109]. Figure 6.1 is a schematic diagram of a
WPT system. A high-frequency power converter drives the transmitter coil (also called the
"primary side™) to generate an alternating magnetic field. This alternating magnetic field induces
an alternating current in the receiver coil (also called the "secondary side™). The receiver

electronics converts the alternating current into usable power to drive the desired load.
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Capacitors are used to tune and match frequencies and impedances of the transmitter and
receiver coils for optimal magnetic resonance coupling, allowing power to transfer wirelessly

while maintaining a large air gap [110, 111].

Receiver
electronics i A
] f A 1 i T
| } ' ' i Tuning
| Electromagnetic Field | capacitors
4 ! i H 5 N
Power ¢* Transmitter coil : Zi
converter| / e

Figure 6.1. Schematic diagram of a wireless power transfer system
Driven by environmental awareness and the price of fossil fuel, electric vehicle (EV) use is
growing, and EVs are becoming increasingly available for consumers and businesses alike [16,
112, 113]. In 2011, the U.S. government set the goal that one million EVs will roam U.S. streets
by the year 2015 [114]. However, the major obstacle for wide-spread use of EVs is the battery,
which cannot support a long travelling range in comparison to gasoline vehicles [56, 115]. In
addition, conventional plug-in charging stations require street equipment that is vulnerable to
vandalism and weather damage [56, 71]. Wireless charging (WC) has the potential to solve the
battery life problem for future EVs by increasing opportunities to charge EVs. WC could also
enhance the user experience, as it is contactless charging [7, 115]. Currently, a number of
research institutes and universities are developing EVWC technologies, including ORNL,
University of Michigan at Dearborn, KAIST, Delft University of Technology, University of
Auckland, New York University, Virginia Tech, Georgia Tech, and others [7, 35, 38, 40, 41, 43,

47, 51, 70, 102, 116]. Wireless chargers for EVs are being commercialized, and several
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companies are working in this area, including Qualcomm Halo, Witricity, Evatran, WAVE, IPT
technology, and more.

Because strong alternating magnetic fields are generated between the transmitter and receiver, as
well as in the charging system's surrounding area, human exposure to EM field have become
important concern that should be seriously considered before WC’s public acceptance [83, 117].
To the authors' knowledge, very few publications discuss WC safety [117, 118]. It is necessary
to investigate the potential influence of WC on the human body, electronic devices and the
environment. The measuring techniques of magnetic fields for human safety is proposed by the
Australian Radiation Protection and Nuclear Safety Agency (ARPANSA), which is based on
ICNIRP standards. The ARPANSA measurement techniques suggest that maximum human
magnetic field exposure must not exceed 27.3uT, and the average magnetic field strength of four
human body parts (head, chest, groin, and knees) must be lower than 6.25uT [119, 120]. In this
paper, a 3.3kW EVWC prototype was developed to investigate the safety issues associated with
EVWC systems and quantify eddy currents, thermal effects and Electromagnetic Interference
(EMI) on surrounding objects with a variety of conductive surface areas and topologies. The
authors also give safety recommendations for the use of EVWC systems.

While WC is a promising technology for EV applications, coil misalignment is a common
phenomenon when parking a vehicle over the WC equipment, which can lower the power
transfer efficiency [42, 71]. An automated 3-axis platform was built to investigate the effects of
misalignment on efficiency and power transfer capabilities under diverse configurations of

misalignment and air gap.
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6.3 METHODS AND MATERIALS

6.3.1 WPT Principles

A full-bridge SP wireless charger schematic is shown in Figure 6.2(a). The four semi-conductors
were driven by square waveform signals with a duty cycle close to but less than 50% to avoid
make-before-break situations (momentary short circuit) in the inverter. A rectifier was used at
the secondary side in parallel with a filter capacitor to regulate the output voltage. Although the
energy consumption of the rectifier can lower the system efficiency due to the voltage drop, its
simplicity and no requirement for control electronics make it an ideal choice for an industrial use
where reliability and low-cost are highly valued.

Figure 6.2(b) is a simplified SP circuit diagram, and Figure 6.2(c) is the corresponding
equivalent circuit. Q2= Ru/(wL>) is the loaded quality factor for the receiver coil with a load of
Rc. Although a higher Q-factor increases the power transferred from the receiver, it can cause the

system to be too sensitive to be well-tuned [121]. Z(w) in equation (6.1) is the circuit impedance.

1 . . . 1
Z(w) = e +Jjol, + jol, //[]a)le +ij//RL] (6.1)

p s
Where w is the switching frequency, C; is the series tuning capacitance of the primary, and Cs is
the tuning capacitance of the secondary. Cp must equal Cs to achieve resonance. Lp: and Ls1 are
the leakage inductance of each coil. Since both coils are the same, Lp: equals Lsi. Lm is the
mutual inductance. The leakage and mutual inductance can be experimentally measured. The

battery is equivalent to a resistive load, R., which can be calculated using the delivered power

and voltage across the battery[61]. S in equation (6.2) is complex power.

. v, )
S = P+ JQ =Vl {mj (62)
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here, P is the active power and Q is the reactive power. V1 is the input high-frequency voltage in
the primary. Resonance occurs when the reactive power is zero, which corresponds to the
maximum efficiency. Combining equations (6.1) and (6.2), the resonant frequency can be
calculated. When misalignment or gapping happens, causing a shift in mutual and leakage
inductance, the switching frequency is adjusted to regulate the output power as well as maintain

maximum efficiency.
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Figure 6.2. Circuit diagram of proposed WPT system: (a) SP topology; (b) simplified SP
topology; (c) Equivalent circuit of SP topology

6.3.2 Coil Structures for EVWC
In order to contain the magnetic field flux within its cylindrical area, a ferrite structure is
necessary to shape the magnetic field and constrain the leakage flux outside of the pad. With this
structure, the magnetic field drops rapidly outside the pad [122].
Three types of coil structures and shapes are presented in the literature, including circular, flux-
pipe, and bipolar topologies. The circular coil structure is commonly used with an efficiency as
high as 90% [63]. Although the circular topology needs a bigger coil diameter than the other two
methods to achieve the same power transfer capabilities, its characteristics of simplicity and low
cost make it a preferred option for our experimental setup. For the flux-pipe topology, the coil is
wound along an H-shaped ferrite bar. This coil structure has a double-sided magnetic flux path,
so it is also called a double-sided winding transformer. The flux on the pad's back is the same as
the front side, meaning that the magnetic loss in the shielding plate is significant [66]. The
bipolar topology employs D or Q coils to couple the power; a detailed description is given in
[67]. The bipolar pad has less flux going through the pad's back and a higher efficiency than a
circular pad [66].
6.3.3 Hardware Setup
A 3.3kW EVWC prototype was designed and implemented in a Nissan Leaf for studying the
magnetic field strength inside and around the car. The prototype consists of a power converter to
supply high-frequency alternating currents, a transmitter pad placed on the ground and a receiver

pad on the EV (Figure 6.1).
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Figure 6.3. (a) Diagram of coil mechanical design; (b) EVWC system overview; (c) Photo of
the power inverter setup.

The transmitter and receiver pads (Figure 6.3(a)) were constructed of a backing plate, a coil
former, ferrite bars, a coil, and a plastic cover. The coil was made of copper tube windings, 60cm
in coil diameter, with matched tuning capacitors to form a capacitive-inductive circuit resonating
at 18-20 kHz, depending on the load and the power the system delivers. A hollow core copper
tubing with an outside diameter of 3/8" was chosen to maximize heat dissipation, and minimize
resistance due to the skin effect. A soft ferrite-bar structure (Ferroxcube 3C94) was mounted in
the coil former under each coil to shape the magnetic flux flow and improve the power transfer
efficiency. A plastic insulation case was mounted over each coil.

The schematic diagram in Figure 6.3(b) illustrates the components of the EVWC system. Grid
power is first rectified to convert from AC to DC, and then regulated by a Power Factor

Controller (PFC) to allow the power to be delivered at maximum efficiency. The current goes
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through a resonant converter, which drives the transmitter coil to generate high-frequency
electromagnetic fields.

Figure 6.3(c) shows the H-bridge packaged with liquid cooling. Two half-bridge Insulated Gate
Bipolar Transistor (IGBT) modules (FF100R12K4, Infineon) are employed to form the H-bridge
controlled by a four-channel gate drive board. Since the IGBT can support a higher power rating
than 3.3kW with liquid cooling, the power inverter can be upgraded to a higher power level with
minor changes. A high-frequency voltage is induced at the receiver side and a rectifier is used to
output DC voltage. The Pulse Width Modulation (PWM) signals, voltage and current on both
sides, as well as the temperature of the heat sink, are processed by the transmitter and receiver
controllers (CompactRIO, NI, Austin, TX). A LabView program was developed to monitor and
process the control signals, efficiency and temperature. Figure 6.4 shows the EVWC system

installed on a Nissan Leaf to test the system's safety.
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Figure 6.4. WC system implemented on a Nissan Leaf
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6.3.4 Gapping and Misalignment Effects on Efficiency

Figure 6.5 shows a 3-axis motorized platform that tests wireless power transmission changes due
to the changing air gap between the coils as well as horizontal misalignment. Relative air gap
ratio m and misalignment ratio t are defined to normalize our testing results. The air gap ratio m
equals gap g divided by coil diameter d, while t is lateral offset | divided by d (Figure 6.5(a)).
The receiver coil is fixed on the platform and its motion path is programmable to meet testing
requirements. In Figure 6.5, a vector network analyzer (VNA) was applied to analyze the power
transfer efficiency, coupling coefficient and resonant frequency. The transmission (S21) and
reflection wave ratios (S11) in the frequency-space domain were mapped according to the spatial
allocation of the coils. The power transmission efficiency 721 and reflection ratio 711 were
calculated from equations (6.3) and (6.4). The coupling coefficient k was deduced using equation
(6.5), where fe and fm (fe > fm) are the two resonant frequencies of the coil setup, which are subject

to the air gap and misalignment of the coils. For detailed theoretical analysis, refer to Imura et al.

[111].
My = S221 (6.3)
= S121 (6.4)
f2_f2
k — e m
f2+f2 (6.5)

Figure 6.5(b) shows the 3-axis platform modified from a CNC machine (Model DHC,
PlasmaCAM, Inc., Colorado City, Co, U.S.) which measures 1.75m wide, 1.65m deep, and
2.30m high. Its maximum speeds are 25m/min in the horizontal direction, and 2m/min in the
vertical direction. The moveable range is 1.2mx1.2m in the horizontal plane and 0.6m in the

vertical direction (Figure 6.5(b)).
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Figure 6.5. (a) Testing principle; (b) Experimental setup for misalignment study
The transmission and reflection ratios on the VNA were recorded to analyze the efficiency and
magnetic coupling coefficient in the air gap and misalignment experiments. Since the coil shape
is circular, the misalignment test needed only to be performed in a single direction in the
horizontal plane. For the misalignment tests, the air gap ratio was set at 0, 0.25, 0.5, and 0.75,
and the measurement results were recorded for misalignment ratios ranging from -1.5 to 1.5.
6.4 SAFETY CONCERNS FOR EVWC
As WC systems operate at an increasingly high power level which may be up to 100kW for
heavy duty EV applications, the produced electromagnetic (EM) fields between or around the
charging pads should be measured to ensure a safe zone for humans. The induced voltage may
also potentially damage electronic devices. In addition, heating effects on metal should be taken
into consideration.
6.4.1. Human Exposure to Electromagnetic Fields
Human exposure to EM fields is the biggest safety concern for EVWC systems, since the
generated EM fields could produce direct effects on the human body. Thus, the levels of EM

fields inside and around the WC were measured.
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Two kinds of guidelines were formulated for Human Exposure to Electromagnetic field: one was
from the International Commission on Non-ionizing Radiation Protection (ICNIRP), and the
other was IEEE C95.1, issued by the International Committee on Electromagnetic Safety (ICES)
under the Institute of Electrical and Electronic Engineers (IEEE) [117]. The basic restrictions on
EM exposure between 10 kHz to 100 kHz from ICNIRP are much more conservative than those
in IEEE C95.1 [123, 124]. The ICNIRP reference level for general public exposure to time-
varying EM fields is 6.25 puT, which is much lower than the IEEE level of more than 100 uT
[117, 123, 124]. Nowadays, inductive EV charging standards including SAE-J2954, UL2750 and
ISO/IEC PT61980 employ the ICNIRP guidelines to define limits on human exposure to EM
fields [55, 63, 125]. SAE-J2954, issued by the Society of Automotive Engineers (SAE), is an
operating and safety standard for wireless charging of electric and plug-in hybrid vehicles.
UL2750 is another wireless EV charging safety standard outlined by Underwriters Laboratories
(UL). PT61980 is a technical specification defining requirements of safety, communication and
EM fields for wireless EV charging, which is from a joint working group of International
organization for Standardization (1SO) and International Electrotechnical Commission (IEC). In
addition, the ICNIRP guidelines have been adopted by many European and Oceanic countries
[63]. Although standards have been proposed regarding human exposure on EM fields. The
scope of this study is limited within the EM health study in EV wireless charging using ICNIRP
guidelines.

SAE-J2954 sets general requirements for the industry to design wireless EV chargers. It includes
safety, communication, positioning, and power transfer. For safety, it requires functions of object
(debris and organic) detection, and EM exposure consideration. However, it does not include any

particular testing results or safety regulations for EV users.

114



ICNIRP issued guidelines on human’s exposures to EM fields in 1998 and 2010 separately. The
ICNIRP 1998 covers the frequency range up to 300 GHz while the ICNIRP 2010 ranges from 1
Hz to 100 kHz [123, 124]. The ICNIRP 1998 guidelines use current intensity J to set standards;
however, the internal electrical field E is used in ICNIRP 2010 [123, 124]. The relationship
between the current density J and the internal electrical field E is defined by Ohm’s Law: J=cE,
in which o is the electrical conductivity of the body tissue. The magnetic field reference level in
ICNIRP 1998 is more conservative than that in ICNIRP 2010, especially for frequencies ranging
from 10 kHz to 100 kHz, which includes the switching frequencies commonly used by EV
wireless chargers. However, there is no significant difference in the electrical field reference
level between ICNIRP 1998 and 2010 [123, 124].

ICNIRP does not describe specific measurement techniques to determine EM limits on the
human body. However, measurement techniques have been proposed by the Australian Radiation
Protection and Nuclear Safety Agency (ARPANSA), which use the ICNIRP guidelines to define
human exposure standards [126].

The test for human exposure to EM fields was conducted on a Nissan Leaf EV (body materials:
galvanized steel/aluminum) fitted with the WPT prototype, and the field strengths inside the car
were measured to evaluate the safety for passengers inside during WC. Figure 6.6(a) shows that
the field strengths at the head, chest, groin, and knees were measured using a gauss meter (Model
# UHS2, Alphalab. Inc., Utah, U.S.), according to the ICNIRP standards [1, 124]. Meanwhile,
the field strengths were also mapped outside the vehicle. The system power was set at 2kW. The
WPT experiment was performed on an open asphalt road between 2 brick walls 3m apart from
each other. The tested EV was parked 1.5m from one of the walls, as shown in Figure 6.6(b). In

real world applications, a small kid might crawl underneath the car while a parent turns their
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back to carry in a load of groceries or perform other tasks, so the field between the primary and
secondary coils during charging as well as the associated influence to human were also studied.
Although the ICNIRP has not set safety standards for pet exposure to EM, we assume the same
standards for pets as for humans since the physiology is similar. Moreover, the fields inside the

vehicle were also measured at the seat, head cushion, and floor carpet surface.
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Figure 6.6. (a) EM field measurement on a standard adult human body [1]; (b) Top view of the
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6.4.2 Potential Damage to Electronics

Figure 6.7. Two testing objects for measuring C-induc voltage: (a) Test piece #1 — iPhone

5 mockup (123.8mmx58.6mm, rounded with aluminum foil over the edge); (b) Test piece #2 —
iPad3 mockup (241.2mmx185.7mm, rounded with aluminum foil over the edge).

Figure 6.7 shows two aluminum foil mockups used for measuring the WC-induced voltage. Two

test pieces were used to simulate the induced voltage level inside electronic devices of similar

sizes under a strong EM field. Each test piece was placed at the center of the coil, and then

moved incrementally away until its center was aligned with the coil edge. Test pieces #1 and #2

were placed on the transmitter in parallel with a 1MQ resistor to measure WC-induced voltages

with an oscilloscope. The power level was set at 1.2kW. All the test pieces were galvanically

isolated from the transmitter pad.

6.4.3 Thermal Effects

Eddy currents are generated in conductors when exposed to changing magnetic flux. This

phenomenon can produce heat, such as in induction cooking. Similarly, metal debris is likely to

be thrown on the WPT charging pad during charging, causing potential hazards such as fire. In

our experiment, a 330mL aluminum soda can was placed a half-radius away from the pad center

to study the heating effect under power levels varying from 1.1kW to 3.1kW in a worst case

scenario.
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6.5 RESULTS AND DISCUSSION
6.5.1 Efficiency

6.5.1.1. Air Gaps
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Figure 6.8. (a) Relationship between power transfer efficiency and normalized air gaps; (b)
Coupling coefficient vs. normalized air gaps
Figure 6.8(a) shows the maximum efficiency values at different normalized air gaps. Figure
6.8(b) is the relationship between coil coupling and air gaps, where the coupling becomes weaker
with the increase in gap ratio, affecting the system impedance, as well as the resonance and
efficiency. Although the power transfer efficiency can be improved by adding an impedance
network to the system, in this experiment the impedance of the transmitter and receiver coils was
not actively adjusted to simplify the experimental design, as the main focus of this paper is the
safety of the wireless charger. As the air gap increases, the maximum efficiency stays at 90%
while the coupling factor is only 0.11. Then the efficiency drops to 79% at a coupling factor of
0.01, meaning that the magnetic resonance coupling can still maintain a high value even when
the coupling is as low as 0.01. This feature of magnetic resonance coupling allows wireless

power transfer over a long distance at a reasonable efficiency.
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Figure 6.9 shows the power transmission and reflection ratios n21 and nu1 versus changes in

frequency under air gap ratios of m=0, 0.25, 0.5 and 0.75. Two resonant frequencies exist for the

cases of m= 0-0.5 where the air gap distances are small and the associated coupling factors are

great. The first, lower resonant frequency presents a higher efficiency than the second one. As

the air gap increases, the two resonant frequencies move closer and eventually merge into one,

followed by a dramatic decrease in the corresponding efficiency.
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Figure 6.9. Relationship between efficiency and frequency at varying air gap ratios of m =0,

0.25, 0.5, and 0.75, where m is defined as the distance between the primary and secondary

6.5.1.2

Misalignment

coils divided by the coil diameter.

Figure 6.10(a) shows the efficiency vs. misalignment ratio curve at four different air gap ratios.

When the air gap ratio is set at 0 and 0.25, the efficiency remains at 90% as long as the
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misalignment ratio is within 0.5, which shows that the magnetic resonance coupling allows a

relatively large misalignment. When the air gap is zero (m=0), the efficiency curve has a peak

value of 64% at the normal misalignment ratio of 0.75. This low efficiency might be due to the

coil structure (the coil center was not covered with copper tubing and ferrite materials), which

allowed more than one magnetic coupling peak to exist. As the misalignment ratio changes from

-0.5 to 0.5, the efficiency curve becomes flat due to the relatively strong couplings maintained

when the two coils stay close to each other. Figure 6.10(b) shows the magnetic coupling

coefficient at different air gap ratios. The efficiency maintains a high value even if the coupling

factor is small, which is similar to the efficiency-gap ratio curve. When the air gap increases, the

efficiency drops dramatically, just as it does with increased misalignment. Essentially, the circuit

impedance is adjusted by the spatial distribution of the two coils.
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Figure 6.10. (a) Relationship between efficiency and misalignment ratio under relative air gap

ratios of m =0, 0.25, 0.5, and 0.75; (b) Experimental results for coupling characteristics vs.

misalignment ratio at relative air gap ratios of 0, 0.25, 0.5, and 0.75.

6.5.2 Human Body Exposure to Magnetic Field

Figure 6.11(a) shows the magnetic field strength at several parts of the human body, studying

human exposure to the magnetic field according to the ICNIRP standards (maximum magnetic
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field allowed: 27.3uT; average field strength for knees, groin, chest, and head allowed: 6.25 pT).
Figure 6.11(a) shows that the average magnetic field strength at the distance of 75cm was 5.83
MT, and the maximum field at this distance was 10.8 uT, meaning that the safe distance for
magnetic field exposure is greater than 75cm away from the vehicle edge. In addition, the
maximum field was not at the edge of the vehicle (Figure 6.11(a)). This might be due to the fact
that the vehicle's metal chassis acted as EM shielding, which blocks the magnetic field induced
by the EVWC system. The magnetic field between the two charging pads was also measured,
with a maximum value of 1.656 mT, which largely exceeds the safety guideline imposed by the
ICNIRP standard. Hence, people and pets should not be allowed between the charging pads, and
the EVWC system should detect objects between the charging pads, shut down the charger and
send out an alert. As the vehicle's metal chassis blocks magnetic field transmission, the field
strength inside the vehicle was not more than 2 puT, no matter where it was measured. Thus, it is
safe for humans inside the vehicle during charging.

The specific absorption rate (SAR) is defined as the rate at which the radio frequency energy is
absorbed by the human body exposed to an electromagnetic field; for its calculation , refer to
[127]. In our experiment, the SAR is 0.75 kW/kg corresponding to the maximum magnetic field
(1.656 mT) between the charging pads. According to the Federal Communications Commission
(FCC) standard, the SAR exceeds the safety limit of 1.6 W/kg when the human body is exposed
to such a strong magnetic field [117]. The SAR is 4.5 W/kg for a magnetic field of 10 uT at the
safe distance of 75cm. The measurement results of SAR and magnetic fields in our experiment

can be lower than the safety limits by increasing the surface area of the shielding plate.
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Figure 6.11. (a) Measured magnetic field distribution according to Figure 6.6; (b) EM
interference for test pieces #1 and #2 at different distances from the coil center; (c) Magnetic
flux distribution by FEM; (d) Temperature rise curve for a soda can put between the charging
pads.

6.5.3 EMI with Electronic Devices inside the Human Body
Figure 6.11(b) depicts the relationship between the induced voltage and the corresponding
distance of the electronic device test pieces from the center of the transmitting coil. The voltages
rise to peaks at 16V and 23V for both test pieces at 15cm, where the maximum EM interference

was. These WC-induced voltages could damage electronics and also affect the functionality of
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medical implants in the human body near the WC system. Decreases in induced voltage were
observed when the displacement increased, while reaching 1.75V and 3.16V at the coll
circumference. The induced voltage was slightly smaller than the peak value at the coil center;
the voltage drop at the center results from the coil geometry from which the coil winding starts.
Figure 6.11(c) shows the FEM magnetic flux distribution, which shows that the magnetic flux
trend follows the actual measurements in Figure 6.11(b). As the system power was set at 1.2kW
in the experiment, the EMI voltages could be much higher for a larger charging power, which
could dramatically increase the risk to electronics.

6.5.4 Thermal Effects in a Worst Case Scenario

Figure 6.11(d) shows that the temperature of a soda can rose dramatically within 2 minutes with
the temperature rise by 27°C under 1.1kW, 51°C under 2kW, and 81°C under 3.1kW respectively.
The original temperature of the soda can is 23°C and the testing environment is a garage. The
temperature rose much faster in the first minute than the second minute, reaching a steady
temperature as time went on. Such high temperatures could cause an explosion for an unopened
soda can, or skin burns for people who touch or pick up the soda can. The metal material of an
aluminum soda can also lower the system efficiency by partially blocking the magnetic fields.
Thus, metal plates or conductors should not be allowed between the charging and receiving pads.
A metal detection system should be in place in WC charging. Possible methods include magnetic
sensing, vision detection, capacitive sensing, etc [128, 129]. Moreover, as the energy is
dissipated through the heating effects, the WPT efficiency is lowered. Thus, metal debris in
wireless charging should be detected and removed in order to maintain safety and high

efficiency.
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6.6 CONCLUSION

EM considerations and some safety issues and misalignment effects on efficiency were studied
for the EVWC system. A 3.3 kW EVWC prototype was developed for testing purposes. The
safety issues were investigated with two sizes of electronic appliance mockups at various WC
power levels. Debris was placed near and inside the EVWC system to investigate heating effects.
A motorized 3-axis platform was applied to study the effects on efficiency caused by
misalignment. Tests were conducted to determine the safe distance for humans/pets near a
charging EV. Our experimental results demonstrate that significant adverse effects could occur
in the forms of heating and EM interference when the test pieces were introduced, with potential
damage to the human body, animals and electronic devices near the EVWC system. Several
design and operational recommendations are given based on our experiments: (1) a distance of at
least 75cm should be kept between humans and the EVWC system during charging (this distance
is obtained at a power level of 2kW, and should be adjusted based on the power level); (2)
patients with medical implants should consult their doctor/surgeon/device specialist before using
wireless charging; (3) Electronic devices should not be placed between the charging coils to
avoid possible damage. Finally, the results also indicate that although magnetic resonance allows
a high efficiency for WPT, coil misalignment could have a significant influence on the power
transfer efficiency. In order to eliminate misalignment, an automated vehicle alignment system
should be in place to navigate parking accurately. As the SAE J2954 chooses a nominal
frequency of 85 kHz for light duty EV wireless chargers after taking into account factors such as
the cost of high frequency/power switching devices and interference issues, the switching

frequency in our future WPT designs will also follow this trend.
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CHAPTER 7

CONCLUSIONS AND FUTURE RESEARCH
7.1 RESEARCH SUMMARY AND CONCLUSIONS
This dissertation investigates frequency control, modeling, alignment detection and health
considerations and safety concerns associated with EV wireless charging. The methodology
presented in this dissertation can offer novel or alternative approaches to allow for efficient,
adaptive, and safe wireless charging.
The first part of the dissertation (Chapter 2) is about modeling and control of IPT electronics for
maximum efficiency operations. Chapter 2 researched a uniform voltage gain control for
wireless charging that can generate a stable and controllable voltage to address the negative
effects of misalignment and air gap variations in EV applications. The uniform voltage gain
control offers certain advantages, as shown by the theoretical analysis and experimental
demonstration. Firstly, the uniform gain control allows for operation under greater misalignment
and is more robust under different vehicle chassis heights. Secondly, although the WPT system
does not operate at the resonance frequency under uniform control, it does not mean the overall
efficiency is low. Lower current operation and use of soft switching can decrease the power loss
caused by switching devices. Hence, uniform gain control can have a higher efficiency compared
to resonant operation under coupling variations.
The second part of this dissertation (Chapter 3) is about modeling a SS resonant converter for
WPT. In Chapter 3, the proposed frequency-spacing model allows the unity-gain frequency of a

SS IPT system to be computed in about 10ms. The unity-gain frequency is the frequency at
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which the SS IPT transfers power at its maximum efficiency. This process requires no
measurement or finite element analysis to acquire the mutual inductance in IPT; it is a direct way
to calculate the unity-gain frequency. The average gain value for all twenty-four configurations
in the experiment is 0.98, and the gain stability at any air gap is within 3% under three different
loads.

The third part of the dissertation (Chapter 4 &5) solves the vehicle misalignment issues by
introducing a magnetic alignment system which can assist an EV driver in parking to allow both
coils to be well aligned. The system applies four auxiliary coils to detect the direction and
relative position and reduces system complexity and cost by sharing the wireless charging
platform. The measurement principle of Chapter 4 is that the coupling coefficient and resonance
frequency correspond to the position and it can achieve an accuracy of 1.2cm when the detection
range is <15cm. Since the circulating current can be huge for a weak coupling between the two
coils, this approach has limited detection range (<25cm). To address this issue, Chapter 5
illustrates a three dimensional alignment system by measuring output voltages of the four
auxiliary coils and the relation between the four outputs and coordinate in 3D was derived in the
chapter. In Chapter 5, 92.5% of the tested samples have an error of less than 2cm and 98% have
an error of less than 3cm. The air gap estimation also shows high accuracy, with maximum error
of 0.6cm and mean error of 0.25cm. The proposed 3D positioning system is a highly valuable
approach to aligning coils for efficient wireless EV charging.

The fourth part of the dissertation (Chapter 6) investigates safety concerns associated with a 3kW
wireless charging prototype. The concern about human exposure to EM fields was tested on the
prototype. A distance of at least 75cm is recommended to be kept between humans and the WC

system during charging (this distance is obtained at a power level of 2kW, and should be
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adjusted based on the power level). Considering the vehicle width is normally more than 2m, the
EM emission is within safe range for the same power level. The testing results also recommend
that patients with medical implants should consult their doctor/surgeon/device specialist before
using wireless charging. Since the magnetic field between coupled coils is strong (mT level),
electronic devices should not be placed between the charging coils to avoid possible damage.

7.2 FUTURE WORK

7.2.1 Uniform gain control

Chapter 2 demonstrates a uniform gain control method for a series-parallel WPT topology that
improves the system performance in terms of efficiency and power delivery for coupling
variations compared with fixed and resonant frequency control. The future work can be studying
other circuit topologies such as LCL and LCC and exploring their potentials from the perspective
of power control, efficiency, load, and coupling coefficient. Since two identical circular coils are
employed in this chapter, an asymmetrical coil setup or symmetrical coils with different
separations among the turns can be investigated as the future work. These two coil
configurations might have better performance and coupling than the circular pad under air gap
change and misalignment.

7.2.2 Frequency-spacing modeling

The theoretical relation between IPT frequency and spatial distribution of coils is derived in this
dissertation, which shows faster speed than FEA simulation for calculation of coupling
coefficient and frequency. However, the model assumes that the two coupled coils are circular in
shape and are in parallel with each other, which means that it will not function for noncircular
coils. Thus, the future work should be making the model be compatible with rectangular coils

and taking coil orientation into account. In addition, Chapter 3 does not include simulation
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results for the three-dimensional modeling. Therefore, further experiment and FEA simulation
can be conducted to validate the model.

7.2.3 Magnetic alignment for EVWC

This dissertation describes a conceptual design of a 3D magnetic approach by applying existing
wireless charging hardware. Further study should be testing the prototype on an EV to see
whether the vehicle body and jitter can affect its accuracy. Moreover, since the prototype uses
circular coils, the following research can take rectangular coils into consideration. The current
prototype applies four auxiliary minor coils for positioning the secondary. Hence, another
interesting research direction would be optimization of the auxiliary coil configuration by
investigating the influence of the number of auxiliary coils on the positioning accuracy.

7.2.4 Safety concerns in EVWC

Chapter 6 presents magnetic emissions and safety concerns with wireless EV chargers. The
following work can be coordination with safety science institutes to investigate the possibility

how it can be referenced in industry.
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