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ABSTRACT

Today, the usage of robots is growing in the warechouses for automated organizing
of goods and in the field for harvesting foods and other agriculture tasks. Many big
resellers use robots in their distribution warehouses in an automated delivery system
and, many manufacturers use them in their factories to transfer goods and compo-
nents between production lines and warehouses integrated with enterprise resource
planning (ERP) systems. A battery is needed such devices and, the battery size and
capacity needed in such devices can be reduced thanks to WPT technology. It is
useful for reducing environmental pollution resulted from disposing of batteries used
for battery-operated vehicles and robots. With motivation for reducing battery size
in robots, the main aim of the research is to find an alternative method of dynamic
wireless power transfer to a moving object such as an electric vehicle or a robot that
it moves on wheels on the floor. The well-known systems and their common series-
connected /switched road embedded segment structures are discussed and challenged.
Then, an alternative method of synchronization to the secondary resonance is pre-
sented. The suggested method eliminates switches between road-embedded coil units
and makes the energy transition easy among units. This method shortens the length
of the EMF radiative part of road embedded segments and the application is suitable
for two-dimensional floor embedded structures for robot applications. The experi-
mental and the simulation results arc shared. The last chapter concludes thesis with

discussion on the results of the thesis and future work.
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OZETCE

Glntimiizde, depolarda iirtinlerin otomatik olarak organize edilmesi, tarim isleri ve
gidalarin hasat edilmesi i¢in robotlarin kullanimi artmaktadir. Birgok biiyiik dagitim
sirketinin depolarinda otomatik bir dagitim sisteminde robotlar kullanilmaktadir.
Bircok tireticinin fabrikalarinda mallar1 ve malzemeleri tiretim ile depolar arasinda ak-
tarmak i¢cin ERP sistemleriyle entegre robotlar kullanilmaktadir. Bu tiir cihazlarda
bataryaya ihtiya¢ vardir ve dinamik kablosuz gii¢ transfer (wireless power transfer
- WPT) teknolojisi ile ihtiyag duyulan batarya boyutu ve kapasitesi azaltilabilir.
Omrii biten bataryalarin atilmasmdan kaynaklanan cevre kirliligini azaltmak icin
fayda saglayabilir. Robotlarda batarya boyutunu kiiciilltme motivasyonuyla yapilan
bu aragtirmanin temel amaci, elektrikli ara¢ veya zemin yiiziinde tekerlekler tizerinde
hareket eden bir robot gibi hareketli bir nesneye alternatif bir dinamik kablosuz giig
aktarimi yontemi bulmaktir. Iyi bilinen sistemler ve bunlarin ortak seri baglantih
ara giic anahtarli yola gomiilii segment yapilar1 tartigilmakta ve irdelenmektedir.
Ardindan, alternatif olarak onerilen ikincil rezonansa senkronizasyon yontemi sunulur.
Onerilen yéntem, yola gémiilii bobin tiniteleri arasindaki anhtarlarla gecisleri ortadan
kaldirir ve tiniteler arasinda gegis esnasinda enerjilendirmeyi kolaylagtirir. Bu yontem,
yola gomiilii boliimlerin elektromanyetik bozucu yayan kisminin uzunlugunu kisaltir
ve uygulama, robot uygulamalar: i¢in iki boyutlu zemin gomiili yapilar igin uygun-
dur. Sonrasinda simiilasyon ve deney sonuclar1 paylasilmaktadir. Son boliim, tezin

sonuclar ve gelecekteki caligmalar hakkinda tartigma ile tezi sonlandirmaktadir.
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CHAPTER I

INTRODUCTION

Technology has changed human life through the ages. With the Fourth Industrial
Revolution, the last of the industrial revolutions we are experiencing today, we met
many transformative innovations that were not in our lives before. Electric vehicles
(EV), robots, and wireless power transfer (WPT) are the ones we encounter in our
daily life. Wireless power transfer includes several technologies to transmit power
without wires between the power source and the device. One of those technologies is
dynamic wireless power transfer through an electrified roadway to a moving vehicle
or a robot. The battery is needed such devices and, with WPT technology it can be
reduced in size and capacity. It is useful for reducing environmental pollution resulted
from disposing of batteries used for battery-operated vehicles and robots. One of the
biggest challenges in our age is creating green technologies for the sake of saving the
world, sustainability. The research for finding a useful method to wirelessly power

robots while they are moving on the ground would be a starting point.

1.1 Motivation

A well-known method is used to set the maximum power output in transmitter cir-
cuits. A coil which is attached to a lamp was used for this. Figure 1 shows such
coils. The coil was put nearby the resonance tank coil of the output transistor of the
transmitter at a distance of approximately 10mm on the tank coil’s axis. The tank
coil and the lamp coil reproduce a transformer with air distance between primary and
secondary sides of the transformer. Then, the trimmer capacitors were adjusted for
maximum brightness on the lamp that brightness represents the output power of the

transmitter. So this phenomenon is a type of wireless power transfer and gave the



enthusiasm to work on wireless power transfer.
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Figure 1: A picture of lamps with coils.

Today, the usage of robots is growing in the warehouses for automated organizing
of goods and in the field for harvesting foods and other agriculture tasks. Many big
resellers use robots in their distribution warehouses in a computerized delivery system.
Many manufacturers use them in their factories to transfer goods and components

between production lines and warehouses integrated with ERP systems.

Figure 2: A picture of warehouse robots and their backup battery packs.

Battery packs power these robots. It is needed that some backup batteries must be

kept charged and ready to use for quick battery replacement for continuous work in a



day. Because one battery pack is not enough for working twenty four hours a day and
seven days a week, which is needed in most companies, an example of the robots and
the backup battery packs can be seen in Figure 2. In addition to the energy capacity
of the battery, the effect of battery weight on the energy consumption during the
operation of a robot should be considered during the design of the robot. The total
energy expended in a mission of a robot [5] or an EV [6] depends on its total mass
and mission time. The robot and the EV must carry their batteries as a part of the
primary load weight. By reducing the needed battery capacity, the reliability of EVs
and the road range can be increased [7]. Furthermore, to minimize energy usage, the
energy consumption of robots needs to be modeled for all complex use cases related
to their mission and their dependence on batteries [8], [9]. As a reference of thinking,
there are weights for the robots in the study of the MIT team for the MIT Cheetah
four-legged robot in 2013 [9] and, the report of the CMU Robotics Institute team for
wheeled robots for Mars and Lunar missions in 2014 [5]. Dainis Berjoza and Inara
Jurgena have analyzed the effects of the battery weight on electric vehicles and they
have shown weights of some EVs and battery packs in their conference paper [10].
Figure 3 shows the findings of this paper. Berjoza and Jurgena also wrote the ratio
of the battery weight to the total weight of an EV as a comparison parameter in their
other article [11]. They named this ratio as the battery-specific weight coefficient.
They have shown the battery-specific weight coefficient varies in range from 0.12 to
0.28 for the same electrical vehicles in Latvia in 2017. The environmental impacts
of electric vehicles are important for the sustainability of transportation activities.
Amount of used energy, green gas pollution and disposal of hazardous material with
batteries at the end of their life cycle are some of them [12]. Increasing trends of usage
of dynamic WPT in the EV industry is mentioned by authors as an opportunity for
environmental impact of EVs with reducing transport energy consumption through

reduction in traction battery mass in their article [13]. Researches are not only on



dynamic WPT to EVs but also using charge whenever they stop at traffic intersections

for reducing battery mass [14]. From these studies, it can be seen the new methods

for reducing battery weight are needed for EVs and robots.
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Figure 3: Weights of EVs and their battery packs [6]

A group of researchers from The Polytechnic University of Milan investigated the
design of disc formed coils like in Figure 4 in a paper [2]. They shared results of
FEM simulations on Ansys Maxwell. Their approach is investigating changes power
transferred from primary coil by inductance, by ferrite structure, by gap, by ferrite

and copper volume. Their optimization process take in to account power equation

shown in Equation 1.
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M
Pout = QWI%T = ijfp (1)

Where: P, is the output power () is the resonance factor, wis the frequency and

I, is the rms value of the primary current, p is the optimization index [2].

Figure 4: One of the investigated design type of disc coil in the article [2].

The variations of p are investigated related to number of ferrite bars, shape of
ferrite bars, length and thickness of ferrite bars by simulations on Maxwell. They
also made simulations of ferrite structures added external ring, radial bars, external
bars. The results of the simulations shown in Figure 5. The graph in Figure 5 can
be interpreted to mean that using one whole ferrite increases the power that can be

transferred.
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Figure 5: Variation of p with different ferrite bars configuration [2].

1.2 Research Aim, Objectives and Scope

With motivation for reducing battery size in robots, the main aim of the research
is to find an alternative method of dynamic wireless power transfer to a moving
object such as an electric vehicle or a robot that it moves on wheels on the floor.
The well-known systems and their common series-connected /switched road embedded
segment structures are discussed and challenged. Then, an alternative method of
synchronization to the secondary resonance is presented. The suggested method
eliminates switches between road-embedded coil units and makes the energy transition
easy among units. This method shortens the length of the EMF radiative part of
road embedded segments and the application is suitable for two-dimensional floor
embedded structures for robot applications. The experimental and the simulation

results are shared.



1.3 Thests Outline

Other chapters of the thesis are organized as follows. Chapter 2 gives a literature
review on wireless power transfer in theory and its classifications. Then, Chapter 3
proposes a new method for robots in moving wireless power transfer. Simulations of
the proposed method and their results are presented. The realization and design of
the proposed method are shown with the experiment in Chapter 4. A comparison of
the simulation and experiment results is presented in Chapter 5. The last chapter

concludes the thesis with a discussion on the results of the view and future work.



CHAPTER II

LITERATURE REVIEW

In the early 1800s, Hans Christian @Orsted, André-Marie Ampere, and Michael Faraday
discovered the basic laws of electromagnetism. After electromagnetic radiation is
discovered by Hertz, Tesla registered his wireless transmitter in a patent, he was the
first person to demonstrate the concept of WPT in 1891 [15]. Dynamic inductive
WPT for road first patent M. Hutin and M. Leblanc 1894 [16]. After Hutin and
Le-Blanc, the EV inductive coupling WPT was forgotten like Tesla’s first patent of
WPT in 1914 [17]. Professor Don Otto of the University of Auckland in New Zealand
proposed an inductively powered vehicle in 1972 using the power generated at 10 kHz
[1]. In the 1980s, another WPT project was carried out in California, USA. It was
called the Partner for Advanced Transit and Highways (PATH) project [1]. French
and German researchers carried out EV-WPT projects known as TULIP (Transport
Urban, Individuel et Public — Public and Individual Urban Transport) and Inductive
Power Transfer (IPT) respectively in the 1980s and 1990s [1]. Esser and Skudelny
published their article in 1991, it was first WPT article for robots [18]. In 2001,
Fernandez and Borras granted first battery charger patent [19], [20]. The other recent
trend in WPT began with the use of resonant coupling in the United States by the
Massachusetts Institute of Technology (MIT) in 2006 [1]. In 2007, Marin Soljacic with
a research group at the MIT, presented a non-radiative wireless power transfer system
using self-resonance coils. One year later, another research team at Intel reproduced
MIT’s experiment. By the pressure of increasing usage of a large number of mobile
devices such as smartphones, tablets and laptops, the Wireless Power Consortium was

founded in 2008. The goal of this association is to establish international standards



for standardized wireless charging in the form of the Qi standard [21]. In 2011,
Toyota Motor Co. invested in WiTricity Co., one of the first commercial developers
of resonant connectivity for wireless power transmission. IHI Co. was given a license
from WiTricity Co. in 2011 [1]. Qualcomm published a brochure of their wireless
EV charger system ”Qualcomm Halo” in the same year. Alliance for Wireless Power
(A4WP) to promote resonant coupling WPT, it is established in May 2012 [1]. In
2015, C. T. Rim with a research team at KAIST present an inductive wireless transfer
system. In the following years, KAIST teams realized dynamic wireless power transfer
systems for powering buses in Korea. In 2019, WiTricity announced the acquisition

of Halo from Qualcomm [22].

2.1 Classifications of WPT

There are many classification ways for wireless power transfer (WPT). Basicaly, we
can seperate in two type of WPT, one of them is electromagnetic and other non-
electromagnetic. In this thesis, non-electromagnetic types are out of scope. Many
people have been reviewed WPT systems and circuit topologies [4], [23], [24], [25],
[21], [1], [26], [27], [28], [29], [30], [31], [32]. In the light of their studies, we can set out
classification related to scope of this thesis. Here is the combination of electromagnetic
WPT classifications as a diagram, in Figure 6.

When the power is transferred via a magnetic field, it is called magnetically cou-
pled WPT, inductive coupling WPT, or inductive power transfer (IPT). When the
primary side and secondary side are established as resonance circuits, the system
is called resonant WPT. Here is the classification diagram for magnetically coupled

resonant WPT in Figure 7.



Electromagnetic

/ WPT\

Near-Field Far-Field
Transfer Transfer
Inductive Hybrid PT Capacitive Propagating  \rcrowave Photo- | asER
Coupling Coupling Electromagnetic electricity
IPT CPT
Direct Resonant Direct Resonant

Figure 6: Classification of electromagnetic WPT.

Magnetically Coupled Resonant
MCR-WPT

Intermediate

Direct Resonant Coupler

Figure 7: Classification of magnetically coupled resonant WPT.

For the resonant WPT, related to circuit topologies of primary and secondary
sides, we can classify the WPT methods as if their circuits are in serial resonance cir-
cuits or parallel resonance circuits. Figure 8 shows a classification of WPT according

to primary and secondary circuit topologies.
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Direct MCR WPT

Serial-Serial(SS) Serial-Parallel(SP) Parallel-Serial(PS) Parallel-Parallel(PP)

Figure 8: Classification of direct magnetically coupled resonant WPT.

Figure 9 shows a classification made by Yiming Zhang. He showed basic structures
of WPT circuits in his doctoral thesis, which Springer Thesis published as Recognizing
Outstanding Ph.D. Research [3].

(a) (b) (©)
Sending Receiving Sending Receiving Sending Receiving
Coil Coil_ Coil _ Coil il Coil

g
e
&
g
Source Load Source Load Source Load
(d) (e) ®
Sending Receiving Sending Receiving Sending Receiving
iﬂil_ Coil Coil Coil Coil Coil
g
=%
g
g
Source Load Source Load Source Load
(2 (h) (i)
Sending Receiving Sending Receiving Sending Receiving

Coil Coil Coil Caoil Coil _Coil

Jopnpuy
J0j0npug
Jopnpuy

Jopanpuy

Source Load Source Load Source Load

Figure 9: Most common IPT structures: (a) SS; (b) SP; (¢) S-LCL; (d) PS; (e) PP;
(f) P-LCL; (g) LCL-S; (h) LOL-P; (i) LCL-LCL [3]
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Another classification can be related to the distance between the transmitter and

receiver coil. Figure 10 shows such classification related to the distance.

Wireless Power Transfer

RN

Near Distance  Mid-range Distance Far Distance

Figure 10: Classification of WPT related to distance between transmitter and receiver

coils.

If the coils do not stand still and one of them moves, it is called Dynamic WPT.

Figure 11 shows such classification related to the movement.

Wireless Power Transfer

/N

Stationary Dynamic

Figure 11: Classification of WPT related to movement of transmitter coil or receiver

coil.

There are the most common primary side circuit topologies of a transmitter of a

WPT. Figure 12 shows four basic circuit topologies of primary side.

Primary Side Circuit Topologies

N NN

Single-ended Push-pull Half Bridge  Full Bridge

Figure 12: Four basic circuit topologies of primary side.
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The transmitter coils may be more than one, and they can be driven with one
phase, or each coil can be operated with one of the phases of the multi-phase drive
structure [31]. Multi-phase systems can be used to reduce power ripples on the
receiver side [33]. Figure 13 shows common structures related to phase count on the

transmitter side of the WPT system.

Phases Count of Transmitter

/ N\

Single Phase 3 Phases Multi-phase

Figure 13: Classification related to phase count on transmitter structure.

Regarding the WPT system’s needs, it may use more than one transmitter (TX)
coil or transmitters to transfer power to one or more receiver coils (RX) or receivers.

Figure 14 shows basic structures of WPT related to transmitter and receiver.

WPT Structure

N

Single TX Single TX Multi TX Multi TX
Single RX Multi RX Single RX Multi RX

Figure 14: Basic structures of WPT.

The transmitter and receiver are electromagnetically coupled, and energy is trans-
mitted wirelessly via an electric, magnetic, or electromagnetic wave. WPT over radio
waves requires higher frequencies, such as microwaves, to effectively focus on wireless
performance. Table 1 shows the general characteristics of the various WPT technolo-
gies. The main difference between inductively coupled and resonant coupling is the

presence of non-resonance and resonance, respectively.

13



Table 1: Characteristics of WPT technologies as of 2014 [1].

Via radiowaves | Resonant coupling | Inductive coupling
Field Electromangetic | Resonance Magnetic field
Method Antenna Resonator Coil
Efficiency | Low to high High High
Distance Short to long Medium Short
Power Low to high High High
Safety EM Under discussion Magnetic
Regulation | Radiowave Under discussion Under discussion

2.2 Non-radiative WPT Systems

Non-radiative WPT Systems are known as near field systems and transfer power
through magnetic fields. The coupling devices of the inductive WP'T' systems are two
coils mutually coupled. The transmitting coil is excited by an alternating current at
a high frequency, generally between 10kHz and 150kHz. The inductive WPT systems
utilize two topologies for transferring power, and the relevant systems are termed
inductive coupling, and resonant coupling WPT system [34].

As another example of a non-radiative WPT system, in 2007, Aristeidis Karalis,
Andre B. Kurs, Robert Moffatt, John D. Joannopoulos, Peter H. Fisher, and Marin
Soljacic from MIT showed a non-radiative mid-range system with intermediate res-
onance coupler. [35], [36]. Their system demonstrated mid-range wireless power
transfer to a 60W light bulb to more than two meters. They granted a patent for

their non-radiative system in 2010 [37].
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2.3 Theory of Inductive Coupled Resonant WPT

The basic principle of WPT is based on Faraday and Ampere’s laws. The principle of
wireless power transmission is to generate an induced electromagnetic field by feeding
a transmit coil (Tx) connected to a receive coil (Rx) and regenerating the power to
feed a load. The coils and the magnetic fluxes created coils themselves @17, ®19, Poo,

®,; are shown in Figure 15 for no-load case and in Figure 16 for with-load case.

A\|/

—~

Figure 15: The magnetic flux of the two coupled inductors in the instantaneous time

domain. No-load case [4].

During the receiver is loaded, receiver coil creates fluxes ®45 and ®9;, this fluxes
induces transmitter coil also. So two coils are not coupled only magnetically but also

electrically in most cases. Thus, the load conditions are reflected on the transmitter

or the primary side.
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Figure 16: The magnetic flux of the two coupled inductors in the instantaneous time

domain. With-load case [4].

The relationship between WPT and Faraday and Ampere laws is shown in Figure

17 with most known equations.

. r—_l Faraday’s
A *— 5 law

h u 0
Ampere’s : N/,
law ¥

VxE-—Q }E dl= - — fB dA
dt

VxH= J+(-)—D-%H dl = f.] dA + t/D-dA

Figure 17: Basic IPT equation in general [4].

In a steady state with a fixed frequency sinusoidal voltage source, phasors can

simplify the system and better understand WPT, including compensation elements
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on both sides. An equivalent circuit of WPT can be seen in Figure 19.

Coupled Inductors

C
2 I
I
1 ‘l
Es
ZL \,;

Figure 18: Equivalent circuit of IPT system in phasor domain [4].

Including compensation circuit types on both sides, we can draw the principal

circuit of WPT as in Figure 19. L; and L, represents transmitter and receiver coils

respectively. They are coupled, and M is the mutual inductance of coils related to

the coupling factor between two coils. The main purpose of compensation circuits is

to make the reactive component of the impedance reflect the source zero.

Primary
vg | Compensation
L/C

Source

Figure 19: Typical configuration block diagram

circuit [4].

Secondary
Compensation

L/C

* Regulator Load
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CHAPTER III

SIMULATION OF WPT SYSTEM PROPOSAL FOR
MOVING ROBOTS ON THE GROUND

In the light of literature research on dynamic wireless power transfer systems of electric

vehicles and robots, a method is proposed that has the properties below:
e Eliminates switches between coil segments or transmit units buried in the road.

e Eliminates latency of communication required to control the energizing of the

units.

e Eliminates electromagnetic interference elimination issues seen on long coil

structures.

3.1 WPT System Proposal

The main idea of the suggested method may be explained as “the primary tracks
the secondary resonance” instead of well-known WPT systems for powering moving
objects. Figure 20 shows the basic principle to make this idea real. It is like an
oscillator coupled by a transformer to a resonant part. The coupling factor (k3)
between the input coil (Lin) and the output coil (Lout) is low enough to prevent self-
oscillation. The system does not oscillate if the secondary side (Lres , Cres) exists,
but it is not circulating resonant currents. It does not generate a magnetic field that
feeds the input coil. If the secondary side exists with its resonant magnetic field,
the system takes the input of the resonant field (Lin , Vin). It generates the output
magnetic field, which is synchronized to the resonance frequency of the secondary

side via (Vout , Lout). It is possible to start the WPT by initial communication
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for giving frequency value to the system between moving object and supply system
during parking mode. If the system is designed for bi-directional WPT, the moving
object could generate the initial resonant magnetic field required for start-up.
C res
Lyes
k; k>
Lour L

m

.,f resonance

out n

Figure 20: Primary and secondary resonant circuits.

The road embedded units are made of supply units as shown in Figure 21. This
method eliminates the usage of power switches for the energy transition between con-
secutive rail units because the units independently observe secondary resonance and
generate an output synchronized to secondary resonance, as illustrated in Figure 22.
The transition technic between units also eliminates the complex control mechanisms

required to manage energy transitions.
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Figure 21: Structure of rail unit.

< Movement direction I
Pick=up coil

e @

Rail Unit Rail Unit Rail Unit Power mains lines

Figure 22: Method of power switch elimination.

There are several advantages of the proposed method. The output coil can be
designed only for coupling, so there is no need for resonance approximation. The
rail units may be designed for wide-range frequency because of no need to work with
a fixed frequency. Non-interoperability issues of the secondary dependence on pri-
mary resonance can be addressed due to the frequency independence of the proposed
method. It is possible to design such systems as highly efficient WPT systems with
primary inductiveness and secondary resonance [3].

Figure 23 illustrates two use cases. On a rail unit, only one coil may be used as the
power transfer and sense coils. The coupling factor between adjacent power coils is set

up at a low value that they will not trigger to start each other. The absence of a unit
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due to a failure or maintenance can be tolerated, and the system does not interrupt
the roadway. It can be designed for easy replacement to shorten maintenance time.
An authorizing signal through a communication line is needed to enable a rail unit to
work when it comes to its turn. A central management unit provides the authorizing

signal; the signal can be connected to a payment way.

a)

Roadway Lane

Rail Units Power
mains

As A Charge Station
lines

For BEV

b)
Moving Robot on Floor

Floor Units

Figure 23: Use cases: (a) Same modules can be used as both rail units or stationary
wireless chargers for battery electric vehicles. (b) usage on a two-dimensional floor

system.

3.2 Proof of Concept

A simulation of such a system is designed in LTspice for proof of concept. Two
adjacent transmit coils are used as rail units. A pick-up coil is assumed as a moving
object. The schematic is shown in Figure 24 where the moving object that includes

the inductor L1 can move on the rail units that include L2 and L3. On the inactive
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power transfer coil (L3), a voltage (Vtx2) will be induced by the magnetic field of
the receiving coil (L1) related to its current, which is dependent on the load (R1)
which represents the vehicle’s consumption. In the case of movement of the object
(L1) in a direction from the active transmitting coil (L2) to the inactive one (L3), the
coupling factor between receiving coil (L1) and transmitting coils will change based
on their distance. The induced voltage on the inactive transmitting coil increases
during the movement. This voltage is used for sensing the receiving coil’s existence.
The resonance frequency of the system’s secondary can be measured by either an

analog measurement circuit or digitally by an algorithm.

Figure 24: Schematic of the LTspice simulation.

Simulation results revealed the dependency of induced voltage (Vtx2 in Figure
24) on the inactive transmitting coil to both the load changes and the movement of
receiving coil. A magnetic field is generated by L1 related to its load current. The
load current can be adjusted by varying R1. RVAL is the parametric value of R1
changing from 1 Ohm to 10 Ohm. When the load current flows on R1 increases,

RVAL decreases; however, the magnetic field and induced voltage (Vtx2) increase. If

22



RVAL increases, the load current on R1 decreases, and induced voltage Vtx2 on L3
drops. On the other hand, the coupling factor between L1 and 1.2 is parameterized by
KVAL, representing the movement of L1 in the direction from L2 to L3 on the x-axis.
When L1 moves towards L3, KVAL decreases but the coupling factor between L1 and
L3 increases. When L1 is at the middle position between L2 and L3, the induced
voltage Vtx2 on L3 becomes the maximum. This phenomenon is shown as a dark red
color in Figure 25. Therefore, it is possible to trigger the next rail unit by sensing the
magnetic field of the moving pick-up coil. Figure 25 also shows where the optimum
position points are on the x-axis and values of Vtx2 for triggering transitions from

one rail unit to another.

Figure 25: Load and coupling factor dependencies of Vtx2.

The experimental study of the proposed idea of “the primary tracks the secondary

resonance method” is conducted in the laboratory. The experimental setup is shown in
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Figure 26 and Figure 27. The experiment compares the simulation results by LTspice
and measurement results from the lab. The pick-up coil (receiving) is mounted on the
x-axis of a 3-dimensional cartesian machine. The pick-up coil marked as L1 in Figure
27 can move on the x-axis by 0.1lmm steps in the movement directions as marked.
The rail units are realized by commercially available coils marked as L2 and L3 in
Figure 27. The measurement setup consists of an oscilloscope, a signal generator, and
a power amplifier. The power amplifier is fed by a signal generator and drives L2.
The oscilloscope measures voltages on 1.2 and L.3. The L1 coil is loaded with LEDs.
L1 coil moved in X-direction by the cartesian machine with 5mm steps. In the initial
position, L1 covers only L2. In the initial position, L1 covers only L2. Vtx2 voltage
on L3 is only generated by magnetic coupling between L2 and L3. The movement
of L1 with the cartesian machine in the X-axis covers both L2 and L3. When L1 is
loaded, a current flows in it related to its load. This current generates a voltage on L3
during the coverage of both 1.2 and L.3. The induced voltage on L3, Vtx2, measured

with the positions. The voltage of Vtx2 is shown in Figure 28.

Figure 26: Setup which is used for proof of concept and measurements between

stationary coils and moving coil.
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Pick-up coil is attached to a moving head of a cartesian placement machine as

shown in Figure 27.

Figure 27: Close view of the measurement setup.

L2 and L3 are planar spiral coils on square-shaped ferrites. They are off-the-shelf
parts. The coils are 53mm by 53mm. There is a 12mm distance between them. In
this situation, the positions of 60mm and 65mm in Figure 28 are the positions of
the moving head where the induced voltage on L3 is maximum. To illustrate the
experimental setup visually, Figure 27 shows the L1 coil when the voltage on L3 is at
its maximum. The explained setup above is a proof of concept that it is possible to
induce a voltage on an inactive transmit coil for sensing and triggering the start-up of
the next adjacent power module. The experimental study results can be interpreted
as the same as explained before for the Ltspice simulation. If the L3 is triggered and
started to transmit power to the L1, the L1 is energized by both transmitter coils of
L2 and L3. In this way, L1 smoothly transfers power to the rectifier circuits of the

vehicle.
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Figure 28: Measurement results, voltage on inactive transmitter coil (V) related to

position of receiver coil.

3.3 Magnetic Model and Sitmulations

One of the topics in this article is to examine the interaction between the transmitting
and receiving coils and how the power sent to the receiving coils varies with the
vehicle’s movement. For this purpose, a system model was built, and simulations
were performed in the Ansys Maxwell environment. The dimensions of the coils used
in the model are the same as those of the ready-made coils used in the experimental
study. The properties of the ferrite and steel parts of the model are the same as the
ready-made coil. The length of the receiving coil is the length of the two transmitting
coils. Each coil consists of copper windings, ferrite, and steel parts in the order of
layers. Figure 29 shows a model built in this way. The upper part (RX) represents the
receiving coil or the vehicle, and the three lower parts (TX1, TX2, TX3) represent the
transmitting coils or the structure embedded in the path. TX1 and TX2 are active
transmit coil, and TX3 is inactive. TX1 and TX2 transmit power. The figure shows
the receiving coil’s stationary state at the path’s starting position. The component

produced from this magnetic model was added to the schematic for use in electronic
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simulations.

_————
1} 45 a0 {mmip

Figure 29: Coil structures of the model of the system.

The schematic of the electrical model of the same system is shown in Figure 30.
Winding 1 and 2 represent TX1 and TX2, active transmit coils driven by 48V, 125kHz

sources. Winding 3 means TX3, which is the inactive coil. Winding 4 represents RX.

Ay " Ly =
. L

;l

Figure 30: Schematic of the combined model of the system.

The simulations were performed on the established model in the frequency range
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from 50kHz to 300kHz. The simulations were performed by parametrically varying
the distance on the z-axis between the receiving and transmitting coils from 1mm to
Smm in lmm increments. The simulation results, inductance values, and coupling

coefficients are presented in Table 2 and Table 3.

Table 2: Mutual inductance and coupling coefficient between RX and TX1 at 125kHz.

Distance 1mm | 5mm
LTX1 Inductance (uH) 9.770 | 7.618
LRX Inductance (uH) 6.418 | 5.029

M Mutual Inductance (uH) | 3.628 | 2.280

k Coupling Coefficient 0.458 | 0.368

Table 3: Mutual inductance and coupling coefficient between RX and TX3 at 125kHz.

Distance 1mm | 5mm
LTX3 Inductance (uH) 5.921 | 5.977
LRX Inductance (uH) 6.418 | 5.029

M Mutual Inductance (uH) | 0.118 | 0.120

k Coupling Coefficient 0.019 | 0.021

To simulate the vehicle’s movement on the road, the position of the receiver coil
on the x-axis was changed parametrically in the range of Omm to 62.5mm in 4 steps.
Observing the behavior of the vectors of the magnetic field falling on the coil of
the inactive transmitter helps to understand the phenomena during the vehicle’s
movement. Figure 53 shows B field vectors on the coils during the movement of the

receiver coil on the transmitter coils.
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Figure 31: B field vectors on the coils during the movement of receiver coil on trans-

mitter coils.

It has been investigated how the inductances change with the movement of the
receiver coil on the x-axis. Due to the presence of another ferrite part (vehicle) moving
on the transmitter coils, the inductance value of the transmitter coils changes with
the receiver’s position. The inductance value of the receiving coil remains constant

as seen in Figure 32.
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Figure 32: Inductances of the coils versus position of moving receiver coil. With

ferrites.
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The voltage induced in the inactive transmitter during the receiver’s transition
from transmitter to transmitter in the x-axis is shown in Figure 33. In the inactive
transmitter, it has been examined from which position of the receiver the voltage can

be observed, Figure 34.
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Figure 33: Induced voltage of the coils versus position of moving receiver coil. With

ferrites.
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Figure 34: Induced voltage of inactive transmit coil.

It has been seen by simulation that the power transmitted to the receiver varies

linearly between two extremes above and below an average value, depending on the
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receiver’s position. Figure 35 shows the simulation result. An equation can be es-
tablished according to the graph to calculate the effective value of such a changing

power value according to the position.
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Figure 35: Power of the coils versus position of moving receiver coil while gap is 5mm.

The variation of the transmitted power with frequency and the power values trans-
mitted from the transmitters at 125kHz resonance frequency and transferred to the

load on the receiving side is shown in Figure 36. The efficiency is 92 percent.
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Figure 36: Power of the coils versus frequency.
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CHAPTER IV

EXPERIMENT OF PROPOSED WPT SYSTEM FOR
LANE MOVING ROBOTS

A coil with part code 760308102142 from Wiirth Electronics is chosen, and five of
them are used for the experimental study. This coil is designed for wireless power
transfer applications. The company’s 36003600S part code steel material is used for
the magnetic shield.

The receiving coil was designed using two off-the-shelf coil materials. Figure 37
shows designed receive coil. It is made as five windings using the materials of two

coils.

Figure 37: Picture of pick-up coil.
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Digilent Analog Discovery 2 and its companion software Waveforms measure the
inductive values and coupling factors of the coils. It is a multi-functional tool for lab-
oratories. It includes an impedance analyzer for these measurements. The magnetical
simulation of the system was made on Ansys Maxwell by the gap range between 1mm
to 5mm. For comparison, measurements can be done at two ends of the gap range,
1mm and 5mm. The measurement setup is prepared for Imm and 5mm. And mea-
surements are taken for Imm gap and 5mm gap. Figure 38 shows the picture of the

measurement setup for inductance values and coupling coefficients of the coils at Tmm

gap.

Figure 38: Measurement set-up for inductances and coupling coefficients of the coils

at lmm gap.

Side view of measurement set-up for inductances and coupling coefficients of the

coils at Imm gap, Figure 39 and at 5mm gap, Figure 40.
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Figure 39: Side view of measurement set-up.

Figure 40: Side view of measurement set-up.

Inductance values of the coils are measured in a frequency range between 50kHz
and 1MHz to see the effect of frequency change on inductance values. Figure 41 shows
a screenshot of Waveforms software impedance analyzer and inductance of pick-up
coil versus frequency. And Figure 42 shows a screenshot of Waveforms software
inductance-meter and inductance of pick-up coil at 125kHz when it is put together

with TX coils by the gap is bmm.
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Figure 41: Waveforms software and inductance of pick-up coil vs frequency.
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Figure 42: Inductance measurement of pick-up coil at 125kHz and at 5mm gap.

Table 4 and Table 5 shows the measured values of the pick-up and transmitter coil

at 125kHz with a Ilmm gap and 5mm gap between the pick-up coil and transmitter

coils.
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Table 4: Measured values of pick-up coil at 125kHz.

Distance Imm | 5mm | Standalone

Ls Series Inductance (uH) | 5.824 | 4.530 | 3.619

|Z| Impedance (€2) 4.576 | 3.559 | 2.843

Rs Series Resistance (m€2) | 139.6 | 112.0 | 80.68

Xs Series Reactance (2) 4.574 | 3.558 | 2.842

Z Input Phase (°) 24.28 |19.39 | 15.75
0 Phase (°) 88.25 | 88.20 | 88.37
D Dissipation 0.0305 | 0.0315 | 0.0284
Q Quality 32,77 | 31.78 | 35.22

Table 5: Measured values of transmitter coil at 125kHz.

Distance Imm | 5mm

Ls Series Inductance (uH) | 9.048 | 6.948

|Z| Impedance (£2) 7.109 | 5.459

Rs Series Resistance (mf2) | 179.0 | 132.3

Xs Series Reactance (€2) 7.107 | 5.457

Z Input Phase (°) 34.93 | 28.31
¢ Phase (°) 88.56 | 88.61
D Dissipation 0.0252 | 0.0242
Q Quality 39.69 | 41.26

Coupling coefficients between transmitter coils (TX1, TX2, TX3) and pick-up coil

(RX) can be calculated through measured mutual inductances for each gap distance,
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Imm and 5mm. Well-known mutual inductance with dot convention method is used.
According to this method, inductances are known separately and have a joint mag-
netic field. The beginning of winding of each coil is marked with a dot, and two
measurements of total inductances will be taken when coils are serially connected
with the dots on the same side and the dots on the opposite sides. Two equations,
Equation 2, Equation 3 help us to calculate mutual inductance M, where LT1 total
inductance for the first measurement, LT2 total inductance for the second measure-

ment.

LT1=L1+L2—2M (2)
LT2 = L1+ L2+2M (3)

Mutual inductance equation becomes as below.

_ LT2-LT1
a 4

M (4)

Mutual inductance equation is also known as Equation 5. And coupling coefficient

k can be calculated from this equation.

M = kvVI1L2 (5)

M
b= Ui ©

The calculated mutual inductance and coupling coefficient values are given in

Table 6 and Table 7.
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Table 6: Mutual inductance and coupling coefficient between RX and TX1 at 125kHz.

Distance 1mm | 5mm

LT1 Total Inductance (uH) | 8.162 | 7.538

LT2 Total Inductance (uH) | 21.38 | 15.34

LTX1 Inductance (uH) 9.074 | 6.983

LRX Inductance (uH) 5.855 | 4.518

M Mutual Inductance (uH) | 3.304 | 1.950

k Coupling Coefficient 0.453 | 0.347

Table 7: Mutual inductance and coupling coefficient between RX and TX3 at 125kHz.

Distance Imm | 5mm

LT1 Total Inductance (uH) | 11.605 | 10.3

LT2 Total Inductance (uH) | 11.89 | 10.71

LTX3 Inductance (uH) 5.750 | 5.750

LRX Inductance (uH) 5.855 | 4.518

M Mutual Inductance (uH) | 0.071 | 0.102

k Coupling Coefficient 0.012 | 0.020
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CHAPTER V

COMPARISON OF RESULTS

Firstly seeing the correlation between simulation and experiments is a well beginning
point to compare inductance values and coupling coefficients. RX represents receiver
or pick-up coil, TX1 represents active transmitter coil, TX3 represents inactive coil
in the tables. Table 8 shows the results at a lmm gap distance between the receiver

coil and the active transmitter coil, and Table 9 shows the results at a bmm gap.

Table 8: Mutual inductance and coupling coefficients between RX and TX1 at 125kHz

with Imm gap.

Simulation | Experiment | Difference
LTX1 Inductance (uH) 9.770 9.074 7.12%
LRX Inductance (uH) 6.418 5.855 8.77%
M Mutual Inductance (uH) | 3.628 3.304 8.93%
k Coupling Coefficient 0.458 0.453 1.09%
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Table 9: Mutual inductance and coupling coefficient between RX and TX1 at 125kHz

with Smm gap.

Simulation | Experiment | Difference
LTX1 Inductance (uH) 7.618 6.983 8.34%
LRX Inductance (uH) 5.029 4.518 10.16%
M Mutual Inductance (uH) | 2.280 1.950 14.47%
k Coupling Coefficient 0.368 0.347 5.71%

Table 10 shows the results at a 1lmm gap distance between the receiver coil and

the inactive transmitter coil, and Table 11 shows the results at a bmm gap.

Table 10: Mutual inductance and coupling coefficient between RX and TX3 at 125kHz

with Imm gap.

Simulation | Experiment | Difference
LTX3 Inductance (uH) 5.921 5.750 2.89%
LRX Inductance (uH) 6.418 5.855 8.77%
M Mutual Inductance (uH) | 0.118 0.071 39.83%
k Coupling Coefficient 0.019 0.012 36.84%
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Table 11: Mutual inductance and coupling coefficient between RX and TX3 at 125kHz

with Smm gap.

Simulation | Experiment | Difference
LTX3 Inductance (uH) 5.977 5.750 3.80%
LRX Inductance (uH) 5.029 4.518 10.16%
M Mutual Inductance (uH) | 0.120 0.102 15.00%
k Coupling Coefficient 0.021 0.020 4.76%

The differences are below 15 percent in general. The case is excessive, with a
gap of Imm of TX3 results, which are more than general differences, due to mutual
inductance measurement.

Another point for comparison is the value of the induced voltage at the two ends
of the inactive transmitter coil when the receiver coil is over the TX1 and TX2. In
other words, the receiver coil is just next to the inactive transmitter coil. This value
is essential because of the decision of trigger level to activate TX3. The first row of
Table 12 shows the voltage values.

And the last point for comparison is the position of the receiver coil on the x-axis,
where the induced voltage of TX3 is maximum. The place for activating TX3 shall
be between the position of the first row of Table 12 and the position of the second
row of the table, which are the points just beginning of the voltage sensing and the
end of the voltage sensing. The point of activation of the TX3 will be decided by a

trigger level to be determined by the voltage values between these two points.
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Table 12: Induced voltage on TX3 at 125kHz.

Simulation | Experiment

RX over TX1 and TX2 (mV) 750 550

X-axis position when RX on max point (mm) | 62.5 65

The comparison results in the above tables show a good correlation between the
simulation and the experiment. Further work can be on the simulation environment
only to model the control system and investigate the system in vehicle movement

scenarios.
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CHAPTER VI

CONCLUSION

This thesis proposes an alternative method of a wireless power transfer system for
moving objects. The proposed method is an alternative to known methods, which
use long WPT rails and known methods that use large switches to manage the selec-
tion of transmitting coil units that transfers energy. The mobile robot on the floor
may be the first application area. The main application areas are warehouse, agri-
cultural, and electric vehicles. The simulation results and the experimental setup
are discussed. With simulations in Ansys Maxwell and LTspice environments and
experimental studies, it was shown that a vehicle’s receive coil induces a voltage in an
inactive transmit coil embedded in the path while passing over it. This voltage can be
used as a trigger to activate the inactive transmitter during the receiver’s transition
from the transmitter to the transmitter. And it was shown how the power delivered
to the receiver changes with the vehicle’s motion. The primary side power switching
controls can track signals of the secondary side, and the primary can establish syn-
chronization with the resonance of the secondary side, which receives the energy for
powering motors on a vehicle. Control modeling of such a system could be a subject
of future study. After the model is created in the MATLAB Simulink environment,
it can be converted to C software code and transferred to a microcontroller in an
embedded system. The microcontroller generates the signals necessary to drive all

semiconductor power electronics elements in the system.
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APPENDIX A

SIMULATION RESULTS
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Figure 43: Screenshot of Ansys Maxwell software during the simulation of the system.
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Figure 44: Screenshot of Ansys Maxwell software during the simulation of the system.
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Figure 45: Screenshot of Ansys Maxwell software during the simulation of the system.
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Figure 46: Generated mesh for the calculations of fields on system parts.
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Figure 47: B field on coils.
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Figure 48: H field on coils.

Figure 49: B and H fields on coils versus slide of receiver coil on transmitter coils.
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Figure 51: B and H fields on coils versus slide of receiver coil on transmitter coils.
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Figure 53: B and H fields on coils versus slide of receiver coil on transmitter coils.
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Figure 55: Inductances of the coils versus gap position of moving receiver coil.
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