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ABSTRACT

Wireless power transfer via magnetic resonant coupling method has open new possibil-
ity to electric vehicle (EVs) system. One is that it allows the wireless charging system of
moving vehicles, using charging lanes. However, although the efficiency of power trans-
mission is still relatively high, the efficiency still depends on the displacement of antennas.
There have been several researches on methods to maintain power transmission at highest
efficiency, such as impedance matching system or using control algorithm. However, in
such systems, information on system parameter especially coupling coefficients is needed
and in charging lane system, such information is unlikely to be obtainable without com-
munication system which will add complexity to the system. Therefore it has come into
attention that parameter estimation is the crucial factor to implement the charging lane
system.

In this study, coupling coefficient (k) estimation without using any communications
between sending and receiving sides is proposed for wireless power transfer via magnetic
resonant coupling. Theoretical estimation equations for % is proposed for both estimation
from transmitting side and from receiving side, for both the system with single receiver and
the system with multiple receivers. Coupling coefficient estimation system implementation
is done for estimation from the receiving side using DC/DC converter. The estimation
scheme based on statistical method such as recursive least square method taking errors
caused by measurement error and hardware imperfection into consideration was studied to

improve k estimation accuracy in actual system implementation.
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Chapter 1

Introduction

Recently, the development of electric vehicles (EVs) has been gaining more attentions from
both consumers and research community as EVs are potential alternatives to traditional
conbustion engine cars. However, despite tremendous effort put in improving EVs, the
main drawback of EVs which is in battery storage still remains. Currently used batteries
have relatively low energy density; hence EVs cannot travel across long distance unless the
amount of battery is increased. But by doing so, the EV will become heavier which is not
desirable. The effort to overcome the limited travelling distance of EVs started as early as
1896.

The first attempt, although not by charging station, is proposed and put into practice by
Hartford Electric Light Company as an exchangeable battery service [1]. In modern days,
some battery exchange station has also been built and tested in operation. However, the
infrastructure takes up relatively large space and therefore not very practical. Therefore,
researchers have paid more attention to development and improvement of EVs charging

systems.



1.1 EV Charging Technology

Mainly, there are two types of charging systems: conductive coupling system and contact-
less charging system [2]. Conductive coupling are traditional wired charger where electric-
ity is transmitted via direct ohmic contact between power source and the load. In contrast,
in contactless charging system, as the name suggested, there is no direct contact between
the source and the load. There are several methods of transmitting power wirelessly listed
as following: microwave transmission, magnetic induction, magnetic resonance coupling

and capacitive coupling.

1.1.1 Conductive Coupling Charging System

Conductive coupling charging system uses the conventional conductive contact to transmit
power. In other word, electricity is transferred through wire and therefore the user has to
plug in the charging cable from source to the vehicle. Power source can be either from home
outlet or charging station. Because power transmission is accomplished through conductive
connection, power loss is only caused by ohmic loss, and therefore transmitting efficiency is
high. However, the problem with battery charging system is charging time. Typical battery
equipped in the EVs could take 8-12 hours to fully charge. Instead of waiting for a long
charging time, the idea of fast charging system, which let vehicle be recharged enough to
travel between charging spots using short charging time, has become attractive. Two main
trends of development is, first, change energy storage type from battery to capacitor and,

second, using DC fast charger.

Capacitor Storage

In contrast to battery, although having smaller capacity, capacitor has high rate of charge
and discharge time, and therefore significantly reduces charging time. One example that

utilizes such characteristics of capacitor is Shanghai SUNWIN capacitor bus [3]. The bus



Figure 1.1: Shaghai capacitor bus infrastructurer

is equipped with super capacitor and a railway-style pantograph so that the capacitor can
be recharged from the charging system placed at the bus station while the bus stops to take
the passengers. The infrastructure of such bus system is shown in Fig. 1.1. Bus capacitor
is charged with 320-600V DC system. With charging time of 30-80 seconds, the bus can

run over the distance of 3-6 km which is enough to go between stations.

DC Fast Charger

DC fast charger has become more popular due to its benefit [4]. Fast chargers are known
to be more efficient than conventional chargers and less overcharge occurs, hence increase
battery efficiency and life-cycle. Charging schemes can be done in many ways.

To universalize fast charging system, one of the most used standards is CHAdeMO
(Charge de Move) standard, started by collaboration of several car manufacturers [6]. Ex-
amples of charging stations are shown in Figure 1.2. Currently there are almost one thou-
sand charging stations around the world while 747 stations are located in Japan.

Despite such high efficiency and improvement in wired charging system, there are still
some disadvantages that might hold users back from adopting EV's technologies. Manually
charging EVs could be inconvenient. The charging system could take up a lot of space
in household. Moreover, possible hazard from electric shock could occur while handling
with the charger. Due to such reason, contactless charging systems have become a potential

technology that could lead to expansion of EVs.



Figure 1.2: DC Fast Charging Station

1.1.2 Contactless Charging System

To overcome disadvantages of wired charging systems, much effort has been put into de-
veloping contactless power transmission system. There are several technologies available
for wireless transmission: microwave transmission, magnetic induction, magnetic reso-
nance coupling and capacitive coupling. In this section, EV charging system utilizing each
method, including its characteristics, advantages, drawbacks, possible improvement, will

be described.

Microwave Transmission

Microwave power transmission utilized microwaves to transfer power through space. This
method is proposed due to its ability to transfer power across long distance of several
kilometers. There is also a large range of usable transmitting frequency. However, two main
limitations of this method of transmission are that it requires direct line of sight with no

obstacle In this section, two type of dynamic charging systems proposed will be introduced.

1. Dynamic charging system via microwave road [7]

In this system, rectenna array are equipped underneath the vehicle. On the road side,

waveguide slot antennas and optical sensors are placed on the road so that when
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Figure 1.3: Concept of EV charging system via microwave road

the vehicle is passing through the lane, powered will be transmitted directly to the
vehicle above the lane. The concept of this system configuration is shown in Figure

1.3.

Using the prototype system, power transfer efficiency is measured in the experiment.
Efficiency of conversion from DC power to radio frequency (RF) wave is 72%, of
wave guide antenna is 58%, radiation loss reduce efficiency for another 67% and
conversion from RF back to DC has efficiency of 55%. Such configuration results in
the total efficiency of power transmission as low as 15% mainly caused by conversion

between DC and RF.

2. Microwave transmission via guided power beam [8]

In contrast to the aforementioned system configuration for microwave transmission,
in this system, power will be transferred to the antenna equipped on top of the vehicle
from power beam transmitter. System components are shown in Figure 1.4(a). This
method, although has not been actually implemented, were aiming to utilized one of
the advantage of microwave transmission, which is the power beam can be steered
electrically, without moving mechanisms. Figure 1.4(b) shows the intended dynamic
charging system. Via communication beam, the position of the vehicle should be

determined and the closest power post will transmit the power to the vehicle via
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Figure 1.4: Concept of EV charging system via power beam

power beam. Once the vehicle has moved out of the transmitting range, the next

transmission post will take over and repeat the same process for transmission.

Magnetic Induction

Magnetic induction method composed of the primary coil and secondary coil which func-
tion as transmitter and receiver respectively. In contrast to microwave transmission, obsta-
cle between coils will not completely prevent transmission to occur in magnetic induction
method, although transmission efficiency might be decreased. Usually, there will be an in-
verter on the transmitting side to modify the wave sent from source to the desired frequency
and a rectifier on the receiving side to convert AC to DC in order to charge the battery. A
simple structure of circuit for wireless charger with magnetic induction method is shown
in Figure 1.5(a).

From the equivalent circuit shown in Figure 1.5(b), voltage V; excites the primary coil
which cause magnetisc flux to link to the secondary coil, and therefore generate voltage V5
in the receiver [9].

Let Iy, 15, Ly, Lo, R1, Ry be current, inductance and internal resistance of transmitter
and receiver circuit respectively, and M be mutual inductance between transmitting and
receiving coils, the relation between the coil voltage and current can be expressed as fol-

lowing:
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Figure 1.5: Diagram for magnetic induction method
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Without any tuning or compensation, the transmitting efficiency is usually not very
high.

Attempting to utilize the advantage of wireless characteristics of magnetic induction
transmission method, a dynamic charging system by magnetic induction method has been
proposed since 1990 as a roadway powered electric vehicle (RPEV) system. The concept
is to bury a rail of transmitting coil underneath the road surface, from where a vehicle can
receive the power while running above.

In 2009, such dynamic charging system called On-Line Electric Vehicle (OLEV), shown
in Figure 1.6, has been implemented by KAIST [11]. The air gap between transmitting and
receiving coil in the last generation OLEV is 17cm where 72% efficiency is achieved. Al-
though with compensation, transmission gap will not affect the efficiency that much, the

transfer efficiency of magnetic induction method is severely subjected to positioning mis-



Figure 1.6: On-Line Electric Vehicle (OLEV) System by KAIST

alignment of the coils. Therefore, in order for OLEV to operate properly, position control

system is equipped so that the vehicle will not diverge from the rail more than 3mm.

Magnetic Resonance Coupling

In 2007, the MIT WiTricity opened the experiment on wireless power transfer via strongly
coupled magnetic resonance to public [12]. Based on similar principal as magnetic induc-
tion method, however, the transmitting and receiving coil are designed to have the same
self-resonant frequency. Therefore, even before adding any compensation into the circuit,
the system always operates in a way that transmitting and receiving circuits are in resonant.
By doing so, the energy efficiency of power transfer increase significantly compared to the
traditional magnetic induction method [13]. Figure 1.7 shows the efficiency comparison
between magnetic induction method and recently released magnetic resonance coupling
method. Efficiency with respect to several alignments of transmitter and receiver coils is
investigated in [14]. By designing the self-resonant frequency of the coil to be the same as
operating frequency of power source, power can be transferred with high efficiency even at
the distance almost equal to the size of antenna.

One great advantage of transmission by magnetic resonance coupling method is that
power transfer is robust to positional misalignment of transmitting and receiving antennas.

Figure 1.8 is experimental setup and result showing that transmission efficiency does not
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Figure 1.8: Power transfer characteristics due to misalignment

drop that much for a wide range of antenna misalignment [14].

Capacitive Coupling

Capacitive coupling is power transmission by means of capacitance between two points
in a circuit, which can be done by placing a capacitor in series into the path of power

transmission. In [18], power transmission via capacitor composed of a steel belt and a
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Figure 1.9: Capacitive coupling charging system

metal plate attached to the road surface is proposed. The system diagram is shown in
Figure 1.9(a), and the efficiency with respect to operating frequency is shown in Figure
1.9(b).

For the purpose of implementing dynamic charging system, which lets vehicles recharge
while moving and hence allows EVs to run for virtually unlimited range, magnetic reson-
cnce coupling method seems to have the most potential. The reason is that this method
can transfer power with high efficiency across relatively long distance while being robust

to antennas’ positional misalignment without the need of complicated compensation.

1.2 Methods of Improvement for Wireless Power Transfer

Despite theoretically high efficiency, there are some events where the system is out of
resonant due to some characteristics of this method or due to some imprecision in system

construction, compensation is used to improve transmission efficiency even further.
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Table 1.1: Characteristics of contactless power transfer method

Method Microwave Magnetic Magnetic Reso- | Capacitive
Induction nance Coupling | Coupling
Frequency GHz/THz kHz kHz/MHz kHz/MHz
Transmis- Very long Short Mid-range Mid-range
sion Range | (km) (<10cm) (<10m) (10-40cm)
Efficiency < 54% > 90% > 90% < 80%
Advantage | Transmission Low cost in | Robust to po- | Simple to man-
direction  can | construction sitioning misa- | ufacture
be steered lighment
electrically
Disadvantage| Low efficiency. | Efficiency  is | Efficiency Subject to tire
Require direct | strongly subject | is subject | slip

line of signt
between source
and target

to antenna’s
misalignment

to antenna’s
self-resonant
frequency

1. Impedance Matching Method [15]

LC circuit is inserted to modify input impedance. The highest efficiency occurs when

the input impedance equals to complex conjugate of source impedance.

2. Frequency Tracking [16]

This method of transmission operates on the principal that self-resonant frequency

of both coils and frequency of power source are the same. Due to imprecision in

system construction, some component in the system might be out of resonant, and

for such scenario, a control system to adjust the receiver’s frequency will be inserted

to change the receiver characteristics to the point with highest efficiency.

However, most of these methods require the knowledge of system parameters, espe-

cially coupling coefficient (k). And those that do not, due to the use of search algorithm,

are still not fast enough for improving efficiency of moving pick-ups. Therefore it has come

into attention that parameter estimation is a crucial factor to make the system of charging

lane implementable.

11
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Figure 1.10: k estimation system diagram using data transmission

1.3 Literature Review on k parameter estimation

Although there are many researches regarding wireless power transfer using magnetic res-
onant coupling method, there are still very few researches that focus on £ estimation. This

section will introduce some recent work on coupling coefficient estimation method.

1.3.1 Coupling factor estimation for efficiency optimization on wire-

less power transfer

This study proposed a system for coupling factor estimation shown in Figure 1.10 [19].
For estimation process, the load is shorted for a short period of time to excite the reflection
coefficient n;; parameter. Such change in 7);; is then observed from in the source side.
By doing so, not only that information from both sides of the wireless power system is
necessary for k estimation, but the complexity of the system also increases due to proper

timing control of both sides of the system for estimation process.

1.3.2 Pinpoint Wireless Power Transformation System using Reflec-

tion Coefficient in Magnetic Resonance Coupling

This study investigated the wireless power transfer system via magnetic resonance coupling
method in the scenario that the load appliance approaches the vicinity of more than one

transmitting antennas [20]. In order to save energy, power will only be transferred to load

12
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Figure 1.12: Flow chart of pinpoint wireless power transfer system

from the nearest power source or transmitting antenna. The system flow is shown in Figure
1.11.

The distance between receiving antenna or load and transmitting antenna is estimated
from reflection coefficient (I';,,) measured by vector network analyzer (VNA). The mu-
tual inductance which is strongly related to the transmission distance is then calculated by
equation (1.2).

zo [1+T'in

L,=—— 1.2
Wy 1 —Fm ( )

where L,, = mutual inductance [H], Z; = source impedance [(1], w = system resonance

13
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angular frequency [rad].

Using this method, the distance can be calculated quite easily and using this calculated
distance, charging scheme or rules, such as not to charge unless target is within certain
distance from power source, can be set. However, the drawback is that VNA is expensive

and the method in this study seems to only work when there is only one receiving antenna.

1.3.3 A Primary Side Controller for Inductive Power Transfer Sys-

tems

This study proposed a controller equipped in the transmitting side that can improve wire-
less power transfer system using mutual coupling value and output voltage estimated by
reflected primary voltage [21]. The proposed system is shown in Figure 1.13. The cal-
culation in this method depends heavily on antenna’s Q value and this system specific
topography. It also does not offer explicit expression for k, therefore this method is not

applicable to k estimation in other system.

1.4 Proposed Study

As presented in literature review, there have been several attempts to estimate k. How-

ever, those method either requires expensive equipment or relies on relativaly complicated

14



equation, and they only apply to the case of one receiving antenna. In order to realize
EV charging lane system, this study propose estimation equations for both estimation from
transmitting side and from receiving side. The estimation equation are in simple form
which should relieve calculation load from the controller. Moreover, the proposed equa-
tion are also applicable to the case when there are more than one receiving antenna in the
system, which equivalent to the situation when there are more than one vehicle entering

charging lanes.

15



Chapter 2

Equations for k Estimation

2.1 Equivalent Circuit

Wireless power transfer system is composed of the transmitting side, or primary system,
and the receiving side, or secondary system. In order to transfer power via magnetic reso-
nance coupling method, each side of the system is equipped with a coil-shaped antenna, and
the transmitting frequency from power source and self-resonant frequency of both antennas
should be designed to be the same. In 2007, when MIT first presented this method of power
transmission, coupled mode theory was used to described the phenomenon of energy trans-
fer between antennas[12]. In contrast, in this study, equivalent circuit is used to represent
the system in which the antenna’s topology is represented as the combination of inductor
and capacitor in series with internal resistance[23]. In this way, the system becomes much
more comprehensible for electrical engineers and easier for analysis. The equivalent cir-
cuit, for configuration with one transmitting antenna and one receiving antenna, is shown
in figure 2.1(a).

In this study, wireless power transfer system is modeled by equivalent circuit, in which
the antenna is represented as the combination of inductor and capacitor in series with inter-

nal resistance[23]. The equivalent circuit, for configuration with one transmitting antenna

16
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Figure 2.1: T-type equivalent circuit for wireless power transfer

and one receiving antenna, is shown in Fig. 2.1(a). This equivalent circuit can also be
rewritten as the T-type equivalent circuit illustrated in Fig. 2.1(b).

Parameter L, C', Ry, Lo, C5 and R, represent the inductance, capacitance, and resis-
tance of transmitting antenna and receiving antenna respectively. Power source impedance
is represented by Z¢ and load impedance is Z;, = ;4 j X . Note that, this study will only
consider the case when load impedance is purely resistive, in other word, when Z;, does not
have an imaginary part. And as mentioned earlier that even though the transmitting side
and receiving side of the system are not physically connected, power is transferred with
electromagnetic couplings which can be represented as mutual inductance L,,. L, is the
main factor that decides how much power is transferred from the transmitting side to the

receiving side, and is also the parameter of interest in this study.

17



The equivalent circuit in figure 2.1(a) can also be rewritten as the T-type equivalent cir-
cuit illustrated in figure 2.1(b). From this equivalent circuit, Vi, I; and V5, I are defined as
voltage across and current going through power source and load respectively, immediately
before the transmitting antenna, with ¢ as phase different between V; and I;. And lastly,
Zin 1s defined as the equivalent input impedance when looking from power source.

Estimation of coupling coefficient can be done either using only information from
source side or only information from load side, depending on the application. In the next

two sections, estimation equations will be presented.

2.2 Estimation Equation from Transmitting Side

In this section, estimation equation using only information from source side will be pre-
sented. The advantage of estimating coupling coefficient from source side is that, in the
case of multiple EVs or receivers having entered the charging system, if the coupling co-
efficients between transmitting antenna and each receiving antennas are known, not only
charging efficiency can be improved, but how much power to distribute to each EV can also
be decided using the method introduced in [24].

Looking from source side, the information we can obtain are V/, I, and ¢. From these
parameters, given V; = |V;|e’“*9) and I} = |I,|e’*!, another information that can be

retrieved is input impedance Z;,, as shown in equation (2.1) .

Vi

I

|V |e?@t+e)
I = |I|es+t
Vil

[

i

Zin = —1(COS¢—I—jSin¢) (2.1)
I

18



Vi Vi
where Re{Z;,} = % cos ¢ and Im{Z,;,} = % sin ¢.

This Z;,, parameter can be calculated regardless of the number of the receivers. There-

fore estimation equation from source side will be derived mainly in terms of Z,,.

2.2.1 With single receiver

From the equivalent circuit, input impedance, Zin, can be calculated, through several steps
of calculating equivalent impedance of circuit elements in series and parallel, and rear-
ranged in terms of antenna parameters and load impedance. The derived relations are
shown in the equations (2.2) and (2.3) when Re{Z;,} and Im{Z,,} represent real part and

imaginary part of Z;, and w is defined as power source’s operating frequency respectively.

(WL)*(Z1 + Ry)

Rel{Z,,} = R 2.2
e{Zin} = B+ (Zp + Ry)? + (Za2)? (2-2)
(WLm)*(Za2)
Imi{Z,} = Za —

m{Zin} = Zm Zr L Bl 1 (Zna)]?

2.3)
here Z 41 = wlL ! and Z 49 = wlL 1
w Al = Wl WO A2 = Wl w02~

However, considering measurement taking, the reliable value of imaginary part of Z;,, is
quite difficult to obtain since it varies quite drastically relative to slightly shifted frequency
point. Therefore it is more practical to use measurement of real part in estimation process.
Hence, deriving from (2.2), L,, can be estimated using equation (2.4), assuming load value

and antenna parameters are known.
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Figure 2.2: Equivalent circuit for system with multiple receivers

Lot J [Re{Zin} = Ri)[(Z1+ Ro)? + Z3) 04

w Z1, + Ry

2.2.2 With multiple receivers

For the case of system with multiple receivers, input impedance can be derived similarly.
Equivalent circuit for system with multiple receivers is illustrated in Figure 2.2, where
subscription 2 and 3 represent component of load 1 and 2 respectively and so on. In this
study, cross-coupling between each load will not be considered due to the fact that this
system is aiming for EV charging system, in which receiving antennas in each EVs will

have neglegible effect on each other. Z;,, can be expressed as shown in (2.5).

1
Zin = R+ (jWLl + - )
JwCh

(CUL12)2 (CUL13)2

+ ; + :
Zy + Ry + jwly + ‘]LA);CQ Z3 + R+ jwLs + jw103

+ ...

Ry + (L + — +m§+j1 (wLy)” 2.5)
= w .
LU T 00, Z;+ R + jwL; + ——

i=2 JwCi
where m = the number of receiving antennas
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In order to solve equation (2.5) for all mutual inductance values, the necessary number
of linearly independent equations equals to the number of loads. Controllable parameter in
the transmitting side is source frequency. Therefore, once enough information is obtained
by performing frequency sweep, mutual inductance values can be calculated by solving

equation systems (2.6) expressed below.

Zin(1) Py Qu Qiz ... L3,
Zipy| = | P2| T |Qa - ... L3 (2.6)

Qmm

where P; = Ry + jw,;L; +

jchi
2
ws
Qij = 7 4 R, ‘JAL, 1
7 + 7 + ]w] 7 + M_Q
and m = total number of receivers.

2.3 Estimation Equation from Receiving Side

In this section, estimation equation using only information from load side will be presented.
The advantage of estimating coupling coefficient from the load side is when there are more
than one receivers in the system. With only one available source, it is more practical to put
control from the load side so all loads can match with the one source. Although estimat-
ing from load side can only achieve the information of mutual coupling between source
and itself but not with other load, the estimation can be done with much less information

comparing to source side when the number of loads increases.
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2.3.1 With single receiver

In the case of single receiver, the relation between mutual coupling L,,, and voltage across
the load be expressed as shown in equation (2.7) when V] is source voltage and V5 is voltage

across load Zs.

1|V

V, 2
=— | =7+ —7 4 A 2.7
"= 5 | T 2 \/<V2 2) + 4R (R + Z) (2.7)

However, due to the characteristics of V5, which is that it has a peak as illustrated in
Figure 2.3, and which sign in equation (2.7) should be used to perform estimation depedns
on which side of the peak the system is currently at. Therefore it is not possible to determine
L,, with only one set of input sample, which leads to the limitation of estimation from load
side using only a single set of information. However, estimation of coupling coefficient
from load side can still be performed with the same method as the case of multiple receivers,

although additional information is required.
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2.3.2 With multiple receivers

In the case of multiple receiving antennas, the estimation is currently done for constant
voltage source, assuming source voltage V7 is known, which a realistic assumption since

most power sources are constant Voltage source.

. Z:
‘/2 _ jWL12 (R2f22>

v, @L? | (@)
! Ry + R2i2Zz - RsiSZS T

(2.8)

leg)

Ratzs T equation (2.8)

Grouping terms for other antennas together into () = Ry +

can be rewritten as follows.

Vo Jwliz (R +Z2)

v, (wLip)?
! Ra+2Z> + Q

(2.9)

Currently there are 3 unknowns: V5, Z,, which are terms related to the antenna of
interest, and () which contains information of other antennas. However, information from
only one instance is not enough to estimate mutual inductance parameter. But if two sets of
information, in this case, two voltages across load for different load values, are provided,

the estimation can be done by equation (2.10).

Vi ZooVap(Ra + Zap) — ZopVau(Ro + Zag)

Liy=— (2.10)
Y VaaVar(Zop — Zoa)
where V5, = voltage across load when load is Z,
and V5, = voltage across load when load is Zy.
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Figure 2.4: 900kHz antenna

Table 2.1: Antenna Parameters

Resonant Freq. [kHz] | R[Q2] | L[uH] C[pF]
Transmitting 900.065 1.043 | 95.562 | 327.197
Receiving#1 900.821 1.059 | 97.459 | 320.289
Receiving#2 902.008 1.058 | 117.906 | 268.413

2.4 Simulation and Experimental Results

In order to verify the proposed equation, simple simulation is performed. The antenna
which will be used in future experiment is a short-type with self-resonance frequency of

approximately 900kHz, shown in Fig. 2.4. The detailed antenna parameters are in TABLE

2.1.

The simulation is performed for the following setup, which is illustrated in Fig. 2.5.
The transmitting antenna is fixed in place while the receiving antenna is placed at several
distance away from the transmitting antenna. For the case of multiple receivers, the second
receiving antenna is placed on the opposite side of the transmitting antenna to avoid cross
coupling between the two receivers. Note that, in the actual application of charging lane,

two receivers equipped in different vehicles will be too far apart, therefore cross coupling

between them should be negligible.
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Figure 2.5: Wireless power transfer system setup

2.4.1 Estimation Result from Transmitting Side with Single Receiver

(Reference Value)

For this study, since the coupling coefficient or k£ estimation equation from transmitting
side is derived from direct back-calculation, the k value obtained by calculation from this
case will be used as a reference value. The calculation is performed for the case when
resonant frequency is 900 kHz and load impedance is 50€2. The expected k value is shown

in Fig. 2.6.

2.4.2 Estimation Result from Transmitting Side with Multiple Receivers

For this case, with enough information obtained by frequency sweep, k£ values between
source and each receiver can be estimated. When there are two receivers, information from
two frequency points are necessary. Since it is not desireable to make the system too far
from the resonant state, the frequencies used in simulation and experiments are 898 kHz,

900 kHz and 902 kHz which is very close to 900 kHz resonant frequency of the system,
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Figure 2.6: Reference Value

whereas load impedance is fixed at 50 ). Expected value of k5 and k3 are calculated in
simulation whose result is shown in Fig. 2.7. The plot shows k5 and k3 versus the distance
between transmitting antenna and the first receiving antenna which is moved to several
distance. The result of k1, matches with reference value while k3 is constant as expected
since the second receiving antenna is fixed in place. The experimental result is shown in
Fig. 2.8. The experimental result, except for the range of extremely short transmitting gap,
is mostly consistent with expected value from simulation. The cause of this estimation
error for short transmitting gap is due to stray capacitance occured between wires of both
antennas. Since the capacitance value is also one parameter in the £ estimation equation,

such stray capacitance will result in estimation error.

2.4.3 Estimation Result from Receiving Side

Due to the fact that estimation equations are the same whether there are only one or mul-
tiple receivers, only estimation result in the case of multiple receivers are presented. More
information on receiving side can be gained by changing load, or impedance sweep. The

impedance values used in simulation and experiment are 25¢2, 50§2 and 1002, whereas
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Figure 2.7: Simulation result for k15 and k3 estimation from transmitting side

transmitting frequency is fixed at 900 kHz. As mentioned in earlier section that by estima-
tion from receiving side, only the k between itself and source can be obtained. Simulation
results in Fig. 2.9 shows that estimated k value is consistent with the reference value regard-
less of the existence of an extra receiving antenna. The experimental shown in Fig. 2.10 is
also mostly consistent with simulation result. The estimation errors occur in experiments
at larger transmission gap is believed to be due to radiation loss. Note that, in contrast to
k estimation result from the transmitting side, there are almost no error in estimation when
transmitting gap is short when estimating £ from the receiving side. Such difference is due
to the fact that capacitance is not a parameter in k estimation equation from the receiving
side.

Due to the fact that the estimation equation of coupling coefficient remains the same
regardless of the number of receivers in the system, and that estimation value is much less
affected by stray capacitance, k estimation equatioin from the receiving side is a promising
approach for implementation of EV charging lane system. In the next chapter, the imple-

mentation of £ estimation system from the receiving side will be discussed.
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Figure 2.8: Experiment result for k15 and k;3 estimation from transmitting side using fre-
quency sweep
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Chapter 3

System Implementation using DC/DC

In actual application of efficient improving method, it is more practical to have load ad-
just its condition to match with source, especially when there are more than one receiver
existing in the system. Also, as discussed in the previous chapter, among the proposed &
estimation equation, the estimation equation from the receiving side remains simple regard-
less of the number of receivers in the system and is robust against stray capacitance, hence
a promising & estimation approach. Therefore this study will focus on implementation of
k estimator from the receiving side of wireless power transfer system.

As derived in the previous chapter, for k£ estimation from receiving side, necessary
measurement is V5 and controllable parameter is Z5. In actual application, it is not possible
to have users manually change load value of the vehicles. However, in terms of power
electronics, DC/DC converter is a simple circuit that can achieve the task of changing
voltage, hence change in load value. The possibility of using DC/DC to build & estimating

system will be investigate in this chapter.

3.1 Concept of DC/DC Converter

DC/DC converter is a circuit that convert DC voltage source to another DC voltage. There

are three types of switching mode DC/DC converters: buck, boost, and buck-boost con-
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Figure 3.1: Schematics of Buck (left), Boost (middle), Buck-Boost (right) converters

Table 3.1: Comparison between Buck, Boost, Buck-Boost DC/DC Converter

Type Voltage Ratio Load Ratio Range of Equivalent Load
Buck Vouwr = DV, Zr, = #RL R < 7, < o0
Boost Vout = ﬁ%n Zr, = (1 — D)zRL 0< Z;, < Ry,
Buck-Boost | V,,.; = %vm Jr = (1;)?)2}%,; 0< Z, <

verters. Buck converter produces the output voltage that is lower than the input voltage,
while boost converter produces the output voltage that is higher than the input voltage.
Buck-boost converter can produce the output voltage either higher or lower than the source
voltage. The simple structure of these DC/DC converters are illustrated in Figure 3.1. A
comparison between the three types of converters are also shown in TABLE 3.1.

To enable load variation across broader range for estimation purpose, buck-boost con-

verter is chosen for implementation of £ estimating system.

3.2 System simulation in MATLAB/SimPowerSystem

3.2.1 Simulation Setup

The simulation of AC system for estimation from load side using DC/DC converter to
sweep load impedance is conducted in MATLAB/Simulink. Load impedance is changed
by adjusting duty cycle of the DC/DC converter. Simulink diagram is shown in Figure
3.2(a).

As mentioned in previous progress, for k estimation from receiving side, at least two

sets of (V3, Zp) pair information are needed. In this section, estimation result using differ-
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Figure 3.2: System Simulation in Simulink
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ent pairs, one pair each time, is presented.

In this system, wireless power transfer system has resonant frequency of 900 kHz. The
voltage on the receiving side, V5 is passed through diode-bridge rectifier before being fed
into buck-boost DC/DC converter. The duty cycle D of DC/DC converter is changed in

order to change Z;. For buck-boost converter, equivalent impedance Z; can be simply

(1-D)?
2

calculated by the relation Z; = 50 5

, but in non-ideal system where there are losses
in components, the efficiency of DC/DC converter will decrease, hence Z; obtained by
such equation will be significantly inaccurate. Therefore, in this system implementation
load value will be calculated by Z; = ‘1/_22 Duty cycle D is set to change every 2 ms. For
each interval of the same D value, the estimator will wait for a certain amount of time, in
this simulation for 1 ms, before reading V5 value. Once two pairs of (15, Z) are obtained,
the measured V5 and the calculated Z/ are then substituted into equation (2.10) to estimate
coupling coefficient k. Since each pair of (V5, Z;) is corresponding with one duty cycle
value, for simpler reference, from this point on the (V5, Z;,) pair will be discussed in terms
of duty cycle instead. Sample response of this system simulation is shown in Figure 3.3.

Simulations for multiple receivers are also setup as shown in Figure 3.2(b) for system

with two receivers and similarly for system with three receivers.

3.2.2 Simulation Result

Following in Figure 3.4 are simulation results for estimation system using ideal buck-boost
DC/DC converter. Each plain is the expected value of k for £ = 0.05 — 0.4, and cross
marks represent estimated value of k£ with respect to each pair of duty cycle. The ranged of
duty cycle used in the simulation is chosen to be between 0.3 and 0.7 as it gives the range
equivalent impedance of approximately between 10 €2 and 300 €2.The results shows that
estimated values match well with expected value of k. Hence, the feasibility of constructing

estimation system using DC/DC converter is confirmed.
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Figure 3.3: Response of system simulation when using D=0.3 and D=0.7 to estimate £

3.3 [Experimental System

The system is realized using DC/DC converter. Controller, both for switching signal and
for k estimation, is implemented using Arduino. System diagram is illustrated in Figure
3.5. The test system is first built on test board as shown in Figure 3.6. Estimation result
for the case of system with one receiver and two receivers are shown in Figure 3.8(a) and
Figure 3.8(b) respectively.

Estimation of coupling coefficient has been conducted with the constructed experimen-
tal system. Experimental setup is shown in Illustrated in Figure 3.7 to avoid cross coupling
between different receivers. The distance of the antenna was set for when & is 0.1, 0.2 and
0.3. Results in this section shows calculation using direct measurement of V' and I from
the receiving side of the wireless power transfer system without any measurement filter.

Although the estimated values seem to be consistent regardless of which duty cycle
pair is used for estimation, estimation results are significantly inaccurate. The reason for
error estimation is believed to be due to non-ideal component in the system, which will be

mentioned in the next section.

34



W PEIEEGSA

(a) k12 estimation result with single receiver

...— _:...-_—.u_-j.“r

(b) k1, estimation result with 2 receivers

..— _._—...-__..u i -_-_.:...

(c) k1o estimation result with 3 receivers

Figure 3.4: Simulation result of k£ estimation system using ideal DC/DC converter
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Note that an experimental system for future experiment is also constructed. Receiving
antenna with estimation system using DC/DC converter is placed onto the mobile robot as

shown in Figure 3.9.

3.3.1 Possible Causes of Estimation Error
Diode Rectifier

Rectifier in this study is implemented using SiC diode for high frequency input. The output
voltage from rectifier is expected to have voltage drop of approximately 2 times of the
forward voltage of the diode (V). The measurement for when input voltage is from 1V
to 10V shows the expected voltage drop as shown in Figure 3.10. Such voltage drop will
also cause the change in equivalent impedance seen by the source, which is also one of the

parameter in estimation equation.
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Figure 3.9: Experimental setup for moving load

DC/DC Converter

For functionality test of buck-boost converter, % at different duty cycle is measured and

calculated, when V;,, and V,,,; are the input to and output from the DC/DC converter respec-
tively. Up until now, ideal condition has been used for calculation; therefore the theoretical

ratio of % should be according to equation (3.1) where D is duty cycle.

in

‘/out o D
VS 1-D 3.1

However, the actual measurements for when V;,, is from 1V to 10V show that the ratio
tends to decrease when duty cycle is high. Such drop in voltage ratio is due to inductor’s
winding resistance R;. By waveform analysis, the voltage ratio for non-ideal buck-boost
converter can be expressed in equation (3.2). Figure 3.11 shows voltage ratio of ideal

case, voltage ratio obtained from the actual measurement of experimental setup, and the
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Figure 3.11: Buck-boost converter characteristics

calculated voltage ratio from non-ideal converter. The measurements is consistent with the

case when R, =1.8.

Vout D 1
= (3.2)
V. — D2R
! 1=D1+ (1-D)2R D)éR

However, such deterioration in efficiency should not cause deviation in relation between
V5 and Z5 which is crucial to estimation equation.

Besides hardware imperfection, other possible cause for estimation error are measure-
ment error. The next chapter will focus on method for reducing estimation error caused by

such measurement error using least square approach.
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Chapter 4

k Estimation Error Reduction using

Recursive Least Square Method

Using measurement data directly in the £ estimation equation presented in the previous
chapter, there will be estimation errors due to either hardware imperfection or measurement
noise as shown in Figure 4.1(a). If VNA is available, estimation system can be calibrated to
give considerably much more accurate estimation result as shown in Figure 4.1(b). How-
ever, VNA is a rather expensive equipment, resulting in the fact that it is impractical to
require every system to be equipped with it. Therefore, this study will be carried out with

the assumption that VNA is not available for calibration.

4.1 Least Square Estimation

Least square method is a type of filter that is useful for system identification in noisy en-
vironment [27]. This method is effective in noise reduction when noise signal has zero
average, therefore is appropriate for reduction of error caused by measurement error.

The standard form of this method is y = Ax where y is desired response, A is a set
of input samples and x is the parameter to estimate. In other words, y and A are known

measurements and x is unknown parameter. Let = be the estimated value of z, estimation
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Figure 4.1: k estimation result using VNA calibration

error is € = y— AZ. For least square estimation, cost function is defined as J (%) in equation
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4.1

J(@) = €le

= (y—Ad)"(y — Az)

= ylt—aT Ay —yT Az + 2T AT Az 4.1
Cost function is minimized when % = 0, therefore z can be derived as shown in

equation (4.2).

d(yTy — 2T Ay — yT Az + 2T AT Az)
dz
—yTA+2TATA=0

=0

&= (ATA) ATy (4.2)

Although there is a standard form for least square estimation method, the way to define
each parameter (A, x, y) is not unique. In this study, there are at least 2 ways to form the
system equation into least square method standard form.

The first form, named form-1, is to express the system based on the estimation equation

used in the previous chapter,

E ZoaVor(Ro + Zoy) — ZopVau(Ra + Zag)

L12 =

w ‘/2(1‘/2b(Z2a - ZQb)
v
j (Z2aVap(Ro + Zap) — ZopVaa(Ra + Z2a)) = VauVar(Zoa — Zop) Lo (4.3)
In this case,
y = % (Z2aVar(Ra + Zay) — ZopVaa(R2 + Zoa))
A = %a%b(ZQa - ZZb):|
r = le}
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The second form, named form-2, is written based on the original equation of the wire-
less power transfer system before forming estimation equation. The information of other
antenna which is unknown is also included in the equation, therefore such term is put into

the matrix x as one of the parameters to estimate.

‘/2 ij12 <R2+Z2)

\% (wL12)? (wLy3)?
! Ry + R2i222 + Rs-i;Zs -

Grouping terms for other antennas together into () = Ry + }%LT“”ZL + ...

‘/Y2 ]lez <R2+ZQ)

UJL12
‘/1 Ro+Z2 + Q
Vs (Wle) . ( Zy )
_Z + — L -
V1<RQ+ZQ ©) = vhe\R g
E ( (wL12) n Q') _ Zo
Vi \ Ry + 25 Ry + Zy
L
i — |n_w Va 12 (4.4)
Ry + Z, Vi Ro+Z2 W1 Q,

In this case,

Vi RotZ2 Wi

Estimation results by least square method using form-1 and form-2 are shown in Figure
4.2 and Figure 4.3 for the system with one receiver and two receivers, respectively. For

both forms, 2 ranges of training data were used, one is for when D = 0.3 — 0.7 and another
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one is for when D = 0.025 — 0.975. Using least square method, estimation errors for the
case when no filter was applied are shown to be reduced to some extent. The result for
the case of single receivers in Figure 4.2 shows that, form-2 is more effective in reducing
estimation error. The reason is believed to be that form-1 assumes that the other antennas’
state including environment are unchanged during the estimation process while form-1 do
no have such assumption. However, in the result for the system with two receivers in Figure
4.3, although estimation result by both forms are getting closer to the actual values of k,
which form is more effective still needs further investigation by experiment with higher
input power.

A weigting factor 1/ may be assigned to emphasize relative importance amont the data
observations. For this case, weighted error can be represented as ¢ = W (y — Az), hence,

2 that will minimize cost function is expressed in equation 4.5.

&= (ATWTWA) T ATW Wy (4.5)

4.2 Recursive Least Square

In case k is not always constant, recursive least square method is introduced in order to
implement £ estimation system with better accuracy.

Recursive Least Square is a type of adaptive filter algorithm which recursive finds the
filter coefficients that minimize a weighted linear least squares cost function. The calcula-
tion is based directly on weighted least square estimation method, using forgetting factor as
the weight to prioritize newer input signal data. A simple diagram of recursive least square
method is illustrated in Figure 4.4.

Let \ be a forgetting factor and 0 < A < 1. A weight matrix W becomes as shown in

equation (4.6).
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where m = the number of measurement samples. If A = 1, then all data is weighted
equally. The typical value of A is 0.98.

Estimation algorithm can be proceeded as follows.
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1. Initialization

o = E(z) 4.7)

Py = E((x— o)z — o) T) 4.8)

where P = estimation-error covarience. If no prior knowledge of x is available, 7
is initialized to Fy = ool. In contrast, if perfect knowledge of z is available, then in

the initialization step /) = 0.

2. Tteration

Based on the standard form y = Ax and let 7 be the step number of estimation,

estimator can be updated with new measurement as follows.

K, = Pz‘—1A¢T(AiPz'—1AZT + Ri)_l (4.9)
T = T+ Ki(yi — Aiioq) (4.10)
P = (I- AP @.11)

where K = estimator gain.

By applying such procedure to system with time-varying k£, measurement due to the

current value of k& will be prioritized rather than past values. The estimator coefficient is
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constantly updated, and therefore should be efficient for k£ estimation method in the actual
charging lane application.

In conclusion, although k estimation equation proposed in this study is valid theoreti-
cally, in practice there are still estimation errors due to imperfection of hardware and mea-
surement error. By incorporating least square method into the estimation system, it is

possible to obtain a much accurate estimation result of coupling coefficient.
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Chapter 5

Conclusion

Summary

As a conclusion, a method for coupling coefficient k in wireless power transfer system via
magnetic resonant coupling using only information from either the transmitting side or the
receiving side of the system.

In Chapter 2, derivations of estimation equation are presented. It is possible to estimate
coupling coefficient k, provided that all other antenna parameters are known, from either
transmitting side or from receiving side of the system. Estimation can also be peformed
regardless of the number of receivers existing in the system.

In Chapter3, as it is more practical to equip an efficiency improving system to the
receiving side of wireless power transfer system, this study is focused on implementation of
estimator from receiving side. The necessary measurement is voltage of the receiving side
V5 and the control parameter is load impedance Z,. In order to automatically sweep Z5 to
get enough information needed for estimation, DC/DC converter is chosen as a mechanism
to change Z,. The system is implemented and experiment data are taken.

In Chapter 4, due to hardware imperfection and measurement noise, there are estimation

error using experiment data. To reduce such estimation error, least square method is applied

51



to the system. Recursive least square method is also introduced as a potential method to
improve estimation accuracy of £ in case k is constantly changing as it would in charging

lane application.

Future Topics

Although this study has derived relation equations for all case of estimation, both estima-
tion from transmitting side and from receiving side for single receiver case and multiple
receiver case, the implementation part has been focusing on estimation system from re-
ceiving side. There are still many opened topic regarding parameter estimation necessary

for the realizaion of high efficiency EV charging lane. Possible future works include:

Implementation of estimation system from transmitting side

Study on the case with multiple transmitting antenna

Simultaneous estimation of coupling coefficient and load resistance

Effect of simultaneously control from both sides of the system
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Appendix A

Effect of Obstacles to Power Transfer
Efficiency

A.1 Effect from Mobile Robot

In order to use mobile robot for wireless power transfer experiment, it is necessary to
investigate the effect of the mobile robot to the system to find the more appropriate setup.
Power transfer efficiency due to each antenna configuration, with and without mobile robot
is shown in Figure A.1.

The efficiency plots show that mobile robot has significant effect to power transfer if
inserted in between transmitting antenna and receiving antenna. Therefore the appropriate
setup for experimental setup is to have the mobile robot outside the two antennas. The
possible configuration is shown in Figure A.2.

A.2 Effect from Bentonite

Wireless power transfer system also has potential application in the field such as nuclear
power plant waste management. One crucial issue in operating nuclear power plant is nu-
clear waste management. The current method to handle the high-level nuclear waste is
called Multi Barrier System, where nuclear waste is disposed deep underground within
several layers of engineered and natural barriers. In order to demonstrate the safety condi-
tion within disposal system, the performance of Multi Barrier System will be confirmed by
monitoring system. Therefore, various sensors are equipped inside the system for monitor-
ing purpose. Until now, in order to obtain data from sensors, signal cables and power cords
connected from sensors are drawn to the outside through small holes. To construct Multi
Barrier System, the option of completely sealing the repository and having sensor data and
power supply transmitted through wireless power transfer system has been proposed.
Wireless power transfer using magnetic resonance coupling method has been known
to have the advantage of being able to transfer power across longer distance with con-
siderably high efficiency and being robust to positional shift of transmitting antenna and
receiving antenna. Repeater antennas can also be used to further extend the range of power
transmission. Therefore, the mentioned wireless power transfer method is considered an

53



gap=80mm gap=80mm on ground gap=80mm with rcomba
I

Figure A.1: Power transfer efficiency due to various configurations of experimental system

Figure A.2: One possible configuration for experimental setup to avoid effect from mobile
robot
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Figure A.3: Experimental setup with bentonite

attractive alternative for nuclear waste disposal monitoring system.Substance and material
in between antennas such as soil and constructed containers are likely to have some effect
on the efficiency of wireless power transfer system, and the possibility of power transfer
being disrupted should also not be neglected. However, there have not been many studies
available on such effect of substance and material to the wireless power transfer method.

Bentonite clay is a main component in natural barrier, due to its characteristics that
it swells when exposed to water and becoming powerful barrier to water flow is utilized.
Therefore, in this paper, bentonite clay is used for basis study on the effect of obstacle
in wireless power transfer system. In the experiment, antennas of two different sizes are
used and transmitting distance, or thickness of bentonite inserted between transmitting and
receiving antennas, is varied. The efficiency of wireless power transmission with bentonite
as barrier, with and without repeater antenna, is investigated and compared to the efficiency
of wireless power transfer with no barrier material.

Experimental setup is shown in Figure A.3.
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Figure A.4: Efficiency comparison

For the configuration where transmitting antenna is 150 mm in diameter and receiving
antenna is 300 mm in diameter or 150mm-300mm configuration, the efficiency after includ-
ing bentonite block reduced to approximately 74.9% of the efficiency when transmitting
power without bentonite. For the 150mm-150mm configuration, where both transmitting
and receiving antenna are 150 mm in diameter, the efficiency with bentonite reduced to
70.8% of initial efficiency. The result plots are shown in Figure A.4

For the setup with repeater antenna, 150mm-150mm-150mm configuration with ben-
tonite, overall efficiency is approximately 51%, and for 150mm-150mm-300mm configu-
ration with bentonite block, overall efficiency is approximately 49%. The decreased effi-
ciency is believed to be caused by 70-75% reduction in efficiency in each stage, according
to data from section A of transmission efficiency by two antenna configuration.
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