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Vo Quoc Trinh

Abstract

Inductive power transfer (IPT) is a non-radiative wireless power transfer tech-

nology which has been applied in many fields of life from medical treatment,

kitchen equipment, portable electronic devices to transportation. In principle,

IPT has utilized the coupling between two coils to transfer power. An inductive

coupling is a K-inverter whose characteristic impedance represents the strength

of the coupling link. In addition to inductive coupling, K-inverter can be cre-

ated using passive elements consisting of inductors and capacitors. A K-inverter

outputs a load-independent constant voltage when driven by a constant cur-

rent and outputs a load-independent constant current when driven by a constant

voltage. As a consequence, two K-inverters connected in cascade are able to

output load-independent constant voltage if driven by a voltage source. Passive-

element based K-inverter, known as CLC (capacitor-inductor-capacitor) or LCL

(inductor-capacitor-inductor) topology, is usually employed in IPT systems to

achieve constant load voltage. Constant load voltage is important because it

guarantees stable working condition for load and enables load to consume power

as expected by adjusting its resistance.

An advantage of IPT is to charge multiple receivers simultaneously. Recently,

stabilizing multiple load voltages is still an attractive topic when rated voltages

for receivers’ loads and operating frequencies of receivers have diverged from ap-

plication to application. More specifically, in addition to constant load voltages,

different applications require differently rated voltages for their loads. In another
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scenario, some receivers are located far from transmitter, leading to a deterio-

ration of the system performance. Furthermore, besides the requirement of an

individually rated voltage for load, each application may operate at an individual

frequency. This work utilizes the properties of K-inverters to address the current

challenges in multiple-receiver IPT systems. Firstly, multiple K-inverters are used

inside charging platform to stabilize load voltages against load variations. Then,

characteristic impedances of the K-inverters are adjusted so that the load voltages

reach the rated values required by the users. Secondly, a cooperative IPT sys-

tem where cooperative receiver can simultaneously draw power itself and transfer

the rest of power to distant receiver is proposed. K-inverter-based compensation

is employed for cooperative receiver to realize cooperative characteristic while

still stabilizing two load voltages against load variations. Finally, a multiple-

frequency IPT system where multiple sources operating at multiple frequencies

share a common transmitting resonator to deliver power to multiple receivers is

proposed. Each pair of source and corresponding receiver operates at an indi-

vidual operating frequency. K-inverters are combined with band-reject filters to

separate power link of each pair of source-corresponding receiver and stabilize

load voltages. As a result, each pair of source and corresponding receiver is con-

sidered as independently operating at their individual frequency. Therefore, a

full voltage control for each load can be achieved without affecting the operation

of other pairs of source-corresponding receiver.

The findings in this dissertation highlight that it is completely feasible to

use K-inverters and compensation circuits to stabilize load voltages in multiple-

receiver IPT systems under single or multiple operating frequencies.

Keywords:

inductive power transfer, load-independent voltage, multiple-receiver, cooperative

transmission, multiple-frequency
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Chapter 1

Introduction

1.1. Wireless Power Transfer and Classification

Wireless power transfer (WPT) has a very old origin with several evidences related

to magnetic field. However, for early development of its theory, André-Marie Am-

pere should be mentioned as one of the pioneers researching on the theory of elec-

tromagnetics. His theory of electricity and magnetism published in 1827 [1] was

a valuable achievement for the beginning of the general electromagnetic theory.

Several years later, Micheal Faraday came up with electromagnetic induction and

demonstrated it in a publication in 1831 [2]. At the same period of time, Joseph

Henry also discovered similar phenomenon of electromagnetic induction. Lenz

found that electromagnetic field would be in a direction that opposed any change

in current [3]. Until 1865, by synthesizing and developing the achievements of the

precedent scientists, the general electromagnetic theory was postulated by James

Clerk Maxwell [4]. Today, the general electromagnetic theory is now preferred to

as Maxwell’s equations. Until early years of 20th century, wireless power transfer

was realized by Nikola Tesla [5–7]. In his whole life, Nikola Tesla left us many

works related to electromagnetic energy which were considered as the beginning

form of wireless power transfer systems today [8]. The idea that electric energy

could be transmitted through the air seemed to connect to his first recored coil,

the system of power electric lamp using one wire. Fig. 1.1 describes the lamp

which was powered using one filament and one leading-in wire.

For next tens of years, wireless power transfer has become a key factor in the
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TESLA ON ALTERNATE C'URRENh Ia20

bmrached and a very slow destructioni aiid gradnal diminutioni of
the size always occurs, as in incanidescent lamps; but there is no
possibility of a sudden and premature disabling wlicil occur's in
the latter by the breaking of the filaimenit, especially when the
incandescent bodies are in the shape of blocks.
With these rapidly alternatinig potentials there is, liowever, no

necessity of enclosing two l)locks in a globe, but a single block, as
in Fig. 2(0, or filamenit, Fig. 23, iiiay be iised. Thi potential in
this case myust of course be higher, but it is easily obtainable and
besides it is not necessarily danigerouis.
The facility witlh wlicil the btitton or filamenit in such a

FIG. 22.-Lamp with Two Refraic- FIG. 23.-Lamp withi Single
tory Blocks in Highest Straight Filament and one

Vacuum. Leading-in Wire.

lamip is broiuglt to incandescence, othier thinigs being equal, de-
pends on the size of the globe. If a perfect vacuum could l)e ob-
tained, the size of the globe would niot be of imiportancee, for theni
the hteating wouild be whiolly due to the sur-ging of the chiarges
anid all the energy would be given off to thte suLrrotindings by
radhiation. Buit this can niever occuir in practice. There is always
somie gas left in the globe and althouighi the exhiaustion may be
carried to the Iiighecst degree, still the space inside of the bulb
muiist be considered as conducting when suchi highi potenitials are
uised, anid I assuime, that in estimating the energy that may be
given off from the filament to the surroundings, we m-ay consider

302 [May 20,

Figure 1.1. Lamp with single wire [9].

development of wireless communication. Until today, wireless power transfer tech-

nology has been applied in many fields of science and life. Wireless power transfer

has been classified into two main categories including near-field and far-field wire-

less power transmission [10]. Far-field wireless power transmission, also known

as radiative WPT, has two main technologies: microwave used mostly in wireless

communication [11] and laser power beaming used in laser-based power transfer

[12,13]. In wireless communication systems, power transfer efficiency (PTE) is

not one of the most important factors because the main purpose of using WPT

in this kind of the systems is to exchange information successfully. The end-to-

end PTE is from a fractional of percent to several percent only [11]. In wireless

communication systems, the amount of power received by receivers is from hun-

dreds of microwatts (µW) to a few milliwatts (mW) [14]. Another technology of

far-field WPT is laser power beaming which is expected to be used for transfer-

ring power to unmanned aerial vehicles (UAV) [15]. As compared to microwave

used in wireless communication, laser radiation has been more challenged be-

cause laser radiation could be dangerous and require light of sight transmission.

In contrast, near-field WPT, also known as non-radiative WPT, has been found

a use for powering or charging electronic devices. Main technologies in this cate-

gory are inductive coupling, magnetic resonant coupling, capacitive coupling and

magnetodynamic coupling. In near-field WPT, PTE is one of the most important

2



factors. Recently, RF-RF efficiency of up to over 90% can be achieved in near-field

WPT. Accordingly, it has been primarily used for charging or powering systems

in which transmitting/charging platforms usually deliver the amount of power of

from several watts to kilowatts to loads.

1.2. Inductive Power Transfer

Inductive power transfer (IPT) is a WPT technology which uses coupling between

two coils to transfer power over air. The illustration of IPT principle is described

in Fig. 1.2. A transmitting coil is driven by an AC source to generate time-

varying magnetic field. This variation of the magnetic field will induce a current

at receiving coil according to the general electromagnetic theory discovered by

James Clerk Maxwell. In the other word, an amount of power is transferred from

the transmitting coil across the air to the receiving coil.

As mentioned above, inductive power transfer is a branch of wireless power

transfer technologies. Therefore, IPT is not a recently discovered concept. It was

discovered more than a century ago by Nikola Tesla [16]. Fig. 1.3 illustrates a very

old IPT system which Tesla invented for electro-therapeutic purposes in 1898. He

further found that power transfer capability of IPT system was enhanced when

inductors were combined with resonant capacitors.

There have been many IPT systems developed from the day it has been firstly

discovered. However, it has really been paid attention after the researchers from

AC source

Load

magnetic field

transmitting coil

receiving coil

Figure 1.2. Illustration of the principle of IPT technology.

3



made it at once evident, that these currents would lend
themselves particularly to electro-therapeutic uses.
With regard to the electrical actions in general, and

by analogy, it was reasonable to infer that the physio-
logical effects, however complex, might be resolved in
three classes. First the statical, that is, such as are chiefly
dependent on the magnitude of electrical potential; second,
the dynamical, that is, those principally dependent on the
quality of electrical movement or current’s strength through
the body, and third, effects of a distinct nature due to
electrical waves or oscillations, that is, impulses in which
the electrical energy is alternately passing in more or less
rapid succession through the static and dynamic forms.
Most generally in practice these different actions are

coexistent, but by a suitable selection of apparatus and
observance of conditions the experimenter may make one
or other of these effects predominate. Thus he may pass
through the body, or any part of the same, currents of com-
paratively large volume under a small electrical pressure,
or he may subject the body to a high electrical pressure
while the current is negligibly small, or he may put the
patient under the influence of electrical waves transmitted,
if desired, at considerable distance through space.
While it remained for the physician to investigate the spe-

cific actions on the organism and indicate proper methods
of treatment, the various ways of applying these currents to
the body of a patient suggested themselves readily to the
electrician.
As one cannot be too clear in describing a subject, a di-

agrammatic illustration of the several modes of connecting
the circuits which I will enumerate, though obvious for the
majority, is deemed of advantage.
The first and simplest method of applying the currents

was to connect the body of the patient to two points of
the generator, be it a dynamo or induction coil. Fig. 1 is
intended to illustrate this case. The alternator may be
one giving from five to ten thousand complete vibrations
per second, this number being still within the limit of
practicability. The electromotive force—as measured by a
hot wire instrument—may be from fifty to one hundred
volts. To enable strong currents to be passed through the
tissues, the terminals , which serve to establish contact
with the patient’s body should, of course, be of large
area, and covered with cloth saturated with a solution of
electrolyte harmless to the skin, or else the contacts are
made by immersion. The regulation of the currents is best
effected by means of an insulating trough A provided with
two metal terminals of considerable surface, one of
which, at least, should be movable. The trough is filled with
water, and an electrolytic solution is added to the same,
until a degree of conductivity is obtained suitable for the
experiments.
When it is desired to use small currents of high tension,

a secondary coil is resorted to, as illustrated in Fig. 2.
I have found it from the outset convenient to make a
departure from the ordinary ways of winding the coils with
a considerable number of small turns. For many reasons
the physician will find it better to provide a large hoop

Figs. 1, 2, 3, AND 4.

of not less than, say, three feet in diameter and preferably
more, and to wind upon it a few turns of stout cable .
The secondary coil is easily prepared by taking two
wooden hoops and joining them with stiff cardboard.
One single layer of ordinary magnet wire, and not too
thin at that, will be generally sufficient, the number of
turns necessary for the particular use for which the coil
is intended being easily ascertained by a few trials. Two
plates of large surface, forming an adjustable condenser,
may be used for the purpose of synchronizing the secondary
with the primary circuit, but this is generally not necessary.
In this manner a cheap coil is obtained, and one which
cannot be easily injured. Additional advantages, however,
will be found in the perfect regulation which is effected
merely by altering the distance between the primary and
secondary, for which adjustment provision should be made,
and, furthermore, in the occurrence of harmonics which are
more pronounced in such large coils of thick wire, situated
at some distance from the primary.
The preceding arrangements may also be used with

alternating or interrupted currents of low frequency, but
certain peculiar properties of high frequency currents make
it possible to apply the latter in ways entirely impracticable
with the former.
One of the prominent characteristics of high frequency or,

to be more general, of rapidly varying currents, is that they
pass with difficulty through stout conductors of high self-
induction. So great is the obstruction which self-induction
offers to their passage that it was found practicable, as
shown in the early experiments to which reference has
been made, to maintain differences of potential of many
thousands of volts between two points—not more than a
few inches apart—of a thick copper bar of inappreciable
resistance. This observation naturally suggested the dispo-
sition illustrated in Fig. 3. The source of high frequency
impulses is in this instance a familiar type of transformer
which may be supplied from a generator of ordinary
direct or alternating currents. The transformer comprises
a primary , a secondary , two condensers which
are joined in series, a loop or coil of very thick wire
and a circuit interrupting device or break . The currents
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Figure 1.3. An early IPT system for electro-therapeutic purposes [16].
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Figure 1.4. Illustration of IPT system used for powering a light-bulb in 2007.

Massachusetts Institute of Technology (MIT) published their work of using cou-

pled magnetic resonances to transfer power wirelessly over 4 times of radius of

transmitting coil [17]. Fig. 1.4 is the description of using IPT to powering a 60W

bulb across 2m distance with the efficiency of up to 40%. Generally, there is no

significant difference between the early IPT system and the today’s ones.
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Fig. 2. Coordiniate system used in discuission of imia- netic and
electric fields involved in iniductive-type power losses in tissuie.

Fig. 3. Idealized coil-tissuLe arrangement used in evaluation of
inductive-type power losses in tissuLe.

loop, expressed as an rms phasor, is given by

VT =JE-dl (20)

where dl represents a differeintial displacenment alonIg
the path of integration. Since E is a tangential vector
with the same magniitude everywhere on the circular
path of integration, the righlt side of (20) becomes
E4,2rr, and we have fromii (20)

Eo -I- (21)2rr

where E5 is an rms phasor representing the electric field.
If we now introduce Ml, to represent the nlLtual in-

ductance between the primary coil and the imlaginary
loop and A12 to represent the mutual inductance be-
tween the secondary loop and the inmaginary loop, we
have

fromii (24) is sul)stituted inito (25),

Ploss (series issuie) |[I, J1fJ' M I t7]

1,21 2 [ ff ' ] (26)

where ar is tacitly assumed to be independent of position.
Consideratioin of (26) and Fig. 1 reveals that the tis-

stue power loss under study can now be conveniently
accounited for by appropriate resistances in the R1 and
R3 positiois. That is (using the subscript B to indicate
that we are concerned with tissue-related losses),

RlB -- (It, (27)

and

R = -JJ dv. (28)
VT = jwMlIl + jcoM2I2

where 11 and I, are the curreints as shown in Fig. 1.
Whein the valuie of VTfrom (22) is stlbstituted inIto (21),

Eo = -(jcoAM ll + jMJ,I,). (23)
2irr

Now, because the phasor I1 and the phasor '2, as re-

lated by (1), are in timiie quadrature, the rms value of
Eo can be expressed as

Dividing botlh sides of (27) by wL1 and both sides of (28)
b)y, o,L2 yields

D I I 11/ 2

DIB= IC A2
L4ii2 L rd2

(29)

and
- 1 1 roAf> 1

D3B = LO J J dzrJ[1 2 2

47r2 L r

(30)

E | = - _(TM.IJ2 + (cMXI.)2J1/2. (24)
2irr

The power loss in the tissue is given by

Ploss (series tisstue = f Ef 12Oud? (25)

where o is the conductivity of the tissue and dtv is a dif-
ferential elevient (f volum-ie. Wlihen the valuie of Ep|

as the contribution of the loss mode under consideration
to the partial dissipation parameters D1 and D3.

In order to express D1B and D3B in somewhat more

explicit terms, it is necessary to evaluate the bracketed
terms in (29) and (30). This, in turn, means that it is
necessary to find the L's and Al's. Since this is difficult
for our flat-wound coils, we have idealized the problem
as shown in Fig. 3. Here the diameter of the actual coils
has been retained, but the flat cross section of the wind-
ing space has been replaced by a circular bundle of ap-

(22)
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(a) Coil arangement
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Fig. 5. One of two identical ring sets used in evaluating RA and RB.
Ring sets are about 2X10-3 m thick and radial dimensions are
ri=2.75XlO-2 m, r2=3.5X10-2 in, r3=4.0X10-2 m, and r4=4.75
X 10-2 m.

equivalent circuit of Fig. 4 is no longer zero, RA and RB
in (45) and (46) must be suitably modified to account
for Rc. While the lumping of Rc into RA and RB is in-
exact, the modified forms of (45) and (46) are still quite
useful.

SAMPLE CALCULATIONS
In this section we shall use the relationships developed

in previous sections to calculate the losses for a specific
coil pair operated at a frequency of 428 kHz. In the
following section, our actual experimental experience
with this coil pair will be presented.
The external coil under consideration consists of 32

turns of 3-9-38 Litz wire, wound very loosely so as to
occupy a space with an inside diameter of 6X10-2 m,
an outside diameter of 1OX10-2 m, and a thickness of
2 X 10-3 m. The top of the coil is covered with a 4 X 10-3
m layer of Silastic. The side of the coil next to the body
is covered with a 2 X 10-3 m layer of Silastic to which is
fastened a 14-turn coil of Teflon tubing through which
cooling water flows. The outside diameter of the tubing
is 2 X 10-3 m. The coil has an inductance of 114 X 10-6 H.
Since the coil is external to the body, D1A = D2A = 0. The
external coil is shown in Fig. 6.
The internal coil consists of 16 turns of 3-16-38 Litz

wire and is also very loosely wound so as to occupy the
same sized region as the winding of the external coil.
Its Silastic covering is about 3X10-i m thick on each
face. Thus the total thickness of the internal coil is
8 X 10-3 m. The internal coil is illustrated in Fig. 7. The
coil has an inductance of 29.7 X 10-6 H and an effective
resistance of 0.3 Q at a frequency of 428 kHz. It has a
dc resistance of 0.21 Q. Using the dc resistance as a
reasonable estimate of the internal coil's contribution to
resistance in the R3 spot in Fig. 1 and the appropriate
equation from (10), we have D3A=2.64X10-i. The
0.09-Q difference between the effective series equivalent
resistance of 0.3 Q and the dc resistance of 0.21 Q is
attributable to shunt-type losses. If this difference re-
sistance value is transferred to the shunt position by the
familiar R.hunt= (wL) 2/Rr,,.rio relationship, and if the
appropriate equation from (10) is utilized, D4A = 1.13
X10-3.
The contribution to the partial dissipation parameters

by inductive-type tissue loss is given by (31) and (32).

Fig. 6. External coil. Water cooled face which is placed next to
skin is shown. Unit has inside diameter of 4X10-2 m, outside
diameter of 11X10-2 m, and thickness of 1X10-2 m. It weighs
lhOg.

Fig. 7. Internal coil. Unit has inside diameter of 4X10-2 m, out-
side diameter of 11X10-2 m, and thickness of 8X10-3 m. It
weighs 90 g.

Based on the results of the work of Schwan and others
[12], [13], and as discussed in one of our earlier papers
[1], we use a value of 0.5 mho/m as a representative
value for tissue conductivity at 428 kHz. For this value
of conductivity, (31) and (32) yield DIB=0.128X10i-
and D3B = 0.235 X 10-3.
The contribution to the partial dissipation parameters

by capacitive-type tissue and dielectric losses is given
by (43) and (44) where RA is taken as 22 Q and RB as
5.9 Q. Since the Silastic used in covering the coils has a
dielectric constant of 2.9, the permittivity e' in (43) and
(44) is given by 2.9 multiplied by the permittivity of
free space or 2.56 X 10-11 F/m. The dissipation factor D'
for our Silastic is about 0.004. Because the water-filled
Teflon tubing associated with the external coil consti-
tutes a layer with a relatively high permittivity and
low impedance, it is neglected in comparison with the
adjoining layer of Silastic. Consequently, we take tA to
be 2 X 10-3 m. The value of tB for the internal coil is
3 X 10-i m. The area A follows from the winding dimen-
sions and is 50.3 X 10-4 M2. We are now in a position to
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(b) Primary coil
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Fig. 5. One of two identical ring sets used in evaluating RA and RB.
Ring sets are about 2X10-3 m thick and radial dimensions are
ri=2.75XlO-2 m, r2=3.5X10-2 in, r3=4.0X10-2 m, and r4=4.75
X 10-2 m.

equivalent circuit of Fig. 4 is no longer zero, RA and RB
in (45) and (46) must be suitably modified to account
for Rc. While the lumping of Rc into RA and RB is in-
exact, the modified forms of (45) and (46) are still quite
useful.

SAMPLE CALCULATIONS
In this section we shall use the relationships developed

in previous sections to calculate the losses for a specific
coil pair operated at a frequency of 428 kHz. In the
following section, our actual experimental experience
with this coil pair will be presented.
The external coil under consideration consists of 32

turns of 3-9-38 Litz wire, wound very loosely so as to
occupy a space with an inside diameter of 6X10-2 m,
an outside diameter of 1OX10-2 m, and a thickness of
2 X 10-3 m. The top of the coil is covered with a 4 X 10-3
m layer of Silastic. The side of the coil next to the body
is covered with a 2 X 10-3 m layer of Silastic to which is
fastened a 14-turn coil of Teflon tubing through which
cooling water flows. The outside diameter of the tubing
is 2 X 10-3 m. The coil has an inductance of 114 X 10-6 H.
Since the coil is external to the body, D1A = D2A = 0. The
external coil is shown in Fig. 6.
The internal coil consists of 16 turns of 3-16-38 Litz

wire and is also very loosely wound so as to occupy the
same sized region as the winding of the external coil.
Its Silastic covering is about 3X10-i m thick on each
face. Thus the total thickness of the internal coil is
8 X 10-3 m. The internal coil is illustrated in Fig. 7. The
coil has an inductance of 29.7 X 10-6 H and an effective
resistance of 0.3 Q at a frequency of 428 kHz. It has a
dc resistance of 0.21 Q. Using the dc resistance as a
reasonable estimate of the internal coil's contribution to
resistance in the R3 spot in Fig. 1 and the appropriate
equation from (10), we have D3A=2.64X10-i. The
0.09-Q difference between the effective series equivalent
resistance of 0.3 Q and the dc resistance of 0.21 Q is
attributable to shunt-type losses. If this difference re-
sistance value is transferred to the shunt position by the
familiar R.hunt= (wL) 2/Rr,,.rio relationship, and if the
appropriate equation from (10) is utilized, D4A = 1.13
X10-3.
The contribution to the partial dissipation parameters

by inductive-type tissue loss is given by (31) and (32).

Fig. 6. External coil. Water cooled face which is placed next to
skin is shown. Unit has inside diameter of 4X10-2 m, outside
diameter of 11X10-2 m, and thickness of 1X10-2 m. It weighs
lhOg.

Fig. 7. Internal coil. Unit has inside diameter of 4X10-2 m, out-
side diameter of 11X10-2 m, and thickness of 8X10-3 m. It
weighs 90 g.

Based on the results of the work of Schwan and others
[12], [13], and as discussed in one of our earlier papers
[1], we use a value of 0.5 mho/m as a representative
value for tissue conductivity at 428 kHz. For this value
of conductivity, (31) and (32) yield DIB=0.128X10i-
and D3B = 0.235 X 10-3.
The contribution to the partial dissipation parameters

by capacitive-type tissue and dielectric losses is given
by (43) and (44) where RA is taken as 22 Q and RB as
5.9 Q. Since the Silastic used in covering the coils has a
dielectric constant of 2.9, the permittivity e' in (43) and
(44) is given by 2.9 multiplied by the permittivity of
free space or 2.56 X 10-11 F/m. The dissipation factor D'
for our Silastic is about 0.004. Because the water-filled
Teflon tubing associated with the external coil consti-
tutes a layer with a relatively high permittivity and
low impedance, it is neglected in comparison with the
adjoining layer of Silastic. Consequently, we take tA to
be 2 X 10-3 m. The value of tB for the internal coil is
3 X 10-i m. The area A follows from the winding dimen-
sions and is 50.3 X 10-4 M2. We are now in a position to
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(c) Secondary coil

Figure 1.5. The coils and their arrangement in the investigation of power losses

in tissue [25].

1.3. IPT’s applications and future concerns

1.3.1 Applications

Due to inheriting the nature of wireless power transfer, IPT can transfer power

without wires or cables. Since there is no physical connection between transmitter

and receiver, IPT has been used to deal with the problems of transferring power,

such as electrical isolation or freedom of receiver’s movement [18]. Therefore,

IPT’s applications has spread in many fields of life from biomedical implants,

mobile devices, electrical vehicles and trains [19–22].

For biomedical sector, IPT has been early used to transfer power to the coil

which was implanted inside human body in 1960s [23, 24]. An experimental sys-

tem was constructed to transfer power of 1kW across the skin of a dog in 1971 [25].

The coil arrangement used to investigate the inductive-type loss when transferring

power through tissues was illustrated in Fig. 1.5. At that days semiconductor

technology, however, was not flourished as today. Therefore, it was not possi-
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A Two-Hop Wireless Power Transfer System With
an Efficiency-Enhanced Power Receiver for
Motion-Free Capsule Endoscopy Inspection

Tianjia Sun∗, Xiang Xie, Guolin Li, Yingke Gu, Yangdong Deng, and Zhihua Wang, Senior Member, IEEE

Abstract—This paper presents a wireless power transfer system
for a motion-free capsule endoscopy inspection. Conventionally,
a wireless power transmitter in a specifically designed jacket has
to be connected to a strong power source with a long cable. To
avoid the power cable and allow patients to walk freely in a room,
this paper proposes a two-hop wireless power transfer system.
First, power is transferred from a floor to a power relay in the
patient’s jacket via strong coupling. Next, power is delivered from
the power relay to the capsule via loose coupling. Besides making
patients much more conformable, the proposed techniques elimi-
nate the sources of reliability issues arisen from the moving cable
and connectors. In the capsule, it is critical to enhance the power
conversion efficiency. This paper develops a switch-mode rectifier
(rectifying efficiency of 93.6%) and a power combination circuit
(enhances combining efficiency by 18%). Thanks to the two-hop
transfer mechanism and the novel circuit techniques, this system
is able to transfer an average power of 24 mW and a peak power of
90 mW from the floor to a 13 mm × 27 mm capsule over a distance
of 1 m with the maximum dc-to-dc power efficiency of 3.04%.

Index Terms—Capsule endoscope, switch-mode rectifiers, wire-
less power transfer (WPT).

I. INTRODUCTION

IN TODAY’S capsule endoscopes, the limited-energy bud-
get of batteries severely limits the system performance in

terms of the operating time, the image resolution, and the num-
ber of images [1], [2]. Furthermore, future capsule endoscopes
are expected to perform even more complicated and energy-
consuming tasks such as locomotion [3], [4]. Therefore, signif-
icant efforts [4]–[16] have been dedicated to researching an
alternative energy-supply option, wireless power transfer
(WPT), in which power is delivered to the endoscope from a
remote power source.
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Fig. 1. Wirelessly powered capsule endoscope system.

At present, the available works on the batteryless capsule
endoscope can be classified into four directions: system level
design [5]–[8], circuit design [9]–[11], coil optimization [12],
[13], and theory analysis [14]–[16]. However, WPT-based endo-
scopes are still facing serious challenges. Generally, the patient
is required to wear a jacket with a power transmitter and anten-
nas, while an external strong power source is connected to the
power transmitter via a long power cable [5], [10]. Clearly,
the patient activity is restricted by the power cable, which
makes patients uncomfortable both psychologically and physi-
cally. Moreover, the moving power cable and its connectors also
introduce sources of unreliability.

To address the challenges, this paper presents a WPT system
with application in capsule endoscopes. The operation of the
proposed system is illustrated in Fig. 1. In the proposed system,
a wireless power transmitter array is installed under the floor of a
testing room. As a result, wireless power can be ubiquitous under
such a setup. The patient wearing a special jacket is able to walk
freely in the room. The jacket is equipped with a power relay,
which is actually a resonant antenna. Pressure sensors identify
the patient’s position so that the system activates the nearest
transmitter to generate wireless power. Power is delivered to the
power relay in the jacket accordingly. The capsule inside the
patient employs an efficiency-enhanced power receiver to pick
up energy from the power relay. Comparing to existing designs,
the proposed system does not restrict the patient’s movement
and eliminates the unreliability sources due to the moving power
cable and its connectors.

0018-9294/$31.00 © 2012 IEEE

Figure 1.6. Two-hop inductive power transfer system to power capsule-size device

placed inside human body [26].

ble to realize sufficiently small implantable systems to be suitable for biomedical

applications. Fortunately, that semiconductor technology has dramatically ad-

vanced over years later brings about a significant decrease of components’ size.

That makes implantable devices more feasible in modern life. One evidence was

a capsule-size device which was constructed to monitor inside body [26]. Fig.

1.6 shows the two-hop inductive power transfer system to power capsule-size de-

vice inside human body. In this system, power was transferred from the floor

to capsule-size device over a distance of 1m with DC-to-DC efficiency of 3.04%.

More surprisingly, an implantable device was designed to place inside human

heart [27]. The experimental system in this research operated at the frequency

of 13.56MHz and was able to deliver power to 5 − 80mm with the efficiency of

56%. The other example of implantable devices is bionic eye which enables blind

people to see again [28]. Fig. 1.7 is an illustration of a bionic eye used for blind

people. The device attached on glass would take charge of transferring data to

the bionic eye based on inductive link. Today, implantable devices are being paid

more attention because these devices can help patients to feel more comfortable

when they are examined. Many studies have been carried out to improve perfor-

mance of IPT systems for implantable devices as well as to fulfill reliable interface

between implantable devices and external devices [29–31].

Another application of IPT technology is to power electronic devices. A laptop
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VI. WORKING PRINCIPLE OF BIONIC EYE

The Bionic eye works similarly as the normal eye but the 
only difference is that it works on electronic components. 
The first steps starts with capturing the images which are in 
front of it and then it sends to the video processor. The 
camera and video processor are attached to the sunglass and 
further the images are send to the receiver which is located 
outside the eye. Then the images are encoded into data and 
after encoding it is converted in electrical signals and further 
send to the receiver which is located outside the eye. The 
receiver after receiving the data, through a cable passes the 
data to the electrode which is implanted on the retina. The 
electrode further send messages to the brain through the optic 
nerves and at last the brain receives the message. 

The artificial bionic eye includes the following 
components which are described below 

x Digital camera is embedded into a pair of glasses. 
The camera capturing images are done by pupil’s 
movements by monitoring the front of the eye using 
Infrared illumination. Its main aim is to capture real 
time images and send to the chip. 

x In video processing microchip the images are 
captured serially and is been processed and convert 
to electrical pulses which is mostly light and dark 
and further sends to the transmitter. 

x Transmitter is used to transmit the pulse to the 
receiver wirelessly. 

x Receiver sends the pulses to the retinal implant by a 
wire which is as thin as a hair.  

x Retinal implant is composed of an array of 
electrodes on a chip which is about 1mm by 1mm in 
size which further triggers the pulse emission. 
Further the pulse travels through the optic nerves to 
the brain where vision is being processed and then 
the brain starts analysing the image. 

At first, the patient can only recognize tiny flash of light 
but after some time when the patient gets to understand then  
starts arranging those flashy lights together to form an image 
in the brain and starts recognizing the images. By this 
process a person can do daily works of life without 
depending on others.  

 
Fig. 3. Working of Bionic eye. 

A. Technologies involved in bionic eyes 
1) Artificial Silicon Retina 

ASR is basically a solid state chip which has an array of 
photoreceptors. It is implanted in the sub retinal space. It 
does the work of photoreceptor layer. The works of 
photoreceptor is to produce visual signals. The ASR chip is 
almost 2mm in diameter and 1/1000 inch in thickness. It 
consist of almost 3,500 microscopic solar cell called micro-
photodiodes. The main aim of micro-photodiodes are to 
convert the light energy into tiny electrical impulses to 
stimulate the remaining functional cells of retina. It does not 
require any battery. While using the photoreceptor the visual 
signal can be easily produced same as photoreceptor. These 
signals are sent via optic nerves to the brain. As every 
technologies has its own advantage and limitations. The 
advantages is ASR takes the job of damaged photoreceptor 
cells . 

The problem associated with the ASR prosthetics is that 
the sub retinal prosthetic approach requires an additional 
source of energy to power the implant[5]. 

2) MARC system 
The multiple unit artificial retina system composed of a 

camera, wires, transceiver, chip, stimulation-current driver, 
silicon rubbers and cables. The camera captures the images 
which is in front of it and then the images are encoded and 
transmitted to the transceiver. It is basically a signal which 
contains encoded data and further rectified and filtered so 
that the MARC system can be able to extract the data and 
clock signals, the information fetched are stimulated on the 
retina.  

Fig. 4. MARC system. 

The MARC system consist of two parts which separately 
reside exterior and interior to the eyeball. Each part is 
equipped with both a transmitter and a receiver. The primary 
coil can be driven with a 0.5-10 MHz carrier signal, 
accompanied by a 10 kHz amplitude modulated (AM/ASK) 
signal which provides data for setting the configuration of 
the stimulating electrodes. A DC power supply is obtained 
by the rectification of the incoming RF signal. The receiver 
on the secondary side extracts four bits of data for each pixel 
from the incoming RF signal and provides filtering, 
demodulation, and amplification. The extracted data is 
interpreted by the electrode signal driver which finally 
generates appropriate currents for the stimulating electrodes 
in terms of magnitude, pulse width, and frequency . 

The MARC system there is a very effective system 
because in this system the cell activation in low light 
conditions are been removed and compact better in heat 
dissipation[5]. 
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Figure 1.7. The operation of a bionic eye [28].

A Wireless Power Station for Laptop Computers
Jason A Taylor, Zhen Ning Low, Joaquin Casanova, and Jenshan Lin

Department of Electrical and Computer Engineering, University of Florida, Gainesville, FL, 32611

Abstract — A wireless power system via magnetic induction 
that can deliver 32 W to a laptop is designed and fabricated. 
A 60% peak end-to-end regulated efficiency is achieved. A
load detection scheme is also implemented, which detects 
when a device is placed on the transmitter and can shut down 
the system if faults are detected. The system eliminates the 
need to plug the laptop into AC power when running or 
charging.

Index Terms — Wireless power, magnetic induction, class E, 
load detection

I. INTRODUCTION

There has been increasing interest in the area of wireless 
power in the recent years. [1] has shown that industry is 
focusing on developing wireless power systems to charge 
cell phones, PDAs, MP3 players, and other small 
electronic devices. [2] suggests that a generic charging 
platform can be made for many of these devices to 
eliminate the need for device specific chargers. However, 
as discussed in [3] most of these systems are geared
toward powering small devices at around 5 W. Delivering
a higher power level is challenging because at the same 
efficiency level the absolute power loss is much higher.
This paper presents a laptop wireless power system which 
utilizes magnetic induction to eliminate the need of 
charging the laptop by plugging in the power cable. The 
system consists of a class E based amplifier and 
transmitter coil on the transmitting end in conjunction with 
a rectifier, regulator, and receiver coil on the receiving 
end. A control scheme was also developed to keep the 
system from damaging itself in fault conditions as well as 
reduction in no load power consumption. This is 
implemented with a micro-controller on the transmitter 
side.

II. HARDWARE IMPLEMENTATION

For the demonstration of this system, a Dell Vostro 
1310 laptop was used. The battery was removed from the 
laptop so that power is supplied directly and solely from 
the wireless power receiver. As a result, the battery 
charging circuit is no longer active and the total power 
required by the laptop is about 32 W. To aid in the 
demonstration of system efficiency, the original 19.5 V
laptop power supply is used to power the wireless power 
transmitter. Therefore, the wireless power system is 

“transparent” to the laptop. A 2x16 LCD was added to 
display the operating status of the system. The test setup is 
shown in Fig. 1, where the wireless power system is 
powering the laptop. The transmitting coil has been 
embedded into the mobile workstation, while the 
transmitting electronics are under the desktop. The 
receiver coil is fastened to the bottom of the laptop and the 
receiver electronics are attached to the back.

Fig. 1. Wireless power laptop demonstration set. 

Fig. 2. Layout of the transmitter coil.
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Abstract — A wireless power system via magnetic induction 
that can deliver 32 W to a laptop is designed and fabricated. 
A 60% peak end-to-end regulated efficiency is achieved. A
load detection scheme is also implemented, which detects 
when a device is placed on the transmitter and can shut down 
the system if faults are detected. The system eliminates the 
need to plug the laptop into AC power when running or 
charging.

Index Terms — Wireless power, magnetic induction, class E, 
load detection

I. INTRODUCTION

There has been increasing interest in the area of wireless 
power in the recent years. [1] has shown that industry is 
focusing on developing wireless power systems to charge 
cell phones, PDAs, MP3 players, and other small 
electronic devices. [2] suggests that a generic charging 
platform can be made for many of these devices to 
eliminate the need for device specific chargers. However, 
as discussed in [3] most of these systems are geared
toward powering small devices at around 5 W. Delivering
a higher power level is challenging because at the same 
efficiency level the absolute power loss is much higher.
This paper presents a laptop wireless power system which 
utilizes magnetic induction to eliminate the need of 
charging the laptop by plugging in the power cable. The 
system consists of a class E based amplifier and 
transmitter coil on the transmitting end in conjunction with 
a rectifier, regulator, and receiver coil on the receiving 
end. A control scheme was also developed to keep the 
system from damaging itself in fault conditions as well as 
reduction in no load power consumption. This is 
implemented with a micro-controller on the transmitter 
side.

II. HARDWARE IMPLEMENTATION

For the demonstration of this system, a Dell Vostro 
1310 laptop was used. The battery was removed from the 
laptop so that power is supplied directly and solely from 
the wireless power receiver. As a result, the battery 
charging circuit is no longer active and the total power 
required by the laptop is about 32 W. To aid in the 
demonstration of system efficiency, the original 19.5 V
laptop power supply is used to power the wireless power 
transmitter. Therefore, the wireless power system is 

“transparent” to the laptop. A 2x16 LCD was added to 
display the operating status of the system. The test setup is 
shown in Fig. 1, where the wireless power system is 
powering the laptop. The transmitting coil has been 
embedded into the mobile workstation, while the 
transmitting electronics are under the desktop. The 
receiver coil is fastened to the bottom of the laptop and the 
receiver electronics are attached to the back.

Fig. 1. Wireless power laptop demonstration set. 

Fig. 2. Layout of the transmitter coil.
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(b) TX coil layout

metal so the receiving coil needs to be shielded, therefore, 
25 mm x 25 mm x 1.3 mm ferrite tiles (material 44 from 
Fair-Rite) are placed in a ring configuration along the 
receiving coil. The receiver coil is shown attached to the 
bottom of the laptop in Fig. 8.

Fig. 8. Receiver coil, rectifier, and regulator attached to laptop.

The AC power at the receiver coil is rectified by a full 
wave rectifier and regulated via a Linear Technology 
LTC3810 current mode synchronous switching regulator 
controller demonstration board (also shown in Fig. 8). The 
regulator is able to tolerate an input voltage up to 100 V, 
but as a precaution a 3W 91V zener diode is added to 
provide additional protection in case of a sudden power 
spike. The operating frequency for the system is set at 240 
kHz. A block diagram of the receiver circuitry is shown in 
Fig. 9.

Fig. 9. Schematic of the receiver circuitry.

III. SOFTWARE IMPLEMENTATION

The software used to control the wireless power 
transmitter uses four parameters to make decisions:

•Supply voltage
•Peak transmitting coil voltage
•Class E supply current
•System temperature

These four parameters will be used to determine 
operating state and provide protection from various fault 
modes, such as over or under voltage at the DC supply, 
thermal runaway, etc. Supply voltage is acquired by 
stepping the voltage down using a simple potential divider. 
Transmitting coil voltage is first rectified by a half wave 
rectifier and low pass filtered to the DC equivalent 
voltage. Current sense of the class E is performed at the 
high side to reduce the effect of ground noise using an
INA169 current sense chip from TI. System temperature is 
acquired by replacing one of the resistors of the potential 
divider with a thermistor. All signals are buffered via a 
voltage follower using a low speed LM324 op-amp to 
mitigate noise and loading effects as well as to protect the 
micro-controller. A low cost ATtiny84 micro-controller is 
used to perform the detection and control. The built-in 10-
bit analog-to-digital converter (A/D converter) provides
sufficient resolution for the acquired signals. 

Fig. 10. Diagram of the transmitter state machine.

The software for the micro-controller is implemented in 
C language via finite state machine logic. The 
implemented state machine is shown in Fig. 10. The 
system starts up in the no load state after initialization. 
Depending on the supply current and coil voltage values 
captured by the A/D converter, the system falls into 
different states as show in Fig. 10. To reduce no load 
power consumption, the system enters into an extremely 
low duty cycle state shutting down the system most of the 
time and only probes the system once every two seconds. 
For simplicity, the fault state is only considered if a piece 
of metallic or magnetic material of significant size is 
placed in the vicinity of the transmitting coil. Failure of the 
receiver’s regulator or laptop is not taken into 
consideration. With each recurrence of the fault mode the 
delay to the next detection will be increased in order to 
reduce repeated stress on the devices. If the fault condition 
still persists after 10 attempts, the system enters the fatal 
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Figure 1.8. Prototype of powering laptop wirelessly [32].

was powered using IPT technology [32]. The prototype of IPT system which

was able to supply power for battery-free laptop is illustrated in Fig. 1.8. The
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VI. EXPERIMENTAL RESULTS AND VERIFICATION 
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Fig. 7. Photograph of the fabricated wireless TV system. 

Here, the proposed WPT system is applied to a 47 inch 
LED TV of a maximum of 150 watt power consumption. Fig. 
7 shows the fabricated wireless TV system. The LED TV is 
displaying a game screen. The WPT system for the LED TV is 
designed with a maximum power transfer efficiency of 85%. 
From the specification of the coils in Section IV and the result 
of the optimization of the geometry in Section V, the optimal 
values (D1m_z = 8 cm, D2m_z = 22 cm, DS1 = 0 cm, D2L = 0.7 
cm) have been obtained. 

A. Mutual inductance 

TABLE III 
CALCULATED AND MEASURED MUTUAL INDUCTANCE 

Unit (uH) MS1 M1m M2m M2L MmL 

Measurement 38.85 34.60 33.00 37.13 3.08 

Calculation 35.19 32.77 31.66 36.41 3.28 

Unit (uH) MSm MS2 MSL M12 M1L 

Measurement 4.19 1.01 0.36 0.5 0.18 

Calculation 5.05 0.07 0.01 0.4 0.05 

TABLE III shows the calculated and measured mutual 
inductances between the fabricated coils. The mutual 
inductances of MS1, M1m, M2m, and M2L between two adjacent 
coils are the most dominant factor in terms of the power 
transfer efficiency of the system. The measurement results are 
in good agreement with the calculation results. There is a 
slight difference between the calculated and measured results 
in MS1. This might be caused by inaccurate positioning 
between the source and Tx resonators. TABLE III also 
displays the mutual inductances between two nonadjacent 
coils (MmL, MSm, MS2, MSL, M12, and M1L), which might affect 
the power transfer efficiency. In particular, MSm and MmL are 
the second most dominant factors involved in the power 
transfer efficiency of this system, because these values are 
large enough to affect the power transfer efficiency. They are 
also in good agreement with each other. The others give 
negligible values because of their low mutual inductances. 
Due to the extremely low values, it is possible that these 
differences represent measurement error of the LCR meter. 

B. Power transfer efficiency 
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Fig. 8. Calculated and measured S-parameters of the fabricated system. 

Fig. 8 shows the calculated and measured S-parameters of the 
fabricated system. The square-marked line represents 
transmission coefficient (S21) whereas the circle-marked line 
denotes the reflection coefficient (S11). The measured results are 
achieved from vector network analyzer. The calculated results 
are achieved by substituting the measured parameters of both 
TABLE II and TABLE III into (1) to (3). There is a slight 
difference between the calculated and measured results of the 
reflection coefficient because the electric parameters are fixed 
values which are measured at 250 kHz. However, the 
transmission coefficients are in good agreement with each other. 
The transmission coefficient of the fabricated system is -0.72 dB 
at 250 kHz. That is, the fabricated system exhibits high power 
transfer efficiency of about 85%. Hence, it is noted that the 
input and output impedances are perfectly matched to 50 Ω 
because the system has only one transmission peak at an 
operating frequency as shown in the analysis of intermediate 
WPT [14]. It is also verified through measurement that the 
theoretical power transfer efficiency of 85% is achieved.  

C. Current, voltage, and impedance  
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Fig. 9. (a) Rectifying circuit and (b) a photograph of the fabricated full-
bridge rectifier.  

The LED TV is connected to the fabricated WPT system as 
a load. A 47 inch LED TV can consume a maximum 150 W of 
power. The DC power is connected directly to a power 
module input of the LED TV. The impedance matching 
condition is the same as that in Fig. 8. Fig. 9(a) shows the full 
bridge rectifying circuit used in the system; Fig. 9(b) is a 

Figure 1.9. Powering an LED TV wirelessly [33].

transmitting coil had the size of 350mm× 250mm while the size of the receiving

coil was 200mm×120mm. The prototype could transfer the power of 32W to the

laptop with the end-to-end efficiency of 60%. Similarly, IPT has been also used

to power television [33,34]. Fig. 1.9 shows the illustration of powering television

wirelessly. This application using highly resonant technique could transfer the

power of 150W to an LCD television.

A ubiquitous application of IPT technology today is to charge electronic de-

vices [35]. Many kinds of electronic devices are often equipped a rechargeable

battery, such as toothbrush, wearable devices, smart phone or electric vehicles.

Therefore, IPT technology becomes suitable for battery-rechargeable electronic

devices when it is more convenient than using wire or cable for charging. In or-

der to forward to the convenience in charging, IPT-based charging platform for

wearable devices was studied [36]. Specially, charging mobile phones using IPT

technology has been extremely paid attention in recent years [37–39]. Besides us-

ing for small power charging with several watts, IPT technology has been utilized

for high power charging, such as charging electric vehicles [40] where charging sys-

tems were required to operate with several tens to hundreds of kilowatts [41–43].

Fig. 1.10 is an example of charging a smart watch, smart phone with the power

of 5W and electric vehicle charging system.

1.3.2 Future concerns

Although IPT’s applications have continuously spread in many fields of science
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Abstract— Nowadays, more and more wireless power transfer 
system are developed and being in used in many electronic 
devices especially in Smart Home applications. In this paper, we 
developed a basic and simple wireless electricity system to 
investigate and analysis the system performance. This system was 
developed using electrodynamic induction technique to 
demonstrate the wireless power transfer system. Moreover, this 
system is able to transfer power without a man-made conductor 
connected between power source and electrical load. A few 
experiments have been done to investigate the related parameters 
of the wireless electricity system. However, the results of 
experiments depict the important of number of turns of coils, 
distance between two transmitter and receiver coils and the 
diameter of both coils. Each of these parameters could affect the 
efficiency of the system. As a conclusion, a wireless electricity 
system was successfully developed for Smart Home applications.   

Keywords-Smart Home, induction method, wireless electrcity.  

 

I. INTRODUCTION   

Recently, electronic products occupy our daily lives, but also 
play a very important role. Wire connections between 
electronic products already are accustomed to everyone 
[1][2].Every day we use a variety of different electronics 
products, and we have noticed that wire connections could 
sometimes become troublesome and inconvenience to us. For 
example, the electronics devices used on table such as laptop, 
laptop itself has accounted for a corner of table, wire 
connections used up an area too, and it is messy and 
inconvenience when moving the laptop. Besides electronics 
devices, wire connections also bringing some problems to 
home appliance [3]. For example, the kettle is dangerous if the 
power cord contacted water, it could be threaten our life. The 
power cables we used in home appliances are usually dusty 
and could be beaten by rats. This situation could bring about 
circuit interruption in the house. Moreover, innovative or 
development of wireless electricity system is the ideal solution 
to overcome the trouble and inconvenience created by wire 
connection. Wireless electricity system could be design in 
several methods, in order to archive the specific needs above. 
The problem we facing are existing excessive wires at home, 
work place and schools. The wires take up too much space, get 
dirty easily, reduce the range of machine and it is a failure 
prone. It would be beneficial to multiple aspects of our 
economy and to our everyday live if we can develop a method 
of ireless electricity system. Many techniques have been 

proposed in previously published articles in order to 
implement the wireless power transfer such us 
Electrodynamics induction, Electrostatic induction, 
Microwave, and laser techniques [3,4,6]. However, among the 
different techniques, induction coupled technique is 
considered the cost-effective approach for wireless power 
transfer [4,6]. Although wireless power transfer could have 
been developed a lot earlier, there was never strong demand 
for it because of the lack of electronic products those days. A 
lot of research has been conducted wireless power transfer 
based Smart Home application but most of the researches have 
focused on a resonant transmitter and receiver pair to transfer 
power wirelessly[5]. Resonant transmitter and receiver pair 
architecture has a highly efficient one to one coupling between 
the resonant transmitter and receiver. However, adding more 
receivers causes the efficiency of power transfer to deteriorate 
tremendously. Recently, NokiaTM [2] has introduced wireless 
charging technology “NOKIA WIRESSLESS CHARGING” 
to its Lumia series smart phones shown in Fig .1 
 

 
Figure 1 Nokia Wireless Charging Technology. 

 
In this paper, we focus on the proof-of-principle based 
experimental setup used in smart home applications. In  
Section II, we introduce the prototype design setup and 
structure based on induction technique. In Section III, we 
discuss the performance analysis of our prototype and it’s 
supported to different parameters. Finally, the conclusion is 
given in  Section IV. 
 

II. SYSTEM DESIGN  
The designed block diagram of the proposed system 

which has been developed is shown in Fig.2 for the block 
diagram of power transmitter and the receiver. The selection 
of suitable hardware components and method will increase the 
efficiency of the system. Figure 2 represents the overall 
system which is combination of hardware components. In the  
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(b) Charging a mobile phone [44]
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Abstract—The On-Line Electric Vehicle (OLEV) is an electric 
vehicle system is that utilizes the innovative wireless charging 
solution developed at Korea Advanced Institute of Science and 
Technology (KAIST) in South Korea. The OLEV system consists 
of vehicles and road-embedded power transmitters. The battery 
in the vehicle is charged remotely from the transmitters buried 
under the road and the charge can be done even while the vehicle 
is moving. The prototype of the OLEV has been successfully 
developed and the process of developing a commercial version is 
in progress. The OLEV has been considered as one of the leading 
green mass transportation solutions in Seoul. The key issue in the 
commercialization of the OLEV is to determine the battery size 
and the allocation of the power transmitters on the route. This 
paper describes a method of allocating the power transmitters 
and evaluating the battery size using a mathematical 
optimization technique. Although the presented method is 
motivated from the actual design issue of the OLEV, the concept 
and approach can be applied to any electric vehicle system 
utilizing a wireless charging technology. 

Keywords-component; electric vehicles, wireless charging 
vehicles, systems optimization, green transporation, charging 
station allocation 

I.  INTRODUCTION 

A. On-Line Electric Vehicl Overview 
The On-Line Electric Vehicle (OLEV) shown in Figure 1 is an 
electricity-powered transportation system which remotely 
picks up electricity from power transmitters buried 
underground. The system utilizes the innovative wireless 
charging technology developed at Korea Advanced Institute of 
Science and Technology (KAIST) in South Korea. The OLEV 
mainly consists of vehicles and power transmitters. Note that 
although the name On-Line Electric Vehicle literally indicates 
the vehicle, it actually refers to a vehicle or a fleet of vehicles 
together with the power transmitters installed on the road. The 
vehicle is similar to the conventional electric vehicle – a 
electric motor is used as a main engine and a battery pack is 
installed to supply the energy to the engine. However, unlike 
conventional electric vehicles that require a cable connection 
between the car and the charger or power outlet when the 
battery is required to charge, the battery in the OLEV can be 
charged wirelessly from the transmitters using the non-contact 
charging mechanism. 

 
The power transmitter generates a magnetic field to supply the 
vehicle with required energy. Each power transmitter consists 
of an inverter and inductive cables buried under the roadway. 
An inductive cable installed for the prototype system 
developed at KAIST campus is shown in Figure 2. The length 
of the inductive cable varies depending on the road condition 
and power requirements. A multiple transmitters are installed 
on the route to supply enough power to the OLEV. 
 

Figure 1. The On-Line Electric Vehicle System 

Figure 2. A power transmitter installed at the KAIST campus 

(c) EV charging system [45]

Figure 1.10. IPT applications in charging battery.

and daily life as mentioned above, some concerns still need to be addressed in

future, including magnetic field exposure, energy security and transmission effi-

ciency.

For the issue of magnetic field exposure, there are recently a few standards pro-

viding the guidelines to prevent human body from electromagnetic field exposure,

consisting of the International Commission on Non-Ionizing Radiation Protection

(ICNIRP) [46] or IEEE safety standards [47,48]. There have been several studies

investigating magnetic exposure caused by WPT systems on human body using

human body model [49,50]. Nevertheless, magnetic effect of IPT systems on sur-
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rounding environment or real human body has not been investigated completely.

Current IPT systems always leak magnetic flux into surrounding environment.

Especially, magnetic flux leakage significantly increases when transmitting plat-

forms operate without their receivers. For that reason, protecting human body as

well as surrounding environment from magnetic field exposure is still a challenge

for recent or future designs of IPT systems.

Another concern in future IPT systems is authority to use energy. Recently,

there have been few studies focusing on energy security in IPT. They can tem-

porarily be categorized into two main approaches, including physical security

and communication-based security. In the first approach, the authors in [51,52]

adjusted operating frequencies according to the predefined regulation to deliver

power authorized users. Unauthorized users would inefficiently pick up power

because they had no knowledge of the regulation of operating frequencies. This

kind of energy encryption is similar to frequency-hoping mechanism in wireless

communication [53]. Other study utilized power beam formed by multiple trans-

mitters to deliver power to receivers at certain positions only [54]. For the ap-

proach based on communication between transmitter and receiver, IPT systems

will be equipped communication modules at both transmitter and receiver sides.

The power transmission over power channel will be occurred once transmitter

and receiver finish their authority process on communication channel. In general,

the existing methods used to secure energy in IPT either required high complex-

ity of users/receivers or protected energy from unauthorized users incompletely.

Therefore, similar to electromagnetic field exposure, energy security is still a big

challenge in IPT technology in future.

Finally, even though the theory of maximum achievable efficiency has almost

completed in [55–60], transmission efficiency is still one of the biggest concerns in

future IPT systems. Recently, IPT systems could achieve transmission efficiency

of from several tens to over 90%. This number of transmission efficiency may be

acceptable for low-power applications with several watts to hundreds of watts.

However, it becomes a big problem for high-power IPT systems with a few kilo-

watts to several hundreds of kilowatts because power loss can cause the damage

at transmitter side. The transmission efficiency limitation in recent IPT systems

comes from the quality of the components used in the systems. In future, once
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material technologies, specially semiconductor and superconductor, are advanced,

the development of IPT technology will rapidly pushed forwards as cost reduces

and performance is improved.

1.4. Motivation

Even though IPT was demonstrated hundred years ago, it has really flourished for

last two decades with high attention in both industry and academia. For industry,

IPT systems bring about the convenience in daily life with many applications

mentioned above. For academia, the theory of maximum achievable efficiency

of IPT systems has been quickly fulfilled for last decade. Once the theory of

maximum achievable efficiency is mature, the stability of IPT systems become the

key direction for the researches in near future. More specifically, in IPT systems,

stable output voltages against load variations should be achieved to allow loads

to consume the expected amount of power by adjusting their resistances. It leads

to a better operation for the loads. Recently, constant load voltage against load

variations in IPT systems with single transmitter and single receiver has been well

studied. In such IPT systems, a famous topology, known as capacitor-inductor-

capacitor (CLC), and/or relay are mostly used to realize the stability of output

voltage for the load. It is, nevertheless, more challenged when IPT systems are

scaled up to multiple receivers. It is because the mentioned technologies has to

encounter the problem coming from the couplings among receivers which will

deteriorate the stability of the output voltages/currents. There have been a few

studies focusing on stabilizing the load voltages in multiple-receiver IPT systems.

However, stabilizing multiple load voltages in multiple-receiver IPT systems is still

an attractive topic when rated voltage for each load and and operating frequencies

have diverged from application to application. In practice, for different applica-

tions, each receiver often requires individually rated voltage for its load. There-

fore, multiple-receiver IPT systems, whose advantage is to charge multiple users

simultaneously, should be advanced to be able to deliver individually rated volt-

age to each receiver. In other scenario, charging platform needs to deliver power

to several receivers which are located far from it. In these cases, instead of us-

ing additional supporters to help to deliver power to distant receivers, it is more
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convenient if some receivers can change to cooperative mode to relay power to

distant receivers while still drawing power itself. Last but not least, one grow-

ing problem in IPT’s applications is the divergence of operating frequencies. It

means that each application requires not only an individually rated voltage for

its load but also an individual operating frequency. In this scenario, a new type

of multiple-receiver IPT system should be proposed to charge each receiver with

individually rated voltage under its operating frequency.

1.5. Contributions

In order to address the above mentioned challenges, this dissertation proposed

multiple-receiver IPT systems which could simultaneously stabilize the load volt-

ages against load variations under different requirements. The contributions of

this dissertation were as follows.

1. Firstly, charging platform consisting of one source resonator and multi-

ple transmitting resonators was used to deliver and control load voltages

for multiple receivers [P.W1], [P.J1]. This structure was equivalent to the

structure of multiple K-inverters formed by the couplings between the source

resonator and the transmitting resonators. Therefore, the currents flowing

in the transmitting resonators were fixed because multiple K-inverters were

driven by a source voltage. These stable currents, in turn, induced con-

stant voltages to the loads regardless of load variations. Moreover, once

load voltages were stabilized, the rated load voltages could be achieved

by changing the characteristic impedances of the K-inverters, in the other

word, by adjusting the arrangement of the transmitting resonators inside

charging platform.

2. Secondly, a cooperative IPT system where cooperative receiver could si-

multaneously play two roles, including supporting transmitter to deliver

power to a distant receiver and drawing power itself, was proposed [P.C1],

[P.C2], [P.C3]. K-inverter was applied for cooperative receiver to realize

cooperative characteristic while still stabilizing the load voltages.
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3. Finally, multiple-frequency charging IPT systems were proposed to stabi-

lize load voltages for multiple receivers operating at different frequencies

[P.W2], [P.C4]. In these systems, multiple sources shared a common trans-

mitting coil to deliver power to corresponding receivers. Each pair of source

and corresponding receiver operated at an individual frequency. K-inveters

were combined with band-reject filters to separate the power link of each

pair of source and corresponding receiver while still stabilizing load voltage

for each receiver. Consequently, even though using a common transmitting

coil, each pair of source and corresponding receiver was considered as op-

erating independently. Each load voltage could be controlled by adjusting

the corresponding source voltage without affecting the operation of other

pairs of source and corresponding receiver.

1.6. Design methodology

In practice, the process of producing any system should be followed a certain de-

sign methodology to achieve as good performance as possible and reduce system

production time. The following design process can be applied for producing the

proposed systems. The main steps are as follows. Firstly, an IPT system is theo-

retically proposed to satisfy the requirements. Then, theoretical analysis should

be verified by simulations (based on LTSpice and/or WIPL software). This step

can help to save the time of examining the developing theory. Next, we construct

the proposed system based on theoretical analysis. Here, Vector Network Ana-

lyzer (VNA) machine or LCR-meter machine can be used to support construction

process. Finally, the performance of the prototype/product should be examined

by measures from oscilloscope machine or equivalent machines.

In these steps, constructing coupling networks and compensation networks is

the most important for the proposed systems to operate as desired. This step can

be divided into sub-steps as follows.

• Transmitting and receiving coils should be designed first because they de-

pend on the requirements of size and operating frequency. The coils should

be made from low-loss materials such as litz wire.
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• Then, the couplings between them or Z-parameters should be measured

using VNA or LCR-meter machines.

• After obtaining the measured couplings, compensation networks, consist-

ing of capacitors and inductors, are calculated to meet the needs of the re-

ceivers. In particular, in the proposed systems, the main relationship among

the compensatory components is resonance. The capacitors or the inductors

can be selected first if it is difficult for adjusting their value. Then, the other

components are constructed based on the resonant relationships.

However, there are some additional issues which we should pay attention when

deploying the proposed systems in practical environment.

• The first is noise caused by other systems. As described above, the principle

of IPT system is electromagnetic field variation. Therefore, it can be totally

affected by the energy of electromagnetic field caused by other systems.

For wireless communication systems, power received at users is just from

hundreds of microwatts to tens of milliwatts only. That amount of power

is negligibly small to power of from a few watts to hundreds of kilowatts

received by users in the proposed IPT systems. As a result, electromagnetic

noise caused by wireless communication systems totally has no effect on the

operation of the proposed IPT systems. In contrast, interference should be

taken into account when the proposed systems are deployed nearby other

IPT systems. It is because the coils in proposed systems may be coupled to

the coils of nearby IPT systems, leading to power exchange among them.

For that reason, there should be isolation mechanism between the IPT sys-

tems to guarantee the stability of the proposed systems and nearby IPT

systems.

• The second is quality factor of the components used in the proposed sys-

tems. In theoretical analysis, quality factor of the components in compen-

sation networks is often omitted for simplicity. However, in practice, quality

factor of compensatory components as well as of coils is the most impor-

tant factor because it significantly contributes to transmission efficiency. As

a consequence, the coils and the compensatory components of the proposed
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systems should be high-quality ones if the proposed systems is expected

to attain high efficiency. Recently, quality factor of coils or compensatory

components is limited by material technologies. In future, the development

of material technologies, semiconductor and/or superconductor, is expected

to create nearly ideal components.

• The third is design margins for the proposed systems. Mostly, the com-

pensatory components in the proposed systems are designed depending on

resonant relationship. In practice, we will never attain the perfect match of

resonance between inductor and capacitor. In the other word, there cannot

be a capacitor whose capacitance completely cancels out inductance of an

inductor or vice versa. Consequently, there always exits an imaginary part of

total impedance after inductor and capacitor are constructed with resonant

relationship. Basically, the performance of the proposed systems is better

as imaginary part of total impedances in resonant relationships is closer to

zero. Therefore, the quality of resonant design is decided depending on the

requirements of quality of the proposed system and recent material tech-

nologies. Recently, imaginary part of total impedance under 1Ω or around

0.5Ω can be acceptable for resonant designs in either experiments or in-

dustry. These values are also considered as the design margin of resonance

for the proposed systems. The other margin is quality factor of the coils

as well as the compensatory components. In practice, once quality factor

of the coils and the compensatory components is over 200, the proposed

systems can achieve transmission efficiency of over 90% which is acceptable

for low-power charging applications. Accordingly, quality factor of 200 can

be considered as another margin design for the proposed systems.

1.7. Dissertation outline

The rest of the dissertation is organized as follows

Chapter 2 of the dissertation presents an overview of IPT systems. A typ-

ical single-input single-output (SISO) IPT system, consisting of equivalent AC

source, compensation networks, coupling network and equivalent load, is ana-

lyzed. Then, theoretical analysis on load voltage stability in conventional single-
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input single-output (SISO) and single-input multiple-output (SIMO) IPT systems

is presented. This chapter also describes K-inverter and how it can help to sta-

bilize load voltages against load variations in SISO and SIMO IPT systems.

In Chapter 3 proposes an IPT system using multiple K-inverters to control

load voltages for multiple receivers [P.W1], [P.J1]. This chapter also explains how

structure of multiple K-inverters can help to stabilize and adjust load voltages

against load variations by theoretical analysis. Then this chapter presents simu-

lation and experimental results to verify the feasibility of the proposed system.

Chapter 4 focuses on developing a cooperative IPT system where cooperative

receiver can simultaneously support transmitter to deliver power to a distant re-

ceiver and draw power itself [P.C1], [P.C2], [P.C3]. In this chapter, it is proved

that adding K-inverter to cooperative receiver can realize cooperative character-

istic while still stabilizing two load voltages against load variations. This chapter

also evaluates load voltage stability and RF-RF efficiency of the proposed cooper-

ative IPT system and the one using two-coil repeater to do cooperative function

under various coil arrangements.

In Chapter 5, multiple-frequency IPT system with one transmitter and mul-

tiple receivers is proposed [P.W2], [P.C4]. In this system, multiple sources oper-

ating at different frequencies share the same transmitting coil to deliver power

to corresponding receivers. This chapter illustrates how novel K-inverters sep-

arate power of each operating frequency used by one source and corresponding

receiver and stabilize load voltages against load variations. In this chapter, it is

illustrated that any load voltage control performed from one pair of source and

corresponding receiver will not affect the operation of the other pairs of source

and corresponding receiver.

Chapter 6 summarizes the dissertation.
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Chapter 2

IPT system models with

K-inverter

2.1. Introduction

Recently, a typical IPT system included the main blocks as described in Fig. 2.1

[10, 22]. At transmitter side, an DC source supplies power for an inverter while

clock generator took charge of generating operating frequency for the system.

The combination of the DC source and clock generator at the inverter yielded

a high-power AC signal which was used to drive transmitting coil. At receiving

side, induced voltage was rectified to become DC voltage. Then, this voltage was

regulated to the level matched the requirement of the load. Finally, the regulated

voltage was delivered to the load.

Coupling network

TX
coil

RX
coil

Inverter
DC

source

Clock
generator

compen-
sation

compen-
sation Rectifier Regulator Load

Equivalent AC source Equivalent load

Figure 2.1. Typical IPT system.
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In order to improve the performance of IPT system, several parts of IPT

systems have been studied, such as coil design/analysis [61–66], inverter design

[67–69], rectifier design [70, 71]. However, this work in this dissertation concen-

trates on proposing compensation networks to realize the desired functions in IPT

systems. Therefore, for the sake of simplicity in theoretical analysis, the combi-

nation of DC source, inverter and clock generator is considered as equivalent AC

source V0 while the combination of rectifier, regulator and load is considered as

equivalent load R. As a result, the equivalent IPT system is modeled as in Fig.

2.2.

In Fig. 2.2, the inductor with the self-inductance L0 denotes for TX coil while

the inductor with the self-inductance L1 is for RX coil. The mutual inductance

between TX coil and RX coil is denoted by M .

The RF-RF efficiency is defined by

η =
Pout

Pin

, (2.1)

where Pin is the power supplied by AC source V0 and Pout is the power consumed

by the load R.

After the work of MIT’s scientists was published, IPT technology has been in-

creasingly concerned from academia. Recently, IPT systems can be classified into

four types, including single-input single-output (SISO) IPT systems, multiple-

input single-output (MISO) IPT systems, single-input multiple-output (SIMO)

I0

L0V0

I1

L1 R

M

compensation
network

compensation
network

Figure 2.2. Equivalent IPT system.
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IPT systems and multiple-input multiple-output (MIMO) IPT systems. The

theory of maximum achievable efficiency of these IPT systems has been quickly

fulfilled in about one decade only. Initially, the maximum achievable efficiency

in single-input single-output (SISO) was formulated by considering the coupling

network as a black box with known scattering-parameter matrix or Z-parameter

matrix [55,56,72].

For IPT systems using multiple transmitters to deliver power to single re-

ceiver, the operation behaviors have been investigated in many studies [73–79].

Then the limitation of RF-RF transferable efficiency was addressed in [57,80,81].

These studies illustrated that the MAE in MISO IPT systems could be obtained

once the cross couplings among the transmitting coils were mitigated and the

source voltages were adjusted to optimal values. As a results, the MAE would be

characterized by an overall kQ-product where k denoted for coupling coefficient

and Q was quality factor of the coils. Quality factor of an inductor L at operating

frequency f with internal resistance r is defined by

QL =
2πfL

r
(2.2)

Similarly, quality factor of an capacitor C at operating frequency f with internal

resistance r is defined by

QC =
1

2πfCr
(2.3)

In compared with SISO and MISO IPT systems which can deliver power to

one receiver only, SIMO IPT systems which used one transmitter to transfer

power to multiple receivers simultaneously. This kind of the IPT systems has

been also investigated in many studies [82–91]. It was discovered that in SIMO

IPT systems with given loads once the cross couplings among receivers were

eliminated the system could attain highest efficiency [58,59,92].

Finally, due to the advantage of using low-power source to charge for larger-

power devices, multiple-input multiple-output (MIMO) IPT systems have also

received the attention from scientists [93–98]. The study in [60] unified the theory

of maximum achievable efficiency for single-input single-output (SISO), single-

input multiple-output (SIMO), multiple-input single-output (MISO) or multiple-

input multiple-output (MIMO) IPT systems.
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That the theory of maximum achievable efficiency was completely investi-

gated brought about the benchmark or criterion to evaluate the operation of IPT

systems. In order to realize IPT systems for applications, scientists have now

concentrated on the designs which are able to stabilize the operation of IPT sys-

tems. In IPT systems, output voltage, output current or output power were often

stabilized to match the requirements of the loads. In this dissertation, stabilizing

output voltage is focused on because it can be applied in many applications.

Throughout this dissertation, it is assumed that all the passive components are

linear and that the IPT system is operating in a steady state without switching

harmonics.

2.2. K-inverter

Generally, immittance inverter has played a very important role in wireless com-

munication and power systems. Immittance inverter has been divided into two

types, including admittance inverter and impedance inverter [99]. A lossless ad-

mittance inverter is a two-port network in which the admittance Y2 is connected

to one port, the other port will see an transformed admittance

Y1 =
J2

Y2
, (2.4)

where J is real and the characteristic admittance of the inverter, called J-inverter.

A J-inverter can be implemented using L and C with π-shaped arrangements as

in Fig. 2.3a and Fig. 2.3b. In contrast, for an ideal impedance inverter, if one

port of an impedance inverter is connected with an impedance Z2, the impedance

Z1 seen from other port will be

Z1 =
K2

Z2

, (2.5)

where K is real and the characteristic impedance of the inverter, called K-

inverter. A K-inverter can be realized using inductors (L) and capacitors (C)

with T-shaped arrangements as in Fig. 2.3c and Fig. 2.3d. Based on the char-

acteristic of impedance transformation, K-inverter could be used to transform

load impedance [99] or reduce impact of source internal resistance [17]. Another
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L

−L −L

(a) J =
1

ωL

C

−C −C

(b) J = ωC

−L −L

L

(c) K = ωL

−C −C

C

(d) K =
1

ωC

Figure 2.3. Admittance and impedance inverters.

important characteristic of K-inverter is that it can transform constant voltage to

constant current and vice versa. It means that if one port of K-inverter is driven

by a constant voltage, at the other port will output a constant current against

load variations. Vice versa, if K-inverter is driven by a constant current, it will

output a constant voltage against load variations. Correspondingly, if two K-

inverters are connected in cascade, the characteristic of the input will be reserved

at the output. It means a constant voltage or constant current going through two

K-inverters connected in cascade is still a constant voltage or constant current

against load variations.

For IPT systems, the coupling network between two coils can be modeled as

T-model [100]. The illustration of T-model for the coupling network is shown

in Fig. 2.4. Basically, the self-inductances L0 and L1 are often canceled out

by series compensatory capacitors. Therefore, in comparison with the inverters

described in Fig. 2.3c, it can be said that the coupling network between two coils

in IPT system is a K-inverter when self-inductances of the coils are cancelled
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L0 L1

M

⇒

K-inverter
L0 −M −M L1

M

Figure 2.4. T-model for coupling network.

out using series resonant capacitors. Consequently, coupling network inherits the

characteristics of K-inverters.

2.3. Constant load voltage in SISO IPT systems

2.3.1 Conventional SISO IPT system

For theoretical analysis, we considered a typical IPT system where transmitting

coil and receiving coil were compensated by series capacitors as shown in Fig.

2.5. In this model, L0 and L1 denoted for the self-inductances of the transmitting

coil and the receiving coil respectively. It was assumed that AC source supplies

I0 C0

L0V0

C1

L1

+

−

Vr

I1

R

M

Figure 2.5. A conventional SISO IPT system with series compensations.
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a constant voltage V0 and operated at angular frequency ω

ω = 2πf (2.6)

where f was operating frequency. The currents flowing in the transmitting coil

and the receiving coil were denoted by I0 and I1 respectively. The mutual in-

ductance between two coils was M . For simplicity in theoretical analysis, we

ignored the internal resistances of the coils in calculations. In the conventional

IPT system, the resonant relationship among the components was given

ω = 2πf =
1√
L0C0

=
1√
L1C1

(2.7)

According to Kirchoff’s laws, the relation between voltage-current was given

V0 =
1

jωC
I0 + jωL0I0 + jωMI1 (2.8)

−RI1 = jωMI0 + jωL1I1 +
1

jωC1

I1 (2.9)

From (2.9), the current flowing in the receiving coil was derived

I1 =
−jωM
R

I0 (2.10)

Therefore, substituting above equation into (2.8), we had the current flowing the

transmitting coil

I0 =
R

ω2M2
V0 (2.11)

Finally, the load voltage was given by

VR = −RI1 = R
jωM

R
I0 = R

jωM

R

R

ω2M2
V0 = − R

jωM
V0 (2.12)

Equation (2.12) indicated that in conventional IPT system, the load voltage de-

pended on the load.

As mentioned above, the coupling network between two coils was considered

as a K-inverter. Therefore, in order to stabilize the load voltage by a constant

voltage source, another K-inverter should be added to form a network consisting

of two K-inverters connected in cascade. Recently, two techniques, including CLC

structure and relay-based structure, have been used as K-inverters.
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2.3.2 CLC/LCL topology

In order to stabilize load voltage against load variations, a famous compensa-

tion network, called capacitor-inductor-capacitor (CLC) topology or inductor-

capacitor-inductor (LCL), was applied into conventional IPT system. The be-

havior of CLC/LCL topology has been well explored in many studies [101–112].

Fig. 2.6 showed the application of CLC topology used to stabilize the load voltage

in SISO IPT systems.

Here, inductor (L) and two capacitors (C) were combined in T-shape to form

CLC compensation network. CLC topology and conventional series compensa-

tions were applied to stabilize the load voltage VR. The constant load voltage

was proved as follows. The resonant relation among compensatory components

in the IPT system was given

ω = 2πf =
1√
LC

=
1√
L0C0

=
1√
L1C1

(2.13)

According to Kirschoff’s laws, the relationship between voltages and currents

in transmitter circuit was

V0 =
1

jωC
I0 + jωLIL (2.14)

I0 = IL + It (2.15)

From last three equations, the transmitting current It was derived

It = − V0
jωL

(2.16)

C C It C0

L

IL

L0V0

I0

C1Ir

L1

+

−

Vr R

M

Figure 2.6. CLC topology for constant load voltage in SISO IPT system.
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C C It C0 L0 −M −M L1

L

IL

MV0

I0

C1Ir

+

−

Vr R

K-inverter 2K-inverter 1

Figure 2.7. K-inverter based model for IPT system in Fig. 2.6.

(2.16) indicated that the transmitting current was kept constant regardless of the

load variations. It was based on (2.10), the relation between the current flowing

the receiving coil and source voltage was

Ir =
−jωM
R

(
− V0
jωL

)
=

M

LR
V0 (2.17)

Therefore, the load voltage was derived by

VR = −RIr = −M
L
V0 (2.18)

Equation (2.18) showed that the load voltage was decided by the mutual induc-

tance between two coils M , the compensatory inductance L in LCC topology and

the source voltage V0. It was obvious that the load voltage was independent of

the load R.

According K-inverter based model, the equivalent circuit of the IPT system

in Fig. 2.6 could be described as in Fig. 2.7. The theoretical analysis ex-

pressed above agreed with the properties of K-inverter. Specifically, constant

source voltage inputted K-inverter 1, constant current It against load variations

was achieved. Then, constant current It inputted K-inverter 2, constant voltage

Vr against load variations was obtained again. It was confirmed that 2 K-inverters

connected in cascade could help to deliver constant voltage from input to output.

2.3.3 Relay-based structure

Another way to keep load voltage stable against the load variations was to use a

relay inserted between transmitter and receiver. Initially, the relay was employed
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to support the transmitter to deliver power to a distant receiver. In addition, it

was discovered that the relay could help to transform load impedance [17] or to

reduce the impact of the source impedance [113]. Similar to CLC/CLC topology,

relay-based structure has also played an important role in IPT systems. Many

studies have been carried out to explore the advantage of relay-based structure

as well as to investigate its further behaviors [114–129]. One important impact of

relay-based structure was to boost and stabilize load voltage [105,130,131]. Fig.

2.8 was the description of a relay-based IPT system. Similar to the mentioned IPT

systems, the power source operating at angular frequency ω supplied a constant

voltage V0. The transmitting coil, the relay coil and the receiving coil had the self-

inductances L0, L1 and L2 respectively. M01 was the mutual inductance between

the transmitting coil and the relay coil. M12 was the mutual inductance between

the relay coil and the receiving coil. In relay-based IPT system, since the mutual

inductance between the transmitting coil and the receiving coil was negligibly

small, it was ignored in theoretical analysis for simplicity. In the relay-based IPT

system, the series compensation was used for transmitting coil, relay coil and

receiving coil

ω = 2πf =
1√
L0C0

=
1√
L1C1

=
1√
L2C2

(2.19)

L0

C0

V0

I0
L1

C1

I1
L2

C2

R

I2
M01 M12

TX Relay RX

(Load)

VR

Figure 2.8. A relay-based IPT system.
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C0 L0 −M01 −M01 C1

I1

L1 −M12 −M12 L2

M01 M12V0

I0

C2I2

+

−

VR R

K-inverter 2K-inverter 1

Figure 2.9. The equivalent circuit of the relay-based IPT system in Fig. 2.8.

According to Kirschoff’s laws, the relation between voltage-current

V0 =
1

jωC0

I0 + jωL0I0 + jωM01I1 (2.20)

0 = jωM01I0 +
1

jωC1

I1 + jωL1I1 + jωM12I2 (2.21)

−I2R = jωM12I1 +
1

jωC2

I2 + jωL2I2 (2.22)

Due to the resonant relationship in (2.26), the current flowing in the relay coil

was derived from (2.20)

I1 =
V0

jωM01

(2.23)

Then substituting into (2.22) with the notice of the resonant relationship, the

load voltage was derived

VR = −RI2 = −M12

M01

V0 (2.24)

Equation (2.24) indicated that the load voltage was decided by the mutual induc-

tances between two adjacent coils and the source voltage only. It agreed with the

explanation using K-inverter based model. K-inverter model for the IPT system

in Fig. 2.8 was illustrated in Fig. 2.9. According to the equivalent circuit in Fig.

2.9, since relay-based IPT system created 2 K-inverters connected in cascade,

constant voltage could be delivered from input to output. Specifically, the con-

stant voltage source V0 inputting the K-inverter 1 created the constant current

I1 against load variations. The constant current I1 going through the K-inverter

2 would gave constant voltage against load variations again.
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2.4. Constant load voltages in SIMO IPT sys-

tems

2.4.1 Conventional SIMO IPT systems

One advantage of IPT systems is to simultaneously charging multiple receivers. In

order to charge multiple receivers, SIMO IPT systems are often used than MIMO

IPT systems because the charging platform of SIMO IPT systems is simpler and

easier to be deployed. Fig. 2.10 shows the schematic description of a conventional

SIMO IPT system with series compensation for every coils. This conventional

IPT system model included one transmitter delivering power to N receivers. The

transmitter and the receivers were equipped with one coil compensated by an

self-resonant capacitor. V0 denoted for the power supplier while Vi denoted for

the i-th load voltage where i ∈ {1, 2, . . . , N}. Ii was the current flowing the i-th

coil. Li was denoted for the self-inductance of the i-th coil. M0i was the mutual

inductance between the transmitting coil and the i-th coil. The cross couplings

I0 C0

L0V0

C1

L1

+

−
V1

I1

R1

CN

LN

IN

RN

+

−
VN

...

M01

M0N

Mrr

Figure 2.10. The model of a conventional single-transmitter multiple-receiver IPT

systems using series compensation.

28



among the receiving coils was denoted by the matrix

Mrr =


0 M12 . . . M1N

M21 0 . . . M2N

...
...

. . .
...

MN1 MN2 . . . 0

 (2.25)

It meant the resonant relation was given

ω = 2πf =
1√
L0C0

=
1√
L1C1

= · · · = 1√
LNCN

(2.26)

It was noticed from the resonant condition in (2.26), the relation between voltage-

current was

V0 = jωM0rIr (2.27)

−RIr = jωMr0I0 + jωMrrIr (2.28)

where the coupling vector consisted of the mutual inductances between the trans-

mitting coil and the receivers

M0r = MT
r0 = [M01 M02 . . . M0N ], (2.29)

the receiving current vector was

Ir = [I1 I2 . . . IN ]T (2.30)

and the matrix of loads was

R =


R1 0 . . . 0

0 R2 . . . 0
...

...
. . .

...

0 0 . . . RN

 (2.31)

From (2.28), we derived

Ir = −jω[R + jωMrr]
−1Mr0I0 (2.32)

Therefore, we had the relation between input voltage and input current

V0 = ω2M0r[R + jωMrr]
−1Mr0I0 (2.33)
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As a result, the load voltages were calculated as

Vr = −RIr = jωR[R + jωMrr]
−1Mr0I0

or Vr =
jωR[R + jωMrr]

−1Mr0

ω2M0r[R + jωMrr]−1Mr0

V0
(2.34)

Equation (2.34) illustrated that the load voltages in the conventional SIMO IPT

system depended on not only the loads but also the cross coupling among the

receiving coils. Therefore, if there was no special designs for the conventional

SIMO IPT systems, the load voltages would lose the stability against the load

variations because of the cross couplings among the receiving coils.

2.4.2 Stabilizing load voltages in SIMO IPT systems

In order to keep the load voltages in SIMO IPT systems stable against the load,

the authors in [132] proposed a method of adjusting the operating frequency to

achieve stable point of the load voltages against the load variations. The mode

system of the IPT system in [132] is described as in Fig. 2.11. In this system,

it was assumed that there was no cross coupling among the receivers. Compen-

satory capacitors were initially designed to be resonant with corresponding coils

at angular frequency ω0. By adjusting the operating frequency, the system could

attain the load-independent output voltages at the receivers. The load voltages

Figure 2.11. Illustration of the multiple-receiver IPT systems with load-

independent output voltages in [132].
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were given by [132]

VL =
k0iω

2
nVin

|ω2
n − 1|

√
CTX

CRX

(2.35)

where the normalized angular frequency

ωn =
1√√√√√1±

√√√√ n∑
i=1

k20i

(2.36)

The theoretical analysis was then confirm by the experiments. The experi-

mental system and the results were shown in Fig. 2.12. The experimental results

indicated that it was feasible to adjust the operating frequency to stabilize the

load voltages against the load variations. Specifically, the load voltage of the

third receiver was stable at two frequencies, 80.1kHz and 148.5kHz, when the set

of coupling coefficients was as in Fig. 2.12b while at one frequency of 69.2kHz.

However, in this system, the cross couplings among the receivers were not taken

into account in theoretical analysis. The disadvantage of the method of adjusting

operating frequency was not suitable for applications which required a certain

operating frequency.

Another IPT system used to stabilize the load voltages for multiple receivers

was proposed in [133]. In this system, a resonator was inserted between the

transmitter and the receivers in conventional SIMO IPT system to stabilize the

load voltages. The system model of this system was described as in Fig. 2.13. It

was assumed that the couplings between the source coil and the receiving coils

were negligibly small. The cross couplings could be compressed by using low

operating frequency and the large loads. As a result, the load voltages were given

by the formula below

|VLi
| ≈

∣∣∣∣MTi

MST

VS

∣∣∣∣ (2.37)

The principle of the operation of the system was similar to that of SISO IPT

system using LCC topology or relay-based structure. The current flowing in the

transmitting coil TX was kept stable regardless of the loads. Then, it induced

a constant voltage to each receiving coil. Because each receiver was a resonator,

the constant induced voltage was delivered to corresponding load.
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(a) Experimental system

(b) k01 = 0.1, k02 = 0.2, k03 = 0.5 (c) k01 = 0.4, k02 = 0.6, k03 = 0.8

Figure 2.12. Experimental system and the results of the third output voltage for

two settings of the system in [132].

The authors verified the theoretical analysis by experiments as in Fig. 2.14

The experimental results showed that when any receiver moved out or joined the

charging system, the output voltages of the other receivers were unchanged. It

confirmed that each load was isolated from the others. However, in this system,

the load voltages were not controlled separately because the couplings among

the transmitting coil and the receiving coils were fixed. Therefore, it would be

difficult to apply for charging multiple receivers where each receiver required a

rated voltage for its load.
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Figure 2.13. Illustration of stabilizing the multiple load voltages using resonator

in [133].

Figure 2.14. Experimental system to illustrate the load-isolation output voltages

in [133].

2.5. Conclusion

This chapter showed the details and the importance of K-inverter in stabilizing

load voltage in SISO IPT systems. Several studies of stabilizing load voltages

in multiple-receiver IPT systems were mentioned in this chapter. However, the

recent studies could not be applied for the scenarios in which each application

required a rated voltage for its load or some receivers were located far from

transmitter or different applications could operate at different frequencies. These

challenges will be addressed in next three chapters.
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Chapter 3

Load voltage stabilization and

adjustment in SIMO IPT system

using multiple K-inverters

3.1. Introduction

In this chapter, SIMO IPT system using multiple K-inverters, equivalent to mul-

tiple transmitting resonators, to control the load voltages from the transmitter

side was proposed. As mentioned above, in the conventional SIMO IPT sys-

tems, load voltages depended on the cross couplings among the receivers and the

loads. Several IPT systems have been proposed to stabilizing the load voltages

for multiple receivers [132, 133]. However, these works cannot satisfy additional

requirement where each receiver requires a differently rated voltage. In order to

address this challenge, this chapter proposed the IPT system using multiple res-

onators to stabilize and adjust load voltages to differently rated voltages [P.W1],

[P.J1].

34



3.2. System model

3.2.1 System description

The system using multiple resonators to control load voltages is described as in

Fig. 3.1. At the side of charging platform, the source is the output of an inverter

which supplies a constant voltage V0. Inverter operates at frequency f with a

corresponding angular frequency ω = 2πf . The source drives the source resonator

to deliver power toM transmitting resonators inside the charging platform. Then,

the power from the source resonator is divided into sub-streams to deliver to N

receivers. At the receiver side, each receiver is equipped a resonator and requires

a rated voltage for its load. It is noted that in this system, N receivers are

N independent users. This design objective here is control the load voltages to

match rated voltages for the loads. By using the proposed system, this task

can be done by adjusting the arrangement of the transmitting coils inside the

charging platform. For the sake of simplicity, the mechanical part taking charge

of adjusting the arrangement of the transmitting coils is omitted.

In the model, k and l are used to index the resonators where k, l ∈ {0, 1, . . . ,M,

M + 1, . . . ,M + N}. The source resonator is indexed 0 while the numbers from

1 to M are used for M transmitting resonators and the numbers from M + 1 to

M +N are indexed fro N receivers. The loads of N receivers are assumed to be

the resistances and denoted by RM+1, RM+2, . . . , RM+N . The self inductance,

internal resistance and resonant capacitance of the k-th resonator are denoted by

Lk, rk and Ck, respectively. For all k ∈ {0, . . . ,M + N}, the self inductance Lk

and capacitance Ck of the k-th resonator satisfy the resonance condition

ω2LkCk = 1. (3.1)

Lkl denotes for the mutual inductance between the k-th resonator and the l-th

resonator, where k 6= l. In Fig. 3.1, Vk denotes for the complex phasor of voltage

of the k-th resonator while Ik is for the complex phasor of current flowing it.
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Figure 3.1. Multiple-resonator-based IPT system

3.2.2 Stability of output voltages

The relation between voltages and currents in the system is given byV00
Vr

 =

 r0 jωLst jωLsr

jωLts rt + jωLtt jωLtr

jωLrs jωLrt rr + jωLrr


I0It
Ir

 . (3.2)

In (3.2), vector 0 is the zero column vector of size M ; the vector of the load

voltages is Vr = [VM+1 VM+2 · · · VM+N ]T; the vector of currents in the trans-

mitting resonators is It = [I1 I2 · · · IM ]T. The diagonal matrix rt consists

of the internal resistances of the transmitting coils while the diagonal matrix

rt consists of those of the receiving coils. Lst = [L01 L02 · · · L0M ] is the

mutual inductance vector between the source coil and the transmitting ones,

Lsr = [L0(M+1) L0(M+2) · · ·L0(M+N)] is that between the source coil and the re-

ceiving ones. And, Ltr is the mutual inductance matrix between the transmitting
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coils and receiving coils, which is expressed by

Ltr =


L1(M+1) L1(M+2) · · · L1(M+N)

L2(M+1) L2(M+2) · · · L2(M+N)

...
...

. . .
...

LM(M+1) LM(M+2) · · · LM(M+N)

 . (3.3)

Because of the reciprocity of the network, LT
st = Lts, LT

sr = Lrs and LT
tr =

Lrt. The matrix Ltt whose elements are the mutual inductances among the

transmitting coils is

Ltt =


0 L12 · · · L1M

L21 0 · · · L2M

...
...

. . .
...

LM1 LM2 · · · 0

 , (3.4)

and the matrix Lrr whose elements are the mutual inductances among the receiv-

ing coils is

Lrr =

 0 · · · L(M+1)(M+N)

...
. . .

...

L(M+N)(M+1) · · · 0

 . (3.5)

For the load side, the relation between the load voltages and the load currents

is expressed by

Vr = −RlIr, (3.6)

where Rl = diag(RM+1, RM+2, · · · , RM+N) is the diagonal matrix whose the di-

agonal entries are the load resistances. Let

Z̃tt = rt + jωLtt, (3.7)

and

Z̃rr = rr + jωLrr. (3.8)

From (3.6) and (3.2), the transmitting currents are derived in term of the

input current as follows

Ir = −j[Rl + Z̃rr]
−1[ωLrsI0 + ωLrtIt]. (3.9)
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Combining (3.9) and the second row of (3.2), we have the relation between the

transmitting currents and the input current

It = −[Z̃tt +ω2Ltr[Rl + Z̃rr]
−1Lrt]

−1× [jωLts +ω2Ltr[Rl + Z̃rr]
−1Lrs]I0. (3.10)

Therefore, based on (3.2), (3.9) and (3.10), the relation between the output

voltages and the input currents is obtained

Vr = [A−BC−1D]I0, (3.11)

where the matrices A, B, C and D are

A = jωLrs − jωZ̃rr[Rl + Z̃rr]
−1Lrs,

B = jωLrt − jωZ̃rr[Rl + Z̃rr]
−1Lrt,

C = Z̃tt + ω2Ltr[Rl + Z̃rr]
−1Lrt,

D = jωLts + ω2Ltr[Rl + Z̃rr]
−1Lrs.

(3.12)

From (3.2), (3.9) and (3.10), the relation between the source voltage and the

input current is expressed

V0 = [E − FC−1D]I0, (3.13)

where the scalar E and matrix F are

E = r0 + ω2Lsr[Rl + Z̃rr]
−1Lrs,

F = jωLst + ω2Lsr[Rl + Z̃rr]
−1Lrt.

(3.14)

From (3.10) and (3.13), the currents induced in the transmitting resonators

are derived

It =
−C−1D

E − FC−1D
V0. (3.15)

Consequently, the output voltages can be adequately expressed as function of the

source voltage as follows

Vr =
A−BC−1D

E − FC−1D
V0. (3.16)

According to (3.12) and (3.14), the terms A, B, C, D, E and F are relevant

to the loads Rl. Thus, the load voltages Vr depend on the load resistances.
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Basically, the load voltages vary when one or more loads among RM+1, RM+2,

. . . , RM+N change. However, when the loads are sufficiently large, the terms A,

B, C, D, E and F in (3.16) can be approximated as follows

A = jωLrs − jωZ̃rr[Rl + Z̃rr]
−1Lrs ≈ jωLrs,

B = jωLrt − jωZ̃rr[Rl + Z̃rr]
−1Lrt ≈ jωLrt,

C = Z̃tt + ω2Ltr[Rl + Z̃rr]
−1Lrt ≈ Z̃tt,

D = jωLts + ω2Ltr[Rl + Z̃rr]
−1Lrs ≈ jωLts,

E = r0 + ω2Lsr[Rl + Z̃rr]
−1Lrs ≈ r0,

F = jωLst + ω2Lsr[Rl + Z̃rr]
−1Lrt ≈ jωLst.

(3.17)

Accordingly, the currents induced in the transmitting resonators calculated in

(3.15) are approximated

It ≈
−jωZ̃−1

tt Lts

r0 + ω2LstZ̃
−1

tt Lts

V0. (3.18)

It means that the currents in in the transmitting resonators are fixed, which

is relevant to multiple K-inverters because constant voltage is transformed to

constant currents against load variations. Consequently, the load voltages can be

decided by the mutual inductances among the resonators and the source voltage

as the formula below

Vr ≈
jωLrs + ω2LrtZ̃

−1

tt Lts

r0 + ω2LstZ̃
−1

tt Lts

V0. (3.19)

Equation (3.19) indicates that when the load resistances are sufficiently large,

the proposed system has acted below:

1) The load voltages Vr are stable against the load resistances because (3.19)

is irrelevant to Rl. For that reason, the ratios among the load voltages are

independent of the load resistances. Additionally, the voltages induced in

the receivers are mostly dominated by the transmitting currents It because

the use of low operation frequency will outstandingly suppress the cross-

couplings among the receiving coils. According to (3.18), the transmitting

currents It are stable against the variations of the load resistances. There-

fore, the induced voltages in the receivers are stable regardless of the load
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variations. This is also considered as the additional explanation for being

able to deliver constant voltages to the load resistances.

2) The load voltages as well as the ratios among them mainly depend on the

mutual inductances Lst between the source and the transmitting resonators,

and the mutual inductances Lrt between the transmitting and receiving res-

onators. Given certain positions of the receivers, we can regulate the load

voltage ratios by changing the relative position of the transmitting res-

onators inside the charging platform because this will change in the mutual

inductances Lst and Lrt.

3) The load voltage ratio is irrelevant to the source voltage V0.

3.2.3 Voltage control and effectiveness

The aforementioned three behaviors suggest that controlling the load voltages to

reach their rated values is a simple two-step process as follows. First, given values

of the rated voltages V ?
M+1, V

?
M+2, . . . , V

?
M+N for N receivers, the arrangement

of the transmitting resonators will be adjusted inside the charging platform until

the ratio of the load voltages VM+1 : VM+2 : · · · : VM+N reaches the ratio of the

rated values V ?
M+1 : V ?

M+2 : · · · : V ?
M+N . Second, the source voltage V0 will be

increased or decreased until all the load voltages reach the correspondingly rated

values.

The voltage control method takes effect when the load voltages are inde-

pendent of the load resistances. For that to happen, according to (3.17), the

following conditions must be remarkably satisfied
UN � |Z̃rrR

−1
l |,

|Z̃tt| � |ω2LtrR
−1
l Lrt|,

|Lts| � |ωLtrR
−1
l Lrs|,

r0 � |ω2LsrR
−1
l Lrs|.

(3.20)

(3.21)

(3.22)

(3.23)

Therefore, several characteristics of the proposed method can be drawn as

follows.
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1) The cross coupling among the coils would be significantly suppressed and

low operation frequency should be used if we need to achieve constant volt-

age functionality at low values of the load resistances. This feature is similar

to the discovery in [133].

2) When the system has larger number of transmitting and receiving res-

onators, the load voltages would be more difficult to attain the stable values

against the load variations. This means when the system is scaled up, the

load voltages will be stabilized at larger load resistances.

3) The system can stabilize the load voltages at lower load resistances if the

cross couplings Ltt among the transmitting resonators and/or the mu-

tual inductances Lts between the transmitting and receiving resonators are

stronger.

3.2.4 RF-RF efficiency

The output power is derived by:

Pout =
1

2
Re{V H

r R−1
l Vr}

=
1

2
Re{[A−BC−1D]HR−1

l [A−BC−1D]}|I0|2,
(3.24)

The input power is calculated by:

Pin =
1

2
Re{V ∗

0 I0} =
1

2
Re{E−FC−1D}|I0|2. (3.25)

Accordingly, the RF-to-RF efficiency is determined as following formula:

η =
Pout

Pin

=
Re{[A−BC−1D]HR−1

l [A−BC−1D]}
Re{E−FC−1D} . (3.26)

3.3. Simulation results

In order to confirm the effectiveness of the proposed voltage control method

we carried out full-wave electromagnetic (EM) simulations using WIPL-D c© Pro

software. We conducted an investigation into the systems with two receivers and
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Figure 3.2. Simulation configuration of the two-receiver charging system

three receivers. In both systems all coils were the planar spiral coils. All coils

were made of copper wire with conductivity of 5.8 × 107S · m−1. The radius of

wire was 1mm and the turn spacing was 1mm. It was assumed that the source

resonator was driven by a power source. The power source supplied a sinusoidal

constant voltage of 10V. The operating frequency of the power source was 200kHz

with zero phase offset. It was also assumed that the power source had no internal

resistance.

3.3.1 Two-receiver system

The simulation setting of the two-receiver system was described in Fig. 3.2. The

sizes of the source, the transmitting coils were identical with 100mm × 200mm
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while that of the receiving coils was 100mm × 100mm. The numbers of turn of

the source, the transmitting and the receiving coils are 3, 8 and 3 respectively.

Initially, TXs was 30mm distant from RXs (dtr = 30mm) while the distance

between TXs and the source resonator dst is 20mm. Then, one transmitting coil

was vertically lowered down from the initial position by steps to simulate the

change of the arrangement of the transmitting resonators.

Fig. 3.3 showed the load voltages over the variations of the load resistances

in two different arrangements of the two transmitting resonators. In these simu-

lations, the load resistances varied from 5Ω to 500Ω. The results indicated that

in two arrangements of the transmitting resonators the load voltages almost kept

unchanged against the wide range of the load resistances. When the vertical dis-

tance between two transmitting resonators dtt was 10mm, the ratio of two load

voltages was about two (V4 : V3 = 4.2V : 2.1V) as shown in Fig. 3.3a. The ratio of

the load voltages went to approximately 3.5 when dtt was 16mm, while the load

voltages were still kept constant against the variations of the load resistances.

However, when the load resistance R3 changed from 5Ω to 20Ω, the load voltage

V4 slightly increased from 4V to about 4.2V before stabilizing at 4.2V regardless

of continuous increase of the load resistances. This was because when the load

resistances were small, the impact of the cross couplings among the receiving coils

become stronger due to the increases of the load currents. Therefore, the stability

of the load voltages would be deteriorated.

The relation between the currents flowing in the transmitting resonators and

the load resistances was shown in Fig. 3.4 . The simulation results highlighted

that the transmitting currents were stable against the load variations. It agreed

with the prediction in section 3.2.2. When the transmitting resonator 1 was at

the position of 10mm lower than the initial position, the currents flowing in the

transmitting resonators I1 and I2 were kept stable at about 3.4A and 2.6A

Fig. 3.5 illustrated the ratio between the two output voltages as a function of

the vertical distance between the two transmitting coils. The estimated values,

based on (3.19), and the simulation results have plotted in the same graph to

verify the validity of the results. It was clear that when the vertical distance be-

tween two transmitting resonators increased, the ratio between two load voltages

get bigger. For the system in this simulation, the ratio between two load volt-
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Figure 3.3. The load voltages as a function of the load resistances R3 and R4,

with the vertical distance between two transmitting coils: (a) dtt = 10mm and

(b) dtt = 16mm.
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Figure 3.4. The amplitudes of the currents in the transmitting resonators

ages could reach the value of up to 3.5. The figure indicated that the simulation
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Figure 3.5. The load voltages as a function of the adjusting distance

results would approach the estimates as the load resistances became greater. For

the case of the large load resistances, the simulation results would come nearer

the estimated values calculated in (3.19) because the conditions (3.20) - (3.23)

completely held. In contrast, the estimates was slightly different from the simu-

lations as the load resistances were small, . Again, this was because the coupling

effect from the receiving resonators was so strong that it could be not neglected

in the calculation.

The variations of the output voltages over the change of the source voltage

were illustrated in Fig. 3.6. The simulation results and the estimated values

were plotted on the graph to validate the estimation of the output voltages in

(3.19). The results indicated that the load voltages were proportional to the

source voltage. The load voltages V3 and V4 were 2V and 4V respectively when

the source voltage was 10V. The load voltages of 6V and 12V were obtained when

the source voltage was adjusted to 30V. However, the ratio between the two load

voltages did not change as the source voltage alters. The results confirmed that

once the ratio between the two load voltages was fixed at the certain value, we

could adjust the load voltages to make the load voltages meeting individually

rated values.
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Figure 3.6. The load voltages when the vertical distance between two transmitting

coils is equal to 10mm

Fig. 3.7 is the investigation of the RF-RF efficiency against the vertical dis-

tance between two transmitting coils dtt. In these simulations the load resistances

were selected to be 5Ω. It was indicated that the simulation results well matched

the theoretical analysis in (3.26). The system could achieve higher efficiency

as distance between the receiving resonators and the transmitting resonators dtr

was smaller. The transmission efficiency depended on not only the arrangement

of the transmitting resonators but also the distance between the transmitting

resonators and the receivers dtr. When the distance between the transmitting

resonators and the receivers was 30mm, the transmission efficiency could be 56%

if the vertical distance between the transmitting resonators was 16mm. This

number of transmission efficiency increased to 66% if we shortened the distance

between the transmitting resonators and the receivers to 20mm for the same

arrangement of the transmitting resonators. The transmission efficiency would

reduce as The coupling between two transmitting coils became stronger and vice

versa. Although the transmission efficiencies were not so high, they were still

adequate for some low power applications, e.g., charging of up to several watts.

Also, the achieved efficiencies were acceptable as all constant voltage designs
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Figure 3.7. RF-RF efficiency as a function of vertical distance between two trans-

mitting coils with load resistances of 5Ω

instinctively suffers from efficiency degradation.

Fig. 3.8 showed the RF-RF efficiency over the alternation of the two load

resistances. The results highlighted that the system efficiency was inversely pro-

portional to the load resistances. The system could achieve the transmission

efficiency of about 80% when the load resistances were just 1Ω. This number of

the transmission efficiency reduced to under 35% as two load resistances increased

to 10Ω. It was observed that high efficiency could be achieved in the range of

small load resistances. However, the output voltages were stable against load

variations when load resistances altered in a larger range as proved in the pre-

vious parts. Therefore, it should be noticed of the tradeoff between the RF-RF

efficiency and the stabilization of the output voltages when designing charging

systems with the characteristic of stabilizing load voltages.

3.3.2 Three-receiver system

In order to confirm the scalability of the theory in Section 3.2.2, the simulation

configuration of three receivers was carried out to investigate the output voltages

47



2
4

6
8

10

2
4

6
8

0

25

50

75

100

R4 [Ω]
R3 [Ω]

E
ffi

ci
en

cy
η

[%
]

Figure 3.8. RF-RF efficiency as a function of two loads when vertical distance

between two transmitting coils is equal to 10mm

against the load resistances. The three-receiver system was set up as shown in

Fig. 3.9. The sizes of the source, the transmitting and the receiving coils were

respectively 100mm×300mm, 100mm×200mm and 100mm×100mm. The source

and the receiving coils were 3-turn spiral coils while the transmitting coils were

4-turn spiral coils. The number of the turns of the transmitting coils decreased

from 8 in the two-receiver system to 4 in three-receiver system because of the

limitation of the software. Initially, the distance between the source coil and three

transmitting coils was 20mm and that between transmitting coils and receiving

coils was 30mm. The load resistances changed from 5Ω to 100Ω to conduct an

investigation into the output voltages.

Table 3.1 illustrated the load voltages over the variations of the load resis-

tances when the middle transmitting resonator was lowered down 10mm in com-

pared with the others. It was clear that when the load resistances were large,

the load voltages could be stabilized against the load resistances. However, the

load voltages lost the stability when the load resistances reduce to small values.

Again, this was because the cross-couplings among the transmitting resonators

decrease when the system was scaled up. It led the condition (3.21) could not be

hold when the load resistances became small. Therefore, it was an explanation
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Figure 3.9. Simulation configuration of the three-receiver charging system

for the instability of the load voltages when the load resistances varied in small

range.

3.3.3 Effect of Q-factor of the coils

Q-factors of the coils were the important factor because they would affect the

performance of constant voltage designs for IPT systems. Table 3.2 in the next

page showed the Q-factors of the coils utilized in the simulations in Section 3.3.1

and Section 3.3.2. As indicated in the table, the Q-factors of the coils in the

previous investigations have an average values from around 70 to 120. This meant

that the proposed scheme could achieve the expected stability and controllability

for the coils with high Q-factors.

Next, the voltage stability and controllability of the proposed scheme were
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Table 3.1. Simulation results: Output voltages against the load resistances for

the configuration in Fig. 3.9

R4 [Ω] R5 [Ω] R6 [Ω] |V4| [V] |V5| [V] |V6| [V]

5 5 5 1.713 2.128 1.712

10 5 5 1.956 2.126 1.485

50 30 20 1.818 2.144 1.640

100 30 20 1.849 2.144 1.613

100 30 50 1.762 2.144 1.698

output voltages

estimated in (3.19)
1.732 2.141 1.725

investigated when the Q-factors reduced from the values used in the previous

subsections. In this investigation, the two loads of the system in Fig. 3.2 were

set to be identically equal to 10Ω and the three loads of the system in Fig. 3.9

were identically equal to 10Ω also. The self-inductances of the coils were kept

constant and their Q-factors were reduced by increasing the internal resistances.

Using MATLAB, the simulation values in (3.16) and the estimated values were

calculated in (3.19).

Fig. 3.10 in the previous page plotted the graph of the load voltages over

the variations of the Q-factors of the source coil, the transmitting coils, and the

receiving coils from 1 to 120. In Fig. 3.10, the subfigures (a), (b), (c) illustrated

the results for the two-receiver system when the TX2 lowered down 10mm while

the subfigures (d), (e), (f) were those for the three-receiver system when we

adjusted the TX2 and the TX3 down 10mm and 4mm respectively. As can be

seen in the subfigures (a) and (d), when the quality factor of the source coil

reduced, in each system, the simulation values still agreed with the approximated

values of the load voltages, meaning that the load voltages in both systems were

stabilized against the load resistances. Although the load voltages reduced, they

were still stable against the load variations even when the Q-factor of the source

coil reduced to under 20. This was because the condition (3.23) still held when r0
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Table 3.2. List of quality factor of the coils in the simulations

Symbol Parameter Simulation value

Two-receiver system

Q0 Quality factor of the source coil 77

Qt Quality factor of the transmitting coils 118

Qr Quality factor of the receiving coils 74

Three-receiver system

Q0 Quality factor of the source coil 83

Qt Quality factor of the transmitting coils 96

Qr Quality factor of the receiving coils 74

increased due to the decrease of Q0. Next, the subfigures (b) and (e) showed that

the simulation values of the load voltages approximated the estimated ones when

the Q-factors of the transmitting coils decreased. It meant that the load voltages

were still stable against the load variations when the Q-factors of the transmitting

coils reduced. This was because the condition (3.21) still held. Finally, the effect

of the receiving coil Q-factors was desribed in the subfigures (c) and (f). The

load voltages were kept stable only when the Q-factors of the receiving coils were

greater than 20. When the Q-factor reduced to under 20, the internal resistances

of the receiving coils became greater. The condition (3.20) would not be satisfied.

As a result, the simulation voltages were far from the estimated values. It was

equivalent that the load voltages were not stable against the loads for this region

of the receiving coils’ Q-factors.

As an example to show that the load voltages kept stable when the approxi-

mated output voltages approximated the simulation values, Fig. 3.11 plotted the

graph of the load voltages over the variations of the load resistances when the

Q-factor of the receiving coils was 50 and the TX2 lowered down 10mm in the

two-receiver system. The load resistances changed from 10Ω to 100Ω but the load

voltages were still stabilized. This result could be attributed to the fact that for

the Q-factor of 50 the actual load voltages were near to the approximated ones

as shown in Fig. 3.10c.
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Figure 3.10. The effect of Q-factor of the coils on the load voltages: (a), (b), (c)

the system with two receivers and (d), (e), (f) for the system with three receivers.

3.4. Experimental results

In order to confirm the feasibility of the proposed system, a demonstration system

was constructed. The coupling network consisting of one source, two transmit-

ting and two receiving resonators was illustrated in Fig. 3.12. The setup of the

coupling network was identical to that of the simulation configuration in Fig. 3.2.

The coils were made from 1mm-diameter copper wire. The turn number of the

source, the transmitting and the receiving coils were 4, 10, and 5 respectively. The
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Figure 3.11. Load voltages as function of loads when Qr = 50.

dimensions of the source and the transmitting coils were 100mm× 200mm, while

those of the receiving coils were 100mm × 100mm. The self-inductance of each

coil was cancelled out by a series resonant capacitor. Each resonant capacitor

was implemented by combining several discrete capacitors. The measurements of

the impedances of the resonators were taken by Vector Network Analyzer ZNBT

8. The list of the self-inductances of the coils and the corresponding resonant

capacitances were showed in Table 4.1. Fig. 3.14 showed the setup of the demon-

stration system which could control two load voltages independently of the load

resistances. A DC power supplied power for the RF inverter PATO23-1 to gen-

erate frequent square-wave signal with the frequency f = 145kHz. This signal

was then used to be the input voltage of the coupling network. The square-wave

signal was chosen as input voltage because of two reasons. For high operating

frequencies, it was easier to generate square-wave signal than pure-sine-wave one

[134]. For IPT systems, square-wave input voltage could give load voltage and

current which were insignificantly different from using pure-sine wave [135]. Os-

cilloscope RTO 1004 was utilized to measure the output voltages as well as to
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C2
receiving

coil 1 (RX1)
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receiving
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Figure 3.12. The experimental network with one source, two transmitting and

two receiving resonators.

DC power
source

RF inverter

Oscilloscope

Coupling network

R3R4

Output voltages

Figure 3.13. The experimental system for verification of controlling two load

voltages in two-receiver IPT system.

capture their waveform.

In this work, we just focused on demonstrating the method of controlling
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Table 3.3. List of parameter values in the prototype

Symbol Parameter Practical value

L0 self-inductance of source coil 8.26µH

C0 resonant capacitor for L0 144nF

L1 self-inductance of TX1 42.92µH

C1 resonant capacitor for L1 28.15nF

L2 self-inductance of TX2 43.54µH

C2 resonant capacitor for L2 27.66nF

L3 self-inductance of RX1 7.8µH

C3 resonant capacitor for L3 154.7nF

L4 self-inductance of RX2 7.76µH

C4 resonant capacitor for L4 155nF

the load-independent output voltages, therefore the rectifier and the regulator

were not included in the experiment for simplicity. Pure resistors were directly

connected to the receivers of the system and considered as the loads. The loads

altered among 10Ω, 20Ω, 30Ω, 56Ω, 91Ω to examine two load voltages. Initially,

two transmitting resonators was 30mm distant from two receiving resonators and

20mm distant from the source resonator. The measurements were then evaluated

by statistical parameters of mean and corrected sample standard deviation [136].

Table 3.4 shows the measures of the load voltages over the variations of the

load resistances when two transmitting coils are on the initial arrangement as

in Fig. 3.14a. The load voltages were measured in 25 times due to the changes

of the load resistances. The results illustrated that the load voltages were kept

stable against the variations the load resistances. In these results, the means of

the measures of the load voltages V3 and V4 were 2.77V and 2.59V. The corrected

sample standard deviation for the measures of V3 was 0.2V, about 7.29% of the

mean of V3, while this number for those of V4 was 0.14V, nearly 5.35% of the

mean of V4.

In the experimental arrangement as in Fig. 3.14b, the transmitting resonator
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Table 3.4. Experimental results: Several measures of the output voltages against

the load resistances for the arrangement in Fig. 3.14a

R3 [Ω] R4 [Ω] |V3| [V] |V4| [V]

10 10 2.5692 2.332

10 20 2.5692 2.411

20 30 2.8458 2.6877

30 20 2.8854 2.6087

30 56 2.8854 2.6482

91 56 2.8458 2.6877

56 91 2.6877 2.5296

source resonator

TX1 TX2

RX1 RX2

20mm

30mm
6mm

(a) dtt = 10mm

source resonator

TX1 TX2

RX1 RX2

20mm

30mm
6mm

(b) dtt = 16mm

Figure 3.14. The load voltages as a function of the load resistances R3 and R4,

with the vertical distance between two transmitting coils: (a) dtt = 0mm and (b)

dtt = 6mm.

1 was 6mm distant beneath the transmitting resonator 2. Fig. 3.15 in the pre-

vious page showed a snapshot of the voltage waveforms at the input and the

output of the prototype with R3 = 56Ω and R4 = 91Ω. The peak values of the

load voltages over the variations of the load resistances were presented in Fig.

3.16. The results indicated that the load voltages were slightly far from the sta-

ble values when the load resistances varied in small range of from 10Ω to 30Ω.

However, two load voltages kept stable when the load resistances were greater

than 30Ω. Statistically, the means of the load voltages V3 and V4 were 2.08V and
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2.70V respectively. The corresponding corrected sample standard deviations of

the measures of the load voltages were 0.08V and 0.08V. The deviations were

just equal to about 3.79% and 2.88% of the means of the measures of the two

output voltages. In all the experiments, the corrected sample standard devia-

tions of the measures of the load voltages were under 10% of the mean values.

It meant that the load voltages were considered as to be stabilized against the

load resistances. The results also indicated that lowering down one transmitting

resonator could lead to a difference between two load voltages. It verified that

the load voltage ratio could possibly be controlled by changing the arrangement

of the transmitting resonators.

input voltage (channel 1)

output voltage (channel 2)

Figure 3.15. Snapshot of input voltage and output voltage in demonstration for

R3 = 56Ω and R4 = 91Ω.
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Figure 3.16. Load voltages as a function of the loads with the arrangement of the

coil as in Fig. 3.14b.

3.5. Conclusion

This chapter has proposed an IPT platform to address the challenge of charging

multiple receivers where each receiver required a rated voltage for its load. The

proposed IPT charging platform consisted of one source resonator and multiple

transmitting resonators. The theoretical analyses in this chapter indicated that

when the load resistances were sufficiently large, the load voltages and their ratio

were stable against load variations and depended only on the mutual inductances

among the coils. Once the load voltages were stable against the load variations,

they could be adjusted to rated voltages by effortlessly changing the relative

position of the transmitting coils inside the charging platform. This adjustment

could be done by a mechanical part. It was also highlighted that high transmission

efficiency could be not achieved in the proposed system when the load voltages

were stabilized against the wide range of the load resistances. The effectiveness

of the load voltage control method has been confirmed via EM simulations of the

two-receiver and the three-receiver IPT systems. For the two-receiver system, the

ratio of up to 3.5 could be obtained between the two load voltages. For the three-
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receive system, even under the load variations, stable load voltages have been

observed at a more balanced ratio of about 1.7:2.1:1.7. The calculation using

MATLAB indicated that the load voltages were still stable against the variations

of the load resistances even with low Q-factors of the coils in the proposed IPT

system. Finally, the feasibility of the proposed system was confirmed by the

experiments with a two-receiver prototype. The system operated with a practical

square-wave signal. In the experiment, it has been demonstrated that the system

also had the ability to transfer stable voltages to the two loads with the deviations

of under 7.29%. The effectiveness of the proposed IPT platform was verified by

both the simulation results using ideal sinusoidal source and the experimental

results using practical square-wave source.

59



Chapter 4

Load voltage stabilization in

cooperative IPT system with

K-inverter

4.1. Introduction

Last chapter proposed IPT charging platform to address the challenge that each

receiver required a rated voltage for its load. However, in other scenario, there

might be some receivers located far from charging platform, leading to the de-

terioration of the system performance because transmission distance is limited

because of the coupling between transmitting coil and receiving coil [100]. In or-

der to recover the performance, resonators were employed to support transmitter

[17]. They are also known as relays. Relay has played an important role in IPT

systems. Relays could be used for boosting charging voltage [130] or reducing

impact of source internal resistance [113]. In another application, relay was de-

signed to switch between constant current mode and constant voltage mode to

meet the requirements of battery charging [105]. However, in mentioned systems

above, relay coils played one role of supporting transmitter to transmit power to

a distant receiver. In this chapter, in order to address the challenge of delivering

power to distant receiver, instead of using additional relay, another receiver which

could simultaneously help transmitter to transfer power to distant receiver and

draw power itself was utilized. This kind of the system can be called cooperative
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IPT system. LC tank or K-inverter was added to relay to realize cooperative

characteristic while still stabilizing load voltages against load variations [P.C1],

[P.C2], [P.C3].

4.2. Cooperative transmission with LC tank

4.2.1 System description

In this section, LC tank was added to relay to realize cooperative characteristic

while keeping the load voltages stable against the load variation [P.C1].

Fig. 4.1 illustrated the schematic circuit of the cooperative IPT system using

LC tank. A power source was used to drive the primary coil (L0) to deliver power

to the relay coil (L1). Here, the power that the relay coil received was splitted

into two parts. One part of the power was consumed by the load (R1) which

the relay carried. The rest of power was continuously deliver to the secondary

coil (L2) and consumed by the load (R2) that the secondary coil carried. In this

system, the self-inductance of each coil was cancelled out by a series resonant

capacitance. Then, an additional LC tank was equipped for the relay to realize

the stability of two output voltages against the variations of the load resistances.

In the model, there were several assumptions as follows. The power source had

no internal resistance. The coupling between the primary coil and the secondary

coil was very weak (M02 = M20 ≈ 0). Internal resistances of the coils as well as

I0

L0

C0

V0

I1

L1

C1

L1m

C1m

I1m

R1

IR1

+

−

VR1

I2

L2

C2

+

−

VR2 R2

M01 M12

Figure 4.1. System model in cooperative IPT system using LC tank at relay
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the compensatory inductors and capacitors were negligibly small. Therefore, we

disregarded the internal resistances for simplicity in theoretical analysis.

According to Kirchhoff’s laws, relations between voltages and currents were

given

V0 = (jωL0 +
1

jωC0

)I0 + jωM01I1, (4.1)

VR1 = −jωL1m(I1 − IR1) +
1

jωC1m

IR1 , (4.2)

VR2 = jωM21I1 + (jωL2 +
1

jωC2

)I2. (4.3)

In above equations, the operating angular frequency of the power source was

denoted by ω while j =
√
−1 was the imaginary unit. The mutual inductance

between any two coils was Mmn where m,n ∈ {0, 1, 2} and m 6= n. Because

of the reciprocity of the network, we had Mmn = Mnm. V0 was the complex

voltage of the power source. VR1 and VR2 were two complex load voltages at the

relay coil and the secondary one. I0, I1 and I2 denoted for the complex currents

in the primary, relay and secondary coils while the complex current in the load

resistance carried by the relay coil was denoted by IR1 . L0, L1 and L2 were the

self-inductances of the primary, relay and secondary coil respectively. R1 and R2

were the load resistances carried by the relay and secondary coils. C0 and C2 were

the compensatory capacitances for the primary and the secondary coils while the

combination of C1m, L1m and C1 formed the compensation network between the

relay coil L1 and its load resistance R1. The independence of two output voltages

against the variations of the load resistances would be illustrated in the next

section.

4.2.2 Load-independent output voltages

The compensatory components in compensation networks were designed to satisfy

resonant relationship

ω =
1√
L0C0

=
1√
L1C1

=
1√
L2C2

=
1√

L1mC1m

(4.4)

Combining (4.1), (4.2), (4.3) and (4.4), we obtained

V0 = jωM01I1, (4.5)
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Figure 4.2. Simulation arrangement

VR1 = −jωL1mI1, (4.6)

VR2 = jωM21I1. (4.7)

Therefore, the output voltages VR1 and VR2 could be expressed as

VR1 = −L1m

M01

V0, (4.8)

VR2 =
M21

M01

V0. (4.9)

Equations (4.8) and (4.9) highlighted that the output voltages were stable

against the variations of the load resistances. It was clear that the output voltages

were only decided by the source voltage, the compensatory inductor and the

mutual inductance among the coils.

4.2.3 Simulation results

To verify the theoretical analysis in Section 4.2.2, WIPL software based simu-

lations were carried out. Fig. 4.2 showed the simulation configuration. In the

63



100mm

100mm

100mm

Figure 4.3. Coi layout used in the simulations.

simulations, the system included the primary, the relay and the secondary coils.

The coils had an identical size of 100mm-by-100mm. Each coil was spiral coil

with 10 turns as described in Fig. 4.3.

The material utilized to simulate the coils was 1mm-diameter copper wire with

the conductivity of 58MS m−1. The horizontal distance between two perpendicu-

lar axes of two adjacent coils was denoted by ∆y. The power source used in the

simulations was 5V sine-wave voltage and supposed to had no internal resistance.

The operating frequency of the power source was set to be 200kHz. The loads

varied from 10Ω to 100Ω to investigate the voltages of two loads carried by the

relay and the secondary coils. In order to simulate the negligibly weak coupling

between the primary coil and the secondary one, ∆y was adjusted to be 55mm

as illustrated in Fig. 4.4.

In the simulations, the compensatory components were set to make the output

voltages VR1 and VR2 provided by the relay coil and the secondary coil to be

equal to the source voltage. More specifically, for the output voltage VR1 , the

impedance of the compensatory inductor L1m was set to equal to the mutual

coupling between the primary coil and the relay one according to (4.8). For the

output voltage VR2 , the relay was distant from the primary and the secondary

coil with the same distance d of 30mm. This would ensure M01 equals to M12

according to (4.9).
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Figure 4.4. Side projection of the coils in the simulation.
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Figure 4.5. Load voltages as a function of the loads with the configuration in Fig.

4.4.

Fig. 4.5 plotted the graph of the output voltages over the variations of the

load resistances. The results highlighted that the output voltages were stabilized

against the variations of two load resistances. Two output voltages V1 and V2

were kept constant at 4.9V and 4.8V. The output voltages were slightly different

from the source voltage. This could be caused by the internal resistances of the

coils and the mutual coupling between the primary coil and the secondary one.

Although internal resistances and the mutual coupling were small but they still

had impact on the stability of two output voltages.

The simulation results confirmed that by using LC tank the relay could si-
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Figure 4.6. System model for cooperative IPT system using K-inverter at the

relay.

multaneously draw power itself and support transmitter to deliver power to a

distant receiver. Furthermore, LC tank structure also helped not only to deliver

a constant voltage to the distant receiver but also to stabilize its load voltage

against the load variations. However, this structure suffered the deterioration of

transmission efficiency because the imaginary part of the relay circuit was not

eliminated completely. An improvement by using K-inverter will be explained in

next section.

4.3. Cooperative transmission with K-inverter

In the cooperative IPT system using LC tank, even though the load voltages were

stable against the load variations, the cooperative IPT system could not achieve

high transmission efficiency because the imaginary part of the total impedance of

the relay circuit was not completely eliminated. In order to improve the efficiency,

a K-inverter was used instead of LC tank to realize the cooperative characteristic

of the relay as well as stabilize load voltages against load variations.
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4.3.1 System description

Similar to the cooperative IPT system using LC tank, the cooperative IPT system

using K-inverter also included the transmitter, the relay and the distant receiver

as described in Fig. 4.6. In this model, the constant voltage source V0 operating

at frequency f (angular frequency ω = 2πf) drove the transmitter with primary

coil L0. The relay coil L1 would receive power transmitted from the primary coil

through the mutual inductance M01 between them. One part of the power that

the relay received was consumed by its load R1. Another part of the received

power was transmitted to the secondary coil L2 through the mutual inductance

M12 between the relay coil and the secondary coil. Then, this amount of the

power was consumed by the load R2 carried by the secondary coil.

As analogous to the cooperative IPT system in [P.C1], the self-inductance of

each was compensated by a series resonant capacitor first. Then a K-inverter,

under the form of CLC topology (C1m−L1m-C2m) in this case, was added to the

relay to realize the characteristics of cooperative transmission and load voltage

stability. The power source was assumed to have no internal resistances. The

internal resistances of the coils were ignored in theoretical analysis for simplicity

because they were negligibly small in comparison to the mutual couplings and

the load resistances.

According to Kirchhoff’s laws, relations between voltages and currents are

given

V0 = (jωL0 +
1

jωC0

)I0 + jωM01I1 + jωM02I2, (4.10)

− jωL1m(I1 − IR1) = jωM10I0

+ (jωL1 +
1

jωC1

+
1

jωC1m

)I1 + jωM12I2,
(4.11)

0 = −jωL1m(I1 − IR1) + (R1 +
1

jωC1m

)IR1 , (4.12)

0 = jωM20I0 + jωM21I1 + (R2 + jωL2 +
1

jωC2

)I2. (4.13)

In the equations above, Mkl is the mutual inductance between any two coil

where k, l ∈ {0, 1, 2} and k 6= l. I0, I1 and I2 were the complex currents in the

corresponding coils. IR1 and I1m were the complex currents flowing in the load

resistance R1 and in compensatory inductor L1m. C0, C1 and C2 were the series
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compensatory capacitors used to cancel out the self-inductances of the primary,

the relay and the secondary coils. C1 and CLC topology formed by C1m, L1m and

C2m were combined to form the compensation network between load resistance

R1 and relay coil.

The input power was

Pin =
1

2
Re{V ∗

0 I0} (4.14)

where x∗ denoted for the conjugate of the complex number x.

The out power consumed by the loads was

Pout =
1

2

( |VR1|2
R1

+
|VR2|2
R2

)
(4.15)

where |x| was the amplitude of the complex number x; VR1 and VR2 were respec-

tively complex voltages of the loads R1 and R2. The load voltages were expressed

in (4.24) and (4.25) of the next page.

The RF-RF efficiency was derived

η =
Pout

Pin

(4.16)

4.3.2 Efficiency improvement

The compensatory components were designed to satisfy resonant relationship:

ω =
1√
L0C0

=
1√
L1C1

=
1√
L2C2

=
1√

L1mC1m

=
1√

L1mC2m

(4.17)

In Fig. 4.6, the equivalent impedance Ze when looking from the relay coil L1

to the load resistance R1 was

Ze =
ω2L2

1m

R1

+ jωL1m (4.18)

For the compensation scheme of C1-L1m-C1m introduced in [P.C1], the relay cir-

cuit could not achieve resonance because the imaginary part of the equivalent

impedance Ze was not eliminated completely. Therefore, the efficiency was de-

teriorated. When using K-inverter instead of LC tanke, the total impedance
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corresponding to the current I1 in the relay coil was

Ztotal = Ze +
1

jωC2m

+ jωL1 +
1

jωC1

=
ω2L2

1m

R1

(4.19)

Equation (4.19) shows that when using K-inverter instead of LC tank, not only

the load resistance R1 was transformed but also the imaginary part of the total

impedance was completely removed. It meant that the relay circuit was consid-

ered as a resonator with small internal resistance. Consequently, the power could

be relayed to the secondary coil with higher efficiency than the system introduced

in [P.C1].

4.3.3 Output voltage stability against load variations

According to Kirchhoff’s law, the relations between voltages and currents were

expressed as follows:

V0 = jωM01I1 + jωM02I2, (4.20)

jωL1mIR1 = jωM10I0 + jωM12I2, (4.21)

0 = −jωL1mI1 +R1IR1 , (4.22)

0 = jωM20I0 + jωM21I1 +R2I2. (4.23)

Combining (4.20)-(4.23), the output voltages could be derived as in (4.24) and

(4.25).

VR1 =
−jωL1m

jωM01 +
ω2M02M21

R2

+
ω2M02M20

R2

−ω
2L2

1m

R1

− ω2M12M21

R2

jωM10 −
ω2M12M20

R2

V0, (4.24)

VR2 =

jωM20

−ω
2L2

1m

R1

− ω2M12M21

R2

jωM10 −
ω2M12M20

R2

+ jωM21

jωM01 +
ω2M02M21

R2

+
ω2M02M20

R2

−ω
2L2

1m

R1

− ω2M12M21

R2

jωM10 −
ω2M12M20

R2

V0. (4.25)
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When the load resistances R1 and R2 were sufficiently large, the output voltages

VR1 and VR2 were approximated:

VR1 ≈ −
L1m

M01

V0, (4.26)

VR2 ≈
M21

M01

V0. (4.27)

Equations (4.26) and (4.27) indicated that when the load resistances were

sufficiently large, two output voltages were stabilized against the variations of the

load resistances. They only depended on source voltage, compensatory inductor

and the mutual inductances between two adjacent coils. Therefore, adding K-

inverter to the relay, we could realize the cooperative characteristic while still

stabilizing the load voltages against the load variations.

4.3.4 Simulation results

In order to confirm the effectiveness of the proposed system, some simulations

using WIPL-D were carried out. Fig. 4.7 described the simulation arrangement.

In these simulations, the size of all the coils is 10cm-by-10cm. Copper wire with

the conductivity of 58MS m−1 was used to construct the coils. The constant

voltage source of 5V was utilized to supply power for the primary coil. Two load

resistances R1 and R2 changed from 10Ω to 100Ω to examine two output voltages

and the efficiency. For simplicity, the compensatory inductor L1m is selected to

be equal to the mutual inductance between the primary coil and the secondary

coil. The relay coil was placed to be equidistant between the primary coil and

the secondary coil with distance d. In the simulations, d was equal to 60mm.

Therefore, for the simulation setting, two output voltages would be equal to the

source voltage according to (4.26) and (4.27). The transmission efficiency of the

proposed system analyzed in Section 4.3.1 would be compared with those of the

system in [P.C1] and the system using resonators.

For the simulations of the system using resonators and the system in [P.C1],

the arrangement and all parameters are the same as those of the system described

above, except for compensation networks which were designed as in [P.C1]. In

systems using resonators, the compensation scheme of series, series and series
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Figure 4.7. Simulation arrangement for cooperative IPT system using K-inverter.

(S-S-S) was applied where the capacitance of each compensatory capacitor would

cancel out the self-inductance of the corresponding coil. There was only one load

carried by the secondary coil.

Fig. 4.8 plotted the graph of the output voltages over the variations of the load

resistances. It was clear that two output voltages were stabilized at 5V regardless

of the variations of the load resistances. The simulation results were consistent

with those estimated in (4.26) and (4.27). When the load resistances varied in

small range, two output voltages were slightly different from the estimated values.

This was caused by the impact of the internal resistances and the coupling among

the coils.

The simulation results indicated that the proposed system could achieve higher

transmission efficiency than the system in [P.C1] and the conventional one did.

When the load resistance R1 was equal to 10Ω, the transmission efficiency of

the proposed system was 15% greater than that of the cooperative system in

[P.C1]. This gap of transmission efficiency increased to about 20% when the load
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Figure 4.9. Efficiency over the loads.

resistance R1 was 100Ω. The efficiency in [P.C1] did not always outperform the

conventional one. However, for the proposed system, the transmission efficiency
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Figure 4.10. Experimental system to demonstrate cooperative IPT system using

K-inverter.

was completely improved with the wide range of the load resistances. For the

same load resistance R2, the transmission efficiency increased when the load re-

sistance R1 decreased. When R1 was very large, the performance of the proposed

system approached that of the system using resonators.

4.3.5 Experimental results

The feasibility of the cooperative ITP system using K-inverter was verified by a

demonstration system as shown in Fig. 4.10. In the experiments, the primary

coil had 5 turns while the relay and the secondary coils had 10 turns. The size

of all the coils was 10cm-by-10cm. The distance between any two adjacent coils

was 75mm. The list of the components used the demonstration system were

illustrated in Table 4.1. The RF inverter generated square-wave voltage with

operation frequency of 200kHz. This signal was considered as the input voltage

of the system. Each load resistance changed among 10Ω, 20Ω, 56Ω and 91Ω to

examine the output voltages.

Fig. 4.11 illustrated the output voltages over the variations of the load re-

sistances. The experimental results indicated that the output voltage VR1 was

stabilized at 1.6V while the output voltage VR2 was stable around 1.3V. Even

though there are the variations of two load resistances, two output voltages keep

stable. Similar to the simulation results, the output voltages were slightly dif-

ferent from the stable values as the load resistances were in small range. This
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Table 4.1. List of parameter values in the demonstration

Symbol Parameter Practical value

L0 self-inductance of primary coil 7.75µH

C0 resonant capacitor of L0 81.79nF

L1 self-inductance of relay coil 27.17µH

C1 resonant capacitor of L1 23.5nF

C1m, C2m compensatory capacitors 467.3nF

L1m compensatory inductor 0.22µH

L2 self-inductance of secondary coil 26.94µH

C2 resonant capacitor of L2 23.5nF
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Figure 4.11. Load voltages as a function of the loads in demonstration system.

was because of the impact of the internal resistances of the coils. Another reason

was the real components of the compensation networks could not obtain perfect

resonant relationship.

The theoretical analysis and numerical results confirmed cooperative IPT sys-

tem using K-inverter at relay could help to improve efficiency in comparison with

the one using LC tank at relay while still stabilizing two load voltages against
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the variations of the load resistances. Recently, cooperative transmission could be

done by using two-coil repeater in IPT systems [111,137,138]. However, two-coil

repeater structure could suffer the deterioration of transmission efficiency in com-

parison with the cooperative IPT system using K-inverter for voltage-gain-free

design. The comparison between will be illustrated in next section.

4.4. Efficiency comparison of cooperative IPT sys-

tems

Two cooperative three-terminal inductive power transfer systems were consid-

ered. Each system included a transmitter (TX), a relay (RX1) and a distant

receiver (RX2). In both systems, the relay terminal could simultaneously sup-

port transmitter to transfer a part of power to the distant receiver and draw power

itself and. The power sources in both systems were assumed to be identical with

constant voltage Vs and operating frequency f (angular frequency ω = 2πf). To

easily distinguish two systems, the system using K-inverter [P.C2] was named

the cooperative IPT system using common-coil relay or common-coil cooperative

IPT system. Meanwhile, the system utilizing two-coil relay in [111,137,138] was

named the cooperative IPT system using separated-coil relay or separated-coil

cooperative IPT system.

4.4.1 System description

More specifically, the schematic circuit of the cooperative IPT system using

common-coil relay was illustrated in Fig. 4.12a. the transmitting coil L0 would

deliver power to the relay L1 via the mutual inductance M01 between the trans-

mitting coil and the relay coil. The relay would draw a part of power and transmit

the rest of power to the distant receiving coil L2 via the mutual inductance M12

between it and the distant receiving coil. The compensation networks in this

system was totally similar to those in [P.C2]. Specifically, the compensatory

components were designed

ω =
1√
L0C0

=
1√
L2C2

=
1√
LC

=
1√

(L1 + L)C1

. (4.28)
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Figure 4.12. Cooperative IPT systems.

The two load voltages are given by [P.C2]

|VR1| ≈
L

M01

|Vs|, (4.29)

|VR2| ≈
M21

M01

|Vs|, (4.30)

where |x| was denoted for the amplitude of the complex number x.

Meanwhile, the IPT system using separated-coil relay in [137] was described

as in Fig. 4.12b. Different from the system using common-coil relay, the relay

of this system included two coils L1r and L1t. It was assumed that the mutual

inductance between these two coils of the relay was completely eliminated. The

coil L1r of the relay would take charge of receive power from the transmitting

coil via the mutual M01. Here, a part of of the power was consumed by the load

R1. Then, the rest of the power would transfer to the coil L1t and reach to the

distant receiving coil L2 via the mutual inductance M12 between the them. The

power that the distant receiver received was consumed by the load R2. In the

cooperative IPT system using separated-coil relay, CLC topology was employed
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for the coils L0 and L1t while series compensatory capacitor was utilized for the

coils. L1r and L2. The compensatory components were given by the resonant

relationship as follows

ω =
1√
L0C0

=
1√
L2C2

=
1√

L1rC1r

=
1√

Lf0Cf0

=
1√

Lf1Cf1

=
1√

(L1t + Lf1)C1t

(4.31)

The two load voltages in this system are given by [137]

|VR1| ≈
M01

Lf0

|Vs|, (4.32)

|VR2| ≈
M21

Lf1

M01

Lf0

|Vs| (4.33)

In both systems, the internal resistance of the coil #i was denoted by ri where

i ∈ {0, 1, 2, 1r, 1t}.
The input power in both systems was given

Pin =
1

2
Re{V ∗

s Is} (4.34)

where x∗ denotes for the conjugate of the complex number x, Is is the source

current.

The power consumed by the loads in both systems was expressed

Pout =
1

2

( |VR1|2
R1

+
|VR2|2
R2

)
(4.35)

The RF-RF efficiency in both systems was

η =
Pout

Pin

(4.36)

4.4.2 RF-RF efficiency comparison

This this investigation, equivalent circuit technique has been used to derive the

load voltage stability and to analyze the RF-RF efficiency. The equivalent circuits

of the two systems were described as in Fig. 4.13.
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Figure 4.13. Equivalent circuits.

According to the equivalent circuits, if the internal resistances of the coils

were negligibly small to the loads, the equivalent loads in the both systems were

considered to connect in parallel to the source. Consequently, the load voltages

only depended on the mutual inductances, the compensatory inductors and the

source voltage. It matched the theoretical analysis in (4.29), (4.30), (4.32) and

(4.33).

To fairly compare RF-RF efficiency between two systems, the parameters of

the two systems would be identical. Specifically, all coils in two systems were

identical in terms of self-inductance and internal resistance L1 = L1r = L1t,

r1 = r1r = r1t. The compensatory components in the compensation networks had

no internal resistance and identical L = Lf0 = Lf1, C = Cf0 = Cf1, C1 = C1t.

The mutual inductances through which the power was transferred were similar

in both systems.

In this investigation, both systems were designed so that the source voltage

was delivered to load voltages without gain. Therefore, for the system in Fig.
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4.12a, the mutual inductances and the compensatory inductor were set as follows

M01 = M12 = L. (4.37)

Similarly, for the system in Fig. 4.12b, the mutual inductances and the compen-

satory inductors were set as follows

M01 = Lf0;M12 = Lf1. (4.38)

As a result, the equivalent circuits of two systems were nearly similar, except

that the system in Fig. 4.12b had an additional term of ω2L2
f0/r0 in comparison

with the system in Fig. 4.12a. This term would be the cause of energy loss in

the system in Fig. 4.12b. However, this loss did not happen in the system in

Fig. 4.12a according to Fig. 4.13a. It meant that energy loss could be reduced

in the cooperative IPT system using common-coil relay in compared with the

cooperative IPT system using separated-coil relay.

4.4.3 Simulation results

WIPL-D-based simulations were used to verify the theoretical analysis. In both

systems, all coils had an identical size of 10cm-by-10cm. Wire whose conductivity

was 58MS m−1 was used to make the coils. The power source of 5V was used to

drive the transmitting coil. The power source had no internal resistance and

operated at the frequency of 200kHz. Two loads R1 and R2 changed from 5Ω to

100Ω to evaluate two output voltages and the RF-RF efficiency.

For the simulations of the cooperative IPT system using common-coil relay,

the transmitter (TX), the relay (RX1) and the distant receiver (RX2) were ar-

ranged coaxially as shown in Fig. 4.14a. The compensatory inductor was set as

in (4.37). The relay RX1 was distant d1 from the transmitter TX and d2 from

the distant receiver RX2.

For the simulations of the cooperative IPT system using separated-coil relay,

the system was arranged as in Fig. 4.14b. Here, two coils of the relay were placed

far away each other to eliminate the coupling between two coils. Similar to the

cooperative system using common-coil relay, the distances from the relay to the

transmitter and from the relay to the final receiver were d1 and d2 respectively.

The compensatory inductors were set as in (4.38).
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Figure 4.14. Simulation configurations for the cooperative IPT system: (a) using

common-coil relay, (b) using separated-coil relay.

Fig. 4.15 illustrated the simulation results of the load voltages over the varia-

tions of the loads. In these simulations, d1 and d2 were initially set to be 60mm.

The results confirmed that in both systems, either using common-coil relay or

separated-coil relay, the load voltages were stabilized at approximately 5V when

the loads changed from 5Ω to 100Ω. The results verified the theoretical analysis of

the load voltages in (4.29), (4.30), (4.32) and (4.33). When the both distances d1

and d2 increased from 60mm to 100mm and the compensatory inductors changed

according to the changes of the mutual inductances, two load voltages were still

kept stable at 5V against the load variations .

The comparison of RF-RF efficiency between two systems in Fig. 4.12a and

Fig. 4.12b was illustrated in Fig. 4.16. It could be seen that the system using

common-coil relay could achieve higher efficiency than the one using separated-

coil relay. The efficiency of the system using common-coil relay was 10% greater

than the one using separated-coil relay when the loads were 25Ω. This gap rose to

15% as the loads were equal to 75Ω. The trend of the results was still held as the

distances increase to 100mm. It meant in this case, the system using common-coil

relay could still outperform the one using separated-coil relay.

In order to evaluate the load voltage stability as well as efficiency of two

systems in other arrangements of the coils, the distance, either d1 or d2, was
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Figure 4.15. The load voltages as a function of the loads for d1 = d2 = 60mm in

cooperative IPT systems.

changed while other parameters of the system were fixed. Accordingly, the pair

of (d1, d2) was set to be (50mm, 60mm), (70mm, 60mm), (60mm, 50mm) or

(60mm, 70mm) to investigate two systems. The graph of the load voltages as

a function of the load variations when the pair of (d1, d2) was equal to (50mm,

60mm) was illustrated in Fig. 4.17. It was clear that the both systems could keep

the load voltages unchanged against the variations of the loads. The simulation

results matched the theoretical analysis in (4.29), (4.30), (4.32) and (4.33). In

other arrangements of the coils, both systems still stabilized the load voltages

against the load variations.
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Figure 4.16. RF-RF efficiency over the loads in cooperative IPT systems.

For four arrangements of the coils, the system using common-coil relay could

achieve higher RF-RF efficiency than the one using separated-coil relay as the

loads varied from 5Ω to 100Ω. The graph of RF-RF efficiency over the load

variations for various coil arrangements was plotted in Fig. 4.18. It was seen
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Figure 4.17. The load voltages as a function of the loads for d1 = 50mm and

d1 = 60mm in cooperative IPT systems .

that this advantage of the system using common-coil relay over the one using

separated-coil relay was still hold for the other coil arrangements.

4.5. Conclusion

This chapter presented the cooperative IPT system where the relay could simul-

taneously draw power itself and transmit the rest of received power to the distant

receiver while still keeping the load voltages stable against the load variations.

Two types of compensation networks, consisting of LC tank and K-inverter, were
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Figure 4.18. RF-RF efficiency over the loads in cooperative IPT systems.

applied for the relay to transform it to cooperative receiver. This chapter also

highlighted that the cooperative IPT system using K-inverter could achieve better

performance of efficiency in comparison with the one using LC tank. Moreover,

the cooperative IPT system using K-inverter also attained higher efficiency than

the one using two-coil repeater to relay the power transmission for voltage-gain-

free design.
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Chapter 5

Power separation and load

voltage stabilization in

multiple-frequency IPT system

with K-inverter

5.1. Introduction

The previous systems have been proposed to deliver rated voltages to multiple

loads or realize cooperative characteristic while stabilizing load voltages against

load variations under single operating frequency. Recently, IPT technology’s

development has witnessed that operating frequencies have been diverged in dif-

ferent types of applications [139]. This divergence motivates the development of

multiple-frequency IPT charging systems. There are two main solutions for this

problem. The first solution is to propose one-to-multiple charging systems where

single transmitter is able to deliver power of multiple frequencies to multiple re-

ceiver. In contrast, the second solution is to design multiple-to-multiple charging

systems where each transmitter operates at an individual frequency to deliver

power to corresponding receiver. However, one-to-multiple charging systems are

more preferable than multiple-to-multiple systems because of its compact and

simple transmitter. Furthermore, multiple-frequency one-to-multiple IPT sys-
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tems is a potential candidate for being used in public parking charging lots [51]

or universal wireless charging pads [88].

In order to charge multiple receivers operating at multiple frequencies, the

authors in [140] proposed an inverter generating a nearly half-cycle sinusoidal

current which was considered as being synthesized from three harmonics. In this

proposal, the amplitudes of the harmonics significantly decreased to the order of

the harmonic. This would limit operation frequencies at harmonics only as well as

the number of receivers. In other design, multiple sources were connected in series

to a transmitter to deliver power to multiple receivers [141]. However, because

the transmitter had only one resonant frequency, the power of the frequencies

far from the resonant frequency would be hardly transferred via the transmitter.

To address this problem, the authors in [142] employed the compensation of LC

tanks at transmitter side to deliver power of multiple frequencies out of transmit-

ting coil. Nevertheless, the design of the compensation network in this proposal

depended on the loads.

In this chapter, two-frequency one-to-two inductive power transfer systems

in which each pair of source and receiver works on an individual frequency was

proposed [P.W2], [P.C4]. Two sources shared either a common transmitting coil

or a common resonator to deliver power to two receiver. A novel K-inverter was

introduced to separate power of two frequencies and stabilize the load voltages

against the load variations. Therefore, the proposed system could achieve full

voltage control for the loads that could not be done in the previous studies.

5.2. Multiple-frequency IPT system with com-

mon transmitting coil

5.2.1 System description

The schematic circuit of the two-frequency IPT system using a common trans-

mitting coil was shown in Fig. 5.1 in the next page. Two voltage-constant sources

Vs1 and Vs2 operated at two different frequencies, f1 and f2 (angular frequencies

ω1 = 2πf1, ω2 = 2πf2), respectively. Two sources simultaneously utilized the

common transmitting coil L0 to transfer power to two receivers RX1 (coil L1)
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and RX2 (coil L2). Each source would deliver power to the receiver operating

at similar frequency. In the system model, Mmn denoted the mutual inductance

between the m-th coil and the n-th coil where m,n ∈ {0, 1, 2} and m 6= n.

In transmitter side, Cf1, Lf1, Cs1 f2, Ls1 f2 and jXs1 were combined to be

equivalent to CLC compensation network operating at the frequency f1 between

the source Vs1 and the transmitting coil.

1

jω1Cf1

+ jω1Lf1 = 0 (5.1)

jω1Ls1 f2

1− ω2
1Cs1 f2Ls1 f2

+ jXs1 + jω1(Lf1 + L0) = 0 (5.2)

Inside this compensation network, the capacitor Cs1 f2 and the inductor Ls1 f2

were resonant at the frequency f2

1

jω2Cs1 f2

+ jω2Ls1 f2 = 0 (5.3)

Accordingly, this pair of LC would prevent the interference from power of the

frequency f2. Similarly, the combination of Cf2, Lf2, Cs2 f1, Ls2 f1 and Cs2 was

considered as CLC compensation network operating at the frequency f2 between

L0

Cf1

Vs1,f1 Lf1

jXs1

Cs1 f2

Ls1 f2

Cf2

Vs2,f2 Lf2
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Figure 5.1. System model of multiple-frequency one-to-two IPT system using

transmitting coil.
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the source Vs2 and the transmitting coil

1

jω2Cf2

+ jω2Lf2 = 0, (5.4)

jω2Ls2 f1

1− ω2
2Cs2 f1Ls2 f1

+ jXs2 + jω2(Lf2 + L0) = 0 (5.5)

The pair of the capacitor Cs1 f1 and the inductor Ls2 f1 resonant at the frequency

f1 would mitigate the power of the frequency f1

1

jω1Cs2 f1

+ jω1Ls2 f1 = 0 (5.6)

In receiver side, for the receiver RX1, the combination of the reactance Xr1,

Cr1 f2 and Lr1 f2 formed equivalent series compensation network between the coil

L1 and the load R1

jω1Lr1 f2

1− ω2
1Cr1 f2Lr1 f2

+ jXr1 + jω1L1 = 0 (5.7)

The pair of Cr1 f2 and Lr1 f2 resonant at f2 would prevent the power of the

frequency f2 in the RX1 circuit.

1

jω2Cr1 f2

+ jω2Lr1 f2 = 0 (5.8)

Correspondingly, for the receiver RX2 operating at the frequency f2, the combina-

tion of the reactance Xr2, Cr2 f1 and Lr2 f1 formed equivalent series compensation

network between the coil L2 and the load R2.

jω2Lr2 f1

1− ω2
2Cr2 f1Lr2 f1

+ jXr2 + jω2L2 = 0 (5.9)

The pair of Cr2 f1 and Lr2 f1 would prevent the power of the frequency f1 in the

RX2 circuit.

1

jω1Cr2 f1

+ jω1Lr2 f1 = 0 (5.10)

5.2.2 Power separation and load voltage stability

Without the loss of generality, the operation of the source Vs1 was considered

first. According to the superposition theory, the source Vs2 was equivalent to
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short circuit to the operation of the source Vs1. Therefore, the impedance looked

from two points c and d to the source Vs2 was

Zcd(f1) =
jω1Ls2 f1

1− ω2
1Cs2 f1Ls2 f1

+
1

jω1Cs2

+
jω1Lf2

1− ω2
1Cf2Lf2

(5.11)

where Cs2 was calculated from jXs2. Zcd(f1) would approach infinity because of

(5.6). As a result, two points c and d were considered as open to the operation of

the source Vs1. Similarly, at the frequency f1, the equivalent impedance of RX2

is

Z2(f1) =
jω1Lr2 f1

1− ω2
1Cr2 f1Lr2 f1

+
1

jω1C2

+ jω1L2 +R2 (5.12)

where the capacitor C2 (jXr2) was calculated by (5.9). We have Z2(f1) would

approach infinity because of (5.10). Hence, RX2 could not receive the power of

the frequency f1. Finally, the power supplied by the source Vs1 was transferred

to RX1 only. For similar analysis of the operation of the source Vs2, RX2 could

receive power transmitted by the source Vs2 only. Even though two sources shared

the common transmitting coil to deliver power to the two receivers, the power

link of each pair of source-receiver was completely separated.

Accordingly, the operation of each pair of source-receiver was independent of

each other. The compensation network at transmitter side was CLC circuit and

that at receiver side was series. Consequently, the load voltages were stabilized

against the variations of the loads

VR1 = −M01

Lf1

Vs1 (5.13)

VR2 = −M02

Lf2

Vs2 (5.14)

5.2.3 Simulation results

The power separation as well as the stability of the output voltages in the

proposed system would be confirmed by LTSpice software based simulations.

Fig. 5.2 illustrated the simulation setup of the proposed system. 80kHz and

110kHz were selected as two operating frequencies. Two source voltages sup-

plied the constant voltages of 10V. The compensatory inductors Lf1 and Lf2
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Figure 5.2. Simulation setting for two-frequency one-to-two IPT system using

transmitting coil.

were set so that their impedances at corresponding frequency were equal to 10Ω

(ω1Lf1 = ω2Lf2 = 10Ω). The other compensatory components were designed as

in the equations in Section 5.2.1. The coupling coefficients among the coils were

set to be k01 = k02 = 0.1022 and k12 = 0.08. Therefore, the corresponding mutual

inductances were M01 = M02 = 10.573µH and M12 = 8.276µH.

The waveforms and Fast Fourier Transform (FFT) of the currents flowing in

Cs1 and Cs2 for the loads of 10Ω were plotted in Fig. 5.3. The results in Fig.

5.3b illustrated that the current ICs1 mainly comprised the power of the frequency

80kHz. Similarly, the current ICs2 mainly comprised the power of the frequency

110kHz according to the simulation results in Fig. 5.3c. The interference between

the current flowing in Cs1 and Cs2 was negligibly small, or it could be considered

as no interference. It matched the theoretical analysis in the previous section.

The waveforms and FFT of the load voltages were illustrated in Fig. 5.4.

Similarly, it was clear that each receiver only received the power of the frequency

at which it was operating only. The simulation results in Fig. 5.4a matched the

formulas (5.13) and (5.14) where estimated load voltages |VR1| = Vs1M01/Lf1 =
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Figure 5.3. The currents flowing in Cs1 and Cs2.

5.314V and |VR2| = Vs2M02/Lf2 = 7.307V. Fig. 5.4b and Fig. 5.4c highlighted

that RX1 only received the power of the frequency f1 and RX2 only received the

power of only frequency f2. It implied that the power of each operating frequency

was completely separated for each pair of source-receiver.

5.2.4 Experimental results

The feasibility of the proposed system was verified by the experiments. Fig.

5.5 showed the experiment setup. Two frequencies of 170kHz and 200kHz were

selected as the operating frequencies of two sources. In order to evaluate the

transmission ability, the transmission factors among the sources and the receivers

were measured by Vector Network Analyzer.

The inductances of the coils: L0 = 147.67µH, L1 = 56.26µH, L2 = 60.67µH.

Compensatory components: Cf1 = Cs2 f1 = 56nF, Cf2 = Cs1 f2 = 39nF, Lf1 =
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Figure 5.4. The load voltages.

Ls2 f1 = 15.82µH, Lf2 = Ls1 f2 = 16.31µH, Cs1 = 3.9nF (jXs1), Cs2 = 5nF (jXs2),

Cr1 f2 = Cr2 f1 = 82nF, Lr1 f2 = 7.8µH, Lr2 f1 = 10.8µH.

Fig. 5.6 in next page illustrated the measures of the transmission factors (S12)

between each source and each load. First, Fig. 5.6a indicated that there was no

interference between two sources when the transmission factors were −26.29dB

at 170kHz and −21.73dB at 200kHz. Similarly, Fig. 5.6b showed that there

was no power exchange between two receivers because the transmission factors

between them were −27.81dB and −29.29dB at 170kHz and 200kHz respec-

tively. Correspondingly, the receivers could not receive the power transmitted

by the frequency-mismatched sources because the transmission factors between

one source and frequency-mismatched receiver were under −30dB as shown in

Fig. 5.6c and Fig. 5.6d. In contrast, Fig. 5.6e illustrated that the source 1 could

transfer power to RX1 at the operating frequency of 170kHz when the transmis-
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Figure 5.5. Demonstration of two-frequency one-to-two IPT system using com-

mon transmitting coil.

sion factor of this pair was −5.89dB. Similarly, the power of the frequency of

200kHz could be transmitted from the source 2 to RX2 because the transmission

factor of this pair was −5.16dB. The transmission factor between one source and

its frequency-matched receiver was decided by the coupling between the trans-

mitting coil and the corresponding receiving coil. Since Zcd(f1) and Zab(f2) could

not practically approach infinity, there would be power leakage from source 1

to source 2 and vice versa. It would deteriorate the transmission factors of the

power links between sources and their corresponding receivers.

In summary, this work proposed one-to-two inductive power transfer system

in which one transmitter was simultaneously driven by two sources operating at

two different frequencies to deliver power two receivers. Although the theoretical

analysis and simulation results indicated that the power of each power link of

source-receiver was completely separated, the demonstration system showed the

transmission factor between one source to the corresponding receiver was still
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Figure 5.6. Transmission factors in frequency domain (S12)

low. This was because the equivalent impedance of frequency-mismatched source

circuit did not approach infinity as expected. Therefore they would affect the

power link of other pair of source-receiver. This effect could be reduced by using

common transmitting resonator instead of common transmitting coil. It was

illustrated in next section.
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5.3. Multiple-frequency IPT system with com-

mon transmitting resonator

5.3.1 System description

Fig. 5.7 showed the schematic circuit of the multiple-frequency IPT system using

common transmitting resonator. In this system, the transmitting resonator, con-

sisting of the coil L0 and series compensatory capacitor C0, was simultaneously

driven by two sources Vs1 and Vs2. Two operating frequencies were f1 and f2 with

angular frequencies ω1 = 2πf1, ω2 = 2πf2. For simplicity, it was assumed that

the internal resistances were negligibly small.

The reactance Xs1 and the compensatory components, Cf1, Lf1, Cs1 f2, Ls1 f2,

C0 were combined to form compensation network between the source Vs1 and the

transmitting coil L0. They were designed with the following relationship

1

jω1Cf1

+ jω1Lf1 = 0 (5.15)

jω1Ls1 f2

1− ω2
1Cs1 f2Ls1 f2

+ jXs1 +
1

jω1C0

+ jω1(Lf1 + L0) = 0 (5.16)

Inside the compensation network, the capacitor Cs1 f2 and the inductor Ls1 f2
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Figure 5.7. System model of multiple-frequency one-to-two IPT system using

transmitting resonator.
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were resonant at the frequency f2

1

jω2Cs1 f2

+ jω2Ls1 f2 = 0. (5.17)

This pair of inductor-capacitor would be a band-stop filter eliminating the power

of the frequency f2 out of the circuit [143]. Similarly, the reactance Xs2 was

combined with the compensatory components, Cf2, Lf2, Cs2 f1, Ls2 f1 and C0 to

form the compensation network between the source Vs2 and the transmitting coil

L0. They were designed based on the following relationship

1

jω2Cf2

+ jω2Lf2 = 0, (5.18)

jω2Ls2 f1

1− ω2
2Cs2 f1Ls2 f1

+ jXs2 +
1

jω2C0

+ jω2(Lf2 + L0) = 0. (5.19)

The capacitor Cs1 f1 and the inductor Ls2 f1 were resonant at the frequency f1 to

prevent the power of frequency f1

1

jω1Cs2 f1

+ jω1Ls2 f1 = 0. (5.20)

As mentioned in the previous section, for the operation of one source, the

equivalent impedance of the frequency-mismatched source could not be infinity

in practice because the components of the band-stop filter were not ideal. In such

case, the power link of the other source and the corresponding receiver would be

significantly affected by the equivalent impedance of the frequency-mismatched

source. This could happen because the impedance of the frequency-mismatched

source was just several times greater than the equivalent impedance of the tran-

smitter. Therefore, to reduce the equivalent impedance of the transmitter, the

compensatory capacitor C0 was added to the transmitting coil. It would help

reducing the effect of the frequency-mismatched source on the transmitter. Con-

sequently, the appearance of C0 would enhance the isolation between two power

streams.

For the receiver side, for RX1, the reactance, denoted by jXr1, was combined

with Cr1 f2 and Lr1 f2 to form series compensation network between the coil L1

and the load R1

jω1Lr1 f2

1− ω2
1Cr1 f2Lr1 f2

+ jXr1 + jω1L1 = 0 (5.21)
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where Cr1 f2 and Lr1 f2 were resonant at f2 to reject the power of the frequency

f2

1

jω2Cr1 f2

+ jω2Lr1 f2 = 0. (5.22)

Analogously, for RX2, the reactance, denoted by jXr2, was combined with Cr2 f1

and Lr2 f1 to form a series compensation network between the receiving coil L2

and the load R2

jω2Lr2 f1

1− ω2
2Cr2 f1Lr2 f1

+ jXr2 + jω2L2 = 0, (5.23)

1

jω1Cr2 f1

+ jω1Lr2 f1 = 0 (5.24)

where Cr2 f1 and Lr2 f1 were resonant at the frequency f1 to reject the power of

the frequency f1.

In the system model, the mutual inductance between the m-th coil and the

n-th coil is denoted by Mmn where m,n ∈ {0, 1, 2} and m 6= n. By employing

the band-stop filters inside the compensation networks, the power of each pair of

source-receiver was completely separated. Moreover, the compensation networks

also helped to keep the load voltages stable against the load variations. The

superior characteristics of the multiple-frequency system would be theoretically

proved in next section.

5.3.2 Power separation and load voltage stability

Because of the symmetry of the system structure, the operation of the system

caused by the source Vs1 was considered first. The operation of the system caused

by the source Vs2 could be analyzed analogously. For the operation of the source

Vs1, the source Vs2 was considered as short circuit due to superposition theory.

The equivalent impedance between two points c and d was

Zcd(f1) =
jω1Ls2 f1

1− ω2
1Cs2 f1Ls2 f1

+
1

jω1Cs2

+
jω1Lf2

1− ω2
1Cf2Lf2

(5.25)

where the capacitor Cs2 was the calculation result of the reactance Xs2 decided by

(5.19). Here, Zcd(f1) would approach infinity because of (5.20). Therefore, this
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circuit between two points c and d considered as open circuit for the operation of

the source Vs1.

For receiver side, at the operation frequency f1, the total impedance of RX2

circuit was

Z2(f1) =
jω1Lr2 f1

1− ω2
1Cr2 f1Lr2 f1

+
1

jω1Cr2

+ jω1L2 +R2 (5.26)

where the capacitor Cr2 was the calculation result of the reactance Xr2 decided by

(5.23). Z2(f1) would approach infinity because of (5.24). Therefore, RX2 could

not receive power transmitted by the source Vs1. As a result, the power supplied

by Vs1 was delivered to RX1 only. This pair of source-receiver was considered as

compensated by CLC at transmitter side according to (5.16), (5.15) and by series

at receiver side according to (5.21).

Analogously, the theoretical analysis for the power transmission between the

source Vs2 and RX2 was analyzed in the same way. Consequently, two power

links between two pairs of source-receiver were completely separated although

two sources simultaneously shared the common transmitting resonator to deliver

power to two receivers. Since each pair of source-receiver operated with the

compensation scheme of CLC-series as analyzed, the load voltages were given by

VR1 = −M01

Lf1

Vs1, (5.27)

VR2 = −M02

Lf2

Vs2 (5.28)

Two equations above indicated that each load voltage was independent of the

parameters from the frequency-mismatched source and receiver. Therefore, any

power control for each load would not affect the operation of the other pair of

source-receiver.

5.3.3 Simulation results

To verify the power separation and constant load voltages in the multiple-frequency

IPT system using common transmitting resonator, LTSpice-based simulations

were carried out. Two power sources were set to be 10V. Two frequencies

of 170kHz and 200kHz were selected to be operating frequencies. The specific
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Figure 5.8. Simulation setting for two-frequency IPT system using common trans-

mitting resonator.

parameters of the system was illustrated in Fig. 5.8. In the simulations, the

impedances of the compensatory inductors Lf1 and Lf2 were set to be 10Ω at

their corresponding frequencies (ω1Lf1 = ω2Lf2 = 10Ω). The relationship among

the compensatory components was given by the equations in Section 5.3.1. In

order to simulate coupling among the coils, the coupling coefficients were set

as k01 = k02 = 0.1022 and k12 = 0.08. Accordingly, the corresponding mutual

inductances were M01 = M02 = 10.573µH and M12 = 8.276µH.

Fig. 5.9 showed the waveforms and Fast Fourier Transform (FFT) of the

currents flowing in Cs1 and Cs2. The results indicated that the current ICs1

mainly comprised the power of the frequency 170kHz while the current ICs1 mainly

comprised the power of the frequency 200kHz only. It matched the theoretical

analysis that there was no interference between two sources.

The waveforms and FFT of the load voltages were illustrated inFig. 5.10.

Similarly, these results highlighted that the receiver RX1 could receive the power

of the frequency 170kHz while the receiver RX2 could receive the power of the fre-

quency 200kHz. Additionally, the load voltages in the simulation results matched
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Figure 5.9. The currents flowing in Cs1 and Cs2.

the estimates in (5.27), (5.28) where the load voltages were estimated to be

|VR1| = |Vs1M01/Lf1| = 11.3V and |VR2| = |Vs2M02/Lf2| = 13.3V.

The stability of the load voltages against the load variations was evaluated by

changing the loads among the values of 10Ω, 20Ω and 50Ω. The results shown in

Table 5.1 highlighted that the two load voltages were stabilized at about 11.1V

and 13.4V even though the loads altered among 10Ω, 20Ω and 50Ω.

5.3.4 Experimental results

The feasibility of the proposed system was confirmed by a demonstration system

which was shown in Fig. 5.11. The schematic circuit of the demonstration sys-

tem was similar to the system model in Fig. 5.7. Two operating frequencies were

170kHz and 200kHz. Table 5.2 showed the specific parameters of the demonstra-

tion system. The evaluation of the transmission factors among the sources and
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Figure 5.10. The load votlages.

the receivers was done using Vector Network Analyzer.

Fig. 5.12 in the next page illustrated the transmission factors among the

sources and the receivers. According to the results in Fig. 5.12a, power could

not be transferred between two sources because the transmission factors between

them were −30.6dB and −31.5dB at 170kHz and 200kHz. Similarly, the trans-

mission factors of −23.79dB and −22.62dB, in Fig. 5.12b, between two receivers

verified that there was no power exchanged between two receivers at both op-

erating frequencies. Additionally, the power links between one source and the

frequency-mismatched receiver were negligibly weak because the transmission fac-

tors between them were under −20dB as shown in Fig. 5.12c and Fig. 5.12d.

Finally, the transmission factor of −1.89dB could be achieved between Vs1 and

RX1 as shown in Fig. 5.12e. It indicated that the source Vs1 could deliver power

to RX1 at the operating frequency 170kHz. The transmission factor was −1.89dB
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Table 5.1. The load voltages against the load variations

R1 (Ω) R2 (Ω) VR1 (V) VR2 (V)

10 10 10.998 13.178

10 20 10.987 13.405

10 50 10.958 13.492

20 10 11.095 13.183

20 20 11.092 13.406

20 50 11.081 13.494

50 10 11.152 13.18

50 20 11.141 13.406

50 50 11.132 13.492

Table 5.2. The parameters of the experimental system

Symbol Value

Cf1 56nF

Lf1 15.82µH

Cs1 f2 39nF

Ls1 f2 16.31µH

Cs1 18.1nF

Cf2 39nF

Lf2 16.31µH

Cs2 f1 56nF

Ls2 f1 15.82µH

Cs2 -

Symbol Value

L0 147.67µH

C0 4.95nF

L1 56.26µH

Cr1 10nF

Lr1 f2 7.8µH

Cr1 f2 82nF

L2 60.67µH

Cr2 4.5nF

Lr2 f1 10.8µH

Cr2 f1 82nF
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Figure 5.11. Experimental system two-frequency one-to-two IPT system using

common transmitting resonator.

because it was decided by the ratio between the mutual inductance M01 and the

compensatory inductance Lf1 as in (5.27). Identically, the results in Fig. 5.12e

highlighted that the source Vs2 could deliver power to RX2 at the operating fre-

quency 200kHz because the transmission factor between them was −1.23dB.

5.4. Conclusion

This chapter presented the multiple-frequency one-to-multiple IPT systems where

multiple pairs of source-receiver share a common transmitting channel to operate

at individual frequency. Initially, multiple sources drove a common transmitting

coil to deliver power to corresponding receivers. K-inverter and band-reject filter

were combined to separate power link of each pair of source-receiver and sta-

bilize load voltage of corresponding receiver. The theoretical analysis and the

103



10/10/2020 6:10:37 PM

1318.7006K24-102068-tw

Trc2 S12 dB Mag 10 dB/ Ref 0 dB Cal 2

Ch1 Start 100 kHz Pwr -20 dBm Bw 1 kHz Stop 300 kHz

-80

-70

-60

-50

-40

-30

-20

-10

0

-90

10

M1
M2

M3
M4

0 dB

M1 170.000000 kHz -27.708 mU

j10.009 mU

M2 200.000000 kHz 26.054 mU

-j4.033 mU

M3 170.000000 kHz -30.6153 dB

M4 200.000000 kHz -31.5797 dB

(a) from source 1 to source 2

12/2/2020 5:49:05 PM

1318.7006K24-102068-tw

Trc2 S12 dB Mag 10 dB/ Ref 0 dB Cal 2

Ch1 Start 100 kHz Pwr -20 dBm Bw 10 kHz Stop 300 kHz

-80

-70

-60

-50

-40

-30

-20

-10

0

-90

10

M1
M2

M3
M4

0 dB

M1 200.000000 kHz -45.552 mU

-j45.914 mU

M2 170.000000 kHz -49.978 mU

-j54.488 mU

M3 200.000000 kHz -23.7851 dB

M4 170.000000 kHz -22.6227 dB

(b) from RX1 to RX2

10/10/2020 7:06:08 PM

1318.7006K24-102068-tw

Trc2 S12 dB Mag 10 dB/ Ref 0 dB Cal 2

Ch1 Start 100 kHz Pwr -20 dBm Bw 1 kHz Stop 300 kHz

-80

-70

-60

-50

-40

-30

-20

-10

0

-90

10

M1

M2

M3

M4

0 dB

M1 170.000000 kHz 37.612 mU

j57.806 mU

M2 200.000000 kHz 32.112 mU

-j2.771 mU

M3 170.000000 kHz -23.2274 dB

M4 200.000000 kHz -29.8345 dB

(c) from source 1 to RX2

10/10/2020 6:40:09 PM

1318.7006K24-102068-tw

Trc2 S12 dB Mag 10 dB/ Ref 0 dB Cal 2

Ch1 Start 100 kHz Pwr -20 dBm Bw 1 kHz Stop 300 kHz

-80

-70

-60

-50

-40

-30

-20

-10

0

-90

10

M1

M2

M3

M4

0 dB

M1 170.000000 kHz 25.941 mU

-j12.896 mU

M2 200.000000 kHz -39.739 mU

-j63.585 mU

M3 170.000000 kHz -30.7611 dB

M4 200.000000 kHz -22.5009 dB

(d) from source 2 to RX1

10/10/2020 7:13:36 PM

1318.7006K24-102068-tw

Trc2 S12 dB Mag 10 dB/ Ref 0 dB Cal 2

Ch1 Start 100 kHz Pwr -20 dBm Bw 1 kHz Stop 300 kHz

-80

-70

-60

-50

-40

-30

-20

-10

0

-90

10

M1

M2

M3

M4

0 dB

M1 170.000000 kHz -804.128 mU

j7.870 mU

M2 200.000000 kHz -1.645 mU

-j4.689 mU

M3 170.000000 kHz -1.8931 dB

M4 200.000000 kHz -46.0749 dB

(e) from source 1 to RX1

10/10/2020 6:48:20 PM

1318.7006K24-102068-tw

Trc2 S12 dB Mag 10 dB/ Ref 0 dB Cal 2

Ch1 Start 100 kHz Pwr -20 dBm Bw 1 kHz Stop 300 kHz

-80

-70

-60

-50

-40

-30

-20

-10

0

-90

10

M1

M2

M3

M4
0 dB

M1 170.000000 kHz -3.771 mU

-j1.754 mU

M2 200.000000 kHz 854.327 mU

j149.450 mU

M3 170.000000 kHz -47.6202 dB

M4 200.000000 kHz -1.2366 dB

(f) from source2 to RX2

Figure 5.12. Transmission factors in frequency domain (S12)

simulation results indicated that the power link of each pair of source-receiver

was completely isolated from the operation of the other pairs of source-receiver.

However, in practice, the transmission factor of each link was affected by the
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equivalent impedances of the frequency-mismatched source circuits. Then, in-

stead of using a common transmitting coil, multiple sources drove a resonator to

deliver power to corresponding receiver. The theoretical analysis and the sim-

ulation results showed that the combination of K-inverter and band-reject filter

still separated power link of each pair of source-receiver in this system. Further-

more, by using a common transmitting resonator, the transmission factors of the

sources and the corresponding receiver were significantly improved in comparison

with using a common transmitting coil. The experimental results verified the

theoretical analysis.
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Chapter 6

Conclusion

The objective of this dissertation was to propose single-transmitter multiple-

receiver IPT system which could stabilize the load voltages against the load vari-

ations under different conditions. First, when charging multiple receivers, each

receiver often required a rated voltage for its load. Second, some receivers were

located far from charging platform, leading to the deterioration of the system

performance. Third, each receiver required not only a rated voltage for its load

but also an individual operating frequency.

This dissertation utilized K-inverter to design three multiple-receiver IPT sys-

tems to address the corresponding challenges, . Firstly, multiple transmitting res-

onators were inserted between source resonator and multiple receivers to control

the load voltages. This structure formed multiple K-inverters at transmitter side.

It enabled the load voltages to be decided by the mutual inductances among the

resonators and the source voltage only. As a result, the load voltages could be con-

trolled by adjusting the characteristic impedances of the K-inverters, equivalent

to adjusting the arrangement of the multiple transmitting resonators. Secondly,

the cooperative IPT systems were developed from a relay-based IPT system where

the relay was equipped an additional LC tank or K-inverter to simultaneously

draw power itself and transmit the rest of received power to the distant receiver.

Moreover, using LC tank or K-inverter, the cooperative IPT systems also sta-

bilized the two load voltages stable against the load variations. However, using

K-inverter-based structure attained higher performance than LC tank structure.

It also indicated that the cooperative IPT system with single-coil relay outper-
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formed the one with two-coil repeater while still keeping two load voltages stable

against the load variations. Finally, multiple-frequency one-to-multiple IPT sys-

tem was proposed to satisfy the requirement of multiple operating frequencies in

multiple receivers. K-inverters were combined with band-reject filters to separate

the power link of each pair of source-corresponding receiver and to stabilize the

load voltages. As a result, full voltage control for each load could be achieved

without affecting the operation of other pairs of source and corresponding re-

ceiver.

This dissertation has addressed the challenges in charging multiple receiver.

The feasibility of these solutions enabled to realize universal charging platforms

in future.
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Appendix A

Mathematical Notation

[·]T the transpose of a vector or a matrix

[·]H the conjugate transpose of a vector or a matrix

[·]-1 the inverse of a matrix

(·)∗ the conjugate of a complex number

| · | the absolute value of a complex number

Re{·} the real part of a complex number

Im{·} the imaginary part of a complex number

j =
√
−1 the unit imaginary number

boldface letters a vector or matrix

UN the identity matrix with N diagonal elements
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