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Abstract

This doctoral thesis is based on high-apprentice PhD carried out with the

University of Bologna and I.M.A. – Industria Macchine Automatiche

SpA based in Ozzano dell’Emilia, Bologna, Italy. IMA is a public com-

pany and world leader in the design and manufacture of automatic ma-

chines for the processing and packaging of pharmaceuticals, cosmetics,

food, tea, coffee, and other dairy products.

Contactless energy transfer (CET) systems are gaining increasing in-

terest in the automatic machinery industries. For this reason, circuit

equivalent networks of CET systems considered in the literature are in-

troduced with emphasis on their industrial applicability. The main op-

erating principles and the required compensating networks, along with

different topologies of power supplies optimised for wireless powering,

are discussed. The analysis of the wireless transfer, at the maximum effi-

ciency, of high power levels shows that, in the kHz range, highly coupled

inductive links are needed and soft-switching power sources required.

The employment of CET units in controlled systems requires combin-

ing a link for data communication with the wireless power channel. At

low frequencies, capacitive and inductive couplings are integrated in a

unique platform to implement the wireless data and power links, respect-

ively. Differently, at UHF, an increased data channel transfer efficiency

is made possible by exploiting auto-resonant structures, such as split-
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Abstract

ring resonators instead of capacitances, one at each far-end side of the

link. The design procedure of a power CET system, including the dc/ac

converter, a rotary transformer and its windings, is discussed and the

results presented. A different version of a WPT system, which involves

multiple transmitting coils and a sliding receiver, is also presented. A low

frequency RFID capacitive data link is then combined with the rotary

CET unit to provide the temperature feedback of a controlled system,

wherein the rectifying part of a passive tag is exploited to simultaneously

power and read a temperature probe. Subsequently, a split-ring based

near-field UHF data link is designed to ensure an improved temperature

detection in terms of accuracy and resolution. The sensor readout is

performed at the transmitter side by measuring the reflected power by

the load rectifier.
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Introduction

“The Transmission of Electrical Energy Without Wires”

So the unprecedented Serbian-American inventor Nikola Tesla titles his

article appeared on Electrical World and Engineer, back in March 1904.

The first idea of transferring electricity, which belonged to Tesla in terms

of remote powering electrical loads, was subsequently put into practice.

In late experiments, dating 1921, he effectively showed the possibility

to enlighten bulbs from distance, without wires. Evidence of this ex-

periment is presented in Fig. 1. His following articles, letters, and pat-

ents remained almost unexplored for several years. In the meantime,

scientific research on wireless techniques was devoted to radio signals,

which represented an unforgettable leap in the knowledge of the man-

kind. Academic interest in wireless powering picked up much later, at

the beginning of the 90s [2, 3]. Since then, and during the following

years, wireless power transfer (WPT) has become a major trend of the

on-going research in electrical, electronics, and telecommunications sci-

ences. Nowadays, the WPT scientific community is aware that potential

applications cover a wide range of fields, including automotive, energy

generation, energy harvesting, bio-medical and industrial [4, 5, 6, 7, 8, 9].

The motivations that bear such a broad set of applications are also many

and various. In the automotive industry, for example, electric vehicles

xv



Introduction

Figure 1: Nikola Tesla’s sketch of his experiment on the transmission of energy
without wires.

have a key impact in the next future. Moreover, in many industrial

plants the need for contactless delivery of energy to moving loads is cur-

rently almost mandatory since it allows to overcome limitations in terms

of performance, reliability and machinery maintenance due to the pres-

ence of sliding contacts or movable power cords. Solutions designed to

replace such hardwired joints with contactless energy transfer links are

widely envisaged in literature and stimulated the interest of many indus-

trial activities, as well as numerous research and academic institutions

[2, 10, 11].

Fortunately, most advances in WPT research can be shared among re-

search groups that work on different topics, thus maximising the payback

of their efforts. Some features, however, require special attentions, and

demand for dedicated optimisation procedures. Let us consider again the

case of industrial applications. Safety, reliability, and electro-magnetic

compatibility (EMC) concerns on manufactured assemblies, for instance,

dominate over efficiency and miniaturisation issues. Nevertheless, on

large-scale production, the feasibility and, more important, the cost of

assembled products have a foremost impact. In particular, power ap-
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plications must seriously take into account absolute maximum ratings

of components, such as voltages, currents, and operating temperatures.

Furthermore, large safety margins should be considered during the de-

velopment of a brand-new design. Obviously, these considerations also

apply to WPT systems. One of the most common technologies employed

in WPT is the inductive power transfer (IPT), which relies on the mutual

inductance between coils to deliver electrical power without any phys-

ical connection. IPT technology well suits a wide range of applications,

which rate from a few milliwatts to several of kilowatts [12, 13, 14]. For

high power systems, the considerations explained above introduce signi-

ficant differences in the design of a high-power IPT unit. These include

ferromagnetic cores, simplified compensation schemes, lower operating

frequencies, and stranded wires, just to cite some examples [15, 16]. As

a result, some properties of the IPT device, such as efficiency, geometries,

and versatility, are affected. For all these reasons, and in order to account

for the different design approaches adopted in power systems, these ones

are sometimes named differently, and referred to as contactless energy

transfer (CET) systems [16, 17, 18, 19, 1, 20, 21, 22]. Cited works em-

phasise the key aspects of the CET system design, including evaluation

of magnetic losses, predicted temperatures, and analysis of the external

power supply. In fact, a CET application design includes wider aspects

than the sole WPT unit modelling. In particular, the power converter

behaviour is strongly related to the electrical description of its load (the

WPT device, in this case), and the choice of the optimal topology is not

a simple task [23]. For that reason, the power supply design must be

considered as a constituent element of the entire CET system.

The trend toward wireless solutions in the industry is not limited to

the contactless transfer of electrical power. Industrial machines repres-
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Figure 2: Example of a disassembled pot core for contactless energy transfer.

ent an excellent example of the automated interoperation of mechanics,

electricity, and information technologies. The linkage between them is

realised by means of hybrid entities, as shown in Fig 3. A human machine

interface (HMI) allows operators to easily define the software variables

that control the mechanical operation of the machine. Concurrently,

electrical power is usually supplied to actuators, such as servomotors,

heaters, or other tools, in order to convert electrical energy into mech-

anical energy. At the same time, information is collected from sensors

and bytes of data are exchanged between the software controlling units

and the electronic drives. Many on-board devices, including sensors and

actuators, are enclosed within moving mechanical assemblies as rollers,

arms, or sliding loads. In such cases, energy and data are tradition-

ally delivered through sliding electric contacts, which notoriously suffer

from early degradation, low reliability, and require frequent mainten-

ance. With the increase of parallel data signals to be delivered (e.g.

digital buses, multiple real time values, etc.), the limits of electric con-

tacts turn out to be even more significant. Furthermore, the evolution

of pervasive sensors technology has recently become attractive in indus-

trial plants where monitoring of several parameters is needed in harsh

environments; such has the inner parts of automatic machineries. Tra-
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Figure 3: The interoperability scenario of an industrial machine.

ditionally, sensing elements are connected by means of cables or sliding

contacts to the main controller. Once more, wired connection of ma-

chine sensors represents a limitation to the electric design flexibility and

is responsible for a reduced wiring reliability.

In the pervasive interconnection scenario, the RFID technology has

been proposed as a key enabling technology to identify, energize, and

measure processed objects or materials [24]. Dedicated RFID sensing

platforms have also been developed [25]. They are generally based on

computational boards that embed a sensing unit powered by the RFID

harvested energy. Usually, the sensor read-out is encoded by the micro-

controller and sent to the RFID reader by back-scattering modulation.

Nearly all possible sensor types can be employed. However, such ap-

proach requires a high level of active electronic integration on the sensing

platform. Passive RFID-based sensing is also subject of recent research

activities [26]. In this case, the RFID tag itself is exploited as a sensor

by monitoring the antenna impedance variations with respect to the cor-

responding environment quantity to be monitored (e.g. temperature or

humidity). This approach has similarities with surface acoustic wave

(SAW) sensors, which are also considered RFID-enabled devices [27].

xix



Introduction

A drawback of such systems is that the sensor accuracy is frequently

degraded by the radio channel.

Indeed, for industrial machinery applications, contactless sensor com-

munication, combined with wireless inductive power transfer (WIPT), is

seen as a great opportunity to optimise the productivity of the machine

and reduce its maintenance. This is for example the case of power sup-

plying rotary machineries with parameters of the remote branches to

be monitored [22]. RFID technology is a good candidate for solving this

problem. One proposed solution consists of exploiting a contactless capa-

citive channel to achieve information transfer or to realize an additional

wireless power link besides the WIPT channel [28, 29].

The thesis is structured as follows: in Chapter 1 the theoretical back-

ground on IPT, its compensation, and maximum efficiency conditions are

presented; in Chapter 2 different power supply solutions for WPT sys-

tems are discussed; in Chapter 3 an overview on both the RFID chipless

passive sensing and the direct passive sensing techniques is given; in

Chapters 4 and 5 several experiments involving IPT, CPT, and near-

field UHF are presented and the results shown; finally, in the conclusive

chapter some remarks are drawn.

xx



Chapter 1

Inductive Power Transfer

Contactless energy transfer (CET) systems are gaining increasing in-

terest for industrial applications, even when high powers are involved.

Various techniques are suitable for WPT, depending on the medium

used and the required power [1]. In Table 1.1 a short survey on WPT

technologies is reported. Acoustic waves exploit mechanical pressure to

transfer energy, generally for sensing purposes. Although they have the

advantage that can be used where EM fields are not allowed, the power

and distance ranges are relatively small. Light is often used to transport

data, or signals, rather than power. In space applications can also be

used to deliver electrical energy, but practical applications are very lim-

ited. Capacitive CET systems are gaining popularity. They exploit the

electric field between capacitive plates placed at a certain distance with

an air gap in between. Although they present good transfer efficiency

and ensure a certain degree of movement of the power receiver, the main

limitation is given by the maximum channel length: very short compared

to other solutions. Finally, inductive CET, which can be employed for

wireless delivery of huge amounts of energy, up to 100 kW and beyond.

It is the only affordable solution for such power levels. Considerable

1



Chapter 1. Inductive Power Transfer

Table 1.1: Overview on WPT technologies, as in [1].

Technology Frequency Power
range

Distance
range

Applications

Acoustic [20, 100]
kHz

100 W 300 mm Sensing,
biomedical

Light ∼ THz 100 W 1 km Biomedical,
space, telecom

Capacitive [0.1, 100]
MHz

50 W 1 mm Sensing,
phones

Inductive [10 kHz,
10 MHz]

200 kW 2 m Batteries,
actuators

distances can also be covered and a wide frequency range is supported.

Electro-magnetic interference may become an issue, although effective

shielding techniques that are already employed in different application

areas can be easily adapted.

The description of WPT techniques briefly proposed clearly provides

the guidelines for choosing the right technologies for industrial applica-

tions: acoustic and capacitive solutions can be adopted for sensing pur-

poses, whereas inductive CET ensures the proper combination of power

and design flexibility. For this reason, much emphasis is given to IPT

throughout the thesis. In particular, in this Chapter, the IPT circuit

equivalent networks considered in the literature are introduced and the

main operating principles discussed. Possible circuital resonant solu-

tions are also discussed together with the required compensating net-

works. Then the problem of transferring, at the maximum efficiency,

high power levels (of the order of 1 kW or higher) is considered, show-

ing that highly coupled inductive links are needed, requiring to refrain

from the resonance condition. These systems are usually referred to as

CET systems, since the link distances are negligible with respect to the

2



1.1. Inductive Coupling

Figure 1.1: Circuit equivalent representation of an IPT device.

coils dimensions. The operating frequencies are of the order of tens to

hundreds of kilohertz. The fundamental figures of merit are analytically

defined and used to measure the actual limitations involved in this class

of systems, including aspects related to realisation feasibility with respect

to voltages and currents limitations. Finally, state-of-the-art CET works

are surveyed, and realistic applications for different operating frequencies

are considered and critically compared.

1.1 Inductive Coupling

The IPT technology for WPT exploits the variation of the magnetic field

flux shared among two or more physically decoupled coils to transfer

electric power to one, two, or more loads [13]. Electric transformers

are based on inductive coupling too, although are usually designed to

transform the voltage, or ensure galvanic separation between circuits,

instead of establishing a wireless link for energy transfer. The widely used

equivalent representation of an IPT device is based on coupled inductors,

and usually also includes compensating (or resonant) capacitances and

winding resistances, as show in Fig. 1.1.

IPT systems are sometimes referred to as loosely coupled inductive

power transfer (LCIPT) systems, in order to emphasize the fact that the
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Chapter 1. Inductive Power Transfer

coupling k

k =
M√
L1 · L2

,

between windings is way far from optimal [30]. As we will show shortly,

in these cases the IPT system requires two compensating capacitances

(C1, C2 in Fig. 1.1) designed to resonate with the coil inductances L1,

L2. The resonant radian frequency ω0 defines the series compensating

capacitances as follows:

C1 =
1

ω2
0L1

, C2 =
1

ω2
0L2

.

At resonance, resistances R1, R2 define the quality factors of the unloaded

coils as follows [12]:

Q1,unloaded =
ω0L1

R1
, Q2,unloaded =

ω0L2

R2
. (1.1)

These quantities are useful to estimate the native losses and efficiencies

of single coils, although differ from the common expression of Q-factors

of loaded coils:

Q1,loaded =
ωL1 (R1 +Rload)

ωM2
, Q2,loaded =

ωL2

R2 +Rload
, (1.2)

which are employed to optimise the behaviour of the systems in terms of

global efficiency, and power transfer capability of IPT systems [31, 11,

32, 33].

Primary and secondary impedances are defined as follows:

Z1 = R1 + jX1 = R1 + j

(
ωL1 −

1

ωC1

)
Z2 = R2 + jX2 = R2 + j

(
ωL2 −

1

ωC2

)
.

(1.3)
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1.2. Compensation

From the inductors’ constitutive equations

V1 = Z1I1 + jωMI2

V2 = Z2I2 + jωMI1

(1.4)

we can infer the reflected impedance from the secondary to the primary

by dividing the secondary voltage by the primary current resulting in:

Zr =
ω2M2

Z2 +Rload
.

Hence, the power transferred from the primary to the secondary is given

by

P1→2 = Re [Zr] I
2
1 ,

showing that, at resonance, the only limits to the system power transfer

capability are set by the mutual behaviour of the coupled inductors, the

load value, and the rating of the power source.

1.2 Compensation

The main goals in the design of an IPT device are its efficiency and its

power transfer capability [34]. As described in next sections, in order

to reduce losses in the system and maximise the transferred power, the

inductance of the coils needs to be compensated [35]. An optimal com-

pensation can be obtained by adding series or parallel capacitances that

resonate with the coil inductances. Depending on the characteristics of

the selected IPT devices and the constraints on load and source imped-

ances, the optimal configuration of the compensating network (C1, C2

in Fig. 1.1) may vary. In Fig. 1.2, four possible compensation arrange-

ments are shown. Primary and secondary compensating capacitors (C1,

5



Chapter 1. Inductive Power Transfer

Figure 1.2: Compensation topologies: (a) SS; (b) SP; (c) PS; (d) PP.

C2) are placed either in series (S) or in parallel (P) with the respective

self-inductance (L1, L2).

Literature provides several guidelines for choosing the best compens-

ating topology, according to the system constraints, in order to maxim-

ise the IPT device efficiency or its power transfer capability, providing

reliable values for the electrical quantities. As general rules, we can

summarise the following considerations:

• If the load is variable, the system requires series primary compens-

ation, since C1 in SS or SP does not depend on Rload [36].

• If the magnetic coupling is variable, the system also requires series

secondary compensation, since C1 and C2 in SS do not depend on

M [16].

• If load and coupling are fixed, the best secondary compensating

topology can be chosen according to load value and secondary in-

ductance [30, 37].

• If the parasitic parallel capacitance of the windings is not negli-

gible, the system requires parallel compensation, since the parallel
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1.3. Efficiency

resonator can also account for the parasitic capacitance of the coil

[38].

• If the real part of the equivalent impedance at the input port of

the IPT device is dominated by coil resistances (e.g. dominating

winding losses), the system requires parallel compensation, since

a parallel capacitance can affect the real part of the equivalent

impedance [39, 40].

Although even more complex compensation networks have been stud-

ied, such as adaptive matching [11, 41] and additional self-resonant coils

[35, 42], the SS compensation still represents a widely adopted solution,

mainly because of its insensitivity to other parameters such as load and

mutual inductance variations [1]. For this reason, only SS will be con-

sidered in the following.

1.3 Efficiency

According to the previous paragraph, the expression of the efficiency of

an IPT device is not unique, but depends on the adopted compensating

network configuration. As said, SS compensation, although sub-optimal

for certain cases, represents a robust topology, since capacitances only

depend on the windings self-inductances L1, L2. Thus, let us consider

the IPT device of Fig. 1.1. Its power efficiency η can be expressed as

follows:

η =
Pload

P1
= −Re [V2I

∗
2]

Re [V1I∗1]
=

Rload

R1
(X2+Xload)2+(R2+Rload)2

ω2M2 + (R2 +Rload)
,

(1.5)

where X2 = ωL2 − 1/ (ωC2) and Zload = Rload + jXload. Eq. 1.5 shows

that the relationship between efficiency and coupling (expressed by M)

7



Chapter 1. Inductive Power Transfer

as well as between efficiency and resistance of windings (L1, L2) is not

straightforward. Nevertheless, we can infer that primary resonance (or

compensation) does not affect the efficiency, whereas secondary reson-

ance (or compensation) and strong coupling improve the efficiency by

mitigating the negative effect of R1.

1.4 Power Transfer Capability

In a realistic case, the generator introduces a series impedance (ZS 6=

0 Ω, in Figure 1), which accounts for additional losses. If the source

impedance ZS is given, we may be interested into knowing the maximum

available power at the output port of the IPT device. In other words,

the power transfer capability should be optimised.

As for the SS topology, the maximum output power on the load is

expressed by:

Pload =
1

2
Re [V2I

∗
2] =

Rload

2

|Es|2∣∣∣ (ZS+Z1)(Z2+Zload)
ωM + ωM

∣∣∣2 . (1.6)

In this case, primary and secondary compensations provide a direct

advantage in terms of maximum available power at the output port. If we

consider purely resistive load and source impedance (i.e. Xload = XS =

0 Ω), and the coils are resonant (i.e. ω = ω0 = 1/
√
L1C1 = 1/

√
L2C2),

Eq. 1.6 turns into:

Pload =
Rload

2

|Es|2∣∣∣RSRload
ω0M

+ ω0M
∣∣∣2 (1.7)

and the power transfer capability is maximised. Further improve-

ments can be achieved if the final load is a design parameter and is not

given, by differentiating the second term of Eq. 1.7 with respect to Rload,

8



1.5. Contactless Energy Transfer

as explained in [35].

1.5 Contactless Energy Transfer

The collection of possible IPT applications covers a wide range of power

ratings, from a few milliwatts to several of kilowatts [12, 13, 14]. As the

requirement on the transferred power increases, the system operating

frequency is limited by the switching speed of the power converter [17].

Fig. 1.3 shows the variations of the output power and of the efficiency

with respect to the winding inductances for three configurations of res-

onant coils at 50 kHz, 500 kHz, and 5 MHz, respectively. The Q-factor of

each coil is held constant (equal to 10), as can be obtained by piecewise

optimisation of coil and wire geometries, and the winding resistance of

each ith-coil computed as

Ri =
ωLi
Q

, i = 1, 2 ,

according to Eq. 1.1.

As expected, as the frequency decreases, the best efficiency is ob-

tained at higher values of inductance. In these cases, air coils may not

be sufficient to achieve the required inductance, and ferromagnetic cores

become necessary to limit the dimension of the IPT unit and contain

winding losses by increasing the Q-factor.

In the literature, the distinction between inductive power transfer

and contactless energy transfer is vague. Some works (e.g. [43, 29])

refer to CET systems to aggregate different WPT technologies in the

same device, such as inductive and capacitive power transfer or simply

consider WPT systems based on non-inductive devices. However, the

CET term should be adopted in place of the IPT one, to indicate systems

9



Chapter 1. Inductive Power Transfer

Figure 1.3: Power dissipated on the load and IPT device efficiency versus
winding inductance (ES = 100 V; ZS = 0 Ω; Q1, Q2 = 100; C1, C2 resonant;
Rload = 50 Ω; k = 0.9).

characterised by strong magnetic coupling (equal to or greater than 0.8,

often including magnetic cores) and low operating frequency (from 10 to

500 kHz); this allows high WPT efficiency (usually greater than 70 %),

and relatively high power ratings (e.g. more than a kilowatt) [17, 18, 44,

45]. In these cases, the necessity of a contactless transfer of electrical

power usually comes from the need of supplying moving parts, such as

rotating disks or sliding loads.

The strong coupling and the high Q-values of CET systems are man-

datory at high powers not only for preserving the system efficiency but,

more important, for ensuring protection from the EMI point of view.

This can be obtained by combining two technological realisations:

1. Air gap between coils negligible with respect to their dimensions

(e.g. less than a tenth of the coil radius).

2. Coils wound on ferromagnetic cores.

The combination of the two features into the same CET device results

10



1.5. Contactless Energy Transfer

into the design of an IPT unit that can be also considered as an electrical

transformer [2]. Coils, however, can be differently shaped, in order to

feature a proper magnetic circuit for the specific application. Although

most systems adopt circular coils, rectangular windings are not uncom-

mon [20, 46]. The latters have comparable performance, since at the

CET operating frequencies, which lie in the kilohertz range, the con-

ductor edges do not contribute significantly to the overall power losses.

The coils shape also defines the geometry of the magnetic core: for cir-

cular coils, pot cores are generally employed, whereas for rectangular

windings of sliding tracks the core shape can be more arbitrarily chosen.

In these cases, E-shaped cores or rectangular blocks of ferromagnetic

material can be used to enclose the magnetic flux.

1.5.1 Alternative Electrical Equivalent Representation

Because of the similarity between a CET unit and a transformer, the

adopted equivalent electrical representation of the device is sometimes

different from the diagram of Fig. 1.1, and the T-parameter represent-

ation visible in Fig. 1.4 is considered. The leakage inductances Llk1,

Llk2 and the magnetising inductance Lm are shown instead of the self-

inductances L1, L2. In addition, the number of turns of coils N1, N2,

and the resistance Rm, which accounts for losses in the magnetic core,

are shown, whereas the other parameters remain unchanged.

A quick conversion between the CET representation and the IPT

representation of a WPT unit is always possible by using equivalences

summarised in Table 1.2, with the exception of the core resistance Rm.

In some cases, indeed, as for resonance analysis, the IPT diagram is more

convenient [47].

11



Chapter 1. Inductive Power Transfer

Figure 1.4: Alternative electrical equivalent representation used to model a
CET unit.

Table 1.2: Conversion expressions between alternative CET and IPT repres-
entations.

IPT Parameter Alternative CET

L1 = Llk1 + Lm

L2 = Llk2 +
(
N2
N1

)2
Lm

M = N2
N1
Lm

1.5.2 Efficiency

Especially when the power rating of the system becomes considerable,

the CET design should maximise the efficiency of the IPT unit, rather

than its power transfer capability, in order to contain power losses that

contribute to the system self-heating. In literature, analytical expressions

of the power transfer capability of a CET unit are quite uncommon

indeed, whereas efficiency expressions may assume different forms. Forms

based on the Q-factors of the coils have the advantage to characterise

the system by geometrical and material properties only, although do not

implement the dependence on the core resistance Rm [48]. Conversely,

forms based on the R- and L- parameters of Fig. 1.4 can include core

losses as well [44, 49, 50]. By adopting the compensation topology of

Fig. 1.4, the CET unit efficiency, as defined in Eq. 1.5, can be rewritten

12



1.5. Contactless Energy Transfer

as

η =
Rloadn

2

Re [Zin]
∣∣∣ (Z2+Rload)n2

Zm
+ 1
∣∣∣2 , (1.8)

where

n =
N1

N2
, Zi = jωLlki +

1

jωClki
+Ri , i = 1, 2 ,

Zm =
jωLmRm
jωLm +Rm

, Zin = Z1 +
n2 (Z2 +Rload)Zm
n2 (Z2 +Rload) + Zm

.

At resonance frequency ω0, Eq. 1.8 can be strongly simplified if we sup-

pose Rload � R2 and neglect core losses. In this particular case, the

expression of efficiency turns into

η =
1

1 + R1Rloadn2

ω2L2
m

. (1.9)

It can be easily verified that, by applying the third relationship of Table

1.2, Eq. 1.9 turns into a simplified form of Eq. 1.5 supposing, at reson-

ance, X2 = Xload = 0 and Rload � R2. Although core losses should

not be neglected in a CET unit, Eq. 1.9 confirms that strong coupling,

combined with the appropriate compensating network, improves the ef-

ficiency, as expected.

1.5.3 Compensation

CET systems usually implement capacitive resonance. A high coupling

coefficient, however, can partially alleviate the absence of compensation.

For example, works presented in [15, 21] do not explicitly implement ca-

pacitive compensation, thus do not operate at resonance. Fig. 1.5 shows

the plots of the efficiency versus the magnetising inductance for different

coupling coefficients in resonant and non-resonant conditions. In these

plots, the coils Q factor is held constant; hence, as the inductance in-
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Chapter 1. Inductive Power Transfer

Figure 1.5: Efficiency versus magnetising inductance for different coupling
coefficients in resonant and non-resonant conditions (ES = 100 V; ZS = 0 Ω;
N1 = N2; Q1, Q2 = 100; Rload = 50 Ω; f = 100 kHz; Rm →∞).

creases, the coil resistance increases as well, and the system efficiency

begins to decrease after a certain point with a non-symmetrical beha-

viour.

As can be noticed, as the mutual coupling increases, the difference in

terms of efficiency between the resonant (compensated) and non-resonant

(not compensated) cases becomes smaller. Therefore, a non-resonant

design should be considered. In fact, for certain values of inductance

and current ratings, the voltage levels across the corresponding resonant

capacitor terminals may result prohibitive. To quantify this, we can

compute the voltage magnitudes VC across capacitor C1, under resonance

conditions and N1 = N2, as:

VC =
ES

k
(

R1
ωLm

+ ωLm
R2+Rload

) .
The corresponding behaviour is plotted in Fig. 1.6, versus the magnet-
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1.5. Contactless Energy Transfer

Figure 1.6: Voltage magnitude across capacitor C1 versus magnetising in-
ductance for different source voltages (ZS = 0 Ω; N1 = N2; k = 0.9; R1,2 = 0.5
Ω; Rload = 50 Ω; f = 100 kHz; Rm →∞).

ising inductance, for different source voltages (100, 200, and 300 V) and

fixed windings resistance. Fixed resistances can be easily obtained by

increasing the conductors effective section. In this case, a symmetrical

behaviour is observed, since the Q factor varies with the inductance.

At 50 kHz, the resonant capacitance for a magnetising inductance

equal to 20 μH is approximately 500 nF. Commercial capacitors of such

values can difficultly rate more than a few hundred volts, whereas the

computed voltage is well above 1500 V. For this reason, as far as the

power factor of the CET unit is not a concern, is not unusual to design

high-power IPT systems way far from their resonant frequencies.

1.5.4 Losses

Power losses in CET systems cannot be neglected. Although efficiencies

of CET units are often above 90 %, a few tens of dissipated watts are

enough to increase the device temperature to warning levels and put the

whole system reliability in jeopardy. Three main factors are respons-

ible for power losses in a CET unit: skin effect and proximity effect in
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windings, and eddy currents in the core.

Winding Losses

The first parasitic element considered is the well-known skin effect, which

results in an increase in the wire resistance when ac currents at high-

frequencies circulate through them. The skin depth δ is defined as the

depth below the surface of the conductor at which the current density

J has fallen to 1/e of the current density at the surface JS . In round

conductors, it is well approximated as:

δ =

√
2ρ

ωµ
, (1.10)

where ρ is the resistivity of the conductor, ω is the angular frequency of

current, and µ is the absolute magnetic permeability of the conductor.

Wires stacked in layers, the ones above the others, also suffer from

the proximity effect, that contributes to reduce the effective wire current

cross-section due to the induced magnetic field from adjacent conductors

[51]. Many works estimate the equivalent ac resistance of windings in

magnetic components, when skin effect and proximity effect losses are

considerable, such as [52, 53]. Generally, a strong reduction of these

effects is obtained by adopting stranded wire, also called litz wire. Sul-

livan in [54] proposes a method to optimise the number of strands in

a litz wire, by considering wire’s thickness as well as core’s geometries.

Given the dc resistance of the winding, Rdc, its dc + ac resistance can

be estimated as follows:

Rac+dc = Rdc

(
1 +

π2ω2µ2
0N

2n2d6
cγ

768ρ2
cb

2
c

)
. (1.11)

In Eq. 1.11 the current is supposed sinusoidal and ω is the radian fre-
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1.5. Contactless Energy Transfer

quency, n the number of strands, N the number of turns, dc the dia-

meter of the copper in each strand, ρc the resistivity of the copper, bc

the breadth of the window area of the core, and γ a factor accounting

for non-uniform field distribution in windings, usually equal to one.

Hence, electrical losses of windings, Ploss,e, can be computed as fol-

lows:

Ploss,e =
1

2
|I1|2R1 +

1

2
|I2|2R2 . (1.12)

Core Losses

Core losses represent a considerable portion of the total losses of a CET

unit. The choice of the material employed as ferromagnetic core is es-

sential to prevent an excessive self-heating and ensure high efficiency.

The frequency range of CET systems (usually 20–200 kHz) demands for

high-resistivity ferromagnetic materials, in order to prevent the circulat-

ing of strong eddy currents within the core. Soft ferrites are commonly

employed in the frequency range of interest because, despite the lower

point of magnetic saturation compared to steel, their high resistivity

significantly reduces those parasitic currents. Eddy currents and mag-

netic hysteresis, both proportional to the B-field (or magnetic flux dens-

ity), are responsible for magnetic core losses Ploss,m within the core. An

approximate computation of Ploss,m, which includes eddy currents and

magnetic hysteresis contributes, is possible thanks to the Steinmetz’s

equation [55]:

Ploss,m = CmC(T )fxB̂yVe , (1.13)

where Ve is the effective volume of the core, B̂ the peak flux density

of a sine wave at frequency f , Cm, x, y material constants, and C(T )

a temperature correction factor. Such parameters can be derived from

materials data sheets or retrieved from available surveys [56, 57]. The
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Chapter 1. Inductive Power Transfer

peak flux density can be calculated by estimating the magnetising current

im, or computing the current im iteratively, due to the dependence of

Rm on Ploss,m. The relation between B and im can be obtained from the

Ampere’s circuital law [58]. It states that the line integral of the H field

equals the enclosed current:

˛
H · d` = ienc .

For a practical circuit as a pot-core transformer, the Ampere’s law can

be rewritten as

Hle = N1im , (1.14)

wherein le is the mean path length, or effective length, and Nim the

number of primary turns times the magnetising current of the core. By

applying the definition B = µH, (Eq. 1.14) results in:

B

µ
le = N1im .

Hence, the peak quantities are expressed as follows:

B̂ =
µ

le
N1ı̂m .

Since Lm is defined as

Lm =
N2

1

Rc
= N2

1

µAe
le

,

wherein Rc is the core reluctance and Ae the effective area of the core,

the B-field peak can be rewritten as:

B̂ =
Lm
N1Ae

ı̂m .
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1.6. CET Systems

If the voltage V1 applied to the primary winding is known, an approxim-

ation of the B-field peak can be obtained by neglecting the leakage in-

ductance Llk1 and supposing im sinusoidal. In this case, ı̂m = V̂1/(ωLm).

This yields to

B̂ =
V̂1

ωN1Ae
,

which is sufficiently accurate for preliminary estimations.

Computed Ploss,m, the core resistance Rm can be approximated by

neglecting the leakage inductance Llk1 as:

Rm =
1

2

|V1|2

Ploss,m
.

From Eqs. 1.12 and 1.13 we can straightforwardly evaluate the loss ratio

as:

Rloss,i =
Ploss,i
Pout

, i = m, e .

In Fig. 1.7 these quantities are plotted versus number of turns for a

constant output power (900 W) at two different frequencies, 50 and 100

kHz. The ferrite core considered in the analysis is a ®Ferroxcube 3C81

P66 pot core [59].

From the picture it is evident how the computation of the optimal

trade-off among several design parameters, such as number of turns,

frequency, and core type, is not immediate ad may require to be evaluated

iteratively.

1.6 CET Systems

Fig. 1.8 shows an overview of a CET system, represented by several

building blocks.

In a CET system, the primary source of energy is usually the mains.
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Chapter 1. Inductive Power Transfer

Figure 1.7: Comparison between core and winding loss ratios versus number
of turns at different frequencies for a constant output power (V2 = 300 V;
C1 , C2 resonant; Rload = 50 Ω; k = 0.9; coil radius = 18.5 mm; coil resistance
per unit of length = 9.7 mΩ/m; strands number = 50; strand diameter = 0.1
mm; core window breadth = 10.6 mm; core reluctance = 9.8 10−5 turns²/H;
ferrite = ®Ferroxcube 3C91; effective area = 717 mm²; effective volume =
88200 mm³).

Figure 1.8: Overview of a CET system.
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1.6. CET Systems

A switching-mode power supply is used to convert the mains frequency

up to tens of kHz and acts as power transmitter for the WPT link.

The inductive CET unit (i.e. a contactless transformer, in this case)

constitutes the WPT link and the power receiver is often represented

by an ac/dc power converter, or rectifying stage. Sometimes, the ac/dc

conversion is unnecessary, and the final load is directly connected to the

WPT link and represents the power receiver itself.

1.6.1 Power Transmitter

In order to contain the size of the magnetic core, thus preventing its sat-

uration, the mains 50-(or 60-) Hz voltage should be switched at a higher

frequency. The direct generation of a pure sine wave is almost impossible

at power ratings of CET systems. In these cases, the widely employed

solution is represented by switching mode power supplies (SMPS). The

state-of-the-art SMPS adopt soft-switching techniques in order to alle-

viate turn-on and turn-off losses of the switching network, theoretically

extending the devices lifetime and avoiding possible electromagnetic in-

terference (EMI) [60, 61]. Soft-switching techniques rely on inductive

loads to achieve zero-voltage or zero-current commutation of the switches

[58, 62]. For high-power and high-frequency operation, zero-voltage

switching (ZVS) converters are preferred over zero-current switching

(ZCS) ones, because the parasitic elements of switching components fa-

cilitate the soft-switching mechanism [63]. An extensive description of

power supply topologies suitable for WPT systems is provided in Chapter

2.

The presence of an inductive element (i.e. WPT link) suggests that

the contactless transformer itself can be used to store the energy con-

trolled by the converter. Authors of [23], for example, propose a phase-
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Chapter 1. Inductive Power Transfer

shift ZVS full-bridge converter that exploits the inductive equivalent

input impedance of the transformer and four parallel capacitances to

achieve soft switching of active elements. Differently, the work presented

in [19] introduces primary compensation and exploits this capacitance to

realise a resonant tank that eases the resonant process of the converter.

Table 2 shows comparisons of some state-of-the-art CET systems

considered in this review. The adopted power converter topologies are

shown, as well as system ratings, geometry of magnetic circuits (discussed

next), and specifications of power receivers.

1.6.2 WPT Link

The WPT link represents the core of the system. In previous paragraphs,

we described the theory of operation of a CET unit. In the follow-

ing, instead, we present two different implementations of the IPT device

widely discussed in CET-related literature: the sliding transformer and

the rotary transformer.

Linear Transformer

The description of a CET system based on a linear transformer is form-

ally introduced in [44], though studied in numerous other works, such as

[9, 65, 66]. A linear transformer, is composed by a linear track that con-

stitutes a long magnetic primary circuit, or a long primary winding loop,

and one or more secondary winding wound about a ‘magnetic pickup’

free to move on the linear track, as shown in Fig. 1.9(a).

As described in [46, 67], for example, the linear transformer can also

be intended differently. Authors of cited works propose a sliding trans-

former in which the primary track is segmented into several primary

coils wound about several core blocks, and some secondary pickups that
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Chapter 1. Inductive Power Transfer

Figure 1.9: 3D representations of (a) a linear transformer as in [44]; and (b)
a sliding transformer as in [46].

face primary coils along a secondary parallel track, as depicted in Fig.

1.9(b). This way, magnetic leakage and ohmic losses can be reduced, and

the efficiency improved.

Finally, planar array geometry can be derived from the sliding trans-

former, as proposed in [68]. Similarly to a segmented primary linear

track, several primary coils are distributed over a 2D surface, and a sec-

ondary pickup is free to move along two axes.

Typical applications of linear transformers are represented by elec-

trical delivery systems for planar moving platforms. Some examples are

drive belts, linearly moving motors, and power rails.

Rotary Transformer

A rotary (or rotatable) transformer design represents one of the first im-

plementation of a CET system [2, 14]. Rotatable transformers are usually

based on pot-core ferrite cores. A pot-core transformer is composed by

two separate half cores, as shown in Figure 10.

In a standard application, a pot-core transformer encloses two wind-

ings wrapped about its central leg and a through-hole screw, or an ex-

ternal spring, tightens the half cores together. Conversely, pot cores for

CET applications exploit the physical separation of the halves to allow

the rotation of the one with respect to the other. Physical separation is

obtained by ensuring an air gap between the halves.
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1.6. CET Systems

Figure 1.10: (a) 3D representation of two half pot cores and their magnetic
flux lines as in [50]; (b) prototyped version of a pot-core transformer with air
gap as in [69].

In order to allow relative rotation, the windings must be detached

as well. Two different winding topologies are possible, either adjacent

windings or coaxial windings [15]. In the former topology each winding is

placed in its own half core, whereas in the latter windings are concentric.

Many works compare the two different topologies, e.g. [70]. Depending

upon the final application, the one might be more favourable than the

other. On the one hand, for example, the adjacent topology exploits

the available room for windings in the window area of the core more

efficiently, resulting in a lower magnetising current and, in turn, lower

losses. On the other hand, coaxial windings share the whole magnetic

flux path of the transformer, resulting in lower leakage inductances and

therefore higher coupling coefficient.

Typical applications of rotatable transformers are meant to replace

rotary electrical joints, also known as slip rings. Such joints have wide use

in both industrial and military areas, for example in robot arms, rotary

working tools (as drilling machines, or sealers), and radars. For instance

in [50, 69], a CET system has been prototyped for power supplying

rotatable parts of automatic machineries, namely sealing rollers. The

system performance is also reported and compared in Table 1.3.
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Chapter 1. Inductive Power Transfer

1.6.3 Power Receiver

The power receiver usually implements a rectifying stage. The ac/dc

conversion is necessary when the system load operates in the dc regime,

such as batteries, logics, or dc drives. In these cases, the rectifier is

constituted by a 4-diode bridge or, alternatively, a 2-diode bridge if the

CET unit provides for a central tap. Authors of [71] propose a ‘reversible

rectifier,’ instead, to allow bidirectional energy flow. Differently, when

the system load is resistive, (a heater or a sealer, for example, as in [50]),

the ac/dc conversion may be unnecessary if the resulting parasitic load

reactance is negligible at the operating frequency.
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Power Supplies for WPT

An excellent design of the IPT system becomes useless if the appropriate

power source, as well designed as the CET unit, is not attached to its

primary port. The main functionality of the CET power source is to

convert the energy from mains into a suitable from for the inductively

coupled system. The line frequency provided by power utilities (50 or

60 Hz) is too low in order to design compact IPT units characterised by

weak magnetic coupling and would demand huge core geometries to pre-

vent ferrite saturation [4, 13]. A frequency conversion is then required to

ensure an acceptable efficiency. For this reason, ac/ac power converters

are usually employed to increase the supplied voltage frequency and to

regulate the amount of energy transferred by controlling the switching

network. Thanks to the improvements in electronic switches, as MOS-

FETs or IGBTs, 10 to 500 kHz switching converters are not an issue,

even for powers in the kW range.

The presence of an inductive element (i.e. the natural impedance

of the IPT unit) suggests that the link itself can be used to store the

energy controlled by the converter. Several topologies such as flyback,

resonant, quasi-resonant, and self-resonant converters can be employed
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Chapter 2. Power Supplies for WPT

in this case [23]. The usage of soft-switching techniques in power con-

verters alleviates turn-on and turn-off losses of the switching network,

theoretically extending the devices lifetime and avoiding possible electro-

magnetic interference (EMI) [61, 60]. The mentioned flyback converter is

suitable to achieve a zero-current switching scheme. For high-power and

high-frequency operation, however, practical issues due to parasitic com-

ponents worsen controlling capabilities. On the contrary, zero-voltage

switching is more appropriate for high-power and high-frequency con-

verters, because parasitic elements generally improve its performance

[63].

2.1 Voltage-current Behaviour of the IPT Sys-

tem

The constitutive equations 1.4 of the IPT circuit offer the starting point

for an interesting consideration. Let us suppose to operate the system

at resonance (ω = ω0) and to neglect losses in coils, namely the terms

R1 and R2 in Eq. 1.3. Hence, impedances Z1 and Z2 are nearly zero.

If we are interested into the output (i.e. secondary) current I2, we can

manipulate the first of Eqs. 1.4 to obtain:

I1 =
V1 − jωMI2

Z1
,

and, by replacing I1 in the second, we obtain:

−Z1 I2 (RL + Z2) = jωM (V1 − jωMI2) ⇒

I2 '
V1

jωM
,
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2.1. Voltage-current Behaviour of the IPT System

which clearly shows that the output current only depends on the input

(i.e. primary) voltage V1, the mutual inductance, and the frequency.

Conversely, if we are interested into the output (i.e. secondary) voltage

V2, we can manipulate the second of Eqs. 1.4 to obtain:

V2

(
1 +

Z2

RL

)
= jωMI1 ⇒

V2 ' jωMI1 ,

which clearly shows that the output current only depends on the in-

put (i.e. primary) current I1, the mutual inductance, and the frequency.

After all, this is not surprisingly. If we recall the Magnetic Ohm’s Law,

Ni = Rφ ,

where N is the number of turns of a coil, i the current which flows in

the coil, R the reluctance of the magnetic path enclosed within the coil,

and φ the magnet flux along the path, and the Lenz’s Law,

e = N
dφ

dt
,

where e is the induced voltage across the coil terminals, it is clear that

a constant-amplitude alternate current at the primary side generate a

constant-amplitude alternate magnetic field, thus flux, that, in turn,

induces an electromotive force (i.e. a voltage) at the secondary regardless

the load attached. Then, we can summarise the behaviour of the IPT

system as follows:

Primary Secondary

constant voltage ⇒ constant current

constant current ⇒ constant voltage
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Figure 2.1: Conceptual diagram of a ZVS-PS inverter.

In the following, these two cases are considered.

2.2 A Voltage-fed IPT Converter: ZVS-PS In-

verter

The wide availability of ac/ac converter topologies makes the combina-

tion of ac/dc line rectifiers and dc/ac bridge inverters a popular choice.

Among the possible configurations, energy-efficient solutions, such as

soft-switching schemes, are preferred. In pseudo-resonant (or quasi-

resonant) topologies, the switches turn on and off at zero voltage, and the

input voltage of a switch is clamped at the input dc voltage. Authors

of [23], for example, employ a phase-shift full-bridge converter which

exploits the inductive equivalent input impedance a contactless trans-

former and four parallel capacitances to achieve soft switching of active

elements. Generally, half-bridge and full-bridge (also known as H-bridge)

versions are both available for each resonant converter topology. Since for

the same output power the switch currents for a full-bridge are one-half

of those for a half-bridge—at a modest increased complexity, given the

actual cost of electronics—only the ‘H’ configuration will be considered

[58].
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Zero-voltage switching (soft-switching, or quasi-resonant) phase-shift

(ZVS-PS) converters and their circuital variants are well covered in lit-

erature [63, 72, 73, 74, 75]. A conceptual diagram of a ZVS-PS converter

is shown in Fig. 2.1. Switches and diodes 1 to 4 represent ideal MOS-

FETs with the intrinsic junction diodes. The inverter load ZL should

be considered strongly inductive, in such a way that the output current

can ease the soft switching as described in the following. The output

voltage is controlled via phase control: the crossing pairs of the H-bridge,

namely S1, S4 and S3, S2, operate at a fixed 50% duty cycle or less, and

the phase difference between the half bridge pairs, namely S1, S2 and

S3, S4, is controlled to obtain the ac output voltage regulation [62].

The switching process can be described by the following phases, as

visually presented in Fig. 2.2:

1. S2 and D4 conduct. The output voltage is zero and the output

current negative.

2. S2 is switched off. The negative output current causes C1 and C2

to charge, and VA to increase. At the same time, the negative

output current starts decreasing in magnitude. During this phase,

the output inductance and the two capacitances form a resonant

network.

3. If the resonant network has sufficient energy stored in the output

inductance, VA reaches VDC , by activating D1 that clamps VA to

the dc voltage. IL is still negative. S4 can be turned on at zero-

voltage at any time, as D4 is forward biased.

4. At this point, S1 can be switched on at zero voltage, as D1 is

already conducting. The output current becomes positive. If the

resonant network did not have sufficient energy to activateD1, non-
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Figure 2.2: Approximated timing waveforms of a ZVS-PS inverter.
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2.2. A Voltage-fed IPT Converter: ZVS-PS Inverter

zero voltage commutation occurs in this phase, with a subsequent

switching loss. S4 must be already on, asD4 would naturally switch

off with a positive IL.

5. IL reaches its maximum and becomes flat. S4 is switched off. At

this point, IL starts charging C3 and C4. VB increases.

6. D3 becomes forward biased and clamps VB to VDC . This time, the

current required to charge C3 and C4 and to activate D3 comes

from the dc bus through S1, which is still on, not from the energy

stored in the load. S3 can be turned on at zero-voltage at any time,

as D3 is activated.

7. S1 is switched off. The positive output current starts decreasing

in magnitude, as well as VA. After discharging C2, D2 becomes

forward biased and S2 can be switched on before IL inverts its sign

and becomes negative again.

8. At this point, a symmetrical behaviour involving S3 and D4 is

observed: the switch is turned off, VB decreases, and the diode

becomes forward biased, starting off from phase 1.

Transitions involving the left half bridge elements, namely S1, D1 and

S2, D2, are also referred to as ‘passive-to-active,’ because turn-on trans-

itions are initiated by the energy stored in the load. Conversely, trans-

itions involving the right half bridge elements, namely S3, D3 and S4, D5,

are also referred to as ‘active-to-passive,’ because turn-on transitions are

initiated by the energy supplied by the source.

Thanks to the zero-voltage transitions, this converter exhibits low

primary-side switching loss and generated EMI. Compared to an ideal

‘hard-switched’ topology, in which commutations do not trigger reson-

ances, conduction losses are slightly increased because of the additional
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currents that flow in the output inductor. This contribute, however, is

much smaller than the power saving of the soft switching. Efficiencies

well greater than 90 % are not uncommon. In [74], for example, an effi-

ciency of 95 % at 112 kHz for 670 W is obtained, whereas in [75] 93 %

at 120 kHz for 2 kW.

2.3 A Current-fed IPT Converter: CF-PR-PP

Inverter

An alternate-current power source is the most common solution to ener-

gize primary loops of WPT systems [76, 77]. The main advantage is the

constant output voltage at the secondary side, regardless the load value.

The simplest, though effective, current-fed inverter is described as

class D current-source parallel-resonant inverter in [78, 79, 80], also called

current-fed parallel-resonant push-pull (CF-PR-PP) inverter [81]. The

diagram of a CF-PR-PP inverter is based on a constant dc current source

commuted across a resonant load by a pair of electronic switches, usually

MOSFETs, as shown in Fig. 2.3 [82]. If the switches are commuted at

the resonance frequency given by ω0 = 1/
√
LC, its operation principle is

pretty simple and can be visually described as in Fig. 2.4. The parallel

LC resonator act as a rough bandpass filter: its impedance is ideally

zero at the resonant frequency and different from zero elsewhere. This

way, the load RL is supplied with a single-tone sinusoidal current. Also,

in this case, the switches turn on and off at zero voltage, resulting in no

commutation losses.

A more realistic circuital diagram of a CF-PR-PP inverter is shown

in Fig. 2.5. The ideal current generators are replaced with a dc voltage

supply, whose current is split into two inductors L1 and L2 that act as

RF chokes. The supply current is considered approximately constant,
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2.3. A Current-fed IPT Converter: CF-PR-PP Inverter

Figure 2.3: Simplified schematic of a CF-PR-PP inverter.

Figure 2.4: Simplified timing waveforms of a CF-PR-PP inverter.
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provided that the series inductor LDC is sufficiently large. When MOS-

FETs are employed, it is a good practise to include the series diodes D1

and D2. In fact, at resonance, their presence is unnecessary in principle,

since the voltages across the MOSFETs naturally become zero every

semi-period. If the switching frequency fs does not match the resonance

frequency f0 = ω0/ (2π), however, a tricky condition occurs. For ex-

ample, if the switching frequency is lower than the resonance frequency

(fs < f0) the load is inductive, and the MOSFET currents I1, I2 lag the

load voltages V1, V2 (and the load current lags the load voltage), as shown

in Fig. 2.6. If series diodes D1 and D2. are not included, this results into

temporary negative voltages on MOSFETs drains that activate the in-

trinsic junction diodes of Q1 and Q2, sourcing an undesired current from

ground to load. In addition, despite the series diodes, turn-on transitions

of MOSFETs are not zero-voltage, resulting into switching losses. The

case fs > f0 is similar, although switching losses occur in both turn-

on MOSFET transitions and reverse-recovery turn-off diode transitions,

turning fs > f0 into an even worse design choice. To eliminate the risk of

possible mismatch between the resonance and the switching frequencies,

switches are often controlled in a closed loop with complementary pulses

obtained by the differential output voltage comparison. In this case, a

suitable start-up strategy or circuitry is required [83, 84].

Supposing a perfectly resonant operation of the inverter, power losses

are represented exclusively by conduction losses. Namely, losses in the

choke inductors, in the MOSFETs, in the series diodes, and in the reson-

ant circuit. The cited literature reports different efficiencies depending

on frequency and output power. In particular, in [81] authors reached 96

% of efficiency in converting 15 W at 255 kHz, whereas in [82] efficiency

equals 78 % for almost 1 W at 700 MHz by exploiting non-conventional
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Figure 2.5: Realistic schematic of CF-PR-PP inverter.

Figure 2.6: Timing waveforms of a CF-PR-PP inverter in case of fs < f0.
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Figure 2.7: Hybrid series-parallel LCL resonant inverter.

GaAs heterojunction bipolar transistors.

2.4 A Hybrid IPT Converter: LCLResonant Power

Supply

Hybrid resonant power supplies are seen as an interesting alternative to

current-fed IPT converters employed in constant-current WPT systems

[85, 86]. Such solutions are based on the combination of a conventional

resonant voltage-fed voltage supply (e.g. ZVS-PS inverter) with a series-

parallel LCL resonant network, that acts as an impedance inverter, as

shown in Fig. 2.7. The main advantage is that, thanks to the resonant

LCL network, a constant voltage from the voltage inverter generates a

constant current on the load, independently of its value [87, 88, 89].

The constant output current formulation is demonstrated in [87]. The

equivalent load impedance Zeq can be defined as

Zeq = Req + jXeq ,

where
Req =

RL

(ωCRL)2 + (1− ω2L2C)2

Xeq = ωL1 +
ωL2 − ωC

(
ω2L2

2 +R2
L

)
(ωCRL)2 + (1− ω2L2C)2 .

The inductors should be chosen such that L1 = L2 = L to make it
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resonant at a frequency ω0 = 1/
√
LC. In this case, at ω = ω0, the LCL

network realises an ideal impedance inverter, leading to Req = (ωL)2 /RL

and Xeq = 0. Then, by analytical or circuital manipulation, it can be

obtained that

I2 =
Vin

jωL
.

In other words, the output current is independent of the load and con-

trollable by the inverter output voltage level.

From the system perspective, an additional advantage is evident: the

second inductance L2 can be replaced by the uncompensated input of

the IPT unit. In this case L1 has to be chosen carefully to match the

input inductance of the IPT unit.

Efficiency considerations for this class of inverters are similar to the

ones of the ZVS topology. In addition, since the output network includes

an additional inductor, at least, we expect a further degradation of the

overall efficiency. The available literature reports that efficiencies greater

than 90 % are difficult to reach. To make an example, in [87], an efficiency

of 85 % is obtained at 100 kHz for 200 W.
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Chapter 3

Wireless Sensing

Among all the possible WPT application areas, the increasing perform-

ances of industrial machines, in terms of reliability and low maintenance,

make this field a potential market for wireless power applications. The

upcoming industrial solutions demand for an innovative and robust tech-

nology to simultaneously supply energy and deliver data signals. Indeed,

this is critical in monitoring remote subsystems located in isolated sites

difficult to be reached. Some complex industrial equipments, as auto-

matic machines, for example, demand for wirelessly powered actuators

that are controlled through complex feedback loops. In these cases, re-

mote sensors may be located in proximity of actuators, but require in-

dependent energy supply and communication links physically decoupled

from the actuator power link due to robustness and safety requirements

[90]. A simultaneous wireless transmission of power and data in an auto-

matic machine environment can be represented as shown in Fig. 3.1. The

upper part of the diagram shows the actuator supply: electric power is

modulated by the switching dc/ac converter and wirelessly delivered to

the actuator (e.g. a heater) by an inductive unit. The lower part of the

diagram shows the feedback path of the sensor data: its readout is con-
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Figure 3.1: Example of a concurrent wireless power and data transfer in a
closed-loop system.

ditioned, digitalized, elaborated and sent back to the controller through

a secondary wireless interface. Many contactless industrial applications

do not necessarily involve large air gaps between the energy source and

the electric load (sensor, actuator, etc.). This allows to investigate the

use of UHF signals in the near-field range for passive sensing purposes.

The passive sensing technology embrace a broad set of solutions,

which differ for frequency bands, sensing elements, and control circuitry.

Low frequency RFID charge mechanisms for backscattering digital sens-

ing platforms were not uncommon research topics a few years ago and

are still the subject of recent studies [91]. With the advances in RF

and microwave technologies, the UHF band has become the preferred

option for passive systems [92, 93]. Nevertheless, backscattering modu-

lation is still adopted by many passive sensing solutions, thus requiring

implementing sophisticated electronic hardware on remote boards (also

known as chip-enabled RFID) [25]. Although this approach ensures a

high flexibility in the choice of sensing elements and digital data elab-

oration, it cannot be considered the most genuine embodiment of the

passive sensing technique.

Recent studies describe truly passive sensing systems, which do not

include any active element on the remote board that hosts the sensor
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[27]. In such cases, sensing elements are based on chipless RFID circuits

that modify their reflection coefficient depending on the physical quant-

ity to be measured (e.g. temperature, or humidity). This modification,

resulting in a different reflected power or a shift in the resonance fre-

quency, is then detected by the transmitter and can be digitally related

to the physical quantity after a system characterization [94, 95].

Such solutions have the advantage of exploiting the whole input char-

acteristic of the RFID circuit specifically designed to operate in the des-

ignated frequency band, leading to excellent sensitivity and compactness.

Most chipless RFIDs, however, have environmental limits and cannot op-

erate under extremely harsh conditions. Many industrial applications,

for example, require the remote measurement of temperatures greater

than 300 °C. For those temperature ranges, reliable and accurate res-

istive temperature detectors (RTDs) have already been developed and

successfully employed for several decades [96].

3.1 RFID Sensing

Along with the increasing popularity of wireless sensor networks (WSNs),

the interest for their integration with passive RFID technologies is also

growing in scientific communities. The processing of backscattered sig-

nals reflected by RFID tags has become a low-cost alternative to re-

mote sensing [97]. Compared to battery-powered, or passively-powered

RFID tags, passive RFID tags are cheaper, lighter, and have a poten-

tially longer lifetime. As explained in the following, they consist in the

integration of a passive sensor into a chipless tag. The tag response

to the reader interrogation is affected by physical modifications induced

by its sensing part, making environmental quantities detectable at the

reader side.
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Figure 3.2: Overview of a passive RFID system.

3.1.1 System Operation

The operation of a passive RFID system can be described as illustrated

in Fig. 3.2 [98]. A typical system is composed by an RFID tag and a

base station, referred to as RFID reader. The tag may be passive, as in

Fig. 3.2. In this case, it consists of an antenna and application-specific

integrated circuit (ASIC) chip, characterised by complex impedances.

The purpose of signal transmitted by the reader is twofold: first, the tag

powering; second, sensing commands or queries to the tag. On the tag

side, the received power allows to send data back by switching the chip

impedance between two states, logically ‘0’ and ‘1’, physically high im-

pedance and low impedance, for instance. This results into a modulation

of the backscattered signal.

The data modulation of the transmitted and backscattered signals

can employ different coding schemes (e.g. Manchester coding over amp-

litude modulation). In Fig 3.3, a simplified data exchange between an

RFID reader and a tag is shown. As can be seen, the transmitted signal

is composed by both a continuous wave (CW) and modulated commands

(e.g. interrogations). At the tag side, the operation is divided into several

phases: first, the tag exploits the CW to build-up electric charge into

an internal capacitor, which provides the energy to perform subsequent
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Figure 3.3: Simplified data exchange between RFID reader and tag.

actions; second, the powered IC interprets the received commands; third,

in response, the chip sends data back to the reader by modulating the

internal impedance accordingly; as a result, the impedance match (or

mismatch) between the tag antenna and the IC is affected, resulting into

the modulation of the backscattered signal. Back at the reader side, the

receiver starts listening to incoming signals as soon as the transmitter

has sent out the commands. The variation of the backscattered power,

corresponding to the impedance mismatch, is detected and evaluated to

infer the tag response.

3.1.2 Theory Formulation

In RFID tags both the antenna and the chip have complex impedances,

namely Za = Ra + jXa and Zc = Rc + jXc. During the charge phase,

it is important for the tag to match the two impedances (i.e. Za = Z∗c ),

in order to maximise the power transfer to the charge capacitor. In fact,

the fraction of the reader input power Pin that is absorbed by the tag is:

Pa =

(
λ0

4πd

)2

GRGT τPinηp , (3.1)

where λ0 is the free-space wavelength, d the reader-tag distance, GR is

the gain of the reader antenna, GT the gain of the tag antenna, τ the

power transmission coefficient of the tag, defined as

τ =
4RaRc

|Zc + Za|2
,
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and ηp the polarization efficiency between the reader and the tag [99].

When the absorbed power by the tag exceeds its microchip sensitivity,

the IC is able to receive commands from the reader and to send data

back by backscattered modulation. The chip acts as a programmable

switch between the two loads that define the modulating impedance Zm.

During the backscattering phase, the RFID system can be considered a

monostatic radar [100], whose radar range equation is given by

Pr (d)

Pin
= σ

G2
R

4π

(
λ0

4πd2

)2

,

where Pr (d) is the power received back by the reader at distance d and

σ the radar cross section (RCS) defined as “the area intercepting that

amount of power which, when scattered isotropically, produces at the

receiver a density which is equal to that scattered by the actual target”

[101]. In the case of an RFID tag, the RCS becomes [98]

σ =
λ2

0

4πG2
Tρ

,

where ρ is a modulation parameter resulting in

ρ =
4R2

a

|Zm + Za|2
.

The radar range equation can be then rewritten as

Pr (d)

Pin
=

(
λ0

4πd

)4

G2
RG

2
Tρ ,

which allows to evaluate the impact of the modulating impedance on the

backscattered power. The low modulation state, virtually obtained by an

open circuit Zm = ∞, produces no significant backscatter, whereas the

strongest backscatter is produced by a high modulation state, obtained
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by either Zm = 0 or Zm = Zc, depending on the chip family.

3.1.3 Chipless Sensing

Any antenna placed on, or in proximity of, a real object shows different

radiation characteristics depending on the physical properties of the ob-

ject itself. Likewise, in a RFID system, the strength of the backscattered

power depends on the physical properties of the tagged object. In case

of tags placed on objects with variable permittivity ε, for example, the

absorbed power defined in Eq. 3.1 includes a dependency on both d and

ε, i.e. Pa = Pa (d, ε). Theoretically, if the distance between reader and

tag is known, as well as the other static quantities that appear in Eq. 3.1,

the change in the target permittivity could be detected by monitoring

the backscattered power level at the reader side for a given Zm. Tra-

ditional programmable tags (e.g. [25]) encode the digital sensor readout

into the backscattered signal by switching Zm between the two states.

Conversely, chipless tags are loaded with a single element ZL whose im-

pedance strongly depends on a physical property of the object [102]; in

case of permittivity, for example, ZL = ZL (ε).

The system operation of a chipless RFID sensor tag is slightly differ-

ent with respect to what described in Section 3.1.1. The reader, or radar,

transmits a pulse, rather than a CW. The pulse hits the sensor tag, which

acts as a scattering antenna, and the incoming wave is partially absorbed

by the tag, partially backscattered toward the radar, as shown in Fig.

3.4. The tag has two scattering modes: the structural mode, which de-

pends on the antenna topology; and the tag mode, which depends on the

reflection coefficient ΓL of the load. The higher the reflection coefficient,

the stronger the tag-scattered pulse. The two backscattered pulses are

spaced in time by adding a delay line between the antenna and the load.
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Figure 3.4: Model of a chipless RFID sensing system.

The ratio between the structural and tag modes can be used to estimate

the load value. If its impedance ZL is sensitive to any physical quantity

of the object the tag is attached on, or immersed in, the same ratio can

be used to extract the physical property of interest (e.g. ε).

3.1.4 Temperature Sensing

Programmable tags can be easily employed as temperature sensors. If the

reader is within the range of activation of the tag, the radar successfully

activates the chip that, in turn, carries out temperature conversion and

backscattering modulation toward the reader [103].

In the case of chipless tags, the sensing strategy becomes more chal-

lenging. The sensing element can be as simple as a positive temperature

sensor (PTS) used as tag load. Its resistance is strongly dependent on its

temperature. This reflects into a temperature dependency of its reflec-

tion coefficient ΓL, because of the mismatch with the transmission line

impedance. It has been proved [94] that the ratio between the amplitudes

of the structural and tag mode waves STratio is related to the resistance

value of the sensing element. In particular, a calibration technique can
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be described by the following relationship:

STratio (RL)

STratio (Rmax)
=

ΓL (RL)

ΓDC (Rmax)
,

where Rmax is a preferably very large resistance, ΓDC (Rmax) the ideal

reflection coefficient at Rmax, and RL the load value. Hence, after the

calibration has been performed (i.e. STratio (Rmax) and ΓDC (Rmax) have

been measured once), the reflection coefficient can be estimated and the

load resistance evaluated by measuring the actual ratio STratio (RL):

ΓL (RL) = ΓDC (Rmax)
STratio (RL)

STratio (Rmax)

RL = Z0
1 + ΓL (RL)

1− ΓL (RL)
.

3.2 Direct Passive Sensing

In case of resistive or capacitive measurements, chipless passive RFID

sensing has some advantages compared to its chip-enabled counterpart.

Compactness, temperature range of operation, robustness, to cite some.

In general, however, the radio channel between the reader and the sensor

increases the readout uncertainty in terms of resonance frequency shifts

and attenuation. In fact, some chipless RFID are based on changes in

phase of reflected signal, which may be unpredictably affected by the

environment [104]. In other cases, the readout is achieved by estimating

the reflected power by the sensor at the reader output port for a given

frequency [69]; reasonably, in this case, if the radio channel cannot be

characterised, the measurement uncertainty is even larger. In some cases,

however, the channel is short, invariant, and very well known. This

allows to include its model in the system characterisation and exclude

such uncertainties, as also presented in [105]. Hence, sensing becomes
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direct, other than passive.

3.2.1 Reflected Power Sensitivity

For high-temperature industrial equipment, resistive temperature sensors,

or RTDs, are used. Thus, when used at the far end of a near field wireless

resonant link (either inductive or capacitive) the RTD acts as the vari-

able resistive load of the link, and the reflection coefficient ΓL variations

can be retrieved at the transmitter side [106, 34]. This work exploits

this simple, well known circuital operation for converting the sensor (the

link resistive load) data at the transmitter side of the near-field link. It

is well known that if a near-field resonant link is time-invariant (i.e. the

link distance/alignment is fixed), its resonant frequency does not change

with load variations. Based on this knowledge, in the following, the

analytical formulation of a novel passive sensor readout is developed,

with reference to the very basic circuit model of the receiver part of the

link, shown in Fig. 3.5. The voltage generator with its internal im-

pedance represents the receiver input port and the load represents the

sensor. Given the available power PLav, the reflected power is derived

as P−L = PL,av · |ΓL|. As well-known from the maximum power transfer

principle (MPTP) [107], in matched conditions, the reflected power is

minimum and all the available power is delivered to the load, as shown

in Fig. 3.5(b). In fact, considering the non-reactive load case, for the

sake of simplicity, the incident power is

P+
L =

1

2
|Vg|2

RL

(RL +Rg)
2 = PL,av4Rg

RL

(RL +Rg)
2 . (3.2)

Since the reflected power P−L is computed as

P−L = PL,av − P+
L , (3.3)
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Figure 3.5: Maximum sensitivity mismatch explanation. (a) equivalent dia-
gram; (b) normalized reflected power versus normalized load; (c) first derivative
of the normalized power with respect to the 10-base logarithm of the load (see
(6)).

Figure 3.6: Block diagram of the direct passive sensing system.

its maximum sensitivity with respect to RL can be found by its second

derivative with respect to RL:

∂2P−L
∂R2

L

=
∂2P+

L

∂R2
L

= 0 . (3.4)

In most cases, however, logarithmic variations of the load can be adopted,

as in Fig. 3.5(b), which means that if the load is expressed as

RL = 10αL , (3.5)

differences of αL have equal weight, rather than of RL itself. In other

words, logarithmic quantities are compared instead of linear ones. For

this reason, it is convenient to evaluate the derivative of P−L with respect
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to αL, as shown in Fig. 3.5(c). Solving

∂2P−L
∂α2

L

= 0 (3.6)

results in
αL = log

(
Rg

(
2±
√

3
))

,

RL = Rg

(
2±
√

3
)
,

(3.7)

which defines the optimal load values to maximize the sensitivity with

respect to its small exponential variations. Thus, if the receiving part

of the link is set to operate in such conditions, which can be called

maximum sensitivity mismatching (MSM), a lot far from the conjugate

matching, it is possible to reach the needed accuracy, at the transmitter

side, to transduce the sensor measurement from the reflected power at

the receiving side.

3.2.2 RF Rectifier for Industrial DC Probes

Industrial RTDs are uncommon loads for RF designs. Their severe para-

sitic components, especially parallel capacitances, make it impossible to

supply such sensors directly at RF. This problem can be solved by in-

troducing, between the link and the load, the rectifying part of a passive

UHF RFID tag. This is shown in Fig. 3.6 where the RTD is driven

by the rectified voltage and current of the RF excitation. The resulting

nonlinear circuit of the link receiver side is optimised with the goal of

providing the largest range of reflected power at its input port, with re-

spect to the interval variations of the RTD load. During this nonlinear

circuit optimisation the RF input power and the MSM components are

used as the design variables. As will be shown by the numerical results

of Section II, a quite high input RF power resulted at the end of the op-

timisation process. This is explained as the best trade-off to operate the
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diode at such signal levels that the resistive losses are minimized [92]. It

is noteworthy that, for the applications addressed in this work, the need

for passive sensing capabilities is mandatory to get rid of sensor reading

circuit and power supply at the high temperature sensor far end side,

rather than to minimize power consumption.

3.2.3 Link Attenuation of Power Sensitivity

Up to this point, with reference to Fig. 3.6 where the transmitting and

receiving link ports are referred to as T and R respectively, it is pos-

sible to evaluate the reflected power sensitivity at the receiver input port

P−L . Unavoidably, the evaluation of the reflected power at the channel

input port P−ch suffers from further reduction due to the link transmission

coefficient STR. Thus, P−ch can be calculated as follows:

P−ch = P−L |STR|
2

= PL,av |ΓL|2 |STR|2

= P+
ch |SRT |

2 |ΓL|2 |STR|2

= Pch,av

(
1− |STT |2

)
|SRT |2 |ΓL|2 |STR|2 , (3.8)

where Sij , i, j = T,R, refers to the scattering matrix of the near-field

link of Fig. 3.6 and Pch,av is the power available at the link input. From

(7), we infer that the link must be matched and lossless in order to

minimize the contributes of reflected power and power loss due to the

link itself.

3.2.4 Reflected Power Isolation

The reflected power at the channel input port can be easily decoupled

from the other power contributes by exploiting the isolated port of a
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directional coupler connected as shown in Fig. 3.6. Alternatively, a

circulator can be used. In the case of circulator, we recall that the

coupling factor C also indicates the fraction of the entering power from

the through port 2 that is coupled to the isolated port 4 [108]:

C = 10 log

(
P1

P3

)
= 10 log

(
P2

P4

)
= −20 log |S24| , (3.9)

where the subscripts are referred to the convention of Fig. 3.6. Since

a high |S24| is desired in order to detect reflected power variations, the

coupling factor should be as low as possible.
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Industrial IPT Systems

Traditionally, electrical joints between static and rotatable parts of auto-

matic machineries are realised by means of sliding contacts, usually slip

rings. Older materials employed in sliding contact manufacturing were

subject to early degradation, leading to unacceptable increase in the con-

tact resistance. In order to overcome this phenomenon and improve con-

tact reliability, some studies toward innovative brush plates were made

[109]. In spite of that, rotatable joints represent a common point of fail-

ure, because their lifetime is strongly related to the cumulated number of

revolutions. For this reason, contactless rotary joints would significantly

increase the overall machine reliability, reducing costs of maintenance

and the consequent downtimes.

In industrial environments, sliding contacts are often used to transfer

electrical power to movable parts of automatic machines. The replace-

ment of such hardwired joints, as well as moving power cables, with

contactless energy transfer links has been widely envisaged in literature

[44, 66, 13]. As reviewed by [1], several wireless energy transfer media

can be employed, such as sound, light, capacitance, or inductance, de-

pending on the application and the order of magnitude of the power to be
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transferred. Among the possible IPT implementations, CET solutions

represent wirelessly powered systems characterised by strong magnetic

coupling, high efficiency, and relatively high power ratings [17, 48, 67].

Hence, CET systems meet the requirements of many industrial applica-

tions, such as robots, manipulators, sensors, and actuators. Literature

provides several examples of CET units employed in industrial environ-

ments. For instance, units based on linear transformers [44, 67] can be

used in electrical delivery systems for planar moving platforms such as

drive belts, linearly moving motors, and power rails. Conversely, CET

units based on rotary transformers [2, 18, 16], as in Fig. 1.10, are meant

to replace rotary electrical joints. In fact, the axial symmetry of rotary

transformers makes them innovative replacing units for the unreliable

slip rings employed in rotary organs of automatic machines. As an ex-

ample, in Fig. 4.1 the layout of a tea bag packaging machine is shown.

Some rotary electrical tools of significant importance are highlighted.

The replacement of their traditional sliding-contact supplying devices

with CET units reflects into a considerable advantage in terms of reliab-

ility and overall performances.

Linear or sliding transformers are just a possibility to achieve WPT

systems along rails or linear tracks, as envisaged in [fig:lineartrafo]. The

increasing popularity of electric vehicles (EVs) contributed to research

novel solutions for wireless powering ‘on-the-move.’ In the industry, wire-

less powered EVs can be exploited on a different scale. Sliding elements,

or movers, may act as small autonomous convoys included into industrial

equipment, such as a production line or an automatic machine. Movers,

supplied by the coupled magnetic field, and controlled via an integrated

wireless interface, are designed to transport certain items through pre-

defined guided paths, selectively stop at particular stations along the
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Figure 4.1: Layout of a tea bag packaging machine. The blue dashed box
encloses rotary electrical tools traditionally supplied by means of slip rings.
Picture courtesy of I.M.A. SpA.

Figure 4.2: Concept design of a wirelessly powered mover.

path, and carry out some simple tasks by exploiting on-board manipu-

lators. A schematic rendering of a wirelessly powered mover is shown in

Fig. 4.2. The advantage of on-board energy availability is twofold: first

to actuate the convoy by an electric motor along a mechanical guide;

second, to perform tasks, such as item loading/unloading or item seal-

ing, which are again actuated by on-board electrical work tools.
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Figure 4.3: Circuit representation of the experimental CET system.

4.1 A Rotary CET Unit

In this section, a WPT inductive link based on a pot-core transformer to

be used as replacement for the slip rings usually employed to supply seal-

ing roller resistors is presented. Two different solutions for the pot-core

transformer are discussed with respect to system efficiency, power factor

(PF), and electro-magnetic compatibility (EMC), in order to define the

best system configuration. This is first obtained by an accurate analysis

of the system devices and of their interconnections based on the com-

bination of circuital, electromagnetic and thermal simulations. Then

the design results are validated by means of an extensive measurement

campaign.

4.1.1 CET System Design

The experimental CET system shown in Fig 4.3 is now described accord-

ing to its constitutive parts.

Rotary Transformer

The physical separation of the rotatable transformer is ensured by adding

a small air gap (0.6 mm in our case) between the ferrite cores. The air

gap does not break the magnetic flux path, though significantly reduces

the coupling coefficient of the transformer. The decrease of the coupling

coefficient is related to two main contributions: separation of the wind-
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ings (discussed next), and increased core reluctance in proximity of the

gap. As it will be evident in the next paragraph, however, these contrib-

utes can be included in the transformer model and their effect in terms

of magnetic coupling can be accurately evaluated before prototyping.

An estimation of the core inductances, as represented in Fig. 1.4,

can be obtained by following the reluctance-network approach presen-

ted in [110]. Single reluctances are computed starting from geometrical

and magnetic properties of the core such as radii, widths, heights, and

permeability. The electrical equivalent circuit is then solved to calculate

primary, secondary, and mutual inductances, as known from magnetics

theory.

Compensation

As discussed in Section 1.2, four different arrangements (SS, SP, PS,

and PP) of the compensation capacitances are possible, depending on

the positioning of each capacitance in series (S) or in parallel (P) to

the primary or secondary winding, respectively. At the primary section,

parallel-compensating capacitors have the disadvantage of depending on

the load and on the magnetic coupling. Additionally, if parallel compens-

ation is chosen at secondary side, this will cause a reactive behaviour at

the primary side, thus requiring the primary compensation to consider

magnetic coupling [4]. More sophisticated compensation techniques in-

volve additional external resonators to act as impedance matching sys-

tems [111, 42]. Yet, SS compensation still represents a widely adopted

solution, mainly because of its insensitivity to other parameters such

as load and mutual inductance variations. In this case, series capacitors

compensate the self-inductance at the desired resonance radian frequency
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ω0:

C1 =
1

ω2
0L1

, C2 =
1

ω2
0L2

. (4.1)

As a result, compensation also has the advantage to improve the PF of

the IPT device, which can be evaluated as

PF = cos

(
tan−1 Im[Zin]

Re[Zin]

)
, (4.2)

where Zin is the impedance at the input port if the CET unit.

Windings

In order to allow relative rotation, hence physical separation of the

halves, the windings must be detached as well. In the case of automatic-

machine applications, in which harsh environment conditions apply, the

robustness and the reliability of rotating windings must be also taken

into account. Due to the concentric geometry of the coaxial topology,

radial tolerances of the windings should be as low as possible to prevent

friction during rotation. For this reason, in order to guarantee high re-

liability despite of the limited tolerances of the wound-wire radius, we

choose the adjacent winding topology, detailed in Section 1.6.2.

Power Converter

In pseudo-resonant (or quasi-resonant) full-bridge topologies, the switches

turn on and off at zero voltage, and the input voltage of a switch is

clamped at the input dc voltage. In addition, the inductive input im-

pedance of the WPT unit can be exploited to store the energy controlled

by the converter and ease the soft switching of its elements. For this

reason it represents an excellent choice and it has been selected for the

purpose of this experiment.
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Figure 4.4: Thermal model of the pot-core half.

The electric diagram of the selected quasi-resonant converter is also

shown in Fig. 4.3. The zero-voltage switching is obtained through two

resonant intervals, as explained in Section 2.2: the ‘passive-to-active’

transition and the ‘active-to-passive’ transition. The former occurs when

Q2 and D4 (i.e. the diode in parallel with Q4) conducts, and Q2 is turned

off; the current in the primary winding causes CQ1 and CQ2 to charge

by resonance with the primary inductance; then D1 clamps the voltage

across Q1, and the switch can turn on at zero voltage. Conversely, the

latter initiates when Q4 is turned off; the current drained by the induct-

ance charges CQ3 and CQ4, and as soon as D3 becomes forward-biased,

Q3 can be turned on at zero-voltage switching.

4.1.2 Thermal Analysis

The estimation of the core temperature is essential to verify that the

ferrite operates close to optimal thermal conditions in order to reduce

power losses. Such optimal thermal range for soft ferrites usually spans

from 60 to 80 degrees.

The electrical equivalent of the thermal resistance can be used to es-

timate the core temperature, given its power losses [55]. Each pot-core
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half can be divided into several regions, connected together by thermal

resistances, as shown in Fig. 4.4.The smaller the regions, the more ac-

curate the temperature estimation. Thermal resistances may be due to

either heat conduction (within the structure of the core), or heat con-

vection (across the boundary).

Rth,conv =


∆z
hdA

for the axial case z

ln(ro/ri)
2πhd∆z for the radial case r ,

where ∆z is the length of the axial segment considered; ro, ri are the

outer and inner radii along the radial direction r; A is the considered

area in the radian plane (i.e. π(r2
o − r2

i )); and hd represents the thermal

conductivity, which lies between 3.5 and 5.0 Wm−1K−1 for MnZn ferrite

and corresponds to 394 Wm−1K−1 for copper. The convection resistance

assumes the following expression:

Rth,conv =
1

hvA
,

where hv is the convection heat-transfer coefficient, which depends on

the boundary geometry, the temperature drop across the boundary, and

properties of the external fluid. For a static cylinder immersed in air, hv

can be approximated to 12.7 and 8.5 Wm−2K−1 for the upper and the

lower face (axial boundary), and its radial boundary, respectively.

The central spots of Fig. 4.4 represent heat sources. Five heat sources

within the ferrite and one heat source within the copper for each half core

are considered. Let Pc and Pw be the power dissipated within the core,

and the copper, respectively. Then, under the assumption that the heat

generation is equally distributed in the core, as well as in the copper, the

heat supplied by each source is proportional to the respective volume
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the source is located in. In Fig. 4.4 all the volumes have the same size,

hence each core heat source supplies Pc/10 watts, whereas the copper

heat source supplies Pw/2 watts, approximately. Since the transformer

is considered symmetrical with respect to the gap plane, the proposed

model fully describes its thermal behaviour.

In Section 1.5.4, an analytical procedure to estimate the core losses

Pc is given.

4.1.3 Experimental Setups

A test bench able to transfer up to 1.3 kW through a CET device to

a resistive load is now described. After applying the design procedure

described in the previous section for a wide variety of configurations in

terms of number of turns, wire types, and compensating capacitances,

two different setups for experimental purposes are selected in order to

verify the optimal trade-offs among efficiency, PF, feasibility, reliability,

and EMC. The following rules have been chosen:

1. A purely-resistive equivalent input impedance (i.e. resonance con-

dition) of the ICET link minimise the VA rating of the power sup-

ply. The equivalent input inductance of the ICET link, however,

should not be completely compensated, otherwise the power in-

verter would require an additional inductor to achieve resonant

commutation of its switches.

2. The copper losses increase with the winding wire length. Hence,

the fewer turns, the better.

3. The ferrite losses increase with the magnetic flux density. Hence,

the more turns, the better.

4. The voltage magnitude across C1 (or C2) decreases with the in-
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Table 4.1: Configuration of setups.

Setup 18 Setup 27

CQ1−4 15 nF 5 nF

Litz wire 500×0.1 mm 84×0.18 mm

N1 18 27

N2 17 24

C1 None 100 nF

C2 None None

verse of the capacitance, thus decreases with the increase in the

inductance. Hence, the more turns, the better.

Results regarding the two setup, named setup 18 and setup 27 according

to the number of primary turns, are discussed in the following. The

two setups share the same ferrite core and the same inverter topology,

whereas they differ on the number of turns and on the absence or presence

of compensating capacitances, according to the different design priorities

adopted. The main characteristics of the two setup configurations are

summarised in Table 4.1.

The Ferroxcube P66/56 3C81-ferrite core is used in either setup as

pot-core transformer [59]. The 3C81 material is a MnZn soft ferrite suit-

able for power applications at frequencies up to 200 kHz, with minimal

losses around 70 ◦C. A switching frequency of 50 kHz is chosen, in order

to contain ferrite losses and core heating.

The resistive nature of the welders requires the output waveform

neither to be rectified nor to have sinusoidal shape. The employed ac/ac

converter is built around a quasi-resonant full-bridge inverter that sup-

plies a squared wave to the primary winding. Thanks to the integrated

design procedure adopted, the inverter directly exploits the parasitic
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Figure 4.5: Test bench of the CET system.

leakage inductance of the transformer to achieve zero-voltage transitions

on the switches, thus it does not require any additional series inductor

to satisfy resonance conditions. The adopted power devices are four

FDL100N50F FRFET MOSFETs manufactured by Fairchild Semicon-

ductor. The value of the resistive load (44 Ω, fixed) is selected according

to a large number of applications. Therefore, a feedback in the power

supply design is not needed.

As suggested by Eq. 1.11, the use of litz wire for the windings is

recommended to minimise the ac resistance. In litz wires, each copper

strand is individually insulated from the others by a thin enamel coating,

and the whole wire surface is wrapped in a two-layer Mylar film for fur-

ther insulation. In either setup, the windings are wrapped in an adjacent

fashion about two separate coil formers made in polyether ether ketone

(PEEK) thermoplastic. A picture of the whole test bench is visible in

Fig. 4.5.

The two experimental setups, emphasising the power loss minimisa-

tion in windings and the power factor maximisation, respectively, are

now described in detail.
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Setup 18

Minimal copper loss constraint is pursued by minimising the quantity

expressed by Eq. 1.12.

The required litz strand section is ideal for 50-kHz signals, and the

number of strands is maximised. Thick wires imply a small number of

turns, resulting in greater ferrite losses. According to (1.10), at the selec-

ted frequency of 50 kHz the skin depth of copper is greater than 0.2 mm.

Hence, a litz wire having a strand diameter of 0.1 mm can be adopted.

In order to ensure a current density lower than 3 A/mm2, 500 parallel

strands are sufficient. 18 turns of the the resulting 500×0.1-mm strand

litz wire fill the winding area of the core. The number of turns (17) of the

secondary winding is chosen to obtain a suitable voltage on the load. Ac-

cording to (4.1), the lower the inductances, the higher the compensating

capacitances. This may cause high voltage levels (almost prohibitive) at

the capacitor terminals. For this reason, we avoided including any capa-

citive compensation, and therefore this setup is not intended to resonate.

In the pseudo-resonant inverter, the parallel capacitances CQ1−4 are de-

signed to ensure zero-voltage switches commutations at approximately

50 kHz; for the present configuration, the resulting CQ1−4 capacitances

equal 15 nF.

Setup 27

Maximum PF constraint is pursued, which means minimisation of Im[Zin]

in Eq. 4.2.

This requires the ICET device to operate close to its resonance fre-

quency, at which Im[Zin] becomes sufficiently small. In this case, com-

pensation capacitances must be included. In order to minimise space

allocation at the secondary side, this experiment is carried out with
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primary compensation only. Specifically, a primary capacitance of 100

nF results to be a suitable solution corresponding to a voltage drop of

300 Vac, compatible with commercially available components. The input

inductance of an ICET device composed by 27 primary turns and 24 sec-

ondary turns allows to operate in a pseudo-resonant condition, which is

obtained by partially compensating the input inductance by the chosen

series capacitor on the primary side. Indeed, a small input equivalent

inductance is still necessary in order to ensure pseudo-resonance of the

power supply. The inverter soft-switching is achieved by choosing capa-

citances CQ1−4 equal to 5 nF.

27 turns require the litz wire to reduce its section, in order to fit the

primary winding in the area of the core. Commercially available 84×0.18-

mm litz wire satisfies this requirement, although the resulting current

density exceeds 4 A/mm2. Thus, higher copper losses are expected.

Primary compensation results in an additional benefit consisting in

the LC-network high-pass filtering on the low-frequency harmonics (e.g.

due to the rectified 50-Hz mains), thus preventing the core from satura-

tion. Moreover, as the input inductance increases, the higher harmonics

are better rejected, thus improving system robustness from the EMI

point of new.

A further tune of the inverter switching frequency and duty cycle

has been performed on both prototypes to optimise soft-switching and

ensure an optimal voltage on the load.

The thermal model of Fig. 4.4 is also used in either setup to estimate

whether the core temperature might exceed maximum ratings during the

heating cycles of the sealing rollers.
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Figure 4.6: SPICE simulation of the ac/ac quasi-resonant converter for setup
18, with focus on Q2. VGS1,2

are 10x magnified.

4.1.4 Results

In this section, the setups described above are numerically and exper-

imentally characterised to validate the analytical models presented, in-

cluding the finite element simulations of the pot-core transformer.

First, SPICE simulations of the converter are run, in order to verify

that zero-voltage commutations are ensured in each setup. The plots of

the inverter Q2 voltage and current waveforms, reported in Figs. 4.6(a)

and (b) respectively, confirm that design of the soft-switching behaviour

is correctly reproduced. From the inspection of Fig. 4.6(c) it can be

deduced that less than 5 Watts are wasted to support Q2 commutations.
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Figure 4.7: FEM simulation of the pot-core transformer showing the flux
density and the flux lines for the setup 18 (FEMM software).

An extensive validation of the design approach is carried out and the

electrical parameters of the circuit-equivalent model are compared with

the results of the FEM simulation. Then, a systematic set of measure-

ments are performed.

The FEM software used to compute the transformer electrical para-

meters is Finite Element Method Magnetics (FEMM) free software. FEMM

is also used to simulate the magnetic flux density within the ferrite core

in steady-state excitation conditions. Fig. 4.7 shows the magnitude of

the B field and the flux lines for the setup 18. It is worth noting that

the peak flux density, concentrated near the corners of the pot geometry,

is well lower than the 3C81 ferrite saturation point (approximately 350

mT).

Comparisons among electrical parameters of the analytical model,

FEM simulation based on the physical quantities of the CET link and

the experimental measurements, are summarised in Table 4.2 for the two

setups. Highly satisfactory results are obtained for all the parameters

considered and small differences, among different domains of simulation,
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Table 4.2: Electrical parameters of the transformers.

Setup 18 Setup 27

Analyt. FEM Meas. Analyt. FEM Meas. Units

R1 54.6 – – 255 – – mΩ

R2 47.2 – – 174 – – mΩ

Llk1 0.028 0.030 0.048 0.058 0.068 0.065 mH

Llk2 0.025 0.027 0.010 0.050 0.053 0.049 mH

Lm 0.303 0.296 0.269 0.682 0.671 0.670 mH

L1 0.331 0.326 0.317 0.739 0.736 0.735 mH

L2 0.295 0.291 0.250 0.588 0.584 0.578 mH

M 0.286 0.279 0.254 0.606 0.597 0.596 mH

k 0.916 0.908 0.904 0.916 0.908 0.913 ·

prove that the adopted model is able to provide accurate results.

As expected, windings resistance of setup 27 is greater than that

of setup 18, due to the reduced litz wire diameter. The model induct-

ances are also greater, because of the higher number of turns, whilst the

coupling coefficients are similar.

In Fig. 4.8 the input impedance magnitude and phase of the ICET

link are plotted for the two configurations. As can be derived from the

Figure 4.8: Input impedance magnitude and phase of the CET link (Rload =
44 Ω).
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Figure 4.9: Measurement of primary and secondary winding voltage and
primary current for: (a) setup 18; (b) setup 27.

plot, the resonance frequency of setup 27 lies at approximately 37 kHz. A

switching frequency of 50 kHz ensures a high PF and, at the same time,

enables pseudo-resonance of the power supply because of the residual

inductive part of the input reactance.

Measures of the key waveforms of setup 18 and setup 27 are shown in

Figs. 4.9 (a) and (b), respectively. The rough shape of the current wave-

form in setup 18 warns that severe EMI may occur in this configuration.

In case of extensive wiring of the automatic machine, such interference

might become a serious issue and must be taken into account. Fig. 4.10

shows the fast Fourier transform (FFT) spectra of the primary current

in either setup. As setup 27 improves low-frequency rejection of primary

current compared to setup 18, the higher-current harmonics only show

a slight reduction due to the increased equivalent input inductance of

setup 27.
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Figure 4.10: Computed FFT spectra of primary currents for the two setups.

Table 4.3: Losses and efficiency comparison.

Setup 18 Setup 27 Units

Copper losses (estimated) 4 21 W

Ferrite losses (estimated) 13 8 W

Power factor (estimated) 0.718 0.938 ·

Efficiency (estimated) 99.5 98.8 %

Efficiency (measured) 97.7 95.6 %

In Table 4.3 estimated losses, computed PFs, and measured efficien-

cies of the two setup are compared. Yet, the setup 27 represents a suitable

solution for EMI, despite the slight inefficiency with respect to setup 18

and moderate additional efforts in terms of circuit complexity. Further

tests should be carried out in order to verify the effective electro-magnetic

compatibility of the proposed solutions.

Finally, the thermal model is used to estimate the temperature in-

crease within the core with respect to the ambient temperature. Results

for continuous power transfer operation are summarised in Table 4.4.

In real operating conditions of the automatic machine, however, the

power transfer to the welding resistors is discontinuous and usually re-

quires less than 50 % of the full duty cycle. This allows to predict a 50

% reduction in the temperature increase, at least.
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Table 4.4: Core temperature increase.

Setup 18 Setup 27 Units

Analytical model 55 134 ◦C

FEM simulation 57 152 ◦C

Error percentage 4 12 %

4.1.5 Remarks

The experiment proved that ICET links can be successfully employed as

wireless rotary joints even beyond the kilowatt power level. This first

experience ‘on-the-field’ shows that it is a good practise to set up different

system configurations in order to find out the best trade-off that suits a

particular application.

4.2 A Sliding WPT Application

Conceptually, movers are similar to moving vehicles models [65, 112],

or to sliding loads in [66]. Usually, to solve the problem of variable

couplings, long primary current loops are adopted, which unavoidably

introduce large primary leakage inductances, and consequently a signi-

ficant drop of the overall power transfer efficiency [20]. As an alternative,

the segmentation of the transmitters, which allows a more energy effi-

cient powering of the sliding path, is proposed. The last goal, whose

achievement goes beyond the scope of this thesis, is the automatic serial

activation of the transmitting coils along a certain path by sliding the

movable one over them. It can be demonstrated that an optimum choice

of the receiving and transmitting coil lengths exists, enabling a constant

coupling coefficient, and thus a constant power transfer during the trans-

lation [113].
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4.2.1 Analysis and Design

In a traditional moving vehicle scenario, the variation of the receiving coil

position causes a significant oscillation of the coupling factor with the

transmitters and thus a continuous variation of the transferred power.

To overcome this issue, in [114], the proposed configuration has two

transmitting coils active at a time. Tracking the load movement along the

path, the coils turn on and off when the receiver is located on the previous

and on the following transmitting coil, respectively. The distance, the

shape, and the dimensions of the coils determine the variation of the

coupling between transmitters and receiver.

Given the coil diagram of Fig. 4.11, where P1, P2, and P3 represent

the ports of the receiver, a first transmitter, and a second transmitter,

respectively, the coupling factor between two ports, i and j is defined as

kij =
Im (Zij)√

Im (Zii) Im (Zjj)
, (4.3)

where the impedances belong to the reciprocal impedance matrix Z

defined as in the following relationship (voltages and currents are re-

ferred to respective ports):


V1

V2

V3

 =


Z11 Z12 Z13

Z12 Z22 Z23

Z13 Z23 Z33



I1

I2

I3

 .

In case of a series connection of transmitting ports P2 and P3, the system

can be simplified to a 2-port network (P1 and P ′2):

V1

V ′2

 =

Z11 Z ′12

Z ′12 Z ′22

I1

I ′2

 ,
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Figure 4.11: Example of planar coils for a sliding system.

where Z ′12 and Z ′22 are given by

Z ′12 = Z12 + Z13 ,

Z ′22 = Z22 + 2Z23 + Z33 .

In case of identical transmitting coils, by using Eq. 4.3, the coupling

factor between the P1 and P ′2 becomes

k′12 =
1√
2

k12 + k13√
1 + k23

.

Similar expressions can be derived in case of parallel connection of ports

P2 and P3.

Given the geometrical definitions of Fig. 4.12, a numerical optimisa-

tion has been carried out to optimise the shape of the coils in order to

obtain a flat coupling factor k′12 regardless the position of the receiving

coil (P1). Results are shown in Fig. 4.13 and Fig. 4.14 for different shapes

and link distances. Simulated results have been also experimentally val-

idated by measurements whose results are also plotted in Fig. 4.14. A

photograph of the setup is shown in Fig. 4.15.
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Figure 4.12: Geometrical definitions of the planar coils used for numerical
optimisation.

Figure 4.13: Coupling factor between moving and fixed coils connected in
series as a function of the normalized displacement dt (l1 = 118 mm, l2 = 176
mm, w = 236 mm, h = 60 mm).

Figure 4.14: Measured and predicted coupling factor between the moving and
the series-connected fixed coils, as a function of the normalized displacement dt
for different link distance h (l1 = 118 mm, l2 = 176 mm, w = 236 mm, h = 60
mm).
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Figure 4.15: Photograph of the setup used for experimental validation. Trans-
mitting coils are placed beneath the visible receiving coil. The system is down-
scaled for testing purposes.

4.2.2 Circuit Simulation

The lumped-element circuit equivalent of the optimised geometry is em-

ployed to simulate the entire link. Since the system is modular, as an

arbitrary number of transmitting coils can be used, the simulation in-

cludes four transmitters. Given a constant-frequency constant-amplitude

voltage source VS , a network of switches is designed to ensure only the

necessary coils are active at a time. Three switches are necessary for

each transmitter, as shown in the system configuration depicted in Fig.

4.16.

By recalling the considerations of Section 2.1, a constant-amplitude

voltage source at the primary side generates a constant-amplitude cur-

rent at the secondary side, and vice-versa. The statement holds for any

circuit that includes an immittance inverter, as mutually coupled induct-

ors. In Section 2.4, this concept is exploited to describe a hybrid IPT
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Figure 4.16: Circuit representation of the entire sliding link showing the cur-
rent path when the receiving coil is located between the first two transmitting
coils. The system is modular and can be replied by repeating the cell.

supply that converts a voltage generator into a current generator. In this

case, the inductive link acts as a first immittance inverter that converts

the primary-side voltage into a secondary-side current. Hence, a second

immittance inverter is necessary to convert the secondary-side current

into a load-side voltage. The immittance inverter can be either inserted

between the power supply and the primary side of the link, or between the

secondary side of the link and the final load. For convenience, the latter

solution is adopted. The immittance inverter is also shown in Fig. 4.16:

it consists of the secondary proper inductance LRX , the mirror induct-

ance L′RX = LRX , and the resonating capacitor CRX = 1/
(
ω2

0 LRX
)
.

These three elements form an LCL network, as described in Section 2.4.

In Fig. 4.16, a specific current path through switches SWU1, SWS1,

SWS2, and SWD3 is shown. The receiving coil is supposed to stand

between the first two transmitting coils. This configuration is simulated

for VG = 1 V, RG = 50 Ω, and Rload = [1, 1000] Ω and the results are

shown in Fig. 4.17. Voltage curves are almost superimposable and this

confirms the correctness of the chosen design approach. Output voltage
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Figure 4.17: Predicted output voltage and power transfer efficiency of the link
configured as in Fig. 4.16. The plots parameter is the receiver displacement dt.

variations are lower than 1.2 % for any receiver position. For large load

values (well greater than component losses) an almost constant output

voltage can be observed, which is also a primary requirement of the

proposed system architecture.

4.2.3 Remarks

This experiment proved the great potential of a modular sliding WPT

system. Blocks can be assembled together to realize a linear track along

a straight or curve path, as required by industrial equipment that em-

ploy intelligent movers. The switching network, whose design has to be

finalised yet, represents a key aspect of the system: conduction losses

should be minimised and the electric model during commutations must

be carefully investigated for a realistic prediction of the system beha-

viour.

79



Chapter 4. Industrial IPT Systems

80



Chapter 5

Passive Sensing for WPT

Systems

The exploitation of WPT in industrial applications can be intended for

two different purposes: first, the contactless energy transfer in order to

power industrial loads (i.e. power greater than 1 kW) or electric subsys-

tems (i.e. power lower than 1 kW) [18, 69]; second, to achieve passive

sensing by analysing the backscattered signal or estimating the remote

load value [103, 115]. The combination of the two purposes gives in-

comparable benefits in designing wireless interfaces between static and

moving mechanical assemblies.

Some wireless industrial designs do not necessarily have to cover large

distances. In some cases, the contactless link is as short as a few milli-

meters, or even less, in order to replace traditional sliding contact devices

with compact WPT units. As envisaged in [28, 116], it is possible to en-

close a CET unit and a short-range wireless data link into a single WPT

device. From the industry perspective, this represents an actual advant-

age because single WPT devices can ensure backward compatibility with

existing wired interfaces, simplifying spare part replacements for techno-
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logy update. Traditional wired interfaces, indeed, are usually based on

multiple sliding contacts (e.g. slip rings) connected to power circuits and

data links. Hence, the update procedure is pretty simple: power connec-

tions will be joined to the power port of the WPT device, whereas link

connections to its data port.

5.1 WPT with Temperature Sensing at UHF

Recently, data transmission in rotary assemblies has been proposed in

[103], by adopting sensor enabled RFID systems. This approach still

requires an MCU at the remote side to modulate the backscattered tag

signal with the sensor data.

In this experiment, we present an innovative solution combining wire-

less power and information transfer (WPIT), which pairs an RFID-based

passive sensor link with the ferrite-based power CET ‘setup 27’ tested in

Section 4.1.3, to be employed in a temperature-controlled heating system.

Electric and magnetic coupling links are co-designed to simultaneously

performs the two operations without interference. A new exploitation of

the RFID technology is adopted in such a way that no active electronic

circuitry is required in order to provide the temperature readout. The

system design is optimised to be used with industrial resistive temperat-

ure probes in the range [0, 300] °C. The procedure to design layout-wise

the entire system is described and an extensive experimental validation

is provided.

5.1.1 Capacitive Data Channel

As previously described, the wireless power link of a WPIT unit is gener-

ally based on magnetically-coupled ferrite-wound coils, resonant or non-

resonant depending on the level of power to be transferred, which could
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Figure 5.1: Cut view of a rotating implementation of a WPIT device. Small
capacitive plates lay on top of the windings.

be at the kW level. On the contrary, the channel for the wireless inform-

ation transfer does not have strong power requirements, and the ferrite

cores can be omitted. The physical interface can be realized by small

coils, or even by exploiting the electric field rather than the magnetic one

(i.e. capacitive power transfer, CPT, instead of IPT). In this case, two

pairs of capacitive plates are implemented. To comply with mechanical

constraints, we include, as in [28], capacitive plates in the winding area

of rotating cores (see Fig. 5.1), thus obtaining a very compact design.

In this first realization the selected operating frequency is the ISO/IEC

14443 RFID standard frequency (13.56 MHz).

The simplified lumped-element equivalent circuits of the IPT and

CPT units for power and data transfer, respectively, are reported in Fig.

5.2(a). The advantage of exploiting different fields for power (magnetic)

and data (electric) is that the parasitic coupling between the two is

negligible, and they can be modelled as isolated sub-systems. This is

a significant advantage for high-power systems, where exploitation of

IPT for both power and data [117] is not possible due to excessive cross

coupling. Fig. 5.2(b) shows the CPT link layout and the corresponding
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Figure 5.2: (a) equivalent electric diagram of a WPIT device that implements
an IPT unit as power link and a CPT unit as data link; (b) physical realization
of the CPT link.

equivalent components of the data link, including the parasitic ones. In

particular, parallel and cross capacitances (CP13, CP24 and CC14, CC23,

respectively) are responsible for a significant increase in the link insertion

loss and need to be minimized by an overall link optimisation.

5.1.2 Direct Passive Sensing Implementation

Due to the severe parasitic components of industrial probes—not to be

supplied at RF—the RF output port of the CPT link cannot be loaded

directly with the sensor. This problem can be overcome by inserting
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Figure 5.3: Electric diagram of the DP-RFID link.

between the link and the load an RF-to-dc rectifier, commonly used in

passive tags. The system has been referred to as direct passive RFID

(DP-RFID) [90]. This is shown in Fig. 5.3, where the entire system

overview is presented. The inductor Lres is designed to resonate with

the link series capacitances (i.e. CS12 and CS34 of Fig. 5.2). It is worthy

to note that the active electronic circuitry is on the reader side only and

is based on an opamp peak detector to sense the voltage magnitude.

Such detector features a high-input impedance in order not to affect the

measured voltage.

5.1.3 Experimental System Results

A prototype of the system has been built, and a photograph of its main

sub-blocks is shown in Fig. 5.4. The top view of one link branch and the

corresponding optimised dimensions of the capacitive plates are shown in

Fig. 5.5 and Table 5.2, respectively. A lumped-element equivalent circuit

of the CPT link has also been identified, according to the network of Fig.

5.3 and the numerical values of the equivalent capacitances are reported

in Table 5.1. A 1.6 mm-FR4 substrate has been adopted, with a copper

thickness of 35 μm; the distance between opposite plates (i.e. the air gap
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Table 5.1: DP-RFID component values.

Ref. Value Units Ref. Value Units

Rf 10 Ω CS12 13.7 pF

Rin 47 Ω CP13 13.3 pF

Rpk 100 Ω CC14 2.3 pF

Rs 50 Ω CS34 13.7 pF

Lres 5.6 μH CP24 13.4 pF

C1 68 pF CC23 2.3 pF

C2 100 nF Dpk MMDL770T1G

Cpk 100 nF D1,2 MMDL101T1G

Vs 3.0 nF OA1 LT1818CS8

fs 14.26 MHz

Figure 5.4: Picture of the prototype.

between the two halves of Fig. 5.1) is 0.5 mm. The sensing element RPt

is a custom industrial Pt1000 temperature probe operating between 0

and 300 °C; the corresponding resistance variation range is [1000, 2121]

Ω.

To validate the design procedure, the system has been characterized

by means of EM simulations, equivalent circuit model, and VNA meas-

urements. Fig. 5.6 shows the S21-parameter comparison for these three

cases of the CPT link (including Lres) of Fig. 5.3. Very good agreement

is obtained between the EM simulations and the optimised equivalent
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Figure 5.5: Geometrical definitions of the prototyped DP-RFID link.

Table 5.2: Geometrical dimensions of the DP-RFID link.

Quantity Value Units

r1 9.6 mm

r2 10.5 mm

r3 13.5 mm

r4 14.5 mm

r5 16.5 mm

r6 17.4 mm

dp 1.0 mm
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Figure 5.6: S21 of the resonant capacitive link: numerical simulation, equi-
valent circuit model, and VNA measures are compared.

circuit model. A slight deviation from measured results is observed in

terms of resonance frequency (9 %). This may be due to the parasitic

effects of connections whose equivalent models were not included in the

simulation. A 15% frequency shift with respect to the nominal operat-

ing one was also observed, which will be tuned in the second run of the

design.

Measured results of the sensor readout are summarized in Fig. 5.7.

The plot shows the voltage magnitude at the peak detector output Vpk

and the power entering the CPT link versus temperature, measured by

the Pt1000 resistive sensor (see Fig. 5.3). Temperature values have been

simultaneously verified by an independent thermometer. The range mag-

nitude spans from 1.40 to 1.49 V, resulting in a 90-mV range. Not a wide

scale, but larger than an E-type thermocouple junction (roughly 22 mV)

in the same temperature extent.

This first characterization has been carried out without including

the ferrite body and the windings of the WPT unit. In order to rule out

possible interferences of the WPT unit on the data link performances, the

insertion loss of the capacitive link has been numerically simulated with

and without the WPT unit body. A very reduced deviation was observed
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Figure 5.7: Measured voltage at the peak detector output and estimated
power input versus sensed temperature.

in the S21 indicating that the WPT unit does not substantially modify

the data link, indicating that the proposed solution can be implemented

in a complete WPIT system.

5.1.4 Remarks

Due to the relatively low value of the link capacitances, large resonant

inductors are needed. Thus, to contain inductor losses at RF, special

attention should be paid to its choice. Furthermore, inductances in the

order of the µH may have a wide tolerance at the RFID frequency. Hence,

small deviations from their nominal value produce significant shifts of the

link resonant frequency, representing a critical issue if cheap components

are employed.

5.2 UHF Sensing Link

Following the research activity through this topic by expanding the pre-

vious experimental step, where a 13.56-MHz capacitive link is exploited

for remote temperature sensing, in this section the design of a UHF link

based on near-field coupled split-ring resonators for a passive sensing
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platform is introduced. The link is intended to be adapted to the exist-

ing wireless power transfer (WPT) system. Numerical and experimental

validations of the UHF link itself and of the entire sensing system are

also provided. The fundamental aspects of the proposed remote sens-

ing technique are discussed, which are based on the exploitation of the

mismatch between the source and the load of the rectifying side of a

near-field link for WPT; the near-field link is described more in detail by

focusing on the choices of its physical layout and compares this solution

with a previously proposed low-frequency realization of the link based on

coupled capacitive plates [118]; finally, the experimental validation for

the split ring resonator-based UHF near-field link and for the entire chain

realized for the readout of a remote sensor temperature are provided.

5.2.1 Near-Field Resonating Link

In the previous section, the possibility to integrate independent power

and sensing links into a single WPT device was presented. In order to

provide a reliable solution, a different approach is presented here, with

respect to [118]. The main goal is to overcome loss and tolerance issues

reported in such work due to lumped resonating elements represented

by fixed inductors. First, the link operating frequency is shifted up to

868 MHz, which makes an uncommon choice for near-field design, though

fully compliant with RFID standards [17]. Consequently, the sensing link

cannot be characterized as a capacitive one anymore. Now, at 868 MHz,

the plates behave as strip conductors, having their length of the order

of the wavelength, and thus also exhibit a self- and mutual-inductive

behaviour. Finally, such strips realize an auto-resonant structure, as

shown in the following. This allows to drop the performance limitations

set by tolerance and loss of external resonating inductors, as they are
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not necessary any more.

A possible solution, compatible with the geometric constraints of

[118] is to use the same capacitive plates in a split-ring resonator (SRR)

arrangement. These structures were first proposed in [119] to obtain an

effective magnetic permeability in nonmagnetic conducting materials.

Sensing platforms based on SRRs have also been proposed [120]. In

these cases, however, the SRR is used as the passive sensing element.

Differently, as will be shown in the following, SRRs can be successfully

exploited in the near-field wireless link as self-resonant reactive structures

to achieve power or data transfer [121].

Single SRR

The geometric shape of the SRR is shown in Fig. 5.8. The two open

rings resemble the capacitive plates of Fig. 5.1, although the inner ring

is 180°-rotated and both microstrips have the same width in the case

of the SRR. Many authors proposed equivalent circuital representations

of SRRs [122, 123, 124]. In this case, for a single SRR with ground

plane, the model proposed in [125] and shown in Fig. 5.9 was used

inside our circuit simulator, validated by EM simulations and resulted to

consistently represent its circuital behaviour. It consist of the two pairs

of coupled transmission lines TL11, TL21 and TL25, TL15 that model

the SRR in the absence of the slots. The transmission lines TL12,14,16,17

account for the length difference of the external microstrips. The slots

circuital contributions are modeled as a π-network of capacitances, whose

values are derived by circuit optimisation, with the goal of matching the

EM simulated [118] S-parameter over the frequency band of interest. To

do so, two further lines TL13,23 model the opposite microstrip segments

with respect to the slot positions.
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Figure 5.8: Drawing of a split-ring resonator with ground plane. The sub-
strate between the SRR and the ground is omitted.

Figure 5.9: Model representation of a SRR with ground plane as in [16].
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Figure 5.10: Final stack up of the SRR link. Two separate substrates are con-
sidered: each SRR belongs to the substrate of the corresponding ground plane.
The distance d represents the clearance between the facing SRRs, whereas the
angle α is the relative angular position of the outer strips slots positions.

Coupled SRRs

A UHF near-field link can then be efficiently realized by exploiting two

faced SRRs, whose geometries are fine-tuned by EM simulations with re-

spect to the single SRR design, to realize a resonant link at 868 MHz. A

rendering of the final link arrangement is shown in Fig. 5.10 where the

distance d represents the clearance between the facing SRRs, whereas

the angle α is the relative angular position of the outer strips slots posi-

tions. The differential input and output ports of the SRR-based link are

connected to the respective unbalanced feeding circuits by means of two

identical baluns, B1 and B2. Each side of the near-field link, composed

by the SRR and its own ground plane is free to rotate with respect to

the other. As explained in the next section, this can be used to finely

tune the resonance frequency. The fine tuning of the SRRs-based link is

carried out by means of EM simulators, with the starting-point layout

derived from the equivalent ciruit model of Fig.5.9. The final EM-derived

circuit model of Fig.5.10 is then analysed at the circuit level and its port

parameters are compared with the experimental measurements.
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Figure 5.11: Geometric definitions of the manufactured SRRs.

5.2.2 Experimental Setup

Some prototypes of SRRs have been manufactured. The geometrical

specification of the design are given in Fig. 5.11 and Table 5.3. The

outer diameter of the board is determined by the available radial space

in the ferrite core cavity of Fig. 5.1, whereas the width of the microstrips

has been numerically optimised starting from the circuit-equivalent ca-

pacitive link model. The adopted substrate is an FR4 Panasonic 4-layer

R1566/R1551 substrate (εr = 5.0, tan δ = 0.015). Two sets of measure-

ments have been carried out: the first one was devoted to validate the

single SRR in the band of interest; the second one is dedicated to the

frequency behaviour of the two faced coupled SRRs, realizing the RF

near-field data link.

5.2.3 Single SRR

The stand-alone SRR has been characterized by means of measurements,

numerical simulations, and model simulations in the frequency band of

interest. In Fig. 5.12, a picture of the multi-layer manufactured res-

onator used for the reflection coefficient measurement is shown: on the

left, the top copper metallization-strips are visible; the ground plane is

realized as an inner layer, whereas the integrated balun and the SMA

connector are soldered on the bottom copper shown on the right side of

the picture. The selected balun is model 0900BL18B100 manufactured
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Table 5.3: SRR geometric dimensions.

Symbol Description Value Units

S Spacing between rings 2 mm

W1 Inner ring width 2.5 mm

W2 Outer ring width 2.5 mm

r1 Inner ring inner radius 10 mm

r2 Outer ring outer radius 17 mm

A1 Ring slot width 1 mm

A2 Ground plane slot width 3 mm

t Substrate thickness (metal to ground) 1.118 mm

d Clearance between faced SRRs 0.6 mm

θ Relative angle between faced SRRs 45 °

Figure 5.12: Picture of the first SRR prototype. On the right, the bottom
layer is shown; the ground plane is visible as a dark inner layer.

by Johanson Technology.

In Fig. 5.13, the results of the SRR reflectivity comparison are shown.

The CST software has been used to compute the numerical simulation

of the model, and Keysight ADS has been adopted to implement its

microstrip equivalent circuit representation of Fig. 5.9. There is an

excellent agreement between the measured and the simulated results in

the considered frequency band, especially with the microstrip model.

The single SRR structure does not show any resonant behaviour below

1 GHz. The reflectivity trend, visible in the rightmost part of the plot,
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Figure 5.13: Comparison of the port reflectivity of a single SRR as in Fig.
5.8 (CST numerical results, electrical model simulation, measurements).

however, suggests that it may resonate close to 1.1 GHz, in any case

outside the considered frequency band.

5.2.4 Reactive link based on two faced SRRs

The choice of employing faced SRRs has a major drawback with re-

spect to capacitive plates: the link loses its axial symmetry, which was

particularly useful in rotary applications such as slip ring replacement.

Nonetheless, for those applications addressed in this work and related to

industrial automatic machines, this does not represent a criticism of the

proposed system, since the angular speed of the rotary side (300 rpm) is

many orders of magnitude slower than the data readout rate at UHF (at

least 1000 times the average time for data readout, more than 170000

times the UHF signal period). Thus, for the purpose of data communic-

ations, the rotating side can been assumed in static conditions and the

best angular position of the SRRs can be used. Indeed, the on-board

machine encoders can provide this information to activate the sensor

reading in the proper time-slot, as explained at the end of this section.

An assembly composed by two stacked facing SRRs has been ar-
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Figure 5.14: Picture of the two stacked SRR prototypes. The drilled holes
allow to test different angular orientations. In the inset, a faced layer is shown.

ranged, as shown in Fig. 5.14. The drilled holes allow to test different

relative angular positions of the two faced SRR boards. The clearance d

between the SRRs, as indicated in Table 5.3, is ensured by three shims

in correspondence with the screws that tighten the prototypes together.

As also reported in Table 5.3, given a 0.6-mm clearance, a relative rota-

tion of 45 degrees represents the optimal choice to maximize the transfer

coefficient of the link. Finally, the same balun of the single SRR setup

has been used for the two boards.

The comparison between CST simulations and measurements is shown

in Fig. 5.15 and Fig. 5.16 for the link ports reflection and transmission

coefficients, respectively. The exact resonance frequency is 867 MHz, al-

though in the frequency range between 864 MHz and 883 MHz the link

insertion loss remains approximately constant and equal to 4 dB.

Different arrangements can be tested. In particular, in Fig. 5.17,

the measured plots of the amplitude of the link transmission coefficient

for different angular positions are shown. As can be seen, deviations

greater than 20° from the nominal relative angle α can be exploited to

tune the resonance frequency within a certain range of extent. Above

97



Chapter 5. Passive Sensing for WPT Systems

Figure 5.15: Comparison of the reflection coefficient at the port 1 of two
faced SRRs as in Fig. 5.10 (CST numerical results, measurements).

Figure 5.16: Comparison of the transmission coefficient of two faced SRRs
as in Fig. 5.10 (CST numerical results, measurements).

98



5.2. UHF Sensing Link

Figure 5.17: Comparison of the measured transmission coefficients of two
faced SRRs as in Fig. 5.10 for different angular positions.

all, it has to be noticed that, within an angle interval of 10° around the

45° reference, the same link performance are obtained. In this inter-

val, the remote temperature measurements are not affected by any link

performance variations. This ensures a safe accuracy of temperature

measurement during the receiver rotation.

This is also confirmed by the plots of Fig. 5.18 where the split ring

angular position and the corresponding link transmission coefficient vari-

ation versus time are compared. The average time to complete the tem-

perature sensing operation, which is mainly determined by the A/D con-

version time, is also superimposed on the same plot. These results clearly

confirm that a safe operational area is largely guaranteed.

5.2.5 Experimental System Results

The described UHF near-field link has been included in the design of a

passive sensing system. The circuit-equivalent schematic of the whole

system is reported in Fig. 5.19. The component values adopted in the

circuit simulation are reported in Table 5.4. As per the reactive link, its

measured frequency-dependent S-parameters are used. The sub-circuit
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Figure 5.18: Relationship between the time required for temperature conver-
sion and the rotation of the remote split ring.

loading the link receiver side consists of (from right to left): the temper-

ature probe RRTD, the rectifier (D1,2, CD1,D2), and the (mis)matching

network Cm, Lm, which is the same as in Fig. 3.6. The near-field link

representation is also included: namely the coupled SRRs (SRR1, SRR2),

the two baluns (B1, B2), and the matching networks (C1,2, L1,2). It is

noteworthy that the two capacitances C2 and Cm are kept separated in

the circuit representation for the sake of clarity. The hybrid (H1) coupled

ports (1,2) and (3,4) allow the incident RF power to be transferred from

the RF source to the receiver and the RF power reflected by the receiver

loading circuit to the power detector U1. A conventional matching net-

work CU , LU and a dc-block capacitor CC are used to join the power

detector to the hybrid coupler.

The sensing system is intended to detect temperature variations in

the range [0, 323] °C. The corresponding range of variation of the RTD is

[1, 2.2] kΩ. The matching networks (C1,2, L1,2) realize the simultaneous

conjugate matching of the link, including the baluns, as required by (7).

The input power Pav and the mismatching network Cm, Lm (see Fig.

5.19) have been simultaneously optimised, as anticipated in Section II.B,
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Figure 5.19: Circuit-equivalent schematic of the entire wireless UHF passive
sensing system.
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Table 5.4: System component values

Symbol Value Units

Pav 10 dBm

H1 C0810J503AHF

U1 AD8361

CU 2.4 pF

LU 12 nH

CC 100 pF

Z0 50 Ω

L1, L2 22 nH

C1, C2 5.6 pF

T1, T2 0900BL18B100

X1, X2 SRRs as in Table 5.3

Cm 47 pF

Lm 100 nH

CD1, CD2 22 pF

D1, D2 BAT15-03W

CD3 10 nF

RRTD [1000, 2200] Ω
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Figure 5.20: Power range at the detector input port before and after op-
timisation of the input power and of the mismatching network of the system
receiving side.

in order maximize the reflected power variation at the receiver port. The

quasi-Newton algorithm has been adopted for the circuit optimisation.

In Fig. 5.20, the result of the optimisation in terms of the power reflected

at the transmitter side, and available at the detector input port, all over

the system load, is shown: a 0.51 dB increase of in the reflected power

dynamics is observed. Constrained optimisation was carried out within

the following intervals: Pav = [−10, 10] dBm, Cm = [1 p, 100 n] F, Lm =

[1, 100] nF; starting values: Pav = 0 dBm, Cm = 1.5 nF, Lm = 15 nF,

according to load impedance resulting from (3.7).

By supplying the system with Pav = 10 dBm, the rectifier is ensured

to receive roughly [−2.5,−0.5] dBm, depending on the load value. This

optimised power level ensures the lowest reduction in the load reflection

coefficient dynamics due to the nonlinear network, as discussed in Sec-

tion 2.2. Circuital simulation results based on the manufacturers’ models

of employed components are hereinafter presented. The required trans-

mitted power is relatively high, but since the system has no restrictions

on power availability at the transmitter side [69], this is not an issue. On
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the contrary, its first requirement is to be able to track the temperature

at the far-end location of the sensor, where it is preferable not to locate

further circuits for sensor read-out, due to high temperatures.

In Fig. 5.21, the different power levels predicted and measured at se-

lected subsystem interconnecting ports are compared and plotted versus

the link dc load: PRTD represents the dc power on the RTD, P+
L the

power delivered to the load, which includes the rectifier, and Pdect the

power detector input power. Since H1 is a hybrid coupler, Pdect equals

half of the reflected power by the link (Pch, not shown in Fig. 5.19). The

selected power detector is the AD8361 manufactured by Analog Devices.

The resulting power variation at the detector input port spans between

-6.44 and -5.26 dBm. The analog processing of the AD8361 converts

this power range to dc voltage varying between 1.47 and 1.69 V, respect-

ively. In Fig. 5.22, the measured relationship between the temperature

and the dc voltage level is finally shown and compared to the simulated

results. The relationship between temperature and system dc load is

implicitly defined, thanks to the extremely good linearity of the RTDs

[118]. The resulting Vrms vs Temperature curve exhibits a moderate, but

expected, nonlinear behaviour due to the rectifier. The corresponding

voltage range detected is 212 mV for temperature variations between 0

and 323 °C, and 203 mV between 0 and 300 °C. The resulting average

sensitivity is 0.66 mV / °C. For completeness, in Fig. 5.23 the end-to-end

link efficiency is shown; the plotted quantity is obtained by measuring

the power on the RTD load, whose maximisation is not—on purpose—a

goal of this work.
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Figure 5.21: Measured and predicted power levels versus the resistive dc load
(RTD) with reference to subscripts of Fig. 5.19. P+

L cannot be measured (no
available test points); simulated result is shown.

Figure 5.22: Measured and predicted relationship between the sensed tem-
perature and the power detector output voltage.
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Figure 5.23: End-to-end link efficiency measured on the RTD load.

5.2.6 Remarks

The experiments demonstrates how to solve the drawback of the previous

setup, explained at the end of Section 5.1. The adoption of self-resonant

structures, realized by SRRs in a higher frequency band, allows to in-

crease accuracy and repeatability of measures, while complying with the

same geometry constraints for simultaneous power and data transfer.
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The adventure through the disclosure of Tesla’s legacy revealed to be rich

of fascinating discoveries to be shared among the scientific community.

The industrial interest in experimenting WPT solutions made the work

even more challenging. By shortly recalling the topics of this thesis, a

deep discussion on the actual performances and challenges of the CET

system design was presented; state-of-the-art power converters, specific-

ally designed for WPT, were introduced, and the topologies briefly com-

pared; a passive solution based on the RFID technology for the remote

monitoring of industrial sensors was proposed and analytically discussed;

finally, several industrial applications implementing industrial CET and

WPIT were analysed and the experimental results explained.

From the CET analysis of Chapter 1, it turns out that different design

rules, with respect to traditional low-power WPT solutions, should be

taken into account. For example, the capacitive compensation may

be difficult to be implemented, due to high voltage levels on capacit-

ors. Thus, because of the tiny disadvantage in terms of efficiency for

highly coupled systems, a non-resonant design of the CET device can

be considered. On the contrary, power losses represent a major issue

on CET units, because of the resulting increase in the device temper-

ature, rather than source-to-load efficiency concerns. Seeking optimal

trade-off between winding losses and core losses is essential in order to
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ensure best CET performance and reliability over time. This, however,

requires a fine-tuning of several design parameters, such as core geomet-

ries, wire choice, frequency, and number of turns. Power sources may also

be responsible for a considerable amount of power loss. Guidelines for

choosing the optimal power converter topology according to application

requirements were also provided in Chapter 2; in any case, soft switch-

ing of active devices must be ensured to maximise the power conversion

efficiency and minimise EMI. An application that combines a CET unit

with a resonant power converter is presented in Chapter 4: results prove

that EMI concerns are sometimes in contrast with strict requirements

on power losses and an optimal trade-off should be identified.

The scope of CET systems, however, is not limited to power trans-

fer applications. In many cases, one or more feedback signals are re-

quired to be sent back from the moving load to the controlling/supplying

unit (Chapter 3). Therefore, a combined wireless power and information

transfer problem arise. Two completely passive solutions were proposed

in Chapter 5: first, a combination of capacitive and inductive coup-

lings for wireless data and power, respectively; second, a UHF near-field

sensing system along with the traditional IPT. In both cases, a smart ex-

ploitation of the nonlinear dc-power to dc-load relationship of a standard

RFID rectifier is adopted to convert the data of a remote temperature

sensor, representing the system variable load. The UHF-based solution

resulted to be a better solution in terms of sensitivity and accuracy,

thanks to the SRR self-resonant structure that replaces both the capa-

citive plates and the external resonator of the former solution.

Throughout the thesis, design procedures were proposed and com-

bination of technologies tested out. For a few possible industrial applic-

ations, prototypes were also built and validated. These represented an
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inconvertible proof that WPT became mature to be adopted not only by

consuming electronics, but in factories as well, where the integration of

wireless power, radio signals, and design flexibility must be ensured. At

the end, the transmission of electrical energy without wires is far from

being considered over.
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