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Abstract 

Traditional methods of powering electrical loads across sealed metallic containers require 

physical penetration of the metallic body to feed an electrical cable through it, thus reducing 

the structural integrity of the container. Consequently, wireless power transfer technologies 

are employed to retain the structural integrity of metallic containers. An emerging wireless 

power technology that is not limited by metal barriers is Ultrasonic Power Transfer (UPT), 

using mechanical particle vibrations and electromechanical conversion to enable the electrical 

power transfer. Power transfer through metal barriers has already been validated in the extant 

academic literature, but there are many behaviours that have not yet been explored. This 

thesis endeavours to enhance the understanding of the UPT technology with an emphasis on 

metal barriers by developing appropriate models that characterize the system behaviour and 

predict the output characteristics for various mechanical configurations.  

In this thesis, UPT systems are characterized from a structural perspective rather than by the 

conventional wave theory employed by existing models. The characteristics of mechanical 

resonance and coupling for UPT systems are presented, establishing a core understanding of 

the power transfer mechanism. Mechanical features determining the power transfer capability 

are identified, which include the attachment contact level, the material compatibility of the 

medium to transducers, and the transducer misalignment. A particular emphasis is placed on 

the contact interface, which classifies systems as tight, loose, or no-contact (‘close-contact’ is 

the term given to systems with tight or loose contact interfaces). The structural and contact 

models are proposed to describe a variety of close-contact UPT systems, each supported by 

experimental results. The structural model resembles a tightly coupled magnetic transformer, 

while the contact model is similar to the equivalent circuit model of an inductive power 

transfer system, which is acknowledged as a loosely coupled transformer. The mechanical 

features incorporated in the proposed models can thus be easily understood by drawing 

parallels to the magnetic-coupled system. The optimal operating frequency for the systems is 

found to correlate to both the maximum power transfer and efficiency. The proposed models 

establish the theory of UPT, and provide valuable information to guide the design and 

advance the UPT technology. 
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Introduction 

 

 

 Perspective of Wireless Power across Metal Barriers  

Many practical applications require power transfer across a metallic barrier. Traditional 

methods to power electrical loads across sealed metallic containers require physical 

penetration of the metallic body to feed an electrical cable through, thus reducing the 

structural integrity of the container. At present, the existing practice of placing power sensors 

on the external side of naval vessels or aircrafts involves the drilling of a hole. This 

compromises the structural integrity and environmental isolation, which introduces 

environmental risks such as exposure to water leakage. Additionally, a physical hole is 

required on the rooftop of land vehicles to power vehicular rooftop loads such as light bars on 

police vehicles. These significantly reduce the resale value of the vehicle when 

decommissioned. In addition, powering sensors throughout metallic gas or water pipelines 

require long and rigorous wiring, which is difficult to maintain and repair. Thus, there is a 

need to develop a solution to transfer power across metallic barriers without physically 

compromising the structure. 

Wireless power transfer (WPT) technologies become very attractive as a solution for power 

transfer across solid barriers without a physical opening. Table 1-1 presents various WPT 
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technologies by means of inductive coupling, capacitive coupling, electromagnetic waves, 

and ultrasonic waves and vibration. 

Inductive power transfer (IPT) is based on magnetic coupling. The concept of IPT resembles 

a loosely coupled transformer, enabling efficient power transfer across air gaps [1]. IPT is 

widely used in many biomedical and industrial applications, as well as wireless charging of 

consumer electronics. However, metallic objects obstruct the power transfer when they are 

placed in the path of the power flow. This is because metals, by their nature, absorb the 

magnetic field and generate heat through the formation of eddy currents. Thus, it is not 

practical to use the IPT technology for transferring power across metallic barriers.  

Capacitive power transfer (CPT) is another emerging wireless technology based on electric 

field coupling. Two metallic plates are set apart, forming the plates of a capacitor. The media 

between the plates form the dielectric, enabling an electric field to form [2]. Power transfer 

can only be established using CPT if there are two separated metal plates; thus, CPT is 

feasible for transferring power across metallic barriers if the barrier is inherently non-metal 

and coated by a metal layer, or if the metallic barrier is double-glazed. However, both of 

those situations are uncommon. Additionally, CPT makes the metallic barrier electrically live, 

introducing more risks to the end users. Thus, CPT technology is not suitable to transfer 

power wirelessly across metallic barriers. 

Radio propagation based on electromagnetic waves is not typically used for transferring 

power due to the difficulty in controlling the power flow over large distances. Efficient power 

transfer is an important feature for a WPT system, and this is a huge and difficult challenge 

for a radio system to achieve. Similar to electric and magnetic fields, electromagnetic waves 

are also absorbed by metallic objects, making this method redundant for achieving wireless 

power transfer across metallic barriers. Instead, radio propagation using electromagnetic 

waves is much more useful and practically convenient for wireless signal communications.  

This leaves power transfer based on ultrasonic waves and vibration as the only viable option. 

In principle, there is no limitation on the transfer media for mechanical vibrations, with the 

exception of a vacuum. Thus, it is theoretically possible to transfer power efficiently across 

metallic barriers using mechanical vibrations in the ultrasonic region. However, there has 

been little development in this technology. 
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Table 1-1: Wireless power transfer technologies 

 
Inductive  

(IPT) 

Capacitive 
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Carrier Type Magnetic field Electric field 
Electromagnetic 

field 
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vibration 
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Transfer 

through Metal? 
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electrically live) 
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Primary 

plate
Secondary 

plate

Electric field

 

Electromagnetic 
wave

Transmitter 
antenna

Receiver 
antenna

 

Secondary 
piezo

Primary 
piezo

Particle 
vibration

 

 

The concept of ultrasonic power transfer uses mechanical vibrations as the energy carrier to 

transfer power wirelessly. In the literature, there are many different names referring to the 

same technology, including Acoustic Energy Transfer (AET), Ultrasonic Transcutaneous 

Energy Transfer (UTET), Ultrasound Wireless Energy Transfer, as well as Wireless 

Acoustic-Electric Power Feed-through (WAEF). There is already an inconsistency with the 

naming convention concerning the terms energy or power transfer, and acoustic or ultrasonic. 

Power transfer is a continuous flow of energy, while energy transfer implies an irregular 

pulsed transmission, because a periodic burst of energy is categorized under constant power 

transfer. In a practical system, it is more reliable for the technology to supply energy 

constantly, so, from the author’s perspective, power transfer is the more appropriate term. 

Acoustic is a term related to sound, or the sense of hearing. This is counterintuitive because 

audible sound is not desired; it is considered as leakage and a form of power loss that disturbs 

the surrounding environment. On the other hand, mechanical vibrations are generated in the 

ultrasonic spectrum so that they are inaudible to humans; therefore the term ‘ultrasonic’ 

accurately describes the system. At the other end of the spectrum, infrasound has not been 

considered because it is impractical to generate mechanical vibration at a very low frequency. 

A large amount of power is necessary to push particles at very low frequency, and people will 

feel very low frequency vibrations like a tremor. Additionally, physically large spatial 

components are required for low frequency excitation, similar to low frequency coils for an 
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IPT system. From general practical considerations, the term Ultrasonic Power Transfer (UPT) 

is most suitable for this technology.  

This thesis is about the development of the ultrasonic solution, which is termed as Ultrasonic 

Power Transfer (UPT), with the focus on transferring power across metallic barriers. 

 Development of UPT Technologies 

1.2.1 Historical Achievements 

The idea of using mechanical energy to energize electrical loads was first invented in the 

1980s. Dating back to 1980, Klatt invented the idea of using propagating mechanical pressure 

waves in the oil drilling industry to facilitate power and communication to drilling tools or 

instruments [3]. An acoustic energy generator is coupled to the fluid pipe, generating an 

acoustic pressure wave that propagates to an acoustic energy converter located at the bottom 

of the well. In 1985, Cochran et al. developed a piezoelectric implant, where a low intensity 

ultrasound source excites the implanted transducer to produce adequate current for enhancing 

osteogenesis [4]. However, the concept of using mechanical vibrations to transfer power 

through barriers only emerged in the late 1990s. Connor et al. patented the idea in January 

1997,  calling it an  “Acoustic transformer with non-piezoelectric core” [5]. The proposed 

acoustic transformer consists of two piezoelectric transducers coupled onto a barrier. The 

primary piezoelectric transducer converts electrical energy into mechanical energy, which 

transfers through the barrier and is then converted back to electrical energy by the secondary 

transducer. This is similar to a piezoelectric transformer, which was first introduced by Rosen 

in 1956 [6], except a non-piezoelectric material is placed between the primary and secondary 

piezoelectric element. A thorough review of piezoelectric transformer structures is presented 

in [7].  

Since then, there was no significant contribution to the field of power transfer based on the 

UPT technology until the early 2000s. In 2001, a research group consisting of researchers 

from Huazhong University of Science and Technology, University of Nebraska, and 

University of California used the concept of the acoustic transformer to charge batteries 

enclosed in sealed armour, mainly targeted at military applications [8]. Mathematical models 

were proposed based on a slab of an elastic barrier sandwiched by two piezoelectric 
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transducers coupled directly opposite each other. However, the study was based on a 

theoretical model with no practical verification. Their research was advanced in [9], 

concluding that the power transfer capability was strongly dependent on the operating 

frequency and system resonance. Their mathematical analysis was further developed in [10] 

by introducing synchronized switch harvesting on inductor (SSHI) to efficiently store the 

received energy in a rechargeable battery. Their research group also conducted theoretical 

analysis on multi-layered cylindrical structures in [11, 12], concluding that the power transfer 

performance is dependent on many parameters, including the load impedance, the material of 

the medium, and the fact that mechanical changes (e.g. additional medium layers) change the 

resonant behaviour of the system. Again, only theoretical results were provided with no 

experimental verification.  

A practical setup of a UPT system with a metallic barrier was not established until 2005, 

where a research group at Jet Propulsion Laboratories published a collection of papers for 

NASA applications, calling the technology Wireless Acoustic-Electric Feedthroughs (WAEF) 

[13-18]. The system consists of the vessel wall and a pair of coupled piezoelectric transducers 

with a front and tail mass. The network model introduced in [13] enabled the analysis of 

power loss in the piezoelectric and the mechanical damping in the wall. The model results 

were identical to the mathematical analysis presented in [9], but the results were not verified 

by experimental results. The developed model only provided initial conditions, and the 

optimal operating frequency was manually found. The authors identified that the bonding 

agent holding the piezoelectric to the wall may be the most lossy component in the system, 

and potentially have the greatest influence on the power transfer efficiency. Previous models 

have assumed an ideal coupling interface between the piezoelectric and the metallic barrier, 

so various experiments were conducted using different coupling configurations in [14]. 

Piezoelectric transducers were coupled to small metal plates using solder bonds, stress bolts, 

mechanical clamps with grease, and epoxy bonds. The mechanical clamp with grease method 

was found to be most efficient with a transfer efficiency of 53%, but this method is 

impractical because the clamp needs to span the wall of the sealed container. The more 

practical method using the epoxy bond achieved a reasonable efficiency of 40%, while the 

stress bolt method achieved an efficiency of 12%. The performance of the solder bond was 

very poor, possibly due to the mismatch in material properties between the solder and the 

metallic barrier. In 2007, an experimental setup using ceramic piezoelectric disks were 
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coupled using epoxy to various metal walls (titanium, steel, and aluminium) with thicknesses 

between 2 to 4mm [15]. The best performance measurements were obtained with a 3.4mm 

thick titanium barrier that was slightly larger than the piezoelectric footprint, which delivered 

110W at an efficiency of 88%. However, a burst transmission was applied for a very short 

period of 1 millisecond. Another test using a large titanium plate demonstrated a power 

transfer of 100W at 40% power transfer efficiency for 25 seconds. Due to the low efficiency, 

power loss was generated in the form of heat, which was noticeable on the plate near the 

transducer. However, the large surface area of the plate dissipated the heat, preventing the 

edges from overheating. In [16], mechanical power loss due to the generation of plate or 

Lamb waves on the barriers were analytically analysed with FEM simulations, concluding 

that such waves decrease system efficiency as the barrier thickness increases. In 2008, the 

group conducted an experiment transferring 1083W across a 5mm thick and 85mm diameter 

titanium plate at an efficiency of 84% [17, 18]. The transducers had a front and tail mass 

block and were tightly attached to the medium by stress bolts. FEM simulations were also 

carried out to illustrate that ring reflectors mechanically attached to both sides of the wall 

may suppress the generation of Lamb waves significantly.  

From 2006, a research group at Rensselaer Polytechnic Institute made a series of publications 

relating to simultaneous transmission of power and data for UPT systems across metal 

barriers [19-29]. A finite element model of a UPT system with two piezoelectric disk 

transducers epoxied to a cylindrical steel slab with thickness of 57.15mm was established in 

[26]. Lawry et al. proposed an analytical model using two-port ABCD parameters in [24], 

which is based on 1-dimensional wave equations. An ABCD matrix models each component 

in the system, including the transmitter (TX) piezoelectric transducer, TX couplant, metallic 

barrier, receiver (RX) couplant, and RX transducer. The acoustic channel is thus described as 

the matrix multiple of all the system components in sequential order. Lawry et al. in [23] also 

proposed an electrical optimization method by means of impedance matching of the TX and 

RX transducers when coupled to a metallic barrier. In 2011, Lawry et al. developed a system 

with separate power and data transmission channels, capable of transmitting data at 12.4Mbps 

and delivering 50W through a 63.5mm thick steel wall, simulating the hull of a submarine in 

[20]. Rensselaer Polytechnic Institute continues to conduct research on UPT, extending their 

models to consider scenarios with multiple layers with different media [30]. 
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The research direction of UPT also moved onto pure wireless systems, where the primary and 

secondary transducers are spatially separated by air. In the early 2000s, a research group from 

NTT Energy and Environment Systems Laboratories, Japan, took the opportunity to test the 

feasibility of transferring power through air using UPT in [31]. Ultrasonic transducers 

designed with a plastic horn were used, achieving 50µW power transfer over a distance of 

30cm with a 20Vpk-pk excitation voltage at 28kHz. A directional power transmission system 

using ultrasound was patented by Charych in 2004 [32], claiming the system where the 

transmitter is a transducer array that can focus the ultrasonic beam at a compatible receiving 

device. Recently from 2011, Roes et al. from Eindhoven University of Technology explored 

the potential of UPT through air [33-37]. A maximum output power of 40mW was achieved 

using piezoelectric transducers, and revealed the influence and importance of reflections on 

UPT air systems. Matching horns were designed, improving the output and efficiency 

considerably, but power levels and efficiency were still too low to be considered practical. 

Unfortunately, Roes concluded that UPT through air was not a serious contender with the  

other WPT technologies due to the limited power transfer capability of ultrasound through air 

[37]. In 2011, a startup company called uBeam gained global attention. Meredith Perry, CEO 

of uBeam, envisioned a future where consumer electronic devices were wirelessly charged 

using the UPT technology. Perry and uBeam filed many patents concerning their system 

control and communication methods, but only a few are referenced here [38-43]. However, 

based on the research work of Roes, the vision of uBeam may not be realistic. In principle, it 

is possible to achieve wireless charging through air using UPT, but there are too many 

practical factors hindering the technology. These include the limited power transfer capability 

of ultrasound through air, the influence of (wave) reflections, which suggests the need for a 

direct line of sight between transmitter and receiver, as well as a number of safety concerns if 

power transfer levels reach 5W through air. This is a space to watch; if uBeam can deliver 

what they promised and within safety standards, the technology developed may become 

revolutionary.  

In 2007, UPT was introduced for biomedical engineering applications to wirelessly power 

implantable devices in [44]. Since then, there has been significant development of UPT in 

bioengineering [45-56]. Basaeri et al. presents a recent review of UPT for biomedical 

implants in [57]. A number of factors influence the power transfer capability, including 

finding the optimal transfer distance for a given operating frequency, impedance matching of 
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transducers to minimize boundary reflections, transducer design for a focused beam, as well 

as safety issues. UPT is a good alternative to IPT for biomedical applications because of the 

absence of electromagnetic fields. Additionally, based on theoretical results and experimental 

verification in [45, 49], UPT outperforms magnetic coupling when transferring power over 

longer distances using similar sized transducers. This is especially favourable for 

miniaturizing and powering deeply implantable devices. There are also papers that compare 

UPT and IPT, highlighting the advantages and disadvantages of both technologies [45, 58]. 

Ozeri et al. in [48], measured efficiency levels up to 39.1% at a power level of 100mW. Due 

to size and safety constraints, the power transfer level has to be kept low, but this level is 

sufficient to power a simple sensor with supporting signal processing circuitry. In contrast 

with UPT in air, the power transfer capability of UPT in biomedical applications is much 

better because it is much easier to design transducers to match the material property of tissue 

or skin compared to air. In fact, the medium properties of skin and tissue are very similar to 

water, so experiments were often performed in water as a substitute for actual tissue. Thus, 

the transfer media has a strong influence on the power transfer capability of ultrasound. 

Recently, communication between transmitter and receiver units was established in [52]. This 

shows that the development of UPT in bioengineering continues to advance, gaining more 

and more research interests.  

Recently, from 2013, an undergraduate research project led by Leung and Willis under the 

supervision of Hu developed the first UPT system in the University of Auckland [59]. 

Langevin-type piezoelectric transducers from Steiner & Martins Inc. were attached onto 

multiple aluminium pieces of alternate size and shape to investigate the validity of power 

transfer. Among other results, the developed system successfully transferred 62W at an 

efficiency of 74% through an aluminium block measuring 50mm×50mm×70mm.  

Other groups have also researched on UPT, but only the major contributors have been 

mentioned above. Figure 1-1 summarizes the historical overview, presented in a timeline 

format and listing the major achievements in bold.  
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1980

1985

1996

1998

2000

2002

2004

2006

2008

2010

2012

2014

2016

Invented idea to use mechanical wave 

to power tools [3].

First use of ultrasonic transfer for 

osteogenesis [4].

Invention of the 

“Acoustic Transformer” [5].

Research group from Huazhong Uni. of 
Science and Technology, Uni. of Nebraska, 

& Uni. of California [8-12]. 
Developed mathematical models for 

elastic barriers. 

Identified the medium changes system 

behavior.

Jet Propulsion Laboratories. Created 
WAEF system for NASA applications 

[13-18].  
Constructed the first practical 

systems, transferring 100W and 

1kW. Identified coupling layer is 

most lossy.

Research group from Rensselaer 
Polytechnic Institute [19-30]. 

Established UPT system with 

simultaneous power and 

communication across steel barrier. 

Proposed analytical model using 

two-port ABCD parameters.

NTT Energy and Environment Systems 
Laboratories [31]. 

First UPT system for air medium.

Roes et al. from Eindhoven Univ. of 
Technology  [33-37]. 

Extensive study and research of 

UPT air systems.

Startup company “uBeam” [38-43]. 
Commercializing UPT air system for 

charging consumer electronics.

First UPT system in biomedical 

engineering [44].

Research group from Tel-Aviv Univ. 
[47, 48]

Developed practical system, 

transferring 100mW with 39.1% 

efficiency.

Major development of UPT systems for 

biomedical implants [45-57].

2017

University of Auckland  
Developing models for UPT systems 

with metal barrier [59]

 

Figure 1-1: Timeline summarizing the historical achievements of UPT in general (black), 

metal (blue), air (red), and biomedical (purple) systems.  
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1.2.2 Present Challenges 

UPT is an infant technology, which really only began developing over the past decade, 

despite the idea being invented two decades ago. As with any new technology, the 

development of UPT involves many challenges. First, it is necessary to understand the 

underlying concepts governing the system performance. Then, models need to be developed 

to describe system characteristics, which enable analysis of the system behaviour and 

response; modelling and analysis also identifies system aspects and factors for optimization. 

The next stage of development is technical implementation and studies on social, economic, 

and environmental effects. UPT is still a very infant technology, and many aspects have not 

been studied thoroughly. 

From the literature presented above, many research groups have already established power 

transfer through various media, but many system behaviours have not been explored yet. 

System modelling and analysis is an important aspect that requires further development. 

There is plenty of research on the individual components of a UPT system (e.g. transducers, 

couplants, and medium properties), but there is insufficient research when the components 

are combined, forming the UPT system. Current researchers have developed mathematical 

and analytical models, but most of them have not been experimentally verified [8, 9, 11-13]. 

Most existing models also assumes that power transfer is facilitated by a propagating wave, 

thus using wave equations as the basis of the models. However, inaccuracies arise when 

modelling a thin barrier system as a wave, because the transfer distance becomes insignificant 

relative to the wavelength of the vibration frequency. It is also difficult to predict the system 

response based on wave models without using any FEM simulation tools. In addition, there is 

a research gap for modelling the contact interface between the transducers and the medium. 

Many researchers have pointed out that the attachment interface is the most lossy component 

[13, 25, 58, 60], but no models have incorporated this factor. Therefore, there is a need to 

develop models, especially for UPT systems with (thin) metal barriers.  

There has not been much development in the implementation phase because UPT is still in its 

early stages. Some works have developed impedance matching techniques to satisfy the 

maximum power transfer condition [23], while others have developed some soft-switching 

topologies to drive piezoelectric transducers and piezoelectric transformers [61-64]. However, 

all the research groups studying UPT with metal barriers have used linear amplifiers to drive 
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their UPT systems. Linear amplifiers are useful because the power transfer performance can 

be analysed without any nonlinearity, but are impractical as a solution due to its inefficiency 

and size. With reference to UPT systems with metal barriers, the optimal operating frequency 

has not been analysed. The study in [23] only implemented impedance matching, but the 

optimal frequency or load was not determined. As such, there is insufficient information to 

design appropriate converters now. Nevertheless, there is a demand for appropriate 

converters designed according to the system behaviour of UPT with solid barriers.  

There are also many practical challenges in the mechanical setups of  UPT systems. The 

transducer attachment method is amongst the most challenging issues for UPT with solid and 

elastic barriers. As presented in [14], the highest power transfer efficiency achieved was 53% 

among all the tested practical attachment methods, which is not impressive. In fact, this 

efficiency level is impractical especially for high power applications. Thus, there is a need to 

develop a practical attachment method with high power transfer efficiency.  

The UPT technology also needs to consider social, economic, and environmental impacts. 

Safety of the technology will be a key social and environmental concern, but currently, there 

is no conclusive data that indicates extended periods of ultrasound exposure will lead to 

hearing injury [65]. Nevertheless, ultrasonic radiation levels will need to be carefully 

considered during the practical system design. As of now, it is too early to evaluate economic 

costs, as the technology has not yet reached maturity.  

 Objectives and Scope of the Thesis 

This thesis is to establish equivalent circuit models of UPT systems that can accurately 

characterize the system performance and help gain deep understanding of the UPT 

technology. UPT systems with solid media, particularly metal barriers, are studied in this 

thesis, and both loose and tight contact interfaces are to be covered. Specific focus is placed 

on characterizing the resonant nature and the coupling level of the transducers in UPT 

systems, which are determining factors of the power transfer capability. The established 

models aim to predict the system behaviour and the output performance for various 

mechanical attachment features and electrical loading conditions. Ultimately, the purpose of 

the proposed models is to guide the design of UPT system, including their power converters 

as the driving source, and thus advance the UPT technology.  
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The chapters of the thesis are arranged as follows. 

Chapter 2 is a detailed overview of the UPT technology. It covers the UPT system structure 

and operating principles and presents a literature review that identifies key components 

influencing the power transfer performance, highlighting the importance of the contact 

interface between transducers and the coupling medium. The chapter also identifies the 

existing concepts researchers use to describe and model the power transfer mechanism. 

Finally, a review of existing modelling methods is presented, which reveals the existing 

challenge of modelling the contact interface. 

Chapter 3 proposes the fundamentals of mechanical resonance and coupling for UPT systems 

with metal barriers, which establishes the core understanding of the power transfer 

mechanism. A piezoelectric model is proposed along with these concepts, which becomes the 

basis of the proposed models in the subsequent chapters. The transducer coupling and 

resonant nature of various UPT systems with differing mechanical setup is identified based 

on admittance measurements. These mechanical variations include the attachment contact 

level, the material compatibility of the medium to transducers, as well as the transducer 

misalignment.  

Chapter 4 presents the structural model for tight contact UPT systems. The model is 

represented as electrical circuit components using electromechanical equivalence of the UPT 

system’s lumped mechanical model. The structural model is also extended to characterize 

systems with transducers tightly connected to incompatible medium, as well as with 

misaligned transducers. The model predictions of output short-circuit current and open-circuit 

voltage are verified with experimental results.  

Chapter 5 presents the contact model for loose contact UPT systems, which is also derived 

based on its mechanical equivalence. The contact coefficient is proposed to quantify the 

contact level, and an experiment using spray paint and digital signal processing is proposed to 

empirically estimate the coefficient. Output predictions using the contact model are also 

experimentally verified.  

Chapter 6 analyses the overall performance of UPT systems with regards to the transducer 

coupling. The system performance concerning the electrical power converter is also included, 

investigating the validity of using soft-switched resonant converters to drive the transducer. A 
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detailed analysis of tight and loosely coupled UPT systems is also presented, finding the 

optimal operating frequency corresponding to maximum power transfer and efficiency. 

Finally, Chapter 7 summarizes the conclusions drawn, and outlines the contributions of this 

thesis. Directions for future work are suggested, mainly focusing on the practical design and 

implementation phase of the UPT technology. 
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Chapter 2  

 

Overview of the UPT Technology 

 

This chapter presents an extensive overview of the UPT system, covering the developments 

of UPT systems to date, the state of the art, as well as the existing concepts and theories 

widely used to describe the system. Section 2.1 describes in detail the components relevant to 

the UPT system. Section 2.2 presents the existing concepts that many researchers tend to 

follow. Section 2.3 provides a review of existing UPT modelling methods for systems with 

metal barriers and non-metal media. Finally, Section 2.4 summarizes the findings of the 

review and identifies the research gaps and limitations of the current understanding of UPT. 

 

 UPT System Architecture 

The architecture of a typical UPT system consists of a pair of transducers coupled to a 

medium. Figure 2-1 illustrates two UPT systems, one with a solid barrier medium, and 

another submerged in a gaseous or liquid medium/environment. The transducers enable 

energy conversion between electrical and mechanical form, such that electrical power is 

transferred through the medium by means of mechanical vibration in the ultrasonic spectrum. 

An electrical converter generates a sinusoidal voltage from a DC supply to drive the primary 

transducer. The operating frequency is set to the resonant frequency of the transducer, 

generating a high amplitude mechanical vibration that transfers through the medium and 
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Figure 2-1: Illustration of UPT systems with (a) solid barrier, and (b) liquid/gaseous medium. 

towards the pickup transducer, where the received power is converted back to electrical form 

and then regulated to power an electronic load. 

2.1.1 Transducers 

UPT transducers need to be capable of converting electrical energy to and from mechanical 

energy. There are predominantly three types of electromechanical transducers:  

Electromagnetic Acoustic Transducer (EMAT): The construction of an EMAT consists of 

a permanent magnet and an electric coil. Driving the coil with an AC signal at ultrasonic 

frequencies generates a magnetic field interacting with the permanent magnet. This induces 

ultrasonic waves via Lorentz force and magnetostriction when a conductive or ferromagnetic 

material is in close proximity [66]. EMATs offer a contactless solution to induce mechanical 

vibrations in conductive media. They are widely used in various material measurements and 

flaw detection applications. However, EMATs are not practical for power transfer 

applications because of their low transduction efficiency.  

Electroacoustic Transducer: These are typically used in dynamic speakers and microphones, 

where a diaphragm attached to a movable induction coil is positioned in the magnetic field of 

a permanent magnet. Exciting the coil with an AC signal pushes the diaphragm back and 

forth, generating a mechanical wave corresponding to the frequency of the excitation signal 

due to Faraday’s law of induction. The reverse process induces an electrical signal when a 

mechanical wave vibrates the diaphragm and thus moves the coil. The design of diaphragms 

improves the transduction efficiency, making it easier to push the surrounding media, and 

likewise the receiving transducer is more readily movable by the transmitted wave [33]. 
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However, similar to EMATs, the electroacoustic conversion process offers low transduction 

efficiency.  

Piezoelectric Transducers: The body of these transducers consists of piezoelectric material 

that is coated with two metal electrodes on opposite sides. The molecular composition of 

piezoelectric materials enables the formation of charge when structurally deformed and vice 

versa. The direct piezoelectric effect is the polarization of the piezoelectric material under 

mechanical stress or deformation. This effectively establishes an electric field, generating 

electric charge on the coated electrodes, which can then be deposited to an electrical load. 

The reverse piezoelectric effect is the effect of mechanical deformation or strain by an 

applied voltage across the electrodes [67]. Because the conversion process is direct (between 

electrical and mechanical) as opposed to a two-step process (electrical to magnetic and then 

to mechanical), the transduction efficiency of piezoelectric transducers is very high, making it 

a very attractive option.  

Piezoelectric transducers are preferred in UPT systems due to their high transduction 

efficiency. Piezoelectric transducers can be classified into either hard or soft materials. Hard 

materials are more appropriate for low energy-loss applications that require high average 

output power, while soft materials are more suitable for applications where a sensitive 

response is required [53, 68]. In general, hard piezoelectric materials are slightly more 

favourable for the UPT systems due to the high power characteristic. 

Piezoelectric transducers operate at either the radial or the thickness vibration mode. Radial 

vibration mode means the transducer deforms laterally, while thickness vibration mode 

deforms in its thickness direction when excited. Thickness mode vibration piezoelectric 

transducers are usually favoured for transferring power across barriers, as opposed to power 

transfer along barriers.  

Piezoelectric transducers have a mechanical resonant frequency, just like any physical object. 

Exciting the piezoelectric at resonance amplifies the transduction level. For a thickness 

vibration transducer, the natural frequency f0 is approximated by the fundamental vibration 

mode along the thickness of the transducer as illustrated in Figure 2-2 and using (2.1), where 

λ is the wavelength of the standing wave and v the velocity of sound in the material.  

 𝑓0 =
𝑣

𝜆
  (2.1) 
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There are various configurations of piezoelectric transducers, including piezoelectric discs, 

array-based piezoelectric, stacked piezoelectric, as well as Langevin-type piezoelectric 

transducers [68]. The discs are the most fundamental type of piezoelectric transducers. Array-

based piezoelectric transducers consist of multiple piezoelectric discs placed in a matrix, 

which enables beamforming of the generated wave. Stacked piezoelectric transducers connect 

multiple piezoelectric discs mechanically in series. Additional piezoelectric discs amplify the 

transduction capability of the piezoelectric. Langevin-type transducers consist of stacked 

piezoelectric discs adjoined with a front and tail mass, which is all held together by a bolt. 

This brings the piezoelectric material into a state of compression, which further increases the 

power capability of the transducer. The additional masses physically change the structure of 

the transducer, and thus change the natural frequency of the entire transducer, as shown in 

Figure 2-2b. This implies that the transducer resonance is determined by its overall 

mechanical structure instead of the piezoelectric material itself.  

 Length=λ/2

Piezoelectric 
Material

 Length=λ/4

Piezoelectric 
Material

Front 
mass

Tail 
mass

Compression 
bolt

 

 (a) (b) 

Figure 2-2: The approximated fundamental harmonic vibration for (a) piezoelectric disc and 

(b) Langevin-type piezoelectric transducer. The blue lines show the fundamental vibration 

mode.  

2.1.2 Medium Attachment 

Transducers generally operate in or around a liquid or gaseous environment. For example, air 

is the radiating load for speakers and water is the load for sonar devices. In these situations, 

the medium is seen as a radiation impedance to the transducer source [69]. A dense fluid has 

higher radiation resistance and radiation mass, so the transducer becomes more damped and 

its resonant frequency may decrease if the equivalent radiation mass is significant relative to 

the transducer mass. Liquid or gaseous media structurally separate the primary and pickup 

transducers, so the transducers are not integrated with each other. Generally, materials with 
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low density are considered as soft solids, these include skin tissue, fat, as well as porous 

materials like sponges. Physically attaching soft solids to the transducers mainly damps the 

frequency response without structurally changing the resonant behaviour of the transducer. 

Hard solids such as PVC and acrylic plastics, however, have the potential to structurally 

change the transducer. These materials typically have higher characteristic impedance than 

liquids but are still reasonably lower than metals. Therefore, the effect of non-metals such as 

fluid media or soft solids predominantly damps the transducer response and may shift its 

resonant frequency slightly lower.  

On the contrary, rigid solid media such as plastics and metals are not modeled as radiation 

impedance because the medium does not fully surround the transducer, while fluids and soft 

solids are capable of taking the shape of the transducer. It becomes very challenging to find a 

suitable method to attach the transducer onto rigid solid media.  

A number of research papers have raised the importance of the transducer and solid barrier 

interface, but very few have investigated the performance using various attachment methods. 

Sheritt et al. in [14] compared the transfer performance using solder bond, stress bolt, force 

clamp, and epoxy. Sheritt et al. considered that a well-coupled system should exhibit clean 

resonant peaks in the input impedance curve. However, this coupling definition alone is 

insufficient to determine the actual coupling quality. It is true that a well-coupled system 

should exhibit clean resonant peaks, but a decoupled system like a standalone transducer also 

exhibits clean resonant peaks when analysing the input impedance spectrum. Nevertheless, 

Sheritt et al. deemed the coupling quality of the solder bond as very poor, because the 

metallic barriers were not effectively tinned with solder. Thus, performance tests were not 

carried out for solder bonds. Surprisingly, poor coupling was achieved using stress bolts as 

the attachment method, and the transfer performance was tested at very low power (50mW), 

achieving an efficiency of 12%. Using force clamps to hold the piezoelectric transducers onto 

the end of a metal plate achieved the highest measured transfer efficiency of 53%. However, 

the force clamps considered in [14] were not practical because the clamp spanned across the 

barrier. Epoxy couplant was deemed the most practical method, achieving a transfer 

efficiency of 40%, which is very promising relative to the previous methods. Based on this 

result, the majority of practical systems use epoxy as the couplant for transducers and solid 

barriers.  
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The biggest challenge with using piezoelectric transducers in a UPT system is their reliance 

on good acoustic coupling to the medium [58]. Therefore, the attachment interface between 

the transducer and rigid solid medium cannot be ignored in practice. Additionally, there is no 

existing theoretical model for an imperfect attachment (e.g. held by clamping forces), as it is 

very difficult to model.  

In the condition where transducers are bonded to a solid medium, the resonant response of the 

transducer will drastically change. This is because mechanical resonance of an object is 

determined by its modal mass and the elasticity of the system. For a simple mechanical 

system with a mass and spring, resonance is calculated using (2.2). Modifying the transducer 

with an additional mass (the medium) effectively changes the system modal mass and 

elasticity, and thus redefines the natural frequency. The medium may also introduce 

additional resonant components, because the combined transducer-medium system may have 

more than one vibration mode. These additional modes are determined by the physical shape, 

size, and material composition of the combined structure. However, it is difficult to predict 

vibration modes for complex structures without using any computational tools.  

 𝑓𝑟𝑒𝑠 =
1

2𝜋
√
𝑘

𝑚
  (2.2) 

2.1.3 Power Electronic Converters 

2.1.3.1. Primary Converter 

The primary converter is a DC-AC or AC-AC converter that is capable of generating a high 

amplitude sinusoidal voltage waveform at the resonant frequency of the primary transducer. 

High voltage amplitude is desirable to increase the power transfer level because the input 

voltage is directly proportional to the amplitude of the mechanical vibration. A clean 

sinusoidal waveform ensures that undesired harmonic frequencies in the audible spectrum are 

not generated. Finally, the frequency of the generated voltage waveform should be equal to 

the mechanical resonance of the primary transducer to optimize the electromechanical 

transduction performance. Primary converters can be classified into two generic categories: 

Linear Amplifiers: These amplifiers boost the voltage and current output capability of a fed 

voltage waveform. Linear amplifiers are a simple and effective solution that reduce the 

complexity of system design, making them a very attractive option to use for studying the 
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mechanical characteristics of the UPT system. However, linear amplifiers are impractical as a 

commercial solution because the power supply range sourcing the amplifier limits the 

maximum output level. Additionally, they are extremely inefficient and bulky, because large 

heat sinks are required to dissipate heat energy when handling with high power.  

Non-linear Resonant Converters: Non-linear reactive components (inductors and capacitors) 

are used in resonant converters to produce a natural sinusoidal waveform with high efficiency. 

Resonant converters are typically soft-switched using zero voltage or zero current switching 

techniques. This makes resonant converters much more efficient than linear amplifiers. 

Resonant converters also have the potential to generate sinusoidal waveforms with higher 

amplitude than the supply voltage [70]. However, these converters introduce nonlinearity, 

increase the system order, and complicate the system design.  

Most research work on UPT systems has used linear amplifiers because of its simplistic 

nature. Most existing works have proposed converters to drive piezoelectric transducers [62-

64, 71], but little research is found for driving transducers in a UPT system [47, 48]. As 

Section 2.1.2 has mentioned, the physical components in the system influence the response of 

the transducers, so there is a need to design and implement control systems that can track the 

ideal operating frequency.  

For UPT systems with a metal medium, no suitable resonant converter has been considered 

yet because the transducer behaviour when combined with metal barriers has not been fully 

understood. On the other hand, converter control and design for non-metal UPT systems is 

more developed because the medium is less integrated with the transducer relative to UPT 

systems with a metal medium, so the medium primarily damps the transducer. Consequently, 

it is reasonable to assume the pickup load is negligible to the primary transducer. Thus, the 

behaviour of the transmitter piezoelectric transducer is fixed and known. Understandably, the 

selected primary and pickup transducers should be identical to optimize the transduction 

process by matching their resonant frequency. Consequently, the ideal operating frequency is 

at the resonance of the primary/pickup transducer, which simplifies the primary power supply 

into a fixed frequency converter. Therefore, piezoelectric transducers can be driven using 

existing converters developed in [63].  
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For this thesis, linear converters have been selected for research purposes because the 

mechanical characteristics of the system (with metal medium) can be obtained without 

additional complexity brought in by the electrical system. However, the purpose of this thesis 

is to aid the development of the UPT technology, so the considerations of a push-pull 

autonomous resonant converter is investigated in Chapter 6, based on the findings of this 

thesis.  

2.1.3.2. Pickup Converter 

The pickup converter regulates the received power to the rated conditions of the load. The 

nature of the load dictates the design of the pickup converter. Simple diode rectifiers and 

filters are generally used, but smart topologies enable higher levels of power extraction [72]. 

Lawry et al. also proposed a method to achieve maximum power transfer based on 

impedance matching [23]. However, the pickup converter is often removed from the system 

for research purposes, and a (resistive) load is directly placed across the terminals of the 

pickup transducer. This is because the research focus of UPT is primarily on the mechanical 

characteristics, and the system performance is easily analysed without the pickup converter. 

 General Physics behind UPT 

2.2.1 Piezoelectricity 

Piezoelectric transducers are used in most UPT systems. The constitutive piezoelectric 

equation expressing the direct piezoelectric effect is (2.3) and the indirect piezoelectric effect 

in (2.4) [73]. Symbol T denotes the stress (or pressure) component, and S the strain, E denotes 

the electric field and D the electric displacement. Symbols c, e, and ε are the elastic stiffness, 

piezoelectric constant (C/m2), and permittivity, respectively. Subscript E corresponds to the 

scenario of a constant electric field, and subscript S a constant strain. Thus the term cES 

describes the presence of an external stress on the piezoelectric, and εSE an externally applied 

electric field.  

  𝑇 = 𝑐𝐸𝑆 − 𝑒𝐸 (2.3) 

  𝐷 = 𝑒𝑆 + 휀𝑆𝐸 (2.4) 
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However, these equations only show the relationship between mechanical stress, strain, and 

electric charge and field. There is no link to current and electrical impedance, or to vibration 

velocity and mechanical impedance, which are necessary quantities for power analysis. 

Additionally, the equations have no regard to mechanical resonance, because piezoelectric 

transducers are not typically driven at resonance. Resonance is a key concept related to the 

power transfer capability of UPT systems because effective energy conversion is guaranteed 

when driving the transducers at their resonant frequency. With the same input voltage, the 

transducers can vibrate with large amplitude at resonance, whereas the transducer barely 

vibrates at off resonance. Therefore, it is desirable to drive the transducers at resonance to 

stimulate vibrations without excessive input voltages. 

Beyond the constitutive piezoelectric equations, there are equivalent circuit models in which 

some do consider piezoelectric resonance. Figure 2-3 presents multiple equivalent circuit 

models. Van Dyke’s model in Figure 2-3a is the simplest model, which characterizes 

piezoelectric resonance as a series LCR. The model was further improved by Guan et al. in 

[74] to include piezoelectric with multiple resonant modes by placing multiple series LCR 

branches in parallel as shown in Figure 2-3b, where each branch corresponds to a resonant 

mode. Figure 2-3c presents a two-port equivalent model using lumped constants, where an 

imaginary transformer separates the electrical and mechanical parameters of the piezoelectric 

in [68]. The electrical parameters mainly consist of the static capacitance, which is formed by 

the electrode plates’ storing charge. The mechanical part consists of an inductance Lm, 

capacitance Cm, and resistance Rm, which represents the mechanical resonant behaviour of the 

piezoelectric. The LCR components correspond to the mass m, compliance 1/k, and damping 

c of the piezoelectric transducer, respectively using the electromechanical equivalence 

presented in Table 2-1 [75].  Figure 2-3d presents the KLM model [76], which is slightly 

more detailed than the two-port model, by representing the front and back loading masses of 

the piezoelectric transducer as acoustic transmission lines, which shows the wavelike 

characteristics of the piezoelectric.  
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...

 

 (a) (b) 

 

 (c) (d) 

Figure 2-3: Equivalent piezoelectric models:(a) Van Dyke’s Model, (b) Guan’s model, (c) 

Two-port model, and (d) KLM model.  

Table 2-1: Electromechanical equivalent analogies and relationships. 

Electrical Parameters Mechanical Parameters 

Voltage V Force F 

Current I Particle velocity v 

Inductance L Mass m 

Capacitance C Compliance 1/k 

Resistance R Damping c 

 

2.2.2 Acoustic Impedance 

Impedance is a quantity that measures the ability of the (electric) circuit to impede current 

flow. The description of impedance can be extended such that impedance inhibits the flow of 

energy, as suggested by Roes in his dissertation [37]. This allows the concept of impedance 

to be extended to the mechanical domain. Acoustic impedance ZM is defined as the opposition 

to acoustic flow (velocity) from an applied pressure (force) [69]. It is mathematically 

expressed in (2.5) as the pressure p divided by volume velocity U, a volumetric expression. 

Removing the volumetric component, the expression can be reduced to the applied force F 

divided by particle velocity v. This enables the electrical equivalence of voltage and current 

to the force and velocity [75], making analysis possible in the electrical domain.  
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Each substance has a unique characteristic acoustic impedance Z0,M, which is defined in (2.6) 

as the substance density ρ multiplied by the speed of unperturbed sound c0 through the 

substance, and can be used to approximate the radiation impedance of media. Mechanical 

power PM is given in (2.7) which is derived using Ohm’s law, electrical power relationships, 

and the electromechanical analogies presented in Table 2-1. The acoustic impedance can be 

approximated using the characteristic impedance such that ZM≈Z0,M. Table 2-2 presents the 

characteristic acoustic impedance of various substances [77-79].  

 𝑍𝑀 =
𝑝

𝑈

𝑙𝑖𝑛𝑒𝑎𝑟
𝑢𝑛𝑖𝑡𝑠
→    𝑍𝑀 =

𝐹

𝑣
⇒ 𝑣 =

𝐹

𝑍𝑀
  (2.5) 

 𝑍0,𝑀 = 𝜌. 𝑐0  (2.6) 

 𝑃𝑀 = 𝐹𝑣 = 𝑣
2𝑍𝑀 =

𝐹2

𝑍𝑀
  (2.7) 

Table 2-2: Characteristic acoustic impedance of various substances [77-79]. 

Material 
Density 

 ρ (kgm-3) 

Unperturbed 

Velocity v (ms-1) 

Characteristic Acoustic 

Impedance Z0 (MRayl) 

Piezoelectric (PZT-8) 7600 4680 35.57 

Aluminium, rolled 2700 6420 17.33 

Titanium 4506 6070 27.35 

Steel 7800 5790 45.16 

Stainless Steel (304) 8000 5660 45.28 

Copper, rolled 8930 5010 44.74 

EpotekH70S 1680 2910 4.89 

Araldite epoxy 10450 1925 20.12 

PVC, grey 2380 1380 3.27 

Human tissue 1490~1610 1060 1.58~1.7 

Water 1450 1000 1.45 

Air 1.225 346 0.000424 

 

Intuitively, the particle flow through a low impedance substance is large according to (2.5). 

However, it is a known phenomenon that sound propagates through metals much faster and is 

able to propagate over longer distances than air, despite metals having a much higher acoustic 

impedance compared to air. This is because it is much easier to apply force on a metal (or 

solid) structure, for example, hammering a metallic railway line with a force causes the metal 
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to experience a reaction force equal and opposite to the applied force. On the contrary, only a 

fraction of the applied force is experienced by a fluid medium, mainly because of the acoustic 

impedance differences between the object of the applied force and the medium. For example, 

the impedance between a hammer and metal rail is very similar, as both objects are metallic, 

while the impedance of metal and air is drastically different. Therefore, the force experienced 

by air due to the force applied from a hammer will be very low, and this can be quantified 

using wave concepts presented in the next subsection. Note that acoustic impedance and 

attenuation are not equivalent. Attenuation is due to material damping, while the impedance 

defines the relationship between force and velocity. Particle flow in metals propagates over 

longer distances because the attenuation of metals is much lower compared to fluids such as 

air. Therefore, the particle flow through a low impedance substance is large, given that a 

high-pressure force can directly be exerted on the medium. 

2.2.3 Ultrasonic Wave Propagation 

In literature, (ultra)sound is classified as a wave due to its propagative and wavelike 

properties. However, this is valid on the assumption that the generated vibration is stabilized 

in the far-field domain. Figure 2-4 illustrates the field representations of a vibrating 

transducer. There are three conventional regions, the near-field, far-field, and the transition 

between near and far-field; the transition distance is called the Rayleigh distance. There are 

many definitions of the Rayleigh distance LR, but (2.8) presents the relationship commonly 

used in biomedical acoustic systems [57], where D denotes the transmitter diameter, and λ the 

wavelength. The Rayleigh distance is the position where the pressure generated from the 

transducer constructively interferes, resulting in a high pressure region that has not yet been 

attenuated or damped. 

 𝐿𝑅 =
(𝐷2−𝜆2)

4𝜆

𝐷2≫𝜆2

→    
𝐷2

4𝜆
  (2.8) 
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D Acoustic Axis

Near Field Far Field

Pressure 
Variations

Stable Pressure 
Wave

LR

λ  

Figure 2-4: Representation of near and far field. 

Waves facilitate properties such as boundary reflection and transmission, formation of 

standing waves, propagation attenuation, refraction, and diffraction, as illustrated in Figure 

2-5. As a propagating wave approaches a boundary between two different media, a fraction of 

the wave is transmitted, while the other is reflected. This also applies for mechanical waves 

and the force/voltage reflection coefficient is given in (2.9), where Z0,1 and Z0,2 are the 

characteristic acoustic impedance of the two media. Considering the transducer vibrating 

against an air medium, Z0,1 becomes the impedance of the transducer, while Z0,2 is the 

impedance of air. Given a piezoelectric transducer is used, Z0,1 becomes extremely 

mismatched with Z0,2, such that the reflection coefficient becomes approximately one, and 

thus the vibration flow mainly resides within the piezoelectric, and only a very small amount 

is radiated to air. The transmission level can be improved by attaching a diaphragm to the 

transducer, making the impedance more similar to that of the air medium.  

 𝑟 =
𝑍0,2−𝑍0,1

𝑍0,2+𝑍0,1
  (2.9) 

Incident 
Wave

Reflected 
Wave

Transmitted 
Wave

Medium 1 Medium 2

(Refraction)

 

 (a) (b) 

Figure 2-5: Illustration of wave properties (a) reflection, transmission, refraction, and (b) 

diffraction. 
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 Review of UPT Modelling Methods 

2.3.1 Wave Theory and Models 

The present understanding of UPT from literature considers the transfer mechanism as a 

wave, and most of the existing modelling methods favour the use of wave theory and 

concepts [9, 24, 29, 80]. Most of the theory stems from the standard one-dimensional wave 

equation (2.10), where u is particle displacement and z is the position along the medium of 

the propagation path (analogous to the specific distance in a transmission line). Symbol c is 

the speed of the propagating wave, which is expressed as a function of the material properties 

in (2.11) using Young’s modulus E and density ρ.  

 
𝜕2𝑢

𝜕𝑧2
=

1

𝑐2
𝜕2𝑢

𝜕𝑡2
  (2.10) 

 𝑐 = √
𝐸

𝜌
  (2.11) 

Then the transfer mechanism is approximated as a wave using distributive models in the form 

of transmission lines to represent the wave reflection and transmission properties, where the 

characteristic acoustic impedance Z0,M and sound velocity c characterizes the parameters of 

the transmission lines [24, 34, 76]. Similar to the design of stepped transmission lines, it is 

desirable to employ acoustic impedance matching methods to increase the transmission 

efficiency of mechanical waves. A single quarter-wavelength matching layer is usually 

employed, where the material of the matching layer should have an acoustic impedance 

calculated by (2.12), where Zmatch, Zpzt, and Zmed are the acoustic impedance of the matching 

layer, piezoelectric transducer and the medium, respectively. A more in-depth analysis of 

acoustic impedance matching layers can be found in [47] and [81].  

 𝑍𝑚𝑎𝑡𝑐ℎ = √𝑍𝑝𝑧𝑡𝑍𝑚𝑒𝑑  (2.12) 

Describing the transfer mechanism as a wave means the following properties are required in 

the UPT model: reflection and transmission, standing waves, attenuation, refraction, and 

diffraction, as illustrated in Figure 2-5. Roes et al. in [35] observed the standing wave 

phenomenon, where the reflected and incident waves constructively interfere at the pickup 

transducer for specific transducer separation distances in air. Attenuation is subject to the 
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material the wave propagates through, and is often modelled as a negative exponential factor 

with respect to distance. Diffraction and refraction spread the transmitted wave such that only 

a portion of the transmitted energy reaches the receiver; Roes named these ‘spreading losses’ 

[37]. To estimate the received energy, the transmitter is commonly modelled as a vibrating 

piston performing uniform sinusoidal vibrations. Then the received energy is estimated using 

the Rayleigh integral over the surface of the receiver transducer. In the past, such spreading 

losses were assumed negligible in thin solid barriers [9], but Lawry et al. [24] introduced a 

diffractive loss factor to account for these losses in metal barriers.  

Standing Wave

Incident Wave

Reflected Wave

Spreading 
Losses

Attenuation

Primary 
Transducer

Pickup 
Transducer

 

Figure 2-6: Illustration of wave properties in a UPT system. 

For the transfer mechanism to be approximated as a wave, the transfer distance between the 

transducers of a UPT system should be significantly larger than the wavelength of the 

generated sinusoidal vibration. The Rayleigh distance approximates the ideal distance at 

which the pickup transducer should be positioned. Table 2-3 illustrates the Rayleigh distance 

and wavelength for various materials and multiple transducer sizes. In Table 2-3, the 

Rayleigh distances that are greater than one wavelength are highlighted, and all these are 

associated with non-metal medium, which implies that the optimal transfer distance is not in 

the far-field region for metals. Note also that the Rayleigh distance is non-existent for most of 

the media when f=40kHz because the wavelength is much greater than the diameter of the 

transducer. 

Accordingly, the transfer mechanism can be considered a wave for UPT systems with low 

impedance media even for small transfer distances (<1mm in air) when the frequency is high. 

On the contrary, wave models are not suitable to describe the transfer mechanism for solid 

metallic barriers (which are typically thin) because the transfer distance is usually much 

smaller than the wavelength. Only UPT systems with thick metallic barriers and high  
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Table 2-3: Example of the wavelength and Rayleigh distance. 

Material v (ms-1) 

f = 40kHz f = 1MHz 

λ 

(mm) 

LR (mm) λ 

(mm) 

LR (mm) 

D=10mm D=50mm D=10mm D=50mm 

Steel 5790 145 - - 5.79 2.870 0.1065 

Aluminium 6420 161 - - 6.42 2.289 0.0957 

PVC 2380 59.5 - - 2.38 9.909 0.2620 

Human tissue ~1550 38.75 - 6.4415 1.55 15.742 0.4028 

Water 1000 25 - 18.75 1 24.750 0.6248 

Air 346 8.7 0.6986 69.6641 0.346 72.168 1.8063 

 

operating frequencies satisfy the far-field wave approximation. Therefore, wave models are 

generally not suitable to describe UPT systems with metallic barriers. 

2.3.1.1. Wave Model Applied for Metal Media 

Hu et al. provided a mathematical approach using wave equations, boundary reflections, 

along with constitutive piezoelectric equations [9], and Moss et al. further enhanced the 

model by characterizing the attenuation effect using lossy transmission lines and compared 

the analytical results to experimental results in [60, 80]. However, these models were not in 

strong agreement with experimental results because wave models were not appropriate to 

describe their systems. The transmission distance of their system was well below one 

wavelength, as piezoelectric transducers were coupled to 1.6mm thin aluminium plates with 

operating frequencies at 1MHz. Additionally, a thin epoxy layer was used as the couplant and 

this too was modelled as a transmission line (based on wave theory), which is also not 

appropriate.  

Lawry and Wilt et al. from Rensselaer Polytechnic Institute proposed accurate models based 

on wave theory and constitutive equations for UPT systems with metallic barriers over 60mm 

thick [24, 29]. Their proposed models using wave concepts were feasible because the transfer 

distance was well over the propagating wavelength, as the operating frequencies were 

approximately 5MHz. However, the model required systematic tuning to fit the measured 

response. Regardless, their constructed system delivered 50W using the maximum power 

transfer condition (~50% efficiency) across a 63mm thick steel plate. Wilt et al. proposed a 

one-dimensional pressure-wave model in [29], which was very similar to [24], but Wilt 

emphasizes the transmitted and reflected pressure waves, which enables a more intuitive 



Chapter 2  Overview of the UPT Technology 

 

 

 

 

- 30 - 

 

understanding of power flow. Similarly, the model could reproduce the mechanical channel 

characteristics accurately, assuming that the material properties of all the components are 

known. In the case of Lawry and Wilt et al. in [24, 29], the approximation of the epoxy layer 

as a transmission line-like layer is justified due to the high operating frequency. 

However, modelling the imperfect transducer-medium interface still poses a challenge for 

wave models. The transducer-medium interface is a crucial component to model as discussed 

in Section 2.1.2. Wave equations, models, and simulations assume the interface between 

subsequent layers is seamless, but this is not a reasonable assumption for all system setups. 

Hence, it is questionable whether wave models are appropriate to model UPT systems, 

especially for those with thin solid barriers.  

2.3.1.2. Wave Model Applied for Non-Metal Media 

Existing works use wave models to describe non-metal systems. The wave propagation 

assumption is generally valid because the ultrasonic wavelength is typically small in non-

metallic media. Existing research on UPT for biomedical implants suggests the optimal 

transmission distance should be at the Rayleigh distance, which is between the near-field and 

far-field region [47, 57, 82]. In [35, 47, 48, 50, 82, 83], the primary transducer is modelled as 

a vibrating piston, and the power transferred is determined by the Rayleigh integral computed 

at the pickup transducer. These models were used in conjunction with FEM simulations to 

find the optimal operating conditions based on the expected wave properties such as 

diffraction and attenuation. However, these models were not used to predict the power 

transfer, but provided a means to optimize it. Chakraborty et al. in [30] attempted to use the 

modelling process in [24] to estimate the power transfer characteristic of a multi-layered 

steel-water-steel system. The model could not characterize the system accurately, but 

satisfactorily predicted the peaks in output power. No specific value of power transfer was 

recorded but a maximum of 30% efficiency was measured. Shahab et al. characterized a UPT 

system with transducers suspended in air using spherical waves and lumped piezoelectric 

models in [56]. Their analytical and numerical modelling approach were validated by 

multiple experimental case studies, accurately predicting the output response.  

Impedance matching becomes an important design feature in non-metallic systems to reduce 

the reflections in a wave. Minimizing wave reflections also mitigate the occurrence of 

standing waves in the propagating media, as standing waves may cause peak pressure levels 
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to exceed the safety limit in tissues for biomedical applications. Thus, quarter wavelength 

matching layers were employed to acoustically match transducers to air [81], as well as skin 

and tissue [47]. However, it is challenging to find suitable materials for the creation of 

matching layers, especially for matching transducers to air [81]. In general, the 

implementation of matching layers become more challenging as the characteristic acoustic 

impedance of the medium is lower relative to the transducer. So matching horns were 

investigated as an alternative for air systems [33].  

On another note, there are no studies on UPT systems with non-metallic hard solids. Such 

materials have the potential to structurally change the transducer, but its influence is 

unknown. It is also unknown whether hard solids integrate/couple the primary and pickup 

transducers.  

2.3.2 Lumped and Distributed Models 

It is logical to extend existing piezoelectric models to characterize the UPT system, so Figure 

2-7 shows a UPT system represented by two piezoelectric models. Figure 2-7a presents a 

lumped equivalent model using the two-port piezoelectric model, which captures the dynamic 

behaviour of the piezoelectric in a limited frequency range that encompasses a resonant peak. 

The coupling medium is modelled as a lumped mechanical load. Figure 2-7b shows a 

distributive model that characterizes the piezoelectric as the three-port KLM piezoelectric 

model and the mechanical components/media as transmission lines. The coupling medium 

has been modelled using lumped equivalent models in [13, 17, 84, 85] and distributed models 

in [52, 80, 86]. 

Pickup TransducerPrimary Transducer Medium

Front massTail mass Front mass Tail mass

(a)

(b)

Primary 
backing 

load

Pickup 
backing 
load

Electrical 
input

Electrical 
output

Electrical 
input

Electrical 
output

 
Figure 2-7: The UPT system represented by the (a) two-port piezoelectric model with lumped 

parameters, and (b) three-port KLM model with distributed parameters as transmission lines. 
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2.3.2.1. Lumped and Distributed Model Applied for Metal Media 

Existing lumped models cannot identify system components influencing the power transfer 

capability. The lumped approach in [17, 84, 85] condenses the system too much, rendering 

the approach void for analysing the power distribution among the components. The model 

attempt in [13] was in agreement with the mathematical analysis by Hu et al. in [9]; however 

Moss et al. in [80] experimentally revealed the model was inadequate because of the absence 

of modelling the transducer-medium interaction. 

Modelling the mechanical layers as a distributed system enables the concept of reflection and 

transmission at the boundaries, and shows the importance of impedance matching designs. 

Leung et al. in [86] attempted to characterize the power transfer using distributed models 

with the two-port piezoelectric equivalence, but the model was valid on the assumptions of an 

symmetric system where all the mechanical components are ideally integrated/coupled. 

Distributive models approximate the power transfer as a wave, which again is not very 

suitable for UPT systems with (thin) metal barriers. The distributed model also falls short for 

accurately predicting the power transfer when the transducers are not ideally linked to the 

medium, because distributed models cannot accurately represent the imperfect transducer-

medium interaction. 

From the above and previous sections, it can be seen that the existing models are reliant on 

the assumption that the transducer-medium attachment is ideal. Therefore, there is a need to 

model the contact interface and to determine the qualities that link the primary and pickup 

transducers.  

2.3.2.2. Lumped and Distributed Model Applied for Non-Metal Media 

Ozeri et al. established communication by using impedance mismatch between the load 

impedance and the acoustic channel, which was approximated using distributed models in 

[52]. This approach manipulates the forced reflections for modulating the transmitted signal 

for communication. However, the proposed model was not used for predicting power transfer. 

Most of the researchers employed wave models for describing systems with non-metal media. 
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 Summary  

An overview of the UPT system components and relevant concepts were presented in this 

chapter.  

A review of UPT modelling methods generally follow the ideology of wave theory because 

(ultra)sound is commonly recognized as a wave. However, waves are also understood as a 

far-field component, so not all UPT systems are appropriately described as a wave. If the 

transfer distance is similar to or above the Rayleigh distance, then the system can be 

approximated as a wave. Thus, it is appropriate to model the transfer mechanism as a wave 

for UPT systems where transducers are suspended in a light or fluidic medium like air, water, 

skins, tissues or fats because the transfer distance is usually greater than the Rayleigh 

distance. On the contrary, the transfer distance is usually much smaller to the Rayleigh 

distance for UPT systems with metal barriers as most barriers are thin, which voids the far-

field wave approximation. Thus, wave concepts and theory are not suitable for describing the 

power transfer mechanism for metal barrier UPT systems. 

The review also reveals that existing piezoelectric models cannot identify the system 

components influencing the power transfer capability. This stresses the need of appropriate 

models that should also consider the contact interface. Additionally, there is a need to 

quantify the coupling between transducers and to determine the features or aspects that 

constitute good attachment quality. 

The literature shows that it is a physical challenge to attach the transducer onto the medium 

securely and deliver power effectively and efficiently. Additionally, the transducer-medium 

interaction is poorly considered in existing theory. Current practice only models acoustic 

couplants such as epoxy as another medium layer using distributed models, but this is 

theoretically challenged by the wave validation argument. Aside from couplants, existing 

lumped and wave models assume the interaction between mechanical layers is seamless and 

ideal. However, this is not a practical assumption because ideal coupling cannot be 

established by most practical attachment methods. Unfortunately, existing models do not 

emphasize the importance of the contact interface as it is a crucial feature that determines the 

power transfer capability, especially for UPT systems with metal barriers.  
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The overview also identified the need to understand how (metal) solid barriers influence the 

response of transducers. It also reveals the need to understand the components associated to 

power transfer/loss and the necessity of developing models that appropriately describe the 

power transfer mechanism and to achieve reliable predictions of the output characteristics. 

Development on UPT power converters is necessary especially for metal medium systems. 

Power converters have not been appropriately designed for metal systems because the 

existing models do not describe the system accurately. On the contrary, there is less demand 

for developing converters for non-metal systems because existing piezoelectric transducer 

drive techniques can be implemented due to the structural segregation of the primary and 

pickup transducers.  

Therefore, there is an overall requirement to understand the UPT system with metal barriers, 

because the core concept and fundamentals differ to fluidic systems. Thus, there is a need to 

propose fundamental concepts that are relevant to metal systems such as mechanical coupling. 

There is a need to develop appropriate models especially for metal barrier systems. Such 

models should effectively characterize the system response and determine the power transfer 

capability of the system, providing further insight to develop appropriate power electronic 

converters for implementation.  



Chapter 3 Proposed Concepts for UPT System with Metal Barrier 

 

 

 

 

- 35 - 

 

Chapter 3  

 

Characterizing UPT System with 

Metal Barrier 

 

Chapter 2 has raised the issue that existing models using wave theory are not suitable for 

describing UPT systems with thin metal barriers. This chapter presents the proposed 

fundamentals that build the concepts of the power transfer mechanism for UPT systems with 

metal barriers. These concepts become the basis of the proposed models in subsequent 

chapters.   

 

 Equivalent Two-Port Network of Piezoelectric 

Transducer  

Piezoelectric transducers are the most important component in a UPT system because the 

transducer facilitates electromechanical conversion. More importantly, piezoelectric 

transducers enable the analysis of the system’s mechanical characteristics from an electrical 

perspective. Thus, piezoelectric transducers are modelled from a structural base to consider 

such mechanical characteristics.  

Any solid object can be described by its mass, elasticity, and damping, and can be 

approximated as a spring-mass system illustrated in Figure 3-1. From a structural perspective, 
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m is the modal mass, k is the elasticity, and c is the damping. These variables are frequency-

dependent variables and not fixed constants, meaning their values change with frequency. 

This is because these variables are lumped equivalents that represent the entire object instead 

of the individual particle.  

The modal mass m shows the significance of a vibration mode, and represents the effective 

mass responsive to the driving frequency. The sum of the modal mass along the entire 

frequency spectrum equates to the total mass of the object. Modes with high modal mass 

correspond to the dominant resonant frequencies of the object and are readily excited, while 

low modal masses do not vibrate easily. Thus, the overall mass of the object vibrates the most 

when driven at the most dominant resonant frequency. Accordingly, the elasticity k and 

damping variable c dynamically changes with similar reasoning. Thus, the resonant 

behaviour of the structure is lumped into the components m, k, and c. 

k

c m

k

c
m

P

I
V

(a) (b)  
Figure 3-1: Equivalent mechanical model of (a) solid object and (b) piezoelectric material. 

The material of the object also influences the values of m, k, and c, as each material is 

molecularly different with unique properties: the shape and size also modifies the values. 

Hence, it is difficult to predict the exact values of m, k, and c, especially for objects with 

complex shapes and size, and especially if the material of the object is unknown. Additionally, 

the frequency response of objects cannot be measured without non-destructive testing (NDT) 

equipment. However, piezoelectric transducers offer an alternative method to measure the 

mechanical response via electrical impedance directly, and it is more convenient to lump the 

measurement into a single frequency-dependent variable instead of estimating the response 

analytically. 
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Piezoelectric resonance is determined by its material composition and structural configuration 

just like any other material. However, piezoelectric materials have the transduction ability 

that links the mechanical and electrical domain. Figure 3-1b shows the mechanical equivalent 

piezoelectric model, where the block P represents the transduction process, and V and I the 

electrical voltage and current, respectively. Thus, the mechanical characteristics of the 

piezoelectric material can be approximated by analysing the electrical frequency response. 

Consequently, the mechanical response of non-piezoelectric objects can be measured when 

coupled to the piezoelectric transducer, but the measured response is always with respect to 

the piezoelectric transducer. Thus, the mechanical characteristic measured is dependent on 

the attachment/coupling quality of the object and transducer. 

Note that UPT systems are generally excited by sinusoidal sources, so phasor domain 

analysis is carried out for steady-state analysis. All the phasor variables are presented with 

respect to time and are denoted with bolded letters, these include the displacement x, velocity 

v, acceleration a, force F, voltage V, and current I, leaving unbolded letters as scalars. 

Uncommon frequency-dependent variables have the (f) symbol appended; common 

frequency dependent variables such as mass m, elasticity k, and damping c do not have the (f) 

symbol out of convenience and for cleaner presentations.  

The piezoelectric transducer model can be separated into two parts: the piezoelectric 

transduction, and the mechanical equivalent model. The transduction model describes the 

piezoelectric effect, and the mechanical model describes the structural properties of the 

mechanical system.  

3.1.1 Piezoelectric Transduction 

The direct piezoelectric effect describes the separation of charge due to an applied force. The 

applied force compresses or stretches the piezoelectric material, and the molecules of the 

piezoelectric are strained, as explained in Appendix A of [87]. This deformation polarizes the 

piezoelectric molecules, and the sum of the molecular polarities induces a net charge on the 

electrodes of the piezoelectric. Equation (3.1) describes this process, where Q corresponds to 

the generated charge due to the molecule deformation x, and X(f) is the ratio of charge 

formation for a given deformation with the unit coulomb per meter (Cm-1), and is given the 
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term ‘transduction factor’. Note that charge Q is presented as a phasor, not a vector, because 

its value changes with respect to displacement x, which can be a sinusoidal motion.  

 𝑸 = 𝑋(𝑓) ∙ 𝒙  (3.1) 

The indirect piezoelectric effect describes the mechanical strain due to an applied electric 

field. An applied voltage across the plates of the piezoelectric creates an electric field. The 

electric field forces the piezoelectric molecules to become polarized and forces and deforms 

the molecules. Equation (3.2) describes this process, where F corresponds to the force 

exerted on the piezoelectric by the excitation voltage V.  

 𝑭 = 𝑋(𝑓) ∙ 𝑽  (3.2) 

The primary piezoelectric transducer in a UPT system is driven by a continuous sinusoidal 

waveform. Consequently, the primary transducer will generate a sinusoidal force governed by 

(3.2). The surface charge on the plates increases slightly when the electric field, generated by 

the applied voltage, is in the same axis to the poling field [87]. Therefore, the equivalent 

model for a primary piezoelectric transducer is presented in Figure 3-2a, where the increase 

in surface charge is lumped in the capacitor Cs, and the voltage to force transduction is 

modelled as an ideal transformer. This transformer model assumes there is no external force 

acting on the mechanical system. The variables belong to the mechanical component 

represented by the subscripted number or word.  

The pickup piezoelectric transducer is subject to continuous deformation when the primary 

transducer is driven. Thus, the direct piezoelectric effect is represented in (3.3) by 

differentiating (3.1) with respect to time, where I is the induced current, and v the particle 

velocity. The transduction factor X(f) does not change when differentiated with respect to 

time because it is a frequency-dependent constant; X(f) is dependent on the driving frequency 

and independent of time. Note that X(f) needs to be recalculated each time a system parameter 

or component changes because the transduction factor X(f) is influenced by the mechanical 

structure the piezoelectric is attached to. 

 𝑰 = 𝑋(𝑓) ∙ 𝒗  (3.3) 

The equivalent circuit model of the pickup transducer is presented in Figure 3-2b, where an 

ideal transformer represents the transduction. The pickup transducer model is also 
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transformed to a hybrid two-port network in Figure 3-2c for easy analysis. A capacitor Cs 

models the electric field formed in the piezoelectric due to charge displacement, and the 

presence of this electric field induces an opposing force. Therefore, an opposing force 

governed by (3.2) is present in the reverse process. 

1:Xprim(f)

-Xpick(f)V Xpick(f)v

v V

Cs Cs

Xpick(f):1

Cs

v VV F

 

 (a) (b) (c) 

Figure 3-2: Piezoelectric transduction model of (a) primary transducer, (b) pickup 

transducer and (c) pickup transducer as a hybrid two-port network. 

3.1.2 Electrical Equivalence  

Consider the updated equivalent model presented in Figure 3-3, where the transduction model 

is substituted and links the electrical voltage V to the mechanical force F using (3.2). In the 

case of the primary transducer, the driving voltage V generates a mechanically applied force 

F on the structure of the transducer, causing the transducer to vibrate with sinusoidal 

displacement motion x as depicted in Figure 3-3. The piezoelectric block P is still present to 

impose the duality nature of electromechanical conversion [75], because force F is 

mechanically exerted in series and velocity v in parallel, despite its correlation to voltage V 

and current I, respectively. 

k

c
m1:Xprim(f)

Cs

V

F
P

x
 

Figure 3-3: Mechanical model of a piezoelectric transducer with the transduction model. 
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The motion phasors are described in (3.4) to (3.6), where v is the particle velocity, a the 

particle acceleration, |x| the displacement amplitude, θ=ωt is the phase angle, and ω the 

angular frequency.  

 𝒙 = |𝒙|𝑒𝑗𝜃  (3.4) 

 𝒗 = (𝑗𝜔|𝒙|)𝑒𝑗𝜃  (3.5) 

 𝒂 = (−𝜔2|𝒙|)𝑒𝑗𝜃  (3.6) 

The balanced force equation is expressed in (3.7) by analysing the forces acting on the 

transducer mass, where m(f)a is the net force, c(f)v the damping force, and k(f)x the elastic 

force, recall that variables appended by (f) change subject to frequency. Henceforth, the 

variables m, k, and c are not appended with (f) in equations and figures for cleaner 

presentation. Also note that the piezoelectric structure is not mechanically loaded in this 

analysis, as air is considered negligible (zero force) and random external forces are ignored. 

 𝑚𝒂+ 𝑐𝒗 + 𝑘𝒙 = 𝑭  (3.7) 

Equation (3.8) expresses (3.7) in terms of the velocity phasor only: 

 𝑗𝜔𝑚𝒗 + 𝑐𝒗 +
𝑘

𝑗𝜔
𝒗 = 𝑭  (3.8) 

Then, the electrical equivalence model of the mechanical structure is presented in Figure 3-4 

by applying the electromechanical equivalence based on Table 2-1 to (3.8).  

m 1/k cF v

Piezo terminated by air, 

modelled as short circuit 

 

Figure 3-4: Electrical equivalence of the piezoelectric structural properties. 

Finally, the equivalent lumped piezoelectric model is presented in Figure 3-5 by combining 

the structural mechanical model with the transduction model. The mechanical variables are 

then combined into an impedance Zmech(f) for simplification as shown in Figure 3-5b. 

Henceforth, the impedances Z are not appended with (f) because impedances are commonly 
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known to vary with frequency. Equation (3.9) calculates the mechanical response Zmech in 

terms of the measurable electrical impedance Zin(m) and the transduction factor X1(f), as well 

as the static capacitance Cs, where XCs is the reactance of Cs. Therefore, piezoelectric 

transducers enable the characterization of its mechanical response. The model is in fact 

identical to the two-port piezoelectric model, except all the variables are lumped and 

frequency-dependent.  

 
𝑍𝑚𝑒𝑐ℎ

𝑋1
2(𝑓)

= (
1

𝑍𝑖𝑛(𝑚)
−

1

𝑋𝐶𝑠
)
−1

  (3.9) 

m 1/k c

v

1:X1(f)

Cs

V F
Zmech1:X1(f)

Cs

Zin(m) Zmech/X1(f)
2

 
 (a)  (b) 

Figure 3-5: (a) Equivalent piezoelectric model, (b) Lumped equivalent piezoelectric model. 

The equivalent model shows that mechanical resonance is in series, so the resonant peaks 

correspond to minimum impedance, or maximum admittance. Consequently, peak vibration 

velocity is achieved when driven at resonance. Equation (3.10) governs the relationship 

between force F, velocity v, and mechanical impedance Zmech, which is the mechanical 

equivalence of Ohm’s law. Likewise, equation (3.11) expresses the mechanical power Pmech, 

whose relationship is analogous to electrical power equation. Pmech is alternatively presented 

in (3.12) by substituting (3.10) to (3.11). Therefore, the mechanical power Pmech generated by 

the transducer due to a constant amplitude driving voltage V or force F is proportional to the 

mechanical admittance Ymech. As such, series resonance causes maximum admittance Ymech, 

which correlates to peak power delivery. Thus, the admittance spectrum is measured instead 

of impedance to impose the relationship that the measured peaks correspond to peak power.  

 𝑭 = 𝒗𝑍𝑚𝑒𝑐ℎ  (3.10) 

 𝑷𝒎𝒆𝒄𝒉 = 𝑭𝒗  (3.11) 

 𝑷𝒎𝒆𝒄𝒉 =
𝑭2

𝑍𝑚𝑒𝑐ℎ
 =𝑭2𝑌𝑚𝑒𝑐ℎ  (3.12) 
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3.1.3 Electrical Characteristics of the Piezoelectric Transducer 

3.1.3.1. Primary Transducer 

Constitutive equations of piezoelectricity generally consider the relationship between force 

and voltage, without the consideration of vibration velocity or current. This is because 

piezoelectric transducers are typically used as actuators or sensors, where power is not of 

primary concern. However, for UPT systems, piezoelectric transducers continuously convert 

energy between electrical and mechanical form. Energy is generated when the piezoelectric 

‘works’, meaning that energy is correlated to the transient forces the transducer experiences, 

and not the constant quantities. For example, when an unbiased piezoelectric is excited by a 

DC voltage, the induced charge deforms the transducer from state A to B as shown in Figure 

3-6. Only a constant voltage is necessary to keep it in either state A or B and no energy is 

required to keep the piezoelectric in either state. However, energy is required to deform the 

transducer from state A to B, because the transducer needs to ‘work’ to change state. 

Therefore, energy consumption and conversion only occurs at transience. For this reason, 

sinusoidal signals are used to constantly work the piezoelectric transducers for power transfer.  

+Vin0V

State A State B

 

Figure 3-6: Static piezoelectric deformation by constant voltage. 

The piezoelectric mechanically works at a rate defined by the applied force multiplied by the 

deformation velocity, as indicated in (3.11). The mechanical power has to be converted from 

electrical power, which is given by the multiple of the voltage and the current drawn by the 

piezoelectric. Figure 3-7 shows the visual interpretation of the electrical quantities of the 

piezoelectric, which includes voltage, current, and charge, which is very similar to a capacitor 

except with deformation characteristics. Applying a voltage therefore increases the charge on 

the electrodes, which consequently generates a mechanical force on the transducer. Then, the 

transducer deforms at a rate governed by the mechanical impedance of the transducer. If the 

applied voltage is a sinusoid at one of the resonant frequency of the transducer, then the 

transducer readily deforms by the applied voltage/force. Because the applied voltage/force is 
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constant, the work done by the transducer is dependent on the excitation frequency; more 

work is done when excitation frequency is closer to resonance. Therefore, more current is 

drawn by the piezoelectric when excited at resonance because more work is done. Current is 

only drawn from the supply on the transience, thus only AC current is present, while DC 

current is not drawn.  

VAC+DC

IAC

+ + +
+

+ +

- - -
-

- -

Q
F

x

v=dx/dt

 

Figure 3-7: Electrical quantities of a piezoelectric. 

Hypothetically, if a current source was used to excite a piezoelectric transducer directly, the 

supply will force the piezoelectric to vibrate at the designated velocity amplitude from (3.3). 

On the occasion that the excitation frequency is not at resonance, the supply will generate an 

excessively high voltage across the electrodes to force the required vibration level. For 

practical and safety reasons, piezoelectric transducers should be voltage driven as opposed to 

current driven.  

3.1.3.2. Pickup Transducer 

The electrical interface of the pickup piezoelectric transducer is represented by a current 

source and its static capacitance as shown in Figure 3-8. The current source is derived from 

the rate of change of charge, which is induced by particle displacement as described by (3.1). 

Thus, the current source is strictly not a pure current source, but is limited by the total 

induced charge QT; charge is bolded because it is a phasor, which alternates with the pickup 

deformation. It is modelled as a current source because induced charge fluctuates as a 

continuous AC sinusoid, which is AC current by definition. Figure 3-9 plots the induced 

charge QT and current Ipick on the same time-domain axis, and (3.13) presents the relationship 

between QT and Ipick. It can be seen that Ipick is proportional to frequency, so it is beneficial to 

choose piezoelectric transducers with a high resonant frequency for power demanding 

applications.  

 𝑰𝒑𝒊𝒄𝒌 =
𝑑𝑸𝑻

𝑑𝑡
= 𝑗𝜔𝑸𝑻  (3.13) 
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Figure 3-8: Electrical equivalence of the pickup piezoelectric. 

t

|QT|

QT 

Ipick

 

Figure 3-9: Induced charge QT and current Ipick in time domain. 

The induced charge is distributed between the static capacitance and the load impedance. In 

the case of an open circuit load, all the charge is stored in the capacitor Cs2. In contrast, a 

short circuit load uses all the charge. Thus, when a resistive load is present, the capacitor 

stores part of the charge and the load uses the remainder. This relationship is shown in Figure 

3-10, where RQ shows the charge distributed to the load, XQ the charge stored in the capacitor, 

and QT the total charge. From this perspective, the transfer is most useful when the load is 

very small, because all the induced charge is used to power the load (RQ=QT and XQ=0); 

charge stored in the capacitance is redundant as it is not useful. With a high load, XQ=QT and 

RQ=0 because the all the charge is stored in the static capacitance. Therefore, it is necessary 

to design a pickup circuit that minimally damps the system to induce the most charge, and 

ideally, to use all the induced charge, which suggests the pickup circuit should exhibit a low 

input impedance seen from the pickup transducer. 

t

XQ 

RQ

QT 

QT 
XQ 

RQ 

 

Figure 3-10: Charge distribution in time domain (left) and phasor diagram (right). 
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 Transducer Coupling and Resonance 

The term coupling is associated to the pairing of two items. For inductive power transfer, the 

coupling coefficient k is a ratio of the amount of the magnetic flux produced by the primary 

coil that passes through the pickup coil [88, 89]. For capacitive power transfer, coupling 

quantitatively indicates the level of the direct capacitance and the cross-capacitance between 

primary and secondary plates in a traditional system [90]. Currently, there is no coupling term 

for UPT, but it would be a useful quantity indicating the power transfer quality. Thus, the 

term transducer coupling is introduced, which indicates the level of interaction between the 

primary and pickup transducer. The transducer coupling also gives an approximate ratio of 

the ultrasonic vibration experienced by the pickup transducer that is generated by the primary 

transducer. Therefore, the physical setup of a UPT system determines the transducer coupling.  

The resonant nature of the entire mechanical system is closely linked with transducer 

coupling. The term local resonant refers to the natural resonance of the individual mechanical 

object. Local indicates that the resonance of the mechanical component only occurs within 

itself, so each component (primary transducer, solid medium(s), and pickup transducer) has 

their own local resonance, even if their natural frequencies are identical. On the contrary, the 

term structural resonant refers to the resonance of the combined mechanical system, and 

resonance is redefined by the combined structure, so the local resonance of the assembled 

components becomes less significant. The term local-structural resonant is used in the 

scenario where the structures of the primary and pickup transducers are imperfectly linked, 

such that the primary and pickup transducers each have their distinct resonant nature despite 

being mechanically combined. Thus, the nature of local-structural resonance is between local 

resonance and structural resonance.  

The transducer coupling and the system resonant nature is closely related, and the 

practical/mechanical aspects of the UPT system determine both factors. Various mechanical 

aspects influencing the coupling are explored in this chapter: these include the contact level, 

the compatibility of the medium with the transducers, and the alignment between the primary 

and pickup transducer.  
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3.2.1 Contact Level 

The contact between components (transducers and solid media) determines the nature of 

resonance and also the coupling level, which is closely related to the power transfer 

capability of UPT systems. The definition of contact is very broad and neither encapsulates 

nor specifies the contact strength. So a contact coefficient kC is proposed. Figure 3-11 

illustrates the relationship of various levels of contact and the contact coefficient kC, along 

with the corresponding influence on the resonant nature of the UPT system. The right side of 

the figure portrays the no-contact region, where an air-gap or liquid/gas/soft-solid medium 

spatially separates the objects. Therefore, kC=0 and these systems are local resonant because 

the primary and pickup transducers are structurally exclusive. On the other hand, close-

contact is the term given to the region where the components are in contact so kC>0, and this 

thesis mainly focuses on this region. The contact level can be described by the contact area 

(quantity) and contact strength (quality), so the close-contact region can be specified further. 

When the components begin to touch, only a small quantity of the components is in contact 

with mild contact strength, so this is classified as loose contact; externally applied forces 

acting on the components help increase the contact level. The components are in tight contact 

when the contact level is high, meaning both the contact area and strength is high. The two 

objects will be in full-contact to an extreme if they are completely combined.  
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Figure 3-11: Contact Coefficient vs Contact Level 

No-Contact kC=0 and Local Resonance (No-Coupling): Transducers are locally resonant 

when they are physically separated by fluidic media; these include liquids, gases, as well as 

soft solids like skin, tissue, and fat. Note that the higher the characteristic acoustic impedance 
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of these substances, the more they damp the resonant response of the transducer. So 

piezoelectric transducers locally resonate most effectively in air, while the resonant response 

is damped in water. Soft solids like tissue also predominantly damp the piezoelectric response. 

The power transfer between transducers in local resonance is very low because the transfer 

mechanism essentially becomes a wave. The bulk of the generated power and vibration 

resides in the primary transducer, and only a small fraction is transferred to the medium and 

the pickup transducer. This is due to the transition in material boundary (e.g. transducer to air, 

air to transducer).  

To give an approximate expression, the wave concepts of reflection and transmission at 

medium boundaries are considered. Equation (3.14) shows the force Fmed experienced by the 

fluidic medium given a primary input force of Fprim (which is approximated by vprimZ0,prim), 

where r12 is the reflection coefficient at the primary transducer to medium boundary defined 

in (2.6).  The vibration velocity in the medium is then approximated using (3.15). Assuming 

that there is no attenuation in the medium, then the force acting on the piezoelectric is 

approximately Fmed, so the approximate force and vibration velocity vpick of the pickup 

transducer is combined and expressed in (3.16), where r23 is the medium to pickup transducer 

boundary. Consequently, a mismatched medium results in a very small transmission 

coefficient (given by 1+r), and thus the pickup velocity vpick is very small with respect to the 

primary. Therefore, the transducer coupling is very poor in a UPT system where the 

transducers are locally resonant due to a physical separation by a fluidic or soft medium. 

Such systems are classified as no-contact because the transducers are physically separated, 

and the transducer vibration ratio is very poor, so such systems are also regarded as not-

coupled. There is already much existing research and development on UPT systems in the no-

contact region because the transfer mechanism of these systems is approximated as a wave, 

so this thesis does not focus on this area. 

 𝑭𝒎𝒆𝒅 = (1 + 𝑟12)𝑭𝒑𝒓𝒊𝒎 = (1 + 𝑟12)𝒗𝒑𝒓𝒊𝒎𝑍0,𝑝𝑟𝑖𝑚  (3.14) 

 𝒗𝒎𝒆𝒅 =
𝑭𝒎𝒆𝒅

𝑍0,𝑚𝑒𝑑
  (3.15) 

 𝒗𝒑𝒊𝒄𝒌 =
(1+𝑟23)𝑭𝒎𝒆𝒅

𝑍0,𝑝𝑖𝑐𝑘
=
(1+𝑟23)(1+𝑟12)𝑍0,𝑝𝑟𝑖𝑚

𝑍0,𝑝𝑖𝑐𝑘
𝒗𝒑𝒓𝒊𝒎 

 
𝑍0,𝑝𝑟𝑖𝑚≈𝑍0,𝑝𝑖𝑐𝑘
→           𝒗𝒑𝒊𝒄𝒌 ≈ (1 + 𝑟23)(1 + 𝑟12)𝒗𝒑𝒓𝒊𝒎  (3.16) 
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Tight Contact kC≈1 and Structural Resonance (Tightly Coupled): The tight contact level 

is typically achieved by physically bolting the components [17, 18], welding, or using hard 

set adhesives with similar acoustic impedance to metals [19], such that an inherent force 

physically unites the two mechanical components. This ensures the contact level is high and 

causes the transducers to structurally resonate together. Using these attachment methods, the 

transducers become structurally fused and integrated through the medium. This can only be 

achieved using hard solids, as fluidic/soft solids do not have the structural integrity to link the 

transducers. As a result, the integration of the transducers through the medium redefines the 

characteristic of the entire mechanical system, changing the natural resonant frequency(s) and 

introducing new resonant modes. Hence, resonance corresponds to the entire mechanical 

structure, such that the primary and pickup transducer resonates together as a system. 

Consequently, the vibration of the primary transducer is approximately equal to the pickup 

transducer, and thus the transducer coupling is very good. Therefore, the power transfer via 

structural resonance is very efficient and effective with little losses as there are no 

boundary/contact losses. Structural resonant systems are associated with the term tight 

coupling because the transducer coupling is very good and because the transducers are tightly 

connected and integrated with the medium. 

Loose Contact 0<kC<<1 and Local-Structural Resonance (Loosely Coupled): 

Transducers local-structurally resonate when the primary and pickup structures are physically 

interacting with an imperfect bond. This is classified as loose contact, because, unlike the 

inherent bond of the tight contact, the two components are kept in physical contact by an 

applied external force, forming an imperfect bond. Stress clamps that force components into 

physical contact are the most typical attachment method. As an applied force holds the 

transducer structures together, the natural frequency of the transducer is not completely 

redefined by the entire system. Additionally, only a fraction of the structures interacts with 

each other, and due to this partial contact, the excited vibration of the primary structure does 

not seamlessly flow to the pickup structure. Thus, the transducer coupling is given the term 

loose coupling because the pickup transducer only experiences a fraction of the primary 

vibration. Accordingly, the power transfer performance for loose coupling is in between the 

systems with tight coupling and no-coupling. 
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The varying levels of close-contact is one of the key features amongst many others that 

influence the transducer coupling and the resonant nature of the system. In the no-contact 

extreme scenario (kC=0), the primary and pickup transducers only have local resonance and 

no structural resonance because they are not in contact. In contrast with the full-contact 

extreme case (kC=1), the transducers form complete structural resonance with no local 

resonance. Therefore, UPT systems within the close-contact region (0<kC≤1) would have a 

mix of local resonance and structural resonance. Local resonance tends to be more dominant 

in loose contact systems (0<kC<<1), while structural resonance is dominant in tight contact 

systems (kC≈1). Note the boundary between loose contact and tight contact is not clearly 

defined, similar to IPT, as most IPT systems are loosely coupled, and only transformers are 

regarded as tightly coupled.  

3.2.2 Medium Compatibility 

The materials of the solid medium in which transducers are attached also affect the coupling. 

Assuming full-contact between the transducers and medium, the medium may either 

predominantly damp the transducers, or integrate the transducers together and redefine the 

mechanical response of the transducers as a unified system. Incompatible media mainly damp 

the transducers and disturb the link between the primary and pickup transducers such that the 

transducers become more local resonant in nature. However, compatible media integrate and 

link the transducers together, such that the system structurally resonates, given the contact 

level is also high. Figure 3-12 illustrates the influence of medium compatibility on a tight 

contact system. The illustration shows the entire structure vibrates with high intensity in 

structural resonance for a compatible medium, while only the primary transducer vibrates 

with high intensity for an incompatible medium, which results in local resonance. 

Compatible Incompatible

Pickup

Medium

High IntensityLow Intensity

Primary

 

Figure 3-12: Illustration of power flow for compatible and incompatible medium. 
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3.2.3 Transducer Alignment 

The positional placement of the primary and pickup transducer also contributes to the 

transducer coupling, and influences the resonant nature of the transducers. Figure 3-13 

illustrates a diagram of a plate with the primary transducer attached to the centre, and various 

pickup transducers attached to multiple positions, assuming both transducers are in full-

contact to a compatible medium. Ideal structural resonance can only be achieved if the setup 

is symmetrical with the pickup located at the centre position, where it is perfectly aligned 

with the primary. Shifting the pickup transducer away from perfect alignment with the 

primary transducer reduces the transducer coupling capability. This is because the structural 

resonance established by the primary differs from the resonance of the pickup as illustrated in 

Figure 3-13b. As such, local-structural resonance is enforced, because the resonant modes of 

the transducers do not incorporate the other transducer. In general, the further away the 

transducers are misaligned, the weaker the coupling, thus transducer coupling at the edge 

position is slightly better than the corner position.  

centre

edge corner

Primary 
Transducer

Pickup 
Transducer

Centre Aligned

(Structural Resonant)
Centre Misaligned

(Local-Structural Resonant)

 

 (a)  (b) 

Figure 3-13: (a) Illustration of primary and pickup transducer misalignment. (b) Side view 

illustrating vibration mode of transducers. 

3.2.4 Summary of Coupling and Resonance 

The resonant nature of the transducer is determined mainly by the established contact level. 

Tight contact enables the transducer to structurally resonate with the medium, while loose 

contact causes the transducer and medium to local-structurally resonate. Transducer coupling 
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however, relates specifically to the structural relevance of the primary and pickup transducers. 

Therefore, coupling is concerned with the entire UPT mechanical system. A tightly coupled 

system structurally resonates, while a loosely coupled system local-structurally resonates. 

The transducer alignment and contact strength are the key mechanical features dictating the 

coupling level of the transducers. The primary and pickup transducers are tightly coupled and 

structurally resonate when aligned and in tight contact. In the scenario where the transducers 

are misaligned but still in tight contact with the medium, the primary and pickup structurally 

resonates with the medium, but the transducers are loosely coupled, and thus, local-

structurally resonate. Meanwhile, the compatibility of the medium to the transducers mainly 

influences the system performance. Transducer coupling is an intuitive term, but the three 

mechanical features (contact, material compatibility, and alignment) are more important 

because they characterize the resonant mode and performance of UPT systems. Table 3-1 

summarizes the contribution of each feature to the resonant mode and performance; the best 

quality of each category is highlighted. 

Table 3-1: Combinations of mechanical coefficients and the associated outcome.  

Contact 
Material 

Compatibility 
Alignment  

Resonant 

Mode 
Coupling Performance 

Tight High Aligned  Structural Tight High 

Loose High Aligned  Local-structural Loose Medium 

Tight Low Aligned  Structural Tight Medium 

Tight High Misaligned  Local-structural Loose Medium 

Tight Low Misaligned  Local Very Loose Low 

Loose High Misaligned  Local-structural Loose Medium 

Loose Low Aligned  Local Very Loose Low 

Loose Low Misaligned  Local None Very Low 

 

 Characteristics of Coupling and Resonance 

The approximate coupling and resonant nature of a system can be characterized by analysing 

the admittance spectrum measured from the primary and pickup transducer through a series 

of tests. In this section, the transducer coupling for various mechanical setups is characterized 

using a few test conditions based on the measured admittances.  
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(1) Mechanical Quality Factor Q: As presented in Chapter 3.1, piezoelectric resonance is 

modelled as an equivalent series LCR circuit. Consequently, the Q of the resonant peaks is a 

useful indicator of coupling. The quality factor Q of the resonant peak is calculated using 

(3.17). Alternatively, Q can be approximated using (3.18), where f0 is the resonant frequency, 

and Δf the bandwidth of the resonance peak. A high Q corresponds to sharp and tall peaks on 

the admittance spectrum, and implies resonance is very strong and well defined, but very 

sensitive. Only tightly coupled systems and not-coupled systems with low impedance 

medium (e.g. air) exhibit resonant peaks with high Q. 

 𝑄 =
1

𝑅
√
𝐿

𝐶
=
√𝑚𝑘

𝑐
  (3.17) 

 𝑄 =
𝑓0

Δ𝑓
  (3.18) 

(2) Primary and Pickup Similarity: Another test to gauge the level of coupling is to 

compare the admittance spectra measured from the primary and pickup side. Similar spectra 

from both sides imply the system structurally resonates.  

However, the above two tests alone cannot confirm the transducers are structurally connected. 

For example, two identical transducers suspended in air will have very similar admittance 

spectra with high Q, but they have no structural link with each other. This means the 

measured response is the local resonance of the two transducers, with no structural resonance 

whatsoever. Thus, a third test is required to determine the coupling and system resonant 

nature. 

(3) Loading Test: The loading test measures the admittance spectrum of the primary 

transducer when the pickup transducer is electrically short and open circuited. Both the short 

and open circuit condition does not mechanically damp the transducers, so the measured 

input admittance retains their non-damped resonant peaks. The difference between the short 

and open circuit is the presence of the static capacitance Cs on the pickup side. The 

capacitance is present in the open circuit, and absent in the short circuit condition, because 

electrically shorting the terminals of the pickup transducer discharges the pickup 

piezoelectric. The capacitance is reflected as a series compliance in the mechanical domain, 

which decreases the overall compliance (analogous to decreasing total equivalent capacitance) 

or increases elasticity k, so the open circuit load shifts the resonant frequency slightly higher 
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according to (3.19). Therefore, the load influences the resonant peaks of a tightly coupled 

system. As the coupling level decreases, the system becomes more local and less structural 

resonant, so the load influence becomes less obvious. 

 𝑓𝑟𝑒𝑠 =
1

2𝜋√𝐿𝐶
=

1

2𝜋
√
𝑘

𝑚
  (3.19) 

The remainder of this section gauges the coupling level and the resonant nature of various 

UPT systems via qualitative analysis based on admittance measurements. Figure 3-14 

illustrates the four measurements taken for each of the configurations, which is the 

admittance measured from the primary transducer when the pickup is short and open 

circuited, and vice versa. The SMBLTD45F28H 28kHz Langevin-type piezoelectric 

transducer from Steiner & Martins, Inc. was used as the transducers, and the admittances 

were measured using an Agilent Precision LCR meter (E4980A).  
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Figure 3-14: Diagram of the four admittance measurements taken for each configuration. 

3.3.1 Various Contact Level 

Two experimental setups are used to demonstrate the concept of high and low contact levels 

with respect to local and structural resonance. The first setup shown in Figure 3-15 is named 

Al28-28 because an aluminium plate measuring 350mm×350mm×5mm is used in conjunction 
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with the two 28kHz Langevin-type piezoelectric transducers. The centre of the aluminium 

plate has a bolt for tightly attaching the transducers. The second setup consists of two 

separate plates to which the transducers are tightly attached. The two plates are forced 

together using bolt clamps that are inserted in the four holes that are present. For this 

comparison, the top two holes are bolt-clamped as shown in Figure 3-16, so the setup is 

labelled 2C12. The admittance spectrum measured from the primary and pickup when the 

other side is short and open circuited are presented in the figures of the respective setups. 

Detailed admittance plots of all the constructed configurations are presented in Appendix A. 

The admittance spectrum of the Al28-28 setup shows clear resonant peaks with high Q values 

around 530. The primary and pickup admittance is also identical for both short and open 

circuit conditions. Additionally, the short and open circuit loading changes the measured 

admittance, showing a clear shift in resonance without any damping. These measurements 

clearly show that the Al28-28 system has tight coupling and structurally resonates. This is 

because the Al28-28 setup has high contact level, the aluminium medium is compatible, and 

the transducers are perfectly aligned. 

The 2C12 setup has significantly damped peaks, with a Q of approximately 140 for the most 

prominent resonant peaks. The primary and pickup admittance spectrums are also quite 

different, but with similar magnitude values. Lastly, there is only a slight change in the 

spectrum for the short and open circuit load. The fact that the loading does change the 

measured spectrum supports that the transducers are coupled, but because of the different 

spectra measured from the primary and pickup, local resonance is the dominant mode for the 

2C12 setup. The damped peaks also suggest that the primary and pickup structures are not 

structurally combined, but instead are mechanically loading each other. Therefore, the 2C12 

clamped configuration can be classified as loosely coupled because the primary and pickup 

structures subtly interact with one another without being structurally combined.  

From analysing just the admittance spectra of both a low contact level (2C12) and high 

contact level system (Al28-28), it is inferred that the resonant nature of the UPT system 

progresses from local resonance to structural resonance as the contact level increases.  



Chapter 3 Proposed Concepts for UPT System with Metal Barrier 

 

 

 

 

- 55 - 

 

  

Figure 3-15: Al28-28 configuration measured admittances. 

  

Figure 3-16: 2C12 configuration measured admittances.  

3.3.2 Alternate Medium Material  

The compatibility level of Polyvinyl Chloride (PVC) and stainless steel grade 304 as media 

are examined. Both media have the same dimensions, measuring 350mm×350mm×5mm with 

a centre bolt for tightly attaching the transducers; the material of the bolt is consistent with 
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the material of the respective plate. Similar to the Al28-28 setup, two 28kHz Langevin-type 

piezoelectric transducers are attached to the plates, so the names given are PVC28-28 and 

Fe28-28 for the PVC and steel setup, respectively. Figure 3-17 and Figure 3-18 presents a 

photo of the PVC28-28 and Fe28-28 setup, respectively, along with the admittance spectrum 

measured from the primary and pickup when the other side is short and open circuited in the 

figures of the respective setups. 

The measurements of the PVC28-28 are unique because the PVC plate simply damps the 

transducer response, reducing the Q down to approximately 40. The measurements from both 

the primary and pickup are near identical, and the short and open circuit load conditions 

change the resonant frequency, which imply the PVC28-28 setup is structurally connected 

due to the established tight contact and centre alignment. However, the fact that the PVC 

plate did not introduce additional resonant modes suggests the transducers are not very 

compatible with PVC. Therefore, the performance response of PVC28-28 is lower than the 

Al28-28 setup, but the system is still structural resonant.  

The Fe28-28 setup demonstrates clear resonant peaks with Q values above 800. Additionally, 

the primary and pickup admittance is identical for both short and open circuit conditions. The 

short and open circuit loading also changes the measured admittance, showing a clear shift in 

resonance without any damping. These measurements clearly show that the transducers of the 

Fe28-28 system are tightly coupled and the system structurally resonates. This is because the 

Fe28-28 setup has high contact level, the steel medium is compatible and structurally links 

the transducers, and the transducers are perfectly aligned. The Fe28-28 setup is much like the 

Al28-28 setup, except the resonant peaks have higher Q because the mass and stiffness of 

steel is greater than aluminium. This suggests that metals are in general compatible with the 

transducers, despite stainless steel (Z0≈45MRayl) having greater acoustic impedance than 

aluminium (Z0≈17MRayl).  

Comparing the spectra of Al28-28, PVC28-28, and Fe28-28, the compatibility of the medium 

material seems to influence the performance response instead of the resonant nature. 

Compatible materials such as metals structurally change the transducer response, while less 

compatible materials damp the transducer. The tight contact enabled the system to 

structurally resonate despite the material compatibility in these examples. 
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Figure 3-17: PVC28-28 configuration measured admittances.  

  

Figure 3-18: Fe28-28 configuration measured admittances.  

3.3.3 Misaligned Transducer Placement  

The Al28-28 setup is used to evaluate the coupling and resonant nature of misaligned 

transducers. The aluminium plate used has a grid of bolts spaced 100mm apart, forming a 

3×3 matrix. To test for misalignment, the primary is tightly attached to the centre bolt on one 
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side, and the pickup is tightly connected to the edge and corner of the other side. Thus, the 

names Al28-28edge and Al28-28corner are used as reference. Figure 3-19 and Figure 3-20 

presents a photo along with the admittance spectrum measured from the primary and pickup 

when the other side is short and open circuited for the Al28-28edge and Al28-28corner setups, 

respectively. 

The Al28-28edge setup maintains reasonable peaks with a general Q of approximately 190, 

but the primary and pickup admittance spectra differ from each other. Despite the difference, 

the transducers are still influenced by the electrical loading of the other side. However, there 

is a big difference when comparing the Al28-28edge setup relative to the aligned Al28-28 

setup. This is because the transducers are fully coupled in the aligned setup, while the edge 

misaligned setup is only partially coupled through the medium.  

The admittance measurements of the Al28-28corner setup is quite similar to the edge setup, 

with peaks having Q of 160. Similarly to the edge setup, the primary and pickup 

measurements of the corner setup are also different. However, electrical loading does not 

easily influence the corner system as it does the edge system. This implies that the coupling 

between the transducers is even weaker for the corner setup relative to the edge.  

The comparison of the three Al28-28 setups of centre aligned, edge misaligned, and corner 

misaligned, indicates that transducer coupling and structural resonance is highly dependent 

on the positional alignment. As the transducers are more laterally misaligned, the transducers 

become less relevant to each other. Despite the transducers being in tight contact with the 

same medium, the misalignment prevents the system to structurally resonate at the same 

mode, and thus only a portion of the primary and pickup is structurally linked. Therefore, the 

more misaligned the transducers are, the more local-structural resonant it becomes. The load 

influenced the edge setup more than the corner setup because the edge is relatively closer to 

the primary transducer. In general, misaligned setups are considered loosely coupled.  
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Figure 3-19: Al28-28edge configuration measured admittances.  

  

Figure 3-20: Al28-28corner configuration measured admittances.  

 Summary 

This chapter began with presenting the piezoelectric transducer as a two-port network based 

on electromechanical analogies, representing the piezoelectric resonant characteristic due to 

its physical properties as lumped parameters. Fundamental characteristics of the piezoelectric 
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relevant to UPT were identified; these include the convenience of resonance, the generation 

of power on transience, and the appropriateness of a voltage source excitation as opposed to 

current source. The formation of the piezoelectric model also leads to the characterization and 

modelling of the proposed UPT models. 

The concept of coupling was introduced, and the intuitive term ‘transducer coupling’ was 

introduced to indicate the level of interaction between the primary and pickup transducer. The 

coupling term also gives an approximate ratio of the ultrasonic vibration generated by the 

primary transducer that is experienced by the pickup transducer. Transducer coupling is also 

closely related to the mechanical resonance of the system, which is classified into local 

resonance, structural resonance, and local-structural resonance.  

Various practical aspects determine the coupling and resonant nature of a UPT system. The 

mechanical features investigated include contact level, medium material, and the transducer 

alignment. The coupling and system resonant nature was approximated based on the 

admittance measurements from the piezoelectric transducer of the practically constructed 

systems. Three test conditions were used to characterize the coupling and resonant nature: the 

Q of the resonant peaks, the similarity of the primary and pickup spectrum, and the short and 

open circuit loading effects. Table 3-2 summarizes the findings of each practical aspect with 

respect to the coupling and resonant nature of the corresponding UPT system. Note the best 

performance of each category is highlighted.  

Table 3-2: Summary of the coupling and resonant nature of UPT systems.  

Setup Contact 
Material 

Compatibility 
Alignment Resonant Mode Coupling 

Al28-28 Tight High Aligned Structural High 

2C12 Loose High Aligned Local-Structural Medium 

PVC28-28 Tight Low Aligned Structural Medium 

Fe28-28 Tight High Aligned Structural High 

Al28-28edge Tight High Misaligned Local-Structural Medium 

Al28-28corner Tight High Misaligned+ Local-Structural Low 

 



Chapter 4 The Structural Model for Tightly Coupled UPT System 

 

 

 

 

- 61 - 

 

Chapter 4  

 

The Structural Model for Tightly 

Coupled UPT System 

 

Chapter 3 set the framework of UPT systems, using a qualitative approach to distinguish the 

resonant nature and coupling of various system configurations. However, there is a need for 

models that accurately characterize the power transfer mechanism for UPT systems with thin 

solid media. As discussed in Chapter 2, the transfer distance is not significant enough for the 

generated vibration to stabilize into a wave for thin solid media, so the transfer mechanism is 

not appropriately approximated as wave propagation. Thus, this chapter presents the 

Structural Model, which accurately characterizes tight and full contact UPT systems by 

extending the piezoelectric model developed in Chapter 3. The predicted output 

characteristics using the structural model are experimentally verified from practically 

constructed systems.  

 

 Derivation of the Structural Model 

Figure 4-1a presents a UPT system with the two piezoelectric transducers in tight contact 

with a solid medium and Figure 4-1b presents the equivalent mechanical model. Subscripts 1, 

2, and 3 correspond to the primary structure, coupling medium, and the pickup structure, 

respectively. Each of the three structures are structurally represented by their mass m, 
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elasticity k, and damping c, and a direct connection links the structures in the structural model. 

The coupling medium is elaborately modelled by including its mechanical response internally, 

as shown in Figure 4-1b, and the displacement experienced on m2 is effectively x1. The 

primary piezoelectric P1 exerts a force Fin from an electrical voltage source Vin. The pickup 

piezoelectric P3 is positioned at the pickup structure, and experiences the same motion as the 

pickup transducer. Despite the direct connection, the motion of the pickup structure x3 may 

not be identical to the primary-medium structure x1, but is determined by the compatibility of 

the coupling medium, which is detailed in Section 4.2. 
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Figure 4-1: The (a) system diagram and (b) mechanical force body diagram of a tightly 

coupled UPT system. 

Equation (4.1) is derived from analysing the forces acting on the primary structure (m1 and 

m2). These forces include the net force ma, elastic force kx, and the damping force cv due to 

the motion x1 and x3, as well as the piezoelectric force F. Similarly, the force equation of the 

pickup transducer is presented in (4.2). The forces acting on m3 are due to the motion of the 

medium m2, which is effectively x1.  

 𝑚1𝒂𝟏 + 𝑘1𝒙𝟏 + 𝑐1𝒗𝟏 + (𝑘2𝒙𝟏 + 𝑐2𝒗𝟏) = (𝑘2𝒙𝟑 + 𝑐2𝒗𝟑) + 𝑭𝒊𝒏  (4.1) 

 𝑚3𝒂𝟑 + (𝑘2 + 𝑘3)𝒙𝟑 + (𝑐2 + 𝑐3)𝒗𝟑 + 𝑃3 = 𝑘2𝒙𝟏 + 𝑐2𝒗𝟏  (4.2) 

Then, express (4.1) and (4.2) about the velocity component v using integration and 

differentiation: 

 (𝑗𝜔𝑚1 +
𝑘1

𝑗𝜔
+ 𝑐1)𝒗𝟏 + (

𝑘2

𝑗𝜔
+ 𝑐2)𝒗𝟏 = (

𝑘2

𝑗𝜔
+ 𝑐2)𝒗𝟑 + 𝑭𝒊𝒏  (4.3) 

 (𝑗𝜔𝑚3 +
𝑘3

𝑗𝜔
+ 𝑐3)𝒗𝟑 + (

𝑘2

𝑗𝜔
+ 𝑐2)𝒗𝟑 + 𝑃3 = (

𝑘2

𝑗𝜔
+ 𝑐2)𝒗𝟏  (4.4) 
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Applying the electromechanical analogies given in Table 2-1, (4.3) and (4.4) are expressed as 

its electrical equivalence, where mass m is analogous to an inductor, elasticity 1/k as a 

capacitor, damping c as a resistor, force F as a voltage, and particle velocity v as current. The 

equivalent electrical expression presented in (4.5) and (4.6) is obtained by lumping the 

mechanical characteristics of (4.3) and (4.4) into an impedance Z.  

 𝑍1𝑰𝟏 + 𝑍2𝑰𝟏 = 𝑍2𝑰𝟑 + 𝑽𝒊𝒏  (4.5) 

 𝑍3𝑰𝟑 + 𝑍2𝑰𝟑 + 𝑃3 = 𝑍2𝑰𝟏  (4.6) 

Finally, the equivalent impedance two-port network is presented in Figure 4-2a based on (4.5) 

and (4.6). The piezoelectric transduction model models the primary and pickup piezoelectric. 

For better understanding, the equivalent circuit is simplified to Figure 4-2b. Note the 

impedances Z1, Z2, and Z3 are determined by input measurements from the primary and/or 

pickup transducers; the values change when the system physical configurations are altered, 

such as using an alternate medium material or transducer.  

The structural model suitably describes contact levels from tight to full contact because the 

components in the model combine into one structure via the direct connection, similar to how 

the components are directly connected when in tight contact.  
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Figure 4-2: Equivalent circuit diagram of the structural model as an (a) impedance network 

and (b) simplified lumped model. 
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4.1.1 Modelling the Material of the Coupling Medium 

The proposed structural model also helps distinguish the system response when different 

materials are used as the coupling medium. The mechanical characteristics of the coupling 

medium constitute the lumped impedance Z2, which naturally changes when another medium 

with different shape, size, or material is used. A material compatibility coefficient kM is 

proposed to approximate the contribution of the medium to the transducers. The compatibility 

coefficient kM ranges from 0 to 1, and its value is predominantly determined by the material 

of the medium. A compatibility coefficient of zero means the medium has no mechanical 

interaction with the transducer. In contrast, a coefficient of one means the medium is fully 

compatible with the transducer, and the mechanical characteristic of the transducer is 

redefined by the medium.  

It is speculated that material compatibility is related to the atomic structure of the material. 

Other material properties such as conductivity, speed of sound through the material, and 

characteristic acoustic impedance may also be relevant to the compatibility coefficient. 

However, most of these properties are associated with the density and stiffness of the material, 

which is fundamentally determined by the atomic bonding between particles. As piezoelectric 

transducers are coated with a metal electrode layer, metal media become easily compatible 

with the transducer due to the common metallic bond, so high compatibility values are 

expected. Alternate materials such as plastics, are made up of molecules held together by 

intermolecular bonds, which differs from the metallic bond of the piezoelectric plates, and 

thus are expected to be less compatible. Figure 4-3 illustrates the estimated compatibility 

coefficient for some materials based on their atomic bonding structure.  

0 1
Material Compatibility Coefficient kM

Metals
(Metallic Bonds)

Polymers
(Intermolecular Forces)

Liquids
(Weak 

intermolecular 
forces)

0.1 0.40.2 0.6

                       Gases
(No attractive forces)

 

Figure 4-3: Estimated material compatibility coefficient for typical media associated with 

their bonding structure. 
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The impedance Z2 is approximated using (4.7), where Z0,med is the characteristic acoustic 

impedance of the medium, and kM the compatibility coefficient. Impedance Z2 describes the 

damping nature and the structural connectivity of the medium. Thus, the characteristic 

acoustic impedance Z0,med is relevant to Z2 because it describes the likelihood of the medium 

to vibrate from an applied force. Refer to Table 2-2 for the characteristic acoustic impedance 

of some common materials.  

The lower the characteristic impedance of the medium, the less it damps the transducers. Air 

does not damp the transducer because its impedance is very low, but any other solid, fluid, or 

gas does damp the transducer because their characteristic impedance is larger than air. 

However, low impedance substances tend to be less dense and less conductive in vibration, 

which is typically associated to weak intermolecular bonds. Therefore, low impedance 

substances damp the transducer less, but they also tend to be less compatible with the 

transducers. High impedance materials are expected to damp the transducer significantly, but 

these materials are generally the most compatible with piezoelectric transducers. 

Incompatible materials with high impedance damp the transducer and reduce the coupling of 

the transducers (I3 becomes a small fraction of I1). Incompatible media with low impedance 

damp the transducer less, but significantly decrease the transducer coupling (I3 becomes a 

tiny fraction of I1). Compatible materials with low and high impedance combine with the 

transducer and redefine the mechanical characteristics instead of damping, and at the same 

time enable high transducer coupling (I1≈I3).  

In the structural model shown in Figure 4-2, the performance of the system is dependent on 

the impedance Z2. Power is effectively transferred when Z2 is very high impedance, because 

the damping nature of the medium is negligible to the overall system. This implies 

compatible media do not damp the transducer, but has combined with the system. When the 

medium impedance Z2 is low, the medium attracts most of the primary current I1, meaning 

that more power is dissipated by the medium and less is structurally transferred to the pickup 

transducer. Thus, the transducers become less relevant to each other. 

 𝑍2 ≈ 𝑍0,𝑚𝑒𝑑
𝑘𝑀

1−𝑘𝑀
  (4.7) 

The expression kM/1-kM is used to heighten the importance of material compatibility and to 

show that the characteristic acoustic impedance does not fully determine the impedance Z2. 
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For coupling media with a high compatibility coefficient, such as metals, Z2 is very high 

because the term kM/1-kM approximates infinity. Consequently, Z2 becomes negligible in the 

equivalent circuit of Figure 4-2b, and the motion of the pickup described by I3 approximates 

the primary motion I1. For coupling media with a low compatibility coefficient, the term kM/1-

kM is small and their characteristic acoustic impedance is also typically small relative to 

metals and piezoelectric materials, so Z2 is a low impedance. Thus, the presence of low 

compatible media damps the standalone frequency response of the transducers. If the 

transducers are separated by an air gap, then Z2=0, and all the power generated by the primary 

is radiated to air and none structurally transferred to the pickup. The primary and pickup are 

thus disconnected from each other, so Z1 and Z3 approximate the standalone frequency 

response of the primary Zprim,standing and pickup transducer Zpick,standing in air, respectively.  

4.1.2 Modelling Transducer Misalignment for Compatible Media 

The resonant nature of the system is determined by the coupling of the primary and pickup 

transducers. Misalignment is a key factor that easily controls the resonant nature of the UPT 

system. However, the structural model presented so far does not consider the alignment of the 

piezoelectric transducers. It is not possible to incorporate position into the model because the 

elements are all lumped into variables of mass, elasticity, and damping. It is necessary to 

understand the characteristics of a misaligned UPT system before modifying the model to 

cater for misalignment. As mentioned in Chapter 3, misalignment reduces the significance of 

the transducers between the other. As such, the more misaligned the transducers are, the more 

local-structural resonant it becomes, and the less structural resonant it is. The misaligned 

model presented in this section assumes the transducers are in tight contact with a compatible 

medium. Additionally, there is no logical reason to misalign transducers on an incompatible 

medium because coupling between the transducers is already very weak and assumed 

negligible. 

The mechanical characteristics of a UPT system are measured from the transducers, and as 

shown in Section 3.3, the resonant nature of the system can be gauged by analysing the 

admittance response of the primary and pickup transducers. The admittance spectrum from 

the primary when the pickup is electrically shorted (Yprim,sc) shows the mechanical behaviour 

observed by the primary without any electrical properties, meaning the pickup piezoelectric is 

considered as any other material without the transduction effect. Likewise, reversing the 
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primary and pickup roles, the pickup admittance Ypick,sc reveals the mechanical behaviour of 

the system observed from the pickup without any electrical properties from the primary 

transducer.  

Because the transducers are misaligned, the transducers do not ‘see’ each other. Consequently, 

the pickup transducer is not reflected on the primary transducer, and instead the primary sees 

a mechanical load that changes with electrical loading. The significance of the pickup 

electrical loading on the primary is proportional to the level of alignment. As such, driving 

the primary transducer vibrates the system, and no power is designated to be transferred 

directly to the pickup via structural resonance.  

The structural model presented in Figure 4-2 shows that the system generated power is 

distributed to the pickup via the I3 current branch, lost in vibrating the system via Z1 in the I1 

branch, and lost through the medium via the Z2 branch. The misaligned model is presented in 

Figure 4-4 and it does not incorporate the pickup branch on the primary side because the 

pickup is considered a mechanical load incorporated within the primary short circuit 

impedance Zprim,sc. The input short circuit impedance Zprim,sc expresses the mechanical 

counterpart, and Xeq(f) represents the electrical contribution of the pickup piezoelectric load 

Zout, which consists of the electric load ZL in parallel with the static capacitance Cs2 of the 

pickup piezoelectric transducer. 

Xeq(f)
2
Zout

Zprim,sc

Primary Structure

XCs1

Zpick,sc

Pickup Structure

XCs2
Finduced ZL

Zout
I1 I3

 

Figure 4-4: The equivalent model for misaligned transducers. 

The nature of power transfer is similar to that of a transmitter receiver radiating system 

because the pickup is not structurally resonant with the primary when the transducers are 

misaligned, but the power transfer is more effective than general radiative systems because 

the primary and pickup are attached onto the same physical medium. The pickup model is 

presented on the right side of Figure 4-4, which includes a force/voltage source Finduced, the 
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short circuit impedance Zpick,sc, and the pickup static capacitor reactance XCs2. Exciting the 

primary transducer vibrates the entire structure with velocity represented by I1. From the 

pickup perspective, this vibration is observed as an applied force Finduced expressed in (4.8), 

which is proportional to the motion I1. The force experienced by the pickup transducer needs 

to incorporate the vibration response from the primary structure and from the pickup structure. 

Therefore, the applied force Finduced is also dependent on Zmed expressed in (4.9), which is the 

approximated medium impedance that is derived from the mechanical characteristic observed 

from the primary Zprim,sc and pickup Zpick,sc, and the alignment coefficient kA. The alignment 

coefficient is hypothetically determined and shows the significance between the primary and 

pickup transducer, where kA=0 means the transducers are completely misaligned and have no 

relevance to each other, and kA=1 means the transducers are aligned and structurally 

combined. The alignment coefficient also approximates the ratio of vibrational motion 

received by the pickup from the primary and vice versa. Additionally, as kA approaches one, 

Zprim,sc and Zpick,sc also become more similar. The medium impedance is in a similar format to 

the mutual inductance commonly used in inductive power transfer systems. The force Finduced 

acts on the pickup structure, which is mechanically described by the pickup short circuit 

impedance Zpick,sc. Then the electrical loads, which include the static capacitance XCs2 and the 

terminal load ZL, terminate the pickup model.  

 𝑭𝒊𝒏𝒅𝒖𝒄𝒆𝒅 = 𝑍𝑚𝑒𝑑𝑰𝟏 (4.8) 

 𝑍𝑚𝑒𝑑 = 𝑘𝐴 √𝑍𝑝𝑟𝑖𝑚,𝑠𝑐  ∙ 𝑍𝑝𝑖𝑐𝑘,𝑠𝑐  (4.9) 

The misaligned model is consistent with the structural model, because as kA approaches one, 

Zprim,sc and Zpick,sc also becomes identical, and therefore Zmed becomes approximately Zprim,sc. 

Consequently, the pickup current I3 becomes very similar to I1, meaning the vibration 

observed by the pickup transducer is near identical to the primary.  

 Determining the Model Parameters 

The structural model presented in this chapter is able to describe tight contact systems for 

compatible and incompatible media, as well as aligned and misaligned transducers. Each of 

these practical aspects changes the behaviour of the system and alters the parameters of the 

structural model. Thus, the process of determining the model parameters for the different 
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practical aspects in a tight contact system is presented. Then, the output characteristics such 

as output short circuit current Isc and open circuit voltage Voc can be predicted via basic 

circuit analysis.  

The parameters of the structural model are determined using impedance/admittance 

measurements with circuit theory. The symbol Z(side),load(m) or Y(side),load(m) is the measured 

impedance or admittance respectively, where (side) denotes the primary and pickup 

transducer and (load) denotes the output electrical load where applicable. The presence of (m) 

dictates that it is the direct measurement from the impedance analyser; the absence of (m) 

denotes the impedance/admittance with the static capacitance removed using (4.10). The 

static capacitance Cs on the primary and pickup piezoelectric transducer is determined by 

measuring the transducer capacitance at low frequency. 

 𝑍(𝑠𝑖𝑑𝑒),𝑙𝑜𝑎𝑑 =
1

(1 𝑍(𝑠𝑖𝑑𝑒),𝑙𝑜𝑎𝑑(𝑚)⁄ )−(1 𝑋𝐶𝑠⁄ )
   

 𝑌(𝑠𝑖𝑑𝑒),𝑙𝑜𝑎𝑑 = (𝑌(𝑠𝑖𝑑𝑒),𝑙𝑜𝑎𝑑(𝑚)) − (1 𝑋𝐶𝑠⁄ )  (4.10) 

The parameter determination process can show the structural resonant property of tightly 

coupled systems. This is shown by merging the primary and pickup into one equivalent 

model, and all the model parameters can be determined using only the primary measurements 

of Zprim,sc and Zprim,oc. On the other hand, the local-structural resonant property of a loosely 

coupled system separates the primary and pickup transducer. Thus, parameters are 

determined by both primary (Zprim,sc and Zprim,oc)  and pickup (Zpick,sc and Zpick,oc) 

measurements.  

4.2.1 Compatible Medium with Aligned Transducers 

Figure 4-5 presents the equivalent structural model for compatible media and aligned 

transducers. With reference to the structural model presented in Figure 4-2b, the coefficient 

kM of compatible media is high, such that the impedance Z2 becomes very high and 

approaches infinity. Then the mechanical response measured from the primary terminals 

when short-circuiting the output terminals of the pickup transducer is approximated using 

(4.11), and similarly, (4.12) is the mechanical response measured from the pickup terminals 

with the primary terminals shorted. This shows that the measured mechanical response 

should be very similar when measured from the primary or pickup transducer, and can be 
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simplified into Zprim,sc, as shown in Figure 4-5. Additionally, the pickup vibration velocity 

represented by I3 is identical to the primary I1. All of these prove that the system structurally 

resonates and the transducers are tightly coupled. Finally, X3(f) is determined using (4.13) 

based on the measured input impedance Zprim,oc when the pickup transducer is open circuited. 

Note that all the measurements are with respect to the primary transducer, so all the 

impedance variables are reflected to the electrical domain of the primary by a division factor 

of X1(f)
2. 

 
𝑍1+𝑍3

𝑋1(𝑓)2
= 𝑍𝑝𝑟𝑖𝑚,𝑠𝑐  (4.11) 

 
𝑍1+𝑍3

𝑋3(𝑓)2
= 𝑍𝑝𝑖𝑐𝑘,𝑠𝑐 (4.12) 

 
𝑋3(𝑓)

𝑋1(𝑓)
= √

𝑍𝑝𝑟𝑖𝑚,𝑜𝑐−𝑍𝑝𝑟𝑖𝑚,𝑠𝑐

𝑋𝐶𝑠2
 (4.13) 
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Figure 4-5: Equivalent and simplified structural model for compatible medium. 

4.2.2 Incompatible Medium with Aligned Transducers 

The model presented in Figure 4-6 is identical to the structural model presented in Figure 4-2, 

except all the parameters are reflected to the electrical domain of the primary transducer. The 

material coefficient kM of incompatible media is low and the impedance Z2 becomes low 

enough that it damps the transducer response. The split branch of the primary current I1 to the 
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medium I2 and the pickup I3 shows the generated power is distributed to the damped medium 

and the pickup, so the coupling becomes weaker as I3<I1.  

I1 I3Vin

Z2/X1(f)
2

Z1/X1(f)
2

Z3/X1(f)
2

XCs1

Iin Iout

Zprim Zpick

2

2

1

3

)(

)(
CsX

fX

fX









Vout

LZ
fX

fX
2

1

3

)(

)(








I2

 

Figure 4-6: Equivalent structural model for incompatible medium. 

Two model methods describe the system with the incompatible medium and aligned 

transducers setup. The two model methods arise due to the interaction between the primary 

and pickup transducer. In the first case of using identical primary and pickup transducers, the 

loading on the pickup transducer directly influences the frequency response of the primary 

due to the tight contact connection. However, in the second case of using different rated 

resonant frequency primary and pickup transducers, loading of the pickup transducer does not 

change the frequency response of the primary. This is because the frequencies of interest 

(resonance) do not overlap between the transducers. Note that the compatible and aligned 

setup of Section 4.2.1 only has one modelling method because the whole system structurally 

resonates, so the primary and pickup transducers have the same resonant response even when 

mismatched rated resonant frequency transducers are used.  

4.2.2.1. With Identical Transducers 

Figure 4-6 is the equivalent circuit model for identical transducers. Equation (4.14) shows 

that the primary impedance Z1/X1(f)
2 is approximated as the standalone response of the 

primary transducer Zprim,standing. The primary is damped by Z2/X1(f)
2, which is estimated using 

(4.7). Then, the pickup impedance Z3/X1(f)
2 is found using (4.15) based on the measured input 

impedance Zprim,sc when the pickup is shorted. Finally, X3(f) is determined using (4.16) based 

on the measured primary impedance Zprim,oc when pickup is open circuited. The model here 

shows that the setup is damped and structurally resonant. 

 
𝑍1

𝑋1(𝑓)2
= 𝑍𝑝𝑟𝑖𝑚,𝑠𝑡𝑎𝑛𝑑𝑖𝑛𝑔 (4.14) 
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𝑍3

𝑋1(𝑓)2
=

𝑍2 𝑋1(𝑓)
2⁄

𝑍2 𝑋1(𝑓)
2⁄

(𝑍𝑝𝑟𝑖𝑚,𝑠𝑐−𝑍1 𝑋1(𝑓)
2⁄ )
−1

 (4.15) 

 
𝑋3(𝑓)

𝑋1(𝑓)
= √

(
𝑍𝑝𝑟𝑖𝑚,𝑜𝑐−𝑍1 𝑋1(𝑓)

2⁄

𝑍2 𝑋1(𝑓)
2⁄

)(
𝑍2

𝑋1(𝑓)
2+

𝑍3
𝑋1(𝑓)

2)−
𝑍3

𝑋1(𝑓)
2

𝑋𝐶𝑠2−(
𝑋𝐶𝑠2

𝑍2 𝑋1(𝑓)
2⁄
)(𝑍𝑝𝑟𝑖𝑚,𝑜𝑐−

𝑍1
𝑋1(𝑓)

2)
 (4.16) 

4.2.2.2. With Non-identical Transducers 

Figure 4-6 is also the general model for the second case when non-identical transducers are 

used. Because loading the pickup transducer does not change the response of the primary 

transducer, the structural model can be divided as shown in Figure 4-7 to simplify the 

determination of parameters. Then Z1 and Z3 are determined based on the impedance 

measured from the primary and pickup side as shown in (4.17) and (4.18). Note that Z1 is 

measured from the primary transducer, which is denoted by the parameter X1(f), while Z3 is 

measured from the pickup, denoted by X3(f). The short circuit impedance is used in the 

equations because it represents the mechanical characteristics without electrical loading, but, 

strictly speaking, the electrical loading of the pickup transducer does not affect the primary, 

so Zprim,sc≈Zprim,oc. The parameters Z2/X1(f)
2 and Z2/X3(f)

2 are estimated based on (4.7). The 

impedance of Z1 and Z3 are approximately equal to the standalone frequency response of the 

transducer; however, the slight mechanical change introduced by the medium is encompassed 

in the short circuit measurement Z(side),sc. Because the transducers are attached to the same 

medium, Z2 is constant regardless of which side it is measured from. Therefore, the pickup is 

associated to the primary by a multiplication factor of X3(f)/X1(f), which is evaluated using 

(4.19) from dividing (4.17) by (4.18). This scaling method is valid because the system is 

attached to the same medium, and is physically/structurally connected. Thus, the model 

implies this setup is locally resonant but structurally connected.  

 
𝑍1

𝑋1(𝑓)2
= 𝑍𝑝𝑟𝑖𝑚,𝑠𝑐 −

𝑍2

𝑋1(𝑓)2
≈ 𝑍𝑝𝑟𝑖𝑚,𝑠𝑡𝑎𝑛𝑑𝑖𝑛𝑔 (4.17) 

 
𝑍3

𝑋3(𝑓)2
= 𝑍𝑝𝑖𝑐𝑘,𝑠𝑐 −

𝑍2

𝑋3(𝑓)2
≈ 𝑍𝑝𝑖𝑐𝑘,𝑠𝑡𝑎𝑛𝑑𝑖𝑛𝑔 (4.18) 

 
𝑋3(𝑓)

𝑋1(𝑓)
=
𝑍2 𝑋1(𝑓)

2⁄

𝑍2 𝑋3(𝑓)2⁄
 (4.19) 
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2

Z1/X1(f)
2

XCs1

Z3/X3(f)
2

XCs2
Z2/X3(f)

2

Zprim Zpick  

Figure 4-7: Separating the structural model into the equivalent circuit seen by the primary 

(left) and pickup (right) transducer. 

4.2.3 Compatible Medium with Misaligned Transducers 

As a compatible medium is used, the material coefficient kM is approximately one, so that 

impedance Z2 is very high and can be neglected with respect to the structural model in Figure 

4-2. Consequently, the impedance of Z1 and Z3 can be combined and simplified into the 

measured short circuit impedance Zprim,sc. Thus, the left side of Figure 4-4 shows the 

equivalent model seen from the primary transducer for misaligned transducers in tight contact 

with a compatible medium. Then, Xeq(f) can be calculated using (4.20) based on the primary 

short circuit Zprim,sc and open circuit impedance Zprim,oc along with the pickup static 

capacitance reactance XCs2. 

 𝑋𝑒𝑞 = √
𝑍𝑝𝑟𝑖𝑚,𝑜𝑐−𝑍𝑝𝑟𝑖𝑚,𝑠𝑐

𝑋𝐶𝑠2
 (4.20) 

The right side of Figure 4-4 shows the equivalent circuit model observed by the pickup 

transducer. Equations (4.8) and (4.9) describe the force experienced by the pickup, where I1 

is calculated using (4.21), and the alignment coefficient kA is estimated by fitting the 

magnitude prediction to the experimental results, the kA coefficient generally increases when 

the transducers are closer to alignment.  

 𝑰𝟏 =
𝑽𝒊𝒏

𝑍𝑝𝑟𝑖𝑚,𝑠𝑐+𝑋𝑒𝑞(𝑓)
2(
𝑋𝐶𝑠2𝑍𝑙𝑜𝑎𝑑
𝑋𝐶𝑠2+𝑍𝑙𝑜𝑎𝑑

)
 (4.21) 

For this system configuration, it is not reasonable to use non-identical transducers, because 

the transducer coupling level is low. Therefore, non-identical transducers will not fare well, 

as the resonant frequencies do not overlap, limiting the transfer performance significantly.  



Chapter 4 The Structural Model for Tightly Coupled UPT System 

 

 

 

 

- 74 - 

 

 Experimental Verification and Discussion 

A series of experiments were carried out on constructed setups to verify the structural models 

for the various system configurations. To validate the models, the experimental verification 

considers an extra aspect by using identical and non-identical transducers. The 

SMBLTD45F28H 28kHz and SMBLTD45F40H 40kHz Langevin-type piezoelectric 

transducer from Steiner & Martins, Inc. were used as the two transducers. Figure 4-8 presents 

the measured standalone (i.e. suspended in air) input admittance of the 28kHz and 40kHz 

transducer using an Agilent Precision LCR meter (E4980A) at intervals of 0.05kHz.  

 

Figure 4-8: Measured admittance spectrum of the standalone 28kHz (black) and 40kHz (red) 

transducer in air. 

Each of the practical setups follow the naming convention highlighted in Figure 4-9. Table 

4-1 lists the experimental setup configurations along with their configuration description and 

the relevant model chapter number. The setups use the same media as Section 3.3, where 

aluminium, PVC, and stainless steel grade 304 plates were used, each measuring 

350mm×350mm×5mm with bolts to enable the tight contact between the transducer and 

medium. The configurations are identical to the setups presented in Section 3.3, with the 

exception of the 40kHz pickup transducer. The admittance measurements of all the practical 

setups used for the calculations are presented in Appendix A, in which the 28-28 

configurations were measured from 20kHz to 32kHz at intervals of 0.02kHz, while the 28-40 

configurations from 20kHz to 60kHz at intervals of 0.05kHz. 
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XXX#1-#2yyy

Medium 
Identifier

Primary Transducer 
rated fres (kHz)

Pickup Transducer 
rated fres (kHz)

Misalignment 
Identifier

 

Figure 4-9: Naming convention of the practical setups for the structural model. 

Table 4-1: Experimental setup configurations of the tightly coupled systems. 

Configuration 

Name 
Medium 

Primary 

Transducer 

Pickup 

Transducer 

Medium 

Compatibility  

Pickup 

Position 

Model 

Chapter # 

Al28-28 Aluminium 28kHz 28kHz High Centre 4.2.1 

Al28-40 Aluminium 28kHz 40kHz High Centre 4.2.1 

PVC28-28 Plastic 28kHz 28kHz Low Centre 4.2.2.1 

PVC28-40 Plastic 28kHz 40kHz Low Centre 4.2.2.2 

Fe28-28 Stainless Steel 28kHz 28kHz High Centre 4.2.1 

Fe28-40 Steel 28kHz 40kHz High Centre 4.2.1 

Al28-28edge Aluminium 28kHz 28kHz High Top Edge 4.2.3 

Al28-28corner Aluminium 28kHz 28kHz High Corner 4.2.3 

 

To verify the structural model for the various setup configurations, comparisons are made 

between the predicted and experimentally results of the output short circuit current Isc and 

open circuit voltage Voc. The input current Iin,sc is also compared to the output short circuit 

current Isc to verify the model and to give further insight about the system. The Fluke 187 

True RMS Multimeter was used to measure the experimental data, which were collected at 

intervals of 0.5kHz between 20kHz to 32kHz, and 20kHz to 60kHz for the 28-28 and 28-40 

configurations, respectively, but at 0.1kHz intervals at the frequency regions of interest. The 

primary transducer was driven with 10Vrms using a PAD108 power operational amplifier 

from PowerAmp Design, with a sinusoidal signal feed from a HP 33120A waveform 

generator.  

4.3.1 Results for Compatible Medium and Aligned Setups 

The Al28-28, Al28-40, Fe28-28, and Fe28-40 setups fall under this category, as aluminium 

and stainless steel were determined compatible in Section 3.3.2. The predicted and 

experimentally measured input and output results for the Al28-28, Al28-40, Fe28-28, and 

Fe28-40 setups are presented in Figure 4-10 and 11, respectively.  



Chapter 4 The Structural Model for Tightly Coupled UPT System 

 

 

 

 

- 76 - 

 

The output predictions for all of the tested metal configurations are in very good agreement 

with the experimentally measured results, verifying the proposed model. Both aluminium and 

stainless steel are compatible media despite the difference in their characteristic acoustic 

impedance of 17MRayl and 45MRayl, respectively. Thus, it can be generalized that metals 

are compatible with piezoelectric transducers.  

Compared to the aluminium setups, the output characteristics of the stainless steel setups 

have very thin and sharp resonant peaks because the mass of steel is much more than 

aluminium, so this makes the response very sensitive. As a result, the experimentally 

measured results could not capture all the peaks, especially for the Fe28-40 setup. Because 

the peaks of the stainless steel setups are very sensitive, the practical design of electronic 

converters becomes more challenging to implement, as precise frequency control is necessary.  

The output performance of all the metal configurations with identical and non-identical 

transducers is quite similar. All the configurations have very high open circuit voltage and 

short circuit current with very clean peaks because structural resonance is clearly defined. 

These results also show that non-identical resonant frequency transducers do not hinder the 

transfer ability when the transducers are tightly coupled (due to the tight contact to a 

compatible medium). Nevertheless, it is clear that the peak values of the 28-28 metal 

configurations are larger than the 28-40 configurations by observation. This is possibly due to 

the structural difference of the 28kHz transducer being bulkier than the 40kHz transducer. 

Thus, the 28-28 configuration has greater system mass, such that the modal mass of the 

resonant modes can be approximated to have larger mass, and thus have peaks with higher 

magnitude and Q. 

The input current Iin,sc and output short circuit current Isc is very similar for all four setups, 

which means the impedance Z2 is negligible and kM for both aluminium and steel is 

approximately one. This reinforces the structural resonant nature of the tested configurations. 

Interestingly, the short circuit current exceeds the input current at certain frequencies, but 

note that Isc > Iin,sc does not imply  Pout > Pin.  
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4.3.2 Results for Incompatible Medium and Aligned Setups 

The PVC28-28 and PVC28-40 setups are the only setups tested with an incompatible medium. 

The predicted and experimentally measured input and output results for the PVC setups are 

presented in Figure 4-12. The output predictions are in good agreement with the 

experimentally measured results, verifying the proposed model for both cases. The output 

results for PVC are blunt, and the peak current and voltages are lower relative to the metal 

media. This shows the damping nature of incompatible media, and confirms the need of Z2 in 

the model. Blunt output peaks lighten the electronic design and control requirements relative 

to the compatible media because the bandwidth is wide.  

As mentioned in Section 4.2.2, identical and non-identical transducers use two different 

methods to determine the parameters. This is made obvious by comparing the third plot of 

input current Iin,sc against the output current Isc. The output current of PVC28-28 closely 

resembles the input current, while there is a massive difference between the input Iin,sc and 

output current Isc for the PVC28-40 setup. The admittance of the primary and pickup of 

PVC28-40 in Figure 4-12b (more detailed plots in Appendix A) reveals that the resonant 

frequencies of the primary and pickup transducer do not particularly overlap, so the 

modelling method in Section 4.2.2.2 is fitting. Consequently, the peaks in output power for 

PVC28-40 are determined by the frequency exhibiting the highest primary and highest pickup 

admittance combination; the optimal peak for the tested PVC28-40 system was found to be 

around 50kHz.  

The PVC28-28 admittance plot in Figure 4-12 deviates slightly from the standalone response 

of the 28kHz transducer shown in Figure 4-8 because the structural characteristic established 

by the tight contact made the 28kHz pickup transducer load apparent. For the PVC28-40 

setup however, admittance plot in Figure 4-12b is the damped response of the standalone 

admittance plot of both the transducers. The incompatible medium did not structurally change 

the transducers, nor did the transducers structurally influence each other because the 

frequencies of interest of the two transducers had no overlap. Thus, the incompatible medium 

mainly damps the transducers and poorly integrates the primary and pickup transducers 

together as a structure. Due to the incompatible nature of the medium, the PVC28-28 

outperforms PVC28-40 because of the similar frequency response of the transducers, despite  
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both systems being structural resonant and tightly coupled. Therefore, transducers rated at the 

same frequency should be used to optimize the transfer ability across incompatible media.  

For both the PVC setups, the best-fit value of Z2 is found to be 550Ω. This suggests a 

compatibility coefficient kM value of 0.15 using (4.7), as PVC has an impedance of 

3.27MRayl. These calculated compatibility coefficients for aluminium (~1),  PVC (0.15), and 

steel (~1) are consistent with the estimated values in Figure 4-3. 

4.3.3 Results for Compatible Medium and Misaligned Setups 

The Al28-28edge and Al28-28corner setups are the only misaligned setups considered. The 

predicted and experimentally measured input and output results are presented in Figure 4-13, 

along with their respective measured short circuit impedances. The predictions are in a 

general agreement with the experimentally measured results; however, there are obvious 

inconsistencies for the output open circuit voltage. In some cases for the Al28-28edge setup, 

the output peaks were not fully captured due to the wide frequency intervals during the 

measurement process of the experiment. Other inconsistencies show that there is room for 

improving the misalignment model. Nevertheless, the proposed misalignment model 

accurately shows the correct response at the frequency regions of interest.  

The output peak magnitudes of the edge setup are slightly higher than the corner setup, 

because the two transducers are slightly more aligned in the edge relative to the corner setup. 

The third plot of the input current Iin,sc against output current Isc also suggests that the pickup 

is able to collect more of the primary power in the edge compared to the corner.  

The common compatible medium enables power flow through the structure from the primary 

to the pickup transducer. Comparing Isc to the primary and pickup admittances reveals that 

the output characteristics tend to be more sensitive to the pickup admittance spectrum more 

than the primary spectrum; this also confirms that the primary and pickup transducers 

resonate in a local-structural manner. 

The appropriate alignment coefficient kA for the edge setup was found to be 0.7, and the 

corner 0.5. It is difficult to estimate the appropriate value, but in general, the closer the 

pickup is to alignment with the primary, the higher the kA coefficient.  
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Misaligning the transducers significantly drops the power transfer capability, as the short 

circuit current and open circuit voltage is less than 20% of the peak magnitudes relative to the 

aligned Al28-28 setup. The transducers do not structurally resonate together when misaligned 

even when the transducers are in tight contact to a compatible medium. Thus, other 

mechanical features (e.g. non-identical transducers, incompatible medium) were not 

experimented in conjunction with misalignment because the power transfer capability would 

become very limited, such that it is not practical to implement. 

 Summary 

This chapter has presented the structural model, which accurately characterizes UPT systems 

with transducers in tight contact to a solid medium. The structural model describes the tight 

contact interface by a direct connection in the lumped mechanical model, which is then 

converted into electrical equivalent lumped models. This approach enables electrical circuit 

theory to model and analyse UPT systems. The structural model also embeds the mechanical 

characteristics into lumped variables and parameters in the form of equivalent circuit 

components, which are determined based on the measured impedance from the piezoelectric 

transducers.  

The structural model may also describe UPT systems with different medium materials. The 

material index kM approximates the level of compatibility between the medium material and 

transducers. High material index means the medium is more compatible, such that the 

material structurally changes the transducers. The use of aligned non-identical piezoelectric 

transducers does not limit the performance of UPT systems with a compatible medium 

because the entire structure structurally resonates together. Low material index indicates the 

medium is less compatible, so the medium mainly damps the transducer response and reduces 

the structural capability of the system. However, even for an incompatible medium system, 

the system still structurally resonates due to the tight contact, but identical transducers should 

be used to ensure effective power transfer.  

With some modifications, the structural model also characterizes UPT systems with tight 

contact misaligned transducers. A radiative-like power transfer approach suitably describes 

misaligned systems, in which the force experienced by the pickup structure is directly linked 

to the primary vibration due to the tight contact structural link via the common medium. 



Chapter 4 The Structural Model for Tightly Coupled UPT System 

 

 

 

 

- 84 - 

 

Because the primary and pickup does not share the same resonance, the misaligned 

transducers resonate local-structurally. 

The determination of the parameters in the structural model also reveals whether the system 

is structural or local-structural resonant. A system is structural resonant when the primary and 

pickup merges into one equivalent model, such that all the parameters are determined by 

primary measurements Zprim,sc and Zprim,oc. Local-structural systems generally model the 

primary and pickup structure separately, and parameters are determined by both primary 

(Zprim,sc and Zprim,oc)  and pickup (Zpick,sc and Zpick,oc) measurements.  

Experimental results measured from the constructed systems are in good agreement with all 

the predicted response for all the considered configurations, verifying the proposed model. 

The experiments confirm that metals are compatible and are the ideal medium to transfer 

power across, showing that UPT is a valid solution to transfer power across conductive media 

wirelessly. Given a tight contact UPT system, transducer alignment is also a requirement to 

ensure the transfer is effective and efficient via structural resonance. Table 4-2 summarizes 

the mechanical coefficients and resonant nature of all the experimented systems. 

Table 4-2: Summary of mechanical coefficients and resonant mode of experimented systems. 

Setup kC kM kA Resonance 

Al28-28 1 1 1 Structural 

Al28-40 1 1 1 Structural 

PVC28-28 1 0.15 1 Structural 

PVC28-40 1 0.15 1 Structural 

Fe28-28 1 1 1 Structural 

Fe28-40 1 1 1 Structural 

Al28-28edge 1 1 0.7 Local-Structural 

Al28-28corner 1 1 0.5 Local-Structural 
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Chapter 5  

 

The Contact Model for Loosely 

Coupled UPT System 

 

The structural model presented in Chapter 4 describes various configurations of UPT systems 

where transducers and media are in tight contact. This chapter presents the Contact Model, 

which characterizes loosely coupled UPT systems using a similar lumped approach as the 

structural model. Relaxing the contact level reduces the transducer coupling level and limits 

the structural resonant ability of the system. The resonant capability of close-contact systems 

with incompatible media further reduces the performance of the system, making such a 

system become locally resonant, and thus meaningless and impractical to model. Thus, only 

compatible materials are considered in the contact model presented in this chapter. 

Experimental results collected from constructed UPT systems verify the contact model by 

comparing the predicted and measured output characteristics.  

 

 Derivation of the Contact Model 

The contact between any two component layers is classified as loose contact if an externally 

applied force holds them together, which is typically established using force clamps. To 

simplify the analysis, consider a mechanical system with a primary piezoelectric structure 

and a pickup piezoelectric structure forced together by force clamps, such that only one 
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contact interface is present. Each structure is mechanically represented by its lumped mass m, 

elasticity k, damping coefficient c, followed by the piezoelectric transduction model, as 

illustrated in Figure 5-1a. The subscripts 1 and 2 in Figure 5-1 correspond to the primary and 

pickup structures, respectively. An external force Fext holds the two structures together and 

establishes the contact interface. A mutual component k12 and m12 is proposed to model the 

contact interface as shown in Figure 5-1c. The mutual component is derived from the exerted 

reaction force based on the applied static external force Fext.  

k1

c1
m1

k12 k12
m2

k2

c2

x1

m12

x1+x2 x2

F1

P1 P2

k1

c1 m1 m2

k2

c2

P1 P2

Fext Fext

k1
m1 m2

k2

Fext Fext

k1
k2

kax1 -kax2Fr Fr

Before Contact

After Contact

(a)

(b)

(c)  

Figure 5-1: Mechanical force diagrams of a close-contact interface (a) primary and pickup 

before interaction, (b) the response due to static external force, and (c) the mechanical 

equivalent contact model. 
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The applied external force Fext causes a static displacement of kax on the respective structures 

as illustrated in Figure 5-1b. Because the clamping force may not be equally distributed over 

the entire interacting area of the two structures, the area coefficient ka is defined as the 

effective area in contact with a range of 0 to 1, so ka=0 indicates no-contact, 0<ka<1 indicates 

varying levels of partial contact, and ka=1 indicates full area contact. The force acting on the 

structures can then be expressed as (5.1). Note that Fext is a static applied force and x is a 

fixed displacement, so the damping and piezoelectric terms are neglected in this analysis 

because there is no transience.  

 𝐹𝑒𝑥𝑡 = 𝑘𝑎𝑘1𝑥1 𝑎𝑛𝑑 𝐹𝑒𝑥𝑡 = 𝑘𝑎𝑘2𝑥2 (5.1) 

There will be a reaction force Fr acting on the respective components upon contact. This 

reaction force may not be equal to the applied external force due to the nature of the loose 

contact, so a force coefficient kf is defined as the relevant experienced force with a range of 0 

to 1. When kf=0, this means that there is no reaction force exerted from the applied force, and 

kf=1 indicates that all of the applied force is exerted back by the reaction force. This reaction 

force is presented in the equivalent model as the mutual component k12 and m12 as shown in  

Figure 5-1c. Thus, equation (5.2) presents the force equation based on the reaction force and 

the mechanical model in Figure 5-1c. 

 𝐹𝑟 = 𝑘𝑓𝐹𝑒𝑥𝑡 = 𝑘12(𝑥1 + 𝑥2) (5.2) 

Finally, the proposed mutual component presented in Figure 5-1c is expressed in (5.3a) by 

substituting x1 and x2 from (5.1) into (5.2). Thus, the mutual component is proportional to the 

contact coefficient kC, and the elasticity of the primary k1 and pickup k2. The contact 

coefficient kC is proposed to be the multiple of ka and kf as shown in (5.3b) because the 

contact quality is determined by the interaction size (area ka) and intensity (force kf), much in 

the way that magnetic flux is determined by the magnetic field strength multiplied by area. 

The contact coefficient is an indicator of the contact level: when kC=0 the mutual component 

is zero because there is no-contact between the two structures, and when kC is between 0 and 

1, the structures are in varying levels of loose contact. A high contact coefficient means the 

applied external force established a firm contact (high kf) over a large interacting area (high 

ka).  
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 𝑘12 = 𝑘𝐶
𝑘1𝑘2

𝑘1+𝑘2
 (5.3a) 

 𝑘𝐶 = 𝑘𝑓𝑘𝑎 (5.3b) 

Referring to the equivalent mechanical force diagram with the mutual component presented 

in Figure 5-1c, the primary transducer P1 generates a force F1 that acts on the primary 

structure, causing a displacement motion x1. The displacement motion of the pickup structure 

is represented by x2, and the pickup transducer P2 experiences the same motion as the pickup 

structure. The motion of the mutual component is the sum of the two structures. Thus, 

equations (5.4) and (5.5) are formed by analysing the forces acting on the primary and pickup 

structure, respectively, where v and a are the vibration velocity and acceleration of the 

structures. 

 𝑚1𝒂𝟏 + 𝑘1𝒙𝟏 + 𝑐1𝒗𝟏 = 𝑘12𝒙𝟐 + 𝑭𝟏  (5.4) 

 𝑚2𝒂𝟐 + 𝑘2𝒙𝟐 + 𝑐2𝒗𝟐 + 𝑃2𝒗𝟐 = 𝑘12𝒙𝟏  (5.5) 

Then, express (5.4) and (5.5) in terms of the velocity phasor using integration and 

differentiation to get (5.6) and (5.7): 

 𝑗𝜔𝑚1𝒗𝟏 +
𝑘1

𝑗𝜔
𝒗𝟏 + 𝑐1𝒗𝟏 =

𝑘12

𝑗𝜔
𝒗𝟐 + 𝑭𝟏  (5.6) 

 𝑗𝜔𝑚2𝒗𝟐 +
𝑘2

𝑗𝜔
𝒗𝟐 + 𝑐2𝒗𝟐 + 𝑃2𝒗𝟐 =

𝑘12

𝑗𝜔
𝒗𝟏   (5.7) 

Applying the electromechanical analogies given in Table 2-1, (5.6) and (5.7) are expressed as 

its electrical equivalence in (5.8) and (5.9), respectively. The equivalent electrical expression 

is obtained by lumping the mechanical characteristics of (5.6) and (5.7) into an impedance Z, 

and the mutual component into M. 

 𝑍1𝑰𝟏 = 𝑀𝑰𝟐 + 𝑽𝟏  (5.8) 

 𝑍2𝑰𝟐 + 𝑃2 = 𝑀𝑰𝟏  (5.9)  

Finally, the equivalent circuit model is presented in Figure 5-2, based on (5.8) and (5.9). The 

primary P1 and pickup P2 transducer blocks are replaced by the piezoelectric transduction 

model presented in Section 3.1, which includes the static capacitance reactance XCs, and an 
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electromechanical transformer with turns ratio 1:X(f) from electrical to mechanical 

parameters. Alternatively, the pickup transducer of Figure 5-2 can be represented as a hybrid 

two-port network for simpler analysis. Note that all the parameters are frequency dependent, 

so impedance analysis is carried out with respect to frequency.  

1:X1(f)

-X2(f)Vout X2(f)I2

Vout

-MI2

I1

MI1

I2

XCs1

XCs2

X2(f):1

XCs2

VoutVin
V1

Primary 
Transducer

Primary 
Structure

Loose- 
Contact 
Interface

Pickup 
Structure

Iin
Z1 Z2 Iout

Iout

Pickup Transducer

Pickup 
Hybrid 
Model

Pickup 
Transduction 
Model

I2

I2

 

Figure 5-2: Equivalent circuit model of the contact model. 

The contact coefficient kC is proposed, which takes into account the contact area ka and the 

contact force kf. This is reasonable because the transfer of vibration energy between two 

separate mechanical structures is understandably related to the contact established by the 

externally applied force. It is much easier for energy to flow between structures where there 

is strong contact because there are less airgaps in the boundary. In contrast, the transfer 

capability is limited for regions of weak contact because it is more susceptible for airgaps to 

exist in the boundary. Airgaps are undesirable because their properties are too different 

compared to piezoelectric and metals, which causes the vibration energy to reflect at the 

airgap boundary, such that most of the power reverberates in the primary structure, with only 

a small amount transferred across the airgap to the pickup. Thus, increasing the contact 

strength reduces the presence of airgaps, and thereby increases the power flow across the 

loose contact interface.  
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 Applicability of Contact Model with Misalignment 

The contact model presented in Figure 5-2 can also model misalignment for UPT systems 

with one loose contact interface as shown in Figure 5-3. This is because loose contact 

systems are local-structural resonant by nature, because the primary and pickup are separate 

structures but are physically linked by the loose contact. Consequently, the pickup structure 

appears as a mechanical load to the primary, irrespective of the alignment between the 

transducers. The level of misalignment influences the mechanical response, but the transfer 

mechanism between the structures is via the same loose contact interface. Thus, the same 

modelling method is appropriate to model misaligned UPT systems with only one loose 

contact interface.  

It is intuitive to think that misaligning the transducers has a negative impact on the transfer 

performance because the interacting area between the primary and pickup structures 

decreases. However, the contact coefficient kC only considers the overlapping/interacting 

areas of the two structures, as that is where the loose contact exists. Therefore, there is no 

significant deficiency for misaligned systems, except that it is generally easier to establish 

better contact levels for more aligned systems to increase kC. 

On a side note, as the contact strength approaches tight and full-contact, the resonant nature 

of the system transitions from local-structural resonant to structural resonant, where the 

coupling level of the transducers become heavily influenced by alignment. However, it is 

difficult to establish tight contact using loose contact methods such as externally applied 

forces in practice, so the loose contact system is typically local-structural resonant.  

External 
Force Fext

Primary 
Structure

Pickup 
Structure

 

Figure 5-3: Misaligned system with a single contact interface. 
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 Determining the Model Parameters  

Two methods are used to determine the parameters of the contact model: the first method 

approximates the parameters using impedance measurements only, while the second method 

is more accurate by using the measured output short circuit current along with impedance 

measurements.  

5.3.1 Approximate Method using Impedance Measurements 

The parameters of the contact model is approximated using impedance/admittance 

measurements with circuit theory. Note that the measured admittance is with respect to the 

measured transducer, so all the mechanical parameters are reflected to the electrical domain 

by a division factor of X1(f)
2 and X2(f)

2 for the primary and pickup transducer, respectively. 

Because the loose contact system is local-structural resonant dominant, the primary and 

pickup structures are less integrated. Thus, the model parameters are determined by both 

primary (Zprim,sc and Zprim,oc)  and pickup (Zpick,sc and Zpick,oc) measurements. To determine the 

variables in the contact model, the primary and pickup structures are separate but linked via 

common variables, unlike the structural model where the primary and pickup transducers 

share the same model structure.  

The mechanical characteristic of each structure (Z1 and Z2) is determined by measuring their 

respective standalone admittance response, i.e. without any interaction with the other 

structure or external forces. Figure 5-4 and equations (5.10) and (5.11) present the expression 

of the primary Z1 and pickup structures Z2, respectively. Recall that Y(side),load(m) is the 

measured admittance, where side denotes the primary or pickup transducer, load denotes the 

output electrical load (where applicable), and the presence of (m) dictates that it is the direct 

measurement from the impedance analyser; the absence of (m) denotes the admittance with 

the static capacitance removed. Note that the static capacitance of XCs1 and XCs2 are 

determined by measuring the primary and pickup transducer capacitance at low frequency.  
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Figure 5-4: The equivalent circuit diagram of Zprim and Zpick only. 

 

 
𝑍1

𝑋1(𝑓)2
= 𝑍𝑝𝑟𝑖𝑚 =

1

𝑌𝑝𝑟𝑖𝑚(𝑚)−1 𝑋𝐶𝑠1⁄
  (5.10) 

 
𝑍2

𝑋2(𝑓)2
= 𝑍𝑝𝑖𝑐𝑘 =

1

𝑌𝑝𝑖𝑐𝑘(𝑚)−1 𝑋𝐶𝑠2⁄
 (5.11) 

Unfortunately, an admittance analyser cannot directly measure the mutual interaction M and 

it is difficult to predict the values of k1 and k2 without any non-destructive test (NDT) 

equipment. Thus, the contribution of M is approximated using circuit analysis. 

Figure 5-5a presents the contact model with the pickup transducer as the transduction model, 

and the primary structure is reflected to the electrical domain. Accordingly, I1 is expressed in 

terms of Iin by the transformer, such that I1=Iin/X1(f). Figure 5-5b reflects the I2 loop onto the 

primary transducer and the pickup side as seen from the primary perspective. The Z2 

impedance is reflected as an impedance of Z2/X2(f)
2 on the pickup side, which is identical to 

the standalone pickup impedance Zpick expressed in (5.11). Figure 5-5c continues simplifying 

the model from the primary perspective, such that Zprim and M2/(X1(f)
2Z2) combines to 

become the measured short circuit input impedance from the primary Zprim,sc. This is valid 

because shorting the pickup terminals eliminates the electrical pickup piezoelectric 

contribution (as Vout=0), such that the primary transducer only observes the mechanical 

response, which is described by the measured impedance Zprim,sc. Thus, the remaining 

unknown variables are lumped into the expression (MX2(f))/(Z2X1(f)), which is rewritten as 

Xsimp(f) in Figure 5-5c, and is found by equating the measured open circuit input impedance 

(Zprim,oc=1/Yprim,oc) to the predicted impedance using the model, as shown in (5.12). Finally, 
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Figure 5-5d shows the equivalent circuit seen by the primary, where Zref denotes the reflected 

impedance. This approximate method assumes the power delivered to the reflected 

impedance Zref on the primary side is equal to the power received on the pickup, and thereby 

assumes the primary transducer structurally sees the pickup.  

 𝑍𝑝𝑟𝑖𝑚,𝑜𝑐 =
1

𝑌𝑝𝑟𝑖𝑚,𝑜𝑐(𝑚)−1 𝑋𝐶𝑠1⁄
= 𝑍𝑝𝑟𝑖𝑚,𝑠𝑐 − (

𝑀𝑋2

𝑍2𝑋1
)
2

×
𝑍𝑝𝑖𝑐𝑘𝑋𝐶𝑠2

𝑍𝑝𝑖𝑐𝑘+𝑋𝐶𝑠2
   

 ⇒ (
𝑀𝑋2

𝑍2𝑋1
)
2

= 𝑋𝑠𝑖𝑚𝑝
2 = (𝑍𝑝𝑟𝑖𝑚,𝑠𝑐 − 𝑍𝑝𝑟𝑖𝑚,𝑜𝑐) ×

𝑍𝑝𝑖𝑐𝑘+𝑋𝐶𝑠2

𝑍𝑝𝑖𝑐𝑘𝑋𝐶𝑠2
  (5.12) 

Z1 /X1(f)
2
=Zprim

-MI2/X1(f) MIin/X1(f)
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Vin

Zprim
Vout
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2
/(X1(f)

2
Z2)
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Vin
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Zprim,sc=1/Yprim,sc

-Xsimp(f)Vout

VoutIinVin

Xsimp(f)Iin
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-X2(f)Vout X2(f)I2
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2

2 1
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Z X f
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Z X f
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Zref=-Xsimp(f)
2
Zout
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2
=Zpick

(a)

(b)

(c)

(d)  

Figure 5-5: Simplifying the contact model by (a) reflecting loop with I1 on the primary 

piezoelectric by a factor of X1(f), (b) reflecting loop with I2 onto the primary and pickup, (c) 

assigning expressions, and (d) equivalent circuit seen by primary. 
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5.3.2 Improved Method using Measured Short Circuit Current 

The process of determining variables presented in Section 5.3.1 is carried out with respect to 

the primary transducer, and assumes the power delivered to the pickup is equal to the power 

of the reflected impedance Zref. However, in a loosely coupled system, the transducers are not 

very integrated, so the pickup structure effectively appears as a load to the primary. The 

electrical loading on the pickup side mechanically damps the pickup structure, and this 

change is seen by the primary as the reflected impedance Zref=Xsimp(f)
2Zout as shown in Figure 

5-5. In a similar manner, Figure 5-6 presents the equivalent model of the pickup when 

considering the pickup structure as a separate equivalent model. The pickup structure sees the 

mechanical system as Zpick,sc, and experiences a force Finduced which is caused by the vibration 

of the primary structure.  Breaking the assumption that the power consumed by Zref on the 

primary is equal to power delivered to the pickup, Finduced is approximated using (5.13). 

However, the expression of Finduced cannot be analytically approximated using the previous 

method based only on impedance/admittance measurements. Thus, the measured short circuit 

current Isc(m) and input current Iin,sc(m) was used as a basis to approximate Finduced and M as 

shown in (5.14). Then, the induced current is predicted using (5.15), and thus output voltage 

in (5.16). 

Zprim,sc

Zref

IinVin

XCs1

Zpick,sc Iinduced Vout

XCs2

Finduced

ZL

 

Figure 5-6: Equivalent contact model for the improved method.  

 𝑭𝒊𝒏𝒅𝒖𝒄𝒆𝒅 =
𝑀

𝑋2(𝑓)2
𝑰𝒊𝒏 (5.13) 

 𝑭𝒊𝒏𝒅𝒖𝒄𝒆𝒅 =
𝑀

𝑋2(𝑓)2
𝑰𝒊𝒏,𝒔𝒄(𝒎) = 𝑰𝒔𝒄(𝒎)𝑍𝑝𝑖𝑐𝑘,𝑠𝑐 

 ⇒
𝑀

𝑋2(𝑓)2
=

𝑰𝒔𝒄(𝒎)

𝑰𝒊𝒏,𝒔𝒄(𝒎)
𝑍𝑝𝑖𝑐𝑘,𝑠𝑐 (5.14) 
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 𝑰𝒊𝒏𝒅𝒖𝒄𝒆𝒅 =

𝑀

𝑋2(𝑓)
2𝑰𝒊𝒏

𝑍𝑝𝑖𝑐𝑘,𝑠𝑐+(
1

𝑋𝐶𝑠2
+
1

𝑍𝐿
)
−𝟏  (5.15) 

 𝑽𝒐𝒖𝒕 = 𝑰𝒊𝒏𝒅𝒖𝒄𝒆𝒅 (
1

𝑋𝐶𝑠2
+

1

𝑍𝐿
)
−1

  (5.16) 

 Determining the Contact Coefficient 

The parameters that cannot be determined from circuit analysis are the area ka, force kf, and 

contact kC coefficients of the mutual component. Thus, an empirical approach using spray 

paint is proposed, as illustrated in Figure 5-7. First, the structure surfaces under loose contact 

are wrapped in white paper. Spray paint is then applied only on the primary surface. Then the 

pickup is brought into contact with the primary by applying the external force, effectively 

transferring the paint on the primary surface to the pickup surface. These painted surfaces are 

then scanned and digitally analysed to determine the coefficients. 

Plain White 
Sheet

Painted 
Sheet

External 
Force Fext

 

Figure 5-7: Illustration of experimental process for determining the contact coefficient.  

Strong bright colours like red, green, or blue paint are most suitable because there is a large 

contrast between light and dark areas. Dark patches correspond to weak contact strength, 

while light patches correspond to strong contact. Conversely, white spots on the pickup 

surface means no contact was established at that area.  

The images are converted to greyscale, and alteration of the brightness and contrast may be 

necessary to distinguish the light and dark patches, but this is subject on the colour of paint 

used. Grey scale is used to simplify the computation analysis, because the RGB value of grey 
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is equal for all three colour indicators. In addition, it is easier to evaluate the coefficients 

using greyscale, because the saturation of grey is negatively proportional to the RGB value.  

In this thesis, MATLAB is also used as the image processing software. Figure 5-8 

summarizes the image processing steps into a flowchart. The white and black areas of each 

image are filtered out based on a black and white cutoff reference value. The black cutoff is 

obtained from the RGB value of the scanned spray paint when applied uniformly on a piece 

of paper, and the white cutoff from the RGB value of the white paper when scanned. The 

filter thus leaves behind the areas where contact was made, and this is given the term Mask. 

The Mask is a (n×m) matrix with rows and columns corresponding to the pixel width and 

length of the interacting area, where filtered out regions have value 0, and unfiltered have 

value 1. The dark black areas (RGB>black cutoff) are also filtered out because these areas 

correspond to no-contact if detected on the primary surface; dark areas on the pickup surface 

are also unintentionally transferred due to accidental contact while the clamping forces were 

applied. Thus, the area coefficient ka is determined by the unfiltered areas on the pickup 

surface divided by the total area as shown in (5.17).  

 𝑘𝑎 =
𝑢𝑛𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑖𝑐𝑘𝑢𝑝

𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑖𝑐𝑘𝑢𝑝 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
=
∑ {∑ {𝑀𝑎𝑠𝑘𝑖𝑗,𝑝𝑖𝑐𝑘𝑢𝑝}

𝑚
𝑗=1 }𝑛

𝑖=1

(𝑛×𝑚)(𝑝𝑖𝑐𝑘𝑢𝑝)
 (5.17) 

To determine the force coefficient kf, the grey intensity of the unfiltered area is evaluated as a 

contribution factor between zero and one. The weak and strong contact RGB thresholds are 

approximated based on no-contact and fully-forced paint test samples, such that a value of 

zero signifies the dark grey patches, and one indicates the light grey areas. To simplify the 

process, a linear relationship is applied to assign the relationship between contribution factor 

and colour saturation, as illustrated in Figure 5-9. Additionally, areas with RGB above the 

white cut-off or below the black cut-off threshold have no contribution to kf. Thus, a function 

“CF(Image)” is called to convert the greyscale image into a matrix with entries 

corresponding to the evaluated contribution factor between 0 and 1. Then, the kf of each 

image is evaluated using (5.18a), where the average contribution factor of the unfiltered 

contact area is calculated using element-wise multiplication between the CF matrix and mask 

over the unfiltered area. Finally, the effective kf is calculated by averaging the kf of the 

primary and pickup surface as shown in (5.18b) because the force is determined from both  
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the primary and pickup surface. Therefore, the contact coefficient kC is determined using 

(5.19).  

 𝑘𝑓 =
𝑆𝑢𝑚 𝑜𝑓 𝐶𝐹 𝑜𝑓 𝑢𝑛𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑟𝑒𝑎

𝑢𝑛𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑟𝑒𝑎
=
∑ {∑ {𝐶𝐹(𝐼𝑚𝑎𝑔𝑒)∘𝑀𝑎𝑠𝑘}𝑚

𝑗=1 }𝑛
𝑖=1

∑ {∑ {𝑀𝑎𝑠𝑘𝑖𝑗,𝑝𝑖𝑐𝑘𝑢𝑝}
𝑚
𝑗=1 }𝑛

𝑖=1

 (5.18a) 

 𝑘𝑓,𝑒𝑓𝑓 =
(𝑘𝑓(𝑝𝑟𝑖𝑚)+𝑘𝑓(𝑝𝑖𝑐𝑘))

2
 (5.18b) 

 𝑘𝐶 = 𝑘𝑎 × 𝑘𝑓,𝑒𝑓𝑓 (5.19) 

1

0
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Figure 5-9: Assigning the value of the contribution factor based on the RGB value of the 

greyscale image. 

 Experimental Results and Discussion 

5.5.1 Experimental Setup 

To verify the contact model, the prototype shown in Figure 5-10 is constructed. Two 

SMBLTD45F28H 28kHz Langevin type piezoelectric transducers are directly bolted onto 

two aluminium plates with dimensions measuring 90×120×5mm, forming the primary and 

pickup structure. There are four holes on the plates so that various levels of loose contact is 

established practically by using different numbers of clamping bolts (changing kf) across the 

area of the contact interface (altering ka) between the primary and pickup structure. This 

setup also corresponds to the presented contact model with only one loose contact interface. 

Four clamping configurations are considered for the aligned setup, and two clamping 

configurations for the misaligned setup to verify the output predictions of the contact model. 

The configuration naming terminology is presented in Figure 5-11, and Table 5-1 presents the 

tested configuration names and the associated clamp positions. Each clamp position is  
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Pickup StructurePrimary Structure

Pickup 
Transducer

Primary 
Transducer 

(Behind plate)

Nuts and bolts 
as force clamps

Holes for Force 
Clamps

 

(a) 

   

 (b) (c) 

Figure 5-10: Photos of the (a) labelled setup, (b) aligned configuration 1C1, and (c) 

misaligned setup 1C1M. 

labelled 1 to 4 in the illustration also presented in Figure 5-11, and the order in which the 

clamps are applied is noted in the naming convention. This is important because the force 

distribution differs when placed in a different order. The name is terminated with an M if the 

setup is misaligned, and the label of the clamps applied is named with respect to the primary 

structure, so the 2C14M has two clamps attached to the primary positions 1 and 4, and pickup 

positions 2 and 3, respectively. Photos of the aligned (1C1) and misaligned (1C1M) setups 

are also presented in Figure 5-10.  

To estimate the contact coefficient, a Molotow Premium Belton currant colour spray paint 

was applied evenly over the primary sheet from a distance of approximately 100mm from the 

surface until the entire sheet was concentrated with wet paint. After scanning the paint 

surfaces, the pickup images are digitally flipped horizontally to match the primary image. 

The brightness and contrast of all the images were increased by 30% and 80% using 
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#C#123M

Number of 
Clamps Used

Order of Clamps 
Applied

Misalignment 
Identifier

1 2

4 3

1 2

4 3

Primary Structure Pickup Structure

Primary transducer 
behind plate

Pickup transducer 
in front of plate  

Figure 5-11: Naming convention of the practical setups for the local-structural model. 

Table 5-1: Configuration names corresponding to the clamp positions 

Configuration 

Name 

Primary Clamp Positions Pickup Clamp Positions 

1 2 3 4 1 2 3 4 

1C1         

2C12         

3C123         

4C1234         

1C1M         

2C14M         

 

Microsoft Office 2010 Picture Manager, respectively. Microsoft Photos app in Windows 10 

was then used to turn the images to greyscale by adjusting the ‘Clarity’ option to 100, 

‘Colour’ to 0, ‘Contrast’ to 100, and finally ‘Highlight’ and ‘Shadows’ to zero. Finally, the 

white and black RGB cutoff values were found to be 55 and 150, respectively, and the weak 

and strong contact RGB thresholds were set to 60 and 80, respectively on MATLAB. 

An Agilent Precision LCR meter (E4980A) was used to perform a frequency sweep from 

20kHz to 32kHz at intervals of 20Hz with a 1Vrms signal. The primary transducer is 

experimentally driven with 10Vrms using the PAD108 power operational amplifier from 

PowerAmp Design, with a sinusoidal signal feed from a HP 33120A waveform generator. 

Experimental data was collected at intervals of 0.5kHz between 20.0kHz and 32.0kHz, but at 

0.1kHz intervals at the frequency intervals of interest (typically around 26.0kHz to 29.0kHz). 

The Fluke 187 True RMS Multimeter was used to measure all the voltages and currents. The 

admittance of the primary and pickup structure are presented in Figure 5-12, while the 

admittance measurements for all the other system configurations are presented in Appendix A.  



Chapter 5 The Contact Model for Loosely Coupled UPT System 

 

 

 

 

- 101 - 

 

 

Figure 5-12: Measured admittance of the primary YprimP1 and pickup structure YpickP2 

5.5.2 Results and Discussion for the Aligned Setups  

5.5.2.1. Paint Results for Contact Coefficient 

Figure 5-13 presents the primary and pickup spray paint results for all the aligned 

configurations and their corresponding predicted coefficient values. Note that these 

experiments only provide an approximation of the contact coefficients, and variation in 

results is expected when replicating the presented process. Appendix B shows the images of 

the digital process for estimating the contact coefficient for the 3C123 configuration. 

Interestingly, the area and force coefficients were not proportional to the number of force 

clamps used for the aligned configurations. In fact, the single clamp 1C1 had the highest 

contact coefficient, having both the best area and force coefficients. It is very likely that the 

primary and pickup interacting surface was not perfectly flat because the bottom left corner 

of all the painted responses have dark patches, meaning the contact was weak as a result of 

the plates being slanted away at the bottom left. Increasing the number of clamps seemed to 

reduce the dark patch on the bottom left; however, the force acting on the other regions of the 

plates weakened, as signified by the overall increase of dark purple on the pickup surface. 

Furthermore, increasing the number of clamps revealed alternate weak spots. The order in 

which the clamps are tightened also affects the contact coefficients because the order may 

shift the bias of the force distribution. For the above configurations, all the clamps were 

applied in numerical order starting from clamp 1, so the 4C1234 results show that the contact 

on the left side has more dark patches because the force on the right side is firmly established 

before the left side is fully clamped. Thus, a flat surface is ideal for force clamped UPT 

systems to achieve a large contact area as well as a high evenly distributed clamping force.  
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 1C1 Prim 1C1 Pick  

  

 

 2C12 Prim 2C12 Pick 

  

 

 3C123 Prim 3C123 Pick 

  

 

 1C1 𝑘𝑎 = 0.6759  𝑘𝑓 = 0.6167  𝑘𝐶 =0.4169 

 

 2C12 𝑘𝑎 = 0.5884  𝑘𝑓 = 0.6059  𝑘𝐶 =0.3565 

 

 3C123 𝑘𝑎 = 0.5876  𝑘𝑓 = 0.6501  𝑘𝐶 =0.3820 
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 4C1234 Prim 4C1234 Pick 

  

 

Figure 5-13: Paint results of each clamp configuration with estimated coefficients. 

5.5.2.2. Experimental Results  

The predicted input current, output short circuit current and open circuit voltage for each 

configuration is plotted in Figure 5-14. Note that the contact coefficient kC is encapsulated in 

the expression M, which is lumped into Xsimp(f) in (5.12). The 1C1 configuration clearly has 

the highest Isc and Voc peak, which is concurrent to its highest kC value, followed by the 

4C1234 configuration. The 2C12 and 3C123 have the lowest kC values, and subsequently the 

lowest Isc and Voc peaks. Thus, the output characteristics are directly correlated to the contact 

coefficient kC.  

The short circuit current Isc for all the tested configurations are generally predicted with 

reasonable accuracy. Nevertheless, inconsistencies are observed between predicted and 

experimental values. Such differences arise due to the errors when predicting the input 

current, or alternatively, the input admittance. When the predicted input current matches the 

measured, the output prediction is more accurate, like the 1C1 configuration. On the contrary, 

when the predicted input current is slightly different, so is the predicted output. For example, 

the 4C1234 peak at 28kHz was miscalculated to be ~28.5kHz because the input current was 

also miscalculated, and this was similar to some of the peaks for the 2C12 and 3C123 

configurations. These inconsistences arose because the input admittance of the system 

changed when the primary transducer was excited at 10Vrms for the experimental results, 

while the predictions were based on the measured admittance using the LCR meter, which 

excited the primary transducer at 1Vrms. Increasing the excitation voltage increases the 

 4C1234 𝑘𝑎 = 0.6071  𝑘𝑓 = 0.6436  𝑘𝐶 =0.3908 
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vibration amplitude of the primary structure, which may change the clamping force slightly 

and thus the mutual interaction M also changes slightly. Thus, the input admittance changes 

with the excitation voltage for this loose contact setup, causing inconsistencies in the 

predicted results. Such inconsistencies could be minimized if the input admittance was 

collected under the same excitation voltage used in the experiments; however, this was not 

possible due to the lack of resources and equipment. 

The open circuit voltage Voc prediction on the contrary is not so accurate using the impedance 

only approximation method, so the prediction using the improved method incorporating the 

measured short circuit is presented in blue. The prediction using the improved method shows 

drastic improvement for all cases, thus verifying the contact model. 

Figure 5-15 plots the measured input current along with the measured short circuit current to 

evaluate the performance of the configurations. As expected, the 1C1 configuration with the 

highest kC value performs the best, with the output current Isc nearly identical to the input 

current Iin,sc at the dominant resonant peak. As the kC coefficient decreases for the various 

configurations, the output short circuit current Isc becomes smaller than the input current Iin,sc, 

which leads to the conclusion that the level of coupling between transducers decreases as the 

contact level decreases. In addition, the output current Isc tends to follow the input current 

Iin,sc, However, for the 3C123 with lower kC value, there is no correlation between output 

current Isc and input current Iin,sc, nor with any other quantity. This suggests that systems with 

low contact levels become less structural and more local resonant, as the primary and pickup 

structures are less integrated/coupled.  
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Figure 5-15: Isc and Iin,sc for the four aligned configurations 

5.5.3 Results and Discussion for the Misaligned Setups  

5.5.3.1. Paint Results for Contact Coefficient 

Figure 5-16 presents the primary and pickup spray paint results for the misaligned 

configurations and their predicted coefficient values. Note again that these experiments only 

provide an approximation of the contact coefficients, and variation in results is expected 

when replicating the presented process.  

The interacting area for the misaligned is much less than the aligned setups, so there is less 

room for contact variation. Thus, the force distribution is strong around the clamped regions, 

which is expected to be the norm. Accordingly, the contact coefficient of the 2C14M 

configuration is higher than that of 1C1M. 
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 1C1M Prim 1C1M Pick 

  

 

 2C14M Prim 2C14M Pick 

  

 

Figure 5-16: Paint results of each clamp configuration, used to determine the loose contact 

coefficients. 

5.5.3.2. Experimental Results 

Figure 5-17 presents the measured and predicted experimental results of the input currents 

and the corresponding output short circuit Isc and open circuit voltage Voc. Figure 5-18 

presents the short circuit current Isc against the input current Iin,sc, and Figure 5-19 plots the 

measured admittance of the primary Yprim,sc and pickup Ypick,sc of the two setups. The 

estimated contact coefficient kC values made the output predictions resemble the 

experimental result. The accuracy of the predictions also shows that the contact model is 

suitable for misaligned loose contact UPT systems. However, similar to the aligned setups, 

the system response (captured by the measured admittance) changes with the excitation 

voltage, causing some inconsistencies in the predicted results.  

 1C1M 𝑘𝑎 = 0.5476  𝑘𝑓 = 0.5154  𝑘𝐶 =0.2822 

 

 2C14M 𝑘𝑎 = 0.6864  𝑘𝑓 = 0.6740  𝑘𝐶 =0.4627 
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The magnitude of the measured short circuit current Isc and open circuit voltage Voc of the 

two misaligned configurations are quite similar, even though the kC values are quite different. 

However, comparing within Figure 5-18, the pickup current Isc relative to the primary Iin,sc is 

much higher for the 2C14M (higher kC) than the 1C1M (lower kC) configuration, which 

suggests that the coupling is better for the 2C14M configuration.  

Comparing Figure 5-18 and Figure 5-19, the short circuit current has peaks around 27kHz 

and 28kHz for the 1C1M configuration, which directly correspond to the pickup admittance 

peaks. Similarly, the 2C14M configuration has the most dominant current peak just below 

28kHz, which also corresponds to the most dominant admittance peak of the pickup. Thus, it 

is obvious that the output characteristic predominantly follows the pickup and not the primary 

admittance. 

Similar to the aligned setup, the Voc prediction using the impedance only approximate method 

is less accurate, so the prediction using the improved method incorporating the measured 

short circuit is presented in blue in Figure 5-17. The prediction using the improved method is 

much more agreeable to the measured result and verifies the contact model. Both aligned and 

misaligned results were more accurate using the short circuit improved method. This means 

the pickup transducer is not seen structurally by the primary transducer, instead the pickup 

appears as a mechanical load. Consequently, the loose-contact systems are loosely coupled 

and local-structurally resonate. The contact model therefore accurately describes loosely 

coupled UPT systems, and is in fact very similar to the structural model proposed for the 

misaligned tight contact setup, which is also classified as loosely coupled and local-

structurally resonant. 

The output characteristics of the misaligned configurations are on a par with the aligned 

configurations. The magnitude of the 1C1M outputs is similar to the 2C12 and 3C123 

configurations, but the 4C1234 configuration outperforms these as the contact coefficient kC 

is higher. This suggests that misalignment is not a limiting factor for loose contact systems 

with low kC. 
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Figure 5-18: Isc and Iin,sc for the two misaligned configurations 

  

Figure 5-19: Input admittance of the two misaligned configurations. 

On the contrary, alignment becomes important as the contact level increases. Comparing the 

1C1 and 2C14M results, in which both configurations have higher kC values, the 1C1 results 

are much better than the 2C14M. This is because the setups approach the tight contact level, 

so tight contact characteristics become apparent; for tight contact setup, there is a big 

difference between aligned and misaligned systems. For aligned tight contact setups, the 

primary and pickup admittance response becomes similar due to the established structural 

resonant nature. For that reason, the primary and pickup response for the 1C1 configuration is 

very similar, so the Isc and Voc characteristics are high. However, for misaligned tight contact 

systems, the primary and pickup each have a unique resonant response, and thus the Isc and 

Voc characteristics of the 2C14M configuration is mainly governed by the pickup admittance 

response. Therefore, misalignment decreases the transducer coupling level when contact 

levels are high. For low contact levels, the coupling level is already low, so the level of 

misalignment does not have a strong influence on the system. The alignment coefficient kA is 
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approximated as 0.58 because just over half of the primary and pickup structures area is in 

contact. 

 Summary 

The contact model was presented in this chapter, which describes UPT systems established 

from externally applied static forces; only one contact interface is considered to simplify the 

model and analysis. Similar to the structural model, the lumped mechanical model of a loose 

contact system is converted into its electrical equivalence, enabling analysis using electrical 

circuit theory. A mutual impedance component is proposed to model the contact interface 

derived from the applied static external force and the corresponding reaction force. The level 

of contact established is quantified by the contact coefficient, which complements the mutual 

impedance, and a spray paint method is proposed to estimate the contact coefficient. A 

constructed practical setup experimentally verified the contact model. Piezoelectric 

transducers were structurally bolted onto individual aluminium plates, and then the plates 

were clamped together to form the loose contact interface. The model parameters of the 

contact model were approximated using admittance measurements, or an improved method 

that uses the measured short circuit current. The open circuit voltage prediction was much 

more accurate using the improved method, because the improved method considers the 

pickup to be set apart from the primary due to the local-structural resonant nature of the loose 

contact.  

It was experimentally verified that the same contact model appropriately describes 

misaligned loose contact systems. The contact coefficient only considers the structural 

interacting region of the primary and pickup structures, so it is much easier to establish higher 

contact levels for the misaligned setups, as there is less interacting area. The performance of 

the misaligned setups actually rivals the aligned setups, especially when the contact level is 

low. However, as contact level increases, the primary and pickup structures become more 

unified. Consequently, the aligned system becomes more structural resonant, while the 

misaligned system becomes more local-structural resonant like that of a misaligned structural 

tight contact system. Thus, the performance levels of the aligned setup improves significantly 

with increased contact level, while the misaligned setup plateaus. Therefore, the transfer 

performance of the aligned becomes better than the misaligned system when contact levels 
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are high. Table 5-2 summarizes the coupling and resonant nature of all the experimented 

systems in this chapter. 

Table 5-2: Summary of mechanical coefficients and resonant mode of experimented systems. 

Setup kC kM kA Resonance 

1C1 0.4169 1 1 Local-Structural 

2C12 0.3565 1 1 Local-Structural 

3C123 0.3820 1 1 Local-Structural 

4C1234 0.3908 1 1 Local-Structural 

1C1M 0.2822 1 0.58 Local-Structural 

2C14M 0.4627 1 0.58 Local-Structural 
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Chapter 6  

 

Overall Performance Analysis of 

UPT Systems 

 

Chapter 4 and 5 presented the structural and contact models respectively, which accurately 

predicts the output characteristics of UPT systems with different coupling levels. This chapter 

presents a detailed analysis on the performance of systems described by the proposed models. 

Section 6.1 evaluates the performance of all the experimented systems and discusses the 

correlation between coupling and performance. Section 6.2 puts the electrical aspect of a 

UPT system into perspective, and investigates the plausibility of using soft-switched resonant 

converters to enhance the system performance.  Section 6.3 presents a detailed performance 

analysis on the structural model, using the Al28-28 setup as the example. Similarly, Section 

6.4 presents a performance analysis on the contact model, using the 3C123 setup as the 

example.  
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 General Coupling and Resonance Analysis of 

UPT Systems 

6.1.1 Common Coupling Characteristics between UPT and IPT 

Figure 6-1 shows the structural model and the contact model in its simplest form without 

neglecting any parameters. It is obvious that the structural model combines the primary and 

pickup together by observation of the mechanical domain. Meanwhile, the primary and 

pickup are separated in the contact model. Note that misaligned tight contact systems take on 

the same model format as the contact model. Therefore, the structural model describes 

systems that structurally resonate (tightly coupled), while the contact model describes local-

structural resonant (loosely coupled) systems.  

Vin
Z1 Z3

XCs1 XCs2

Z2

Iinduced1:X1(f) X3(f):1

Zprim,sc

Zref

Vin

XCs1

Zpick,sc Iinduced

XCs2

Finduced

(a)

(b)  

Figure 6-1: The proposed (a) structural model and (b) contact model. 

The structural and contact model draws a very close resemblance to a tightly coupled and 

loosely coupled magnetic transformer. In fact, the model structure is identical. For the tightly 

coupled UPT system, Z1 and Z3 are equivalent to the primary and secondary coil winding 

losses, and Z2 is comparable to the iron core losses. For the loosely coupled UPT system, 

Zprim,sc and Zpick,sc are equivalent to the primary and pickup coil, respectively, and the reflected 

impedance Zref and mutual impedance M corresponds to that of a loosely coupled transformer, 

i.e. an IPT system. The significant difference between the UPT and IPT system lies within the 

values of the model impedances. For the magnetic transformer, their reactive counterpart (i.e. 
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inductance) dominates the impedances, and the resistive losses are relatively small and are 

usually negligible. However, for UPT, the resistive components cannot be ignored because 

they are typically in the order of a hundred ohms, if not more. The resistive component of 

UPT is relatively large compared to the magnetic transformer because mechanical 

components are more prone to damping than electrical components.  

Therefore, the performance difference between tight (structural model) and loosely coupled 

(contact model) systems in UPT is a lot more noticeable than in IPT. For the structural model, 

assuming a compatible medium is used such that Z2 is negligible, there is only one lossy 

component that comes from the addition of Z1 and Z3, and this is represented by Zprim,sc. On 

the contrary, the contact model has two lossy components, these are Zprim,sc and Zpick,sc. As a 

result, the pickup vibration level is damped by the multiplication of both Zprim,sc and Zpick,sc, 

which drastically reduces the performance of loosely coupled UPT systems relative to the 

tightly coupled.  

The contact kC and the alignment coefficient kA dictate the coupling nature of the system. 

Both coefficients need to be high in order for the system to qualify as structurally resonant 

and thus described by the structural model as tight coupling. In the scenario where the contact 

is loose or if the transducers are clearly misaligned, then the system becomes local-structural 

resonant and is represented by the contact model as loose coupling. The combination of the 

contact kC and alignment coefficient kA approximates the level of vibration that the pickup 

experiences due to the primary excitation, which is analogous to the magnetic flux coupling 

between two coils. Thus, equation (6.1) approximates the coupling level kT of a UPT system. 

 𝑘𝑇 = 𝑘𝐶𝑘𝐴 (6.1) 

The material compatibility coefficient kM is analogous to the core and magnetizing reactance 

of a transformer. When a compatible medium is used, the Z2 impedance becomes negligible, 

just like when an effective core is used so that the core loss is negligible. When an 

incompatible medium is used however, Z2 becomes low in impedance, such that it draws the 

primary current away from the pickup; this is analogous to a poor and lossy transformer core. 

Strictly speaking, the compatibility of the material does not affect the coupling nature of the 

system, but it is significant to the performance of the system. Table 6-1 presents the resulting 

coupling level and mechanical coefficients for all the constructed setups. 
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Table 6-1: Summary of coupling and resonance for all systems. 

Setup kC kM kA kT Resonance 

Al28-28 1 1 1 1 Structural 

Al28-40 1 1 1 1 Structural 

PVC28-28 1 0.15 1 1 Structural 

PVC28-40 1 0.15 1 1 Structural 

Fe28-28 1 1 1 1 Structural 

Fe28-40 1 1 1 1 Structural 

Al28-28edge 1 1 0.7 0.7 Local-Structural 

Al28-28corner 1 1 0.5 0.5 Local-Structural 

1C1 0.4169 1 1 0.4169 Local-Structural 

2C12 0.3565 1 1 0.3565 Local-Structural 

3C123 0.3820 1 1 0.3820 Local-Structural 

4C1234 0.3908 1 1 0.3908 Local-Structural 

1C1M 0.2822 1 0.58 0.1637 Local-Structural 

2C14M 0.4627 1 0.58 0.2684 Local-Structural 

 

6.1.2 Short Circuit Current Analysis in Relation to Coupling  

Referring to Figure 6-1, the induced current Iinduced effectively represents both the measurable 

output characteristics Isc and Voc. Figure 6-2 shows the general trend of Iinduced as the load 

varies, with the critical points being ZL=0, ZL=∞, and ZL=|XCs|=Rcrit. When the load increases 

from zero ohms, the induced current continues to drop until ZL=|XCs|=Rcrit|. As the load 

increases, the induced current begins to increase up to the limit set by Voc/|XCs|. The region 

where ZL<|XCs| is when the load resistance consumes most of the delivered power (dominance 

of the load current IZL), and the region where ZL>|XCs| is when the energy is stored in the 

piezoelectric static capacitance (dominance of the capacitance current IXCs). As such, power 

is effectively delivered to the load in the region where ZL<|XCs|. For this reason, Isc is the 

better indicator of the system’s power transfer capability. Voc simply shows the output 

response for an undamped reactive load and does not give any valuable information regarding 

the system performance.  

To approximate the performance of each system, Figure 6-3 plots the maximum Isc measured 

for all the constructed systems in Chapters 4 and 5. The bars in blue represent tight contact, 

compatible medium, and aligned transducers; green represents incompatible medium; purple  
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Iinduced
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0
 

Figure 6-2: The general trend of Iinduced with regards to Isc and Voc. 

represents tight contact, compatible, but misaligned transducers; black represents loose 

contact, compatible, and aligned; and red represents loose contact, compatible, but 

misaligned. 

It is obvious that aligned tight contact systems with compatible media (blue) perform much 

better than the other configurations because these systems are fully-coupled and do not have a 

lossy medium. Remarkably, the Fe28-40 configuration shows the most promising 

performance out of the other three setups. This is likely due to the high frequency resonant 

peak that was dominant for this setup. The induced current is proportional to the excitation 

frequency as mentioned in (3.13), because the higher the frequency, the greater the amplitude  

 

Figure 6-3: Performance (maximum Isc measured) for all the configurations. 
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of its transient response such that the piezoelectric undergoes more work energy, and thus 

induces more charge/current. The Al28-40 setup on the other hand did not have as significant 

a peak around the 40kHz region because the primary transducer rated around 28kHz was 

more dominant in the combined system.  

Incompatible media (green) that are also aligned, tight contact, and fully coupled on the other 

hand, have very poor performance, because the medium itself dissipated most of the power. 

As these systems are fully-coupled and structurally resonate, the transfer performance is 

somewhat reasonable when the transducers are identical (i.e. PVC28-28). However, when the 

transducers are not identical (i.e. PVC28-40), the performance drastically decreases because 

the structural resonance of the primary (28kHz) is not equal to the resonance of the pickup 

(40kHz). This is because incompatible media predominantly damp the transducer and do not 

redefine the resonant mode of the transducer, unlike compatible media.  

The remaining setups are compared with respect to the coupling coefficient. However, it is 

not appropriate to compare different systems in an attempt to correlate the performance with 

coupling because each setup is mechanically unique. The UPT system does not have the same 

freedom of IPT systems where the self-inductance of the primary and pickup coils is 

controllable. Therefore, only individual comparisons between the Al28-28 misalignment 

systems and the clamped configurations with the misaligned clamps are made. Figure 6-4 and 

Figure 6-5 plots the maximum measured short circuit current against the associated coupling 

for the respective systems.  

 

Figure 6-4: Performance (Isc) vs coupling for the Al28-28 tight contact systems. 
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The contact coefficient is one for all the Al28-28 systems, meaning the transducers have the 

potential to be structurally resonant with the medium. The aligned setup Al28-28 performs 

best because the primary, medium, and pickup resonate together. In contrast, the misaligned 

setups have a huge step down in terms of performance, because the transducers become local-

structural resonant. The misalignment coefficient was approximated to be 0.5 and 0.7 for the 

corner and edge configuration, respectively, and supports the idea that the performance 

increases as alignment improves for tight contact systems. Further research on the 

relationship between misalignment and performance for tight contact systems will be 

beneficial to quantify the misalignment coefficient and to draw stronger conclusions.  

 

Figure 6-5: Performance (Isc) vs coupling for the clamped systems. 

For the clamped configurations, a general positive trend exists between coupling and 

performance. However, the misaligned clamped setup (1C1M and 2C14M) is mechanically 

and structurally different to the aligned setup, so a direct comparison is not reasonable, 

strictly speaking. Peculiarly, the misaligned setups performed better than most of the aligned 

setups, except for the 1C1 configuration where the coupling level is higher. This is attributed 

to the mechanical structure of the misaligned system being more fitting than the aligned; the 

misalignment of the primary and pickup structures change the mechanical setup of the system, 

so there may be certain positions where the performance becomes more prominent because 

the resultant mechanical system is more inclined to resonate. Even though the coupling 

between transducers may be reduced due to misalignment, the system impedances determine 

the overall performance, and these impedances change as the system alters with misalignment. 

Thus, for local-structural systems with one loose contact interface, the performance generally 
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increases with the contact coefficient, but there is no correlation between performance and 

misalignment. However, as discussed in Section 5.5.3, the system performance drastically 

improves for aligned systems as the contact level increases because the transducers are prone 

to resonate structurally. Meanwhile misaligned systems remain local-structural resonant as 

contact level increases. Thus, the gradient of performance and coupling is much steeper for 

the aligned clamp setups relative to the misaligned.  

Therefore, both aspects of coupling (contact and misalignment), as well as the material 

compatibility, need to be considered to approximate the performance trend of UPT systems. 

The increasing contact level shows the progressive improving nature of the system 

performance, while misalignment and material compatibility ultimately sets the performance 

limit of the system.  

6.1.3 System Resonance Analysis 

Figure 6-6 illustrates the system block diagram for a typical UPT system with the primary 

converter and mechanical structure, where fsw is the controllable switching frequency. The 

primary resonant converter consists of some switching network with an LC network as the 

resonant tank. There are multiple components in the system with resonant capability; these 

includes electrical resonance brought about from the LC network f0,elec, as well as mechanical 

resonance. The transducers and the medium constitute the mechanical system of a UPT 

system. Individually, the primary transducer, medium, and the pickup transducer have their 

own unique frequency response, and resonate at particular frequencies f0,prim, f0,med, and f0,pick, 

respectively. As a combined structure, the mechanical system resonates at f0,mech when excited 

from the primary transducer.  

M
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LC Network
Primary Converter
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f0,prim f0,pickf0,mechf0,elec

fsw
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f0,med  

Figure 6-6: Various types of resonance in UPT system. 
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It is desirable to drive transducers at mechanical resonance f0,mech because the piezoelectric 

readily vibrates and transfers the most power at resonance. As the transducers are modelled 

as a capacitor in parallel with a series LCR branch as shown in Figure 3-5 of Section 3.1.2 

and in Figure 6-22, the equivalent input impedance is only low at mechanical resonance. A 

low input impedance means the transducer will draw more current at resonance, and thus 

increase the level of power conversion from electrical to mechanical, and vice versa.  

The mechanical resonance of objects is determined by its material properties as well as its 

geometry. The individual resonance of a piezoelectric transducer is lost when the mechanical 

elements physically combine because the effective geometry of the transducer is now 

modified. Consequently, the resonant response of the system measured from the transducer 

changes from its individual resonance f0,prim to the combined system’s resonance f0,mech. 

Chapter 3 has highlighted various mechanical aspects influencing the quality of the combined 

mechanical resonance, terming the best quality as structural resonant and the worse as local 

resonant.  

The primary, medium, and pickup transducer constitute a single structure when they are 

classified as structurally resonant, meaning the entire mechanical structure determines the 

mechanical resonance f0,mech and thus the individual frequency response of f0,prim, f0,med, and 

f0,pick become irrelevant to the system. Local resonant system implies the primary, medium, 

and pickup elements have minimal interaction, such that each element has their unique 

frequency response. Thus, the system frequency response f0,mech only sees the primary 

transducer so f0,mech=f0,prim. Therefore, the increasing coupling quality between the primary 

and pickup transducer modifies f0,mech from f0,prim (when coupling kT is zero) towards the 

redefinition of the entire mechanical system (when coupling kT is one).  

Take for example the Al28-28 system, where 28kHz Langevin transducers are structurally 

bonded to a 350mm×350mm×5mm aluminium plate. Figure 6-7 presents the admittance plot 

of the standalone 28kHz Langevin transducer, when it is structurally mounted to the 

aluminium plate, and when an equivalent transducer is attached on the opposite side of the 

plate.  Additional resonant modes are observed with the addition of the aluminium plate to 

the standalone transducer, and the dominant resonance shifts from 28kHz down to around 

25kHz. The large thin plate also clearly damps the transducer, despite upholding sharp 

resonant peaks; the mechanical Q of the resonant peaks is generally lower relative to the 
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standalone frequency response because the effective modal mass is distributed to the other 

resonant modes introduced by the plate. With the addition of the pickup transducer, the 

dominant resonant peak seemingly shifts up closer to the original 28kHz resonant peak while 

retaining the resonant modes introduced by the aluminium plate. However, the most 

conspicuous observation is that the addition of the pickup transducer improved the magnitude 

and enhanced the Q of the resonant peaks. This is because the attachment of the pickup 

transducer improves the system resonance by redirecting the structural vibration mode 

towards the transducer axis, instead of on the lateral vibrations of the aluminium plate. Thus, 

the mechanical Q of the dominant peaks is higher because the modal mass of the structure is 

distributed more to the transducers and less on the plate. Therefore, the response of the 

mechanical system is dependent on the total combined structure, making the individual 

resonance of the elements redundant when structurally combined. On a side note, the above 

explanation also shows that appropriate mechanical design of the combined system may 

enhance the performance of piezoelectric transducers. Thus, Chapters 6.3 and 6.4 identify the 

optimal operating frequency fopt for tightly and loosely coupled systems, respectively.  

 

Figure 6-7: Admittance response of transducer with structural loading. 

 Effect of Primary Power Converter on System 

Performance 

The transfer capability of a UPT system is determined by the mechanical setup, but the 

performance of the entire system is attributed to both electrical and mechanical elements of 

the UPT system. This thesis mainly considers the transfer efficiency, which is defined as the 

ratio between the power supplied to the primary transducer and the output power realised at 
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the pickup transducer. On the other hand, the end-to-end efficiency is defined as the ratio 

between the power supplied by the power source and the realised output power. Linear 

amplifiers were used to carry out the analysis in this thesis to avoid any complexities in 

electronic design, so the transfer performance can be accurately characterized. However, 

from a system perspective, linear amplifiers are very inefficient and significantly reduce the 

system performance. In a practical system, soft-switched resonant converters are very 

efficient and suitable to drive AC devices. Therefore, resonant converters are employed to 

elevate the efficiency of the overall UPT system. However, with resonant converters, caution 

is required on appropriate design to mitigate converter instability issues such as frequency 

bifurcation; linear amplifiers were used in the analysis to bypass these intricate issues.  

For resonant converters, multiple types of “operating resonance” exist simply from analysing 

the frequency response of the system seen by the switching network. These resonant types 

include the zero phase angle frequency, the natural oscillation frequency, as well as the 

practical steady state operating zero voltage (ZVS) or zero current switched (ZCS) 

frequencies as identified by Hu in [70]. However, the efficiency and performance of the 

switching network is the main requirement of the primary converter from a design 

perspective, which is achieved by implementing low loss switching techniques. Implementing 

soft-switching techniques (ZVS or ZCS) in the switching network of the primary converter is 

thus of utmost importance. As a rule of thumb, the optimal operating frequency (fopt) to drive 

the mechanical system is close to the resonant frequency of the system indicated by f0,mech. 

Consequently, the converter should soft-switch at this frequency to achieve optimal 

performance, such that fsw=fopt.  

In view of the system performance, the validity of implementing soft-switching techniques to 

drive the mechanical system at the optimal frequency is investigated. This section analyses 

the possibility of soft-switching at fopt with and without the use of an electrical LC network, 

and establishes the building blocks for a complete closed loop design. The analysis is based 

on the Al28-28 system because there are multiple dominant resonant points to emphasise the 

complexity of analysis and control.  
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6.2.1 Voltage Fed Converter without LC Network 

As discussed in Section 3.1.3, it is more suitable to drive the primary transducer with a 

voltage source. Therefore, a voltage fed converter is selected for this analysis, where the 

transducer is directly connected to the output of the converter, as shown in Figure 6-8. A full 

bridge voltage fed converter is selected to provide positive and negative excitation pulses to 

power the transducer. 

Soft-switching techniques such as ZVS or ZCS commonly use electrical resonance. In the 

case of a full-bridge voltage-fed converter, voltage is the controllable variable, while current 

is the responsive variable. With the input of a stepped input voltage, the presence of a series 

LC tank will cause the current to oscillate and ring according to the network’s natural 

frequencies. Consequently, the converter toggles all the switches on the zero current crossing 

and is thus soft-switched; this means the voltage fed converter has a ZCS frequency. 
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Figure 6-8: Full-bridge voltage-fed converter directly driving piezoelectric transducer. 

The voltage waveform to the input of the transducer is plotted in Figure 6-9a, and Figure 6-9b 

presents the transient response of the excitation experienced by the piezoelectric. Assuming 

that the rising (falling) edges are approximated by an ideal step function: 

 𝑢(𝑡) = {
0, 𝑡 < 0
1, 𝑡 ≥ 0

 (6.2) 

Then the transient is an impulse defined by the dirac delta/impulse function: 

 𝛿(𝑡) =  
𝑑

𝑑𝑡
[𝑢(𝑡)] = {

∞, 𝑡 = 0
0, 𝑡 ≠ 0

 (6.3) 
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As mentioned in Section 3.1.3, piezoelectric transducers only consume or use energy if there 

is a transient signal. Thus, the transducer only responds on the rising and falling edge of the 

square wave voltage signal according to Figure 6-9b.  

Vs dVs/dt

Vin

-Vin

Vin.δ(t)

-Vin.δ(t)

t t

 

 (a) (b) 

Figure 6-9: (a) Voltage of the converter driving the piezoelectric, (b) the transient response 

driving the piezoelectric. 

To find the zero crossings of the primary transducer, consider the equivalent circuit shown in 

Figure 6-10, which shows the excitation voltage as an ideal step-input for one-half of the 

switching period. Because the transducer only responds to transient voltage, the step-input 

only appears as an impulse response described by (6.3).  

Vin
VsIs

ZPrim(m)=1/Yprim(m)

Vin.δ(t)
Is

Zprim(m)=1/Yprim(m)

 

Figure 6-10: Equivalent input voltage function. 

The relationship between current, input voltage, and the transducer admittance in the time 

domain is: 

 𝑰𝒔 = |𝑉𝑖𝑛|. 𝛿(𝑡). 𝑌𝑝𝑟𝑖𝑚(𝑚) (6.4) 

where |Vin|.δ(t) is the transient input voltage, and Yprim(m) the measured admittance of the 

mechanical structure. However, only the steady-state frequency response of the 
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transducer/mechanical structure is measurable via its impedance/admittance spectrum. Thus, 

the current transient response is analysed based on the summation of all the frequency 

components. A Fourier transform is performed to express the equation in the frequency 

domain. The Fourier transform of |Vin| is itself because it is a constant, and the impulse 

function transforms to be 1 along all frequencies. Thus, current Is in the frequency domain 

becomes: 

 𝑰𝒔(𝑓) = |𝑉𝑖𝑛|. 1. 𝑌𝑝𝑟𝑖𝑚(𝑚)(𝑓) (6.5) 

Consequently, the frequency spectrum of Is(f) is an amplified response of Yprim(m)(f) because 

both |Vin| and 1 are constants. Each frequency component of Is(f) is represented as a sinusoid 

with an amplitude An, an angular frequency of ωn, and a phase shift of φn as shown in (6.6), 

where n selects the property of the corresponding frequency component.  

𝐴𝑛 = |𝑰𝒔(𝑓𝑛)| = |𝑉𝑖𝑛| × |𝑌𝑝𝑟𝑖𝑚(𝑚)(𝑓𝑛)| 

𝜑𝑛 = 𝑝ℎ𝑎𝑠𝑒{𝑰𝒔(𝑓𝑛)} = 𝑝ℎ𝑎𝑠𝑒{𝑌𝑝𝑟𝑖𝑚(𝑚)(𝑓𝑛)} 

 𝑰𝒔(𝑓𝑛)
𝑡𝑖𝑚𝑒 𝑑𝑜𝑚𝑎𝑖𝑛
→         𝑰𝒔(𝑡)|𝑛 = 𝐴𝑛 sin(𝜔𝑛𝑡 − 𝜑𝑛) (6.6) 

Therefore, the current transient response is the sum of all the frequency components as shown 

in (6.7).  

 𝑰𝒔(𝑡) = ∑ {𝑰𝟏(𝑡)|𝑛}
∞
𝑛=0 = ∑ {𝐴𝑛 sin(𝜔𝑛𝑡 − 𝜑𝑛)}

∞
𝑛=0  (6.7) 

Figure 6-11 presents the open circuit admittance Yprim,oc(m) magnitude and phase response of 

the Al28-28 setup from 10kHz to 110kHz. It can be seen that there are multiple resonant 

frequencies around 27kHz, 43kHz, as well as 71kHz; these are the harmonics of the 

fundamental. The third harmonic (the 71kHz set) seemingly has the highest magnitude 

response, which is consistent with the analysis Hu et al. performed in [9].  



Chapter 6 Overall Performance Analysis of UPT Systems 

 

 

 

 

- 128 - 

 

 

Figure 6-11: Admittance magnitude and phase response of the Al28-28 mechanical setup. 

The transient response in theory includes components over the entire frequency spectrum, 

which is not limited to 110kHz. As such, all the harmonic frequencies contribute to the 

current response in the time domain, and thus influence the zero crossing time. Figure 6-12 

presents the equivalent current response using the admittance response shown in Figure 6-11 

and (6.7) for an input voltage of 1V.  

The first rising and falling zero crossings were found to be at 3.0204μs and 8.9355μs, 

respectively for the setup, facilitating a ZCS ringing frequency of 84.5294kHz, which does 

not correspond to any of the harmonic frequencies of the fundamental. Only the frequency 

components from 10kHz to 110kHz were considered in this analysis, so the ZCS frequency 

becomes even more distorted when the higher frequency components are considered. The 

harmonic frequencies of piezoelectric transducers have a similar magnitude response relative 

to the fundamental, unlike a second order LC network whose harmonics are much less 

significant relative to the fundamental. Thus, the natural zero current crossing point does not 

correspond to any of the resonant modes of the mechanical system. Additionally, the 

simulated transient current does not begin at zero because the equivalent model of a 

piezoelectric has a static capacitance in parallel with the mechanical resonant modes; the 

presence of the capacitor enables current to jump on start up, which is not suitable for ZCS. 

All these results suggests that a soft-switched resonant converter cannot be implemented 

without the aid of an electrical LC network to bias and control the frequency region of 

interest. 
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Figure 6-12: Current transient response for frequencies between 10kHz and 110kHz. 

6.2.2 Current Fed Converter with Parallel LC Network 

The presence of the LC network helps bias the transducer into the desired operating 

frequency region.  A current fed push-pull resonant converter is chosen for this analysis 

because of its attractive boosted voltage across the resonant tank. Figure 6-13 presents the 

push-pull converter with a parallel resonant tank and the transducer attached in parallel with 

an impedance of Zin. The dependent variable for a current fed converter is the voltage VC1, so 

ZVS is employed.   

VC1

IL1

L1

R1

C1Vin

LDCLDC

Zin

Iin

 

Figure 6-13: Current fed push-pull LC resonant converter. 

The addition of the LC network complicates the system, and the natural resonant frequency 

of the system cannot be identified from the frequency response alone. Additionally, the 

frequency response method cannot be used to compute the ZVS frequency in the presence of 

the LC network, because the initial transient response of inductors and capacitors cannot be 

accurately accounted for. Therefore, a state-space simulation is used to predict the time-

domain response by expressing the LC network and the transducer as differential equations. 
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To form the state-space equations, the mechanical system has to be expressed as passive LCR 

circuit elements. A simple and accurate model of the mechanical system is the static 

capacitance of the primary transducer Cs in parallel with multiple series LCR branches, each 

corresponding to a resonant peak of f0,mech as shown in Figure 6-14; only the dominant peaks 

in the frequency swept region were approximated. Figure 6-15 presents the approximated 

magnitude and phase response for the Al28-28 setup and the MATLAB code is presented in 

Appendix C. 

Ls1

Cs1

Rs1

Ls2

Cs2

Rs2

Lsn

Csn

Rsn

...

...

...

Cs

iLs1 iLs2 iLsnVtrans=VC1

Zin

vCs1 vCs2 vCsn

 

Figure 6-14: Passive element model of mechanical system. 

 
Figure 6-15: Approximated admittance response of Al28-28 setup. 

In the state-space domain, the continuous quantity of each reactive element is represented as 

a state variable, i.e. voltage for capacitor and current for inductor. For the push pull, the DC 
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inductors LDC are also considered in the model. Thus, the state vector xss and its initial 

conditions xss0 for n number of series LCR branches are expressed in (6.8). Note that there are 

two initial conditions, one for the positive cycle of input current, and the second for the 

negative. A random initial current of Iin,0=0.5 is selected. 

 𝒙𝒔𝒔 =

[
 
 
 
 
 
 
 
 
 
𝑰𝒊𝒏
𝑽𝑪𝟏
𝑰𝑳𝟏
𝒊𝑳𝒔𝟏
𝒗𝑪𝒔𝟏
𝒊𝑳𝒔𝟐
𝒗𝑪𝒔𝟐
:
𝒊𝑳𝒔𝒏
𝒗𝑪𝒔𝒏]

 
 
 
 
 
 
 
 
 

, 𝑥𝑠𝑠0,1 =

[
 
 
 
 
 
 
 
 
 
0.5
0
0
0
0
0
0
:
0
0 ]
 
 
 
 
 
 
 
 
 

, 𝑥𝑠𝑠0,2 =

[
 
 
 
 
 
 
 
 
 
−0.5
0
0
0
0
0
0
:
0
0 ]
 
 
 
 
 
 
 
 
 

 (6.8) 

Then, the state-space equation is represented in the form of (6.9) by analysing the continuous 

quantity across each reactive element. Note that there are two Css matrices, similar to the 

initial condition xss0, Css1 corresponds to the positive input cycle, and Css2 the negative input 

cycle. The series state-space equation is given by: 

 𝐴𝑠𝑠
𝑑

𝑑𝑡
(𝒙𝒔𝒔) + 𝐵𝑠𝑠𝒙𝒔𝒔 = 𝐶𝑠𝑠  (6.9) 

𝐴𝑠𝑠
𝑑

𝑑𝑡
(𝒙𝒔𝒔) =

[
 
 
 
 
 
 
 
 
 
𝐿𝑑𝑐 0 0 0 0 0 0 ⋯ 0 0
0 𝐶1 + 𝐶𝑠 0 0 0 0 0 ⋯ 0 0
0 0 𝐿1 0 0 0 0 ⋯ 0 0
0 0 0 𝐿𝑠1 0 0 0 ⋯ 0 0
0 0 0 0 𝐶𝑠1 0 0 ⋯ 0 0
0 0 0 0 0 𝐿𝑠2 0 ⋯ 0 0
0 0 0 0 0 0 𝐶𝑠2 ⋯ 0 0
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋱ 0 0
0 0 0 0 0 0 0 0 𝐿𝑠𝑛 0
0 0 0 0 0 0 0 0 0 𝐶𝑠𝑛]

 
 
 
 
 
 
 
 
 

×
𝑑

𝑑𝑡

[
 
 
 
 
 
 
 
 
 
𝑰𝒊𝒏
𝑽𝑪𝟏
𝑰𝑳𝟏
𝒊𝑳𝒔𝟏
𝒗𝑪𝒔𝟏
𝒊𝑳𝒔𝟐
𝒗𝑪𝒔𝟐
:
𝒊𝑳𝒔𝒏
𝒗𝑪𝒔𝒏]
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𝐵𝑠𝑠𝒙𝒔𝒔 =

[
 
 
 
 
 
 
 
 
 
0 1 0 0 0 0 0 ⋯ 0 0
−1 0 1 1 0 1 0 ⋯ 1 0
0 −1 𝑅1 0 0 0 0 ⋯ 0 0
0 −1 0 𝑅𝑠1 1 0 0 ⋯ 0 0
0 0 0 −1 0 0 0 ⋯ 0 0
0 −1 0 0 0 𝑅𝑠2 1 ⋯ 0 0
0 0 0 −1 0 −1 0 ⋯ 0 0
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋱ 0 0
0 −1 0 −1 0 0 0 0 𝑅𝑠𝑛 1
0 0 0 0 0 0 0 0 −1 0]

 
 
 
 
 
 
 
 
 

×

[
 
 
 
 
 
 
 
 
 
𝑰𝒊𝒏
𝑽𝑪𝟏
𝑰𝑳𝟏
𝒊𝑳𝒔𝟏
𝒗𝑪𝒔𝟏
𝒊𝑳𝒔𝟐
𝒗𝑪𝒔𝟐
:
𝒊𝑳𝒔𝒏
𝒗𝑪𝒔𝒏]

 
 
 
 
 
 
 
 
 

 

𝐶𝑠𝑠1 =

[
 
 
 
 
 
 
 
 
 
𝑉𝑖𝑛
0
0
0
0
0
0
:
0
0 ]
 
 
 
 
 
 
 
 
 

, 𝐶𝑠𝑠2 =

[
 
 
 
 
 
 
 
 
 
−𝑉𝑖𝑛
0
0
0
0
0
0
:
0
0 ]
 
 
 
 
 
 
 
 
 

 

The system can be represented as differential equations as shown in (6.10), where A-1 is the 

inverse matrix of A.  

 
𝑑

𝑑𝑡
(𝒙) = −𝐴−1𝐵𝒙 + 𝐴−1𝐶  (6.10) 

Then the solution of x can be solved using MATLAB solver for differential equations; the 

MATLAB script for the push-pull converter is provided in Appendix D. Voltage VC1 is both 

the excitation voltage across the terminals of the transducer and the ZVS variable. The script 

searches for the zero crossing point of VC1, and then toggles the input matrix between C1 and 

C2, and updates the new initial condition of x0. Then the script searches for the next zero 

crossing and the process repeats up until the set number of cycles.  

Based on this simulation process, an open-loop response for the system is established as 

shown in Figure 6-16. The power converter is setup based on the above process, and the set 

parameters include the tank inductance L1 and its equivalent series resistance R1, and the 

transducer impedance Zin. The necessary input to the converter is the value of tank impedance 

C1, and the desired ZVS operating frequency. The output of the converter is the voltage 

across the transducer Vtrans and the ZVS frequency. Then, the voltage and current at the load 
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of the mechanical system Vout and Iout can be predicted by feeding the converter output 

variables (Vtrans and fZVS) to the input of the mechanical models proposed in Chapters 4 and 5. 

In order for the entire system to perform well, the primary converter needs to be stable. The 

following section discusses some conditions related to frequency stability of the push-pull 

converter.  

Power Converter
L1, R1, Zin

Mechanical 
System

Zin

C1 
Vtrans

fZVS
fopt

Vout

Iout

 

Figure 6-16: System open-loop response. 

6.2.2.1. Power Converter Stability 

Stability is a key issue related to the performance of the converter, and thereby the UPT 

system. System performance is limited if the converter is not frequency stable, because the 

converter will not be able to ZVS switch at the desired operating frequency. Uncertainties 

such as bifurcation may result due to the complex nature of the impedance network, which 

consists of multiple orders of parallel and series LC networks. Two conditions are identified 

for the push-pull to operate in a stable manner, these conditions are to: (1) ensure the resonant 

tank crosses the zero voltage point, and (2) the frequency stability criterion.  

Zero Voltage Crossing: In order for the push-pull resonant converter to achieve zero voltage 

switching, the Q of the LC tank needs to be at least 1.86 [91]. This Q is for the LCR circuit 

shown in Figure 6-17a, where the resistance Req is in series with Leq. However, in the UPT 

case, the mechanical system is placed in parallel with the LC tank; Figure 6-17b presents a 

specific case where the switching frequency fsw corresponds to one of the resonant branches 

fsw=f0,sx.  

Performing an equivalent impedance analysis, the equivalent inductance Leq of the UPT case 

is given in (6.11), and equivalent resistance Req is given in (6.12), where QUPT is defined in 

(6.13).  
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 (a) (b) 

Figure 6-17: Impedance network for (a) IPT and (b) UPT system.  

 𝐿𝑒𝑞 =
𝐿1

(𝑅1+𝑅𝑠𝑥)
2

𝑅𝑠𝑥
2 +𝑄𝑈𝑃𝑇

2
   
(𝑅𝑠𝑥≫𝑅1)
→       

𝐿1

1+𝑄𝑈𝑃𝑇
2  (6.11) 

 𝑅𝑒𝑞 =

𝑅1(𝑅1+𝑅𝑠𝑥)

𝑅𝑠𝑥𝑄𝑈𝑃𝑇
2 +𝑅𝑠𝑥

(𝑅1+𝑅𝑠𝑥)
2

𝜔2𝐿1
2 +1

(𝑅𝑠𝑥≫𝑅1)
→      

𝑅1

𝑄𝑈𝑃𝑇
2+𝑅𝑠𝑥

1

𝑄𝑈𝑃𝑇
2+1

  (6.12) 

 𝑄𝑈𝑃𝑇 =
𝜔0𝐿1

𝑅𝑠
  (6.13) 

Then, the equivalent Qeq of the UPT system in the form of Figure 6-17a is given by (6.14). 

 𝑄𝑒𝑞 =
𝜔0𝐿𝑒𝑞

𝑅𝑒𝑞
=

𝜔0𝐿1

𝑅𝑠+
𝑅1

𝑄𝑈𝑃𝑇
2

×
1+

1

𝑄𝑈𝑃𝑇
2

1+𝑄𝑈𝑃𝑇
2    

(𝑅𝑠≫
𝑅1

𝑄𝑈𝑃𝑇
2)

→           
𝑄𝑈𝑃𝑇+

1

𝑄𝑈𝑃𝑇

1+𝑄𝑈𝑃𝑇
2   (6.14) 

Therefore, the minimum requirement of Qeq>1.86 correlates to QUPT<0.5376.  

Frequency Stability (Reactive Power Dominance): The issue of frequency stability of a 

push-pull converter was discussed in Section 3.3.2 of [70], and it was found that the reactive 

power rating of the primary tank should be greater than the reactive power of the pickup 

unit(s) to satisfy the frequency stability criterion. The reactive power QVAR is determined by 

the multiple of the inductor reactance with the current squared. In the UPT case, the reactive 

power of the resonant tank Q1,VAR and the reactive power of the transducer Qs,VAR is given in 

(6.15) and (6.16), respectively when the switching frequency is set to the resonance of the 

mechanical branch f0,sx. 

 𝑄1,𝑉𝐴𝑅 =
𝑽𝒕𝒓𝒂𝒏𝒔

2

𝜔0,𝑠𝑥𝐿1
  (6.15) 
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 𝑄𝑠,𝑉𝐴𝑅 =
𝜔0,𝑠𝑥𝐿𝑠𝑥𝑽𝒕𝒓𝒂𝒏𝒔

2

𝑅𝑠
2  (6.16) 

Therefore, the frequency stability criteria for the UPT system is: 

 𝑄1,𝑉𝐴𝑅 > 𝑄𝑠𝑥,𝑉𝐴𝑅 ⇒ 𝐿1 <
𝑅𝑠𝑥

2

𝜔0,𝑠𝑥2𝐿𝑠𝑥
 (6.17) 

The expression in (6.17) definitely ensures frequency stability, however, following this 

condition requires a very low tank inductance L1 and very high capacitance C1. For the Al28-

28 setup with open circuit load, the dominant resonant peak was approximated by 

Lsx=327.0mH, Csx=102.2pF, Rsx=120.6Ω, and f0,sx=27.54kHz, then L1 needs to be less than 

1.5μH to ensure frequency stability. This means the tuning capacitor C1 needs to be 

approximately 22.3μF to achieve ZVS at fopt=27.54kHz.  

Frequency Stability (Single Zero Phase Angle): Alternatively, frequency stability can be 

analysed based on the zero phase crossings of the impedance network. Frequency stability 

issues such as bifurcation become apparent when multiple zero phase angle frequencies exist. 

Thus, ensuring the existence of one zero phase angle mitigates problems related to frequency 

stability. 

The impedance network consists of a parallel LC tank in parallel with the transducer, which 

is modelled as multiple series LCR circuit branches. Additional zero phase angles exist if the 

mechanical Q of the transducer branches are significant relative to the electrical LC tank. 

When the reactive power of the electrical LC tank is dominant, satisfying the condition 

imposed by (6.17), then only one zero phase angle exists. However, the condition in (6.17) 

can be relaxed by increasing the inductance L1 to a critical value just before additional zero 

phase angles exists. Due to the complexity of the impedance network, a numerical approach 

was used to find the critical value L1,crit just before multiple zero phase angle frequencies 

exists; the tank capacitance C1 was approximated using (6.18), so a unique value of C1 exists 

at each frequency. The MATLAB script for finding L1,crit is presented in Appendix E. Figure 

6-18 presents the critical inductance L1,crit along the frequency spectrum for the Al28-28 

system with an open circuit load, where the transducer impedance is Zprim,oc. The phase 

response is also plotted when the inductance L1 is less than, equal to, and greater than L1,crit. 

 𝐶1 =
1

(2𝜋𝑓)2𝐿1,𝑐𝑟𝑖𝑡
  (6.18) 
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The restrictions of L1 are summarized in Table 6-2. Generally, the zero voltage crossing 

condition (QUPT<0.5376) is guaranteed if either of the frequency stability conditions is 

achieved. Therefore, the upper limit of the inductance L1 follows the condition of a single 

zero phase angle (L1 is limited by L1,crit). Decreasing the value below L1,crit diminishes 

frequency instability issues, and the ideal value of L1 is set by the condition of Q1,VAR>Qsx,VAR, 

but doing so increases the capacitance C1. Thus, there is a tradeoff between the assurance of 

frequency stability and practical design constraints such as size and cost. 

 

Figure 6-18: Frequency spectrum of (a) critical inductance L1,crit, and (b) phase response for 

various L1 values. 
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Table 6-2: Value restrictions of tank inductance L1. 

Condition Type Condition L1 value Zin=Zprim,oc, f=27.54kHz 

Zero Voltage Crossing  𝑄𝑈𝑃𝑇 = 0.5376 𝐿1 <
0.5376 𝑅𝑠𝑥
𝜔0,𝑠𝑥

 𝐿1 < 374.6546𝜇𝐻 

Single ZPA - 𝐿1 < 𝐿1,𝑐𝑟𝑖𝑡  𝐿1 < 7.9645𝜇𝐻 

Tank Reactive Power 

Dominance 
𝑄1,𝑉𝐴𝑅 > 𝑄𝑠,𝑉𝐴𝑅 𝐿1 <

𝑅𝑠𝑥
2

𝜔0,𝑠𝑥
2𝐿𝑠𝑥

 𝐿1 < 1.4855𝜇𝐻 

 

6.2.2.2. Simulation Results and Effect on System Performance 

Consider the Al28-28 mechanical system, such that Zin=Zprim,oc, the primary converter 

parameters is chosen following the conditions presented in Table 6-2, where f=27.54kHz, so 

L1 is chosen to be 5µH, and R1=0.01Ω, with a constant input voltage of Vin=10V. 

Consider the transducer is approximated by Lsx=327.0mH, Csx=102.2pF, Rsx=120.6Ω at its 

optimal operating frequency. Then Rsx should be >1.609Ω in order to satisfy the zero voltage 

crossing condition. Fortunately, for the Al28-28 system, the minimum impedance Rsx 

is >100Ω for all loading conditions, so the zero voltage crossing condition is guaranteed 

given the transducer is connected directly across a parallel LC tank. Additionally, frequency 

stability issues should be minimized, as L1<L1,crit, so only one zero phase angle frequency 

exist, and thus, the power converter is stable. With these conditions and referring to Figure 

6-16, the input to the power converter is fopt=27.54kHz and C1, which is determined below. 

Figure 6-19a plots the steady state zero voltage switching frequency fZVS as C1 is tuned from 

6μF to 7μF with a constant input voltage of Vin=10V. The resonant frequency f0 due to the 

natural resonance of L1 and C1 is plotted too to show the difference relative to fZVS. Figure 

6-19b plots the percentage difference of f0 and fZVS. The two plots are nearly identical, with a 

very small percentage margin of difference. However, a small percentage difference of 0.05% 

correlates to a frequency difference of ≈13Hz, which can be significant if the mechanical 

system is very sensitive. As the desired operating frequency increases, the percentage 

difference also increases, raising the need for the simulation and control system. System 

loading is not so much of an issue to the zero voltage switching frequency because the  
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  (a) (b) 

Figure 6-19: (a) The simulated zero voltage switching frequency fZVS (red) and the natural 

tank resonance f0 (black). (b) Percentage difference between fZVS and f0. 

reactance of the capacitance C1 (≈1Ω) is much smaller than the mechanical system Zin 

(>100Ω), so the zero crossing frequency should not significantly deviate from the calculated 

when the mechanical system Zin is electrically loaded. 

The ideal operating frequency for the Zprim,oc load condition is 27.54kHz, so C1 is set to 

6.673μF based on Figure 6-19. Then, Figure 6-20 presents the detected zero crossing 

frequency fZVS over the simulated iteration cycle and Figure 6-21 plots the simulated transient 

time response of the zero voltage switched variable, which is also the voltage across the 

transducer. Therefore, with the inputs of C1 and fopt, the voltage across the transducer Vtrans 

and switching frequency fZVS is obtained as the output of the converter. Then, the output 

characteristics on the pickup side can be predicted using the proposed UPT models based on 

the two input variables Vtrans and fZVS, which completes the open loop response summarized 

in Figure 6-16. 

This shows that soft-switched resonant converters are capable to drive UPT systems at the 

optimal operating frequency. As a result, the system performance can be enhanced, and the 

transfer performance, which is limited by the mechanical system, can also be approximated 

as the system end-to-end efficiency. The next sections focus on the performance of the 

mechanical side, finding the optimal operating conditions for tightly and loosely coupled 

UPT systems. 
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Figure 6-20: Zero switching frequency fZVS from startup. 

 

Figure 6-21: Time domain of the detected zero crossing variable from startup (top) and 

steady state (bottom). 
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 Performance Analysis of Tightly Coupled System 

The structural model proposed in Chapter 4 is simplified into the general UPT model 

presented in Figure 6-22. The mechanical impedance network simplifies to Zmech=Zprim,sc 

when compatible media are used, and this impedance can be approximated by an equivalent 

series LCR circuit model as suggested in Figure 3-5. The reflected load Zref is the pickup load 

multiplied by the transduction ratio Xeq(f)
2Zout, where Xeq(f)=X3(f)/X1(f) as defined in (4.13). 

The impedance Zmech or Zprim,sc is equivalent to the internal impedance of the mechanical 

system, and the power it consumes is the mechanical power necessary to vibrate the 

mechanical system. The power delivered to Zref corresponds to the electrical power delivered 

to the pickup load Zout, which consists of the static capacitance Cs2 and the load ZL. Therefore, 

when the load is short circuited, no electrical power is delivered (because Zref=0), and all the 

power is mechanically consumed by Zmech (=Zprim,sc). 

f,

Vin

Zmech=Zprim,sc

Zref=Xeq(f)
2Zout

Zprim=1/Yprim

XCs2 ZL
Xeq(f)I1

I1

Zout

XCs1

Iin Iinduced

 

Figure 6-22: Simple block diagram of primary (left) and pickup (right) based on the 

structural model. 

From the supply perspective, the performance is based on the electrical power delivered, i.e. 

the power delivered to impedance Zref. There are generally two design methods for supplying 

optimal power: the maximum power transfer approach, and the minimum internal impedance 

approach. Note that all the impedances (Zmech, Zref, and Zprim) vary with frequency, meaning 

that their resistance and reactance are unique at different frequencies.  

Method 1: Maximum Power Transfer Theorem (Zref = Zmech): To achieve the maximum 

power transfer from the power supply, the reflected load impedance Zref should be equal in 

magnitude with Zmech shown in (6.19a) but also with opposite reactance, as expressed in 

(6.19b). This ensures that all the power from the supply is real and maximum power 

delivered to the load. If it is not possible to satisfy the condition shown in (6.19b), then 
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achieving matched magnitude (6.19a) is usually the next best solution. Nevertheless, the 

maximum power transfer condition limits the transfer efficiency to 50%, because the supply 

power is equally distributed between Zmech and Zref.  

  |𝑍𝑟𝑒𝑓| = |𝑍𝑚𝑒𝑐ℎ|  (6.19a) 

  𝐼𝑚{𝑍𝑟𝑒𝑓} = −𝐼𝑚{𝑍𝑚𝑒𝑐ℎ} (6.19b) 

The maximum power transfer condition with 50% power transfer efficiency may not be 

satisfied for all configurations, especially if the internal impedance is too large. This is 

because the upper limit of the pickup load Zout is limited by the static capacitance Cs2 of the 

pickup transducer, and thereby limiting the reflected impedance Zref. Consequently, the power 

transfer efficiency to such loads is always below 50%. Nevertheless, the maximum power 

transfer approach is not very practical especially for high power levels, as the maximum 

efficiency level is limited to 50%.  

Method 2: Minimum Internal Impedance (Zmech→0): Resonance plays a crucial role to 

minimize the internal impedance Zmech of the UPT system. Adjusting the operating frequency 

to the dominant resonant point of the primary transducer reduces (or eliminates) the reactive 

component of Zmech, and ensures the equivalent resistance is at its lowest, and thus achieves 

the minimum impedance of Zmech. Given that the minimum impedance of Zmech is much 

smaller than the load impedance Zref, then the presence of the internal impedance becomes 

negligible. Consequently, all the power from the supply is transferred to the load at very high 

efficiency. The minimum internal impedance approach is used for the design of resonant 

converters for IPT power supplies [70]. 

For tight contact UPT systems, the minimum internal impedance Zmech is typically in the 

order of hundreds of ohms (refer to Appendix A for specific impedance values of the various 

setups). Consequently, the internal impedance cannot be assumed negligible and thus, the 

minimum internal impedance approach cannot be fully applied for UPT systems.  

Instead of analysing the performance concerning internal loss and delivered power like the 

above two methods, it is more effective to analyse the performance and impedance seen from 

the supply. 
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Method 3: Minimum Input Impedance (min[Zprim]): From the perspective of the power 

source, power supplied is the product of voltage and current. Piezoelectric transducers should 

be voltage driven as discussed in Section 3.1.3, so current becomes the dependent variable. 

Current is proportional to the supply voltage Vin, thus the power transfer capability increases 

when the supply voltage Vin increases. The current supplied by the source is also inversely 

proportional to the input impedance Zprim of the mechanical system. Thus, the maximum level 

of current the system can draw from the supply corresponds to the minimum value of Zprim, 

and this sets the limits of the power transfer capability.  

The minimum input impedance Zprim of the system corresponds to the least damped resonant 

point of Zprim, which typically occurs close to the zero phase angle frequency fZPA where the 

reactive component of Zmech and Zref are equal and opposite, satisfying the condition described 

in (6.19b). Equation (6.20) expresses the transfer efficiency calculation as the fraction of 

power transferred to Zref and the total supplied power. At the frequency fZPA where the 

reactive components of Zmech and Zref cancel each other, the transfer efficiency becomes a 

ratio of the real part between Zref and Zmech. When switching frequency is approximately 

f≈fZPA, the transfer efficiency increases as the load impedance ZL increases because Re[Zref] 

becomes greater than Re[Zmech], and thus delivers more power to the load relative to the 

internal component. The downside is that output power levels decrease with increasing load 

impedance, but increasing the supply voltage Vin compensates for this drop without 

influencing the efficiency. 

 𝜂𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 =
𝑷𝒁𝒓𝒆𝒇

𝑷𝒁𝒎𝒆𝒄𝒉+𝑷𝒁𝒓𝒆𝒇+𝑷𝑿𝑪𝒔𝟏
≈

𝑰𝒑𝒊𝒄𝒌
𝟐𝑍𝑟𝑒𝑓

𝑰𝒑𝒊𝒄𝒌
𝟐(𝑍𝑚𝑒𝑐ℎ+𝑍𝑟𝑒𝑓)

 

 
𝑓𝑠𝑤≈𝑓0,𝑍𝑃𝐴
→       𝜂𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 ≈

𝑅𝑒{𝑍𝑟𝑒𝑓}

𝑅𝑒{𝑍𝑚𝑒𝑐ℎ}+𝑅𝑒{𝑍𝑟𝑒𝑓}
  (6.20) 

The following section analyses the optimal operating frequency for a given load, and 

conversely the optimal load for the Al28-28 setup as an example, and shows that Method 3 

corresponds to the best power transfer and efficiency level.  

6.3.1 Optimal Operating Frequency 

The optimal operating frequency fopt is the switching frequency corresponding to maximum 

output power. The expressions of input current I1, output voltage Vout, and output power Pout 
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for a given load is expressed in (6.21) to (6.23), and the corresponding efficiency is also 

expressed in (6.24) according to the variables of the general model in Figure 6-22.  

Inspecting (6.23) and (6.24), Zprim is the most frequency-selective variable in both the output 

power and efficiency expression; all the other variables only vary gradually with frequency. 

Interestingly and conveniently, this means the frequency at which maximum output power is 

realised also corresponds to the maximum efficiency for any particular load. Thus, the 

optimal operating frequency fopt for maximum power and efficiency corresponds to the 

frequency of minimum input impedance Zprim. 

Minimum input impedance for a given load is achieved at the least damped resonant peak 

fmin,in when measured from the primary transducer. This is typically at (or close to) the 

frequency when the reactance of the internal impedance Zmech cancels the reactance of Zref, 

satisfying (6.19b) instead of (6.19a). Therefore, the optimal operating frequencies is 

fopt=fmin,in≈fZPA, as discussed in the 3rd method of the previous section. 

 𝑰𝒊𝒏 =
𝑽𝒊𝒏

𝑍𝑝𝑟𝑖𝑚
  (6.21) 

 𝑽𝒐𝒖𝒕 = 𝑋𝑒𝑞(𝑓)𝑰𝒊𝒏𝑍𝑜𝑢𝑡  (6.22) 

 𝑷𝒁𝑳 =
𝑽𝒐𝒖𝒕

2

𝑅𝑒{𝑍𝐿}
=
(𝑋𝑒𝑞(𝑓)𝑽𝒊𝒏𝑍𝑜𝑢𝑡)

2

(𝑍𝑝𝑟𝑖𝑚)
2
𝑅𝑒{𝑍𝐿}

 (6.23) 

 𝜂 =
(𝑋𝑒𝑞(𝑓)𝑍𝑜𝑢𝑡)

2

𝑍𝑝𝑟𝑖𝑚𝑅𝑒{𝑍𝐿}
  (6.24) 

Figure 6-23 presents the admittance magnitude, power, and efficiency with 100Ω, 500Ω, 

1000Ω, and 2000Ω loads for the Al28-28 configuration at the frequencies of interests. Note 

the admittance is plotted instead of impedance because it is more vivid to identify the 

maximum admittance peaks than the minimum impedance troughs.  

It is evident that the input admittance decreases with increased load impedance, which 

signifies the pickup load is coupled to the primary. For the Al28-28 setup, the frequency 

exhibiting peak output power also corresponds to peak efficiency, as highlighted for the 

100Ω and 1000Ω loads in Figure 6-23.  
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The input mainly sees the reflected impedance when the load is high in impedance, which 

increases the power transfer efficiency but at the cost of lower power. Thus, the trend in 

output power is inversely proportional to efficiency as load impedance increases for tight 

contact systems. 

 

Figure 6-23: Optimal frequency plots for the Al28-28 setup. 

Figure 6-24 presents the output power and efficiency plot for a 1000Ω load resistor and the 

various frequencies corresponding to Methods 1 to 3 in the previous section are highlighted. 

The symbol fMPT corresponds to the maximum power transfer condition (Method 1), fmin,mech 

corresponds to the minimum internal impedance (Method 2), and fZPA corresponds to the zero 

phase angle, and fmin,in corresponds to the minimum input impedance (Method 3).  
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For a particular load, the maximum power transfer (Method 1) condition does not correlate to 

maximum power because only condition (6.19a) can be realized for this particular load. In the 

case where load impedance equals the true maximum power transfer load (ZL=ZMPT), the 

optimal frequency becomes fopt=fZPA=fMPT. The minimum internal impedance (Method 2) is 

only concerned about minimizing Zprim,sc without considering the reflected load impedance 

Zref, so neither maximum power nor efficiency is achieved. The minimum input impedance at 

fmin,in, which is very close to fZPA, realizes both the maximum power and efficiency, validating 

Method 3. As the reactance of Zmech and Zref cancels each other out at fmin,in≈fZPA, the 

efficiency is also at a maximum because Re[Zmech] is very close to its minimum value at fmin,in. 

 

Figure 6-24: The output power and efficiency using methods 1 to 3 for the Al28-28 setup with 

1000Ω load. 

6.3.2 Optimal Load and Output Characteristics 

To find the optimal load, consider again the output power on the load impedance in the form 

of (6.25) for the structural model.  

 𝑷𝒁𝑳 = (𝑋𝑒𝑞(𝑓)
𝑽𝒊𝒏

𝑍𝑚𝑒𝑐ℎ+
𝑋𝑒𝑞(𝑓)

2

(1 𝑍𝐿⁄ )+(1 𝑋𝐶𝑠2⁄ )

1 𝑍𝐿⁄

(1 𝑍𝐿⁄ )+(1 𝑋𝐶𝑠2⁄ )
)

2

𝑍𝐿  (6.25) 
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The optimal load for maximum power ZL,MPT is then found by differentiating PZL with respect 

to the load ZL: 

  
𝑑𝑷𝒁𝑳

𝑑𝑍𝐿
= 0⇒ 𝑍𝐿,𝑀𝑃𝑇 =

1

[
1

𝑋𝐶𝑠2
]+[𝑋𝑒𝑞(𝑓)2 (𝑍𝑚𝑒𝑐ℎ)⁄ ]

  (6.26) 

As a result, the calculated ZL,MPT is the load that corresponds to maximum output power at the 

selected frequency. On closer inspection of the expression of ZL,MPT, the optimal load is 

actually the impedance matching of all the impedance variables seen from the pickup 

transducer. These include the pickup capacitance XCs2, the observed primary internal 

impedance Zmech divided by the transduction factor squared Xeq(f)
2. Figure 6-25 presents the 

pickup circuit model when I1 from the primary side is substituted in.  

XCs2

ZL

Vout

( )eq

prim

X f

Z

inV

2( )

mech

eq

Z

X f

 

Figure 6-25: Equivalent pickup model for the structural model. 

To reduce the complexity of the analysis, only a real resistive load is considered. As such, the 

optimal load resistance is equal to the magnitude of ZL,MPT, such that ZL=|ZL,MPT|. Figure 6-26 

presents the magnitude of the optimal load, and the corresponding output power and 

efficiency when the ZL,MPT is used with the corresponding frequency for the Al28-28 setup.  

 The frequencies corresponding to a peak in output power is a maximum power transfer point, 

while every other point shows the highest achievable power for the associated frequency.  

This means the load ZL,MPT for the frequencies not corresponding to a peak in output power 

does not necessarily correspond to the maximum achievable power for that particular ZL,MPT 

load. Take a 1000Ω load for the Al28-28 setup from the previous section as an example, a 

maximum power of 0.1152W is realized at 26.36kHz, while on Figure 6-26, 1000Ω is the 

optimal load to maximize output power at 26.39kHz.  
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Figure 6-26: Plots of the optimal load for maximum power transfer and the corresponding 

efficiency for the Al28-28 setup.  

The peaks in output power for the Al28-28 setup are typically associated with a very low, or 

an extremely high load impedance. Interestingly, slightly more power is transferred to the 

high load impedance peak than the low impedance peak. On closer inspection, these two 

peaks are associated to the maximum power transfer condition, as the end-to-end efficiency is 

approximately 50%. In both cases, the reflected impedance of the low load impedance peak 

only satisfies the equal magnitude of the maximum power transfer condition (6.19a), and a 

peak is observed because the reflected impedance (|Xeq|
2Zout=128Ω where Zout≈155.5Ω, 

|Xeq|=0.9073 at f=26.3kHz) is equal to the magnitude of the minimum internal impedance 

min[Zmech]=128.6Ω. The reflected impedance of the high load impedance corresponding to 

the output power peak in fact satisfies both the maximum power transfer conditions (6.19a) 

and (6.19b). Consequently, the primary only supplies power to the real components because 
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the reactive power stored in the internal impedance and the reflected impedance is equal and 

opposite. Figure 6-27 presents the experimentally measured output voltage and power plotted 

against the predicted, verifying the predictions. The output peak is likely in between 100Ω 

and 200Ω because the power at 100Ω and 200Ω is equal, suggesting a peak is somewhere 

around 150Ω.  

 

Figure 6-27: Predicted and measured output voltage and power for the Al28-28 setup. 

There also exist frequencies where the optimal loads correspond to efficiency levels beyond 

50%, even up to 80%. This occurs because the reactance of the reflected impedance Zref at 

these frequencies is opposite to the internal impedance Zmech. Consequently, more power is 

delivered because the effective magnitude of Zref exceeds Zmech from the perspective of the 

input power supply.  

It is interesting to note that the peaks in efficiency always lie in between the pair of 

frequencies corresponding to the maximum power transfer condition. For the Al28-28 setup, 

a peak in efficiency 85.16% is found to be at 26.42kHz, which is between 26.3kHz (the small 

load power peak) and 26.52kHz (the large load power peak). The load impedance at 

26.42kHz is ZL,MPT=1747Ω, which is approximately the reactance of the static capacitance 

XCs2. This means that maximum efficiency is achieved when the load is approximately equal 

to the reactance of XCs2. For the Al28-28 setup, the load corresponding to maximum output 

power is 155Ω, and the load corresponding to maximum efficiency is around 1747Ω. Thus, 

the end-to-end system efficiency increases at the cost of decreased output power as the load 

resistance increases from 155Ω to 1747Ω between the frequencies 26.3kHz and 26.42kHz. 
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6.3.3 Effect of Electrical Compensation 

Observing the model for the pickup transducer from a power electronics background, it is 

natural to consider compensating the capacitance with a tuning inductance in hopes to 

improve the performance by eliminating the reactive part of the pickup load. Compensating 

the capacitance Cs with an inductance Ls as illustrated in Figure 6-28 is a plausible technique 

to ensure all the charge is delivered to the load. The inductance has to be tuned with the 

capacitance using (6.27), where f is the operating frequency. However, the capacitance is 

approximately in the low nF range, so inductances of mH is required for tuning tens of kHz 

operating frequencies, so the inductance may be bulky in practice.   

 𝐿𝑠 =
1

(2𝜋𝑓)2𝐶𝑠
 (6.27) 

QT,

Xeq(f)I1 Cs

f,

I1 Ls RL

Iinduced

 

Figure 6-28: Compensating the pickup static capacitance with an inductor Ls. 

One must be aware of the limited charge nature of the current source when analysing a tuned 

pickup circuit. The real load only consumes the available charge induced, so the current 

source does not offer constant current regardless of load, unlike the compensation in IPT 

pickups. Additionally, the induced charge is dependent on I1, which is determined using (6.28) 

based on the general UPT model presented in Figure 6-22. I1 is dependent on the input 

impedance Zprim, which increases with the load impedance because electrical resistance 

damps the mechanical vibration. Thus, the load reflected on the primary limits the induced 

charge. In fact, I1 approaches zero if the compensated load ZL is very high because now 

Zout=RL, which means the induced charge is very low for high impedance loads. For that 

reason, it is safe to have an open circuit compensated load because I1 becomes zero; this is 

commonly known as piezoelectric shunt damping [67]. 

 𝑰𝟏 =
𝑽𝒊𝒏

𝑍𝑝𝑟𝑖𝑚
=

𝑽𝒊𝒏

𝑍𝑝𝑟𝑖𝑚,𝑠𝑐+𝑋𝑒𝑞(𝑓)
2𝑍𝑜𝑢𝑡

 (6.28) 
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Figure 6-29a illustrates the distribution of charge/current for increasing resistive loads with 

and without the compensation inductance, and Figure 6-29b plots the VI output characteristic 

curve. The plots are based on the output characteristics of the Al28-28 setup, but the trend of 

the response can be applied to any tight contact UPT system. Note the output characteristics 

plotted in Figure 6-29a and Figure 6-29b correspond to the maximum output power 

associated to the load; the frequency fopt was found using the minimum input impedance 

Method 3. 

 

Figure 6-29: Al28-28 uncompensated (red) and compensated (blue) plots for (a) output 

current distribution for increasing load impedance, (b) output voltage vs output current, and 

(c) output power vs output current.  

Referring to the uncompensated curve of Figure 6-29a, the induced charge is distributed 

between the load RL and the capacitance Cs. The critical load Rcrit is the load at which the 

charge/current distribution to the capacitance is equal to the load, such that RL=|XCs|; this is 

approximately 1500Ω for the Al28-28 setup. The induced charge Iinduced decreases as the load 
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increases from zero to Rcrit, because the increasing load damps the mechanical system. As the 

load increases beyond Rcrit, the damping effect begins to fade and the capacitance begins to 

dominate the load, so Iinduced increases again. For uncompensated loads below Rcrit, the load 

controls the output characteristic as ILoad≈Iinduced, such that increasing loads decrease the 

output current. For uncompensated loads above Rcrit, the capacitance dominates the response 

because IXCs2≈Iinduced. Consequently, the output characteristic for uncompensated loads above 

Rcrit follows a voltage variant nature, because the damping effect of the load becomes 

negligible, which increases the induced current, and thus increases the capacitor (output) 

voltage up to the open circuit voltage.  

In contrast, the compensated output characteristic fully follows the resistive load such that 

ILoad=Iinduced. Consequently, both the output current and voltage decreases as load impedance 

increases because the increasing load damps the mechanical system, which also decreases the 

induced charge. Figure 6-29a reveals that the compensated induced charge/current 

approximately follows the IL curve of the uncompensated. Thus, compensation simply 

removes the reactive component and does not improve the total induced charge, nor does it 

increase output power capability.  

Referring to the uncompensated VI curve of Figure 6-29b, loads below Rcrit vary the output 

current as illustrated by the approximate horizontal line response, and high impedance loads 

above Rcrit vary the output voltage as represented by the approximate vertical red line. 

Inspection of the compensated curves reveals that compensation does not enhance power 

transfer, but limits the output voltage and power for high impedance loads. This is because a 

high impedance load significantly damps the mechanical system when the capacitance is 

compensated by an inductance. Figure 6-29c plots the output power with respect to output 

current for the uncompensated and compensated case, and it clearly shows that the 

compensated curve removes a potential power peak at high impedance loading. Therefore, 

pickup load compensation has no added benefit for tight contact systems. 

 Performance Analysis of Loosely Coupled System 

Due to the local-structural resonant nature of loose contact systems, the performance analysis 

based on the contact model is not as methodical as tight contact systems. The primary and 
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pickup structures of the loose contact systems are not structurally unified, so different models 

describe the two structures as shown in Figure 5-6.  

To simplify the analysis, assume the mechanical changes introduced by the pickup load is not 

very significant to the primary, thus the primary impedance is assumed fixed as Zprim,sc. Then 

the input current I1 is fixed and approximated by (6.29). Thus, the improved contact model 

can be presented in the form of Figure 6-30, where Finduced is approximated using the 

measured short circuit current Isc(m) as shown in (6.30). The force experienced by the pickup 

structure is represented by Finduced, and because the primary current is assumed constant, then 

Finduced will also be constant. Because the analysis uses an experimentally measured 

parameter Isc(m), the resolution of the analysis will be restricted to 0.1kHz resolution as 

opposed to 0.02kHz of the measured impedance.  

 𝑰𝟏 =
𝑽𝒊𝒏

𝑍𝑝𝑟𝑖𝑚,𝑠𝑐
 (6.29) 

 𝑭𝒊𝒏𝒅𝒖𝒄𝒆𝒅 = 𝑰𝒔𝒄(𝒎)𝑍𝑝𝑖𝑐𝑘,𝑠𝑐 (6.30) 

Zpick,scIinduced Vout

XCs2

Finduced
ZL

f,

I1

Zpick=1/Ypick
 

Figure 6-30: Equivalent improved contact model for the pickup transducer. 

6.4.1 Optimal Operating Frequency  

The optimal conditions are empirically found for loose contact systems because there is no 

particular method or relationship that corresponds to maximum power or efficiency. The 

optimal frequency is selected based on the tradeoff between Finduced and the 

impedance/admittance network Ypick. The output power is determined using (6.33) and 

efficiency (6.34), and it can be seen that Pout is maximum when the combination of both 

Finduced and Ypick is maximum. The 3C123 setup is chosen as the example system. Figure 6-31 
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plots Finduced along with Iin,sc, Ypick for loads ZL=100Ω, 500Ω, 1000Ω, and 2000Ω, and the 

corresponding output power and efficiency.  

 𝑰𝒊𝒏𝒅𝒖𝒄𝒆𝒅 =
𝑭𝒊𝒏𝒅𝒖𝒄𝒆𝒅

𝑍𝑝𝑖𝑐𝑘
= 𝑭𝒊𝒏𝒅𝒖𝒄𝒆𝒅𝑌𝑝𝑖𝑐𝑘  (6.31) 

 𝑽𝒐𝒖𝒕 = 𝑰𝒊𝒏𝒅𝒖𝒄𝒆𝒅 (
1

𝑋𝐶𝑠2
+

1

𝑍𝐿
)
−1

  (6.32) 

 𝑷𝒐𝒖𝒕 =
𝑽𝒐𝒖𝒕

𝟐

𝑅𝑒{𝑍𝐿}
 (6.33) 

 𝜂 =
𝑷𝒐𝒖𝒕

𝑽𝒊𝒏𝑰𝒊𝒏,𝒔𝒄(𝒎)
 (6.34) 

 

Figure 6-31: Optimal frequency plots for the 3C123 setup. 
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As the load impedance increases, the admittance Ypick decreases and flattens due to increased 

damping. Consequently, the shape and peaks of Finduced dominate the output power response. 

When the load resistance is smaller, the admittance response becomes sharper, so the peak 

power becomes dependent on both Ypick and Finduced. 

The efficiency for all the loads have a maximum peak at 27.4kHz. Not only does this 

frequency correspond to the maximum output power (for most loads), but the input current at 

this frequency also happens to be at a local minimum. However, note that this analysis 

assumes the input current is fixed as Iin,sc.  

In summary, there is no specific relationship corresponding to maximum power or efficiency, 

as everything is empirically determined. This increases the complexity and design of a closed 

loop controller because there is no reference or measure that can approximate the optimal 

operating condition. The frequency corresponding to maximum Finduced is the best initial 

condition to begin with.  

6.4.2 Optimal Load and Output Characteristics 

Figure 6-32 presents the Norton transformation of the simplified pickup model. The load 

corresponding to maximum output power is then found using the maximum power theorem in 

(6.35). Figure 6-33 presents the spectrum of ZL,MPT and the corresponding output power. The 

output peak is at 27.4kHz, and the optimal load is calculated to be 963.5Ω. To validate this, 

the experimentally measured output voltage and power is plotted against the predicted results 

in Figure 6-34. The measured and predicted output voltage is in good agreement. The small 

deviation in the output voltage caused the output power prediction to be slightly off relative 

to the measured. Consequently, the optimal load was experimentally found to be around 

800Ω as opposed to the 963Ω of the analysis. This difference is likely due to the assumption 

of fixed primary current/vibration throughout the analysis. Nevertheless, the experiments 

verified the predicted trend, voltage levels, and power levels.  

 𝑍𝐿,𝑀𝑃𝑇 = (
1

𝑍𝑝𝑖𝑐𝑘,𝑠𝑐
+

1

𝑋𝐶𝑠2
)
−1

 (6.35) 
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Zpick,sc

Iinduced Vout

XCs2 ZL
,pick scZ

inducedF

 

Figure 6-32: Norton transformation of the simplified improved contact model. 

 

Figure 6-33: Plots of the optimal load for maximum power transfer for the 3C123 setup. 

 

Figure 6-34: Predicted and measured output voltage and power for the 3C123 setup. 
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6.4.3 Effect of Electrical Compensation 

To investigate the effect of compensation for loose contact systems, the assumption of fixed 

primary parameters is sustained. As such, the Finduced becomes a fixed quantity, and the 

circuit simplifies down to a voltage divider between ZL and Zpick,sc. Figure 6-35 shows the 

equivalent circuit model for the compensation. Again, the compensation inductance Ls would 

be very big around the mH scale because the capacitance Cs is very small around the nF 

region.  

Zpick,scIinduced

Cs

Finduced

ZL

f,

I1 Ls

 

Figure 6-35: Compensating the pickup static capacitance with an inductor Ls.  

Because the induced quantity is assumed constant, removal of the reactance Cs should 

improve the output characteristics. Figure 6-36 plots the output characteristics for the 

compensated and uncompensated response. It is shown that compensation does improve the 

output response slightly, but the tradeoff between practicality (size and cost) and increased 

output power is not very attractive.  
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Figure 6-36: 3C123 uncompensated (red) and compensated (blue) plots for (a) output 

voltage vs load impedance, (b) output current vs load impedance, and (c) output power vs 

output current. 

 Summary 

In summary, the proposed structural and contact UPT models resemble the tightly and loosely 

coupled magnetic transformer, also known as IPT. The UPT coupling is determined by the 

contact and alignment coefficients, which is similar to the coupling between two coils in IPT, 

and the material compatibility coefficient is equivalent to the core losses of a magnetic 

transformer. The performance of a UPT system is approximated by all the mechanical 

coefficients (contact, compatibility, and alignment). The increasing contact level shows the 

progressive improving nature of the system performance, while misalignment and material 

compatibility ultimately sets the performance limit of the system.  

The system performance includes the performance of both electrical and mechanical elements. 

Soft-switched resonant converters are considered, employing zero voltage/current switching 

techniques that are very efficient. From an electrical perspective, the primary converter 

should zero voltage/current switch efficiently at fopt to ensure optimal power transfer. A state-

space representation using differential equations of the entire system, including both 

electrical and mechanical system, was carried out, and found that it was possible to soft-

switch at fopt with a stable converter. Changing the capacitance value of the electrical resonant 

tank adjusts the soft-switching frequency to match fopt, so an open loop response was 

established, laying the foundation for a closed-loop controller to be implemented. The 
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electrical converter can be made very efficient, so this ultimately means the mechanical 

counterpart limits the system performance of UPT systems. 

It was found that the frequency correlating to maximum power also corresponds to the 

maximum efficiency for an arbitrary load for tightly coupled systems; this was determined as 

the optimal operating frequency fopt. For tightly coupled systems, it was found that fopt is 

equal to the frequency corresponding to the minimum input impedance or maximum 

admittance of the mechanical system. It was also found that electrically removing the pickup 

capacitance via a compensating inductance did not improve the performance of tightly 

coupled systems. 

The performance analysis of loosely coupled systems is not as extensive as tightly coupled 

because there are less parameters and variables correlated to the output performance. As such, 

the optimal operating frequency is found empirically for loosely coupled setups, not 

analytically. Thus, optimizing loosely coupled systems is heavily dependent on a robust 

feedback control method to determine fopt, which was not presented in this thesis. For loosely 

coupled systems, electrical compensation of the pickup capacitance with an inductance 

improves the output performance marginally, but it is not practical due to the increased cost 

and size.  
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Chapter 7  

 

Conclusions and Suggestions for 

Future Work 

 

This thesis has presented a comprehensive study on the Ultrasonic Power Transfer (UPT) 

technology, with specific attention to the following three aspects: 

 The characterisation of mechanical and electrical features for UPT systems. 

 The development of system models to predict the output characteristics. 

 The analysis of the power transfer capability and optimal driving conditions. 

 

 General Conclusions 

The first chapter of this thesis presents an introduction to the UPT technology as a new 

Wireless Power Transfer (WPT) technology, emphasising that UPT is the only WPT 

technology that is not limited by metal barriers because it does not use electromagnetic 

fields/waves. A historical overview summarizing the development of UPT reveals that a few 

research groups have developed successful prototypes delivering power, and even 

implemented communication schemes via an acoustic channel. However, there was a lack of 

fundamental understanding on the transfer mechanism of UPT systems, and due to the lack of 



Chapter 7 Conclusions and Suggestions for Future Work 

 

 

 

 

- 160 - 

 

fundamental theory, there is a shortage of models capable of analysing the power transfer 

capability.  

Chapter 2 provides an overview of the general UPT system architecture based on the 

fundamental concepts from literature before this thesis. There was a strong ideology that the 

acoustic impedance of the mechanical components (transducers and medium layers) 

influenced the power transfer capability, but these principles stem from the perception of 

ultrasound as a wave. Wave concepts such as boundary reflection, refraction, diffraction, etc. 

are valid on the condition that the generated ultrasound is propagating in the far-field region. 

Wave theory is feasible for UPT systems implemented in air or biomedical applications 

because the wavelength of ultrasound is very small in these systems, so the far-field boundary 

condition is met. However, wave models do not accurately model UPT systems with metal 

barrier media, because the transmission distance is not large enough to constitute a 

wavelength. Lumped modelling methods are the alternative to wave models, but existing 

lumped models are not catered for representing UPT systems. No existing lumped models 

show the mechanisms linking the primary and pickup piezoelectric transducers, so existing 

methods attempt to link the lumped model of piezoelectric to the wave model as the 

generated ultrasound propagates along the medium. Again, this is reasonable for air or 

biomedical applications, but is not suitable for UPT system with metal barriers.  

UPT systems with metal barriers were characterized in Chapter 3, with a specific focus on 

piezoelectric transducers, mechanical coupling, and mechanical resonance. The concept of 

mechanical coupling provided an indication of the structural interaction between the primary 

and pickup transducer. Mechanical factors influencing the coupling quality between the 

transducers and medium were identified, these include the interacting contact level, material 

compatibility, and transducer misalignment. The approximate level of coupling is 

approximated based on the analysis of resonant peaks from the measured admittance spectra. 

The contact level was the most influential factor dictating the resonant response of the system. 

So a contact coefficient is proposed and systems were classified as tight coupling, loose 

coupling, or no-coupling with respect to the contact level region. Close-contact systems are 

therefore defined as loosely coupled and tightly coupled systems, and not-coupled systems 

are approximated by wave concepts because the coupling level of such systems is negligible.  
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The proposed structural model in Chapter 4 accurately describes tightly coupled UPT systems. 

A material compatibility coefficient and an alignment coefficient were proposed to 

approximate their corresponding effect on the transfer characteristics. The material capability 

was estimated based on the molecular bonding type of the material relative to the transducer. 

It is much easier for particles to vibrate through a metal medium due to free electron 

movement of the metallic bond. In contrast, intramolecular bonds hold PVC plastic together, 

and the transducer cannot readily excite the entire molecular structure, thereby making PVC 

much less compatible with respect to metals. The alignment coefficient approaches one as the 

lateral distance between the transducers reduces. As expected, the more misaligned the 

transducers, the worse the transfer level as indicated by the low output short circuit current 

and open circuit voltage.  

The contact model proposed in Chapter 5 describes loosely coupled systems. The core 

difference of the contact model compared to the structural model resides in the attachment 

method of the mechanical components, which differentiate loosely coupled systems from 

tightly coupled. The tight coupling is achieved by structurally mounting the transducer onto 

the medium, typically using a screw mount or an appropriate epoxy adhesive. On the contrary, 

loose coupling is typically formed by an applied static force using bolt clamps or magnets. 

The attachment methods are inherently different, so the derivation of the contact model 

differs from the structural. For loosely coupled systems, the primary sees the pickup structure 

as a mechanical load as opposed to being linked directly to the primary transducer. For this 

reason, the same contact model approximates both aligned and misaligned setups because the 

pickup appears as a mechanical load to the primary in both cases. The contact strength 

between the two structures therefore constitutes the contact coefficient, which was estimated 

using a paint approach; although it is nearly impossible to replicate the same results, it 

provides an indicator of the contact level.  

The proposed structural and contact models resemble the tightly and loosely coupled 

magnetic transformer, which is also commonly referred to as IPT. The UPT coupling is 

determined by the contact and alignment coefficients, which is similar to the coupling 

between two coils in IPT, and the material compatibility coefficient is comparable to the core 

losses of a magnetic transformer; the performance of a UPT system is approximated by all 

the mechanical coefficients (contact, compatibility, and alignment). The two models can be 
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simplified to an equivalent mechanical impedance and a reflected electrical load impedance. 

The power consumed by the mechanical impedance is the vibrating power of the structure 

itself, and the power delivered to the electrical impedance is the effective power transferred 

to the pickup transducer. Both the structural and contact model predicted the output limits of 

output short circuit current and open circuit voltage with reasonable accuracy. For tightly 

coupled systems, the optimal operating frequency pertaining to maximum power transfer and 

efficiency for an arbitrary load corresponds to the frequency of minimum input impedance. 

For loosely coupled systems however, the optimal operating frequency is found empirically, 

not analytically.  

The body of this thesis has developed models describing the mechanical system of the UPT 

system; however, the system performance incorporates both the electrical and mechanical 

systems. The proposed models guide the development of appropriate electronics like the 

power converter driving source by characterizing the mechanical system as equivalent 

electrical circuit models. As such, very efficient soft-switched resonant converters were 

investigated to boost the overall system performance, such that the system performance was 

limited by the mechanical setup as opposed to the electronics. Chapter 6 also built the 

foundation of an open loop response for a push-pull resonant converter, finding the parameter 

values to ensure frequency stability, and to tune the resonant tank so that the converter soft-

switches at the optimal operating frequency of the mechanical system.  

 Contributions 

The research results from this thesis have led to following key contributions: 

 The proposal of the term “transducer coupling” for UPT, which indicates the 

mechanical integration level of transducers. 

 The clarification of the term “mechanical resonance” for UPT, and classifying systems 

as structural, local, or local-structural resonant to specify the effectiveness of power 

flow along the mechanical structure due to primary excitation. 

 The identification of the mechanical features (contact interface, medium material 

compatibility, and transducer alignment), linking their contribution to the effect of 

transducer coupling and resonance.  
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 The classification of the contact interface into tight, loose, and no-contact, which 

corresponds to structural, local-structural, and local resonance, respectively. This 

established the basis for deriving the following proposed models; systems classified as 

no-contact with transducers locally resonating are identified as a wave system. 

 The proposal of the structural model to describe and predict output characteristics of 

tightly coupled UPT systems. The structural model also incorporates the contribution of 

medium compatibility, and is capable of describing misaligned transducers with a small 

modification to the model. Practical systems were constructed to experimentally verify 

the structural model.  

 The proposal of the contact model to describe and predict output characteristics of 

loosely coupled UPT systems. Practical systems with one loose contact interface but 

with varying levels of contact strength were constructed. The model predictions were in 

agreement with the experimental results, verifying the proposed model. 

 Presented an empirical method using spray paint to approximate the contact level. 

 Drew the equivalence of the proposed UPT models to the magnetic coupled 

transformer/IPT. The magnetic flux coupling coefficient is similar to the transducer 

coupling that is characterized by its contact and alignment levels, while transformer 

core losses is alike the material compatibility with the transducers. 

 Identified the optimal operating frequency for tightly coupled systems corresponding to 

maximum power and efficiency for an arbitrary load is the frequency corresponding to 

minimum input impedance or maximum admittance.  

 Revealed that no particular parameters were found correlating to the maximum power 

or efficiency for loosely coupled systems, so robust feedback control methods need to 

be implemented.  

 Found that the compensation of the pickup capacitance adds no significant benefit to 

the output power performance of close-contact UPT systems. 

 Established the open loop response of a current fed push-pull resonant converter, so 

that soft-switching is achieved at the optimal operating frequency. 

Part of the research results has been published in two journal articles and two conference 

papers. Additionally, another two journal articles are being drafted.  
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 Suggestions for Future Work 

The work conducted in this thesis focused on the modelling and analysis of UPT systems, and 

proposed concepts such as coupling and mechanical resonance that invaluably describe UPT 

systems. The following suggestions for future work are thereby attributed to the practical 

design of UPT systems.  

Improved Mechanical Attachment Design: From this study, it is obvious that the UPT 

system performs best under tight transducer coupling, which is achieved by establishing tight 

contact between aligned piezoelectric transducers and a compatible medium. The inclusion of 

a compatible medium is not a design feature, but is set by the targeted application, which 

limits the potential applications UPT is effective in. Transducer alignment is also generally 

achievable, so it is not a big issue unless the application demands the need of misalignment. 
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However, the tight contact condition is the most challenging design feature to implement. In 

practice, it is very challenging to establish a tight contact connection without structurally 

modifying the medium. This is because the transducer should be ideally fused to the medium, 

such that the excitation of the piezoelectric causes the entire structure to resonate. Thus, some 

structural modifications are required to achieve a tight contact. At minimum, an engraving is 

necessary to fuse the transducer to the medium with existing discoveries, so a full penetration 

is not required. Using adhesives with similar material properties to metals is an alternative 

effective solution. 

The ideal solution is to implement a plug and play contraption that structurally connects the 

transducer to any flat surface medium without compromising the integrity of the medium 

itself. This requires further research, and requires extensive transducer design along with the 

searching of appropriate materials that assists the bonding of piezoelectric to metal media 

without physically penetrating the medium. A contraption using suction may be investigated 

to establish a strong rigid connection between the medium and transducers. 

Following on from the tight contact condition, the next challenge is to localize the vibration 

pattern within the medium. In tight contact systems, the transducer resonance is determined 

by the entire transducer-medium-transducer system, and it is not desirable for the entire 

structure of the medium to resonate, as this may cause hazards and safety concerns. Thus, it is 

necessary to isolate the transfer channel from the rest of the medium structure. Imposing 

mechanical boundaries using physical rings as proposed in [17, 18] may rectify this problem, 

but these rings also require a tight contact onto the medium and requires further verification 

based on experiments.  

From another perspective, loose contact UPT systems may become a viable solution if 

effective methods are found to increase the contact strength between the primary and pickup 

structures. In addition, the transfer performance may be improved by populating the weak 

contact areas with ultrasonic couplants. However, it is very important that the couplant does 

not form a complete layer between the primary and pickup surfaces, because a complete layer 

of couplant will damp the system response and further reduce the coupling level, thus 

decreasing the power transfer capability.  
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Further Study on the Effect of Primary Power Converter and Closed-Loop Control: 

Section 6.2 presented the stability criteria for the push-pull resonant converter, but 

experimental results are required to verify the findings. Additionally, the open-loop design 

presented in Section 6.2 should be continued to formulate a complete system with closed-

loop control such that the converter can always soft-switch at the optimal operating frequency 

by tuning the capacitance in the electrical reactive tank. Figure 7-1 presents the control loop 

of the system, where the black lines represent the already proposed open-loop system, and the 

grey lines the closed-loop components. Only a descriptive outline of the control is presented 

here, as the detailed implementation is subject to the converter and controller used.  

The converter requires the input knowledge of the mechanical system represented by Zin, and 

the required value of the tuning capacitor C1. Note that the mechanical system should not 

change significantly throughout the operation, so Zin can be obtained via a frequency sweep 

on startup, or at any time when continuous power is not required. To determine the required 

value of C1, the controller requires the knowledge of the ideal operating frequency fopt. The 

ideal operating frequency corresponds to the minimum impedance of the mechanical system, 

so the approximated Zin is also required in the feedback loop. The current switching 

frequency fZVS and the output quantities Vout and/or Iout are also required in the feedback loop 

to fine-tune the actual optimal operating frequency. In the case where the model is very 

accurate (such as the structural model), the output voltage and current is not necessary in the 

feedback loop because the input impedance Zin already encompasses all the necessary 

information for the optimal frequency fopt. Then the controller tunes the capacitor C1 into the 

necessary value such that fZVS=fopt.  

Power Converter
L1, R1, Zin

Determine 
Optimal 

Frequency

Mechanical 
System

Zin

Controller

C1,initial

C1 
Vtrans

fZVS

fopt

Zin 

Vout

Iout

Zin 

 

Figure 7-1: System open-loop response (black), with closed loop feedback signals (grey). 
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Increased Output Voltage of Resonant Primary Converter: Section 6.2 presents the 

analysis of a push-pull converter to drive the mechanical system. The push-pull converter was 

selected out of convenience due to its soft-switching capability using a simple resistive 

feedback, causing the converter to function in an autonomous nature. The push-pull also 

produces a resonant voltage with amplitude that is π times larger than the DC input. However, 

piezoelectric transducers require a high excitation voltage because the minimum impedance 

of a UPT system (not the standalone transducer) is generally above 100Ω. Consider a loaded 

system with a reflected impedance of 500Ω and the power source is supplied from a 12V 

battery (which is typical of most practical applications), the excitation voltage becomes 

26.7Vrms using a push-pull resonant converter. This means the power transfer is less than 

1.42W. A boost converter can be used to step up the DC input voltage, but this is an extra 

stage contributing to the size and loss of the entire system. Thus, there is a need to design 

efficient soft-switched converters with high output voltages to drive UPT piezoelectric 

transducers. A soft-switched converter imploring boost-like capabilities should be 

investigated by manipulating the charge and discharge time of the DC inductance of the push-

pull. 

UPT Pickup Converter Development: As mentioned in Section 3.1.3, the induced current is 

distributed between the electrical load and the static capacitance, but compensating the 

pickup static capacitance using a parallel inductance was found to be redundant in Chapter 6. 

For this reason, the pickup converter should be designed in a way to extract all the induced 

charge on the pickup piezoelectric transducer. This may be achieved by using a low 

impedance load so that all the induced current is distributed to the load as opposed to being 

stored in the static capacitance. Alternatively, a pickup circuit with low input impedance 

should be implemented to draw all the induced charge, and possibly store the induced energy 

into a capacitor/battery. Such methods ensure a greater level of current is induced because the 

system is less damped. An alternate suggestion is to use all the induced current to energise a 

resonant tank based on energy injection control.  
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Appendices 

 

 

Appendix A: Admittance Measurements 

The admittance measurements made using an Agilent Precision LCR meter (E4980A) with 

measurement voltage of 1Vrms at intervals of 20Hz for systems with 28kHz transducers only, 

and at 50Hz for systems with a 40kHz transducer. The admittance plots of all the constructed 

setups are presented here in the following order: 

1) Al28-28 

2) Al28-40 

3) Fe28-28 

4) Fe28-40 

5) PVC28-28 

6) PVC28-40 

7) Al28-28edge 

8) Al28-28corner 

9) 1C1 

10) 2C12 

11) 3C123 

12) 4C1234 

13) 1C1M 

14) 2C14M 

 

The primary admittance is measured when the pickup terminals are shorted (Yprim,sc) and open 

circuited (Yprim,oc). Similarly, the pickup admittance is measured when the primary is shorted 

(Ypick,sc) and open circuited (Ypick,oc). For a thorough comparison, the measurements are 

plotted against each other in the following manner: 

 Compare primary admittance when loaded: Yprim,sc and Yprim,oc 

 Compare pickup admittance when loaded: Ypick,sc and Ypick,oc 

 Compare short circuit loading: Yprim,sc and Ypick,sc 
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 Compare open circuit loading: Yprim,oc and Ypick,oc 

The salient features of each configuration are labeled, indicating the frequency, impedance 

value, and the Q of dominant peaks. The approximate Q value is found using (A.1) as 

illustrated in Figure A-1. The bandwidth is approximated as the 0.707 margin of the peak 

admittance value because admittance is directly proportional to current, and current is 70.7% 

of the peak current at the half power points. 

 

Ypeak

0.707×Ypeak

BW

Y

f
fpeak

peakf
Q

BW
 (A.1)

 

Figure A-1: Illustration of finding Q of a peak. 
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1) Al28-28 
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2) Al28-40 
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3) Fe28-28 
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4) Fe28-40 
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5) PVC28-28 
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6) PVC28-40 
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7) Al28-28edge 
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8) Al28-28corner 
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9) 1C1 
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10) 2C12 
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11) 3C123 
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12) 4C1234 
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13) 1C1M 
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14) 2C14M 
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Appendix B: Spray Paint Digital Process for the 3C123 

Configuration 

Original scanned image 
 Primary Pickup 

  

Increased brightness and contrast 
 Primary Pickup 

  

Greyscale 
 Primary Pickup 
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Mask: black=1, white=0 
 Primary (ka=0.7360) Pickup (ka=0.5876) 

  

[Mask] × [Contribution Factor Matrix] 
 Primary (kf,prim=0.6823) Pickup (kf,pick=0.6179) 

  

Contribution Factor 

 

 

 

 3C123 𝑘𝑎 = 0.5876  𝑘𝑓 = 0.6501  𝑘𝐶 =0.3820 
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Appendix C: MATLAB Script for approximating 

Mechanical Impedance 

% Choose the Admittance input to approximate 

Yin = 1./Zoc; 

f = f1; 

w = 2*pi*f; 

%================================================================================ 

% find the maximum peaks in the spectrum 

%================================================================================ 

% initialise variables 

fpeak_max = 0; 

fpeak_min = 0; 

count = 1; 

 

% Check which peak to find first 

if abs(Yin(2)) > abs(Yin(1)) 

    peak = 1;   % find max first 

else 

    peak = 0;   % find min first 

end 

 

% Increment count across spectrum until all peaks are found 

while count < length(f) 

 while peak == 1 

        count = count+1; 

        if count > length(f) 

            break; 

        end 

        if abs(Yin(count)) < abs(Yin(count-1)) 

            fpeak_max = [fpeak_max, (count-1)]; 

            peak = 0; 

        end 

    end 

 

    while peak == 0 

        count = count+1; 

        if count > length(f) 

            break; 

        end 

        if abs(Yin(count)) > abs(Yin(count-1)) 

            fpeak_min = [fpeak_min, (count-1)]; 

            peak = 1; 

        end 

    end 

end 
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% Remove the intial zero value 

fpeak_max = fpeak_max(2:end); 

fpeak_min = fpeak_min(2:end); 

 

% locate the frequency index corresponding to max peaks 

[~, max_index] = max(Yin); 

 

% filter out very small peaks adjacent to each other 

for count=2:length(fpeak_max) 

    if fpeak_max(count)-fpeak_min(count-1)<3 

        out(count) = 1; 

    end 

end 

% fpeak_max(find(out==1)) =[];    % MATLAB R2015b 

fpeak_max(out) = [];          % MATLAB R2016b 

 

% filter out small peaks less than 12% of max peak 

out = (abs(Yin(fpeak_max)) < 0.12*abs(Yin(max_index))); 

fpeak_max(out) = []; 

%================================================================================ 

% Approximate each peak as series LCR 

%================================================================================ 

for count = 1:length(fpeak_max) 

    % Estimate LC based on linear interpolation of reactance 

    X1 = j*imag(1./Yin(fpeak_max(count)-1)); 

    X2 = j*imag(1./Yin(fpeak_max(count)+1)); 

    w1 = w(fpeak_max(count)-1); 

    w2 = w(fpeak_max(count)+1); 

 

    % ***Working*** 

    % X2 = jw2.L + 1/(jw2.C)    (1) 

    % X1 = jw1.L + 1/(jw1.C)    (2) 

    % jw1.X1 + w1^2.L = 1/C 

    % C = 1./(jw1.X1 + w1^2.L)  (3) 

    % sub C (3) into (1) 

    % X2 = jw2.L + (jw1.X1 + w1^2.L)/(jw2) 

    % X2 = jw2.L + w1.X1/w2 - jw1^2.L/w2 

    % X2 - w1.X1/w2 = L (jw2 - jw1^2/w2) 

    % ************* 

    Ls(count) = (X2 - w1*X1/w2) / (j*w2 - j*w1^2/w2); 

    Cs(count) = 1/(j*w1*X1 + w1^2*Ls(count)); 

 

    % Estimate R based on peak admittance 

    Rs(count)  = real(1./Yin(fpeak_max(count))); 

 

    Yseries(:, count) = j*w*Ls(count) + 1./(j*w*Cs(count)) + Rs(count); 

end 

 

% Approximated Impedance = parallel of all series LCR branches 

Zin_approx = 1./sum(1./Yseries, 2); 
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%================================================================================ 

% Plot Approximated and Measured Magnitude and Phase Response 

%================================================================================ 

figure(4) 

subplot(2,1,1) 

plot(f/1000, abs(1./Zin_approx),'rf/1000, abs(Yin), '--k')  

ylabel('Admittance (S)') 

xlabel('Frequency (kHz)') 

legend('Approximated','Measured') 

ax = get(gca); 

ax.YAxis.Exponent = -3; 

subplot(2,1,2) 

plot(f/1000, phase(1./Zin_approx),'r', f/1000, phase(Yin), '--k') 

ylabel('Phase') 

xlabel('Frequency (kHz)') 

legend('Approximated','Measured') 
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Appendix D: MATLAB Script for Zero-Crossing 

Frequency 

The push pull converter is shown in Figure D-1, and the state-space equations are presented 

below along with the initial conditions x0. Note C1 and x0,1 corresponds to the positive 

switching cycle, while C2 and x0,2 the negative cycle. A random initial current of Iin=0.5 is 

selected. 

Ls1

Cs1

Rs1

Ls2

Cs2

Rs2

Lsn

Csn

Rsn

...

...

...

iLs1 iLs2
iLsn

Vtrans=VC1

R1

L1

C1+Cs

iL1

Vin

vCs1 vCs2 vCsn

LDCLDC

Transducer Equivalent Circuit

Iin

 

Figure D-1: Push-pull converter with equivalent transducer circuit model. 

𝒙 =

[
 
 
 
 
 
 
 
 
 
𝑰𝒊𝒏
𝑽𝑪𝟏
𝑰𝑳𝟏
𝒊𝑳𝒔𝟏
𝒗𝑪𝒔𝟏
𝒊𝑳𝒔𝟐
𝒗𝑪𝒔𝟐
:
𝒊𝑳𝒔𝒏
𝒗𝑪𝒔𝒏]

 
 
 
 
 
 
 
 
 

, 𝑥0,1 =

[
 
 
 
 
 
 
 
 
 
0.5
0
0
0
0
0
0
:
0
0 ]
 
 
 
 
 
 
 
 
 

, 𝑥0,2 =

[
 
 
 
 
 
 
 
 
 
−0.5
0
0
0
0
0
0
:
0
0 ]
 
 
 
 
 
 
 
 
 

 

𝐴
𝑑

𝑑𝑡
(𝒙𝑷) =

[
 
 
 
 
 
 
 
 
 
𝐿𝑑𝑐 0 0 0 0 0 0 ⋯ 0 0
0 𝐶1 + 𝐶𝑠 0 0 0 0 0 ⋯ 0 0
0 0 𝐿1 0 0 0 0 ⋯ 0 0
0 0 0 𝐿𝑠1 0 0 0 ⋯ 0 0
0 0 0 0 𝐶𝑠1 0 0 ⋯ 0 0
0 0 0 0 0 𝐿𝑠2 0 ⋯ 0 0
0 0 0 0 0 0 𝐶𝑠2 ⋯ 0 0
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋱ 0 0
0 0 0 0 0 0 0 0 𝐿𝑠𝑛 0
0 0 0 0 0 0 0 0 0 𝐶𝑠𝑛]

 
 
 
 
 
 
 
 
 

×
𝑑

𝑑𝑡

[
 
 
 
 
 
 
 
 
 
𝑰𝒊𝒏
𝑽𝑪𝟏
𝑰𝑳𝟏
𝒊𝑳𝒔𝟏
𝒗𝑪𝒔𝟏
𝒊𝑳𝒔𝟐
𝒗𝑪𝒔𝟐
:
𝒊𝑳𝒔𝒏
𝒗𝑪𝒔𝒏]
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𝐵𝒙𝑷 =

[
 
 
 
 
 
 
 
 
 
0 1 0 0 0 0 0 ⋯ 0 0
−1 0 1 1 0 1 0 ⋯ 1 0
0 −1 𝑅1 0 0 0 0 ⋯ 0 0
0 −1 0 𝑅𝑠1 1 0 0 ⋯ 0 0
0 0 0 −1 0 0 0 ⋯ 0 0
0 −1 0 0 0 𝑅𝑠2 1 ⋯ 0 0
0 0 0 −1 0 −1 0 ⋯ 0 0
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋱ 0 0
0 −1 0 −1 0 0 0 0 𝑅𝑠𝑛 1
0 0 0 0 0 0 0 0 −1 0]

 
 
 
 
 
 
 
 
 

×

[
 
 
 
 
 
 
 
 
 
𝑰𝒊𝒏
𝑽𝑪𝟏
𝑰𝑳𝟏
𝒊𝑳𝒔𝟏
𝒗𝑪𝒔𝟏
𝒊𝑳𝒔𝟐
𝒗𝑪𝒔𝟐
:
𝒊𝑳𝒔𝒏
𝒗𝑪𝒔𝒏]

 
 
 
 
 
 
 
 
 

 

𝐶1 =

[
 
 
 
 
 
 
 
 
 
𝑉𝑖𝑛
0
0
0
0
0
0
:
0
0 ]
 
 
 
 
 
 
 
 
 

, 𝐶2 =

[
 
 
 
 
 
 
 
 
 
−𝑉𝑖𝑛
0
0
0
0
0
0
:
0
0 ]
 
 
 
 
 
 
 
 
 

   

The following MATLAB script to predict the zero voltage frequency is split into three 

sections: 

1) Formulate the state space model based on transducer model found using Appendix C. 

2) Find the zero voltage switching frequency for each half cycle over 1000 iterations. 

3) Miscellaneous function “getZero.m” 

%================================================================================ 

% 1) Formulating the state-space equation 

%================================================================================ 

% Set system parameters 

Vin = 10; 

L_DC = 10e-3; 

L1 = 5e-6; 

R1 = 0.01; 

C1 = 6.6728e-6 + Cs1;   %C1 is combined with Cstatic 

 

% x = [Iin v1 iL1 iLs1 vCs1 iLs2 vCs2 ...]' 

% ax' + bx = c 

% Initialize matrix coefficients 

a = zeros(3+length(fpeak_max)*2, 3+length(fpeak_max)*2); 

b = zeros(3+length(fpeak_max)*2, 3+length(fpeak_max)*2); 

c1 = zeros(3+length(fpeak_max)*2,1); 

c2 = zeros(3+length(fpeak_max)*2,1); 
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% First 3 grids filled with electrical parameters 

a(1:3, 1:3) = [L_DC 0 0; 0 C1 0; 0 0 L1]; 

b(1:3, 1:3) = [0 1 0; -1 0 1; 0 -1 R1]; 

 

% Automatically fill the matrix with transducer components 

for count = 1:length(Lsx) 

    a(3+(count-1)*2+1, 3+(count-1)*2+1) = Lsx(count); 

    a(3+count*2, 3+count*2) = Csx(count); 

 

    b(2, 3+(count-1)*2+1) = 1; 

    b(3+(count-1)*2+1, 3+(count-1)*2+1:3+(count-1)*2+2) = [Rsx(count), 1]; 

    b(3+(count)*2, 3+(count)*2-1) = -1; 

end 

 

c1(1) = Vin; 

c2(1) = -Vin; 

 

% Present equation as x' = Ax + B 

A = -a\b; 

B1 = a\c1; 

B2 = a\c2; 

%================================================================================ 

% 2) Simulating the zero voltage switching frequency 

%================================================================================ 

% Initialise working variables 

t_zero_prev = 0; 

time = 0; 

Vtrans = 0;             %transducer voltage=VC1 

Iin = 0;                %input current 

t_search = 50e-6; 

tspan = [0, t_search];  %search for zero crossing within this period 

cycles = 1000;          %find zero crossing for 1000 cycles 

input = 1;              %1=positive cycle, 2=negative cycle 

 

% Set initial conditions 

x0 = zeros(1, 3+length(fpeak_max)*2); 

Iin0 = 0.5;             %arbitrary initial current 

x0(1) = Iin0;           %Iin = an initial current 

options = odeset('RelTol',1e-8,'AbsTol',1e-8); 

 

for n = 1:cycles 

    if input == 1 

        % ***Positive cycle*** 

        [t,x] = ode45(@(t,x) odefunc(t,x,A,B1),tspan,x0,options); 

        % find first falling zero crossing of VC1 

        % VC1 = x(:,2) 

        [t_zero, index_zero] = getZero(x(:,2), t, 'fall'); 

        input = 2; 

    else 

        % ***Negative cycle*** 

        [t,x] = ode45(@(t,x) odefunc(t,x,A,B2),tspan,x0,options); 

        % find first rising zero crossing of VC1 

        % VC1 = x(:,2) 

        [t_zero, index_zero] = getZero(x(:,2), t, 'rise'); 
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        input = 1; 

    end 

 

    % find next set of initial conditions 

    % approximate values of x at time=t_zero by linear interpolation 

    x0 = interp1(t,x, t_zero); 

    % next period to solve for 

    tspan = [t(index_zero), t(index_zero)+t_search]; 

 

    %***Toggle converter switch*** 

    % Inactive L_DC charges from its previous current 

    Iin0_inactive = abs(Iin0) + abs(Vin/L_DC*(t_zero-t_zero_prev)); 

    % Store the existing current of active L_DC 

    Iin0 = x0(1); 

    % The new initial condition of Iin is the current of inactive L_DC 

    if input == 1 

        x0(1) = Iin0_inactive; 

    else 

        x0(1) = -Iin0_inactive; 

    end 

 

    %***************** 

    % build the display variables 

    %***************** 

    time = [time; t(1:index_zero)]; 

    Vtrans = [Vtrans; x(1:index_zero,2)]; 

    Iin = [Iin; x(1:index_zero,1)]; 

    fZVS(n) = 1/(t_zero-t_zero_prev)/2; 

    t_zero_prev = t_zero; 

end 

 

% remove initialized 0 value 

time = time(2:end); 

Vtrans = Vtrans(2:end); 

Iin = Iin(2:end); 

%================================================================================ 

% Display Plots 

%================================================================================ 

figure(5) 

% Transducer voltage 

subplot(2,1,1) 

plot(time*1e3, Vtrans,'k')       

ylabel('Voltage (V)') 

xlabel('Time (ms)') 

legend('V_t_r_a_n_s','location','NE') 

% Input current 

subplot(2,1,3) 

plot(time*1e3, Iin,'k')       

ylabel('Current (A)') 

xlabel('Time (ms)') 

legend('I_i_n','location','NE') 

% Zero voltage switching frequency 

figure(6) 

plot(1:cycles, fZVS/1000,'k') 
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ylabel('Frequency (kHz)') 

xlabel('Iteration Cycle') 

title('f_Z_V_S') 

%================================================================================ 

% 3) Miscellaneous function: getZero.m 

%================================================================================ 

function [t_zero, index] = getZero(y, t, edge) 

% Compute the first zero crossing 

% t = time 

% y = response variable to find zero crossing 

% edge = 'rise' or 'fall' find zero on selected edge 

 

    ya = y(1); 

    yb = y(2); 

    count = 2; 

 

    if edge == 'rise' 

        % keep incrementing count until y is greater than 0 

        while ~(yb>0) || ~(ya<yb) || ~count==length(y) 

            % keep incrementing count until y is increasing 

            while ~(ya<yb) || ~(count==length(y)) 

                count = count + 1; 

                ya = yb; 

                yb = y(count); 

            end 

            count = count + 1; 

            yb = y(count); 

        end 

        ya = y(count-1); 

        yb = y(count); 

    else 

        % keep incrementing count until y is less than 0 

        while ~(yb<0) || ~(ya>yb) || ~count==length(y) 

            % keep incrementing count until it is decreasing 

            while ~(ya>yb) || ~(count==length(y)) 

                count = count + 1; 

                ya = yb; 

                yb = y(count); 

            end 

            count = count + 1; 

            yb = y(count); 

        end 

        ya = y(count-1); 

        yb = y(count); 

    end 

 

    % estimate zero crossing from linear interpolation 

    % (y2-y1)/(t2-t1) = m 

    % y = mt + c => t0=-c/m 

    m = (yb-ya)./(t(count)-t(count-1)); 

    c = yb - m*t(count); 

    t_zero = -c/m; 

    index = count; 

end 



Appendices 

 

 

 

 

- 194 - 

 

Appendix E: MATLAB Script for Finding L1,crit 

% Choose the Admittance input to approximate 

Yin = 1./Zoc; 

% Limit the frequenc range 

range = find(f==25500):find(f==28500); 

 

for n = range(1):range(end) 

    % Initialise parameters to begin search 

    f0 = f(n); 

    w0 = 2*pi*f0; 

    L = 1e-6; 

    R = 0.01; 

    acc_percent = 10;   % set initial increment accuracy to 10% 

    ZPA = 0; 

 

    % Find L1,crit corresponding to multiple zero phase crossings 

    % until L1,crit has 1% increment accuracy 

    while ~(acc_percent<1) 

        acc_factor = 1+acc_percent/100; 

        % keep increasing L until multiple zero phase angles exist 

        while ZPA<2 

            L = L*acc_factor; 

            R = R*acc_factor;   %R increases as L increases 

            C = 1/(w0^2*L); 

            Ceq = C+Cs1; 

            Zeq = 1./(1./(j*w*L+R) + j*w*Ceq + Yin); 

            % Initialise working variables 

            ZPA = 0; 

            fall = 1; 

            rise = 0; 

            count = 1; 

            % Scan entire frequency spectrum for zero crossings 

            while count<length(Zeq) 

                if fall==1 

                    if phase(Zeq(count))<0 

                        ZPA = ZPA+1; 

                        fall = 0; 

                        rise = 1; 

                    end 

                elseif rise==1 

                    if phase(Zeq(count))>0 

                        ZPA = ZPA+1; 

                        fall = 1; 

                        rise = 0; 

                    end 

                end 

                count = count+1; 

            end 

        end 

        % Loop back to previous value just before ZPA>1 

        L = L/acc_factor; 

        R = R/acc_factor; 

        % Double the accuracy for the next cycle 
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        acc_percent = acc_percent/2; 

        ZPA = 0; 

    end 

    % Store the critical values 

    L1_crit(n-range(1)+1) = L; 

    R1_crit(n-range(1)+1) = R; 

end 

 

% Plot L1,crit 

figure(3) 

subplot(4,1,1) 

plot(f(range)/1000, L1_crit*1e6, 'k') 

ylabel('Inductance \muH') 

xlabel('Frequency (kHz)') 

title('L_1_,_c_r_i_t') 
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