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Abstract

Contact-less transfer of energy has always been a desired feature for systems that require

reliable and durable power transfer across their moving parts. In rotary equipment

in particular, slip-rings are the established solution with o�-the-shelf and customised

solutions readily available in the market. Despite the mature technology, slip-rings

su�er wear and are prone to arcing, making frequent maintenance a necessity. In this

project a rotating transformer is proposed as an alternative solution for contact-less

transfer of energy across the revolving frame of an airborne electronic-scanning radar.

This thesis is based on the hypothesis that the Phase-Shifted Full Bridge (PSFB) topology

can e�ectively utilise the parasitic components of the rotating transformer to achieve

e�cient (over 90%) power conversion at the kW range.

The �rst part of this work concentrates on the study of the magnetic interface and its

electrical properties. Initially the magnetic structure of the transformer is studied in

order to gain understanding of the e�ects of the physical layout of the component to its

electrical behaviour. The problems of low magnetising and increased leakage inductance

are quanti�ed by measurements, calculations and �nite element analysis. An accurate

electrical model is built and used to calculate the transformer voltage and current gain.

The second part of the research programme aims at the compilation of a design strategy

for a PSFB incorporating a rotating transformer. An algorithm is presented, that opti-

mises the magnetic component structure in order to achieve minimum switching losses

and spread the conduction losses between the transformer and power switches.

The last stage involves the evaluation of the design algorithm through prototyping and

testing. Some topological variations are tested and compared with the original conven-

tional PSFB converter. The thesis concludes with a discussion of the results and future

challenges.
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Chapter 1
Introduction

Many applications require electrical energy to be transferred across an interface to mov-

ing equipment. If this can be achieved using contact-less techniques, there are clear

advantages to be gained in terms of safety, reliability and endurance. Contact-less

transfer of energy can be performed by establishing a magnetic link between the sta-

tionary and moving parts of a device. The revolution of high-frequency switching power

conversion allowed the magnetic link to be implemented with reasonably sized compo-

nents. Since then, a variety of inductive couplers have been proposed for, virtually,

every power electronics application.

In rotary equipment in particular, slip-rings are the established solution, with o�-the-

shelf and customised solutions readily available in the market. Despite the mature

technology, slip-rings su�er wear and are prone to arcing, making frequent maintenance

a necessity. In this project a rotating transformer is proposed as an alternative solution

for contact-less transfer of energy across the revolving frame of an airborne electronic-

scanning radar.

This Chapter introduces the reader to the background of the research project. It sum-

marises the main problems, challenges and objectives related to this technology, and

describes the organisation of the work in three main parts; the analysis of the magnetic

component, the power electronics optimisation and the experimental evaluation.

1.1 Research Background

The Travelling Wave Tube (TWT) is the most common power ampli�er/transmitter for

use in radar systems. It is a single ampli�er that handles large amounts of pulsed power

(up to the MW range peak). The TWT requires the appropriate power supply unit

to provide an average of 15-20kW of power in very short time intervals. In practice,

several supply voltages are required for the heater, modulator, grid bias, collector and

beam (cathode) [2] of the tube. The cathode and collector voltages in particular are in
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Figure 1.1: The phased array radar comprising of 1024 transmit/receive solid state
antennas. Rotation of the antenna around the horizontal axis to allow a
greater scanning angle.

the range 5 to 20kV resulting in stringent insulation requirements. Another di�culty

derives from the requirement for very low noise or ripple of the power supplies. The

reason is because any ripple on the TWT electrode voltages modulates the transmitted

waveform in such a way as to appear as false targets to the radar system.

The TWTs of the type used in airborne radars are prone to arcing. This appears as a

short-circuit from cathode to ground, grid to ground or collector to ground. The cathode

to ground short is the most common. The design of the power supply must therefore

be tolerant of short-circuit conditions. All of the above issues pose reliability issues to

both the TWT and the power supply operation. The concentration of vast amounts of

pulsed power in a single power supply-ampli�er-transmitter had to be reconsidered.

The latest generation of radars moved away from mechanically scanned antennae and

single transmitters and receivers. Instead an array of solid state microwave antennas is

used. The phased-array is not new in radar applications. It appeared in 1943 (as did

the TWT), however its manufacturing and operating complexity kept it in the dark for

many years. The modern array consists of typically 1024 separate microwave transmit-

receive modules (TRMs) that replace the single transmitter and receiver of TWT radar

(see �gure 1.1). The modular structure of the transmiter/receiver of the Electronically

Scanned (ESCAN) radar has the advantage of immunity to single point failures. If one

or two modules stop working, the radar still operates, though with reduced performance.

2



Introduction

� � � � � � � ���	� � 
�� 
 ��� ��� � �	��� ��� � � � � � � � � ���  

� � � �"!  #� � �

$ �"!  #� � �

3
�

AC to
330V DC

3
�

AC to
330V DC

3
�

AC to
330V DC

330VDC
to

54VDC

330VDC
to

54VDC

330VDC
to

54VDC

330VDC
to

54VDC

Transmit
Receive
module

level1

level2

TR
Transmit
Receive
module

Transmit
Receive
module

Transmit
Receive
module

% � �&!  #� � �

The rotating interface
(slip-rings, rotating

transformer) is
implemented at this

level

level3
54VDC
to 9VDC

54VDC
to 9VDC

54VDC
to 9VDC

Level 1 converters
incorporate power factor
correction techniques to

prevent harmonic
distortion of the 3 phase

supply

This level is
implemented with ultra
high efficiency (>93%)

dc/dc converters

54VDC
to 9VDC

Figure 1.2: A typical three level power supply system for an airborne electronic-
scanning radar.

Each of the TR modules requires a supply voltage in the range 5 to 15V dc. The total

current requirement exceeds 1000A, hence the high voltage requirement of the TWT

has now become a high current requirement.

The modularity of the ESCAN radar also applies to its power supply architecture. Frank

Fisher of BAE Systems in one of his reports suggests [2] the architecture of �gure 1.2.

Rather than using a single high power converter, several modules are employed to feed

a common power bus. In this arrangement the failure of one or more converters can be

tolerated without any loss of system performance.

The same report suggested a 3-level power supply architecture. The �rst level contains

the recti�ers that convert the main 3 phase (200V, 400Hz) supply to a 270V dc, combined

with a power factor correction (PFC) unit that boosts the voltage from 270V dc to 330V

dc. The PFC units are required in order to keep the aircraft mains free of harmonic
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distortion. The level 1 converters deliver 2-3kW each, thus between 4 and 6 of them are

needed to provide 10kW with a redundancy of 1 module.

The next level of the architecture comprises of a parallel combination of highly e�cient

(over 90%) dc/dc converters that convert the 330V to an intermediate 54V dc. This is

the stage where the rotating interface is implemented. Slip rings are typically used to

transfer energy to the rotating part of the radar. At 54V the current can be transferred

through a reasonably sized slip-ring module due to the relatively low current and also

low voltage that reduces the insulation requirements (and the possibility of arcing at

high altitudes1).

The 3rd level of the power supply architecture comprises of several ultra e�cient (typi-

cally higher than 93%) dc/dc converters that transform the 54V intermediate supply to

the 9V dc that is required to feed the solid state TR elements.

1.1.1 Transfer of power across the moving part

The solid state phased-array provides much more 
exibility in its beam steering and

shaping, multiple target tracking, fast scanning and better anti-jamming functions. The

disadvantages of the phased-arrays are the increased manufacturing cost, the need for

more data links and more elaborate signal processing. Another signi�cant limitation

of the static phase-array radars is their relatively narrow scanning angle of 60% (max-

imum) [3, 4]. To enable the solid state radar to match the scan coverage of the con-

ventional mechanically scanned radars, a slow 360o rotation of the static array may be

required. The above idea is illustrated in �gure 1.1, where a rotary interface is used to

rotate the antenna platform and double the scanning angle of the radar.

The rotating transformer could also be used to allow vertical rotation of the phased-

array as shown in �gure 1.3. In both cases the rotating transformer handles the same

amount of power and therefore its size and geometry are practically the same.

The introduction of a rotating interface, such as the ones of �gures 1.1 and 1.3, increase

the risk of mechanical faults and compels frequent maintenance work. The established

1According to data taken from IPC-2221 [2] generic standard on printed circuit board design the
distance between 2 tracks should be 2.5mm in the 301-500V range when operating at sea-level. For the
same voltage range the tracks distance required at a height of 3050m is 12.5mm.
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Figure 1.3: 360o rotation around the vertical axis of the phased array antenna

technology for transferring energy to rotating equipment is slip-rings. Slip-rings rely on

contact between a silver loaded graphite brush and a precious metal ring. Despite the

maturity of the technology, slip-rings have a limited life span that depends on the speed

of rotation2. Furthermore, slip rings are prone to arcing under certain conditions such

as severe vibration and aircraft acceleration. In the event that interrupts do occur it is

important to know how the slip-ring will behave. This depends on the instantaneous

voltage and current and the circuit impedance. In an aircraft the situation deteriorates

at high altitudes (low pressure) as the breakdown voltage of the air becomes smaller

and arcing is more likely to happen. For the same reason there is a limitation in the

distance between the slip-rings.

Another problem derives from the co-existence of 70 signal and power lines in the same

slip-rings assembly. Electromagnetic Interference (EMI) problems have been reported

because of the fundamental incompatibility of high current pulses and sensitive signal

wires in close proximity. Crosstalk and noise problems can be treated by taking mea-

sures, such as keeping signals and power as far apart as possible and placing signals and

their returns on adjacent connections.

2The brush life is typically 600hrs at 1000fpm (1 feet per minute=0.3metres per minute, referring
to the speed of the brush with respect to the slip-ring) rising to 3000hrs at 250fpm.
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Positive Negative
¦ mature technology ¦ limited life span, frequent maintenance
¦ readily available and customisable designs ¦ prone to arcing
¦ reliable operation within nominal lifetime ¦ possible cross-talk and EMI
¦ large number of ac and dc contacts ¦ cost, volume and weight
¦ high power rating ¦ collaboration with slip-ring manufacturer

Table 1.1: The positive and negative points of the slip-ring technology

Table 1.1 summarises the advantages and disadvantages of the slip-rings.

1.1.2 Rotating transformer

The rotating transformer is proposed as an alternative to slip-rings. The rotating trans-

former is best suited for applications with special requirements such as mechanical en-

durance and increased reliability.

The rotating transformer establishes a magnetic link between the stationary and the

rotating parts of the radar. It is free of electrical contacts, slip rings and brushes and

thus the maintenance work and related costs are eliminated. Practically, the only life

limiting factor of the rotating transformer is the ball bearings between the stationary

and rotating parts. The life of these components can be increased signi�cantly by

carefully calculating the loading and various forces due to vibration etc. A technique

that maximises the reliability and life cycle of the rotating transformer is proposed in

Chapter 7.

The rotating transformer is advantageous when operating in harsh environments with

severe equipment vibration, acceleration, explosive gasses and humidity. Another ad-

vantage is that it can be designed in-house as part of the radar power supply and can

be manufactured in a workshop with the basic equipment.

The rotating transformer is therefore particularly suited for applications with minimum

or no-access to the equipment (military, satellite, marine etc.) when a simple, reliable

and economic solution is required.

The disadvantage of the rotating transformer is that it only provides one channel of

power and the multiple signals that are required in a radar application need to be

transferred through other routes (e.g. rotary optical joints, lasers etc). Additionally,

multiple rotating transformers are needed in order to transfer the 15-20kW that are

6
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Positive Negative
¦ long-life expectancy ¦ integration with power electronics design
¦ maintenance free ¦ multiple transformers may be needed
¦ safe, no contacts, no arcing ¦ one AC power channel only
¦ economic, can be developed in-house ¦ possible EMI due to fringing �eld
¦ operates in harsh conditions ¦ power capacity limitation

Table 1.2: The positive and negative points of the rotating transformer technology

required in the current application. Finally, as will be seen in the following chapters,

the low frequency electromagnetic noise appears to be increased around the transformer

air-gap.

The positive and negative points of a rotating transformer are summarised in table 1.2.

1.2 Initial Hypothesis

The rotating transformer was suggested by BAE Systems (who sponsored this research)

as an alternative means of transferring power to the rotating frame of an electronic

scanning radar system. The inherent air-gap in a rotating transformer means that it

resembles in its electrical properties a coupled inductor such as the one used in 
yback

converters3. The di�erence is that the rotating transformer is required to operate as

a transformer and not as an energy storing element. The low magnetising inductance

results in increased primary winding current, which in turn aggravates the primary side

conduction losses. On the other hand, the physical separation between the primary and

secondary windings results in increased leakage inductance, which impairs the voltage

gain of the transformer.

The Phase-Shifted Full Bridge (PSFB) converter is known for its ability to utilise the

transformer parasitics. A thorough search in the scienti�c literature revealed a need for

further investigation of the potential combination of a PSFB with a rotating transformer.

The hypothesis that is being tested in this work is that,

the Phase-Shifted Full Bridge (PSFB) topology can e�ectively utilise the parasitic com-

ponents of the rotating transformer to achieve e�cient (over 90%) power conversion at

the kW range.

3The use of a 
yback converter in this application is impractical due to the high power level required.
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The aim is to test the feasibility of such an interface and, if possible, develop a design

methodology to enable the integration of the rotary transformer into a PSFB converter.

1.3 Research Objectives and Project Milestones

This project has several distinct objectives:

1. To investigate the electric and magnetic behaviour of a rotating transformer.

2. To analyse the phase-shifted full bridge converter and its ability to e�ectively

utilise the di�erent parasitic components.

3. To identify possible ways of integrating the rotary interface into a PSFB.

4. To develop a design methodology which maximises the power transfer capability

of the rotating transformer in a phase-shifted full bridge.

5. To adapt an existing PSFB prototype and evaluate its performance with a con-

ventional and a rotating transformer.

To accomplish the above objectives a three-phase approach was employed;

• Phase 1: Analysis of the rotating transformer. During this phase the electrical

behaviour of the rotating transformer was investigated and its electrical character-

istics were quanti�ed. The electrical properties of the transformer are associated

with geometrical structure. Some guidelines were produced in order to minimise

the leakage inductance and improve coupling. This phase resulted in the derivation

of electrical models for the adjacent and coaxial winding transformers.

• Phase 2: Analysis of the phase shifted bridge converter. In particular, the ef-

fect of the high magnetising current was investigated. The interval-by-interval

mathematical description of the converter was developed with special attention

to the resonant operation of the bridge. A design methodology was derived to

allow the integration of the rotating transformer in the PSFB with emphasis on

the optimisation of the conduction and switching losses.
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• Phase 3: Experimental evaluation. The PSFB prototype (including possible topo-

logical alternatives) was tested with the proposed rotating transformer arrange-

ments. Conclusions are drawn regarding the accuracy of the proposed design

methodology. The ability of the PSFB to tolerate the rotating transformer para-

sitics is assessed.

1.4 Contribution to Knowledge

In this research the electrical behaviour of a rotating transformer has been studied and

its electrical properties have been associated with its geometrical characteristics. A set

of simple rules has been proposed to minimise the leakage inductance and hence improve

the transformer coupling.

The e�ect of the rotating transformer on the operation of the PSFB and especially the

importance of the magnetising current in the soft-switching operation have been shown.

A design methodology has been proposed for integrating the rotating transformer into

the phase-shifted full bridge converter. The resulting prototype was tested and demon-

strated e�cient operation.

This work suggests that the phase-shifted bridge converter not only tolerates the para-

sitic components of the rotating transformer but also utilises them to extend the soft-

switching range of the primary switches. The result is highly e�cient operation over

the entire load range.

The penalty is an increased magnetic core size in order to reduce the magnetising current

and accommodate a larger wire gauge. The elimination of the slip rings and of the

auxiliary inductor may result in a smaller overall size.

1.5 Thesis Outline

Chapter 2 reviews the previous applications of contact-less transfer of energy in various

�elds of dc/dc power conversion. Emphasis is given on the magnetic interfaces that

have been proposed and their electrical characteristics. The identi�cation of their main

de�ciencies allows the optimisation of the magnetic structure to achieve better coupling.
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The topological alternatives for contact-less transfer of energy are reviewed and the

di�erent applications are classi�ed according to the type of their magnetic interface and

power level.

Chapter 3 introduces the magnetics background theory that is needed for the analysis

and optimisation of the magnetic component. The theory behind the transformer oper-

ation is summarised and used to perform the reluctance modelling of the adjacent and

coaxial winding alternative arrangements for the rotating transformers. Three di�erent

transformer characterising methods are described in this chapter.

Chapter 4 presents a detailed analysis of the rotating transformer. Theoretical calcu-

lations, measurements, and �nite element analysis are employed in order to obtain the

electrical properties of the transformer. The three methods are compared regarding

their accuracy and applicability in engineering design. The electrical properties of the

transformer are directly associated with its physical structure and some valuable op-

timisation guidelines are given. Finally, an AC analysis is performed on the resulting

electrical model in order to assess the voltage and current gain of the transformer.

Chapter 5 reviews the operation of a phase-shifted full bridge converter with a full wave

and with a current doubler recti�er. The resonant operation is analysed and the e�ect

of the magnetising current to the operation is discussed. Accordingly, the impact of the

air-gap in soft-switching operation is also assessed.

Chapter 6 presents the main trade-o�s when designing a PSFB with a rotating trans-

former. A routine is presented that attempts the optimisation of the PSFB design with

a rotating transformer (for a �xed air-gap and operating frequency). The routine starts

by optimising the soft-switching range of the converter. Then, based on the assumption

that switching losses are eliminated, it derives the optimum wire thickness, number of

strands and number of turns of the transformer windings. The conduction losses in the

MOSFET switches and the transformer are estimated.

Chapter 7 presents the experimental veri�cation of the proposed design methodology.

Several instances of the PSFB converter with di�erent transformers and recti�er circuits

are compared. The switching losses, voltage gain, e�ciency and the electromagnetic

radiation are discussed and some conclusions are drawn.
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An overview of the theoretical and experimental work is presented and the main con-

clusions are discussed in Chapter 8. The thesis concludes with a series of suggestions

for further investigation.
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Chapter 2
Contact-less Transfer of Energy

Contact-less transfer of energy (CTE) has been a challenge for many researchers over

the years and many di�erent alternatives have been proposed for the magnetic interface

and the electronics around it. This Chapter introduces the reader to this technology,

describes the main challenges and possible di�culties during designing.

The Chapter is organised into three sections. The �rst section focuses on the magnetic

component itself and the related problems and design issues. The following section re-

views the power electronics architectures that have been proposed for CTE systems.

Finally, Section 2.4 groups the literature contributions of the last �fteen years into �ve

main categories. The classi�cation into biomedical, automotive, industrial, aerospace

and commercial applications is based on the similarities (magnetic component charac-

teristics, power level) they exhibit. Some conclusions are drawn and the future trends

are assessed.

2.1 Introduction

The challenge of transferring energy to moving equipment without using electrical con-

tacts has motivated many researchers in the past. A range of applications has been

considered [5] and several approaches have been proposed based on the individual re-

quirements.

Using contact-less transfer of energy is a necessity for some applications and a desired

feature for others. In the biomedical sector the use of an inductive interface to power

arti�cial organs or other implanted equipment is essential. Wires are medically unac-

ceptable for the potential infection they may incur. Similarly, in the aerospace industry

the contact-less interface may be the only way for transferring energy from the sta-

tionary to the moving parts of a satellite. This is because maintenance is usually not

available and the required life expectancy of such equipment is constantly increasing.

On the other hand, charging a PDA or a laptop wirelessly is only a desired feature and

13
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not a necessity. To convince industry that this technology may be used in commercial

applications, a highly e�cient (at least as e�cient as the conventional technologies) and

possibly more economic interface should be designed.

Some other major CTE applications are in industrial robots (to transfer energy to the

moving parts), mining industry (to power electric vehicles), electric cars and general

battery charging, the replacement of slip rings in machines and other equipment.

A CTE interface may be used for di�erent reasons. The construction cost, size and

weight is almost certainly the highest priority in commercial applications (e.g. battery

chargers). The elimination of slip rings and commutators in rotary devices and ma-

chines is another motive for using CTE. Apart from simplifying the design procedure,

it reduces the cost and mass of the construction. It requires no other parties (i.e. slip

ring manufacturers) to be involved in the design process. Furthermore, reliability is a

key reason for most applications, especially in military and biomedical equipment. CTE

is needed in applications where maintenance is rare or not available (e.g. outer space).

Finally, the operation in explosive environments (e.g. mining industry) or underwater

may also require magnetic instead of electric coupling.

Depending on the application, the CTE interfaces have di�erent geometry, size and

structure that de�ne their electrical behaviour. A wide range of applications has been

presented in the past and as a result a wide spectrum of problems had to be tackled. The

geometry and layout of the inductive interface de�ne its electrical characteristics (such

as coupling coe�cient, winding resistance etc). The magnetic path (ferrite, iron, air) and

its geometry (Pot-core, E-core etc), the distance between the coupled inductors (or the

air-gap between the cores), the inductors misalignment, the presence of separating walls

between the coils, the operating environment (water, air) and the thermal resistances

are only some of the factors that a�ect the electrical behaviour of the component.

Although the problems that have to be tackled are so diverse, they can be summarised

in two words; poor coupling. The coupling coe�cient is a measure of the ability of two

coupled inductors to transfer electric power to each other. A poor coupling coe�cient

incurs a series of problems such us the reduced voltage gain of the magnetic device, high

circulating currents and hence high conduction losses. In other words, it results in a

portion of the total supplied energy being stored in the inductive component (leakage

14



Contact-less Transfer of Energy

and magnetising inductances) and another portion being dissipated in the winding and

semiconductor resistances.

2.2 Inductive Couplers

There are two basic methods for transferring energy without electrical contact; the

electromagnetic link and the inductive coupling method. The �rst uses electromagnetic

waves that are emitted and received by antennas. The inductive coupling, that is the

subject of this thesis, relies on the magnetic �eld and transformer action. Inductive

coupling includes every component that uses a magnetic link to transfer energy from

one side of the circuit to the other. Using the magnetic �eld developed by the primary

inductor, energy is transferred to the secondary windings. The portion of the input

power that is transferred to the secondary inductor(s) is a function of the coupling

coe�cient of the inductive interface. In practice the coupling coe�cient is always smaller

than 1.0 because not all of the primary generated magnetic 
ux links the secondary

winding(s).

2.2.1 Transformer or coupled inductors?

The question arising is, how does the clearance between the windings a�ect the electri-

cal behaviour of an inductive coupler? To answer this question the di�erence between

a transformer and a coupled inductor should become clear. A transformer is a com-

ponent that transfers electrical energy from its input (primary winding) to the output

(secondary winding(s)). The coupling coe�cient of an ideal transformer is 1.0. On the

other hand, a coupled inductor stores energy in the form of a magnetic �eld and releases

it when appropriate (from either side).

An inductive coupler is, in fact, a coupled inductor that is meant to operate as a trans-

former. In other words, the aim of an inductive coupler is to transfer power from one

side to the other. However, in reality it also stores part of the energy in the air space

between the windings. This energy storage is generally not desired and is considered as

the main drawback in contact-less transfer of energy.
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Figure 2.1: Di�erent transformer layouts; (a) core-less, (b) "plug-in" type, (c)linear
transformer, (d) e-core, and rotating transformers; (e) coaxial windings,
(f) LT transformer, (g) adjacent windings pot core h) concentric.

2.2.2 Side e�ects of the coil distance

The geometry of the inductive coupler depends on the speci�c application requirements.

For example, in biomedical engineering inductive couplers are generally discrete and

light, operate under strict speci�cations (temperature, EMI etc) and can tolerate a

signi�cant relative displacement between the inductors. As a result, they are usually

core-less and have a winding distance of 2-3cm. On the other hand, in automotive ap-

plications the inductive couplers handle kilowatts of power, hence a high permeability

magnetic core with small air gap is required to increase the power density. The tem-

perature of operation may be very high and forced cooling may be needed. Figure 2.1

illustrates some of the inductive couplers proposed in the past; the main types are (a)

core-less [6{10], (b) "plug-in" type [11], (c)linear transformer [12{14], (d) e-core [15], and

rotating transformers; (e) coaxial windings [16], (f) LT transformer [17], (g) adjacent

windings pot core [17{19], h) concentric [17, 19{22].

Regardless of the application the inductive coupler's de�ciency originates from the clear-

ance between the windings and/or the magnetic core parts. As seen in �gure 2.2(a) not

all of the magnetic 
ux created by the primary winding links the secondary one. Ac-

cording to Faraday's law,

Vsec = N · d�useful
dt

(2.1)
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Figure 2.2: Elementary inductive coupler; not all of the primary 
ux links the sec-
ondary winding.

The voltage and hence the current in the secondary ring is less than that in the primary

ring. Therefore to produce a current iload in the secondary winding a iload + im is

needed in the primary. The additional current im is called magnetising current and

all it does is rearrange the magnetic dipoles of the core and air gap, storing magnetic

energy. The magnetising current is approximately constant regardless of the load value

as long as the geometry of the magnetic medium linking the two inductors (eg. air)

remains the same. Electrically, the energy storage in the form of magnetic �eld is related

with the presence of an inductance, and therefore the electrical model of a transformer

includes a magnetising inductance Lm connected in parallel with the primary winding

(�gure 2.2(b)). If the magnetising inductance is low it draws a high current, thus

increasing the conduction power losses.

Furthermore, the 
ux lines that link the primary but not the secondary winding are

called leakage 
ux and store energy in the form of magnetic �eld by rearranging the

magnetic particles of the air. The electrical equivalent of this energy storing space is

the leakage inductance Llk (�gure 2.2(c)). Leakage inductance appears in series with

the ideal transformer causing a voltage drop that reduces the output voltage.

In inductive couplers where magnetic cores are used the high-density stray 
ux (fringing

�eld) around the air gap may a�ect the current 
ow in the windings. This is due to the

generation of eddy currents that oppose the normal current 
ow thus increasing the AC

resistance of the windings as shown in Chapter 7. This leads to excessive heating of the

windings. The e�ect is particularly strong when the windings are close to the air-gap.

Finally, as the switching frequencies tend to increase the e�ect of high frequency phe-
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nomena such as the proximity e�ect and skin e�ect in the windings cannot be ignored.

These e�ects become more apparent when rectangular waveforms with a high harmonic

content are used. The frequency dependent winding resistances (R1 and R2) are there-

fore taken into account in the equivalent model.

To summarise, the side e�ects of a large clearance between the primary and secondary

inductors are:

• low magnetising inductance, causing high circulating currents in the primary wind-

ing.

• high leakage inductance, imposing a high impedance in series with the transformer

windings which in combination with the high current, causes a signi�cant voltage

drop. The transformer output voltage is therefore signi�cantly less than expected.

• stray 
ux, generating eddy currents and losses. This may cause EMI with nearby

components.

• high conduction losses, caused by the increased primary current and the winding

resistance (I2R).

2.2.3 Optimisation of the magnetic component

Once the geometry of the magnetic interface has been selected (according to the ap-

plication requirements), the air gap, core shape and windings layout are known. To

optimise the magnetic component it is essential to understand the connection between

its geometry and electrical properties [23, 24]. To associate the physical structure with

the electrical behaviour a reluctance modelling and duality transformation [25] should

be applied. These processes are described analytically in Chapters 3 and 4 and are

depicted in �gure 2.3.

Once there is a deep understanding of how the air-gap, core dimensions, number of

winding turns and layers etc. a�ect the electrical behaviour, the component may be

optimised to �t the converter topology that has been chosen. Or vice versa; a converter

topology that best utilises the transformer parasitics may be chosen and adjusted. In

both cases the optimisation process moves along two lines; the minimisation of the

conduction power losses and the complete recovery of the stored inductive energy.
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Figure 2.3: Reluctance modelling for a pot core transformer with adjacent windings
arrangement: (a) transformer geometry (b) the magnetic paths and (c) the
resulting electrical equivalent network.

C.M. Zeirhofer et al. [10] presented an interesting paper on the analysis of the spiral type

air-coils (�gure 2.1(a)) (used in biomedical applications). The authors derived simple

design equations to optimise the size and coupling coe�cient of the air-coils. They

concluded that the spiral coils o�er better coupling than the usual coils with all the

turns wound on a circumference. Similar work was presented by Matsuki et al. in [7].

Severns et al. [26] concentrated their e�orts on identifying the main loss mechanisms

in a contact-less inductive interface. The authors looked at the geometric e�ects, eddy

current losses and the electromagnetic or dimensional resonance that can take place

under various circumstances. Their prototype was used in fast battery charging for

automotive applications. C Fernandez et al. [27] presented a set of rules for designing

core-less transformers. The authors studied the e�ects of the coil distance and inner

and outer radius to the coupling. J. van Vlerken derived a high frequency model [28] for

small rotary transformers used in heads and electronics for helical-scan recording. To

do so they divided the transformer core to sub-geometries and calculated the permeance

of each part. Similar work was performed by M.Jufer on a larger pot core [29] and a

�nite element analysis of a pot core geometry was performed by Y.Huang in [30].

Some basic principles the designer should have in mind include the following:
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Figure 2.4: A resonant topology; (a) the resonant capacitors compensate for the voltage
drop caused by the leakage inductance when the circuit is operated at the
resonant frequency and (b) the main voltage and current waveforms.

• Magnetic paths: their length must be minimised and their cross-sectional area

maximised (keeping size and weight constraints in mind).

• Number of turns: increasing the number of turns increases magnetising inductance

and decreases magnetising current, but also increases the winding resistance. The

best compromise must be found.

• Operating frequency : increasing frequency decreases energy storage; however, it

increases the voltage drops across leakage inductances as well as the AC winding

resistance.

• Power handling capability : each magnetic component is upper bounded regard-

ing its power handling capability. The boundary depends on both the magnetic

component (eg. thermal resistance) and the topology (eg. waveforms used).

2.3 Converter Topologies

To date most attention has been given to the optimisation of the inductive component,

namely the reduction of the leakage and/or the maximisation of the magnetising in-

ductance. Regarding the electronics topologies the solutions that have been proposed

can be classi�ed into four main categories; resonant, quasi-resonant, self-resonant and


yback converters. In all these architectures the idea is that the reactive energy stored

in the magnetic component should be recovered and utilised e�ectively.
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Figure 2.4(a) shows a resonant converter with a capacitor connected in series with the

leakage inductances in the primary and secondary windings1. The converter operates

around the resonant frequency, hence the impedance of the series resonant tank is almost

0 (�gure 2.5(a)). In this way, the voltage drop across the leakage inductance is eliminated

and the transformer voltage gain is kept high. The output is regulated using frequency

control as the inductive coupler may have variable electrical characteristics (if the coil

clearance or relative position changes). The frequency controller compensates for any

change in the leakage inductance, interwinding capacitance etc [31]. Resonant converters

usually result in higher peak currents and consequently higher losses and semiconductor

stresses. On the other hand, they usually have an inherent short-circuit protection

and they su�er less from high frequency winding losses. Their main advantage is that

they exhibit zero voltage (ZVS) or current (ZCS) [18] switching, hence greatly reduced

switching losses.

Resonant converters are mostly used where a long clearance distance (> 5cm) is required

between the inductive couplers parts. Using sinewaves, the receiver can be tuned at the

transmitting frequency and picks up power from the primary coil. In addition, the

sinusoidal waveforms have low harmonic content result in reduced the EMI. Several

variations of a resonant converter have been presented and some of them are reviewed

in Section 2.4. The main resonant circuits along with their characteristic impedance

graphs appear �gure 2.5.

Valtchev et al. [32] have studied the most commonly used series resonant converter

(SRC) with loosely coupled inductors. By showing a very small dependence of the

leakage inductance on the air gap length, they conclude that the resonating frequency

is almost �xed for relatively small (in comparison with the magnetic path length) air

gaps.

The second topology that is commonly used in CTE applications, is the quasi-resonant

converter that utilises the switch parasitics (mainly the junction capacitance) to achieve

ZVS, avoiding at the same time the disadvantage of high peak currents of the resonant

converters. In quasi-resonant converters resonance takes place during a fraction of the

switching period (�gure 2.6(b)). The resonant frequency is several times greater than

1Note here that the secondary and primary leakage inductances cannot be lumped into one element
as the currents through them are di�erent, unlike in a conventional transformer.
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Figure 2.6: A quasi-resonant topology; the leakage inductance oscillates with the switch
inherent capacitance.

the switching frequency and the voltage regulation is usually based on pulse width

modulation. A general view of a quasi-resonant converter and its main waveforms appear

in �gure 2.6.

The quasi-resonant converters are used with inductive couplers that exhibit medium to

small leakage inductance (i.e. those interfaces with a small distance between the wind-

ings). Experience has shown that the utilisation of the leakage inductance for resonant

switch transitions to reduce the switching losses can fully (or partially) compensate for

the increased conduction losses caused by the high primary circulating current.

A converter topology that could naturally be considered for such applications is the


yback of �gure 2.7(a). Using a coupled inductor, the 
yback stores energy into the

magnetic component and releases it through the secondary winding. The 
yback is

generally considered only for low power applications [33] due to the voltage stresses at

the main switches as well as due to the partial utilisation of the magnetic core (due to

the unidirectional 
ux excursion). These stresses are the result of switching on and o�

a current through a large inductance (L · didt). There are attempts to use the 
yback
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Figure 2.7: Topologies proposed for contact-less transfer of power; (a) double tuned
very low power 
yback converter and (b) a class E tuned power oscillator
with an inductive link.

for contact-less applications of up to 2kW [34] by using an active voltage clamp. The

leakage energy is thereby transferred to the output side through the auxiliary 
yback

that acts as a voltage clamp.

The use of sinusoidal waveforms to control the impedance of the inductive coupler has

been attempted by many researchers. A class E self-resonant ampli�er was proposed

in [35] for transdermal transfer of energy to implanted devices. The ampli�er used an

auxiliary winding to feedback to the transistor and maintain the oscillations and to track

the resonant frequency while the inductive coupler's characteristics varied. A class C

ampli�er is also mentioned in [36{38] for low power battery chargers. The circuit is self-

resonant primary-tuned with a feedback loop to maintain the resonance at the resonant

tank frequency. To regulate the output voltage an additional driving circuit is used to

inject a current and alter the biasing of the MOSFET gate. Resonance may be the

only solution at high power and low voltage applications when the magnetic component

introduces very high series impedances (i.e. high leakage inductance), despite the higher

component stresses it incurs.

2.4 Contact-less Transfer of Energy Applications

CTE has been used in many di�erent applications, each of them having particular

speci�cations, requirements and restrictions. It is possible to group the applications

into �ve main categories:

• Biomedical

• Automotive
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• Aerospace

• Industrial

• Commercial

2.4.1 Biomedical

Biomedical engineering favours contact-less transfer of energy, mainly because of the

electrical isolation feature it o�ers. Applications [39{43] such as pacemakers, arti�cial

organs and VNS (vagnus nerve stimulation) therapy devices, require reliable operation

for their entire life. Medical implications (i.e. infection etc) due to contacts, wires

and other equipment are simply unacceptable. Remote charging and wireless operation

considerably improves the patient's quality of life and the aesthetics of the implanted

equipment.

In biomedical applications such as arti�cial organs, an air-gap of 10-20mm is required

and the designer should account for a possible misalignment of the magnetic core parts.

The implants and external devices must be kept at around the human body temperature

and the volume and weight are equally important in a realistic design.

Some of the most signi�cant literature contributions were made by A. Ghahary and Bo

H. Cho [44] at the beginning of the previous decade. They presented a design method-

ology for a dc/dc converter with a loosely coupled transformer. The circuit is intended

for circulatory assist devices that incorporate a wireless supply for the implanted device.

The converter featured resonant transitions of the power semiconductors and series res-

onance at the secondary side of the transformer. The design was able to deliver 12-48W

of power through an air-gap of 10-20mm. The authors employed a state plane analysis

to calculate the resonant voltage and current at the secondary of the transformer, and

from that to select the frequency of operation given the resonating inductance and ca-

pacitance. As the electrical characteristics of a transformer vary due to the core relative

displacement, frequency control is employed in this work. The authors did not proceed

to the design of a wireless feedback loop though some thoughts were mentioned in their

work. A P66/56 magnetic core was used for the experiments, however a considerably

smaller core would be needed in a practical design. The design methodology can be

applied to low frequencies (below 50kHz) where the winding resistances can be assumed
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Figure 2.8: (a)Primary and secondary side capacitors improve the converter voltage
gain and secure soft-switching of the MOSFETs, (b) the compensated trans-
former voltage gain graphs.

to be negligible for the state plane analysis.

A fundamental paper for this type of application was written by G.B. Joung and Prof

Bo H. Cho [45],[46] in the mid 90's. This paper targeted the two basic problems of the

contact-less transfer of energy; the transformer low voltage gain and the low e�ciency.

To facilitate the ac analysis and the derivation of the circuit transfer functions, the

authors assumed that the two windings have the same structure and are symmetrically

placed, in other words they have the same self-inductance. They produced a voltage

gain function with respect to the transformer coupling coe�cient. To maintain the

voltage gain they employed leakage inductance compensation in both the primary and

secondary sides (�gure 2.8), and derived equations for the calculation of the required

resonant components.

C.M. Zierhofer and E.S. Hochmair [35, 47] worked on a di�erent concept, that of a

relatively simple and inexpensive self oscillating class E ampli�er with a single switch.

This work assumed two air-core coils with a distance of 0-8mm. The frequency of the

oscillation depends on the inductance of the interface and hence automatically adjusts

as the coupling changes (because of any displacements of the inductors). The authors

claim that the frequency automatically tracks the maximum power transfer point thus

maximising the e�ciency of the power supply up to 72%. C.C. Tsai et al. proposed an

additional boost stage in front of the main converter to stabilise the input voltage. The

two stage converter included a series resonant half bridge converter with a 68% e�ciency.

The primary side frequency control is based on a phase shift measurement between the

voltage and currents at the primary side. The advantage of this method is a good voltage

regulation of ±0.4V and its drawback is a relatively low e�ciency mainly due to the
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Author Air-gap Frequency Power Efficiency Topology

Ghahary et al.[44] 10-20mm 50kHz 12-48W 66-78% Full Bridge,sec leakage compensation

Joung et al.[45, 46] 10-20mm 120kHz 12-48W 68-78% ZVS Full Bridge,leakage compensation

Zierhofer et al.[35] 0-8mm 7-10MHz - 45-72% Class E,resonant tanks

Tsai et al.[8] 6-18mm 430kHz 30-50W ≤68% Half Bridge, series resonant

Table 2.1: Contact-less transfer of energy in biomedical applications

conduction losses in the coils. These losses and the resulting high coil temperature put

this system's applicability under question. Matsuki et al. [6] implemented a synchronous

recti�er at the secondary side to reduce the conduction losses.

2.4.2 Automotive

During the past decade many automobile companies have invested vast amounts of

money towards the all-electric car for their environment-conscious clients. Electric car

technology has made huge advances regarding the power electronics and motor design

and towards the miniaturisation of the components. According to [48] most of the

projects related with the all-electric cars were abandoned due to two major issues: a)

the low capacity provided by the current battery technology and b) the diversity in

the charging methods that were used by di�erent companies (despite the SAE J-1773

recommendation published by the Society of Automotive Engineers).

Despite the shortfall in the electric vehicle technology there was a signi�cant boost

to research into inductive charging. The automotive industry aimed for a high power

inductive interface that would replace the less safe electrical outlets. Typical power

levels of several kilowatts were needed to be transferred over a 3cm air gap.

Hayes et al.[31] proposed a full bridge converter incorporating two resonant tanks, one

series and one parallel. The authors concentrated on the optimisation of the power elec-

tronics component by utilising the transformer parasitics and some additional external

components. The proposed circuit operated with zero voltage switching hence reducing

the power losses. The circuit employed frequency control to regulate the output voltage.

The authors concluded that the proposed topology performs well for level 1 and level

2 charging (120V, 15A and 230V, 40A respectively according to SAE J-1773), but it is

not appropriate for level 3 (25-160kW) charging.
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Kutkut et al.[49] proposed a 120kW converter for fast charging of electric vehicle batter-

ies. The full bridge series-parallel resonant topology featured IGBTs that were switching

under zero current conditions. The authors characterised and assessed the semiconduc-

tors by studying the IGBT loss mechanisms. They calculated the losses under zero volt-

age switching and compared them with those under zero current switching. Although

more passive components were needed to achieve zero current switching, it resulted

in considerably lower losses. Design equations were given for the selection of proper

resonant components.

The same research group under Klontz have emphasised magnetic interface optimisation

for fast charging of an electric vehicle [50]. The authors calculated the AC resistance

of the windings and the optimum number of winding layers and wire thickness to min-

imise the conduction losses. The resulting 120kW full bridge series-resonant converter

operating at 20kHz demonstrated a high e�ciency although active cooling was essential.

Sakamoto et al. [51, 52] proposed a half bridge converter with frequency control. The

converter achieved zero voltage switching of the two MOSFETs by using the transformer

inductance to resonate with the drain-source capacitance of the MOSFET. The authors

proved that although leakage inductance is needed in such circuits to accomplish the

soft-switching, it results in high voltage drops and thus it must be minimised. Di�erent

arrangements for the power transformer winding layouts, including a coaxial winding

arrangement, were proposed to reduce the leakage inductance. The authors claimed a

97% e�ciency at 3kW of output power. The conduction losses were not discussed in

this paper although their impact at the frequency of 100kHz is signi�cant. In [53] the

authors proposed an alternative energy coupler with a large cross-sectional area to allow

for longer clearance and relative misalignment between the core halves. The weight of

the magnetic interface alone was 17.2kg and allowed the transfer of 8.3kW of power with

a 97% e�ciency (for a small 3mm air gap). The e�ciency of the converter was only

measured for very small air gaps. The misalignment and increased distance of the cores

is expected to degrade the e�ciency signi�cantly.

2.4.3 Aerospace and military

Aerospace and military applications di�er from other applications in that reliability and

endurance are the principal objectives, with cost a lower priority. Military technologies
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Author Air-gap Frequency Power Efficiency Topology

Kutkut N.H. et al.[49] 0.14in 75kHz 96kW 94.7% Full bridge, ZCS series-parallel resonant

Klontz K.W. et al.[50] - 20.43kHz 96kW 99.6% Full bridge, series resonant

Sakamoto H. et al.[51, 52] 5mm 100kHz 3kW <97% Class-C with ZVS

Sakamoto H. et al.[53] 5mm 100kHz 8.3kW <97% Full bridge with ZVS

Hayes J.G. et al.[31] - 150-200kHz 1kW <95% Full bridge,series-paraller resonance

Table 2.2: Contact-less transfer of energy in automotive applications

must pass extensive testing before reaching the market and are usually in the vanguard

of technology. The power level and the inductive interface layout largely depend on

the application. This type of applications is often classi�ed, so the volume of published

research is limited. Although this review focuses on the recent advancements in the

�eld, it is considered that some older fundamental papers should be brie
y cited to help

researchers investigating this �eld.

McLyman et al [17] worked on the replacement of the slip-rings in a satellite application.

The author mainly looked at the geometry of the magnetic interface and proposed some

interesting geometrical alternatives to improve coupling. Marx et al. [20] proposed

replacement of slip-rings with a rotary transformer and designed a push-pull converter

to evaluate it. The author compared the performance of the conventional circuit with

that of the proposed one and also estimated the di�erences in cost, weight and life

expectancy. The resulting converter ran at 18kHz and delivered 500W with a 90.8%

e�ciency. Landsman [19] made one of the �rst attempts to design a rotary transformer

for transferring energy to the body of a satellite from its rotating solar panels. The

author concentrated on the magnetic component design and its geometrical optimisation.

A resonant converter with transistors was developed and 1.2kW of power delivery with

92% (transformer) e�ciency was claimed.

2.4.4 Industry

The industrial sector invests in reliable technologies that have minimum maintenance

requirements and long life expectancy. Precision and reliability may be the priority

in certain applications (production, assembly lines etc) and reliable operation in harsh

environment may be in others (mining etc).
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Figure 2.9: The wireless transmission of power and information WTPI scheme pro-
posed by Hirai.

Mecke et al. presented a general purpose inductive energy transmission system [9]

for supplying 1kW of power to electric loads at a maximum distance of 300mm. The

authors used large primary and secondary windings (diameter of 400mm) glued on

ferrite plates to improve coupling. The leakage inductance of these oversized windings

was compensated by using a series resonant capacitor in the primary and a parallel

resonant capacitor at the secondary. The authors �rst used the phase-shifted full bridge

with IGBT switches to demonstrate that it is possible to transfer 1kW of power over a

300mm air gap with a relatively high (around 80%) e�ciency.

J. Hirai and his colleagues made a signi�cant contribution to the literature by proposing

two inductive interfaces (�gure 2.1(d),(g)) for wireless transfer of power and information

(�gure 2.9). In paper [21] a low power battery charger for a robot was proposed. The

system incorporated a data link between the charger and the battery supervisory module

in order to optimise the charging pattern and battery life. In [13, 22] the authors looked

upon a complete interface for distributing power and exchange data magnetically to

industrial actuators and machines. Two di�erent magnetic components were proposed;

a pot-shaped interface that could allow rotary movement between the core parts with

a very small air-gap (200�m) and a linear interface made of an E-core with no air-

gap. Both interfaces exhibited high leakage inductance and to compensate for that

the authors used a current resonant bridge converter with extra capacitors across the

switches to resonate with the leakage inductance and thus provide zero voltage switching.

According to the authors the maximum e�ciency is 92% for a small air-gap of 200�m.

The same interfaces were also used to transfer data during the non-conducting intervals
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of the power stage. The theoretical model estimated a possible data transfer rate of

8.5Mbps. In practice, the maximum bit rate was only 100kbps as the transmission was

limited to the switch o�-time intervals to avoid interference with the power signals. A

channel cross-talk study was presented in [54].

The contact-less power delivery to linearly moving loads was investigated by Klontz et

al in [12]. They looked at a high power (1MW) haulage equipment application based

on a low frequency (2kHz) resonant inverter with a 1km long 1-turn primary winding

and a moving toroid core with the secondary wound around it. A parallel connected

capacitor compensated for the interface's leakage inductance. The concept was applied

to a small scale prototype and the authors claimed a good performance.

Green and Boys [55] have also proposed a 10kHz inductive power transfer (IPT) system

operating at a frequency of 10kHz. This attempt was based on a secondary resonant

tank made of the pick up coil and a parallel capacitor. The aim was to reduce the sharp

edges of the current waveforms and hence the high frequency losses. They managed to

couple 6kW of power across a 70mm air-gap with an e�ciency up to 75% at maximum

loading. To regulate the output voltage which greatly varied over the load range, they

employed a series-connected secondary side boost converter. The same group worked

on inductive coupler stability issues [56] and derived a dc equivalent circuit to analyse

the dynamics of a high frequency AC resonant pick-up converter [57].

Esser et al.[18] worked on a rotary transformer interface for contact-less transfer of

energy across the moving parts of a robot. The power converters are connected in a chain

to supply the successive segments of robot arms. The proven power capability of the

system was 10kW of continuous or 20kW of instant power with an e�ciency around 95%

at full load for an interface with a 100�m between the core parts. The authors employed

an IGBT bridge with a series resonant tank in the primary and secondary windings and

derived equations for calculating the required capacitors value. In [58] the same authors

investigated the simultaneous transmission of data through the magnetic component by

incorporating two capacitive channels. The two channels were implemented in a 1.2kW

power converter prototype for the transmission of 2.5Mbits with an low bit error rate.
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Author Air-gap Frequency Power Efficiency Topology

Mecke et al [9] 300mm 20-150kHz 1kW <83% Full bridge,series pri and parallel sec resonance

Hirai et al., [13, 21, 22, 54] 200�m 50kHz - <92% Resonant full bridge,100kbps data link

Klontz et al.[12] - 2kHz 1MW - Series-parallel resonant

Green et al.[55] 70mm 10kHz 6kW <75% Secondary parallel resonance,frequency control

Esser et al.[18],[58] 100�m 25kHz 10kW <97% IGBT bridge, series resonance(ZCS), 2.5Mbps data

Table 2.3: Contact-less transfer of energy in industrial applications

2.4.5 Commercial

Contact-less transfer of energy has been employed in low power commercial devices

in order to enhance safety. Products such as contact-less electric toothbrushes and

other portable equipment gradually gain ground over their wired competitors. Safety

regulations as well as convenience are the main motivations for the manufacturers to

embed CTE in their products.

Jang and Jovanovic [59] have developed a resonant converter that utilises the inevitable

leakage inductance to perform zero-voltage or zero current transition at both primary

and secondary switches. Here, the mode of operation (ZVS or ZCS) depends on whether

the circuit operates above or below the resonant frequency. They have also implemented

separate control circuits in each side of the converter; to compensate for the input voltage

variations the authors of this paper designed a controller that adjusts the oscillation

frequency to adjust the gain of the resonant circuit. In the secondary side a control

circuit adjusts the duty ratio of the recti�er switch by observing the output voltage as

well as, indirectly, the secondary current. This interesting work resulted in the design

and testing of a 4.5W battery charger with an e�ciency in the range between 60 and

70%. The authors reported increased winding conduction losses.

Kim et al described a di�erent approach for designing the contact-less inductive inter-

face [15]. The authors associated the coupling coe�cient of the transformer with the

component's geometry based solely on the core structure, dimensions and relative posi-

tion. By varying the ratio between the core width and the gap length they concluded

that by increasing this ratio the coupling coe�cient increases too. The authors also

studied the power electronics stage and attempted to optimise its operation by de�ning

the normalised power stress factor (PSWN ) for the switching devices. Because of the
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problematic voltage and current gain of the power transformer, high voltage or current

stresses occurred in the primary side to achieve the desired current and voltage at the

output. Therefore, the optimisation objective in this paper is the product of voltage

and current which is the power PSWN . The half bridge resonant converter featured a

simple control circuit with an infrared LED to couple the control signal to the primary

side. The evaluation of the proposed system showed an e�ciency of not more than 75%

with 3mm gap between the core parts.

Pedder et al have investigated a contact-less energy transmission system in [11]. The au-

thors proposed a U-core with one of the core sections penetrating into the other to reduce

the fringing �eld e�ect. They provided some design guidelines mainly concerning the se-

lection of the core in order to keep the 
ux density in reasonable levels. Furthermore, the

authors proposed an interesting control strategy that extracts the phase information of

the re
ected load current ignoring the triangular magnetising current. This is achieved

by using a double di�erentiator to �rst convert the triangular magnetising current to a

square pulse and accordingly to a series of alternating narrow pulses thus leaving the

re
ected sinusoidal load current una�ected. Using the limiting ampli�er the sinusoidal

waveform is converted to a square wave and the phase information is extracted. Two

prototypes, a 1W and a 5kW were built and the e�ciency of the magnetic interface was

found to be around 95%. At 2.5kW the transformer power loss was around 230W mak-

ing its cooling di�cult. This paper clearly shows that the magnetic interface imposes

some upper boundaries to the maximum power of such an application.

Sakamoto and his research group at Kumamoto Institute of Technology investigated

several solutions for the inductive charging battery cells. In [36{38, 60] they proposed

the use of a self-oscillating C-class ampli�er with a positive feedback loop that initiates

and maintains the self-resonance. The switch is operated with zero voltage transitions

and the voltage on the transistor appears to be a chopped sine-wave with a controlled

duty cycle. The topology is fairly simple and cost-e�ective using only one switch. The

authors claimed that the e�ciency of the above circuit is over 90%. Although not

mentioned in the paper, the sinusoidal waveforms usually result in high voltage stresses

to the semiconductor components as the absolute amplitudes are usually higher than

these of a square waveform. Researchers from the same group (Abe et al.) developed

a half bridge converter with parallel resonant capacitors across both the primary and
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Author Air-gap Frequency Power Efficiency Topology

Jang et al. [59] 60mils 65-140kHz 4.5W 60%-70% Series resonant,frequency and PWM control

Kim et al.[15] 3mm 65kHz 3.3W <75% Half-bridge,series resonant

Sakamoto et al. [36–38, 60] - 100kHz 5W <90% C-class,self resonant,ZVS

Abe al. [53, 61–63] 4mm 58-107kHz 5W <60% Half Bridge,pri and sec parallel resonance

Pedder et al. [11] 6mm 120kHz 5kW <83% Half/full bridge,sec series resonance,ZVS

Table 2.4: Commercial applications

Converter Type Inductive coupler type References

Resonant converter small to medium distances(mm to cm) [15, 32, 44–46, 49]

Quasi-resonant converter small distances (milimiters) [16]

Class E self-resonant amplifier medium distance, small power [35]

Flyback small distances [33, 34]

Table 2.5: Proposed topologies for contact-less transfer of energy

secondary windings [53, 61]. They claimed that the secondary capacitor improved the

load matching and consequently the power transfer capability. The primary resonant

circuit adjusts the resonant transition period according to the load current. Finally,

in [62] the authors formed an additional resonant tank composed by the �lter inductor

and a parallel capacitor that keep a continuous current 
ow during low-load or no-load

conditions, hence keeping the voltage gain at reasonable levels. Design guidelines for the

component selection are given in the paper and the resulting converter demonstrated a

relatively low e�ciency (60%) across an air gap of 4mm.

Table 2.5 summarises the proposed architectures according to the converter topology.

The research projects in this table are a representative fraction of the work that has

been carried out in the last 15 years.

2.5 Chapter Summary

A broad range of inductive couplers for various applications has been proposed in the

literature. The required power and the distance between the stationary and moving

parts de�ne the type of the inductive coupler that should be used. Planar windings and

core-less transformers are used in biomedical applications, where the weight and size are

critical factors and low power transfer is required. Heavier and bigger transformers with
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a magnetic core have been used in inductive charging of batteries. Linear and rotating

transformers have been used in industrial applications.

Regarding the power electronics topology, resonant and quasi-resonant circuits are popu-

lar as they can utilise the transformer leakage inductance to perform ZVS and ZCS of the

semiconductors. Leakage inductance compensation is common in applications with long

distance between the windings, where the voltage gain of the transformer is impaired.

In cases with relative displacement between the core halves, the electrical characteristics

of the transformer change, therefore frequency tracking control is employed to preserve

optimum voltage gain of the transformer.

The 
yback converter is also a possibility when the inductive coupler has relatively low

leakage inductance. Energy is stored in the magnetic component during the on-time

and released at the secondary side during the o�-time of the switch. The disadvantage

of this topology is high voltage and current surges occurring during the switch transi-

tions. Some self-resonant ampli�ers have also been proposed for contact-less transfer of

energy, however the sinusoidal waveforms cause higher voltage and current stresses on

the switches.

The rotating transformer has certain characteristics that di�erentiate it from other in-

ductive couplers; a �xed clearance between the primary and secondary coils and prac-

tically �xed electrical properties. A basic requirement of the radar application is a

�xed operating frequency, in order to synchronise the power supply with the radar pulse

repetition frequency. This limitation makes di�cult the use frequency control. The

phase-shifted full bridge converter often presents signi�cant advantages in terms of size,

cost and e�ciency in applications near the kilowatt range. It is expected that the PSFB

combined with a carefully designed inductive coupler could result in a compact and e�-

cient converter. The conditions under which this statement holds true are investigated

in this work.

The aim is to design an e�cient (>90%), lightweight and compact power converter. The

existing designs one of the the above features was compromised in order to improve an

other. As a result, highly e�cient/high power converters such as the ones by Sakamoto

and Klontz and Hirai employed an oversized magnetic core, a low switching frequency (to

reduce switching and conduction losses) or a very small air-gap to achieve good coupling.
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Similarly, B. Cho and his colleagues proposed a non-realistic solution employing an

oversized magnetic core in an arti�cial heart application. This thesis aims at a realistic

design with a good balance between size, cost and performance.
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Chapter 3
Transformer Theory

Bearing in mind that the inductive coupler is, actually, a transformer with its primary

and secondary windings taken apart, it is useful to associate its geometrical charac-

teristics with its electrical behaviour. This would allow the transformer design to be

optimised for a speci�c topology. A short introduction to basic magnetics and trans-

former operation is essential to gain a good understanding of how the geometrical layout

a�ects its performance. The aim of this chapter is to help understanding terms such

as magnetisation, magnetising inductance, leakage inductance and AC losses that are

critical in power electronic designs.

When reading this Chapter, the reader should keep in mind that a gapped transformer,

such as the contact-less energy interface, combines the magnetic properties of both an

ideal transformer and those of an inductor.

To explain the magnetic behaviour of a transformer, and especially the characteristics

of a rotating transformer, this Chapter begins with an introduction to the magnetic

phenomena and then focuses on the magnetic materials and the magnetic components.

The notions of magnetising and leakage inductance are de�ned and their connection

with the transformer geometry is investigated.

The chapter ends with the description of three transformer characterising methods (mea-

surement, calculations, �nite elements analysis) that have been used to analyse the

rotating transformer.

3.1 Magnetism

Magnetism is a property of the matter. Di�erent substances of the matter have di�erent

magnetic properties. As a result some materials interact with a magnetic �eld and some

others are e�ectively inert.

The fundamental substance of matter is the atom (�gure 3.1). The atom consists of
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Figure 3.1: The atom; basic magnetic moment sources

a positive nucleus, and a number of electrons revolving around the nucleus in di�erent

valencies. Just as a current currying loop creates a magnetic moment, the revolving

electrons create very weak magnetic moments.

In addition to the circular movement, the electrons are also spinning around their own

axis. This phenomenon also contributes to the total magnetic moment of the element,

although the way this is done can only be described by quantum theory that is beyond

the scope of this text [64].

The third source of magnetic moment is that of the nuclear spin. This has a negligible

contribution and therefore is usually omitted.

In each case the magnitude of the moment is the product of the electron charge and the

area of the described loop. Millions of atoms all together constitute a domain which has

a south and a north pole and can be re-aligned when a magnetic �eld is applied.

3.1.1 Magnetic properties of matter

From all elements the transition metals (such as the trivalent Fe) exhibit the most

uncompensated spins and therefore present strong magnetic properties. All materials

can be classi�ed according to their magnetic behaviour into three major categories;

diamagnetic, paramagnetic and magnetic materials. The diamagnetic and paramagnetic

materials are usually referred to as non-magnetic, although the only real non-magnetic
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Figure 3.2: The magnetic moment of the atom is decreased upon the presence of a
homo-directional external �eld, i.e. !0 > !1.

medium is a vacuum.

In diamagnetic materials the net magnetic �eld that is created by the revolving electrons

and by their spinning movement is zero as the di�erent �elds cancel each other. If an

external magnetic �eld is applied, for example, in the same direction with the moment

created by an orbiting electron, then a torque would be developed on the electron in

the outward direction. However, the radius of rotation cannot be changed if the energy

balance within the atom is to be preserved (according to quantum theory for an electron

to move from one valence to another a speci�c amount of energy must be absorbed

or released). Therefore, in order to balance the forces within the atom the orbiting

velocity of this electron should decrease. This unavoidably results in a reduction of

the net magnetic moment and of the total �eld density (�gure 3.2. When an external

magnetic �eld H is applied to a diamagnetic material the total �eld density produced

by the combined external and internal �elds decreases [65].

In contrast, in a paramagnetic material the net moment of the atom is not zero. There-

fore the atom looks like a magnetic dipole. When there is no external magnetic �eld

the average magnetic �eld in a volume of such a material is zero. However, if an exter-

nal �eld is applied on a paramagnetic material, the magnetic dipoles tend to align and

therefore the �eld density in the volume increases slightly.

The third and most interesting category is that of the so called magnetic materials.

They are called magnetic materials because they become magnetised (look like a mag-

netic dipole) in the presence of an external magnetic �eld. This category includes the

ferromagnetic and ferrimagnetic materials as well as the antiferromagnetic and super-

paramagnetic materials. The �rst two are of interest as they are used for magnetic
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components design.

The ferromagnetic and ferrimagnetic materials consist of atoms that exhibit a strong

magnetic moment and therefore they look like magnetic dipoles. Due to the magnetic

forces that are developed among the atomic dipoles they form groups of uniformly

aligned atoms, the domains. The domains are randomly aligned over the material's

volume so that in macroscopic view the material presents a zero net magnetic moment.

However, when an external �eld is applied the domains align and form a convenient path

for the magnetic �eld to appear. The di�erence between ferromagnetic and ferrimagnetic

materials is that the atomic moments within the material are not equal. In ferrimagnetic

materials the domains respond well to the presence of an external magnetic �eld but not

as well as in a ferromagnetic material. Also an important property of the ferrimagnetic

materials is their higher resistivity which makes them suitable for higher frequencies of

operation.

The ferrites are the most commonly used ferrimagnetic materials. They are ceramic

materials made of iron (Fe+++) oxides with ions of other transition metals like Nickel

(Ni++), Manganese (Mn++) and Zinc (Zn++). The ferrites as well as all ferrimagnetic

and ferromagnetic materials lose their magnetic properties above a temperature called

the Curie temperature (1043K for iron)[64].

3.1.2 Magnetic permeability

A measure of the ability of a material to realign its domains in the presence of a magnetic

�eld is the magnetic permeability. There are di�erent de�nitions for permeability:

• Absolute permeability, which is given as the ratio of 
ux density B to the applied

�eld H

• Relative permeability, which is a dimensionless number given by the ratio of ab-

solute permeability to the permeability of free space (�0 = 4× � × 10−7H=m)

• E�ective permeability, is used when an air gap is introduced in the magnetic

circuit. It is dependent on the initial permeability of the soft magnetic material

and the dimensions of the air gap.
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The diamagnetic materials have a relative permeability that is below 1.0, so that if an

external �eld is applied to such a material the resulting �eld density in it would be less

than the �eld density in air under the same �eld.

The paramagnetic materials respond to a magnetic �eld slightly better that the air

space. Therefore their magnetic permeability is slightly more than 1:0.

The ferromagnetic and ferrimagnetic materials, on the other hand, experience a much

higher relative permeability as their structure allows the magnetic �eld to re-align their

domains to the direction of the magnetic �eld.

3.1.3 Magnetisation and hysteresis

As mentioned before, upon the presence of an external �eld the domains in a ferromag-

netic material start aligning. This process is called magnetisation. As a result the �eld

density B in the material increases as the �eld intensity H rises. It has been noted

that the ratio between the �eld density and �eld intensity is called permeability of the

material. However, the permeability is not constant. As more and more of the domain

dipoles are aligned, the material's ability to respond to an increased �eld is reduced. At

some point, when all the domains have been aligned to the external �eld, any increase of

the �eld intensity has no e�ect in the �eld density. This situation is known as magnetic

saturation of the material. It is a very important property as it de�nes the amount of

energy that the material can store.

The relationship between the B and H magnitudes is illustrated on the magnetisation

curve. The magnetisation curve of a material with in�nite number of dipoles would be a

straight line (�gure 3.4). The amount of dipoles per volume of the material would de�ne

the slope of the curve. However, due to the magnetic saturation, the curve becomes 
at

when the �eld is increased above a certain point. Figure 3.3 illustrates the magnetisation

process of a magnetic material showing also the domain positioning for di�erent �eld

intensities (H1, H2, H3).

Assume now that the �eld is removed after the material was saturated. Although the

�eld becomes zero some of the domains will stay aligned keeping the 
ux density at a

level that is called the residual density.
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Figure 3.3: The magnetisation curve and the domains alignment for an increasing �eld
intensity

The fact that the magnetic state of the material depends on its history is called hysteresis

[64]. To re-align the domains in a ferrite an opposite �eld must be applied.

On the magnetisation curve the hysteresis is illustrated as in �gure 3.4. This is called a

B −Hloop

Before applying an external �eld the domains have arbitrary positions in the structure

and therefore the net 
ux density in the material is 0 (point O). When initially mag-

netised under the in
uence of an external �eld the process is described by the line OA.

At the point A the material is saturated and the 
ux density from this point onwards

increases very slowly (as in air). When the �eld is removed the 
ux slightly drops to the

residual 
ux level (point B). In order for the 
ux to be reset an opposite external �eld is

needed. The de-magnetisation follows the path BC. If the �eld intensity keeps increasing

the domains will be aligned in the opposite sense until the material will saturate (point

D). Following a similar route the rest of the loop is traversed.

There is some energy spent when magnetising a material. This energy is given by:

W =
∫ B

0
H · dB (joule=m3) (3.1)

which is equivalent to the enclosed area between the magnetisation curve (FA route)

and the B axis (�gure 3.5).

When B and H are linearly related (the magnetisation curve is a straight line) the above
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Figure 3.4: The magnetisation curve illustrating the hysteresis phenomenon
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Figure 3.5: Energy loss due to hysteresis
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integral simpli�es to:

W =
1
2
·Bf ·Hf (joule=m3) (3.2)

where Bf and Hf are the �nal values of the two �eld quantities. Equation 3.2 is the

basis for inductance calculation with the method of �nite elements analysis (as discussed

in Chapter 4).

Some of the energy is released when the �eld is removed. However, due to the hysteresis

e�ect an opposite �eld needs to be applied and more energy needs to be spent in order

to demagnetise the material (see �gure 3.4 above). The energy spent for repositioning

the domains �nally develops heat.

When used as a core material for a transformer the ferrite experiences a di�erent mag-

netisation process depending on the power electronics topology. For example, in a

forward converter the transformer would operate above the H axis often making the


ux-resetting an important issue (thus requiring reset windings etc). However, when

the transformer is driven by a bipolar waveform as in a push-pull converter, a loop like

that of �gure 3.4 describes the relationship between B and H. The 
ux excursion ∆B

is a function of the switching frequency. Operating at a higher frequency usually results

in reduced 
ux excursion.

3.2 Losses in Magnetic Components

The main mechanisms that cause losses in a magnetic component are:

• Hysteresis losses

• Eddy currents

• Conduction losses

As these are key parameters for the e�ciency of a high frequency power converter an

overview of the di�erent phenomena is essential at this point. Some of these phenomena

play an important role during the design of a rotating transformer. This is because the
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Figure 3.6: Eddy currents created in a magnetic material under a varying magnetic
density

magnetic �eld in such a transformer does not strictly follow the magnetic core path but

stores energy in di�erent places within the volume of the transformer.

3.2.1 Hysteresis losses

As mentioned above, hysteresis losses appear in the magnetic core material due to the

energy spent to reposition the magnetic dipoles within the material. The hysteresis

losses per unit volume are approximated by the following relationship:

Ph = k · fasw ·
(

∆B
2

)d
(W=m3) (3.3)

where k, a, and d are material related constants. As seen from equation 3.3, hysteresis

losses depend on the switching frequency fsw and also on the 
ux excursion ∆B. This

equation is the result of a curve �tting process and the data is extracted from the graphs

provided by the magnetic core manufacturers [66].

3.2.2 Eddy losses in the core

When a low resistivity material is placed in a variable magnetic �eld, electric currents

are induced in the material (�gure 3.6). These currents, known as eddy currents, cause

a power dissipation in the material. The power primarily depends on the resistivity of

the material and the magnetic �eld density.
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The eddy current losses in a volume like that of �gure 3.6 are approximated by the

following relationship:

Peddy =
B2
f · f2

sw · d2

�
(W=m3) (3.4)

The ferrimagnetic materials (eg. ferrites) have a considerably lower resistivity making

them more suitable for high frequency applications than ferromagnetic materials.

3.2.3 Conduction losses

The conduction losses in magnetic components can be classi�ed in two major categories;

the DC and the AC losses. The result of a current I 
owing in a wire of resistance R

(measured under a DC voltage) is power (I2R) being dissipated and therefore heat being

developed on the wire, where I is the rms value of the current. These are known as the

DC losses of a transformer or inductor.

However, due to the varying magnetic �eld around the windings, the current distribution

in the conductors is not uniform. The self-inductance of the conductor, as well as the

magnetic �eld created by adjacent turns of the same winding, redistribute the current


ow within the wire and reduce the e�ective cross-sectional area of the conductor and

increase the AC resistance. These e�ects, namely the skin and the proximity e�ect,

become stronger for higher frequencies of operation. The currents that cause these

losses are all di�erent occurrences of eddy currents [66].

The skin e�ect The skin e�ect is illustrated in �gure 3.7. The current 
owing in the

conductor generates a magnetic �eld around it. This �eld in turn creates circulating

currents in the wire as shown in �gure 3.7. These currents are opposite to the main

current 
ow in the centre of the conductor and add to the main current closer to the

surface of the wire. The result is that more net current is 
owing closer to the surface

of the conductor. This is called the skin e�ect. The distance from the conductor

surface to where the current density is 1=e times the surface current density is called

penetration depth (or skin depth). De�ning the penetration depth of the current for a

speci�c frequency is very important for correctly choosing the wire thickness. It is given

by [67],
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Figure 3.7: The skin e�ect; (a) eddy currents induced in the conductor and (b) resulting
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Figure 3.8: The proximity e�ect within two current carrying conductors (a) negligible
or no proximity e�ect (b) changed current distribution due to proximity of
conductors [1].

Dpen =
√

�
� · �0 · �r · fsw (3.5)

Proximity losses When two parallel current carrying conductors are brought into

proximity their magnetic �elds interact as shown in �gure 3.8. The overlapping �elds

between the wires cancel each other and this results in a reduction of the current density

across the two opposing surfaces. This is called the proximity e�ect. Essentially, the

magnetic �elds produced by each one of the conductors is producing eddy currents

within the other conductor. These currents are perpendicular to the �eld and therefore

on the same axis with the original conductor current. However, they 
ow in the opposite

direction (trying to eliminate their cause) thus e�ectively reducing the current density

at the side of the wire where the �eld is stronger. The result of the proximity e�ect is

a reduction of the e�ective cross-section of the conductor and consequently an increase
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Figure 3.9: The proximity e�ect in the winding of an inductor; (a) the magnetic 
ux
in the winding space induces di�erent eddy currents in each layer and (b)
top view of three layers and the current distribution in them.

of what is called AC resistance. This, in turn, results in higher I2R losses on the wire.

These are referred as proximity losses.

The proximity e�ect occurs in a winding that consists of more than one successive

layer. The cross-sectional view of an inductor with a three layer winding is illustrated

in �gure 3.9(a). The basic principle that applies here is that the net current 
owing in

each winding is I. This current creates a magnetic �eld whose intensity is described at

each point by the vector ~H. Each layer creates an mmf relative to the current 
owing

in it. Figure 3.9(a) shows a magnetic line of length lA created by layer A. According to

Ampere's law this layer of the winding creates an mmf F given by

FA =
∮
H · dlA = NI (3.6)

The same is valid for layers B and C,

FB =
∮
H · dlB FC =

∮
H · dlC (3.7)

where N is the number of turns, each carrying a current I, encircled by the respective

path of integration. The 
ux path created by layer A also encircles layers B and C and

the 
ux created by layer B also encircles layer C. The mmf builds up as more layers
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Figure 3.10: Transformer Action.

are added, hence, the one applied in A is three times that applied in C. The magnetic

moments FA; FB; FC are given by,

FC = I FB = 2 · I FA = 3 · I (3.8)

Again, the result of a varying magnetic �eld is eddy currents induced in each layer of

the winding. Since the �eld magnitude is di�erent at each layer the eddy currents will

vary accordingly. These additional currents 
owing into the conductors increase the

current density although the net current is always kept �xed. Finally, the increased

current density results in higher ohmic losses. The current distribution in each of the

winding layers is illustrated in �gure 3.9(b). The ohmic losses increase signi�cantly for

each extra layer added to the winding.

Faraday's law (equation 3.10) de�nes that the voltage (and thus the current) induced

on a conductor is proportional to the rate of change of the magnetic 
ux. This implies

that the faster the 
ux density changes the higher the eddy currents will be. In other

words higher frequency of operation results in greater proximity losses.

The proximity e�ect together with the skin e�ect are the two high frequency e�ects that

change the AC resistance of the conductors.

3.3 Transformer Action

A voltage is applied to the primary winding (left hand side) of �gure 3.10(a) and a

current, called magnetising current, 
ows in it. This current creates a magnetic �eld
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and the domains of the magnetic core start aligning in the direction of the �eld vector.

Due to the increasing magnetic 
ux Φpri in the core, a voltage Vsec will be induced

across the secondary winding (right hand side) of �gure 3.10(a).

If a load is connected to the secondary winding and a current Isec starts 
owing in it

too (�gure 3.10(b)). This current will create another magnetic 
ux Φsec (according to

Ampere's law) that will oppose the initial 
ux (and thus subtract from it). The total


ux in the magnetic core is:

Φ = Φpri − Φsec (3.9)

Consequently, the primary and secondary voltages are according to Faraday's law:

Vpri = Npri
dΦ
dt

and Vsec = Nsec
dΦ
dt

(3.10)

One would expect that the total 
ux through the core would be reduced because of

the secondary created counter-
ux (Φsec). If this was the case, the primary voltage

would have been reduced as well to abide with Faraday's law. This is not possible as

the primary winding is driven by a voltage source. Instead, the current in the primary

is increased to compensate for the opposing 
ux generated by the secondary winding.

The amount by which the primary current is increased when the secondary winding is

loaded is called the re
ected load current.

In an ideal transformer the 
ux Φ that links both sides is the same, hence, the volts per

turn is the same in both windings. The relationship between primary and secondary

voltage is:

dΦ
dt

=
Vpri
Npri

=
Vsec
Nsec

⇒ Vpri
Vsec

=
Npri

Nsec
(3.11)

Therefore, a transformer is used to couple the electrical energy from a circuit to another

with no electrical contact between them and also to transform the voltage and current

from one level to another.

It is now time to introduce the transformer equivalent circuit shown in �gure 3.11. As
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Figure 3.11: Equivalent model for a transformer

mentioned above, when a voltage is applied to a non-loaded transformer a magnetising

current will 
ow. According to Ampere's law a magnetic 
ux will be produced that

stores magnetic energy into the transformer structure (hence the inductors L1 and L2

in the model). In addition to that, if a load is connected to the secondary then energy

taken from the source will be transferred from the primary winding to the secondary.

Also, any change in the secondary current is re
ected to the primary and vice versa.

A common inductance, which is called mutual inductance M , is used to represent this

e�ect. Any current change in one winding is re
ected to the other as an opposing voltage

by means of the mutual inductance.

By applying Kircho�'s law to the network of �gure 3.11 the two basic equations that

govern the transformer operation are obtained.

Vpri = L1 · di1dt +M · di2
dt

(3.12)

Vsec = L2 · di2dt +M · di1
dt

(3.13)

3.3.1 Mutual 
ux

Concepts such as mutual 
ux and mutual inductance are very important in a transformer

as they are a measure of the component's ability to transfer energy from one winding

to the other. Mutual 
ux, as mentioned, is the magnetic 
ux linking both windings. In

an ideal transformer mutual 
ux is equal to the total 
ux created by the primary and

secondary windings (the combination of their 
uxes). This, practically, means that in

an ideal transformer like the one shown in �gure 3.10(b) the windings are tightly wound
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around the magnetic core so all the magnetic 
ux is following the ferrite path.

However, this is not the case in a real transformer. The magnetic 
ux is not always


owing through the core material. This creates the so-called leakage 
ux which is

explained in the following section.

3.3.2 Leakage 
ux

The magnetic 
ux (equivalent to electric current in an electric circuit) created by a

magnetomotive force (equivalent to electric voltage) will tend to follow the path with

the smallest reluctance (equivalent to electric resistance). This means that the magnetic


ux will easily 
ow through a ferrite whose permeability is very high but will resist


owing through the air that has a very small magnetic permeability. However, the

permeability of the magnetic core is not in�nite which means that a small amount of


ux will follow the air path (just like a small electric current would 
ow through a huge

resistance which is in parallel to a small one). This is illustrated in �gure 3.12. Some of

the 
ux escapes from the magnetic core and returns to the source through the air. This

leakage 
ux stores energy in the air space (by re-aligning its magnetic dipoles). This is

electrically described as an additional inductance called leakage inductance.

In electrical terms the leakage inductance is much smaller than the mutual inductance

and therefore the energy stored in it is much less than the energy transferred to the

other winding.

A cross-sectional view of a transformer is illustrated in �gure 3.13. The secondary wind-

ing is wound on top of the primary and therefore the estimation of leakage phenomena
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Figure 3.13: The di�erent paths that the magnetic 
ux follows in a typical transformer.

becomes more complex. Identifying the paths that the 
ux can leak through is the

initial step in order to eliminate them. The following leakage 
ux paths are shown using

dashed lines [68].

1. the mutual 
ux Φ1 that is generated by the primary and also links the secondary

winding

2. the leakage 
ux Φ2 developed within the generating winding itself

3. the leakage 
ux Φ3 in the air-space between the two windings and

4. the combined mutual/leakage 
ux Φ4 that partially encircles the secondary wind-

ing

3.3.3 Rotating transformer

In general, the role of a transformer is to transfer energy from one circuit to another

without an electrical contact. Storing energy into the magnetic core or the air-space

around it, is not desired. On the contrary, energy storage is the objective of a coupled

inductor.

A rotating transformer has an air gap of non-magnetic medium (air-gap) between the

core halves. It partially behaves as a coupled inductor storing energy into the gap and

in the leakage inductances of the windings.

It is clear that there is not an absolute distinction between a transformer and a coupled

inductor. They are physically similar. It is the particular application that requires the
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Figure 3.14: The physical model of an ideal transformer

component to operate as a transformer or as a coupled inductor. If only the transforming

operation is desired, emphasis must be given on maximisation of the mutual 
ux and

eliminating any possible paths of 
ux leakage. If storage of energy is the objective,

emphasis must be given to the design of the air-gap and the energy storage elements.

The key point is that in a rotating transformer energy storage and transformation are

two parallel processes. Careful engineering is needed to design the magnetic component

and the power electronics around it for optimum performance.

3.4 Transformer Modelling

Magnetics Modelling, in general, is the process of representing a magnetic component by

means of an equivalent electrical, mechanical or other system or a set of mathematical

expressions. Modelling a transformer as an equivalent mechanical system, for example,

would allow a visualisation of the di�erent e�ects that are taking place in a transformer.

Modelling the transformer as an electrical network would let an engineer include it

in a simulation and analyse its operation within a wider system. Finally, a set of

mathematical equations can be derived to quantify each aspect of a magnetic component.

3.4.1 A physical model

The inductive interface that is being analysed is neither an ideal transformer nor a pure

inductor. It transfers energy to the secondary, but at the same time, it stores energy in

the magnetic and non-magnetic materials of the interface. A mechanical equivalent [69]

of the magnetic interface is presented in �gure 3.14.
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The velocity of the primary side v1can be related to the velocity of the secondary side

v2 by taking into consideration the geometrical characteristics of the lever. Each edge

of the lever travels a distance,

y1 = a sin(�) y2 = −b sin(�) (3.14)

The relationship between the tip velocities is found by di�erentiating the last equations

and dividing,

v1 = −(a=b)v2 (3.15)

The energy storage in a transformer can be modelled by an elastic lever that can bend

and store some energy when a force is applied to it. As a result, the length ratio a=b

(equivalent of the turns ratio) is not enough to describe the relationship between the

"primary" and "secondary" speeds. The elasticity properties of the lever come into the

design (in analogy to the leakage and mutual inductances of the transformer).

3.4.2 Obtaining electrical characteristics from geometry

A simple equivalent model for the transformer has been presented (�gure 3.11). This

model has a disadvantage; its elements are not directly inherited from the geometrical

characteristics of the transformer. It is rather an empirical model built by considering the

transformer as a black box and measuring the input and output impedances. The basic

problem that arises when modelling a magnetic component is to derive the electrical

equivalent network from its physical structure. This would allow the designer to reverse

engineer the component and adjust its physical structure according to the results of

the electrical simulation. This procedure is generally tedious as it involves studying the

magnetic �elds in the component, identifying the focal points of energy storage etc.

Reluctance modelling is one of the methods used for analysing a magnetic component. It

is based on �nding the equivalent magnetic circuit by identifying the di�erent magnetic


ux paths in it. Then using the duality between magnetic and electric quantities, the

reluctance model can be converted to an electric equivalent [70]. Assume the transformer

of �gure 3.15(a). There are two magnetic 
ux sources or magnetomotive force (MMF)
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Figure 3.15: Reluctance modelling (a)the magnetic 
ux paths in a transformer, (b) the
equivalent reluctance model.

sources; the two windings Npri and Nsec that are conducting currents ipri and isec
respectively. The 
ux paths in the magnetic core and the air space are shown with dashed

lines. The equivalent magnetic circuit or reluctance model appears in �gure 3.15(b).

Each of the magnetic 
ux paths has a reluctance (which is represented by a resistor)

that is a function of the material permeability, the cross-sectional area and the length

of the path (Equation 3.16).

Rm =
lc

�0 · �r ·Ac (3.16)

This is in analogy to the resistance of a conductor that is a function of the resistivity

of the material and its cross-sectional area and length. The inverse of reluctance is

called permeance P of the 
ux path and can be physically interpreted as the inductance

measured across one turn wound around the path of reluctance R. The magnetising

inductance Lm of the primary winding of N turns which is wound around a path of

permeance Pm is calculated in Appendix A.1 and is given by,

Lm =
N2
pri

Rm
= N2

pri · Pm (3.17)

where Npri is the number of turns and Rm the reluctance of the core path. The mutual

inductance, on the other hand depends on both windings. A quantitative de�nition of

the mutual inductance of the transformer of �gure 3.15(a) can be given,
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M =
NpriNsec

Rm
(3.18)

Similarly, the primary and secondary winding leakages can be approximated by,

Llk1 =
N2
pri

Rlk1
(3.19)

Llk2 =
N2
sec

Rlk2
(3.20)

where Rlk1 and Rlk2 are the reluctances of the medium (air in this case) where the

leakage 
ux appears.

To convert the reluctance model of �gure 3.15(b) to an electrical equivalent we make use

of the duality between magnetic and electric networks. According to [25], the network

of �gure 3.16(a) is derived by changing the MMF sources (Npriipri, Nsecisec) to voltage

sources and series branches to parallel branches. Figure 3.16(b) illustrates the perme-

ances transformation to inductances by multiplying them with the respective number

of turns squared (eg. (Npri)2) and adding the ideal transformer. The �nal stage of

transformation (�gure 3.16(c)) involves moving the secondary leakage inductance to the

secondary side by scaling it by the square of the turns ratio.

The equivalent model of �gure 3.16(c) has a direct physical meaning. Llk1 and Llk2
are the leakage inductances of the primary and secondary side and their value can be

calculated directly by working out the reluctances. Similarly, the magnetising induc-

tance Lm can be calculated from the characteristics of the magnetic core. The ideal

transformer is used to provide the stepping up or down function. This model can be

directly incorporated in a simulation. Any possible de�ciencies can be located and the

physical structure can be modi�ed accordingly.

3.4.3 Obtaining electrical characteristics from measurements

After a transformer has been designed and manufactured, its electrical characteristics

can be veri�ed by performing some simple tests using an LCR bridge or a magnetics

analyser. This method cannot be used until the actual prototype is built. However,
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Figure 3.16: Converting the magnetic model to its electric dual: (a) the permeances
model (b) permeances converter to inductances and (c) the resulting � -
equivalent electric model.
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Figure 3.17: The two test approach (a)measuring input impedance with an open-
circuited secondary winding and (b) measuring input impedance with a
short-circuited secondary winding.

many designers use it in a trial and error approach, especially at the �nal stages of

development. It is important to choose the appropriate measuring techniques in order to

obtain trustworthy results. Therefore, several di�erent techniques have been developed

according to the transformer's type and use [71]. A typical method for measuring the

electrical characteristics of a transformer is by performing the basic open-circuit and

short-circuit tests (�gure 3.17). These are:

• Measure Lpss (primary winding inductance when the secondary is short-circuited)

• Measure Lpoc (primary winding inductance when the secondary is open-circuited)

The two test approach gives accurate results, if the following conditions hold; a) the

transformer magnetising inductance Lmp is much higher than the leakage inductances
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Llp, Lls and b) the primary and secondary leakage inductances can be assumed to be

equal. Under those assumptions the electrical characteristics of such a transformer are

approximated by the following relationships derived in Appendix A.3,

Lmp = Lpoc − Llp (3.21)

Llp =
Lpss
2

(3.22)

Lls =
n2Lpss

2
(3.23)

Clearly, in a coupled inductor or gapped transformer neither of the above assumptions

hold. The magnetising inductance is very low (and in some cases comparable to the

leakage inductances) and therefore the secondary leakage cannot be combined with the

primary leakage inductance. Also the primary and secondary leakage inductances are

not always equal. An extra test is performed in order to allow an accurate calculation

of the electrical parameters. This is measuring the output inductance by having the

primary winding open-circuited. Hence, the three tests performed are:

• Measure Lpss (primary winding inductance when the secondary is short-circuited)

• Measure Lpoc (primary winding inductance when the secondary is open-circuited)

• Measure Lsoc (secondary winding inductance when the primary is open-circuited)

Using the data obtained from the three test method the electrical characteristics of the

transformer can be calculated using the following formulae. The derivation can be found

in Appendix B.

M =
√

(Lpoc − Lpss)Lsoc (3.24)

Lmp =
1
n
M (3.25)
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Lms = nM (3.26)

Llp = Lpoc − Lmp (3.27)

Lls = Lsoc − Lms (3.28)

where M is the mutual inductance, Lmp the primary inductance of the secondary and

Lms the one re
ected to the secondary side and Llp, Lls the primary and secondary

leakage inductances.

The above three-test approach gives satisfactory results for transformers with low cou-

pling coe�cients. An accuracy problem arises when the transformer windings have a

high resistance relative to the the magnetising inductance impedance, in which case the

series-coupling test described in [71] can be used.

3.4.4 Obtaining electrical characteristics from �nite element analysis

3.4.4.1 The 2D �nite element analysis

Finite Element Analysis (FEA) is a mathematical tool for analysing complex and usually

non-homogeneous structures by dividing them to smaller pieces for which the behaviour

can be approached mathematically. The �rst step of the FEA method is approximating

the domain with a union of simple geometric objects (eg. triangles). These elementary

geometries form a mesh in the language of FEA and each vertex is called a node. So

far a large non-homogeneous non-standard geometry has been divided to small enough

geometries, so that any problem can be considered as linear on it with a small error. The

solutions in neighbouring triangles connect to each other continuously across the nodes.

The next step is approximating the solution on each sub-geometry by a polynomial.

Polynomials are easy to solve and usually give a close approximation on small domains.

The solutions of the polynomials of two neighbouring sub-geometries must converge at

the common points (or nodes) of the geometries. If this is not the case, the degree of

the polynomials has to be increased in order to get an acceptable convergence between

the two solutions.
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The FEA method can be used to solve the magnetic �eld within a structure like an

inductor and the surrounding space. This can give an insight as to how the inductor

operates, where the energy is stored and even calculate eddy currents and losses. All the

user has to do is to set up the FEA model. The drawback of FEA is its advanced features

are only available to those having a strong electromagnetic background. Apart from the

complexity, the computational power may be restrictive in complex problems. The time

and resources needed for the analysis of a 3-D structure are sometimes restrictive and

therefore some assumptions can be used to simplify a problem. A simple way of doing

that is by �nding an axial or rotational symmetry in the model to be analysed.

3.4.4.2 Setting-up a model

Setting up the model for a �nite elements analysis generally includes three steps.

1. Design 2-D or 3-D model,

2. De�ne material properties,

3. De�ne boundary conditions and excitation sources

Design 2-D or 3-D model The new generation of FEA software has simpli�ed this

procedure by providing a graphical user interface (GUI) for designing the model. Thus

a set of graphical tools can be used to design the structure or even import it from other

schematic programs such as AutoCadTM . For an object without any axial symmetry

the whole structure has to be designed, whereas for an object with some kind of axial

symmetry the cross-section of the object is drawn and the axis of symmetry is declared.

The geometries that have some kind of symmetry can be classi�ed in two categories;

the cartesian or XY plane geometries and the Axisymmetric or RZ plane geometries.

Figure 3.18 illustrates two example geometries with di�erent kind of symmetry.

De�ne material properties After the structure has been designed, the material

properties must be de�ned so that the 2-D or 3-D solver knows how each element

of the design behaves in the presence of an electric or magnetic �eld. The magnetic

permeability and electric conductivity are two of these properties. In a transformer
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Figure 3.18: Illustration of the Cartesian and Axisymmetric geometries

model, for example, the user must declare that the object representing the core is made

of ferrite and de�ne its magnetic permeability. Similarly the round objects representing

the wires must be assigned a material (eg. copper) and the space around the objects

must be de�ned as air or vacuum.

De�ne Boundary conditions and excitation sources This is usually the �nal step

of setting up a FEA model. The boundary conditions are basically de�ning the solver's

behaviour at the surface of the di�erent objects. In terms of mathematical analysis the

boundary conditions describe the behaviour of a function at the boundaries of a domain

(eg. [a,b]). In the models analysed here the surfaces of all objects are Newmann or

natural boundaries [72]. That is, the magnetic �eld is de�ned to be perpendicular to

the edges of the problem space and continuous across all object interfaces.

Finally, the exciting (mmf) sources need to be de�ned by specifying the current or

current density through the conductor(s).

3.4.4.3 Calculating the electrical characteristics

Once the 2-D or 3-D solver has converged to a solution there are many possible manipu-

lations to analyse this solution. The post processor is a powerful tool that can illustrate

the �eld distribution and density, the �eld intensity, the current density and all other

scalar or vector quantities in the structure. Most important, the post-processor can

evaluate complex expressions and calculate inductances, capacitances and other useful
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Axis of Symmetry


Figure 3.19: The cross-sectional area of a pot core transformer as modelled in the 2D
plane

properties of the analysed geometry.

Although �nite element analysis provides an accurate representation of the �eld distri-

bution, the engineer's intuition is needed for translating the geometrical to electrical

characteristics. This is simply because the space where energy can be stored has to be

located before the respective inductances (mutual and leakage) can be calculated.

Assume the transformer of �gure 3.19 where the cross-sectional area of a pot core trans-

former is illustrated. Notice that if this cross-section is rotated around axis Z the pot

transformer will be drawn. Thus the 3-D problem can be reduced to 2-D assuming that

the magnetic �eld lines are identical in all cross-sections of the transformer. It is easy

to calculate the self-inductance of each winding. This is done by applying a current to

one winding at a time and leaving the other one open-circuited (as in the open-circuit

test of Section 3.4.3). The self inductance of the winding can be calculated by �nding

the energy stored in the form of magnetic �eld within the volume of the transformer

and then solving the following equation for self inductance L,

E =
1
2
· L · I2 (3.29)

where I is the current through the winding and E the magnetic �eld energy. This
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energy can be calculated in two di�erent ways (both give identical results). The �rst

is by evaluating the integral of the current density ~J times the vector �eld ~A over the

volume of the transformer. The product ~J × ~A is non-zero only in the wire volume Vw,

E =
1
2
·
∫

Vw

~A · ~JdV (3.30)

By combining equations 3.29 and 3.30 and solving for inductance L,

L =

∫
Vw

~A · ~JdV
I2

(3.31)

Due to the symmetry of the problem it can be reduced into two dimensions. The result

is then multiplied by the perimeter of the core to account for the total volume V of the

pot core. Equation 3.31 becomes,

L = 2 · � ·R ·
∫
V
~A · ~JdV
I2

(3.32)

where R is the radius of the core. Calculating the value of this integral with the post

processor calculator is a straightforward procedure.

The second way this can be done is by calculating the magnetic energy itself. To compute

the magnetic energy the following integral needs to be evaluated,

E =
�r
2
·
∫

V
· ~H2dV (3.33)

where �r the relative permeability of the material and ~H the �eld intensity in the

vector. This requires evaluating the integrals separately for the di�erent mediums in

the transformer as the permeability changes.

Adding the energies and substituting in Equation 3.29 and solving for L gives:

L =
1
I2
·
(
�0 ·

∫

V
~H2 · dV + �rferrite ·

∫

V
~H2 · dV

)
(3.34)
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where I is again the total inductor current, �0 the air space permeability and �rcore the

magnetic core permeability.

The engineers intuition is again useful in order to attempt a direct calculation of leakage

or mutual inductance. This is because the leakage or mutual energy has to be located

so that the integral will be calculated over the appropriate area.

3.5 Chapter Summary

An introduction to magnetism and its properties is presented in this chapter. The aim

is to convey a better understanding of the physical operation of a transformer with and

without an air gap. The notions of leakage and magnetising inductances were introduced

and explained physically and electrically. The operation of a transformer was explained

and a full electrical equivalent circuit was derived.

Three methods were presented for deriving the electrical characteristics of a transformer;

(a) using its physical structure (geometry and materials) (b) by electrical measurements

(c) by �nite element analysis. Each of the above methods has its merits and drawbacks.

Calculating the electrical equivalent purely from the geometry of the transformer is ad-

vantageous, as it can predict the electrical properties prior to manufacturing of the com-

ponent. However, in complex transformer designs this method requires advanced knowl-

edge of electromagnetic theory in order to manipulate vector quantities over complex

geometries and it becomes impractical for engineering design. On the other hand, de-

riving the electrical characteristics by performing electrical tests gives accurate readings

but it can only be applied after the transformer has been designed and manufactured.

The FEA method relies on the computer performing the advanced electromagnetic anal-

ysis. The operation of a transformer is accurately simulated (usually error< 1%) and

the only di�culty arising here is translating the magnetic �eld information to electrical

circuit parameters, namely leakage and magnetising inductance.

Overall the reluctance modelling method can be the basic route to a qualitative analysis

(eg. selection of core shape, winding layout etc.) and a rough estimation of the di�erent

electrical properties. A �nite elements analysis can be easily performed to give the

designer an insight to the magnetic 
ux paths, focal points of energy storage, air gap

e�ects and high frequency losses. An optimisation can be performed based on the
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FEA results and a prototype can be manufactured and measured using the three-test

approach. An accurate electrical model for simulation purposes can be then derived.
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Chapter 4
The Rotating Transformer

As seen in Chapter 2 there are di�erent types of contact-less energy transfer (CET)

devices for di�erent applications. Each of those has its own mechanical and electrical

characteristics as the size, winding layout and clearance length varies. Consequently,

the need for a customised power electronics design is profound.

The rotating transformer is one form of CET device. An insight to its operation and

design is attempted in this chapter. Its electrical characteristics are quanti�ed using

the theory presented in Chapter 3. Two di�erent transformer geometries are considered

and their advantages and disadvantages are discussed.

Finally, the AC analysis of the equivalent electrical model is presented in order to gain a

better understanding on how the electrical characteristics a�ect the transformer voltage

gain and e�ciency. Some design guidelines are given to allow more e�cient and reliable

operation.

4.1 Electrical Characteristics

The rotating transformer has a low coupling coe�cient because of the air gap between

the two core halves. In electrical terms this means that the magnetising inductance of

the transformer is low, thus resulting in a high magnetising current needed to realign

the magnetic dipoles of the air. The magnetising current is generally not desirable as it

does not contribute to the re
ected secondary current: it only stores magnetic energy in

the magnetic core material, hence making the magnetic component behave as a coupled

inductor rather than a transformer. At the same time the leakage inductance of the

primary and secondary windings is higher due to their physical separation.

The rotating transformer di�ers from other inductive couplers in that it has electrical

characteristics. Due to the �xed air gap length and the �xed horizontal and vertical

relative position between the primary and secondary core halves the magnetising and
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leakage inductances are also �xed. The rotary movement does not a�ect the electrical

characteristics, if the cross sectional area of the core, and especially the gap space,

remains constant for any degree of rotation.

The radar application that is considered here does not require a separating wall between

the transformer halves. Therefore, the gap length is only subject to the machinery that

is available for manufacturing.

Based on the above principles the design procedure of a DC to DC converter with a

rotating transformer must be conducted via two parallel routes; the mechanical optimi-

sation and the optimisation of the power electronics. The mechanical design must be

based on the following principles:

Core size. This is directly related to the amount of power that the transformer is

expected to handle and the air gap between the core halves.

Coupling capability. This can be optimised by reducing the air gap length, increasing

the cross sectional area of the magnetic core or placing the primary and secondary

windings closer.

Energy storage capability. The energy storage is directly related to the coupling.

There are two basic energy storing elements; the magnetising inductance (inversely

proportional to the air gap length) and the leakage inductance (related to the

windings layout and relative positioning).

The second process, that of optimising the power electronics part of the DC to DC

converter, is topology-dependent and is examined in Chapter 6.

4.1.1 Magnetising inductance

As mentioned in a previous section any contact-less energy transfer device such as the

rotating transformer stores energy in the magnetising inductance due to the air gap that

is introduced between the core halves. The value of the magnetising inductance becomes

smaller for longer clearance distances between the core halves. In a carefully designed

conventional non-gapped transformer for switching power applications the magnetising

inductance varies typically from 1mH to 10mH (mainly depending on the number of the
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winding turns). Once the air gap is introduced between the core halves the magnetising

inductance decreases by more than 10 times for 1mm gap or more.

As proved in Appendix A.1,

Lm = N2
pri ·

1
Rg +Rc

(4.1)

or

Lm = N2
pri · (

lg
�0 ·Ag +

lc
�ac ·Ac

)−1 (4.2)

Equation 4.2 implies that the magnetising inductance increases by the square of the

winding turns Npri. In the parentheses the absolute magnetic permeability of the core

material is much higher than the air permeability (�ac >> �0), so the core reluctance

is much smaller than the air gap reluctance. This practically means that the air gap

de�nes the order of magnitude of the magnetising inductance1.Therefore, Equation 4.2

simpli�es to,

Lm = N2
pri
Ag�0

lg
(4.3)

which is the standard equation for the inductance of a solenoid. Hence, the magnetising

inductance can be increased by decreasing the air gap length between the core halves.

For a smaller clearance a precise machining procedure is required and the cost of the

design increases rapidly for very small lengths. Additionally, the rotating part must be

well positioned and have a perfect axial symmetry in order not to touch the stationary

part when rotating.

4.1.2 Leakage inductance

Another property of the rotating transformer is the high leakage inductance of its wind-

ings. This is mainly due to the fact that the windings have to be placed at a reasonable

distance from each other to allow rotation. The leakage inductance depends on the

1This is valid for a relatively long air gap
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length of the 
ux path and also the magnetic permeability of the medium (as discussed

in Chapter 3).

More analytically, according to Appendix A.1, the leakage inductance of the primary

winding is given by,

Llk1 = N2
pri ·

�0 ·Asp
lsp

(4.4)

where lsp is the length of the magnetic leakage 
ux lines and Asp the cross-sectional area

of the 
ux path2.

In Chapter 3 it was mentioned that leakage inductance is a property of a winding relative

to another winding. It is important to explain at this point how the leakage inductance

is a�ected by the relative position between the two (or more) windings.

There are two basic cases of relative positioning of the windings. In �gure 4.1(a) the

primary and secondary windings of the transformer are placed far from each other so

that the leakage 
ux paths are not overlapping. In such an arrangement changing the

geometry of one of the windings has a negligible e�ect on the other winding's leakage

inductance. In that case the leakage inductance of the winding is a function of the

number of turns, its distance from the core and its radius. Figure 4.1b illustrates the

case where the primary and secondary leakage 
ux paths are overlapping at the space

between the two windings and therefore any change in the position of one winding a�ects

the other winding's leakage inductance.

Based on the above observation two winding arrangements are proposed in section 4.2

and their electrical properties are evaluated.

4.1.3 Inter-winding and inter-turn capacitances

The inter-turn capacitance is the result of two turns being in proximity. Due to the

proximity of the successive or neighbouring turns, energy can be stored between them in

2This formula cannot always be applied as the geometry of the air space may not be a regular shape
(with some kind of symmetry). If this is the case, the geometry has to be divided to smaller volumes
which can be approximated by a cubic, cylindrical or any other fully de�ned geometrical shape. The
integration of the magnetic �eld intensity over these elementary volumes (Equation A.1) will then give
the total energy. This energy can be then used in Equation A.4 to get the leakage inductance value.
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Figure 4.1: Winding layout and leakage inductance (a)primary and secondary leakage
paths are independent(b) primary and secondary leakage paths overlapping.
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Figure 4.2: The full transformer model including the parasitic end-to-end and inter-
winding capacitance.

the form of electric �eld. The resulting capacitance that appears across a winding is often

called end-to-end capacitance. The end-to-end capacitance is generally small (order of

magnitude of few pico-farad) and can be reduced by using bank winding techniques.

The end-to-end capacitance that appears in shunt with the winding is responsible for

causing resonance with the series and parallel inductances of the transformer model. By

locating those resonant points its value may be approximated.

The interwinding capacitance is the result of two or more windings of a transformer

being in proximity. This capacitance is even smaller and its e�ect can only be seen at

very high frequencies.

Both inter-turn and interwinding capacitances are of small importance in a rotating

transformer due to the low magnetising inductance that in combination with the low

capacitance values, moves the resonant point to a very high frequency. As the operating

frequencies tend to increase, the parasitic capacitances e�ect needs to be considered in

future work.
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4.1.4 Winding resistance

The elements that have been studied so far (magnetising and leakage inductances and

interwinding capacitances) are all energy storage elements, which means that they are

not directly a�ecting the transformer's e�ciency. The winding resistance and magnetic

core losses, on the other, hand have a direct impact on the e�ciency.

The windings resistance is the result of two components. The �rst is the traditional (dc)

resistance of the wires. The second is the result of the high frequency e�ects described

in Section 3.2.3. The resulting resistance is termed e�ective resistance.

The e�ective resistance increases due to the proximity and skin e�ects and can be

controlled by reducing the number of primary and secondary turns and by carefully

selecting the wire thickness.

As seen in Chapter 3, the proximity e�ect is caused due to the proximity of the successive

layers of a winding. The more layers present in the winding, the more intense the e�ect

is. In a conventional transformer interleaving of primary and secondary layers can be

applied as a remedy. However, in a rotating transformer interleaving is not possible,

thus the only way to control the proximity losses is to eliminate the number of layers

by either choosing a wide core window area (that �ts more turns in each layer) or by

decreasing the number of the winding turns.

A considerable amount of work has been done in the past towards the accurate calcu-

lation of the e�ective resistance of a winding. Originally, Dowell [73] [74] derived a set

of equations. This method assumed a sinusoidal waveform across the winding and the

results for non-sinusoidal power supply waveforms were not accurate. Bruce Carsten [1]

extended this work in order to apply it to a complex waveform. To do this he performed

a Fourier analysis to de-synthesise the original waveform. Dowell's method could be

then applied to each of the resulting sinusoidal components and the total losses were

calculated by summing the losses of each frequency. This method is accurate but com-

plex to apply. As a result Hurley presented a series of papers [75], [76], [77], [78], [79]

that reduce the calculation of the e�ective resistance to one equation. The only pre-

requisites are the knowledge of the rms values of the current waveform and that of the

derivative of the current waveform. Hurley's equation is,
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Reff = Rdc +
Ψ
3
·∆4 ·Rdc ·

[
I ′rms
!Irms

]2

(4.5)

where Reff is the e�ective resistance of the winding and Rdc its DC resistance,

Ψ =
5 · p2 − 1

15
(4.6)

where p is the number of winding layers,

∆ =
d
�0

(4.7)

where d the thickness of the layer and,

�0 =
√

2
!0 · �0 · � (4.8)

Irms is the rms value of the winding current waveform and I ′rms is the rms value of

the derivative of the winding current. The value of this work is that it simpli�es the

calculation of Reff considerably as no Fourier analysis is needed. By using a modern

oscilloscope and an AC current probe the rms value of the current and of its derivative

can be calculated in real-time. Due to the assumptions the author made this method

is very accurate for two winding layers or more and its accuracy in less than two-layer

windings depends on the waveforms applied. The equation gave accurate results for the

waveforms appearing in the PSB transformer and hence it has been used down to 1 layer

of winding.

For windings of that comprise of a single layer the proximity e�ect is negligible (it

only exists between successive turns), thus it can be ignored. In this case the only high

frequency e�ect is the skin e�ect and the Reff is much easier to calculate using the stan-

dard equation for the calculation of the DC resistance and by taking into consideration

the fact that not all of the wire cross-sectional area is conducting.
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4.2 The proposed layouts

Extensive research has been conducted in the past on contact-less energy transfer de-

vices. Many di�erent transformer arrangements have been proposed for di�erent appli-

cations (see Chapter 2). The di�erent speci�cations and requirements of each project

made di�cult the uni�cation of the design procedure. The di�erence between various

applications lies in the magnetic interface geometry and also in the required power and

voltage levels.

In this project the rotating transformer application requires that the energy is coupled

via an inductive interface from the stationary to the rotating section of an airborne

radar. The air gap between the primary and secondary core halves of the transformer

can be as small as the machining facilities permit. The air gap between the primary

and secondary coil formers is also dependent on the machining tolerances that can be

achieved, as well as on the insulation requirements. The design should be realistic and

robust. Furthermore, to allow quick prototyping and evaluation, preference was given

to commercial magnetic cores.

The evaluation of the rotating transformer in a phase shifted full bridge topology re-

quires that the transformer must provide a certain amount of energy storage to assist

with the soft switching operation of the primary semiconductors. This energy storage

capability could be provided by either the leakage or the magnetising inductance or by

both simultaneously. Using the energy in the leakage inductance is the traditional way of

assisting the resonant transitions in a phase shifted bridge. However, making the leakage

(or additional external) inductance su�ciently large so that it stores enough energy to

enable soft-switching, would cause duty cycle loss problems as the current cannot build

up fast enough. Hence, the higher this inductance is the more time is needed before the

primary current can be re
ected to the secondary winding. It must be clear now that

there is an upper limit to the leakage inductance of the main transformer. On the other

hand, when the output load of the converter is very light the current through the leakage

inductance is also very low. There is a possibility that the energy stored in the inductor

will not be enough to accomplish the resonant transition of the power semiconductors.

This implies that there is a lower limit to the leakage inductance, which de�nes the

boundary condition between the soft and hard switching of the semiconductors.
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If the magnetising inductance is used (which for many cases of inductive couplers is

comparable with the leakage inductance value), the disadvantage of duty cycle loss van-

ishes. Furthermore, the current through the magnetising inductance is load independent,

hence storing a constant amount of power in the leakage inductance even at minimum

load. However, another disadvantage appears now; the increased primary rms current,

due to the considerable current that is needed to magnetise the core material. This can

result in excessive conduction losses in the transformer windings and the semiconductor

devices.

Two di�erent transformer structures are investigated here: (a) the adjacent windings

and (b) the coaxial windings transformers. They are both built on a commercially

available magnetic core. The core shape that was chosen for the rotating transformer

application is the pot core. Its axial symmetry provides an (almost) �xed cross sectional

area for any angle of rotation. This, in combination with the �xed air gap length, results

in the most important property of a rotating transformer; �xed electrical characteristics.

Apart from the magnetic core choice, the coil former's geometry was found to be very

critical for the prediction of leakage phenomena. A higher degree of freedom was given

by experimenting with the bobbin's design as they can be easily manufactured in any

workshop with basic processing equipment (such as the School's workshop facilities).

4.2.1 Rotating transformer with adjacent windings

The adjacent winding arrangement appears in �gure 4.3.

The primary and secondary windings are �tted in separate bobbins in the respective

core half. The bobbins are placed around the centre limb of the core in an adjacent

arrangement (hence the name). 3

Inherently, this arrangement exhibits high primary and secondary leakage inductance

due to the physical separation of the primary and secondary windings. Consequently,

the coupling between the two windings is not strong resulting in small amounts of energy

being transferred and a signi�cant amount being stored in the core itself.

3This arrangement was originally proposed by BAE Systems who found it su�ered from high leakage
inductance and high conduction losses.
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Figure 4.3: Three-dimensional representation of the adjacent transformer layout.

It is essential to quantify the problem of low coupling before attempting to design the

power converter. According to the reluctance modelling technique (discussed in Chapter

3) a reluctance model can be derived from a simple perpendicular cut of the transformer

as in �gures 4.4(a) to 4.4(c).

Figure 4.4(b) shows the magnetic 
ux paths. The useful 
ux is the one traversing

the magnetic core Rc and air gaps Rair. This 
ux links both windings and transfers

the power from one to another. The alternative paths Rlk1 and Rlk2 represent the

leakage 
ux generated by one of the windings and not linking the other. Note that the

reluctance of the air-gap is in series with that of the core (�gure 4.4c). Also, according to

equations A.7 (Appendix A) the reluctance of the air-gap is dominant for large air-gaps

thus suppressing the magnetic 
ux that is 
owing through the core. To conclude, as the

clearance between the core halves increases, more magnetic 
ux is redirected from the

magnetic core to alternative paths (among them the leakage).

As was mentioned in Chapter 3, there is a duality between magnetic and electric cir-

cuits. This means that the magnetic circuit of the transformer can be transformed to an

electric equivalent, which can be used in electric simulations etc. This transformation

is useful because the magnetic quantities such as magnetic 
ux and magnetic perme-

ability of materials can be associated with electric quantities such as current, voltage
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Figure 4.4: Reluctance modelling of the adjacent windings arrangement (a) a perpen-
dicular cut of the transformer (b) the magnetic 
ux paths and (c) the equiv-
alent reluctance model

and inductances. In Figure 4.5 the magnetic circuit is converted to an electric one by

applying the duality transformation. For example, the relationship that associates the

reluctance of the core Rc with the resulting magnetising inductance is:

Lm = N2
pri ·

1
Rc

(4.9)

In �gure 4.5(b) a simple network transformation is applied and the reluctances are trans-

formed to permeances P = 1=R, which is the �rst step for the formation of the second

part of equation 4.94. Next, the inverse reluctances are multiplied by the number of

turns squared and the sources are accordingly modi�ed to compensate for the multipli-

cation (�gure 4.5(c)). Last, �gure 4.5(d) shows the resulting electrical equivalent as the

reluctances (and magnetic sources) can be replaced by their electrical counterparts [25].

It turns out that this is the � equivalent model suggested by most textbooks. It consists

of the primary and secondary leakage inductances that represent the energy storage

space around the windings and the magnetising inductance that represents the energy

storage in the magnetic core and the air-gap. Note that the two leakage paths have the

same geometry and dimensions (provided that the number of primary and secondary

turns is the same), so the leakage inductances are equal in such an arrangement. The

leakage inductance depends on the distance of the winding from the core and on the

4This is the equivalent of converting a resistance R to conductance G by changing the series elements
to parallel branches and vice-versa.
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Figure 4.5: Duality transformation of the adjacent windings arrangement (a) the du-
ality transformation (b) the permeances model (c) adjusting according to
the number of turns and (d) the electrical equivalent model.

number of turns. The two leakage �elds are independent: this is important because it

results in the two components being displayed separately in the electrical equivalent net-

work. Unlike leakage, the magnetising inductance is clearly dependent on the magnetic

core and particularly the air-gap length.

4.2.2 Rotating transformer with concentric windings

The concentric windings layout shown in Figure 4.6 takes advantage of the lack of a

separating wall between the stationary and the rotating part of the transformer. The

primary or/and secondary windings penetrate the opposite core section of the trans-

former in order to reduce the air space where energy is unnecessarily stored. This

arrangement requires precise machining and assembly as the clearance between the two

windings must be as small as possible.

The reluctance modelling is also performed on this arrangement to obtain the equivalent

electrical network. Due to the rotational symmetry of the transformer, a perpendicular

cut (Figure 4.7(a)) is used. The distinction between magnetising ('useful') and leakage

('useless') 
ux is not easy in this arrangement. Assuming a small air-gap between the
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Figure 4.6: Three dimensional representation of the concentric transformer layout.

core halves, most of the magnetic 
ux created by the primary winding will follow the

ferrite material (reluctances R1 − R8 and Rair). The alternative 
ux paths through

the air are represented by the elements Ri1, Rlk and Ri2. Note that according to

equations A.7 (Appendix A) the reluctance of the air-space is greater than that of

the magnetic core. Moreover, in a transformer with a large air-gap, due to the high

reluctanceRair that appears in series with the core reluctance, the total path's reluctance

becomes comparable to the air-path reluctances Ri1, Rlk and Ri2. Electrically, this is

represented by a low magnetising inductance.

The reluctance modelling yields the magnetic equivalent of �gure 4.7(c). An interesting

point that derives from this magnetic circuit is that the reluctance R1+Rair+R8 of

the centre limb of the core appears in parallel with the reluctance Ri1 giving a total

reluctance that for small air gaps is de�ned by R1+Rair+R8. The same happens with

the reluctances R4+Rair2+R5 and Ri2.

After applying the duality transformation and manipulating the resulting network (�g-

ure 4.8(a)-(c)), the electrical equivalent of �gure 4.8(d) is derived. The electrical prop-

erties of the coaxial transformer, as seen in the model of �gure 4.5(d), can be associated

with the geometrical structure presented in �gure 4.7(b). The leakage inductance, for

example, is the result of the volume between the two windings. Note that this induc-
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tance is dependent on the distance between the two windings, their radius and also on

the vertical dimension of the core window. Due to the high magnetic reluctance this

space does not store much energy and this appears in the electrical equivalent as a low

inductance Llk (the leakage inductance). The leakage inductance does not change, if

the windings are inter-changed5, unless their distance changes.

Regarding the magnetising inductance components, Lp and Ls, their value depends

on two components; (a) the reluctance of the respective core limb and air-gap (for

the central limb and the outer limb respectively) and (b) the reluctance of the path

between the core and the respective limb. In �gure 4.7(b) the inner winding is the

primary winding thus the respective magnetising inductance Lp is derived by the parallel

combination of the reluctances R1 + Rair + R8 and Ri1. The dominant reluctance

(R1 + Rair + R8) is the smallest. However, depending on the air-gap length (i.e. Rair)

the distance of the winding from the core (i.e. Ri1) can prove to be signi�cant.

Similarly, the secondary magnetising inductance Rs is de�ned by the parallel combina-

tion of the reluctances R4 + Rair2 + R5 and Ri2. The dominant reluctance here is the

smallest, hence R4 + Rair2 + R5. Again, depending on the air-gap length (i.e. Rair2)

the distance of the winding from the core (i.e. Ri2) can prove to be signi�cant.

4.3 Comparing the Proposed Arrangements

4.3.1 The electrical models

By looking at the two electrical models (�gure 4.5(d) and �gure 4.7(d)) carefully, it

can be seen that they are electrically equivalent (they have the same AC response) as

they can be transformed to either form using a � to � transformation or the opposite.

However, note that a � -equivalent has less meaning for a coaxial type of transformer.

In a �-equivalent network each inductance can be directly associated with a geometrical

property of the coaxial winding transformer (eg. the volume of the air space between

the windings de�nes Llk). Similarly, for the adjacent winding arrangement the � model

has a direct connection with the transformer geometry.

5Assuming the two windings are identical.
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4.3.2 Characterising the two arrangements

A prototype was built for each of the presented transformer structures. The reason for

prototyping at this stage was to evaluate the three characterising methods reported in

Chapter 3 and also to quantify the problem of poor coupling between the windings.

The evaluation involved two pot core transformers of the same power rating with two

di�erent winding arrangements. The transformers were designed for use with the PSFB

converter that is proposed. Both transformers were required to handle 1kW of power.

The input voltage was in the range 255-380V and the secondary voltage was around

120V (using a current doubler recti�er 54V was delivered at the converter output). The

operating frequency was 100kHz.

The �rst geometry under investigation is a 56mm Philips pot core (P56/66, 3C3 mate-

rial) with adjacent winding arrangement (�gure 4.3). The primary winding has 26 turns

and is made of 5 strands of 0.8mm wire. The turns are stacked in 4 full layers of 7 turns

each, apart from the upper layer that only has 5 turns. The secondary is comprised of

12 turns made of 3 strands of 0.8mm wire stacked in 1 full layer (9 turns) and one with

3 turns. The bobbins were manufactured in-house using a nylon material. The designed

bobbin mechanical layout appears in Figures A.8 of Appendix A.

The adjacent windings arrangement was evaluated against the coaxial windings arrange-

ment. An impression of the coaxial transformer is presented in �gure 4.6. The coil former

mechanical layout appears in �gures A.9 and A.10 of the Appendix A. The secondary

winding is wound around the inner bobbin as this secures a slightly smaller leakage

inductance (which is only needed in the primary). It has 12 turns made of 24 strands of

0.4mm wire. The bobbin has almost twice the width of the adjacent winding bobbins

hence it can �t almost all turns in one layer. The primary winding consists of 26 turns

made of 10 strands of 0.4mm wire. This is wound on the outer bobbin of the transformer

to help the cooling (as it has many turns and also holds the magnetising current which

on average accounts for 30% of the total primary current).

4.3.2.1 Measured results

The measurement method described in section 3.4.3 was applied to obtain the electrical

characteristics of the transformer. This method is generally very accurate though some
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additional parameters must be taken into account:

Frequency dependence. When measuring the inductances and capacitances the fre-

quency of the applied sinewave must be carefully considered. The inductive and

capacitive components comprising the model cannot be isolated from each other

and are interacting. Hence the inductance "seen" at one side of the transformer

varies with frequency.

Voltage dependence. It appears that the inductance readings taken are dependent

on the voltage level of the applied signal. This is due to the non-linear behaviour

of the transformer core whose permeability is �xed (straight B-H curve) when low

volt-seconds are applied, but generally decreases when the material is operated at

high magnetic 
ux levels.

Tolerances of the materials' properties. This mainly refers to the magnetic core

permeability which can vary considerably (according to Ferroxcube up to 25%).

It has been observed in the lab that the same type of material originating from

di�erent suppliers exhibited di�erent magnetic properties.

The strategy chosen for the following measurements was to produce the inductance

curves for a frequency range from 20Hz to 3MHz and extract the respective inductance

at the frequency of interest (in this case it is 100kHz). The quality factor was also

obtained as an indicator of the accuracy of the measured values (a low quality factor

indicates a lossy network where the resistive components are a signi�cant part of the

total impedance).

The measured inductances for the adjacent and coaxial winding arrangements appear

in Tables 4.1 and 4.2.

Air gap (mm) 0 0.25 0.5 1 1.5 2
Lm (mH) 11.9 1.2 0.637 0.368 0.265 0.208
Llk1 (�H) 44.34 53.41 54.42 58.17 59.6 61.83
Llk2 (�H) 12.75 11.37 11.58 11.86 11.56 12.24
Reff1 (Ω) - - 6.5 5.8 5.55 5.53
Reff2 (Ω) - - 0.85 0.7 0.64 0.64
C1 (pF ) 24.2 - 22.8 22 24 26.8

Table 4.1: Measured results for the adjacent-winding transformer prototype

In these tables the Reff is, essentially, the e�ective resistance of the winding when a

sinusoidal waveform is applied. This is because the bridge that has been used for testing
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Air gap (mm) 0 0.25 0.5 1 1.5 2
Lm (mH) 15.37 1.245 0.677 0.399 0.286 0.230
Llk1 (�H) 7.56 6.52 6.64 7.02 7.27 7.41
Llk2 (�H) 1.42 1.67 1.648 1.497 1.418 1.38
Reff1 (Ω) - - 2.6 1.80 1.65 1.62
Reff2 (Ω) - - 0.51 0.37 0.33 0.32
Cp (pF ) 18.4 - 19.5 18.4 17 17.6

Table 4.2: Measured results for the coaxial-winding transformer prototype

only applies sinusoidal waveforms. As a result, this resistance will vary slightly from the

actual resistance when a switching waveform is applied.

As the e�ective resistance is usually a small portion of the winding's impedance, it can

be di�cult to measure. Measuring the Reff becomes even more di�cult to measure at

frequencies close to the winding self resonance. This is the case for the transformers

measured in this section when there is no air-gap between the core parts. In this case

(0mm air-gap) the magnetising inductance of the winding is so high around (12mH)

that the self-resonating frequency of the winding formed by the magnetising inductance

and the inter-turn capacitance is very low (around 200kHz).

4.3.2.2 Calculated results

Calculating the magnetising and leakage inductance of the transformer is the result

of the reluctance modelling presented in Chapter 3 and Appendix A. The length of

the magnetic path as well as its cross-sectional area can be found in the technical

characteristics of the magnetic core. Using Equations A.10 and A.11 the following

results were derived for the adjacent (Table 4.3) and for the coaxial (Table 4.4) winding

arrangements.

Air gap (mm) 0 0.25 0.5 1 1.5 2
Lm (mH) 10.64 1.093 0.576 0.296 0.199 0.015
Llk1 (�H) 33.9 33.9 33.9 33.9 33.9 33.9
Llk2 (�H) 7.22 7.22 7.22 7.22 7.22 7.22
Reff1 (Ω) - - - - - -
Reff2 (Ω) - - - - - -

Table 4.3: Calculated results for the adjacent-winding transformer prototype
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Air gap (mm) 0 0.25 0.5 1 1.5 2
Lm (mH) 12.87 1.108 0.577 0.292 0.194 0.145
Llk1 (�H) 5.023 5.033 5.043 5.065 5.086 5.109
Llk2 (�H) 1.07 1.07 1.07 1.08 1.08 1.09
Reff1 (Ω) - - - - - -
Reff2 (Ω) - - - - - -

Table 4.4: Calculated results for the coaxial-winding transformer prototype

4.3.2.3 Finite element results

The �nite element analysis is used to predict the properties of a magnetic component.

The procedure is comprised of four stages;

• drawing the 2-D structure,

• de�ning material properties and boundary conditions,

• solving the problem, and �nally,

• post-processing the results.

The software used was the Maxwell 2D by Ansoft Corp. Due to the axial symmetry of

the investigated layouts (Figures 4.3 and 4.6) a 2-D analysis over the symmetric area

was enough as the magnetic �eld distribution is symmetrical.

The visualisation of the magnetic �eld and the calculation of the magnetising and leak-

age inductances takes place during the post-processing stage. This visualisation of the

magnetic �eld (
ux lines etc) also helps with the reluctance modelling of the transformer

as it shows the exact paths of the magnetic 
ux in the component. Figure 4.9 depicts

the magnetic 
ux in the transformer structure for a 10A current 
owing through the

primary with the secondary winding open (no current). The open-circuit test is mainly

performed in order to calculate the magnetising inductance seen from the primary side.

The 
ux lines that link both windings are useful and can potentially transfer energy

from the primary to the secondary side of the transformer. This 
ux also stores energy

in the high reluctance areas such as the air gap. This energy is the magnetising energy.

By integrating the magnetic energy in the areas where it is being stored the magnetising

inductance (equation 4.10 derived in Chapter 3) can be calculated.

The integration can be done using the post-processing tools of the �nite element analysis

software.
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L =
� · ∫r

∫
z
−→
A · −→J drdz
I2

(4.10)

(a)
 (b)


Figure 4.9: The magnetic 
ux generated by the primary winding when the secondary
is open-circuit. This test is used to estimate the primary magnetising in-
ductance of the transformer.(a) Adjacent winding and (b) coaxial winding
arrangement.

Figure 4.10 depicts the short-circuit test that is used to calculate the leakage inductance

of the transformer. During the short-circuit test the primary and secondary ampere-

currents are equal. As a result the magnetic 
ux generated by each winding cancels

the equal 
ux generated by the other winding. However, a small portion of the total

generated 
ux remains in the core and air space. This is the primary and secondary

leakage 
ux. Having eliminated the mutual 
ux, it is easy to locate the leakage 
ux and

integrate the energy to calculate the leakage inductance.

Figure 4.11 illustrates the magnetic energy storage in the magnetic component. The

primary winding carries a 10A current whereas the secondary is open circuit. The

areas coloured red store more magnetic energy than those in blue. It is clear that the

air gap stores much more energy than the magnetic core. This is expected due to its

higher reluctance, similar to a series electrical network where the higher value resistors

run hotter than the lower value ones. Comparing magnetising energy in the adjacent

winding arrangement (�gure 4.11(a)) with that in the coaxial winding arrangement
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(a)
 (b)


Figure 4.10: The magnetic 
ux generated by the primary and secondary windings when
10 Ampere-turns are applied in each. This test is used to estimate the
leakage inductances of the two windings. (a) Adjacent windings and (b)
coaxial windings arrangement.

(�gure 4.11(b)) they appear to be of the same magnitude (note that the scale is the

same). Furthermore, it can be seen that the magnetising energy is not restricted in the

air gap but spreads around it (due to the fringing 
ux lines). It is clear that if a winding

is positioned close to the air gap the magnetic �eld may a�ect the current 
ow in the

winding. This aspect has been found to be important and is discussed in Chapter 7

along with possible solutions.

Figure 4.12 illustrates the energy allocation during the short-circuit test (both windings

carry 10A). The magnetising energy is minimised as the mutual 
ux cancels out and

the only energy that remains in the transformer is leakage energy, stored mainly in the

air space around the windings. Figures 4.12 and 4.10 allow an accurate visualisation of

the leakage e�ect. Note that although there is a high 
ux density in the magnetic core

around the windings the corresponding energy storage is low and most of the leakage

energy is stored in the air. In the coaxial winding transformer (Fig. 4.12(b)) the leakage

energy is mainly stored between the two windings. Making this area smaller is the

obvious way of decreasing the leakage inductance. In contrast, in the adjacent winding
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(a)
 (b)


Figure 4.11: Illustrates the magnetic energy stored in the transformer structure when
10A 
ow in the primary winding and the secondary winding is open-
circuited (a) adjacent winding arrangement and (b) coaxial winding ar-
rangement.

arrangement the leakage 
ux of each winding is distinct6. To calculate the various

inductances from using the FAE post-processor equation 4.11 is evaluated.

L =
�

∫
r
∫
z
−→
H
−→
Bdrdz

I2
(4.11)

The �nite element results for the adjacent winding transformer appear in Table 4.5

Air gap (mm) 0 0.25 0.5 1 1.5 2
Lm (mH) 12.03 1.354 0.759 0.428 0.309 0.247
Llk1 (�H) 13.12 41.3 45.5 46.7 45.7 45
Llk2 (�H) 2.85 8.02 8.33 8.23 7.99 7.72

Table 4.5: Finite element results results for the adjacent-winding transformer prototype

The simulated (FEA) electrical characteristics of the coaxial transformer appear in Ta-

ble 4.6.

The above results make it clear that the second layout exhibits much lower magnetic

leakage due to the relative positioning of the windings.

6It is now justi�ed why the electrical model of this transformer has a uniquee leakage inductance
whereas the adjacent arrangement has one for each winding.
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(a) (b)

Figure 4.12: Illustrates the magnetic energy stored in the transformer structure when
10A 
ow (in opposite directions) in the primary winding and secondary
windings (a) adjacent winding arrangement and (b) coaxial winding ar-
rangement.

Air gap (mm) 0 0.25 0.5 1 1.5 2
Lm (mH) 14.55 1.4 0.784 0.449 0.327 0.264
Llk1 (�H) 9.207 5.93 6.97 7.11 7.23 7.62
Llk2 (�H) 0.654 0.998 0.939 0.94 1.08 1.05

Table 4.6: Finite element results for the coaxial-winding transformer prototype

4.3.3 Discussion of the results

Associating the physical structure of the rotating transformer with its electrical char-

acteristics is a complex task. It usually involves many assumptions to overcome the

modelling di�culties arising mainly from the asymmetries of the core and windings

and the non-uniform magnetic materials. As a result, both calculations and the �-

nite elements analysis give results whose accuracy is inversely related to the number of

assumptions made during the modelling procedure.

Figure 4.13 and 4.14 present the results of the three characterising methods (measure-

ments, calculation and FEA). As expected, the graphs show a signi�cant decrease of

the magnetising inductance as the air-gap increases. The leakage inductance on the

other hand remains unchanged regardless of the air-gap length. Although of the same
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Figure 4.13: The (a) primary magnetising inductance Lm, (b) primary leakage in-
ductance Llk1 and (c) secondary leakage inductance Llk2 of the adjacent
windings transformer as found by three di�erent characterising methods.
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Figure 4.14: The (a) primary magnetising inductance Lm, (b) primary leakage in-
ductance Llk1 and (c) secondary leakage inductance Llk2 of the coaxial
windings transformer as found by three di�erent characterising methods.

order of magnitude, the calculated and FEA results of leakage inductance di�er from the

measured ones. This is mainly because of the di�culty in de�ning the area where the

leakage 
ux resides. In the case of the magnetising 
ux, most of the 
ux is known to be

in the magnetic core hence the integration in (4.11) is performed over the volume of the

core. On the other hand, the leakage 
ux is spread in the air space and the boundaries

between useful (magnetising) 
ux and leakage (useless) 
ux are vague. Additionally, the

leakage energy is a small fraction of the total transformer energy, so any "noise" (other

magnetic 
ux) accounted as leakage 
ux can easily falsify the results.

The key conclusions are discussed here:

• In a rotating transformer (with a relatively small air-gap) the value of the mag-

netising inductance mainly depends on the length and the cross-sectional area of

the air-gap and not on the position of the windings

• The leakage inductance is relatively independent of the air-gap length and only
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depends on the relative position of the windings.

• The leakage inductance can be reduced mainly by placing the windings physically

together. It may also help placing the windings as close to the core as possible

Comparing the adjacent and coaxial winding arrangements, it can be seen that the

coaxial has a much lower leakage inductance. The leakage inductance is important

because along with the e�ective winding resistance it determines the voltage gain of the

transformer. The leakage inductance appears in series with the transformer causing a

voltage drop across it (which is proportional to the applied di/dt). This voltage drop

reduces the transformer secondary voltage. As a result, an excessive leakage inductance

such as the one imposed by the adjacent winding could make the use of a rotating

transformer impossible.

As seen, the theoretical analysis is rather a qualitative analysis that gives a good insight

to the connection between the dimensions of the core and windings and the result-

ing electrical characteristics. The measurement method is generally accurate but has

the disadvantage that it can only be applied in actual prototypes. The �nite element

analysis can run over any imaginary transformer shape and size and gives a relatively

accurate prediction of the transformer electrical characteristics. Consequently, FEA is

appropriate for initial calculations and simulations.

4.4 AC Analysis

A complete electrical model of the rotating transformer has been derived and, by now,

the particular problems of such an interface must be clear; the increased leakage in-

ductances and the winding resistances cause voltage drops and consequently impair the

output voltage. At the same time only a portion of the primary current is being re
ected

to the secondary side as the rest is being drawn by the low magnetising inductance.

In the following paragraphs the transformer model will be analysed in the time and

frequency domains. The time domain or transient analysis demonstrates the e�ect that

the transformer has on the shape and the amplitude of a switching waveform. The rms

values of the input and output waveforms can be calculated and the transformer losses

can be estimated.
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Figure 4.15: The � -equivalent of the transformer.

The frequency domain analysis is based on the evaluation of the transformer's transfer

function. The transfer function describes the response of the electrical network over a

frequency range. Taking into account the harmonic content of the switching waveforms it

becomes clear why a frequency sweep is needed. Both voltage and current gain functions

will be derived. The gain functions are important because they show the e�ectiveness of

the transformer in stepping a voltage up or down (voltage gain), re
ecting the primary

current to the secondary side (current gain) and transferring power from one side to the

other.

4.4.1 Frequency response of a rotating transformer

An ideal transformer model has no frequency dependance; its voltage gain is �xed and

equal to the turns ratio. This is because the ideal windings have no resistance and

capacitance and also they are perfectly coupled. A rotating transformer exhibits in-

creased windings resistance due to AC phenomena and stores magnetic energy due to

the low magnetising inductance and weak coupling between the windings. These e�ects

are re
ected in the non-ideal transformer equivalent of �gure 4.15

4.4.1.1 Voltage gain

The voltage gain of the transformer is the magnitude of the transfer function of the

network in �gure 4.15. The voltage gain depends on the loading of the transformer as

this de�nes the currents in it and the voltage drops across the parasitic elements. The

voltage gain varies due to the frequency-dependent elements (windings resistance) of

the transformer as well as due to the resonance between the inductive and capacitive

elements.

Figure 4.16 and 4.17 present the magnitude and phase of the transfer function of the
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Figure 4.16: The simulated voltage gain magnitude of the (P66/56, 26:12, 27SWG)
transformer including the AC resistance e�ect. It assumes an 800W out-
put load (at 54V). The solid lines correspond to the adjacent and the
dashed ones to the coaxial winding arrangement.
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Figure 4.17: The simulated voltage gain phase of the (P66/56, 26:12, 27SWG) trans-
former including the AC resistance e�ect. It assumes an 800W output
load (at 54V). The solid lines correspond to the adjacent and the dashed
ones to the coaxial winding arrangement.
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Figure 4.18: The � -equivalent of the transformer with series tuned compensating ca-
pacitors.

adjacent (solid line) and the coaxial (dashed line) winding arrangement transformer

respectively. The di�erent colours correspond to di�erent air-gap lengths. The results

correspond to the transformer model of �gure 4.15 omitting the windings capacitance,

which is found to have a negligible e�ect at the frequencies of interest. The voltage

gain graphs in �gure 4.16 show that the transformer acts as a band-pass �lter. It can

be seen that the gain of the coaxial transformer is signi�cantly greater (>0.8) due to

the lower leakage inductances. Furthermore, the high gain area of both transformers

is restricted to a narrow band. At low frequencies (<2kHz) the gain is reduced due

to the magnetising inductance drawing a high current and causing large voltage drop

across the primary leakage inductance. This is evident by the 
at low frequency gain of

the ungapped transformer (both coaxial and adjacent) represented by the red line. At

high frequencies (>100kHz) the gain is mainly reduced due to the high di/dt through

both primary and secondary leakage inductance components. The high-gain band of

the adjacent winding transformer is narrower than the coaxial alternative. The reason

is once more the higher leakage inductance of the windings. Overall it is clear that the

voltage gain impairment derives from the windings leakage inductance.

The voltage gain characteristics of the transformer have been studied in the past by

several researchers. The authors of [44] and [15] have derived the voltage gain equation

for a transcutaneous transformer with two compensating capacitors in series. These

compensation capacitors form a series resonant tank with leakage inductances and are

tuned to the operating frequency (�gure 4.18). This study derives the voltage gain as a

function of the coupling coe�cient of the transformer. To do so the author substitutes

the output recti�er, �lter and load with an equivalent resistance (this is possible due

to the sinusoidal waveforms and the fact that the recti�er voltage is in phase with the

input voltage). G.B.Joung et al. have also come up with a voltage gain equation in [46].

They make the assumption that the primary and secondary windings have identical
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Figure 4.19: The simulated voltage gain magnitude of the (P66/56, 26:12, 27SWG)
adjacent winding transformer with leakage inductance compensation. It
assumes an 800W output load (at 54V).

geometry. However, this is not realistic for non 1:1 transformers. The simulated voltage

gain magnitude for the leakage compensation scheme is depicted in �gure 4.19 and 4.20

and the phase in �gure 4.21(a) and (b).

Figure 4.19 depicts the voltage response of the adjacent windings transformer with

leakage compensation. The low resonant peak is due to the magnetising inductance

resonating with the capacitors (this is why the resonant frequency shifts as the air

gap changes). The �xed frequency peak on the right is due to the resonance between

the leakage inductances and the external compensating capacitors. This is the desired

operating frequency of the transformer as the voltage gain is kept high due to the

cancellation of the leakage impendence. The coaxial windings transformer (�gure 4.19

demonstrates a similar behaviour, though the gain is generally kept higher and the

potential operating frequency range is wider.

Figure 4.22 illustrates the e�ect of the load on the transformer voltage gain. The curves

correspond to di�erent loading conditions (from 50 to 800W at 54V). The �gure shows

that the curve becomes 
at (similar to a non-compensated case) as the load becomes

lighter. This is due to the reduction of the current and consequently the reduction of

the voltage drops. In contrast, the low frequency resonant peak increases with output

resistance as the damping of this oscillation reduces.
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Figure 4.20: The simulated voltage gain magnitude of the (P66/56, 26:12, 27SWG)
coaxial winding transformer with leakage inductance compensation. It
assumes an 800W output load (at 54V).
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Figure 4.21: The simulated voltage gain phase of the (P66/56, 26:12, 27SWG) (a) ad-
jacent and (b) coaxial winding transformer with leakage inductance com-
pensation. It assumes an 800W output load (at 54V).

96



The Rotating Transformer

100
 1
 
10

3


1
 
10

4


1
 
10

5


1
 
10

6


1
 
10

7


0


0.75


1.5


2.25


3


3.75


4.5


5.25


6


800W

600W

400W

200W

100W

50W


Output Power

(@54V)


Frequency(Hz)


V
ol

ta
ge

 G
ai

n 
(M

ag
ni

tu
de

)


Figure 4.22: The simulated voltage gain magnitude of the (P66/56, 26:12, 27SWG)
coaxial winding transformer with leakage inductance compensation under
di�erent loading conditions(at 54V).

4.4.1.2 Current Gain

The current gain is also important because it represents the ability of the transformer to

transfer power from the primary to the secondary winding. A low current gain signi�es

poor transformer performance due to the high magnetising current 
owing in the primary

winding. The information extracted from the current and voltage gain functions is

valuable in assessing a rotating transformer design for a particular application.

Figures 4.23 and 4.24 plot the current gain (magnitude and phase respectively) of the

rotating transformer when it is loaded with a 3.65Ω resistor (800W at 54V). At low

frequencies the impedance of the parallel magnetising inductance branch is very low.

As a result the magnetising current is a large portion of the total primary current and

the current gain is poor. At 100kHz and higher the current gain is stabilised at its

maximum value. The adjacent winding transformer demonstrates lower current gain

due to the higher secondary leakage inductance that increases the secondary winding

impedance and reduces the secondary current.

Regarding the current gain of the transformer with leakage inductance compensation, the

results appear in �gures 4.25 and 4.26 for the coaxial and adjacent windings arrangement

respectively. The current gain stabilises above 100kHz and is about 0.99 for the coaxial

and 0.9 for the adjacent winding arrangement. The resonant peak appears where the
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Figure 4.23: The simulated current gain magnitude of the (P66/56, 26:12, 27SWG)
coaxial (dashed lines) and adjacent (solid lines) winding transformers.
The model takes into account the windings AC resistance.

valley between the two voltage resonances are.

Using the above current and voltage graphs the designer can locate a suitable operating

area for the transformer where both voltage and current gain criteria could be satis�ed.

It is clear that the voltage and current gains depend on the load value. It is the absolute

load value that matters (ie ohmic value) and that the voltage magnitude is not involved

in the transfer function.

The above transfer functions have been built on the assumption that the transformer

model is valid over the entire frequency range. However, it is known that at high frequen-

cies (>100kHz) the operation of a transformer is more complex. The winding resistance

may be considerable as an inductive interface, usually, requires more turns to increase

the magnetising inductance and reduce the circulating current. Furthermore, the AC

resistance is frequency-dependent and using a �xed value to produce the transformer

response may not be accurate. The e�ect of the AC resistance on the voltage gain would

be a gain reduction at higher frequencies due to the voltage drop across it.
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Figure 4.24: The simulated current gain phase of the (P66/56, 26:12, 27SWG) coaxial
(dashed lines) and adjacent (solid lines) winding transformers. The model
takes into account the windings AC resistance.
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Figure 4.25: The simulated current gain magnitude of the (P66/56, 26:12, 27SWG)
coaxial winding transformer with leakage inductance compensation.
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Figure 4.26: The simulated current gain magnitude of the (P66/56, 26:12, 27SWG)
adjacent winding transformer with leakage inductance compensation.
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Figure 4.27: The simulated current gain phase of the (P66/56, 26:12, 27SWG) (a)
coaxial and (b) adjacent winding transformers with leakage inductance
compensation.
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Another concern about using the transfer function to assess the transformer's perfor-

mance is the above gain graphs correspond to sinusoidal excitation and not the typical

square waveforms that appear in power supplies. The harmonic content of the square

waveforms is rich and the high frequency components considerably increase the AC

losses of the windings. The time domain analysis is more enlightening because by using

equation 4.5 the exact Rac can be calculated and used to predict with a good accuracy

the output of the transformer.

By working out the reactive energy that is stored in the magnetising inductance the


ux density in the core can be calculated and the core losses can be obtained from the

respective nomogram (power losses versus 
ux density and frequency) found in the core

manufacturer's data sheet. Thus, core losses can be included in the overall calculation

of the e�ciency of the transformer.

4.4.1.3 Transformer e�ciency

An equally important parameter with the voltage gain is the transformer e�ciency.

The e�ciency of conventional transformers is nearly 1.0 as most of the input power

is transferred to the output. The power consuming elements in a transformer are the

winding resistances and the core losses. In a rotating transformer the 
ux density is

kept low and the core losses are negligible. The air gap fringing 
ux, however, tends to

generate eddy currents in any conductive materials that happen to be around the air

gap. The use of non-conductive materials for the mechanical construction is a solution

though the ferrite core and windings cannot be avoided. The most signi�cant loss factor

is the windings resistance that becomes signi�cant at higher switching frequencies.

Figure 4.28 shows the e�ciency of the coaxial windings transformer (blue line) and

that of the compensated coaxial winding (red line). The low frequency e�ciency of

the compensated network is poor as the resonance between the compensating capacitor

and magnetising inductance results in high current 
owing in the primary winding. At

the point where the peak of the current gain occurs in the compensated network (see

�gure 4.25), the e�ciency is maximum at about 99% as the output current is higher than

the input at the expense of the respective voltages. When the frequency increases above

the resonant points the e�ciencies of the compensated and non-compensated networks

become equal.
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Figure 4.28: Simulated e�ciency of the non-compensated coaxial winding transformer
(red line) and of the compensated coaxial windings transformer (blue line)
at 800W of output power.

4.4.2 Time domain analysis

The frequency domain analysis is a useful tool that describes the behaviour of the mag-

netic component across a frequency range assuming sinusoidal excitation. However, it is

not adequate when it comes to switching waveforms with a broad spectral content. The

network equations can be solved in the time domain for any type of periodic excitation

and the output waveform can be predicted.

This type of analysis consists of two stages. The �rst stage includes the derivation of a

set of di�erential equations that describe the electrical network. Secondly, a waveform

is applied as input to these equations and the output waveform can be derived.

The adjacent winding transformer (introduced in Section 4.3.2.3) with 1mm of air-gap

and a 3.65Ω load is considered in this example. The magnetising, leakage inductances

and winding resistances are taken from Table 4.1 and 4.2. The inter-winding and intra-

winding capacitances are negligible at this operating frequency (100kHz). A typical

bridge converter waveform is supplied to the model

The network in Figure 4.15(a) is described by the following di�erential equations,

di1(t)
dt

=
Lmvin(t)− Lmi1(t)R1 −R2i2(t)Lm − i2(t)RoLm + vin(t)L2 − i1(t)R1L2

L1Lm + L1L2 + LmL2
(4.12)
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di2(t)
dt

=
Lmvin(t)− Lmi1(t)R1 − L1R2i2(t)−R2i2(t)Lm − L1i2(t)Ro − i2(t)RoLm

L1Lm + L1L2 + LmL2
(4.13)

di1(t)
dt

=
vin(t)L2 − i1tR1L2 + L1R2i2(t) + L1i2(t)Ro

L1Lm + L1L2 + LmL2
(4.14)

By solving the system of linear di�erential equations 4.12,4.13,4.14 the voltages and

currents can be calculated. A typical bipolar waveform vi(t) of a full bridge converter

is applied to the transformer primary winding and the transformer output vo(t) is cal-

culated.

Figures 4.29 and 4.30 illustrate the input/output voltages and currents of the adjacent

and coaxial windings transformer respectively. Note that the secondary side waveforms

are scaled by the turns ratio to allow direct comparison with the primary waveforms.

The output waveform vo(t) is in both cases distorted and its amplitude is reduced.

The transformer is acting as a low pass �lter reducing the high frequency content of

the primary waveform. This is mainly the result of the series leakage inductance (the

leakage inductance is a low pass �lter by itself). The higher the leakage inductance is the

greater the distortion of the waveform is. The e�ect of the air-gap to the waveshape is

also signi�cant: the longer the air-gap is the more current will 
ow through the primary

turns and, consequently, the greater the voltage drop across leakage inductance is. In the

graphs of �gure 4.30 the distortion of the waveform is less than that in �gure 4.29. The

coaxial winding is advantageous mainly for two reasons; a) the windings are physically

closer and the leakage inductance is smaller and b) the bobbin width is bigger spreading

the turns across the core window and having fewer layers in each winding (less proximity

losses).

Figures 4.31(a), (b), (c) illustrate the simulated results for various loading conditions

of the adjacent windings transformer with leakage inductance compensation (with se-

ries tuned capacitors). The waveforms of �gure 4.32(a), (b), (c) correspond to various

loading conditions of the coaxial windings arrangement with leakage inductance com-

pensation.

The voltage and current waveforms of adjacent windings are signi�cantly improved es-

pecially at high loading (�gure 4.31(a)). The coaxial windings voltages and current
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do not appear to change considerably especially for low loading of the transformer. In

both winding arrangements the high frequency components of voltages and currents are

eliminated and waveforms are almost sinusoidal. This is due to the tuned L-C circuit

having zero impedance at the resonant frequency which in this case equals the switch-

ing frequency. The frequency-dependent impedance of the L-C network is used in these

circuits to regulate the output (by adjusting the switching frequency).

A comparison between the compensated and non-compensated circuit results reveals

that compensation may be essential with high leakage inductance transformers. When

the leakage inductance can be controlled then the designer may avoid leakage com-

pensation and retain the advantage of higher power density that the square waveforms

o�er.

4.5 Chapter Summary

Both the leakage inductance and theReff of the transformer are clearly the most decisive

parameters that de�ne the operation of the power transformer and have a negative

impact. The former increases the reactive power stored in the transformer and the

latter increases the power dissipation on the windings.

To reduce the power storage and dissipation, a careful mechanical design of the power

transformer is required. Depending on the speci�ed operating conditions of the power

converter (e�ciency, maximum temperature rise, and size) there is a barrier to the

maximum power that an inductive interface (such as the rotating transformer) can

transfer. Both the rms losses and the voltage gain are two parameters that need to be

satis�ed.

Three methods have been employed to assess the rotating transformer's electrical be-

haviour. Direct measurements on a prototype give accurate values for the leakage and

magnetising inductances as well as for the windings resistances and capacitances. The

theoretical estimation of the above electrical characteristics requires several simpli�ca-

tions and assumptions to be made during the calculations. As a result the theoretical

predictions are not highly accurate and can only be used in the initial design steps to

guess the order of magnitude of the electrical properties.
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A 2-D Finite element analysis has also been employed for the �rst time to predict the

rotating transformer characteristics prior to manufacturing. It is a useful analysis that

o�ers a better insight to the rotating transformer magnetic �eld and it proved to be a

reliable technique for soft-prototyping. The results were close to the measured values

and the analysis is relatively easy to conduct. FEA is recommended for the early stages

of development when the optimum shape and size of the magnetic core and windings

are investigated.

Simulations of the proposed winding layouts demonstrated the voltage gain problems

of the adjacent windings at high transformer loading. The coaxial windings improve

the transformer voltage gain with a penalty in the manufacturing complexity. Leakage

inductance compensation has been proposed in many applications where an adjacent

winding arrangement is needed.

Despite improving the voltage gain, the tuned L-C network acts as a low pass �lter

resulting in almost sinusoidal output voltages and currents. To retain the advantage of

better component utilisation that the square waveforms o�er, a quasi-resonant converter

is considered.

In the following Chapter the phase shifted full bridge converter is introduced. Its opera-

tion is described and a joint power electronics-transformer design methodology follows.

105



The Rotating Transformer

400

200

200

400

Primary voltage
Secondary voltage

Time

V
ol

ta
ge

 (
V

)

10

5

5

10

Primary current
Secondary current

Time

C
ur

re
nt

 (
A

)

400

200

200

400

Primary voltage
Secondary voltage

Time

V
ol

ta
ge

 (
V

)

(a)

(b)

(c)

10

5

5

10

Primary current
Secondary current

Time

C
ur

re
nt

 (
A

)

400

200

200

400

Primary voltage
Secondary voltage

Time

V
ol

ta
ge

 (
V

)

5

2.5

2.5

5

Primary current
Secondary current

Time

C
ur

re
nt

 (
A

)

Figure 4.29: The simulated input and output voltages and currents of the (P66/56,
26:12, 27SWG) adjacent winding transformer with an 1mm air gap.(a)
1000W (b) 500W (c) 10W of output power. The secondary waveforms
are scaled by the turns ratio to allow direct comparison with the primary
waveforms.
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Figure 4.30: The simulated input and output voltages and currents of the (P66/56,
26:12, 27SWG) coaxial winding transformer with an 1mm air gap.(a)
1000W (b) 500W (c) 10W of output power. (a) 1000W (b) 500W (c)
10W of output power.
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Figure 4.31: The simulated input and output voltages and currents of the (P66/56,
26:12, 27SWG) adjacent winding transformer with an 1mm air gap and
leakage inductance compensation. (a) 1000W (b) 500W (c) 10W of out-
put power.
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Figure 4.32: The simulated input and output voltages and currents of the (P66/56,
26:12, 27SWG) coaxial winding transformer with an 1mm air gap and
leakage inductance compensation. (a) 1000W (b) 500W (c) 10W of out-
put power.
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Chapter 5

The Phase-shifted Full Bridge

The motivation behind this relatively new control strategy, the phase-shift modulation, is

the constant need for higher operating frequency. The phase-shifted full bridge converter

combines the advantages of switch resonant transitions to reduce the switching power

losses and square wave power conversion to maintain optimal utilisation of the magnetic

components and semiconductors.

The concept of phase-shifted modulation was �rst introduced in 1984 in an internal

paper written by Z.D. Fang et al. at the Virginia Power Electronics Center (VPEC). The

full technical details of this new control strategy were not o�cially published until 1987,

when Steigerwald and Park, and later in 1988 Steigerwald and Ngo, were granted the US

patents #4,672,528 [80] and #4,864,479 [81] respectively. Soon after the same group of

researchers including Fisher and Kuo published a paper [82] at the 1988 High-frequency

Power Conversion Conference (HFPC) presenting a design example of a 500kHz pseudo-

resonant (as it was originally named) converter. The operation of this converter was

based on phase-shifted gate pulses that were achieving zero voltage transitions of the

active switches. The Phase Shifted Full Bridge (PSFB) topology was soon investigated

by other researchers [83{86] and was explicitly analysed and improved.

The aim of this chapter is to introduce the phase-shifted full bridge converter as a

solution for contact-less transfer of energy applications. The merits and weaknesses of

this technology are investigated and the foundation for the development of a design

methodology is set. Initially, two instances of the conventional topology (the PSFB

with a full wave recti�er and the PSFB with a current doubler) are analysed and their

operational di�erences are stated. Accordingly, the e�ect of the rotating transformer to

the PSFB operation is studied.
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Figure 5.1: A typical full-bridge converter

5.1 Introduction

5.1.1 The full bridge converter

The phase-shifted full bridge converter is based on a standard full bridge topology. A

typical full bridge converter appears in �gure 5.1 This topology is used in medium to

high power applications where the use of four switches is justi�ed. One of the main

advantages is the bidirectional current 
ow in the transformer windings. This results

in an alternating magnetic 
ux and hence optimum use of the magnetic core. Other

advantages are the automatic 
ux resetting due to the bipolar waveforms and the re-

duced voltage and current stresses of the switches that reduce the cost and increase the

reliability of the design.

The operation of the full bridge is based on a switching cycle that comprises of two power

transfer intervals and two intervals of inactivity. During the power transfer intervals two

diagonal switches are on (either of the pairs: TA+-TB− or TA−-TB+). During the inactive

interval all switches are o� and no voltage is applied across the primary. The result of

this switching pattern is an alternating voltage across the transformer primary winding.

At the secondary side, the stepped up or down voltage is then recti�ed, the voltage and

current ripple are removed by the L-C �lter and a DC voltage appears across the load.

The main switches can be Metal Oxide Semiconductor Field E�ect Transistors (MOS-

FETs) or Insulated Gate Bipolar Transistors (IGBTs) depending on the converter input

voltage, current and operating frequency. Both semiconductor types are not perfect

switches; they possess parasitic inductances and capacitances in the p-n junctions, case
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and leads. These inductances and capacitances limit the rate of voltage and current

variations (dv/dt and di/dt) imposing a frequency limitation at the switching opera-

tion. Furthermore, these parasitic components cause voltage and current ringing and

the use of snubbers is essential. The snubbers can be made of passive components or a

combination of passive and active (semiconductor) components. They usually dissipate

the power that they remove from the parasitic components and therefore they lower the

overall converter e�ciency.

5.1.2 Modulation

A DC/DC converter can step the source voltage up or down depending on the topology

(buck, boost, buck-boost) that is being used. The isolating transformer performs scaling

of the alternating voltage that is produced by the switches. The �nal voltage adjust-

ment or regulation is performed by the control circuit; it observes the output voltage (or

current) and adjusts the on-time of the power switches accordingly. The control strate-

gies can be classi�ed in two broad categories; �xed frequency control and the variable

frequency control.

Fixed frequency control. With a �xed-frequency control, the switching frequency

(cycle period) remains constant and the driver adjusts the on-time of the switch, in

other words the driving waveform duty cycle. This strategy is known as Pulse Width

Modulation (PWM) and o�ers the advantage of easy paralleling and synchronising of

several converter modules to achieve higher output power. The overall design of the

converter for a �xed frequency operation is easier and the losses can be accurately

predicted.

Variable frequency control. This method assumes a �xed on-time and a variable

o�-time (or vice versa) for the switches (thus variable switching period time/frequency).

This method may be easily implemented in a stand-alone converter, however it makes

it di�cult to synchronise more parallel modules. It is also not possible to use it in

applications where some sort of synchronisation with the load is required, such as in

radars where the power supply is often synchronised with the pulse repetition frequency.

Furthermore, this modulation is not suitable for multi-stage power supplies (where syn-
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Figure 5.2: The phase shift modulation; all switches operate with �xed on-time. The
right leg (TB+ and TB−) driving waveforms are shifted by ∆� to achieve
regulation.

chronisation of PFC, cascaded power stages etc is required to reduce harmonics and

comply with regulations).

Phase-shifted control. This belongs to the �xed frequency modulation strategies.

The phase-shifted modulation is applied in a full bridge topology to allow quasi-resonant

operation. The power transfer is taking place every time two diagonal switches are ON.

The on-time of all switches is �xed and the driving pulses of the right leg switches are

shifted with respect to those of the left leg (�gure 5.2). The amount of phase-shift

(between TA+ and TB−, TA− and TB+) de�nes the duty cycle of Vab and consequently

the output regulation.

The phase-shifted operation results in the introduction of a resonant time-interval in the

switching cycle. During this interval the MOSFET junction capacitance Coss resonates

with the series inductance (e.g. leakage inductance). At the moment that the voltage

across the drain-source junction becomes zero, the switch can be turned ON with mini-

mum power loss. This lossless transition takes place every time a switch turns ON and

thereby the total switching losses are signi�cantly reduced.

Operating in this quasi-resonant mode the phase shifted full bridge produces less elec-

tromagnetic radiation and demonstrates a better performance. Typical e�ciency values

for a PSFB are 92-95%. The PSFB converter is used in medium and high power ap-

plications (although the PSFB with a current doubler has also been used in low power
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Figure 5.3: ZVS: the voltage across the switch becomes zero prior to switching.

applications due to its ability to perform well where low output voltages are needed [87])

that justify the use of four MOSFETs in the primary side.

5.1.3 Zero voltage switching

Figure 5.3 illustrates the turn-o� and turn-on action of the switch [88]. Shortly before the

driver turns the MOSFET on a reverse (source-to-drain direction), current 
ows through

the inherent body diode. Once the diode is ON, the voltage across it (and across the

switch) is latched at zero volts. Therefore, the switch is ready for a lossless transition.

The current that 
ows through the switch to prepare the lossless transition causes

conduction losses, which at low frequencies may be comparable with the switching losses.

As the switching frequency increases the bene�t from the switching losses reduction

becomes clear.

Unfortunately, the switch turn-o� is still lossy. However, the power dissipation can be

minimised using high current drivers to reduce the switching time.

5.1.4 Zero current switching

Figure 5.4 illustrates the zero current switching. This is achieved thanks to the series

inductor that holds the current low while the voltage is quickly zeroed reducing the turn

on losses. Similarly, the switch is turned o� once the current has dropped to zero.

Note here that prior to turning the MOSFET on, the drain-source capacitance is charged.

During the turn on it is rapidly discharged and this charge dumping dissipates energy

which is proportional to the die size of the semiconductor and also to the square of the
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Figure 5.4: ZCS: the current through the switch becomes zero prior to switching.

voltage at which the capacitance was charged.

As ZCS mostly reduces the turn o� losses, it is usually used in high power converters

utilising IGBTs, which generally su�er from a turn-o� tail current [89]. Often ZCS may

be used together with ZVS to combine the switching loss reduction bene�ts.

5.2 Phase-shifted Full Bridge with a Full Wave Recti�er

A common instance of the PSFB converter appears in �gure 5.5. It uses a centre-tapped

secondary winding with two diodes or a single winding with a bridge recti�er along with

a low pass �lter (usually L-C) to remove the AC 
uctuation of the output voltage. The

main waveforms appear in �gure 5.5.

Several papers have been written on the operation of a PSFB. Those by Sabate [90]

and Vlatkovic [91] are o�ering an in-depth interval-by-interval analysis of the switching

cycle and also derive the small-signal model of the topology.

5.2.1 Operation of the PSFB with a full-wave recti�er

The following analysis assumes all components are ideal. The di�erent operational states

are summarised in table 5.1

The switching cycle of the phase-shifted full bridge converter is sub-divided into ten

time intervals. During the di�erent intervals each of the active components (MOSFETs

and diodes) appears as either a short-circuit or as an open-circuit. Hence, each state

can be analysed as a higher order linear network.
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Figure 5.5: Idealised waveforms of a phase-shifted full bridge with a full wave recti�er.

Interval TA+ TA− TB+ TB− Interval name
1 ON ON Active
2 ON AP Resonant
3 ON ON Passive
4 ON PA Resonant
5 ON ON Current reversing
6 ON ON Active
7 ON AP Resonant
8 ON ON Passive
9 ON PA Resonant
10 ON ON Current reversing

Table 5.1: The phase-shifted full bridge operational states.
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The power transfer from the primary to the secondary side of the converter starts when-

ever a switch of the right leg turns on. On the contrary, when a left leg switch turns on,

a passive interval starts. Based on this observation we call the right leg the passive-to-

active (PA) leg and the left one the active-to-passive (AP) leg. The following analysis

assumes that the only series (resonant) inductance is the transformer leakage inductance

Llk1 although an additional external inductor is often used to improve the resonant be-

haviour. The equivalent models that are produced are inclusive of the magnetising and

secondary leakage inductance. In a conventional converter, where the magnetising cur-

rent is negligible, the magnetising inductance can be ignored and the secondary leakage

can be lumped with the primary leakage inductance (as the same current 
ows through

them). In the following analysis any parasitic capacitances, other than the MOSFET

intrinsic capacitances, will be ignored for the sake of simplicity (they are, however,

included in the converter design process presented in Chapter 6).

The description starts with the converter being at the power transfer interval; power is

transferred from the primary to the secondary side thus charging up the output inductor.

At t0 just before the �rst interval starts the switches TA+ and TB− are ON and a current

i(t0) = Ip is 
owing through the transformer's primary winding. The secondary current

is now equal to the output inductor's current and this is the point where the �rst time

interval begins.

5.2.1.1 The power transfer interval (t0 < t < t1): Interval 1

This time interval is called the power transfer interval because energy is being transferred

from the dc source to the converter output. During this time the primary current is


owing through the switch TA+ into the transformer primary and via TB− back to the

dc source. Most of the primary current is re
ected at the secondary side and a small

portion of it 
ows through the magnetising inductance. The secondary current is 
owing

through the upper section of the centre-tapped winding, the diode D1 and the output

�lter and load. The current in the inductor Lo builds up to its maximum value.
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Figure 5.6: Interval 1: PSFB and the equivalent network during the power transfer
state.
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Figure 5.7: Interval 2: PSFB and the equivalent network during the active to passive
resonant transition.
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voltage waveform across the switch for di�erent initial current values and
c) the resonant current.

5.2.1.2 The Active-to-Passive resonant transition (t1 < t <t 2): Interval 2

This interval (�gure 5.7) starts when the control circuit turns TB− o�. The current that

is now maintained by the various inductances is forced to 
ow through the MOSFET

parasitic capacitances CB+ and CB−. CB+ was initially charged at Vin as TB+ was o�

and CB− was discharged, as TB− was conducting.

Llk1, CB+ and CB− form an L-C network. The resonant voltage and current of switch

TB+ can be calculated based on the simple equivalent network of �gure 5.8(a). The

voltage across the switch is given by,

vC(t) = Vin · cos(!0t− !0t1) + Z0 · IL0 · sin(!0t− !0t1) (5.1)

where IL0 is the initial resonant inductor current, !0 is the resonant cyclic frequency,

!0 =
1√

Lr · Cr
(5.2)

and Z0 is the characteristic impedance,

Z0 =
Lr
Cr

(5.3)

Cr is the sum of the MOSFET capacitances (Coss) and Lr is the resonant inductance

(a combination of the primary and secondary leakage inductances and output inductor

as seen in the equivalent circuit of �gure 5.7).
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Figure 5.9: Interval 3: PSFB and the equivalent network during the passive state.

The resonant current is given by,

iL(t) = IL0 · cos(!0t− !0t1)− VC0

Z0
· sin(!0t− !0t1) (5.4)

The voltage across CB+ will become 0 in any case (even if the initial inductor current is

0) provided that enough time is allowed for the resonant operation to be completed. The

amount of initial current de�nes the time needed for the capacitor voltage to become 0.

Once CB+ is completely discharged, the current is redirected through the inherent diode

DB+ that is now forward biased. As a result the voltage across the capacitor remains

zero until the next time interval when switch TB+ is turned on under zero voltage

conditions.

At the secondary side the current keeps 
owing through the upper section of the winding

and diode D1. The secondary current supports the resonant transition by acting as an

additional current source re
ected to the primary side.

5.2.1.3 The Passive Interval (t2 < t < t3): Interval 3

Just after the resonant transition interval, TB+ turns on at time t2, while the voltage

across it is 0V. The energy stored in the parasitic (leakage inductance) maintains the

primary current through TA+ (split between the MOSFET channel and parasitic diode)

and TB+.
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Figure 5.10: Interval 4: PSFB and the equivalent network during the resonant transi-
tion.

During this interval the primary winding of the transformer is e�ectively shorted. The

primary current is re
ected at the secondary winding and 
ows through diode D1 and

the load. All currents decrease as the dc source is disconnected during this interval

(hence the name passive).

5.2.1.4 The Passive-to-Active Zero Voltage Transition Interval (t3 < t < t4):

Interval 4

The left-leg resonant interval starts with the control circuit turning TA+ o� at time t3.

The transformer parasitic inductor maintains the current 
ow through the MOSFET

inherent capacitances CA+ and CA−. CA+ was previously discharged as TA+ was con-

ducting and CA− was charged, as it was across the dc source. During this time the above

capacitors resonate with the leakage inductance of the transformer Llk1. This interval

ideally ends when the voltage across CA− is 0V and thus a zero voltage switching can

follow. In practice, the current that stimulates the resonance may not be enough to

complete the resonant operation.

The resonant voltage and current of the switch TA− can be calculated based on the

simple equivalent network of �gure 5.8(a). The voltage across the switch is given by,

vC(t) = Vin − (Vin − VC0) · cos(!0t− !0t3) + Z0 · IL0 · sin(!0t− !0t3) (5.5)
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During this interval the resonant inductance Lr is approximately the sum of the primary

and secondary leakage (as the magnetising inductance is considered much larger than

the secondary leakage inductance) as seen in the equivalent of �gure 5.10).

The resonant current is given by,

iL(t) = IL0 · cos(!0t− !0t3)− Vin − VC0

Z0
· sin(!0t− !0t3) (5.6)

As it can be seen is �gure 5.11(b), the voltage across the capacitor is o�set by Vin.

This means that it may never reach zero, if not enough initial current is available. The

voltage across the capacitor for di�erent initial current values appears in �gure 5.11(b).

The amount of initial current de�nes the time needed for the the capacitor voltage to

become 0.

At the secondary, the current supplied by Lout freewheels through the two secondary

sections and the diodes D1, D2 (see �gure 5.5). As a result the secondary winding

appears to be short-circuited and this is re
ected in the equivalent network of �gure 5.10.

Research on extending the ZVS operation down to low loading conditions has been

conducted by several researchers [92{95].

5.2.1.5 The Current Reversing Interval (t4 < t < t5): Interval 5

Half of the switching cycle will be completed within the �fth interval. At time t4 the

switch TA− turns on and the primary winding is set across the source with the opposite

polarity. The current that was 
owing through the primary now decreases following
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Figure 5.12: Interval 5: the PSFB and its equivalent network during the current re-
versing state.

a steep slope, because the secondary appears as a short-circuit to the primary side as

seen in �gure 5.12. The current reaches zero and then reverses and increases with the

same rate (di=dt). The duration of this interval depends on the transformer parameters

(leakage and magnetising inductances) and also on the output �lter inductor value and

the load. The interval ends at the moment when the re
ected primary current exceeds

the output inductor current. The slope of the increasing primary current depends on

the primary and secondary leakage inductances,

ipri(t) =
Vin

Llk1 + Llk2
· t (5.7)

At the secondary side the current is still freewheeling though the two rectifying diodes

D1, D2. As the increasing primary current is re
ected to the secondary, the current in

diode D2 increases and the one through D1 decreases. At the end of this interval the

whole current 
ow has been redirected to D2 and a new power transfer interval starts.

5.2.1.6 Second half of the switching cycle (t5 < t < t10): Intervals 6-10

An identical sequence of 5 time intervals follows for the rest of the switching period with

reverse currents. The equivalent converter networks appear in �gures B.1, B.2, B.3, B.4,

B.5 of Appendix B for the respective time intervals.
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Figure 5.13: Discontinuous mode of operation of the PSFB-FWR topology. Note the
importance of the magnetising current magnitude for the passive-to-active
transition.

5.2.2 Discontinuous mode of operation

The discontinuous mode of operation in a full wave recti�er happens when the energy

stored in the primary and �lter inductors during the active interval is not enough to

feed the load during the passive interval (�gure 5.13). Hence, both primary and the

output inductor currents become zero for a period of time.

This mode of operation is problematic as the passive-to-active resonant transition fails

due to the lack of primary current. The current fall during the passive interval is,

∆ipri =
Vo ·D · Tsw
Llk1 + Lo

(5.8)

5.2.3 Design

The drawback of the phase-shift modulation is the complexity of the driving circuit.

This problem was solved with the release of several driving chips that simpli�ed the

design and manufacturing of the phase-shifted full bridge converter. The only driving-

related parameters that the designer needs to specify are the switching frequency and

the transition time. The resonant transition duration varies depending on the energy

that is stored in the reactive components, and the designer should ensure the completion

of the transition under any loading condition.

125



The Phase-shifted Full Bridge

Assuming Lr and Cr are the resonant inductance and capacitance respectively, the

resonant frequency is given by,

!0 =
1√

Lr · Cr
(5.9)

The �rst condition for a successful resonant operation is to allow enough time for it. In

the worst case a quarter of the switching cycle is needed as seen in �gure 5.8,

ttrmax =
1
4
· 2�
!0

=
�

2 · !0
(5.10)

The resonant capacitance Cr is a combination of the MOSFET capacitances Coss and

the transformer capacitance Cxfmr. The total capacitance is,

Cr = 2 · 4
3
· Coss + Cxfmr (5.11)

where Coss is multiplied by 4=3 [87] to account for the capacitance change with respect

to the voltage. The capacitive energy at the beginning of the transition interval is,

ECA→P =
1
2
· Cr · V 2

in (5.12)

The second condition for a successful resonant transition is related to the availability of

inductive energy. The inductive energy ELA→P that is stored in the transformer leakage

(or additional external) inductance when a current Ipri 
ows through it is given by,

ELA→P =
1
2
· Llk1 · I2

pri (5.13)

The following condition must hold,

ELA→P ≥ ECA→P (5.14)

Combining 5.9, 5.10 and 5.11 the required resonant inductance Lr is,
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Lr =
4 · t2trmax

�2 · (8=3 · Coss + Cxfmr)
(5.15)

Note that this is the total primary side inductance and includes any parasitic inductances

due to wires, connections, pcb tracks etc. Although increasing Lr extends the soft-

switching capability of the converter, it also a�ects the maximum primary current slew

rate di=dt which is given by,

di
dt

=
Vin
Lr

(5.16)

Equation 5.16 shows that as Lr increases, it takes more time for the primary current to

reach its maximum value. As a result a higher duty cycle may be needed in order to

allow enough time for the current to build up. Therefore, using a high series inductance

to achieve soft-switching limits the maximum power transfer capability of the converter.

Another way of increasing the inductive energy is by connecting an inductor across

the transformer primary, though this results in increased primary conduction losses.

Depending on the priorities and the limitations the designer may decide on the best

compromise.

The transformer secondary to primary turns ratio is,

n =
2 · Vo

Vinmin ·Dmax
(5.17)

where Vo is the converter output voltage, Vinmin the minimum input voltage and Dmax

the maximum duty cycle.

Regarding the speci�cations of the power switches and diodes, the decision is based

primarily on the rms currents and voltages that can be estimated based on the converter

waveforms.

The rms value of the primary current is approximated by

Ipri =
Po

� · Vinmin ·Dmax
(5.18)
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where � is the converter e�ciency [96].

Paralleling more power switches may be an option at very high power applications. It

is important to remember that an overrated MOSFET may result in lower conduction

losses (due to lower Rdson), although the junction capacitance Coss increases with the

die size. It may be a reasonable choice to select di�erent MOSFETs for the PA and

AP legs. Since the available reactive power for the transition of the AP switches is

generally more than that for the PA ones, the AP MOSFETs may be bigger to reduce

the conduction losses without a signi�cant penalty in the soft-switching operation.

The voltage rating of the MOSFETs should be within the limits of the input voltage

range.

Regarding the secondary recti�ers, Schottky diodes are typically used in low output volt-

age applications for fast-switching with smaller reverse recovery e�ect. The secondary

current and voltage waveforms set the peak and rms voltage and current requirements.

Unlike the MOSFETs the Schottky diodes impose a �xed voltage drop across them

regardless of the magnitude of the current. Therefore, paralleling more diodes would

not reduce the conduction power losses and would only split them among the parallel

semiconductors.

5.3 Phase-shifted full bridge with Current Doubler

The main problem of the PSFB with a full wave recti�er is the loss of soft-switching

(especially at the passive-to-active leg) when operating with light loading. The PSFB

with a current doubler (CD) at the secondary is used to mitigate or, in some cases,

eliminate this problem.

The current doubler topology is derived from the full wave recti�er after a series of

transformations [87] (illustrated in �gure 5.14). The single �lter inductor of the FWR

topology (�gure 5.14(a)) is replaced by two inductors in the CD, each of them carrying

half of the load current. The operation of this topology is described in the following

paragraphs in order to reveal the e�ects of the higher than usual magnetising current.
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5.3.1 Operation

The voltage and current waveforms of a PSFB with a current doubler appear in �g-

ure 5.15 and its operation is described analytically in the following paragraphs.

The main di�erence from the full wave recti�er is that the output inductor current never

becomes discontinuous. This, in combination with the fact that the secondary current

can 
ow in either direction (unlike in an FWR), has a positive e�ect especially in the

passive to active transition process. The following analysis assumes a continuous current


ow through the current doubler output inductors. The other modes of operation are

brie
y described in 5.3.1.4.

5.3.1.1 The active interval (t0 < t < t1): Interval 1

During the active or power transfer interval, energy is transferred from the primary

to the secondary side of the circuit. As seen in �gure 5.16 the diagonal switches TA+

and TB− are ON. On the secondary side, inductor L1 is storing magnetic energy as its

current builds up. At the same time L2, which stored energy in the previous active

interval, is now supplying the load with an average current of Io=2. The magnitude

of the CD secondary winding current is half of the current in an FWR. However, due

to having double the number of turns used in a CD arrangement the primary re
ected

current is the same.
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Figure 5.17: Interval 2: the PSFB-CD and its equivalent network during the active to
passive transition.

5.3.1.2 The active to passive transition (t1 < t < t2): Interval 2

The AP interval starts once the active-to-passive leg switch TB− is turned o�. The

primary current is now redirected to the MOSFET intrinsic capacitances CB+ and

CB−. The resonance between the MOSFET Coss and the leakage inductance starts at

this instant. The primary current comprises of two current components; a negligible

magnetising component that will be ignored and the re
ected load current whose value

at the beginning of the resonant transition is,

ÎL1 =
1
2
·
(
I0 +

Vo · (1−D) · Tsw
L1

)
(5.19)

The re
ected load current takes its maximum value at the beginning of this interval.

As a result the resonant transition will almost certainly be completed if enough time is

allowed for this.

Assuming the condition in equation 5.20 holds true, the voltage across the resonant

capacitor will become zero.

ELA→P > ECA→P (5.20)

where,
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ELA→P =
1
2
· L1

n2
· (n · ÎL1)

2 +
1
2
· Llk · (n · ÎL1)

2 (5.21)

As the energy that is available for the resonant operation during this interval is usually

well above the required value, the inductors that fuel the transition can be simulated as

current sources. Based on this approximation, the delay time is calculated using,

tdelayA→P =
2 · Cr · Vin
N · ÎL1

(5.22)

5.3.1.3 The passive interval (t2 < t < t3): Interval 3

When TB+ is turned ON a passive interval starts. The primary current 
ows through

the circuit formed by TA+, the primary winding and TB+. As seen in the equivalent

network, the current is supplied by the leakage (or external) and the output inductor. At

the secondary side both inductors L1 and L2 are supplying the load, hence the current

is decreasing.
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5.3.1.4 The passive to active transition (t3 < t < t4): Interval 4

The PA interval is more complex as it depends on the output current as well as the

leakage inductance of the transformer. Unlike in a full wave recti�er, the inductor

current in the current doubler cannot become discontinuous. Depending on the loading

condition, the inductor value and operating duty cycle, the inductor current may change

direction.

Figure 5.20 illustrates the inductor current waveforms under di�erent loading conditions.

In �gure 5.20(a) the converter load is enough to keep the inductor current positive. The

peak value of the current Ia is given by,

Ia =
1
2

(
I0 +

Vsec − V0

L1
·D · Tsw

)
(5.23)

and its minimum value Ib by,

Ib =
1
2

[
I0 − V0

L1
· (1−D) · Tsw

]
(5.24)

The current Ic through L1 at the moment the second active interval starts is given by,
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Figure 5.20: The secondary inductors (L1,L2) current waveforms when the output load
is (a) greater than Rcr (b) equal to Rcr and (c) smaller than Rcr

Ic =
1
2

(
I0 +

V0

L1
·D

)
(5.25)

Figure 5.20(b) illustrates the currents at the boundary conditions before the current in

the inductors goes negative. At these boundary conditions Id is,

Id =
Vo
L2

· (1−D) · Tsw (5.26)

and also

Id = Io =
Vo
R

(5.27)

and thereby the critical load Rcr (boundary condition) is derived,

Rcr =
L2

(1−D) · Tsw (5.28)

Finally, the last case is when the inductor current reverses for a portion of the switching
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Figure 5.21: Interval 5: the PSFB-CD and its equivalent network during the current
reversing.

cycle. The extreme case appears in �gure 5.20(c), where the load current is practically

zero (the inductors average (dc) current is zero) and the secondary "alternating" current

circulates through the two inductors.

The passive to active transition takes place just before a PA switch turns on. In all

cases appearing in �gure 5.20 the output current contributes to the transition process.

5.3.1.5 The current reversing interval (t4 < t < t5): Interval 5

Finally, current reversal is forced when the switch TA− is turned on and the transformer

is placed across the dc input voltage source. The primary current �rst decreases to

zero and then reverses and reaches a critical value, above which energy starts being

transferred to the secondary (and a new active interval starts). At the secondary side

the current is freewheeling through diodes D1 and D2. The inductors L1 and L2 are

acting as current sources supplying the load with the required current. When the voltage

across Lsec and the current through it increases enough to turn diode D2 o� (at time

t5), the new active interval starts.
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Figure 5.22: Comparison of the FWR single inductor current and the CD inductors
current.

5.3.1.6 Second half of the switching cycle (t5 < t < t10): Interval 6-10

An identical sequence of 5 time intervals follows during the rest of the switching period

with reverse currents.

5.3.2 Design

The PSFB with a current doubler requires two identical output inductors operating at

half the switching frequency and the rated current (�gure 5.22). To achieve the same

output ripple that would be generated by a full wave recti�er circuit, the inductance

of each output choke has to be doubled. Considering that the size of the inductors is

proportional to the energy they can store, the total size of the two output inductors is

the same as the single �lter inductor of the full-wave recti�er circuit.

The transformer used in a current doubler has a single secondary winding with the same

total number of turns as the centre-tapped winding in the full-wave recti�er. The author

of [87] claims a losses reduction of up to 50% that is due to the reduced current 
owing

through the current doubler winding.

The current double active components may be Schottky diodes or MOSFETs that form

a synchronous recti�er to further reduce the on-time conduction losses and the reverse

recovery e�ect.

The selection of the output capacitor is based on the output ripple requirement, accord-

ing to its equivalent series resistance (ESR) value.
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5.4 Phase-shifted Full Bridge and Contact-less Transfer of

Energy

The phase-shifted full bridge topology has an inherent ability to utilise the transformer

parasitic components to perform zero voltage transitions of the main switches. This

property makes it the ideal hosting-topology for a rotating transformer. In this way the

reactive energy that is being stored in the magnetising and leakage inductances of the

rotating transformer is being released twice in every switching cycle to assist with the

reduction in switching losses.

Zero voltage switching is a valuable feature of the phase-shifted bridge. In a CTE

application soft-switching becomes even more important due to the additional current

(magnetising) component that circulates in the primary side. In a conventional con-

verter ZVT is not vital at light loads as the current is low and the switching losses are

insigni�cant. However, in a CTE application ZVT is particularly important due to the

high switching losses incurred from the increased magnetising current even at no-load

conditions.

The PSFB with CTE can be implemented with either a full-wave or a current doubler

recti�er. The phase-shifted full bridge topology with a current doubler is often used in

order to extend the soft-switching capability of the converter. The fact that the load

current is re
ected at the primary side during the resonant intervals makes this topology

more popular than the full wave recti�er solution. In a phase-shifted full bridge with

a rotating transformer the magnetising current that circulates in the primary winding

also supports the resonant operation. Therefore the requirement for a current doubler

needs to be reassessed.

5.4.1 Operation

The main di�erences between the phase-shifted full bridge with a rotating transformer

and a conventional one originate from the reduced coupling coe�cient of the rotating

transformer. The existence of a high magnetising current a�ects the converter operation

as can be seen in the following paragraphs.
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Active intervals During the active or power transfer intervals the primary current

is signi�cantly increased due to the magnetising component. This in combination with

the leakage inductance of the rotating transformer is expected to impose an increased

voltage drop,

Vlk1 = Llk1 · nÎL1 + Îm
D · Tsw (5.29)

where the magnetising current Îm is given by

Îm =
1
2
· Vin ·D · Tsw

Lm
(5.30)

This voltage drop will reduce the transformer voltage gain. In a rotating transformer the

leakage inductance can be minimised on purpose (as much as the windings separation

permits) as the increased magnetising current secures enough energy storage for the

switch transition. For a leakage inductance of about 7�H (typical in this application)

and a magnetising current of 2.5A, a switching frequency of 100kHz and a duty ratio of

0.45 the voltage developed across the leakage inductance due to the magnetising current

during the active interval is 2.2V which is only 0.7% of the primary applied voltage.

A small increase in the duty cycle can compensate for the volt-seconds loss across the

leakage inductance.

This is clearly a serious problem in low voltage/high current converters where the leakage

inductance e�ect is considerably stronger.

Active to passive transition The active to passive interval is similar to the one of

a conventional PSFB with the di�erence of the additional magnetising current. At the

beginning of this resonant interval, the re
ected load current n · IL1 of a current doubler

is given by equation 5.19 and the magnetising current by equation 5.30.

The inductive energy that is available in a current doubler is,

ELA→P =
1
2
· Lm · Î2

m +
1
2
· L1

n2
· (n · ÎL1)

2 +
1
2
· Llk · (Îm + n · ÎL1)

2 (5.31)

The current that is available in a full wave recti�er is,
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ÎL1 = I0 +
(Vsec − V0) ·D · Tsw

2 · L1
(5.32)

and the inductive energy is also given by equation 5.31. This energy is higher when a

rotating transformer is used due to the magnetising current. Therefore the following

equation (which assumes a linear current-time relationship) gives the required time for

a complete voltage transition,

tdelayA→P =
2 · Cr · Vin
Îm + n · ÎL1

(5.33)

The di�erence is that (due to the magnetising current) the time to reach zero volts across
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the resonant capacitance is considerably shorter. By evaluating the above equation

(5.33) for di�erent values of the magnetising current (�gure 5.23) the advantage of

shorter transitions becomes clear. The e�ect of the air-gap length to the transition time

is also signi�cant. It can be seen in �gure 5.23 that the PSFB-CD is advantageous at

no-load conditions due to the current 
owing through the output inductors. However,

at higher loading the transitions of the full wave recti�er circuit are shorter as the peak

output current is higher and so is the energy stored in it.

Equations 5.1 and 5.4 are valid for the rotating transformer case with the initial current

IL0 being the sum of the magnetising and re
ected load current.

IL0 = Îm + n · ÎL1 (5.34)

Passive interval The passive interval of the PSFB with a rotating transformer main-

tains the current 
ow in the primary and secondary windings, with some energy being

transferred from the primary to the secondary side (provided the secondary voltage is

not yet shorted by the freewheeling diodes).

Passive to active transition The passive to active transition is also signi�cantly

assisted by the magnetising current of the transformer. Under circumstances, which will

be analysed in Chapter 6, the magnetising current alone can fuel the L-C resonance.

This interval is governed by the equations presented in Sections 5.3.1.4 and 5.2.1.4. The

only di�erence is that in a PSFB with a rotating transformer the magnetising current can

be (depending on the air gap length and core size) the dominant current component that

handles the resonant transition. It is important to mention here that the magnetising

current is neither dependent on the converter load nor on the input voltage1. This allows

the designer to reduce the so called delay time of the small resonant intervals, provide

longer active intervals and hence increase the power rating of the converter.

A complete methodology for the transformer and PSFB joint design is presented in

Chapter 6.

1This is valid if constant volt-seconds are applied across the primary winding. In other words if the
duty ratio is adjusted according to the input voltage so that the product D · Vin is constant
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5.5 Chapter Summary

The advantage of the phase modulation is that it allows the release of the reactive energy

that is stored in the transformer leakage and magnetising inductance. This energy fuels

a resonant operation between the participating MOSFET capacitances and the leakage

inductance. Thus, the MOSFET inherent capacitance can be discharged before turning

the switch ON. This zero voltage transition of the MOSFET results in a signi�cant

improvement of the converter's power e�ciency.

Furthermore, securing the resonant transitions across the entire load range has a bene�t

in the stresses of the semiconductors as it generally incurs longer transition times for the

voltages and currents (dv/dt and di/dt) as well as lower thermal variations. The reso-

nant operation is known to reduce the harmonic content of the radiated electromagnetic

waves and therefore reduces the emitted electromagnetic interference (EMI).

A rotating transformer can be considered as an integrated magnetic solution as it re-

places the conventional transformer, the external energy storing inductor and the usual

auxiliary circuit that has been traditionally used to extend the soft switching ability of

the converter.

This chapter presented a novel analysis of the PSFB-FWR and PSFB-CD operation

with emphasis on the magnetising current of the rotating transformer and its e�ect on

the soft-switching operation of the semiconductors.

More analytically, in a PSFB with a rotating transformer a signi�cant part of the primary

current 
ows through the magnetising inductance. Similarly, when the current source

is at the secondary side (e.g. the output inductors during the transition intervals), part

of the secondary current will 
ow through the magnetising inductance and part of it

will be re
ected in the primary winding. It is, therefore, important to highlight that

despite illustrating the magnetising inductance as property of the primary winding, it is

actually shared between the windings. Hence each winding that couples energy to the

other winding(s) is at the same time storing some energy in the magnetising inductance.

This may be an indication that the current doubler, which returns energy to the primary

winding, may actually aggravate the conduction losses.

This chapter looks at the classic PSFB converter and also at the PSFB with a rotating
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transformer. Substituting a conventional transformer with a rotating one will modify

the operation of the circuit mainly with regards to the transition intervals. More energy

will be available during the resonant intervals and this is expected to improve the circuit

performance and allow further increase in the switching frequency.

However, this highly available reactive energy results in a signi�cant increase of the

primary circulating current and this inevitably leads to higher winding losses and also

higher MOSFET conduction losses. Among the objectives of the following chapter is

to quantify these losses and investigate whether the reduction in switching losses can

compensate the increment of the conduction losses.
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Chapter 6
Design and Optimisation

The operation of a phase-shifted full bridge converter was analysed in Chapter 5. The

main di�erences between a conventional PSFB topology and one with a rotating trans-

former were also stressed. The design of the converter can be optimised by concentrating

on those parameters that a�ect its performance both in terms of e�ciency and achieving

the design speci�cations.

The high magnetising current has a series of implications in the overall operation of the

power converter. The poor voltage gain, increased conduction losses and electromag-

netic issues are only some of the parameters that have to be taken into account during

designing.

In a conventional design the operating frequency is essentially limited by the switch-

ing losses of the power MOSFETs. In a CTE application the operating frequency is

also limited by the transformer parasitics; leakage inductance and windings resistance

that cause voltage drops and conduction losses. To account for these new constraints

due to the rotating transformer a design methodology is proposed in this chapter; the

optimisation of the design is performed using a mathematics software package.

6.1 Design Trade-o�s

In the previous chapters it became clear that there are two ultimate implications arising

from the physical separation of the primary and secondary parts of the transformer;

• The high conduction losses

• The impaired voltage gain

These two parameters are investigated in the following paragraphs. A method is pre-

sented for minimising the overall power losses and securing a voltage gain that complies
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Figure 6.1: A qualitative representation of the switching and winding conduction
losses.

with the design speci�cations. This method also re-distributes the heat dissipation be-

tween the primary semiconductors and the transformer to eliminate hot spots in the

converter.

6.1.1 Conduction losses

The high transformer conduction losses are the result of two independent parameters;

Low magnetising inductance The low magnetising inductance is the result of the

air-gap between the primary and secondary cores. The coupling between the two

windings is poor and as a result a high (magnetising) current is needed to reposition

the magnetic domains of the magnetic path. This current is independent of the

transformer load and simply circulates in the primary winding.

High winding resistance The e�ective winding resistance is the result of more pri-

mary turns being used to reduce the magnetising current. Generally, more turns

result in multi-layer windings and therefore the proximity e�ect and the AC resis-

tance are greatly a�ected.

The MOSFET and transformer conduction losses are given by equation 6.1.

Pc = I2
p (Rpeff +RDSon) + I2

srmsRseff (6.1)

where Ip is the primary winding rms current, Rpeff is the primary winding e�ective

resistance, Rseff is the secondary winding e�ective resistance and Is is the secondary
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winding rms current.

The primary current Ip consists of two components;

The re
ected load current, depends on the transformer load only. This current is

equal to the secondary load current Is scaled by the turns ratio.

The magnetising current, Im depends, as mentioned, on the magnetising inductance

of the transformer and does not depend on the transformer load.

Secondly, the conduction losses of Eqn.6.1 are due to two resistive components;

The windings resistance that is due to the DC resistance and the high frequency

e�ects taking place in a high frequency multi-layer transformer winding.

The MOSFET RDSon , which represents the resistance of the drain-source channel of

the MOSFET switch when it is ON.

As a result, the conduction power losses developed on the rotating transformer and the

MOSFET are a function of a number of parameters; frequency of operation, magnetic

core size and material, air-gap, number of winding turns and winding layout.

As seen in Figure 6.1, the switching losses are very small for a small number of turns.

This is because the magnetising inductance is low and consequently, the magnetising

current is high securing the complete discharge of the MOSFET capacitance prior to the

turn-on. The winding conduction losses are high for a small number of turns due to the

high magnetising current 
owing in the primary. Also, the conduction losses increase

with the number of turns as the winding resistance increases. However, there is an area

in Figure 6.1 where the conduction losses are minimum. By combining the switching

and conduction losses a global minimum can be found for the total losses.

6.1.2 Voltage gain

The voltage gain of a rotating transformer is impaired due to the high leakage in-

ductances and the e�ective resistance of the transformer windings. In a conventional

transformer the leakage to magnetising inductance ratio is typically 1:500. The same
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relationship in a rotating transformer is around 1:30. Thus at a high frequency of oper-

ation the voltage drop across the leakage inductance may be a signi�cant portion of the

total supplied voltage. This voltage drop increases as the magnetising and load currents

increase.

6.2 Design Methodology

The proposed methodology consists of a series of criteria for producing a feasible design

of a phase-shifted full bridge converter incorporating a rotating transformer. This novel

design method leads to the selection of appropriate components, magnetic core, number

of turns and conductor type, given the basic converter design speci�cations (input and

output voltages, power level, frequency of operation, cooling method).

By evaluating the algorithm the designer can predict the power losses on the power

switches and the rotating interface as well as, indirectly 1, the losses on the output

recti�ers. All design equations and the optimisation algorithm run using a mathemati-

cal/engineering software (in this case MathCad).

The proposed design methodology appears in Figure 6.2. An overview of the six stage

procedure is given below. It starts with the assumption that the primary side MOSFETs

perform resonant transitions for the entire range of output load (in other words the

switching losses are minimised). The major stages of the algorithm are:

1. Set design speci�cations. The input and output voltages (Vin and Vo), a tentative

frequency of operation2 and the power level of the converter and the type of cooling

should be speci�ed.

2. Select converter topology and components. During this stage the designer selects

the recti�er type (full wave, current doubler). The calculation of the current and

voltage levels is essential to select the components, transformer turns ratio etc

3. Decide on the soft-switching range. The resonant tank components are calculated

at this stage. The target is a soft-switching operation under the entire range

1After running the algorithm, the rms currents 
owing in the secondary side are also known and
therefore the ON-time losses of the semiconductor materials can be calculated.

2In a radar application this frequency may be �xed or may be taking various discrete values in order
to synchronise the power supply switching with the radar pulse repetition frequency.
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Figure 6.2: A novel design and optimisation methodology for a power converter em-
ploying a rotating transformer.
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of loads. The energy needed to charge/discharge the MOSFET inherent capaci-

tances must be calculated. The magnetising current 
owing through the leakage

inductance will provide the required energy to drive the resonant transition. The

magnitude of the critical magnetising current Imcr is calculated and this allows

the calculation of the maximum number of turns and core size.

4. Select core shape and size. Due to its rotational symmetry, the appropriate shape

for a rotating transformer application is the pot core. Regarding the size of the

magnetic core, a tentative selection is made based on the 
ux density versus power

losses graph of the selected material. The required cross sectional area is selected

to keep the losses down and the required number of turns (to produce Imcr) is

calculated. In a rotating transformer application the limitation is rarely the high


ux density (or hysteresis losses). It is rather limited by the coupling requirements

(the length of the air-gap and the number of winding turns). Once the core has

been speci�ed, the required number of primary turns Np can be calculated for a

known critical current.

5. Winding optimisation. The winding optimisation algorithm takes as an input the

winding geometry and the rms values of the current waveforms. It calculates the

optimum values for the number of turns and wire thickness in order to minimise

the goal function, which is the overall conduction losses in the MOSFETs and the

transformer windings. Other parameters, such as the switching frequency, winding

layout and gap length may also be modi�ed to obtain optimum results.

6. Check the voltage gain. After the transformer design process has been completed

an AC analysis is performed to test the resulting voltage gain. If the duty cycle

cannot compensate for a possible impairment of the voltage gain, the leakage

inductance of the transformer or the windings e�ective resistance (or both) needs

to be minimised. This will most likely require the use of fewer winding turns and

possibly the increase of the magnetic core cross-sectional area.

A detailed analysis of each stage is presented in the following sections and a design

example is given.
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6.2.1 Converter speci�cations

To design the phase-shifted full bridge converter the main speci�cations must be set: the

input and output voltages, the power level and the desired frequency of operation. The

optimisation of the design could be performed for a range of frequencies, although this

could restrict the power output of the resulting converter. The cooling method is also

important because it de�nes the level of power that can be dissipated across the di�erent

components. The e�ciency of the converter may also be part of the speci�cations. In

an aerospace application e�ciency is a key objective. Therefore any improvement in

e�ciency that involves reasonable costs is well-received.

The converter studied here is part of a radar power supply and its main speci�cations

are presented in the table 6.1.

Min. Nom. Max.

Input voltage (Vin) 255V 330V 380V
Output Power (Pout) 0W 1000W
Output voltage (Vo) 54V± 2%
Switching frequency (Fsw) 100kHz
E�ciency ≥ 90%
Cooling Natural Convection

Table 6.1: Converter Speci�cations

Furthermore, the maximum duty cycle (that corresponds to the lowest input voltage) is

de�ned: Dmax = 0:48. The voltage drop across the recti�er diodes and wires is assumed

to be a �xed 2.0V.

The desired turns ratio is given for a minimum input voltage and a maximum duty

cycle,

n =
Np

Ns
=
VinD
Vo

(6.2)

which gives: n = (250× 0:48− 2)=54 = 2:18

The duty ratio Dnorm for the normal input voltage is around 0.35.
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6.2.2 Selection of active components

The topology analysed in this work is a phase-shifted full bridge converter. There

are several modi�cations of the basic phase-shifted bridge and each of them improves

di�erent aspects of the converter. Two fundamental circuits are studied in this work;

the full wave recti�er and the current doubler.

The full wave recti�er is a common recti�er that uses a centre-tapped secondary winding

and two diodes operating in a complementary way (see Section 5.2.1). On the other

hand, the current doubler is intended for higher power levels because it extends the

soft-switching range of the primary-side semiconductors and also reduces the secondary

winding conduction losses.

The selection of the primary switches is based on the current/voltage requirements of

the design. In a rotating transformer application a low MOSFET RDSon is required to

reduce the conduction losses generated by the high primary circulating current. The

designer comes across an additional trade o� that of deciding on the RDSon and Coss
values of the MOSFET; RDSon decreases and Coss increases as the semiconductor die

size increases. Therefore the engineer should compromise with a big enough MOSFET

to keep conduction losses low but at the same size secure the complete discharge of Coss
to secure zero voltage transitions.

The primary current [96] is approximately,

Ipri =
Po

� · Vin ·Dnorm
(6.3)

where � is the converter e�ciency. The IRFP450LC (500V, 14A, Rdson = 0:4Ω) MOS-

FET was selected.

Regarding the rectifying diodes, they must feature short reverse-recovery times and small

capacitive e�ects to reduce the resonance with the possibly higher leakage inductance of

the secondary windings. The forward current of each diode is equal to half of the average

load current (Po=2Vo = 1000=2 · 54 = 9:25A) and the maximum reverse voltage is equal

to the voltage across the secondary. At the prototyping stage somewhat bigger diodes

(BYW99P-200 fast recovery diode) were selected to account for unexpected current

variations.
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6.2.3 Selection of magnetic core

In a normal power supply with a conventional isolating transformer the magnetic core

size and ultimately the transformer size is dictated by losses. The core losses limit can

be set in absolute terms (watts) or in terms of temperature rise [67]. A temperature

rise of 20-40 degrees is usually acceptable. Consequently, the appropriate core size is

the minimum size that can handle the required amount of power by satisfying the losses

requirement.

When designing a magnetic interface such as the rotating transformer for the phase-

shifted full bridge converter the design priority is essentially di�erent; the core type and

size are selected based on the magnetic coupling they can provide rather than the power

rating. Naturally, to achieve acceptable coupling between the windings, the magnetic

core is bigger than it would be in an un-gapped design. As a result core losses prove to

be an insigni�cant percentage of the total losses (this is shown Chapter 7).

For a rotating transformer application a pot-shaped core must be used. This type of

core has a rotational symmetry that keeps the electrical behaviour of the transformer

�xed for any angle of rotation.

Regarding the core size, the selection process starts with the assumption that the mag-

netic core is fully utilised by the power converter. That means that the 
ux excursion

should be as high as possible while at the same time keeping the core losses at a rea-

sonable level. Faraday's law states:

V = N · d�
dt

(6.4)

where V is the winding voltage, N the number of turns and � the magnetic 
ux. Com-

bined with,

� = B ·Ae (6.5)

and,

∆t = D · T (6.6)
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where ∆t is the ON time of the power switches. Combining the above equations,

V = Ae · Np ·∆B
dt

or Ae =
V ·D · T
Np ·∆B (6.7)

∆B being the 
ux density change during ∆T and Ae the magnetic path's cross-section.

In Equation 6.7, V and D · T are part of the converter speci�cations. For a speci�c

magnetic material there is a maximum permissible ∆B obtained from the power loss

curves of the material for a speci�c frequency of operation. By pulling the voltage

V, duty cycle D, period T and 
ux density excursion ∆B values into equation 6.7 a

relationship between Ae and Np may be obtained. A reasonable cross sectional area is

required as this is directly related to the size and weight of the magnetic core. At the

same time the number of primary turns must be carefully calculated in order to control

the conduction losses.

As Ae increases the number of required turns decrease; however, as shown below the

number of turns is tuned to account for both switching and conduction losses.

The tentative selection of pot core size is done by evaluating equation 6.7 for di�erent

core sizes of the Ferroxcube pot core collection.

For the speci�ed amount of power it is reasonable to start with a medium-sized P42/29,

which has a 265mm2 cross-section. For a 3C91 material (best suited for a 100kHz

operating frequency) a ∆B of 0.2T will result in about 0.9watt of power loss and 26

turns will be needed. For a ∆B of 0.3T, 17 turns would be needed and the power loss

would be 3watt. Finally, 13 turns would yield ∆B=0.4T and the core would dissipate

around 7watt. The next step is to check whether 13 turns �t in the core window.

The rms primary current and the required wire gauge is calculated. The magnetising

inductance is calculated for a 1mm air gap:

Lm =
N2
p(
lg

�0�rairAg

) (6.8)

and,
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Lm =
132 × 4× � × 10−7 × 265× 10−6

1× 10−3
= 56:3�H

The magnetising current will be

Îm =
V ·D · T
2 · Lm (6.9)

and,

Îm =
330× 0:42× 10−5

2× 56:3× 10−6
= 12:31A

Assuming a current density of 1:55 · 106A=m2 the required wire diameter is 1.6mm. At

100kHz the penetration depth is 0.2mm. Therefore, the e�ective conductive area of the

wire would be much smaller and thinner wires should be used to make sure the entire

conducting area is used. It is clear that 13 turns of a multi-strand (possibly 0.4mm) wire

do not �t in the 20.3x18mm core window area (taking into account the 1mm clearance

between the rotating and stationary windings and also the bobbin volume). With similar

calculations the P66/56 ferroxcube is selected as the starting core for this design. The

optimal number of turns and wire thickness for this core is calculated in the following

steps.

6.2.4 Securing the soft-switching operation

In this stage of the procedure the resonant circuit parameters are calculated in order to

secure the soft-switching operation.

The phase-shifted bridge is known for its ability to maintain the soft-switching of the

primary side semiconductors. This reduces the power losses and allows the designer to

choose a higher operating frequency. The resonant elements are, as seen in previous

chapters, the MOSFET inherent channel capacitance, the capacitance appearing across

the transformer primary winding and the series (leakage or external) inductance.

In a PSFB with a rotating transformer the magnetising current plays a key role in

assisting the resonant operation. Because of the additional current component, the

soft-switching can be maintained for a wider range of loading.
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As seen in Chapter 5 the total capacitance Cr of the resonant tank is:

Cr =
8
3
· Coss + Cxfmr (6.10)

where Coss is the MOSFET channel capacitance at the speci�c voltage of operation,

and Cxfmr is the primary winding capacitance.

Cr = 2 · 4
3
× 100× 10−12 + 18:4× 10−12 = 285pF

The Coss = 100pF is an estimate from the Coss vs VDS graph of the IRFP450LC

MOSFET. The energy needed to charge/discharge this combined capacitance is given

by:

E =
1
2
· Cr · Vinmax2 (6.11)

and its actual value in the current design is:

E =
1
2
× 285× 10−12 × 3802 = 20:58�J

and hence the required current through the resonating inductance is:

Îmcr =

√
2 · E
Llk1

(6.12)

Îmcr = 2:422A

The worst case scenario for the soft-switching operation would be for the minimum

load current (i.e. zero). The assumption here is that the duty cycle compensates for

any input voltage variation so, that the volt-seconds applied to the primary winding is

always the same (i.e. the magnetising current is constant). The magnetising inductance

Lmcr needed to secure Îmcr is,
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Lmcr = Vin · Tsw ·Dnorm

2 · Imcr
(6.13)

Lmcr = 330× 10−5 × 0:42
2 · 2:422

= 286�H

Using Lmcr the maximum number of primary turns Nprimax can be calculated. If more

turns are used then soft-switching operation may cease, depending on the loading con-

ditions.

Nprimax =

√
Lmcr · (

lcore
Ac · �0 · �rc

+
lg

Ag · �0 · �rg
) (6.14)

For the selected core type and an air gap of 1mm, Nprimax is,

Nprimax = 25

Reducing the number of turns,

• extends the soft-switching range of the converter

• reduces the e�ective Reff resistance of the windings

• reduces the windings' leakage inductance

but,

• increases the primary (and secondary) circulating current.

The optimum Npri and accordingly the Nsec should be found in order to eliminate the

losses and also minimise the stored energy in the leakage inductance. Energy storage

in the leakage inductance implies a voltage drop across it and hence the voltage gain of

the transformer is reduced.
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6.2.5 Calculation of winding and semiconductor conduction losses

The conduction losses of the power switches and those of the primary and secondary

windings can be minimised using the following optimisation process. Initially, the losses

on the switches and the primary and secondary windings are calculated. Accordingly,

some design parameters are adjusted to reduce the total amount of losses and also

distribute them evenly across the components to eliminate hot spots.

Generally the conduction losses are given by equation 6.15

P = I2 ·R (6.15)

where I is the rms current and R is the electrical resistance. In a high frequency design,

the e�ective resistance of the windings depends on the current waveform. Hence, the

secondary (and consequently the primary losses) depend on the converter topology that

is being used.

In a rotating transformer the primary current consists of two components; the re
ected

load current and the magnetising current. These can be estimated by using an interval-

by-interval approach, such as the one in Chapter 5. The magnetising current Îm is

independent of the load current and the type of the recti�er. As seen in equation 6.13,

it only depends on the input voltage, the frequency of operation and the magnetising

inductance value. Its peak value is given by:

Îm =
Vin ·D · Tsw

2 · Lm (6.16)

The primary voltage and the magnetising current waveform of the bridge converter

appear in �gure 6.3.

The magnetising inductance depends on the number of winding turns; the inductance

value vs number of turns in a P66/56 pot core is shown in �gure 6.4.

As the number of turns changes two parameters vary; the winding geometry (wire

thickness, number of strands, number of layers) and the magnetising current waveform.

These parameters a�ect the windings' e�ective resistance. By varying the wire thickness

and number of winding turns optimum operating conditions can be obtained.
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Figure 6.3: The primary voltage and magnetising current. The current is independent
of the converter loading.
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6.2.5.1 Wire thickness, strands and winding structure

The �rst step is to approximate the winding layout. The following parameters are passed

to the algorithm; the core window/coil former width and diameter Bw and Dbob, number

of turns N , maximum current Ipri, current density Jmax and the frequency of operation

fsw. First the penetration depth �0 is calculated,

�0 =
√

2
!0 · �0 · � (6.17)

where !0 is the fundamental cyclic frequency of the current waveform, �0 is the magnetic

permeability of air (4×�×10−7H
m) and � is the electrical conductivity of the conductor

material (for copper this is 5:882 × 107 S
m). For a 100kHz fundamental frequency the

penetration depth is around 0.2mm, therefore the useful area of any wire of diameter

greater than 0.4mm is only 0.2mm from the surface of the conductor towards the centre.

The e�ective copper area of a conductor of diameter Dc is,

Awire = � ·
[(

Dc

2

)2

−
(
Dc

2
− �0

)2]
(6.18)

Knowing the e�ective conductor area, the number of strands needed to carry the total

current can be calculated. The maximum current density (Jmax) should be around

1:55× 106A=m2 to keep the wires running at about 25C (in fact this can be increased,

as the acceptable temperature range is to up 60oC and because forced cooling is used

in this design).

Strands(N;Dc) =
Ipri(N)

� · Jmax ·Awire(Dc)
(6.19)

where � is a factor to adjust Jmax depending on the allowed temperature range and

type of cooling.

The next stage is to investigate the structure of the winding: namely, the number of

turns that �t in each layer, and the number of layers with respect to the number of the

winding turns N , the strands, and the wire thickness Dc. The number of turns that �t

into each winding layer in a bobbin of width Bw and diameter Dbob is given by,
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Nonelayer(N;Dc) =
Bw

r ·Dc ·
√
Strands(N;Dc)

(6.20)

where r is the inter-turns spacing factor, a factor that depends on the wire insulation

thickness and space between the conductors. The number of full layers can be calculated

by truncating the decimal numbers of Layersfull,

Layersfull(N;Dc) =
N

Nonelayer(N;Dc)
(6.21)

and the last layer will possess Nlastlayer(N;Dc) turns, where,

Nlastlayer(N;Dc) = N − Layersfull(N;Dc) ·Nonelayer(N;Dc) (6.22)

The thickness of each layer is approximated by,

Dlayer =
√
Strands(N;Dc) ·Dc (6.23)

6.2.5.2 DC resistance

The mean length of each turn MLT with respect to the number of turns N and the

wire thickness Dc can be calculated using,

MLT (N;Dc) =





�
N · (Dbob + 0:5 ·Dlayer) ifN ≤ Nonelayer(N;Dc)

1
N

[ ∑Layersfull(N;Dc)
j=1

(
� · (Dbob+

+(j − 0:5) ·Dlayer(N;Dc)
) ·Nonelayer(N;Dc))+

Nlastlayer(N;Dc) · � · [Dbob+

(Layersfull(N;Dc) + 0:5) ·Dlayer(N;Dc)]
]

ifN ≥ Nonelayer

The length of the wire used for this winding can be calculated by,

lwin(N;Dc) = MLT (N;Dc) ·N (6.24)
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The DC resistance is given by,

Rdc(N;Dc) = � · N ·MLT (N;Dc)

Strands(N;Dc) · � ·
(
Dc
2

)2 (6.25)

6.2.5.3 AC resistance

The number of the winding layers is given by,

p(N;Dc) = Layersfull(N;Dc) +
Nlastlayer(N;Dc)
Nonelayer(N;Dc)

(6.26)

and

Ψ(N;Dc) =
5 · p(N;Dc)2 − 1

15
(6.27)

The thickness of one layer of the winding is,

d(N;Dc) =
Foilarea(N;Dc)

Bw
(6.28)

and

∆(N;Dc) =
d(N;Dc)

�0
(6.29)

The next step towards the calculation of Reff is the computation of the rms value of

the winding current I and the rms value of its derivative I ′.

Regarding the re
ected load current, this is of the same form as the secondary current

and depends on the recti�er circuit. In this work, two topological variations are con-

sidered; the full wave recti�er (FWR) and the current doubler (CD). Their e�ect in the

overall losses is examined.

In terms of the transformer structure both the FWR and the CD have the same number

of primary turns and, essentially, the same number of secondary turns. The fact that
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Figure 6.5: The phase-shifted full bridge with a full wave recti�er.

the current waveforms are di�erent (and have di�erent rms values for the same output

load) means that their impact on the conduction losses is di�erent. A comparison of

the losses of the full wave recti�er and current doubler is presented in Chapter 7.

Full Wave Recti�er The operation of the phase-shifted full bridge with a full wave

recti�er (PSFB-FWR) of �gure 6.5 is explained in Chapter 5. It uses a centre-tapped

secondary winding. Each of the secondary winding sections conducts at a di�erent time

interval. The rms value of the current is the same in both winding sections due to the

symmetry.

During the power transfer interval, the current builds up through the �lter inductor

which acts as a current source during the passive (or freewheeling) intervals. The cur-

rent waveform for 700watts of output power appears in �gure 6.6(a). The secondary

current that is re
ected to the primary winding appears in �gure 6.6(b). This is the

combination of the currents in the upper and lower section of the centre-tapped winding.

Furthermore, the total primary current appears in �gure 6.7.

The rms value of the primary and secondary currents can be calculated using engineering

software such as Mathcad�. The results appear in �gure 6.8.

Current doubler The current doubler (CD) is generally considered as a better so-

lution for high power and low voltage applications, as it reduces the magnitude of the

current in the transformer windings while ensuring soft-switching at low load. Featuring

two large inductors used as current sources, the current 
owing to the load is twice the

current in the secondary winding (�gure 6.9).

The secondary winding current of this topology and its re
ected primary current for a

161



Design and Optimisation

0 5 � 10
6

1 � 10
5

1.5 � 10
5

2 � 10
5

3

6

9

12

15

time (sec)

S
ec

on
da

ry
  c

ur
re

nt
 (

A
)

0 5 � 10
6

1 � 10
5

1.5 � 10
5

2 � 10
5

5

2.5

2.5

5

time (sec)

R
ef

le
ct

ed
 lo

ad
 c

ur
re

nt
 (

A
)

(b)

(a)

Figure 6.6: The (a) secondary (inductor) current and (b) primary winding re
ected
load current in the phase shifted bridge with full wave recti�er.
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Figure 6.9: The phase-shifted full bridge with a current doubler.
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Figure 6.10: The (a) secondary winding current and (b) primary re
ected load current
waveforms in a PSFB-CD.

700watts output power appear in �gure 6.10(a) and (b) respectively. Furthermore, the

total primary current appears in �gure 6.11.

The rms values of the primary current and the derivative of the primary winding current

can be calculated using MATHCAD. The results for the example current doubler appear

in �gures 6.12 (a) and (b).

Once the rms values of the current and of the derivative of the current are obtained,

the e�ective resistance of the windings can be calculated by applying equation 6.30

(established by Hurley et al. in [75]) that is described in Chapter 3.

Reff (N;Dc) = Rdc(N;Dc) +
Ψ(N;Dc)

3
∆(N;Dc)4Rdc(N;Dc)

[
I ′rms
!Irms

]2

(6.30)

where Reff is the e�ective resistance of the respective winding.

Figure 6.13 illustrates the e�ective resistance of the primary winding as a function of

the number of turns and wire thickness. Figure 6.13(a) refers to the converter with an
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Figure 6.13: The e�ective resistance of the primary winding of a (a) full wave recti�er
and (b) current doubler.

FWR in the secondary and 6.13(b) to a CD topology.

According to Hurley, the accuracy of the formula is very good for any current waveform

for windings of two or more layers and its accuracy for smaller numbers of layers depends

on the wave-shape. In this case the method predicts the e�ective resistance with high

accuracy for the type of waveforms appearing in a phase-shifted full bridge power supply.

Hurley's equation for the e�ective resistance of a winding is expected to be even more

accurate for the adjacent windings arrangement, as more winding layers would be needed

(due to the smaller bobbin width).

The total conduction losses in the transformer windings and the MOSFETs are given

by,

Ploss = Ipri(N)2 ·Reff (N;Dc) + 2 · I2
sec ·Rseff (N;Dc) + 2 · Ipri(N)2 ·Rdson (6.31)

The optimum number of primary (and consequently secondary) turns as well as the wire

thickness can be extracted from the 3D graph representing the above function. This

graph appears in �gure 6.14 for the PSFB with a current doubler and in �gure 6.15 for

the PSFB with a full wave recti�er.

In this design example the optimum wire thickness is 0.4mm (27SWG) gauge as was
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Figure 6.14: Illustrates the conduction power loss Ploss of a PSFB with a full wave
recti�er with respect to the primary number of turns and the wire thickness
Dc.

expected from the initial calculations of the penetration depth. The number of primary

turns is slightly di�erent, though in both cases it is around 19 turns as it can be seen

from �gures 6.14 and 6.15. A compromise had to be made at this point, as 19 turns

in the primary would require 9 turns in the secondary, which do not �t in the limited

volume between the two bobbins, if a 4+5 split winding arrangement is used to avoid

the eddy current generation from the fringing �eld. Using 17 turns was considered

a possible solution that would require around 8 turns (4+4) in the secondary with a

penalty of 4W (at a 700W output) or 0.5% reduction of the e�ciency). However, the

e�ciency reduction caused by the eddy currents induced in the secondary due to the

fringing �eld proved to be greater. With this arrangement, the maximum power loss

in both components (transformer and MOSFETs) is expected to be around 31W in the

FWR topology and 47W in the CD. In terms of performance this indicates that the

CD topology will dissipate around 6.7% of the total handled power on the MOSFETs

and the transformer. The FWR will perform better with only 4.2% of power wasted in

the MOSFETs and transformer wire. The breakdown of the losses as calculated by the

algorithm for N = 17 and Dc = 0:4mm appears in table 6.2.
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Figure 6.15: Illustrates the conduction power loss Ploss of a PSFB with a full wave
recti�er with respect to the primary number of turns and the wire thickness
Dc.

FWR CD
Primary winding loss (W) 16.1 22
Secondary winding loss (W) 0.5 1.9
MOSFET conduction loss (W) 14.7 23.1
TOTAL (W) 31 47

Table 6.2: The power loss breakdown in a PSFB-CD

6.2.6 Calculation of the voltage gain

The last step of the design and optimisation process is to check the voltage gain of the

resulting transformer. This can be done using the transformer model that is presented

in Chapter 4. The worst case scenario for the voltage gain appears at maximum loading

of the transformer. The model parameters can be calculated using the transformer

geometry or can be predicted using �nite elements analysis for better accuracy. The

calculated e�ective resistance of the windings can be incorporated into the model.

In an actual design the transformer is connected to a recti�er-�lter-load con�guration

that has a non-linear behaviour due to the active components (e.g. diodes, synchronous

recti�ers). According to [97] the assumption is fairly accurate for resonant converters

when the voltage across the recti�er and the current through it are in phase and the

load can be assumed to be ohmic,
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FWR topology (note that the secondary voltage is scaled by the turns ratio
for comparison purposes).

Roeff = Ro · 8
�2

(6.32)

where Roeff is the e�ective ohmic load that represents the recti�er and real load Ro.

In the proposed converter the waveforms are typical switching waveforms and therefore

equation 6.32 is not totally accurate. The secondary current depends on the commuta-

tion of the diodes as well as the impedance of the �lter. This is a complex problem that

requires more investigation and it is proposed for future work. In these experiments

equation 6.32 was used to emulate the non-linear load. The simulated and measured

voltage gain values were found to be in relatively good agreement for the purposes of

this work (assessment and comparison of di�erent networks).

Full wave recti�er The voltage gain of the full wave recti�er is assessed using the

transformer di�erential equations that are presented in Appendix B. The input and

output voltage waveforms appear in �gure 6.16

The input and output rms voltages are 240V and 219.5V respectively, which means that

the average voltage is attenuated by 8.6%.

Current doubler The input and output voltage waveforms appear in �gure 6.17. The

rms input and output voltages are 240V and 217V. The voltage attenuation due to the

leakage inductance is 9.3%.
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Figure 6.17: The input and output waveforms of the rotating transformer of a PSFB-
CD topology (note that the secondary voltage is scaled by the turns ratio
for comparison purposes).

It appears that both circuits satisfy the voltage gain requirement, as the available duty

ratio can compensate for the voltage drop across the leakage inductance and winding

resistances.

6.2.7 Design Summary

The resulting design details of the PSFB with a full wave recti�er appear in table 6.4.

6.3 Chapter Summary

In this Chapter, a novel methodology has been proposed for designing and optimising a

power converter with a rotating transformer. The above methodology combines several

design parameters in a set of equations. The number of the winding layers, the width of

them, the number of turns and the wire thickness, the frequency of operation and the

waveform shapes are some of the variables that the designer can adjust. By varying the

frequency of operation another set of curves can be obtained and the optimum frequency

of operation for a speci�c wire thickness and winding structure calculated. Similarly, as

the harmonic content of the waveform directly a�ects the conduction losses the shape

of the current waveform is important as well.

The power transfer capability of a rotating transformer is upper bounded by the con-
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Component Type Characteristic Value
Main switch IRF450LC

Drain-to-source breakdown volt. VDSS 500V
Continuous drain current ID 14A
Drain-to-source on-resist. RDSon 0.4Ω

Recti�er BYW99PI
rms forward current IFrms 35A
Repetitive peak reverse voltage RRRM 200V
Junction capacitance 12pF

Transformer
Magnetic core P66/56
Core manufacturer Ferroxcube
Core material 3E1
Core e�ective area 717mm2

Core e�ective length 123mm2

Primary winding turns N1 17
Primary winding wire 14x27SWG
Secondary winding turns N2 8
Secondary winding wire 30x27SWG
Windings arrangement coaxial
Air-gap length 1mm
Expected magnetic 
ux density 111mT

Filter inductor
Core type Toroid
Inductance Lo 2× 40�H

Filter capacitor
Capacitance 660�F
Equivalent series resistance ESR 0:3Ω

Table 6.3: The optimised phase-shifted full bridge with a current doubler and a coaxial
rotating transformer.
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Component Type Characteristic Value
Main switch IRF450LC

Drain-to-source breakdown volt. VDSS 500V
Continuous drain current ID 14A
Drain-to-source on-resist. RDSon 0.4Ω

Recti�er BYW99PI
rms forward current IFrms 35A
Repetitive peak reverse voltage RRRM 200V
Junction capacitance 12pF

Transformer
Magnetic core P66/56
Core manufacturer Ferroxcube
Core material 3E1
Core e�ective area 717mm2

Core e�ective length 123mm2

Primary winding turns N1 17
Primary winding wire 14x27SWG
Secondary winding turns N2 2x4(coax)
Secondary winding wire 25x27SWG
Windings arrangement coaxial
Air-gap length 1mm
Expected magnetic 
ux density 111mT

Filter inductor
Core type Toroid
Inductance Lo 40�H

Table 6.4: The optimised coaxial transformer and output inductor characteristics for a
PSFB with a full wave recti�er.

duction losses. The trade-o� is, as in most designs, between size, weight, cost and

performance. The resulting transformer employs a bigger core (Ferroxcube P66/56)

than would be used in a conventional 1kW converter. The reason is that a greater core

window area is required to �t the extra copper that carries the magnetising current.

The consequence is a not so good utilisation of the magnetic material (the maximum


ux density is only 111mT). The low 
ux excursion in combination with the existence of

the air-gap makes the magnetic core composition less critical for the converter operation

and hence a reduction in cost may be achieved by selecting an economic material.

The rotating transformer behaves both as a transformer and as an inductor avoiding the

use of an external inductor (in series with the transformer). With the extra magnetising

current it secures the soft-switching of the MOSFETs for the whole range of loads and

this partially compensates for the additional conduction losses that occur.

By applying the proposed optimisation algorithm the power losses are evenly distributed

between the power switches and the rotating transformer. This reduces the hot spots

of the converter and improves the reliability of the components themselves.
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Chapter 7
Experimental Veri�cation and

Discussion

Chapter 6 introduced a design methodology that helps to incorporate a rotating trans-

former into a phase-shifted full bridge converter with minimum penalty on the con-

duction power losses. The methodology has been evaluated for di�erent cases, such as

the two topological variations (FWR and CD) as well as for two di�erent transformer

arrangements (adjacent and coaxial).

The experimental �ndings that are presented in this Chapter verify the design method-

ology predictions for some speci�c design examples. In these examples the independent

variables are the number of the winding turns and the wire thickness. There are other

variables, such as the frequency of operation, winding and core dimensions and the

number of wire strands, that can be varied to obtain a global optimum. This requires

the implementation of the optimisation algorithm in a software package with advanced

optimisation solvers and is proposed for future work.

In this Chapter, the experimental set-up (equipment, operating conditions) is described.

The evaluation starts with the experiments involving an optimised adjacent winding

arrangement. The coaxial winding arrangement is also tested with a full wave recti�er

and a current doubler secondary stage. The performance of these circuits is discussed

focussing on the voltage gain and e�ciency readings. Some pre-compliance EMI test

are performed and the results are presented in section 7.5. Finally, the mechanical

implementation of the rotary interface is discussed in section 7.6 along with the main

di�culties and possible solutions.

7.1 Experimental Methodologies

The experimental work that is presented in this Chapter is based on standard measure-

ments that are described in the following paragraphs.
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7.1.1 E�ciency

E�ciency is the ratio of the output to input power of the converter,

Efficiency =
Po
Pin

(7.1)

Despite the clear de�nition of e�ciency, the measurement can be inaccurate, if the form

of the voltages and currents is not carefully considered. The output power Po of a dc/dc

converter in steady state is given by the product of the dc voltage across the dummy

resistive load and the current through it.

The calculation of the input power is somewhat more complex as it involves a dc input

voltage and a non-dc current. In practice, if a perfect voltage source is not used, both

the current and voltage experience 
uctuations. The average input power Pin can be

calculated using an oscilloscope with mathematics function. The instantaneous values

of the voltage and current are measured and the average of their product is calculated.

The e�ciency has been measured across the entire load range of the converter and prior

to each measurement 15 minutes were allowed for the circuit operation (temperatures,

voltage drops etc) to stabilise. To be able to compare the e�ciency readings of di�erent

circuits, e�orts have been made to keep the room temperature at 22 degrees using air-

conditioning and also to maintain a constant air 
ow around the circuit using a fan at

a �xed distance of 8cm from the converter board.

7.1.2 Switching action

To study the switching action of the main MOSFET switches and calculate the switching

power loss, the voltage and current through the semiconductor have to be recorded.

In practice it proved to be di�cult to accurately measure the switch current due to the

interference of the measuring equipment with the power converter operation. A current

measuring loop introduces inductance, which slows down the voltage transition and also

attracts electromagnetic radiation from the neighbouring components. Another solution

was the use of a resistor in series with the MOSFET, to measure the voltage across it and

convert to current. An ultra-small inductance and capacitance 0.01Ω 2W SMD resistor
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was soldered in series with the source lead and the voltage that was expected across it

was in the range of mV. The noise injected from the surrounding switches dominated

over the wanted signal. Therefore this method was also abandoned.

A qualitative observation of the switching action was �nally attempted by recording the

VGS and VDS voltages of the MOSFETs. In the case of a successful resonant transition

the voltage across the drain-source junction of the MOSFET becomes zero before the

driving pulse rises to the positive rail. In reality, VDS will slightly dip into the negative

voltage scale due to the reverse recovery of the inherent diode when the switch turns

on. This is an indication that the soft-switching has been successfully completed1.

7.1.3 Conduction losses

The conduction losses are hard to measure accurately. The main sources of conduction

power loss are the transformer windings (due to the dc resistance in combination with

the high frequency phenomena), the MOSFETs RDSon , the recti�ers V · I and various

smaller sources such as tracks, wires, capacitor ESR, inductors etc.

The transformer winding losses are not easy to assess due to the AC resistance that

depends on the winding structure and the current waveform.

On the other hand, the MOSFET conduction losses are easier to estimate if the drain-

source current is known. The RDSon of the MOSFET is �xed2. This assumes a small

temperature rise, so the product I2·R can be calculated. This is based on the assumption

that the resonant time is much shorter than the on-time and the losses during resonance

can be ignored.

The recti�er losses can be calculated once the primary current waveform has been

recorded and the forward voltage drop is a known property of the diodes.

The aim of this particular project is to minimise the overall converter power losses, hence

1The ideal moment to turn the MOSFET on is when the voltage across it becomes 0. If more dead
time is available the current will be redirected to the inherent body diode thus increasing the conduction
losses in the semiconductor and also resulting in a reverse recovery current when the switch is turned
on.

2For best accuracy the RDSon variations due to the temperature should be taken into account,
however assuming a �xed RDSon (at the operating temperature of 45 degrees Celsius) is accurate
enough for the purpose of this work.
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knowledge of the absolute value of power losses is not essential. A comparative study (by

looking at component temperatures) is enough to identify potential improvements. The

di�erent component temperatures are therefore recorded using appropriate equipment.

7.1.4 Temperature

A wireless temperature "gun" was used to monitor temperatures during the prototype

operation. This infrared sensing device is ideal for measuring temperature from a dis-

tance and detecting overheating and possible damage of equipment. The conventional

thermometer with thermocouples was found to be inaccurate during the operation of

the circuit due to electromagnetic interference.

The circuit was allowed to operate for 15 minutes until it stabilised and then cooling

and power were turned o� to take accurate readings of the transformer (core, primary,

secondary), MOSFET and recti�er temperatures, using thermocouples.

7.1.5 Electromagnetic �eld

To detect sources of electromagnetic radiation, a hand-held near-�eld probe has been

used. The HP11941 is used for the identi�cation and measurement of sources of Electro-

magnetic Interference (EMI) in electronic circuits [98]. Its operating range is between

9kHz and 30MHz. The probe can be used to measure magnetic �eld as well as electric

�eld and power density provided the �eld impedance is known. To measure the magnetic

�eld strength the following equation should be used,

−→
H − FieldStrength

(
dB

�A
m

)
= VSA +AF +K (7.2)

where VSA is the voltage (in dB�V ) measured on the spectrum analyser, AF is the

Antenna factor in dB(�A=m�V ) at the speci�c frequency (see characteristic antenna factors

in �gure 7.1) and K is the loss or gain in dB between the close-�eld probe and the

oscilloscope.

The measurement of the magnetic �eld is straight-forward, although the calculation of

the electric �eld and power density assumes the knowledge of the �eld impedance [99].

An example for the calculation of the electric �eld is given below assuming a �eld
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Figure 7.1: The near �eld (a) characteristic antenna factors and (b) magnetic �eld
orientation for maximum coupling.

impedance of 377Ω3. The power density is also calculated assuming the �elds are in

phase.

E − FieldStrength
(
dB

�V
m

)
= VSA +AF +K + 20log(377) (7.3)

PowerDensity
(
dB

mW
cm2

)
= VSA +AF +K − 104:3 (7.4)

Under special circumstances when the measured �eld induces less that 1mV on the scope

ampli�er input, additional ampli�cation may be needed with an external broadband

ampli�er. In the speci�c application the power of the emitted waves was enough to

produce an adequate signal across the oscilloscope input.

3Magnetic loop antennas respond primarily to the magnetic �eld component of an electromagnetic
wave which is properly expressed in dBµA/m. Loop antenna manufacturers commonly provide conver-
sion factors for electric �eld strength, expressed in dBµV/m, by adding a far �eld impedance correction
of 51.5 dB (20 log 377Ω). In this case the measurement distance is clearly within the near �eld at all
frequencies so the far �eld impedance conversion is technically incorrect but used here by convention
to refer to an equivalent electric �eld strength [100].
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7.2 Experimental Setup

The experimental setup that has been used to take the following measurements consists

of the converter prototype along with the instruments listed in table 7.1. The main con-

verter prototype is the phase-shifted full bridge with a current doubler (�gure 7.2) that

was o�ered by BAE systems as the basis for developing the new contact-less solution.

The main modi�cations to this prototype were,

Conventional
transformer

Auxiliary
resonant
inductor

Power
MOSFETs

Driving chip

MOSFET
driving
circuitry

54V Output

330V Input

Current
doubler

inductor

snubbers Filter
capacitor

Figure 7.2: The conventional BAE Systems prototype.

• connecting the driving circuit to an external power supply so that the driving chip

operates regardless of the input voltage level,

• deactivating the pulse synchronising circuit (which is normally used to synchronise

the cascaded power converters with the radar scanning frequency),

• replacing the original transformer and removing the external series inductance.

• redesigning the MOSFET driving circuitry to obtain clear gate pulses.
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Instrument Type
Oscilloscope Agilent 54624A, 200Msa/s - deep memory
Magnetics analyser Wayne Kerr precision magnetics analyser, model-3260A
Thermometer Digitron 12-Way type-K, 12 thermo-couples
Thermometer Infrared thermometer Standard ST-8810, -20oC-270oC
Multimeter 2x Philips PM-2525
Multimeter Beckman Industrial 3020B
Power supply 2x Farnell L30-2, 30V, 2A
Variac Claude Lyons ltd, 270V-15A
Current probe LEM LS50 dc/ac probe
Near-�eld probe HP 11941A

Table 7.1: The instruments used during the experiments

Converter type Topology Windings Magn.Core Air-gap
Conventional PSFB-CD Coaxial, Pri: 26 turns, 2 x SWG21 ETD49 0mm

Sec: 26 turns, 2 x SWG21
Rotating secondary PSFB-CD Coaxial, Pri: 26 turns, 4 x SWG21 P66/56 1mm

Sec: 26 turns, 4 x SWG21
Rotating secondary PSFB-FWR Adjacent, Pri: 17 turns, 13 x SWG27 P66/56 1mm

Sec: 4+4 turns, 26 x SWG27
Rotating secondary PSFB-CD Coaxial, Pri: 17 turns, 13 x SWG27 P66/56 1mm

Sec: 8 turns, 30 x SWG27
Rotating secondary PSFB-FWR Coaxial, Pri: 17 turns, 13 x SWG27 P66/56 1mm

Sec: 4+4 turns, 26 x SWG27

Table 7.2: The various topological variations and transformer prototypes that were
tested.

The circuit was modi�ed so that a full wave recti�er board could be plugged on the

existing board (�gure C.3) to convert the circuit to a PSFB-FWR at any time without

any hardware alterations. The various transformer prototypes could also be connected

and disconnected using appropriate housings and connectors. Building a modular proto-

type with all the parts and even sub-circuits of interest being removable and replaceable

allowed the use of the same main converter unit for all the experiments. Keeping all

the other components unchanged is important for assessing the e�ect that any of the

removable parts has on the converter operation.

The optimised adjacent windings transformer, the optimised coaxial windings trans-

former for a current doubler and the optimised coaxial windings transformer for a

full-wave recti�er were tested and compared against the conventional BAE Systems

prototype and a prototype with a non-optimised rotating transformer. The various

con�gurations appear in table 7.2.

The test bench was supplied through an isolating transformer, a variac and a recti-

�er/�lter to produce a smooth dc voltage. To load the converter, a combination of
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variable resistive dummy loads with forced cooling was used.

7.3 Results

The following paragraphs present the experimental �ndings for the two di�erent winding

arrangements and the two recti�er topologies.

7.3.1 Adjacent windings

As seen in Chapter 4 the adjacent windings transformer (26:12 turns) has a high leakage

inductance (Llk1 = 58:17�H and Llk2 = 11:86�H at 1mm of air gap) as a result of the

physical separation of the windings. The AC analysis showed that a signi�cant voltage

drop is developed across the leakage inductance causing the collapse of the output voltage

(�gure 4.16).

On the other hand, the soft-switching operation bene�ts from the energy storage in the

leakage inductance because this secures the zero voltage switching of the semiconductor

switches. The parameters that were supplied to the algorithm and the resulting values

for the number of turns and wire thickness are presented in table 7.3.

Input parameter Symbol Value
Switching frequency fsw 100kHz
Recti�er topology Full-wave
Magnetic core P66/56
Primary bobbin width Bw1 20mm
Primary bobbin diameter Dbob1 31.1mm
Secondary winding width Bw2 20mm
Secondary bobbin diameter Dbob2 31.1mm
Output parameters Symbol Value
Primary turns Npri 17
Wire type SWG27
Number of strands 13
Number primary layers 1.9
Prim. e�. resistance Reff1 1.89Ω
Secondary turns Nsec Nsec 4+4
Wire type SWG27
Number of strands 26
Number secondary layers 0.6
Sec. e�. resistance Reff2 0.038Ω

Table 7.3: The input and output parameters of the design algorithm for the adjacent
winding arrangement in a full-wave recti�er.

To test the adjacent winding arrangement the coil formers of �gure A.8 were custom
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Po(W) E�ciency Duty ratio TMOS Tcore Trect Tpri Tsec
10 55.2 38% 23.4 20.9 21.8 43.0 26.1
100 81.5 81.4% 29.8 20.8 24.7 80.0 35.0
200 88.2 87.6% 29.8 20.9 25.6 84.8 40.0
300 88.9 92.2% 29.3 21.2 26.6 91.0 40.3

Table 7.4: The optimised adjacent winding transformer e�ciency, duty ratio and op-
erating temperatures of the main components (MOSFETs, recti�er diodes
and transformer core/windings) at di�erent power levels.

made in the school workshop. For the speci�c dimensions the algorithm predicted 40.5W

(that is 34.8W on the primary and 5.7W on the secondary) of power dissipation on the

windings at 75% of loading. These losses are developed on the primary and secondary

windings resistance that were predicted to be around 1.89Ω and 38mΩ respectively. The

adjacent windings arrangement is expected to su�er higher proximity losses due to more

winding layers being used.

In practice the losses were even higher than predicted, due to the signi�cant increase

of the magnetising current4. The reason for the increased magnetising current is the

prolongation of the ON-time to compensate for the voltage drops across the parasitic

inductances. The increased volt-seconds that are applied across the primary winding

lead to a proportional increase of the magnetising current according to equation 5.30.

The poor voltage gain of the transformer in these experiments is evident from the results

of table 7.4. The switch duty ratio has almost reached its maximum value with only

300W of output load. Figure 7.3 illustrates the primary and secondary winding voltages

at 200W of output power. The ratio between the two waveforms should ideally equal

the turns ratio n = 17 : 4, however the actual voltage gain of the transformer is reduced

by 18% due to the increased leakage inductance. The converter DC gain is given by,

Vo
Vi

= n ·D ·Gv (7.5)

where n is the turns ratio and Gv is the transformer voltage gain (which equals to 1.0 in

an ideal transformer and is approx 0.82 for the present adjacent windings transformer

at 200W). To keep the converter gain �xed for �xed input and output voltages, D must

compensate for any reduction of Gv. The duty cycle loss is illustrated in �gure 7.3.

4In its present state the algorithm does not compensate for large voltage drops across the leakage
inductance, hence it cannot predict the increase of the duty ratio.
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13
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Duty loss

Figure 7.3: The ratio of the primary (lower waveform) to secondary (upper waveform)
voltages is approximately 17:3 (despite the turns ratio being 17:4).

Apart from the duty cycle loss, an other problem was the heat dissipation on the primary

winding. This is clearly shown in table 7.4 where the primary winding temperature

reaches the 91oC thermal limit for just 300W output load. Note that the secondary

winding remains cooler at about 35oC. The core temperature was kept low at 28oC. The

e�ciency of the converter was kept relatively high as a result of the soft-switching that

is evident from both the MOSFETs temperature (around 29oC) and the VDS − VGS
graphs (�gure 7.4). The overall e�ciency was around 55% at 10W and about 89% at

300W.

(b)(a)

AP resonant interval PA resonant interval

VDS VDS VGSVGS

Figure 7.4: The soft switching ability of the PSFB-FWR converter with adjacent wind-
ings across (a) the AP leg and (b) the PA leg.

Clearly, even when optimal number of turns and wire gauge are used, the adjacent

winding transformer cannot deliver the required amount of energy (neither the speci-

�ed output voltage) due to the excessive leakage inductance. Some researchers [45, 101]

have concentrated their e�orts on solving this problem and suggested the use of a res-

onant converter with capacitors connected in series or in parallel with the primary and

secondary windings (to eliminate the series impedance). This is known as leakage in-
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ductance compensation (see Chapter 2).

7.3.2 Fringing �eld

During the design process the e�ective resistance of the windings was calculated by

taking into account the high frequency phenomena such as the skin and the proximity

e�ects that redistribute the current 
ow within the conductor. In practice, apart from

these high frequency e�ects the experiments involving a coaxial winding arrangement

showed an additional phenomenon that took place in the vicinity of the air gap. The

stray magnetic 
ux that is generated around the air-gap develops eddy currents in the

conductive materials around the air gap. This was �rst noticed during the initial exper-

iments when the metallic bolt that was holding the two core halves together exhibited

high temperatures. In another experiment the temperature was measured at di�erent

points on the same winding using thermocouples. In a coaxial winding arrangement the

turns that were placed directly over the air-gap exhibited a temperature around 100oC,

whereas the ones closer to the core cup exhibited 60oC for a 500W of output loading.

This proved the existence of the stray magnetic �eld around the air gap, that rearranges

the current 
ow in the wire and as a result the local e�ective resistance increases. This

e�ect is illustrated in �gure 7.5.

H

+J


top view


Main winding

current


Induced eddy

current


Fringing field


-J


I


Figure 7.5: The e�ect of the fringing �eld on the windings current density. The a�ected
turns are magni�ed to illustrate the restriction of the current path.

To visualise the fringing �eld e�ect, a �nite element analysis has been employed on

a simpli�ed coaxial-windings transformer. The primary winding carries a 6A current
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(including a magnetising current of 2A) and the secondary 8.5A with a 180 degrees

phase-shift between the primary and secondary currents. The current waveforms are

100kHz sinusoidal. Figure 7.6(a) presents the current density in the transformer struc-

ture and around the air-gap, and �gure 7.6(b) shows the increased current density (hence

increased losses) of the gap-neighbouring turns. Figure 7.7 focuses on the current den-

sity vector of the turns directly in the high density area of the fringing �eld. Not only

is the current density increased closer to the air gap (red arrows) but also the current

direction is opposite to the useful load current on the right of the wire (which narrows

down the e�ective conductor area). As expected, most of the current is 
owing at the

wire skin. The current direction in the secondary turns is the same all around the

conductor skin except for a small opposite current induced by the neighbouring turns

(proximity e�ect).

(a) (b)

Figure 7.6: Illustration of the e�ect of the fringing �eld around the air-gap: (a) the

ux density (b) the current density in the windings.

The fringing �eld a�ected mainly the coaxial winding arrangement dropping the overall

circuit e�ciency by 1-2% and making it impossible for the transformer to deliver the

required output power because of the high temperature that was exhibited locally. This

observation resulted in the split coaxial winding arrangement that appears in �gure 7.8.
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Figure 7.7: The current density vector in the turns of interest. Red colour corresponds
to a higher current density and the triangular shapes show the direction of
the current.

The inner winding is split in two sections that are placed away from the air-gap to avoid

the interaction with the fringing magnetic �eld.

Note that an increased e�ective winding resistance not only increases the conduction

power losses but also lowers the voltage gain due to the voltage drops across the winding.

7.3.3 PSFB with current doubler and coaxial windings

The adjacent windings arrangement failed to deliver the required amount of power across

a 1mm air gap. The coaxial windings arrangement will be evaluated in the following

pages. The preliminary study of the coaxial arrangement (Chapter 4) showed that

it provides better coupling between the windings. This translates to a lower leakage

inductance, hence the voltage gain is expected to be improved and consequently the

losses to be reduced. The downside of a coaxial windings arrangement is that it has

a narrower spectrum of applications because of the rotating part penetrating into the

stationary part.
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Figure 7.8: Splitting the inner winding to two sections that are placed away from the
fringing �eld.

In Chapter 6 the characteristics of the optimum coaxial windings layout for a current

doubler topology are derived and summarised in table 7.5.

Input parameter Symbol Value
Switching freq. fsw 100kHz
Recti�er topology current doubler
Magnetic core P66/56
Prim. bobbin width Bw1 32.7mm
Prim. bobbin diameter Dbob 41.5mm
Sec winding width Bw2 32.7mm
Prim. bobbin diameter Dbob 31.1mm
Output parameters Symbol Value
Primary turns Npri 17
Wire type SWG27
Number of strands 13
Number primary layers 1.2
Prim. e�. resistance Reff1 0.761Ω
Secondary turns Nsec 8
Wire type SWG27
Number of strands 30
Number secondary layers 0.9
Sec. e�. resistance Reff2 0.38Ω

Table 7.5: The optimised PSFB-CD with coaxial windings transformer.

The predicted primary and secondary losses are 22W and 15.8W respectively and the

MOSFET losses are 23W at 75% of loading. The prototype of this converter demon-

strated a more balanced thermal behaviour than with the adjacent winding; the hot

spots were nearly eliminated and the overall e�ciency was increased. The temperatures

of the MOSFETs, recti�ers, transformer core and windings appear in table 7.6

This design was the �rst that was able to operate up to full load (1kW) with a tem-

perature rise that did not exceed 60oC. The temperatures were measured after a period

of 15 minutes allowing the operation to stabilise. The �rst impression taken from these
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readings is a better heat distribution among the di�erent components; particularly, the

MOSFETs temperature is similar to that of the primary and secondary windings.

The soft-switching ability of the two legs is evident from the VDS and VGS waveforms

that are presented in �gure 7.9. The waveforms refer to a nearly no-load operation (1%

of full load). Figure 7.9(a) illustrates a successful zero voltage transition of the AP leg

and 7.9(b) shows in more detail the resonant operation. Similarly, the right hand side

graphs (7.9(c) and (d)) refer to the critical PA leg switches, which also undergo zero

voltage transitions. The duration of the resonance is around 75nsec for both legs. The

equal transition time was expected as the converter operates under very light load so

the carrier of the resonant operation is the magnetising current whose peak value is

2.4A. The fact that the MOSFETs undergo ZVT, even with no output current and with

minimum duty ratio, means that the soft switching is guaranteed across the full load

range.
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Figure 7.9: Nearly no-load operation (1% of full load)of the PSFB-CD with a coaxial
windings transformer. (a) The drain-source voltage VDS and the gate-
source voltage VGS of an AP switch, (b) the successfully completed AP
resonant transition interval in detail, (c) VDS and VGS of a PA switch and
(d) the critical PA switches are successfully turned on under zero voltage.

Regarding the voltage gain of the transformer, this is kept high throughout the entire

load range as can be seen in table 7.6.
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Po(W) E�. % Duty cycle % TMOS Tcore Trect Tpri Tsec
10 26.5 43,2% 24.2 21.5 21.0 25.7 25.5
100 74.2 69.9% 24.8 24.2 24.2 35.0 35.5
200 82.4 70,3% 26.0 25.0 26.8 36.7 36.5
300 86.2 71.0% 28.0 25.8 29.2 37.5 36.6
400 88.7 72.6% 29.3 26.1 32.5 41.5 40.0
500 89.8 72.6% 30.9 26.8 34.9 45.5 43.2
600 89.1 73.4% 33.8 26.8 37.1 46.5 42.9
700 90.2 74.9% 34.5 26.8 38.5 49.2 44.8
800 89.8 74.9% 37.5 26.8 42.0 57.5 52.1
900 89.5 75.7% 39.0 28.1 43.4 62.8 56.0
1000 88.9 76.6% 45.4 29.9 46.3 72 61.1

Table 7.6: The e�ciency, duty cycle, and component temperatures of the PSFB-CD
with an 1mm gapped optimised transformer.

Finally, the performance of the circuit is slightly lower than the target of 90% that has

been set.

7.3.4 PSFB with full wave recti�er and coaxial windings

The PSFB with the current doubler recti�er and a coaxial windings transformer demon-

strates the potential of using a rotating transformer provided the leakage inductance is

kept relatively low. The duty ratio remained around 75% at the nominal input voltage

and the e�ciency of this circuit was also high (average 89%).

Input parameter Symbol Value
Switching frequency fsw 100kHz
Recti�er topology Full-wave
Magnetic core P66/56
Primary bobbin width Bw1 32.7mm
Primary bobbin diameter Dbob1 41.5mm
Secondary winding width Bw2 32.7mm
Secondary bobbin diameter Dbob2 31.1mm
Output parameters Symbol Value
Primary turns Npri 17
Wire type SWG27
Number of strands 14
Number primary layers 1.2
Prim. e�. resistance Reff1 0.874Ω
Secondary turns Nsec Nsec 4+4
Wire type SWG27
Number of strands 25
Number secondary layers 0.8
Sec. e�. resistance Reff2 0.0023Ω

Table 7.7: Input and output parameters of the design methodology for the PSFB-FWR
rotating transformer.

The second circuit under investigation is a PSFB with a coaxial windings transformer
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and a full wave recti�er (table 7.7). The power losses representation of �gure 6.15 gave

an optimum of 19 turns of 0.4mm wire for the primary and consequently 5+5 turns for

the secondary. However, to avoid the interference with the fringing magnetic �eld (see

section 7.3.2), the primary turns were reduced to 17 and the secondary to 4+4. This

was done in order to place the secondary winding on the left and right of the air gap

in a split arrangement (see �gure 7.8). The estimated (design algorithm) penalty in the

conduction losses was around 6W at full load, whereas the demonstrated bene�t from

the split windings was a 30oC lower operating temperature of the transformer windings.

The MOSFET and transformer estimated losses are 31W. The primary losses are ex-

pected to be around 16W, the secondary losses around 1W and the MOSFET losses

14.7W at 75% of the total load.

The primary leakage and magnetising inductances of the transformer are the same as

the ones in the primary winding in a current doubler topology. Consequently, the

magnetising current is also the same (same number of turns) and therefore the resonant

transitions are expected to be successful down to no-output load. This is evident in

�gure 7.10 where the resonant operation under 1% of the full loading is shown.

Table 7.8 presents the temperatures that were measured on the MOSFETs, the recti�ers

and the transformer core and windings. The temperature rise is less than 40oC, which

is in accordance with the speci�cations. It appears that the MOSFETs' temperature

increased and the windings temperatures decreased in a way that the heat is balanced

between the di�erent components. This generally improves the operation of the con-

verter as the hot-spots are eliminated and consequently the reliability and lifespan of

the components is increased.

Po E�. % Duty cycle % TMOS Tcore Trect Tpri Tsec
10 59.4 31.0 25.5 23.6 25.5 28.9 27.6
100 80.5 69.8 27.7 24.4 25.6 27.1 30.2
300 91.9 71.3 29.5 24.4 25.9 28.4 32.4
500 92.7 72.1 33.3 26.3 30.1 32.8 36.2
600 93.3 72.1 37.0 27.0 31.5 34.5 37.7
700 93.6 73.6 40.2 27.2 33.3 36.6 40.7
800 92.4 74.4 42.5 28.2 34.5 39.6 41.0
900 92.1 74.4 46.0 28.5 34.7 40.5 46.0
1000 92.4 75.6 51.0 30.0 36.2 48.2 55.5

Table 7.8: The e�ciency, duty cycle, and component temperatures of the PSFB-FWR
with a 1mm gapped optimised rotating transformer.
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Figure 7.10: Nearly no-load operation (1% of full load) of a PSFB-FWR with a coaxial
windings transformer. (a) The drain-source voltage VDS and the gate-
source voltage VGS of an AP switch, (b) the successfully completed AP
resonant transition interval in detail, (c) VDS and VGS of a PA switch
and (d) the critical PA switches are successfully turned on under zero
voltage.

The successful ZVT operation is re
ected in the e�ciency readings (table 7.8). The

�gures are considerably higher than those of the previously tested arrangements and

the main reason is the minimised power dissipation on the transformer windings.

In this case the algorithm balanced out the losses between the MOSFETs and the

transformer windings in order to increase the power capacity of the transformer.

7.4 Discussion

7.4.1 Switching losses

The calculation of the MOSFETs switching loss is di�cult because it depends on many

hard-to-quantify parameters. A rough approximation is given by equation 7.6, though

measurements in the laboratory are essential to verify the results [102].

190



Experimental Veri�cation and Discussion

QGDQGS

RGATE

D

G COSS

CRSS

CGS

S

RDRIVER

Vin

VDD

t0 t1 t2 t3

Vsw

VGS

VDS

VDS

Psw

VTH

(b)(a)

Figure 7.11: The illustration of the switching action. (a) The MOSFET equivalent
circuit with the parasitic capacitances and diode and (b) the voltage and
current waveforms during a partial resonant transition (t0 → t1) and the
hard turn-on (t1 → t2).

Psw =
CRSS · V 2

in · fsw · Ipri
IGATE

(7.6)

where CRSS is the MOSFET's reverse transfer capacitance (�gure 7.11(a)), fsw is the

switching frequency and IGATE is the MOSFET gate-driver's sink/source current at

the MOSFET's turn-on threshold. Assuming that all parameters are �xed for speci�c

operating conditions, the switching losses are proportional to the switched current Ipri.

In a conventional converter operating at low or no-load the switching losses are small as

Ipri is also small. Therefore the low or no-load e�ciency is not of primary importance.

However, in a system with contact-less transfer of energy the magnetising current that

circulates in the primary side is relatively high under any operating condition. The

result of switching this circulating current ON and OFF is high switching losses. As a

result, in a CTE application soft-switching is a desired feature for the entire load range.

In the laboratory the soft-switching ability of a converter can be assessed by looking

at the switching voltage-current and the gate signal. Having obtained the voltage and

current waveforms, the switching power loss of a transition can be calculated by aver-

aging the V*I product over the switching period (averaging the green line over a period

in �gure 7.11(b)). As there is no direct access with a current probe to the MOSFET

current, an indirect way is to look at the transformer current. However, this is not

totally accurate as the transformer current may also contain the resonant current of the
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Figure 7.12: Unsuccessful ZVT at no-load, when more than the calculated primary
winding turns are used (a) in a PSFB with a current doubler and (b) in
a PSFB with a full wave recti�er. The PSFB-CD provides more energy
than the PSFB-FWR due to the re
ected secondary current.

other MOSFET of the same leg. The accurate calculation of the switching losses is a

task to be included in future investigations. At this stage of the project it is considered

su�cient to prove the existence or not of soft-switching.

According to the proposed design methodology, for a P66/56 magnetic core with 1mm of

air gap the switching losses should be eliminated if less than 21 primary turns are used.

This conclusion was based on the knowledge that when the converter operates with no

output load the energy for zero voltage switching can be provided by the magnetising

current.

Figures 7.12(a) and (b) illustrate the PA switching waveforms of the non-optimised CD

and FWR converters respectively. The non-optimised transformers were used during the

initial experiments and despite the relatively high leakage inductance (around 7�H) of

the 26 primary turns they did not achieve soft-switching. The magnetising current was

below the critical magnetising current of 2.1A that was calculated in Chapter 6. The

resonance of PSFB-CD (�gure 7.12(a)) was completed to a higher degree than that of

the PSFB-FWR (�gure 7.12(b)) proving once more that the PSFB-CD performs better

at very low or no-load conditions. The reason for this is, as shown in Chapter 5, the

re
ected secondary current that 
ows in a current doubler through the two inductors

even at no-load. On the other hand, the full wave recti�er topology runs in discontinuous

mode at very light load not re
ecting any current to the primary side.

The above observation brings to the surface another trade-o� between increasing the
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number of turns (to increase the leakage inductance) and decreasing them to increase

the magnetising current. In both cases the stored energy is increased, however they both

have consequences to the converter operation. Increasing the number of winding turns

increases the leakage inductance but decreases the e�ective duty cycle/power transfer

capability. On the other hand, decreasing the number of winding turns increases the

magnetising current, but it also increases the conduction losses. To �nd the best com-

promise for this trade-o� the optimisation algorithm calculates the maximum number

of turns for which the magnetising current can successfully complete the soft-switching

by itself (at no-load). Then the conduction losses evaluation takes place to select the

optimum number of turns that should also satisfy the ZVT condition.

To quantify the bene�t from soft-switching, a PSFB with a conventional transformer

(with same speci�cations and a 26:12 2 strands of SWG21, ETD49 core) was tested at

no-load conditions. Despite using an external series inductor to increase the leakage

inductance the soft-switching performance was poor as can be seen in �gures 7.13. At

half-load operation the PA leg switches exhibit hard-switching reducing the e�ciency

by an estimated 1-2% (10-20W).

7.4.2 Conduction losses

The conduction losses are re
ected in the temperature of the windings and the MOS-

FETs (assuming the switching losses are eliminated completely).

The initial tests that were performed using the BAE prototype converter and a rotating

transformer with various air-gap lengths demonstrated increased winding losses. These

losses were a direct result of the increased magnetising current. Figure 7.14 presents the

temperature at di�erent points of 4 di�erent converter arrangements. The dark blue line

corresponds to a conventional prototype designed by BAE systems. This prototype has

a non-gapped transformer (26:12 turns with 2 strands of SWG21 wire in each winding)

in series with an auxiliary inductor to assist soft-switching. The secondary stage features

a current doubler recti�er with identical components to the ones used in the converters

of Section 7.3. The magenta line corresponds to the same PSFB-CD design with a

non-optimised rotating transformer. The non-optimised transformer has the same turns

count as the conventional transformer, however the wire thickness/strands are adjusted

to carry the additional magnetising current. The red line illustrates the temperature
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Figure 7.13: Soft-switching waveforms of the BAE Prototype with a conventional
transformer; (a) partial soft-switching of a PA leg switch with 10W out-
put load, (b) partial soft-switching of a PA leg switch at half load (500W)
(c) partial soft-switching of an AP leg switch with 10W output load (c)
successful soft-switching of an AP leg switch at half load (500W).

variation across the parts of a PSFB with a current doubler and the optimised coaxially

wound rotating transformer (primary turns:17, 13 strands of SWG27 wire and secondary

turns:8 30 strands of SWG27 wire). Finally, the green lines refer to various temperatures

in a PSFB with a full wave recti�er when an optimised coaxial rotating transformer is

used (primary turns:17, 14 strands of SWG27 gauge, secondary turns: 4+4 centre-

tapped, 25 strands of SWG27 wire).

The PSFB-FWR with an optimised rotating transformer Among the 4 con-

verters discussed here, the PSFB with a full-wave recti�er and an optimised rotating

transformer demonstrated the highest e�ciency (average of 92.6%). Having eliminated

the switching losses of the main switches, the remaining MOSFET losses are clearly

resistive. Consequently, the heat developed on the MOSFETs is primarily due to the

conduction losses during the ON time and during the resonant interval and the conduc-

tion of the inherent diode.

On the other hand, the transformer winding losses are due to the e�ective resistance
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Figure 7.14: The temperatures of the various bridge components (in a coaxial winding
arrangement), (a) MOSFETs (b) recti�er diodes (c) transformer mag-
netic core (d) primary winding (e) secondary winding.
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which in turn depends on the length of the wires and the way they are wound on

the bobbin. The PSFB-FWR converter demonstrated the lowest losses among all the

topological alternatives.

Figure 7.14(d) and (e) show a lower operating temperature in the windings of the

optimised FWR in comparison with the other circuits, whereas �gure 7.14(a) shows

an increased MOSFET temperature. This is the e�ect of the optimisation routine;

the power dissipation on the windings has been reduced in order to allow the compo-

nent to deliver more power. To do so the windings' resistance was reduced by reduc-

ing the number of winding turns. This boosted the magnetising current and conse-

quently increased the MOSFETs on-time power loss. Optimising the objective function

I(Npri; Dc)2 · R(Npri; Dc; Bw; Dbob) resulted in spreading the power losses between the

power switches and the transformer.

The main reason for the lower secondary winding temperature is the use of a centre-

tapped secondary. The two winding sections are wound away from the air-gap (see

�gure 7.8) and as a result the fringing �eld does not contribute to the conduction power

losses.

The recti�er diodes also exhibit lower temperature but this is mainly due to the slightly

di�erent heat sinks that have been used in the full wave recti�er circuit. In practice,

both diode sets conduct for equal time intervals ((1− 0:5D)Tsw), however in a full-wave

recti�er the diode current during the active interval is twice as much as in a current

doubler (hence the name). Consequently, the power losses in a full wave recti�er are

somewhat higher.

The transformer core ran steadily at around 28oC as it did in most of the other arrange-

ments except for the conventional converter that ran up to 37oC. The conventional

converter exhibited a higher core losses as the 
ux density in the smaller e-core was

higher. Note that the pot core has the advantage of a wide surface that means lower

thermal resistance and easy cooling. The disadvantage, in comparison with the e-core

of the conventional converter, is that the air 
ow in a pot core is limited making the

windings cooling problematic. The di�culty of removing the heat becomes even greater

for the secondary winding nested into the primary.
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The PSFB-CD with an optimised rotating transformer The original PSFB

circuit with a current doubler and an optimised transformer gave the �rst signs of a

feasible design. As shown in Section 7.3.3, the MOSFET switching losses were reduced,

however the on-time resistive losses due to RDSon were increased raising the temperature

to around 50oC (60oC at full load).

The primary winding temperature, although reduced with respect to the non-optimised

version, varies from 29oC to 63oC and the secondary from the ambient 29oC to 76oC. The

primary temperature rise was within the speci�ed maximum temperature rise (∆� =

40oC) whereas the secondary temperature was 7oC above the limit.

The main reason for the increased winding losses is the higher primary current of this

topology due to the secondary current being re
ected to the primary for a greater portion

of the switching cycle than in a PSFB-FWR. Apart from this, in a current doubler a

portion of the winding inevitably passes over the air-gap where the fringing �eld develops

eddy currents.

The recti�er losses are similar to the ones in the PSFB-FWR converter and as a result

the temperature rise is about 22oC in both cases.

The PSFB-CD with a non-optimised rotating transformer The PSFB-CD with

a non-optimised transformer was one of the �rst prototypes to be tested in order to

examine the problems deriving from a large air-gap. The transformer had the same

turns count as the original non-gapped BAE transformer and the wire thickness was

adjusted to account for the expected magnetising current. The switching losses of this

prototype were lower that those of the conventional circuit and this was re
ected in the

MOSFET temperature rise which was only 15oC. The magnetising current was also kept

low keeping the MOSFET on-time conduction losses low.

The rotating transformer with the 26 primary and 12 secondary turns, despite producing

a lower magnetising current than its optimised counterparts, exhibited higher conduction

losses raising its windings temperature by more than 50oC. The converter was only tested

up to 700W and the actual power handling capability of the transformer was only 400W

(to keep the operating temperature within speci�cation).

Regarding the core losses, these appeared to be relatively higher than in the PSFB-CD
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and PSFB-FWR with optimised transformers. This is likely to be due to high winding

losses of the non-optimised transformer.

As expected, the recti�er losses appeared to be lower than in the other PSFB-CD topolo-

gies. The reason is that the current doubler recti�er re
ects a considerable current to

the primary winding (e.g. to assist the resonant operation). This creates a secondary

magnetising current that contributes to the winding losses. The non-optimised rotating

transformer having more turns causes a lower magnetising current and thereby lower

recti�er losses than the other CD topologies.

The conventional PSFB-CD Finally, the conventional PSFB-CD as it was designed

by BAE Systems demonstrated an overall e�ciency of around 90% (average). The reason

for comparing this converter with the rotating transformer prototypes is to show that

despite the radical increase of the magnetising current, the rotating transformer can be

e�ectively utilised in a phase-shifted bridge to reduce the switching power losses and

compensate for the increased transformer winding losses.

This prototype exhibited higher power losses in four out of �ve monitored components

of the converter. The recti�er, magnetic core, primary and secondary winding losses

were higher than in a PSFB-FWR topology. Only the MOSFETs' temperature was

kept lower (despite the hard-switching up to 500W).

7.4.3 Voltage gain

The duty cycle of the phase-shifted full bridge with various transformer prototypes and

di�erent recti�er circuits was recorded. The duty cycle is a direct indicator of the

converter's voltage gain and indirectly of the transformer's voltage gain. As the latter

is only de�ned for sinusoidal waveforms, it is not valid to refer to the voltage gain of

a switching power supply transformer. In an ideal transformer the input and output

waveforms should have the same shape and their amplitude ratio should equal the turns

ratio. If the output waveform is distorted this means that the magnitude and the angle

of the gain function of the transformer is not constant for the entire frequency range of

the input signal.

The duty cycle of the PSFB converter with various transformer arrangements and the
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Figure 7.15: The duty cycle of the phase shifted full bridge with di�erent transformer
arrangements and recti�er circuits. The optimised PSFB-FWR and
PSFB-CD2 results in a similar duty ratio variation as the conventional
BAE converter.

two recti�er alternatives is shown in �gure 7.15. The duty cycle was measured at the

nominal input and output voltages, therefore any variation only re
ects the voltage drops

across the converter components. The dark blue line corresponds to the conventional

BAE design that meets all the design speci�cations and it is used as a reference design.

The magenta line corresponds to a problematic PSFB-CD with a non-optimised rotating

transformer. The 26:12 rotating transformer exhibited high losses and the duty cycle of

the converter was slightly increased (reached 79%). The brown line refers to the PSFB-

CD with an optimised adjacent windings transformer. This converter was only tested up

to 300W of output power because the transformer reached its thermal limits. The high

leakage inductance resulted in poor voltage gain of the transformer and this is re
ected

in the rapid increase of the duty cycle. The red line corresponds to a PSFB-CD with

an optimised coaxial winding rotating transformer with coaxial windings arrangement.

The duty cycle of this arrangement was reduced mainly due to the decreased leakage

inductance (as the primary and secondary turns are reduced by 35% from those of the

non-optimised prototype and the primary leakage inductance is almost half). Finally,

the optimised PSFB-FWR (green line) also operated with a normal duty cycle.

It is important to note at this point that conventional PSFBs require a series inductor
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Figure 7.16: Primary and secondary voltages of the (a) optimised rotating coaxial
transformer (b) optimised rotating adjacent transformer. The adjacent
windings transformer acts as a low pass �lter removing the high frequency
ripple from the input waveform and introduces a phase-shift.

to store energy for the resonant operation before turn-on. This inductor (external or

transformer leakage) slows down the primary current change, and therefore it restricts

the e�ective power transfer interval of the converter. On the other hand, a PSFB with

a rotating transformer makes use of the magnetising energy so that the required leakage

inductance is less. Having more duty cycle available in practice means that the power

capability of the converter increases (i.e. the power density increases).

Figure 7.16(a) illustrates the primary and secondary voltages of the PSFB-FWR con-

verter with an optimised (17:8) rotating transformer with coaxial windings arrangement.

For comparison purposes the primary and secondary voltages of the PSFB-FWR with

an optimised adjacent windings transformer are depicted in �gure 7.16(b). The convert-

ers were tested at 200W of output power. The �rst observation is that the amplitude

of the secondary voltage in (b) is less than the one in (a). This is compensated by

the increased duty ratio of the waveforms in �gure 7.16(b) where the on-time is 22%

longer than in �gure 7.16(a). Regarding the distortion of the waveforms, this does not

appear to be a problem as only minor e�ects are observed. The e�ect of the leakage

inductance (which makes the transformer behave like a low pass �lter) is the removal

of the high frequency ringing that is present in the primary waveforms. In addition to

this, the o� time of the secondary voltage in �gure 7.16(b) lasts longer than that of

the primary voltage. The reduced secondary duty cycle is a well-known result of the

secondary leakage inductance. The coaxial windings transformer has a better response

with an amplitude ratio equal to the turns ratio and no phase lags.

By operating the converter at the nominal voltage (and normal duty cycle) the optimum
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Figure 7.17: Illustrates the duty cycle variation of a conventional PSFB (red line) and
the optimised PSFB-CD (blue line) and PSFB-FWR (green line).

arrangements proved to be the full-wave recti�ers and the current doubler with an opti-

mised rotating transformer. The adjacent arrangement windings proved to be incapable

of transferring the required amount of power in conjunction with a phase-shifted bridge.

The extreme situation for testing the voltage gain is when the input voltage is at mini-

mum. The available duty cycle should be enough to compensate for any voltage drops

due to the leakage inductance. The duty cycle variation of a conventional PSFB and

those of the PSFB-CD and PSFB-FWR for an input voltage 255V appear in �gure 7.17.

Figure 7.17 shows that the PSFB-FWR converter was able to deliver the required output

voltage even at the lowest rail of the DC input voltage (255V). The PSFB-CD was only

tested up to 900W of output power where the maximum permissible duty cycle (96.6%)

occurred. The PSFB-FWR generally operated with lower duty cycle than the conven-

tional PSFB and the PSFB-CD which means that there is more headroom available for

input voltage variations.

7.4.4 E�ciency

The results presented so far demonstrate an e�ciency improvement of around 3% at full

power (1kW) in comparison with the non-optimised prototype. The rotating transformer
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Figure 7.18: E�ciency comparison of various PSFB arrangements. The green line
refers to the PSFB-FWR prototype with an optimised rotating trans-
former with 1mm air-gap. The red and brown lines correspond to PSFB-
CD converters with optimised split and non-split transformer windings
respectively. The magenta and blue lines refer to PSFB-CD topologies
with a non-optimised and a conventional transformer respectively.

not only proves to be a viable option for a phase-shifted full bridge topology but it also

seems to have improved performance. Figure 7.18 illustrates the e�ciency readings

taken on the PSFB with various rotating transformer modules and with two recti�er

alternatives.

All converters performed well with the non-optimised and the conventional circuits de-

livering power with around 89% e�ciency, whereas the optimised ones performed better

(e�ciency up to 94%). The optimised transformer with non-split windings was only

tested up to 300W. Above this power the windings temperature exceeded the limits.

The same happened with the non-optimised transformer, however this worked up to

700W of output power.

7.5 Electromagnetic Radiation

As seen in Section 7.3.2 the air-gap between the primary and secondary core halves

results in a fringing magnetic �eld. The varying magnetic �eld creates a variable elec-
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tric �eld and the result is an electromagnetic wave. The electromagnetic radiation can

be accurately measured in certain specialised laboratories. The restriction of the elec-

tromagnetic emissions is required for both practical and regulation compliance reasons.

Practically, the EM radiation should be reduced to avoid interference with other equip-

ment or modules of the same system. For example, in the radar application the noise

generated by the power supply is known to interfere with the radar receiver and thus

reduce its accuracy. In addition to this there are national and international regulations

that require the reduction of electromagnetic emissions to certain levels. Pre-compliance

tests can be performed in the laboratory using a near �eld probe, an ampli�er and a

spectrum analyser/oscilloscope. The aim of the the pre-compliance tests performed

here is the identi�cation of the main noise sources and the comparison of the emitted

radiation from a conventional converter and that with a rotating transformer.

Two tests were performed using the near �eld probe. Initially, the radiation around

the transformer air-gap was investigated. It was suspected that the fringing �eld would

cause emissions and this was quanti�ed using the near �eld probe. The air-gap length

was also considered. The acquired waveforms appear in �gure 7.19 for di�erent gap

lengths (a) 1mm, (b) 0.5mm and (c) 0mm. For a 1mm air-gap the induced waveform

has a peak value of 215mV and for an 0.5mm air-gap this is reduced to 106mV indicating

a linear relationship between the air-gap length and the induced voltage.

As it can be seen in �gures 7.19(a) and (b), the near-�eld probe waveform is practically

the derivative of the magnetising current waveform. The reason is that the magnetic

�eld energy stored in the air-gap represents the magnetising energy of the transformer5.

As the magnetising inductance is high, it acts as a low pass �lter rejecting the high

frequency currents injected by the switching action. The linear relationship between the

air-gap length and the induced voltage also shows that it is the result of the magnetising

current. Dividing the air gap length by 2 results in (approximately) half the magnetising

inductance and this in turn results in half the di/dt through it. Consequently, the voltage

induced on the near-�eld probe is half of the one that would be induced around a 1mm

air-gap. When there is no air-gap (note that the scale of channel 2 decreased from

5In an ideal transformer the primary ampere-turns equal the secondary ampere-turns and therefore
the primary and secondary magnetomotive forces (MMF) cancel each other out. In a non-ideal trans-
former energy is being stored in the magnetic path (and mainly in the high-reluctance paths such as
the air-gap).
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200mV to 10mV in �gure 7.19(c)) the induced voltage is almost zero. In practice when

there is no air-gap the soft switching is partial as can be seen in �gure 7.19(d) and as a

result a small 15mV (peak) signal (with rich harmonic content) is induced on the probe.

(a) (b)

(c) (d)

VDS VGS

Ipri

Vfield Vfield

Vfield
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E/M Spectrum

E/M Spectrum(10db/div,Offset:-69db, 5MHz/div)

E/M Spectrum

E/M Spectrum(10db/div,Offset:-69db, 5MHz/div)

E/M Spectrum

E/M Spectrum(10db/div,Offset:-80db, 5MHz/div)

1

2

1

2

1

2

1

2

Figure 7.19: The primary current Ipri, output of the near-�eld probe Vfield and the
respective frequency spectrum (Gain) of the electromagnetic radiation
around a (a) 1mm, (b) 0.5mm, (c) 0mm air-gap, (d) shows the lack of
soft-switching when the gap is 0mm hence the higher EMI. The converter
operated at 500W of output power.

The second test involves measurement of the switching-action related emissions. It is

common knowledge that hard switching is a principal reason for high frequency electro-

magnetic radiation. The sharp edges of the currents and voltages turn printed circuit

board tracks, components and every conductor of appropriate dimensions into anten-

nas. So, the aim of this series of experiments is to demonstrate the improvement derived

from quasi-resonant operation of the PSFB. The current slope (di/dt) and voltage slope

(dv/dt) are decreased and the harmonic content of the current and voltage waveforms

is reduced.

Considerable radiation of high frequency noise was detected close to the power switches.

The noise originated from the PCB track connecting the middle point of the PA leg

with the transformer. The probe tip was positioned along the track with an angle that

resulted in maximum coupling of the noise. A way to locate the exact source of noise
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Figure 7.20: Probe moving along an imaginary perpendicular to the track line.

is by moving the near-�eld probe across an imaginary perpendicular to the track line

(�gure 7.20). The induced voltage will have a maximum amplitude when the probe is

located directly above the emitting source.

The results of this test performed on the conventional BAE prototype (with a non-

gapped coaxial windings and a pot core transformer) and the optimised PSFB-FWR

with a rotating transformer appear in �gure 7.21. The circuits were tested at di�erent

power levels to see what is the e�ect of no-soft switching (�gure 7.21(b),(d)) and partial

soft-switching (�gure 7.21(f)). The indicator of the soft-switching ability of each circuit

is the primary current waveform which appears at the top of each screen-shot. When

the soft-switching is completed without the current reaching zero this means that there

was more than enough energy to complete the resonant transition. As can be seen in

�gures 7.21(a), (c) and (e) that refer to the optimised converter the resonant operation

was successfully carried by the primary current. However, in the �gures on the right

soft-switching was only partially completed. The resonant intervals of the switching

cycle are indicated with the letter D.

The received signal from the near �eld probe is practically the derivative of the cur-

rent waveform Lloop · didt (assuming perfect coupling between the track and the probe's

loop). The voltage overshoots that are indicated with the letter B are the result of the

current spikes due to switching. In the �gures on the left (rotating transformer) the

overshoot is lower than in the �gures on the right (hard-switched conventional circuit).

In particular the rotating transformer circuit induced 100mV on the probe versus a
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250mV induced by the conventional circuit at 10W of output load. These �gures are

increased as the power output increases. However, as the power output increases the

soft-switching ability of the conventional converter improves. At 500W of output power

the conventional converter still produces higher voltage spikes than the circuit with the

rotating transformer (approximately 600mV against 400mV for the resonant circuit).

Regarding the frequency spectrum of the induced voltage waveforms, the 100kHz compo-

nent (point A) is higher in the converter with the rotating transformer. This is expected

due to the higher current that circulates in the primary side. The main frequency of the

additional magnetising current is 100kHz and the current waveform has a low harmonic

content as its form is close to a sine-wave (no sharp edges). Therefore, the magnetising

current is not a signi�cant cause of electromagnetic noise.

Moving higher in the frequency spectrum, a peak can be observed in �gures 7.21(a),(c)

and (e) at 8.5MHz (indicated by point B). This is the resonant frequency between

the MOSFET capacitance and the transformer's leakage inductance. At the resonant

frequency the amplitude of the induced voltage on the probe is 54dB�V whereas the

amplitude of the equivalent component of a conventional circuit is 67dB�V . Note that

the amplitude of the induced voltage around the area of 5-15MHz is higher in a con-

ventional circuit. The area 5-30MHz marked as E in �gures 7.21(b),(d) and (f) shows

a higher radiated energy (with the exception of the 8.5MHz peak in the rotating trans-

former circuit). This is due to the high di/dt resulting from the hard switching of the

MOSFETs. This proves that the harmonic content of the radiated waves is wider in the

conventional circuit. The higher frequencies can turn components and heat sinks, even

the power supply case into antennas that can cause the circuit to fail the regulation

compliance tests.

The noise measurement results from the two circuits are summarised in tables 7.9 and

7.10 (at 100W of output power).

To summarise, more investigation is needed regarding the air-gap related emissions. Low

frequency noise is apparently generated around the air-gap. However the high frequency

radiation of the converter itself is reduced thanks to the soft-switching over the entire

load range. The rotating transformer, although positioned next to the main switches

and close to the driving circuit, did not cause any malfunction in the examined circuits.
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Frequency (MHz) H-�eld (dB �A
m )

0.1 150.0
5.0 110.0
7.5 96.8
10.0 105.0
15.0 80.5
20.0 75.0
25.0 75.0
30.0 67.8

Table 7.9: The magnetic �eld around the pcb track of a PSFB with soft-switching op-
eration (rotating transformer). The readings were taken at 100W of output
load.

Frequency (MHz) H-�eld (dB �A
m )

0.1 138.0
5.0 115.0
7.5 107.8
10.0 103.0
15.0 84.5
20.0 94.0
25.0 90.0
30.0 73.8

Table 7.10: The magnetic �eld around the pcb track of a PSFB with hard-switching
operation (conventional converter). The readings were taken at 100W of
output load.

In practice, the rotating transformer will be enclosed in a case (see next section), so

the possibility of interference with the circuit is reduced. Furthermore, EMI reduction

measures can be taken into account when designing the rotating transformer housing in

order to suppress the remaining radiation.

The magnetic �eld was also measured at 1m distance following the procedure described

in the 'Radiation Limits and Measurement Standard' manual by the Radiocommunica-

tions Agency of UK [100]. The results appear in section C.3 of Appendix C.

7.6 Mechanical Implementation

The mechanical implementation of the rotating transformer is a challenging task. In

the radar application the required clearance between the stationary and rotating part is

1mm or less. The power electronics design is tuned to accommodate the rotary interface.

A mechanical design of the rotating transformer is proposed in �gure 7.22 (the prototype

that was manufactured and used in the experiments, see �gure C.3, is much simpler and
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did not rotate). The rotating part has a diagonal line pattern and the stationary part

is �lled with a solid colour.

The housing shown in �gure 7.22 is made of aluminum that is economic and lightweight.

The mechanical design is expanded in �gure 7.23.

When designing the transformer housing several requirements should be ful�lled:

• the accuracy of the relative positioning between the magnetic core halves,

• the magnetic core's expansion and contraction due to temperature variations,

• the high bandwidth feedback and data link between the stationary and rotating

frames.

• any metallic parts (spacers, bushes, shafts) around the air-gap should be avoided

or eddy currents will be developed.

Each of these aspects poses some additional constraints for the mechanical layout of the

rotating transformer.

Relative positioning of the magnetic core halves This is an issue that becomes

very important in applications such as the airborne radar where the system may oper-

ate under harsh conditions (extreme accelerations and decelerations as well as constant

vibration during 
ights). The di�erent forces should be taken into account when calcu-

lating the loading of the ball bearings.

In this work a modular solution is proposed according to which the rotating transformer

is designed separately from the stationary and rotating frames of the radar. This ap-

proach has the advantage that the resulting rotating transformer can be reused in other

designs. To dissociate the rotating transformer from the radar design the two modules

are mechanically isolated (in that they do not have common parts).

The aim is an accurate relative positioning of the two core halves and consequently a

possible reduction of the air-gap length. The vibration of the rotating frame and the

centrifugal forces on the rotating load may cause instant displacement of the rotational

axis. This could result in misalignment between the magnetic cores or even bring them
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in contact and cause permanent damage. The solution to this problem is to make the

stationary and rotating cores rotate around the same axis. This can be done using two

deep groove ball bearings (Bore/Ext diameter: 2.953:3.74 inches of the SKF family) as

shown in �gure 7.22. The stationary part is then attached to the stationary frame of

the radar using two sets of rod-end spherical bearings (maintenance-free plain spherical

bearings SAKB 5 F family of SKF) (see �gure 7.24). One of the rod-end spherical

bearings is attached to the stationary frame and the other one to the housing of the

primary core. The two bearings are connected to each other with a radius rod. The

linked rod-end spherical bearings only remove one degree of freedom from the primary

core; the rotational movement.

Figure 7.24: The rod-end is used to allow movement in all dimensions but not rotation.

Thermal issues The expansion and contraction of the ferrite pot core is an issue that

requires special attention. Ferrite is very fragile and cannot tolerate external forces.

The maximum operating temperature of the core is around 100oC and, according to

the manufacturers data, the tolerance in its dimensions (including the expansion and

contration e�ects) is 0.25mm in the axial direction (air-gap) and 1.2mm in the radial

direction for the selected material (3C90). The magnetic core should be allowed to

expand in every direction. The temperature di�erence between di�erent materials could

also be an issue. Although the magnetic core itself exhibited very small temperature

variations (∆Tmax = 10oC) measures were taken for the case of faulty operation resulting

in high temperature rises. As seen in �gure 7.23, several rubber o-rings may be used to

allow space for the expansion of the magnetic core. The o-rings can also minimise the

direct contact between the core and the housing which can be problematic at extreme

temperatures.

To �x the axial position of the cores, a threaded bush should be glued in the centre hole
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of the magnetic core (that also serves as housing for the LED).

Avoiding gluing any of the parts together is advantageous in that it allows quick re-

placement of the cores or any other parts in case of damage during prototyping.

Feedback loop Closing the feedback loop as well as transferring data is another issue

when replacing the slip-rings with a rotating transformer. In this work an optical method

is proposed for being immune to electromagnetic noise and the fringing magnetic �eld.

A laser diode and receiver can be used to transfer analog or digital information. In

case digital communication is preferred, the voltage sample of the power supply output

has to be digitised using a converter. The information can be then transmitted with

some type of modulation that will allow multiple channels of data. For transferring data

through a rotary joint there are several commercial solutions such as the optical rotary

joints (e.g. FO4698 by Moog components group[103]) that are based on optical �bres.

Many of the above di�culties during design could be avoided if a custom made mag-

netic core could be manufactured. As this design is only a proof of concept the use of

existing materials and technologies for the construction was economically convenient.

Further investigations and any possible commercial products should be custom made

for optimum performance and reduced cost and processing time.

7.7 Chapter Summary

Initial experiments with non-optimised transformer structures showed that conventional

design methodologies are not appropriate when a rotating transformer is used.

The potential of the phase-shifted full bridge converter was apparent from the initial

experiments. Despite an abnormal transformer operation (high conduction losses), the

converter e�ciency reached 90%.

Both the adjacent and the coaxial winding arrangements were tested. As expected, the

�rst performed poorly due to the high leakage inductance that caused voltage drops and

hence deteriorated the voltage gain of the transformer. The duty cycle that was needed

with an adjacent winding was 30% higher than that with a coaxial winding (to produce

the same voltage and deliver 300W at the output).
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Two topological alternatives were also tested. The current doubler has been traditionally

used with a PSFB because of the assistance it provides to the soft-switching operation.

This is done by providing more primary current during the PA interval. When a rotating

transformer is used the primary current can be more than is needed for the resonant

transitions. In this case the extra current provided by the current doubler causes extra

conduction losses. This is the reason that the classic full-wave recti�er (with a tapped

winding and two recti�er diodes) has performed better than the current doubler.

It is known that soft-switching in a converter reduces the power of the radiated elec-

tromagnetic �eld. Securing soft-switching down to no-load can help pass the, often

troublesome, compliance tests. The rotating transformer itself is a source of noise due

to the magnetic �eld escaping around the air-gap. Preliminary close-�eld measurements

showed a low frequency content that did not a�ect the circuit operation. The radia-

tion emitted by the PCB tracks adjacent to the power switches had a richer frequency

content that was increased when the converter was hard-switching.

A possible mechanical implementation was discussed in section 7.6. Issues such as the

expansion and contraction due to temperature, the accuracy in the relative positioning

between the cores and the requirement for communications were discussed.

One of the main conclusions of this chapter is that the design of the rotating transformer

is usually conduction loss limited. However, the magnetising current and winding resis-

tance can be optimised so that minimum losses occur. The optimum transformer design

in combination with a fully soft-switching converter gives a viable design.
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Figure 7.21: Illustrates the primary current and near-�eld probe output waveforms
along with the �t of the latter. The screenshots on the left ((a),(c),(e))
refer to a PSFB with a rotating transformer with an 1mm air-gap. The
waveforms on the right ((b),(d),(f)) represent the conventional PSFB
converter. (a) and (b) refer to 10W, (c) and (d) to 100W, (e) and (f) to
500W of output power.
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Figure 7.22: The proposed assembly of the rotating transformer.
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Figure 7.23: The parts of the rotating transformer assembly.
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Chapter 8
Conclusion

Many applications require energy to be transferred from the stationary to the moving

part of a device without the use of electrical contacts. This can be realised by using

a magnetic link established by two coils, one on each side. The magnetic coupling

between the stationary and moving equipment depends on the distance, alignment and

the material between the coils. Designing a power supply that incorporates contact-

less transfer of energy requires combined optimisation of the magnetic component and

the power electronics topology. The design process cannot be standardised, as the

inductive couplers and their electrical behaviour di�er considerably from application to

application.

This project investigated a speci�c type of inductive coupler, the rotating transformer

that is intended for use as an alternative to the traditional slip-rings. Regardless of the

application the rotating transformers have some speci�c geometrical characteristics (pot

core, �xed air-gap length, no windings misalignment) that result in a predictable electri-

cal behaviour. This allows the derivation of a universal methodology for incorporating

a rotating transformer into a phase-shifted full bridge converter.

To demonstrate the potential of the proposed methodology, a 1kW PSFB converter for

an electronic scanning radar was designed and tested. BAE Systems, the sponsor of

this project, typically use commercial slip-ring modules to supply the rotating frames of

their radar systems. A more reliable and economic solution is in the company's interests.

Replacing the rotary interface with minimum impact on the dc/dc converter design is

an objective. Consequently, the use of the rotating transformer in conjunction with the

PSFB was investigated.

Initial experiments demonstrated excessive winding losses and poor voltage gain of the

rotating transformer. It was found that the inherent air-gap resulted in a very low mag-

netising inductance producing a very high magnetising current. This high magnetising

current in turn produced high conduction losses. Additionally, the physical separation
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of the transformer windings resulted in increased leakage inductance. The voltage drop

across the leakage inductances was the reason for the poor voltage gain. The traditional

transformer design methodology failed to produce a viable rotating transformer design.

In the proposed design methodology, special consideration is given to the excessive mag-

netising current and its e�ect on the conduction and switching power losses.

During the course of this project the potential and the limitations of the PSFB with

a rotating transformer were uncovered. The research was based upon the hypothesis

that the phase-shifted full bridge can e�ectively utilise the parasitic components of the

rotating transformer in order to achieve e�cient (over 90%) power conversion at the

kW range. This thesis has been veri�ed by demonstrating a converter prototype with

an average e�ciency of 92.6% from 0.3 to 1kW of output power and a peak e�ciency

of 93.6% at 700W1.

8.1 Conclusion

In the proposed phase-shifted bridge converter, the rotating transformer has a triple role:

power transfer, isolation, and energy storage. The auxiliary inductance in a conventional

PSFB is not required as the rotating transformer can secure the necessary energy storage

to facilitate soft-switching. Provided that the transformer is designed according to the

proposed methodology, zero voltage switching of the main switches takes place over

the entire load range. Also, the soft-switching proves bene�cial for the electromagnetic

emissions of the converter due to the elimination of the steep slopes in the voltage

and current waveforms2. When a rotating transformer is used, the magnetising current

alone may cause considerable switching losses even at no-load operation. Therefore,

soft-switching is valuable under any loading condition.

The rotating transformer power handling capability is usually limited by the winding

power losses. As a result the magnetic core size usually depends on the required number

of winding turns and their thickness rather than the 
ux density. To �t the required

number of turns the rotating transformer requires a larger core than that of a conven-

tional converter. In this project the cross sectional area of the rotating transformer is

1For comparison, the conventional converter by BAE Systems demonstrated a maximum e�ciency
of 91%.

2The reduction of the di/dt and dv/dt also reduces the possibility of a switch failure.
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almost 3.5 times greater than it is actually required to handle the 
ux density. This is

partly because of the need for multi-stranded windings and also to allow enough space

between the stationary and rotating windings.

Among the two proposed winding arrangements, the adjacent and the coaxial, the latter

performs better in terms of power losses and the voltage gain it delivers. The adjacent

winding arrangement causes large voltage drops across the leakage inductances and

as a result the duty ratio should increase to compensate. The increase of the duty

ratio results in a higher magnetising current which in turn increases the conduction

losses. As a conclusion, the adjacent winding arrangement limits the power capability

of the converter. Leakage inductance compensation may be a solution, however this

requires further investigation. On the other hand, the coaxial winding arrangement

demonstrated a high e�ciency and a voltage gain similar to that of a conventional

transformer. To avoid eddy currents that limited the e�ective conductive area of the

windings, the secondary winding turns were split in two groups placed away from the air

gap area. This reduced the e�ective resistance of the windings considerable and boosted

the overall e�ciency of the converter. The disadvantage of the coaxial arrangement is

the extra complexity in the mechanical design.

The current doubler and full-wave recti�ers were tested with the PSFB and the rotating

transformer. The current doubler is often used with a PSFB topology because it extends

the soft-switching capability of the bridge. In this application the magnetising current

proved to be enough to handle the resonant transitions of the switches. Therefore the

need for additional primary current provided by the current doubler is not justi�ed.

On the contrary, it was found to have a negative e�ect on the primary side conduction

losses. On the other hand, the full wave recti�er performed equally well regarding the

soft-switching and also slightly improved the converter e�ciency. In terms of size and

cost both recti�er circuits occupy the same space as they use the same number of diodes

and the �lter size is the same.

A comparison of the approximate weight, volume and cost of the key components of the

slip-rings and rotating transformer solutions is presented in table 8.13.

3All values are per converter module for a total of 12 converters. All costs are estimated using the
current supplier catalogues. Where customised constructions are needed, the labour cost is included.
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Slip-ring solution Rot. transformer solution
weight (gr) vol. (cm3) cost (sterling) weight (gr) vol. (cm3) cost (sterling)

Transformer 280 48.5 10.0 650 88.2* 60.0**
Aux. Inductor 120 13.4 4.0 - - -
MOSFETs 30 1.6 4.8 30 1.6 4.8
Slip-ring module 1400** 982.7 333.0 -
Rotary Housing - - - 2000** 880.2 80.0
Data link - - - 200** - 20.0**
TOTAL 1830 1046.2 351.8 2280 881.8 164.8
*This volume is included in the rotating transformer housing.
**This is an estimate.

Table 8.1: Estimated weight, volume and cost of the slip-ring and rotating transformer
solutions

Figure 8.1: The slip-ring module that is currently used for this applications by BAE
Systems. Its diameter is approximately 200mm and its length is 369mm.

The slip-ring module that is currently used by BAE Systems (AC6098-12 family by

Litton-ps) provides 42 signal rings and 10 power rings (up to 30A at 600V). The com-

ponent is a compact, well designed module that appears in �gure 8.1 (the size depends

on the total operating voltage and current). The size of the slip-ring module that is

required in the radar application has a radius of 101mm and a length of 368mm. Ten to

twelve rotating transformer modules (�gure 8.2) are needed to transfer the same power

as the slip ring module of �gure 8.1. The total size of the rotating transformers stack

would have a radius of 68mm and a length of around 1m (including the housing).

Figure 8.2: The rotating transformer module. The rotating interface comprises of 10-
12 such transformers and has a diameter of 136mm and a length of ap-
proximately 1000mm.
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The rotating transformer and associated components incur a 53% lower cost, occupy

15% less space and weigh approximately 25% more in comparison with the slip-ring

solution.

The combination of the rotating transformer with a phase-shifted full bridge produces an

e�cient and reliable power supply. The rotating transformer with 1mm air gap between

the core halves improved the overall e�ciency of the power supply by approximately 2%

surpassing the initial target of 90% that was set by the sponsoring company. This project

concentrated on the electronic design of the contact-less power supply and proved its

feasibility. During this study, some issues related to the mechanical implementation and

the electromagnetic compatibility of the rotating interface were raised and proposed for

future investigation.

8.2 Future Work

This 3-year project provided an opportunity for an in-depth study of the operation of

a rotating transformer in combination with a phase-shifted bridge topology. Several

aspects of this study generated additional questions and challenges for further investi-

gation. Due to the limited time scales some of these research tasks are proposed for

future work.

The fringing �eld e�ect proved to be important in this application. When a conventional

winding technique was used, the winding losses were radically increased. The fringing

�eld had an e�ect on the current distribution within the transformer windings. Quan-

tifying the e�ect of the fringing �eld in the conduction losses could be carried out with

a �nite element package. As the fringing �eld results in considerable electromagnetic

radiation, a more careful consideration of EMC should be part of any future work.

The optimisation algorithm could be used to predict the losses under variable frequency,

air-gap, di�erent waveforms, winding geometries etc. The e�ect of the frequency on the

conduction losses is expected to be especially signi�cant. Taking into account that the

rotating transformer secures the soft-switching operation over the entire load-range, a

higher frequency of operation should have minimum e�ect on the switching losses. The

above assumption could be veri�ed by optimising the objective function with respect to

frequency, number of turns and wire thickness.
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Conclusion

The total converter losses could be also optimised. The current optimisation algo-

rithm starts by eliminating the switching losses and then minimises the winding and

MOSFET conduction losses. This may not lead to minimum overall losses if the rotat-

ing transformer air-gap is very small so that the transformer resembles a conventional

transformer. To extend the capabilities of the current optimisation algorithm the cal-

culation of the switching losses with respect to the number of turns, air-gap length and

frequency is needed.

The proposed design methodology assumes a relatively low voltage drop across the leak-

age inductances and does not adjust the duty ratio to compensate for the voltage drops.

This is a limitation related with MathCad and its inability to perform iterative calcu-

lations with feedback. Despite the minor e�ect of this assumption (that only a�ected

the adjacent windings results), implementing the optimisation algorithm in an advanced

mathematical software should be one of the future steps.

Finally, the mechanical implementation of the rotating transformer is a challenging

task for the mechanical engineers as several issues need to be resolved. In particular,

stacking more than one transformer to increase the power capability is a requirement

in the radar application. The ideal design would have a modular structure so that

modules could be added and removed without the need to redesign the transformer

housing. Special attention should be given to housing the stationary and rotating power

and signal cables that exit the transformer cores. The magnetic core geometry is also

something to reconsider if the product is to be commercialised. As mentioned above the

core size is greater than it is magnetically needed (to accommodate the expected 
ux

density). A way to keep the window area wide enough to accommodate the windings

but also make better use of the magnetic material should be sought.

The design methodology presented in this thesis delivered a high-performance power

converter with a rotating transformer. The e�ciency of the circuit surpassed not only

the initial target of 90% but also the e�ciency of an equivalent PSFB converter with

a conventional transformer. Among the most important �ndings of this work is that

reducing the air gap does not necessarily result in an e�ciency improvement despite the

reduction in magnetising current and reactive power in the transformer. On the contrary

the presence of leakage inductance in combination with an appropriate magnetising cur-

rent may boost the overall e�ciency and secure a wide range of soft-switching operation.
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Conclusion

A universal approach for designing such systems does not exist due to the diversity in

topologies and interfaces. The proposed design method o�ers a platform that can be

easily adjusted to assist with the optimisation of any similar power supply architecture.

221



222



Appendix A
Transformer Modelling

A.1 Inductance Calculation

In the following analysis the magnetising and leakage inductances are associated with the

physical characteristics of a gapped transformer. Assume the transformer of Figure A.1.

The �rst step for calculating the wanted inductances is identifying the points where

magnetic energy is stored (or in other words the magnetic 
ux paths).

Magnetising inductance In a gapped transformer the energy is mainly stored in

the air gap. Nevertheless, for increased accuracy the energy in the magnetic core is also

taken into account. In the following manipulation the magnetic core's cross sectional

area Ac is assumed to be equal to that of the air gap Ag. It is useful to remember the

equation giving the magnetic energy stored in a volume V.

E =
1
2

∫

V
B ·HdV =

1
2

∫

V
�a ·H2dV (A.1)

where B and H are the magnetic �eld density and magnetic �eld intensity integrated

over the volume V of the medium were energy is stored. The total energy stored in the

magnetic core and in the air gap is,

E =
1
2
·
∫

Vg
�0 ·H2

gdVg +
1
2
·
∫

Vc
�ac ·H2

c dVc (A.2)

where the subscript g denotes a quantity referring to the air gap and the subscript c

denotes quantities related to the magnetic core. The volume occupied by the magnetic

core and the air gap is given, respectively, by,

Vc = Ac · lc Vg = Ag · lg (A.3)
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Figure A.1: The magnetic 
ux paths in (a) a transformer with a gap between the core
halves and (b) the top view of one of the limps

The magnetic energy is also equal to,

E =
1
2
· Lm · I2

pri (A.4)

where Ipri is the current in the primary winding. The �eld intensity H required in

Equation A.1 is given by,

H =
Φ
A�a

(A.5)

where Φ is the magnetic 
ux through the winding, A is its cross-sectional area and �a
the absolute magnetic permeability of the material. The 
ux Φ is given by,

Φ =
Npri · Ipri
Rc +Rg

(A.6)

where Rc and Rg the reluctances of the core path and the air gap respectively,

Rc =
lc

�ac ·Ac
Rg =

lg
�0 ·Ag (A.7)

where lc,lg the lengths of the core and air paths respectively and Ac,Ag their respective

cross sectional areas. Note that Equation A.6 is the magnetic dual for Ohms law where
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Φ is the dual quantity of the electric voltage, NpriIpri is the magnetic current (equivalent

of electric current) and the reluctances are equivalent to the electric resistances.

From Equations A.5 and A.6 we solve for the magnetic �eld intensity,

Hg =
Φ

�0 ·Ag =
Npri · Ipri
�0 ·Ag

(
lc

�ac ·Ac
+

lg
�0 ·Ag

)−1

(A.8)

Hc =
Φ

�ac ·Ac
=
Npri · Ipri
�ac ·Ac

(
lc

�ac ·Ac
+

lg
�0 ·Ag

)−1

(A.9)

Combining Equations A.8 and A.9 with Equation A.2 and solving for Lm yields,

Lm = N2
pri · (Rg +Rc)−1 (A.10)

Equation A.10 gives the magnetising inductance measured from the primary side of the

transformer. Note that the inductance is only depended on the number of turns and

the physical structure of the transformer. This is a very important conclusion that can

help in the optimisation of the design.

Leakage inductance A similar procedure can be followed to work out the leakage

inductance of the primary and secondary windings. Equation A.10 was derived without

taking into account any of the physical characteristics of the transformer. Therefore it

must be valid for the leakage inductances as well,

Llk1 = N2
priRsp1 Llk2 = N2

secRsp2 (A.11)

where Rsp1 and Rsp2 is the space where the primary and the secondary leakage 
ux stores

energy, respectively. Generally, calculating the leakage inductance is more di�cult as the

exact path of the leakage 
ux is not known. In addition, the geometry of the path where

leakage energy is stored is usually not symmetric resulting in di�cult to solve elliptic

and other integrals (can mention some papers on leakage calculation). Therefore, some

assumptions are made in order to calculate the reluctance in cost of accuracy.
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Figure A.2: (a) Perpendicular cut of the adjacent windings transformer and (b) com-
plete equivalent magnetic circuit
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Figure A.3: Duality transformation of the magnetic circuit of the adjacent windings
transfomer.

A.2 Complete Reluctance model for the adjacent arrange-

ment

After the basic expressions have been derived for a simple transformer structure, a more

detailed and accurate model for the same transformer can be discussed.

Figure A.2 illustrates a cut of the adjacent winding transformer and the equivalent

magnetic circuit.

Figure A.3 demonstrates the duality transformation.

The resulting network is complicated and has no practical value as its relationship with

the physical dimensions of the core and windings is vague. A simpler reluctance network

is therefore used in chapter 4.
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Figure A.5: T-model and equivalent when measuring the Lpss.

A.3 Transformer Characterization

To characterise a transformer electrically two major approaches are used. The two-test

approach is quicker to perform and requires less calculations. It is however only accurate

under conditions. The three test approach is only needed for transformers with high

leakage inductance and requires some more calculations. They are both described below.

The two-test approach This is based on a simpli�cation of the T-model of the

transformer Figure A.4.

The assumptions allowing this simpli�cation are that the magnetising inductance is

very big compare to the primary and secondary leakage inductances and also that the

primary and secondary leakage inductances are equal. Thus the current 
owing through

the magnetising inductance is very small and the secondary leakage can be moved to the

primary side. Thereby, the leakage inductances add and are measured as one lumped

element as shown in Figure A.4.

This test involves measuring the primary winding inductance Lpss when the secondary is

short-circuited and the second test requires measuring the primary winding inductance

Lpoc when the secondary is open-circuited.
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Figure A.6: T-model and equivalent when measuring the Lpoc

As seen in Figure A.5 the equivalent input inductance Lpss of a transformer with a

short-circuited secondary winding is given as the sum of the primary leakage inductance

Llp and the parallel combination of the primary magnetising Lmp and secondary leakage

inductance Lls multiplied with the turns ratio (as it is moved to the primary):

Lpss = Llp +
1

1
n2Lls

+ 1
Lmp

(A.12)

Also, the equivalent input inductance Lpoc of a transformer with an open-circuited sec-

ondary winding is, as shown in Figure A.6, the primary leakage inductance Llp plus the

primary magnetising inductance Lmp.

Lpoc = Llp + Lmp (A.13)

By combining Equations A.12 and A.13 remembering also that Lmp is assumed very

large we get the following three equations:

Lmp = Lpoc − Llp (A.14)

Llp =
Lpss
2

(A.15)

Lls =
n2Lpss

2
(A.16)

228



Transformer Modelling

Ls
oc


L
lp


L
ms
1:n


L
ls


L
ms


L
ls


Ls
oc


Figure A.7: T-model and equivalent when measuring the Lsoc.

The three-test approach This approach involves one additional test, the output

inductance Lpoc measurement under an open-circuited primary winding. This test is

illustrated in �gure A.7.

The impedance seen from the output is,

Lsoc = Lls + Lms (A.17)

The relationships between the primary and secondary magnetising inductances and the

mutual inductance are,

Lmp =
1
n
M (A.18)

and

Lms = nM (A.19)

By combining Equations A.12, A.13, A.17,A.18 and A.19 we get an expression for the

mutual inductance:

M =
√

(Lpoc − Lpss)Lsoc (A.20)

Thus, using Equations A.18 and A.19 one can work out the magnetising inductances as

seen from either side. Also by solving Equations A.17 and A.13 for Lls and Llp we get

the the secondary and primary leakage inductances.
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A.4 Custom made coil formers (bobbins)

The impact of the windings layout in the transformer electrical behaviour has been

pointed out in 4. Customising the coil formers gives the engineer a relatively easy and

cheap way of adjusting the leakage inductance and winding resistance of the windings. In

this rotating transformer design priority was given to the reduction of both the windings

resistance and the leakage inductance. Consequently, the aim was to reduce the distance

between the two windings. This involves an increase of the manufacturing cost (that is

proportional with the construction accuracy).

Three types of bobbins were constructed in the school workshops according to the me-

chanical designs appearing in �gures A.8,A.9 and A.10. The �rst was used for the coaxial

winding arrangement and the second and third for the coaxial windings (secondary and

primary respectively).

A.5 Transformer model veri�cation

The following graphs verify the accuracy of the transformer model that was derived

for the transformer. Note that the model is valid around the 100kHz area where the

transformer characteristics where measured. Also note that the model has a frequency

dependence mainly regarding the windings AC resistance. The following graphs have

been produced using an adaptive model that takes into account the frequency and

adjusts the windings resistance.

The main discrepancy that can be observed is at frequencies below 1000Hz where the

transformer starts being lossy and the quality factor of the winding drops. The very

low quality factor essentially challenges the accuracy of the readings. As a result the

phase graphs are di�erent at low frequency. This however is well-below the operating

frequency of the transformer therefore the discrepancy can be ignored.

The graphs illustrate the impedance magnitude vs frequency as measured with a bridge

(left graph) and as calculated using the adaptive model (right graph). The adjacent

winding arrangement with 0,1,2mm air gaps is �rst tested and the coaxial winding

arrangement with the same air gap lengths follows.
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Figure A.8: The mechanical layout of the custom made coil former used for the pri-
mary and secondary windings of the adjacent windings arrangement.
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Figure A.9: The mechanical layout of the custom made inner coil former used for the
secondary winding of the coaxial windings arrangement.
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Figure A.10: The mechanical layout of the custom made outer coil former used for the
primary winding of the coaxial windings arrangement.
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Figure A.11: The graphs illustrate the magnitude of the input impedance Zpoc (with
the secondary winding open) versus frequency. The transformer has an
adjacent winding arrangement and the distance between the magnetic
core parts is 0mm. The measured results appear in (a) and the theoretical
prediction in (b).
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Figure A.12: The graphs illustrate the magnitude of the input impedance Zpoc (with
the secondary winding open) versus frequency. The transformer has an
adjacent winding arrangement and the distance between the magnetic
core parts is 0mm. The measured results appear in (a) and the theoretical
prediction in (b).
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Figure A.13: The graphs illustrate the magnitude of the input impedance Zpoc (with
the secondary winding open) versus frequency. The transformer has an
adjacent winding arrangement and the distance between the magnetic
core parts is 1mm. The measured results appear in (a) and the theoretical
prediction in (b).
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Figure A.14: The graphs illustrate the magnitude of the input impedance Zpoc (with
the secondary winding open) versus frequency. The transformer has an
adjacent winding arrangement and the distance between the magnetic
core parts is 1mm. The measured results appear in (a) and the theoretical
prediction in (b).
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Figure A.15: The graphs illustrate the magnitude of the input impedance Zpoc (with
the secondary winding open) versus frequency. The transformer has an
adjacent winding arrangement and the distance between the magnetic
core parts is 2mm. The measured results appear in (a) and the theoretical
prediction in (b).
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Figure A.16: The graphs illustrate the magnitude of the input impedance Zpoc (with
the secondary winding open) versus frequency. The transformer has an
adjacent winding arrangement and the distance between the magnetic
core parts is 2mm. The measured results appear in (a) and the theoretical
prediction in (b).
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Figure A.17: The graphs illustrate the magnitude of the input impedance Zpoc (with
the secondary winding open) versus frequency. The transformer has an
coaxial winding arrangement and the distance between the magnetic core
parts is 0mm. The measured results appear in (a) and the theoretical
prediction in (b).
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Figure A.18: The graphs illustrate the magnitude of the input impedance Zpoc (with
the secondary winding open) versus frequency. The transformer has an
coaxial winding arrangement and the distance between the magnetic core
parts is 0mm.The measured results appear in (a) and the theoretical pre-
diction in (b).

237



Transformer Modelling

100 1 � 10
3

1 � 10
4

1 � 10
5

1 � 10
6

1 � 10
7

0.1

1

10

100

1 � 10
3

1 � 10
4

1 � 10
5

1 � 10
6

trace 1

(a) (b)

Figure A.19: The graphs illustrate the magnitude of the input impedance Zpoc (with
the secondary winding open) versus frequency. The transformer has an
coaxial winding arrangement and the distance between the magnetic core
parts is 1mm. The measured results appear in (a) and the theoretical
prediction in (b).
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Figure A.20: The graphs illustrate the magnitude of the input impedance Zpoc (with
the secondary winding open) versus frequency. The transformer has an
coaxial winding arrangement and the distance between the magnetic core
parts is 1mm. The measured results appear in (a) and the theoretical
prediction in (b).
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Figure A.21: The graphs illustrate the magnitude of the input impedance Zpoc (with
the secondary winding open) versus frequency. The transformer has an
coaxial winding arrangement and the distance between the magnetic core
parts is 2mm. The measured results appear in (a) and the theoretical
prediction in (b).
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Figure A.22: The graphs illustrate the magnitude of the input impedance Zpoc (with
the secondary winding open) versus frequency. The transformer has an
coaxial winding arrangement and the distance between the magnetic core
parts is 2mm. The measured results appear in (a) and the theoretical
prediction in (b).
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Appendix B
Phase-shifted bridge analysis

Figures B.1,B.2,B.3,B.4,B.5 illustrate the 5th to 10th state of operation of the phase-

shifted full bridge with a full-wave recti�er.
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Figure B.1: PSB modelling; Interval 6 (t5 → t6).
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Figure B.2: PSB modelling; Interval 7 (t6 → t7).
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Figure B.3: PSB modelling; Interval 8 (t7 → t8)
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Figure B.4: PSB modelling; Interval 9 (t8 → t9)
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Figure B.5: PSB modelling; Interval 10 (t9 → t10)
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Appendix C
Experimental results

C.1 The Schematic diagrams

The schematic diagram of the prototype converter provided by BAE Systems appears

in �gures C.1 and C.2. The following modi�cations were made in order to integrate the

rotating transformer:

C.2 Experimental set-up

Figure C.3 illustrates the modi�ed PSFB circuit with the full-wave recti�er module

plugged in. The modular approach allows quick prototyping using minimal construction

work. The purpose is to use the same power circuit for every experiment and only change

a module at a time, so that any electrical and thermal changes could be attributed to

the changed component only.

Picture C.4 shows the bench were the experiments were conducted. The room temper-

ature was kept between 21-22oC.

C.3 Electromagnetic radiation

Figure C.5 illustrates the results from the measurement of the magnetic �eld at 1 metre

distance from the circuit. The upper graphs refer to the circuit with a 1mm gapped

rotating transformer. The lower ones correspond to a conventional converter that is

hard-switching. All readings were taken a 500W of output power.

The amplitude of the electromagnetic radiation is greater in the hard-switched circuit

(�gure C.5(b)) than in the one with a rotating transformer (�gure C.5(d)). This is also

re
ected in the spectrum of �gures C.5(a) and (c) where the noise is much higher in the

hard-switching circuit. The rotating transformer produces higher radiation only in the
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low frequency area up to 5MHz which is easier to suppress. The scale of the frequency

spectrum is 10dbV/div and the o�set is -106dbV (middle axis).

246



Experimental results

Figure C.1: The secondary stage of the PSFB with a full-wave recti�er.
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Figure C.2: The secondary stage of the PSFB with a full-wave recti�er.
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Figure C.3: The modi�ed PSFB with afull-wave recti�er.

Figure C.4: View of the bench and the experimental set-up.
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(a) (b)

(d)(c)

Ipri

Ipri

Vfield

Vfield
Vfield spectrum

Vfield spectrum

Figure C.5: The electromagnetic �eld 1 metre away from the circuit. The upper wave-
forms refer to a circuit with an 1mm gapped rotating transformer: (a)the
primary current Ipri and the spectrum of the induced voltage (b) the in-
duced voltage waveform Vfield. The lower graphs correspond to a non-
gapped rotating transformer: (c) the primary current Ipri and the spectrum
of the induced voltage and (b) the induced voltage waveform Vfield.
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The following papers document the results of this research.

• Contact-less Transfer of Energy by means of a Rotating Transformer, Papastergiou

K.D., Macpherson D.E., Fisher F., IEEE International Symposium on Industrial

Electronics, ISIE 2005, Dubrovnic, Croatia.

• A 1kW Phase-Shifted Full Bridge Converter incorporating Contact-less Transfer of

Energy, Papastergiou K.D., Macpherson D.E., Fisher F., IEEE Power Electronics

Specialist Conference, PESC 2005, Recife, Brazil.
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Contact-less Transfer of Energy by means of a
Rotating Transformer

Konstantinos D. Papastergiou, and D. Ewen Macpherson
School of Engineering & Electronics, The University of Edinburgh, United Kingdom

Abstract— This paper examines the electrical properties
of a rotating transformer used for contact-less transfer of
energy to rotating equipment. Two winding layouts are
analysed theoretically and experimentally. The reluctance
modelling provides a deep understanding of how the geom-
etry of the core and windings affect the electrical behaviour
of the component. Theoretical calculations, measured results
and finite element analysis are used to compare the proposed
layouts. Basic design guidelines are given to adjust the leak-
age and magnetising inductances. The selection of a phase-
shifted full bridge converter is suggested for applications at
the power level of 1kW.

I. INTRODUCTION

This paper examines a transformer with a rotating
secondary winding for contact-less transfer of energy in
devices that contain rotating parts. Traditionally, wires or
slip rings have been used for transferring power to the
rotating part of a device. Significant amount of research
and development towards reliable and durable slip ring
assemblies has established this technology as the stan-
dard solution for applications that involve rotating parts
(electrical machines, industrial equipment, aerospace).
Despite the standardisation of the design and the expertise
gained, a customised slip ring design involves a high
manufacturing cost especially when strict specifications
apply. Furthermore, slip ring manufacturers guarantee
good operation of the device for a certain number of
revolutions and, only, under certain operating conditions.
The contact wear as well as the vibration of the assembly
can cause arcing and therefore can disrupt the operation
of the equipment.

Depending on the specifications, the slip rings cost
and maintenance requirements may be prohibitive for a
design. The rotating transformer as a magnetic interface
overcomes the problem of the contact wear and guaran-
tees continuous operation. The cost level can be lower
(depending on the assembly requirements) and its design
can be completed in-house as an integral part of the power
converter design. One of the first references to such a
technology came from Landsman [1] who suggested this
interface for a satellite application. The author calculated
the main electrical properties of the transformer by using
its geometry and then conducted an optimisation of the
size and weight for a 1 kW application. Similar research
for military applications was presented in [2] and [3].
The authors of these papers investigated modifications for
the transformer layout and proposed different axial and
radial alternatives. The use of the rotating transformer to
transfer both energy and data across the joints of a robot
was considered in [4]. This design is able to handle 20

(a)
 (b)


Fig. 1. Rendered images of the investigated winding arrangements (a)
the adjacent windings (b) the coaxial windings.

kVA of power at a relatively low switching frequency of
25 kHz with a claimed efficiency of up to 96%. Finally,
the authors of [5] looked at a linear interface for mining
applications.

A rotating transformer essentially consists of a set of
pot cores with a winding fitted into each of them as in
Fig. 1. The core half that belongs to the rotating frame
of the device rotates in respect to its counterpart. Due to
the physical separation between the windings the rotating
transformer exhibits a low coupling coefficient, hence
storing a portion of the total supplied energy into the
transformer structure itself (mainly within the air-gap).
The magnetising inductance of such a transformer is much
lower than that of a conventional transformer and can be
comparable with the leakage inductance of the windings.
As a result, in addition to the reflected load current, the
primary winding carries a high magnetising current. This
aggravates the primary-side conduction losses. The author
of [6] tried to quantify the coupling problems for pot core
transformers.

Apart from the low magnetising inductance the rotating
transformer also exhibits increased leakage inductances in
both windings. The reason is again the physical separation
between the windings and the availability of alternative
flux paths (air-space) rather than the ideal core path.
The increased leakage inductance that appears in series
with the windings causes a voltage drop across it, hence
resulting in the second important weakness of a rotating
transformer, the impaired voltage gain.

This paper presents a methodology based on [7], [8]
for quantifying the electrical properties of a rotating
transformer. Two winding layouts are considered and the
electrical properties of each transformer are associated
with the dimensions of the core and windings. The possi-
bility of constructively utilising the parasitic elements of
the rotating transformer is discussed.
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II. THE ROTATING TRANSFORMER

A. Winding Layout

Two different transformer layouts are considered in
this paper; these are the adjacent windings trans-
former (Fig. 1(a)) and the coaxial windings transformer
(Fig. 1(b)). They are both built using a pot core because
its rotation does not affect the magnetic cross-sectional
area and the length of the magnetic path. As a result, the
transformer would have the same electrical characteristics
regardless of the relative positioning between the core
halves. Secondly, a large range of pot cores is readily
available in the market for prototyping.

The adjacent winding layout has also been mentioned
in other applications such as satellite power supplies [1],
transcutaneous energy transmission for pace-makers [9] or
artificial organs [10] and inductive battery chargers [11].
The coaxial winding layout is proposed in this paper as
an alternative. In this arrangement the secondary winding
is wound on a separate bobbin that is inserted into the
primary bobbin. Due to the smaller air space between
the two windings this arrangement demonstrates lower
leakage inductance. The magnetising inductance, on the
other hand, is mainly determined by the air-gap so it
remains relatively unchanged.

B. Mechanical layout

Two mechanical layouts are proposed for the rotating
transformer (Fig. 2). A metallic body holds one of the
core halves and the other one is mounted on the rotation
shaft. Between the stationary and rotating frame there are
standard deep groove and or thrust ball bearings. With
the current technology of bearings the tolerances in both
axial and radial movements are of the order of magnitude
of tens of micro metres. Thereby, a minimum clearance
between the primary and secondary cores can be achieved
and the only restrictions are set by the tolerance in the
dimensions of the ferrite core.

III. ANALYSIS

The modelling of the magnetic component has been
carried out using three different methods.

1) Theoretical approach (approximate, but gives a
deep understanding as to how the physical layout of
the transformer affects the electrical characteristics)��� �� ���� ��� �� �	 	
 
 ��

ferrite

pot core


bobbin


ball

bearings


shaft
�
 �� ��� �� ���� �
��

(a)
 (b)


Fig. 2. The mechanical layout of a rotating transformer (a) for radial
loading of the shaft and (b) for axial loading.

2) Practical measurements (performed after a proto-
type has been built to derive an accurate electrical
model for the transformer)

3) Finite element analysis (can predict the electrical
characteristics of the transformer before the actual
prototype is built and initial optimisation can be
done prior to manufacturing)

All the three characterising methods used in this paper
have been applied in an attempt to assess their accuracy
and study their advantages and disadvantages when used
for designing a loosely coupled power transformer. The
evaluated prototypes are part of a real design and have a
26:12 primary to secondary turns ratio. A P56/66 core was
chosen from the Ferroxcube family to provide the required
magnetic cross sectional area. The thickness of the wire
as well as the number of layers and of the frequency of
operation have a direct effect on the DC and AC resistance
of the windings. However, the AC phenomena cannot be
analysed with a static magnetic field simulation such as
the one used in this work.

A. Reluctance modelling

The theoretical analysis is rather a qualitative analysis
that gives a good insight to the connection between the
dimensions of the core and windings and the resulting
electrical characteristics. It is based on finding the reluc-
tance model directly from the physical layout and then
applying a duality transformation to convert the magnetic
circuit to an electric circuit [8].

Associating the geometry of the transformer with its
electrical properties is essential for the designing and op-
timisation of the magnetic component. Reluctance mod-
elling is a tool used from the early stages of magnetism
to analyse complex structures that are under the influence
of a magnetic field. The magnetic flux paths are identified
and their magnetic permeance is calculated based on the
material properties. A schematic diagram similar to that
of an electric circuit is constructed and the basic electric
network laws can be applied to solve it. The analogy
between the basic magnetic and electric quantities (such
as reluctance and resistance, magnetic flux and electric
current) is known as the duality property. Converting the
magnetic circuit to the equivalent electrical one allows the
accurate simulation of the converter.

Fig. 3(a) shows the physical structure of the coaxial
transformer and Fig. 3(b) represents the magnetic paths
in the transformer symbolised as resistors. The resulting
reluctance network is depicted in Fig. 3(c) and following
in Fig. 3(d,e) the reluctances are transformed to perme-
ances. This is done by converting the series branches to
parallel and the parallel branches to series in the same
way as an electrical network comprising of resistances
would be converted to an equivalent network comprising
of conductances. The reason for converting the reluctance
R to a permeance P component is because the permeance
(magnetic quantity) of a magnetic path is analogous to the
inductance (electrical quantity) of the same path according
to the following equation,
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Fig. 3. Reluctance modelling for the coaxial winding arrangement (a) physical layout, (b) identifying the magnetic flux paths, (c) the reluctance
model, (d) reluctance to permeance transformation (e) permeance model, (f)duality transformation and (g) the equivalent electrical network.

L = N2P = N2
1

R
(1)

where N is the number of turns wound around the
analysed magnetic path. Therefore, the permeance com-
ponents 1/R in Fig. 3(e) are multiplied with the primary
number of turns N2

pri whereas the flux sources are divided
by the same quantity. This essentially means that the mag-
netic component N2

priP can be replaced by an electrical
quantity, the inductance L. This procedure is called the
duality transformation and is depicted in Fig. 3(f,g).

The reluctance modelling for the adjacent winding
arrangement is summarised in Fig. 4.

The resulting electrical equivalent networks of the two
winding arrangements (Fig. 4(c) and Fig. 3(g)) are equiv-
alent as the τ -model can be transformed to a π-model
and vice versa. However, by carefully looking at the
reluctance modelling, it can be seen that a model such as
that of Fig. 4(c) does not have any physical meaning (the
inductances can not be related to any of the geometrical
properties of the transformer) for the coaxial arrangement.
On the contrary, the inductances in the model of Fig. 3(g)
are connected with the initial geometry.

After the reluctance modelling and duality transfor-
mation have been performed the designer can see what
the leakage inductance depends on. In the adjacent ar-
rangement the leakage inductance is very high due to
the separation between the windings. Moving one of
the windings hardly affects the leakage inductance of
the other (as long as the adjacent layout is preserved).
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Fig. 4. Summarised reluctance modelling of the adjacent winding
arrangement.

However, in the coaxial arrangements the leakage is a
common component (as seen in Fig. 3(g)) defined by the
relative positioning between the windings. Any change in
the position or size of one of the windings would affect
the common leakage element.

B. Measured results

The measurement method is generally very accurate
and involves the usual open-circuit and short-circuit tests
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and the calculation of magnetising and leakage induc-
tances as well as the winding capacitances. The following
quantities need to be measured; the inductance seen at
the primary winding with the secondary open (Lpoc

),
the inductance seen at the secondary with the primary
winding open (Lsoc

) and the inductance seen at the
primary with the secondary shorted (Lpsc

). The mutual
inductance can then be calculated as,

M =
√

(Lpoc
− Lpsc

)Lsoc
(2)

The magnetising inductance as seen from the primary
side is given by,

Lmp =
1

n
M (3)

where n the transformer turns ratio. The magnetising
inductance seen from the secondary side is,

Lms = nM (4)

Finally, the primary and secondary leakage inductances
are respectively given by,

Llp = Lpoc
− Lmp (5)

Lls = Lsoc
− Lms (6)

When measuring the inductance values, the choice of
frequency and test voltage for obtaining accurate readings
is an issue. In this work an inductance graph over the
10kHz to 3MHz range was obtained and a relatively low
test voltage was used. The magnetic flux in the core was
kept low in order to remain in the linear area of the B-H
curve and keep the permeability (µr = B/H) fixed. From
the inductance-frequency graph it is possible to ensure
that there is no resonant effects at the desired frequency
and therefore the inductance curve is flat at the operating
frequency, hence the reading obtained is realistic. It is also
important to observe the quality factor while measuring
the inductance. A very poor quality factor signifies an
inaccurate inductance reading.

C. Finite elements analysis

The last test that has been performed to quantify the
electrical characteristics of the rotating transformer was a
finite element analysis. Due to the axial symmetry of the
investigated layouts of Fig. 1 a 2-Dimensional analysis
gives accurate results. The static magnetic field in the
transformer structure can be studied and the different
inductances of the windings can be calculated by ma-
nipulating the magnetic field quantities.

The procedure is comprised of three basic stages;
drawing the 2-D model, defining material properties and
boundary conditions and solving/post-processing the re-
sults. The software used is the Maxwell 2D by Ansoft.

At the post-processing stage different field quantities
can be analysed and some interesting conclusions about
the magnetic flux distribution and the energy storage
can be drawn. This procedure can also help with the

(a)
 (b)


Fig. 5. The field density representation of the (a) adjacent winding
arrangement and (b) the coaxial winding arrangement of a rotating
transformer with a 1mm air-gap.

reluctance modelling of the transformer as it visualises
the magnetic field and the magnetic paths can be easily
identified. By performing the energy integration over a
specific area of the 2-D model the respective inductance
can be calculated. For example the energy stored in
the magnetic core and air gap is associated with the
magnetising inductance of the respective winding. By
integrating the energy over the area where the leakage
energy appears the leakage inductance of the respective
winding can be obtained. In a static magnetic field the
energy E stored in the inductance L as a result of the
current I is,

E =
1

2
LI2 (7)

This energy can be calculated by integrating the
−→

A ·

−→

J
(
−→

A the field vector and
−→

J current density vector) over
the volume of the coil wire, hence,

E =
1

2

∫

r

∫

z

∫

φ

−→

A
−→

J drdzdφ (8)

From 7 and 8 the inductance is derived:

L =
π

∫

r

∫

z

−→

A
−→

J drdz

I2
(9)

where the integration is only performed over the 2-D
conductors surface due to the axial symmetry. With regard
to the leakage inductance, the calculation is slightly more
complex due to the difficulty in defining the magnetic
leakage path. Fig 5 depicts the results of a the FE analysis
for a transformer with an 1mm air-gap. In the adjacent
winding layout (Fig 5(a)) (with the secondary open-
circuited) the flux lines that escape from the core path
are mainly linking the primary winding. This appears as
leakage energy (stored in the primary leakage inductance)
as it is not coupled to the secondary. The leakage flux in
Fig. 5(b) is less as the windings are physically closer to
each other. Having performed the reluctance analysis, the
flux paths can be identified more easily and the energy
stored in them can be calculated as:
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Fig. 6. The (a) primary magnetising inductance Lm, (b) primary leakage inductance Llkp
(c) secondary leakage inductance Llks

of the adjacent
windings transformer as found by three different characterising methods.
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Fig. 7. The (a) primary magnetising inductance Lm, (b) primary leakage inductance Llkp
(c) secondary leakage inductance Llks

of the coaxial
windings transformer as found by three different characterising methods.

E =
1

2
π

∫
r

∫
z

−→

H
−→

Bdrdz (10)

Combining with (7) again yields:

L =
π

∫
r

∫
z

−→

H
−→

Bdrdz

I2
(11)

D. Results

Associating the physical structure of the rotating trans-
former with its electrical characteristics is a tedious task.
It usually involves many assumptions to overcome the
modelling difficulties arising mainly from the asymme-
tries of the core and windings and the non-uniform
magnetic materials. As a result, both calculations and the
finite elements analysis give results whose accuracy is
inversely proportional with the number of assumptions
made during the modelling procedure.

Fig. 6 and 7 present the results of the three charac-
terising methods (measurements, calculation and FEA).
As expected, the graphs show a significant decrease of
the magnetising inductance as the air-gap increases. The
leakage inductance on the other hand remains unchanged
regardless of the air-gap length. Note that although of
the same order of magnitude, the calculated and FEA
results of leakage inductance differ from the measured
ones. This is mainly because of the difficulty in defining
the area where the leakage flux resides. In the case of the
magnetising flux, most of the flux is known to be in the
magnetic core hence the integration in (11) is performed

over the volume of the core. The leakage flux on the
other hand is spread in the air space and the boundaries
between useful (magnetising) flux and leakage (useless)
flux are vague. Additionally, the leakage energy is a small
fraction of the total transformer energy, hence any ”noise”
(other magnetic flux) accounted as leakage flux can easily
falsify the results.

The key conclusions of this work are discussed here:

• In a rotating transformer (with a relatively small air-
gap) the value of the magnetising inductance mainly
depends on the length and the cross-sectional area of
the air-gap and not on the position of the windings

• The leakage inductance is independent of the air-gap
length and only depends on the relative position of
the windings.

• The leakage inductance can be eliminated by placing
the windings; (a) physically together or (b) firmly on
the magnetic core windings as close to the core as
possible

• The leakage and magnetising inductances are pro-
portional to the square of the number of turns of the
respective winding.

Comparing the adjacent and coaxial winding arrange-
ments, it can be seen that the coaxial has a much
lower leakage inductance. The leakage inductance of a
rotating transformer is important because together with
the AC and DC winding resistance it determines the
voltage gain of the transformer. The leakage inductance
appears in series with the transformer, thereby causing
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a voltage drop across it (which is proportional with the
di/dt applied). This voltage drop causes the transformer
secondary voltage to be less than expected. As a result,
an excessive leakage inductance such as the one imposed
by the adjacent winding could make the use of a rotating
transformer impossible.

IV. TOPOLOGY SELECTION

As the high magnetising current is unavoidable in a
gapped transformer the power electronics topology has to
either cope with it or, ideally, utilise it. One converter
topology that inherently utilises the parasitic components
of a transformer to achieve Zero Voltage Switching (ZVS)
is the Phase Shifted Full Bridge [12] (PSFB) (Fig. 8). The
PSFB topology is able to handle the amount of power
that is required in industrial applications of 1-1.5kW of
power. A conventional PSFB achieves a very efficient
power conversion (over 90%) thanks to the ZVS of the
MOSFET switches. To accomplish the soft switching, the
PSFB relies on the energy that is stored during the power
transfer interval in the leakage inductance of the trans-
former or some external series inductance. Just before a
MOSFET turns on there is a transition interval when the
leakage inductance resonates with the MOSFET channel
capacitance. When the voltage across the MOSFET is
zero the driver turns the switch on.

When the converter is operating at low load, the energy
stored in the series inductor is not enough to completely
discharge the MOSFET capacitance. As a result, soft
switching is lost and the low load efficiency of the PSFB
is poor. A rotating transformer can contribute some energy
to the resonant operation due to the energy stored in
the magnetising inductance. The magnetising current of a
rotating transformer is, in most cases, enough to perform
the discharging of the MOSFET’s channel capacitance on
its own. Hence, the need for additional series inductors
(which are known to cause side effects such as duty
cycle loss) is eliminated. An important property of the
magnetising current is that it remains unchanged regard-
less of the loading conditions thus maintaining the ZVS
operation down to no load.

A comparison between a conventional PSFB and a
PSFB with a rotating transformer has shown a superiority
of the latter in terms of zero voltage switching range.
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Fig. 8. The Phase Shifted Full Bridge topology.

V. CONCLUSION

Three different methods have been employed to char-
acterise the rotating transformer. The electrical equivalent
networks of the two proposed layouts have been derived.

The theoretical analysis gives a good insight to the
electromagnetics of the transformer but not very accurate
results. The finite elements analysis can be used as a
tool at the first stages of design and optimisation of the
rotating transformer. The coaxial winding layout proves
to be superior in terms of leakage inductance and is
expected to improve the voltage gain of the transformer
considerably. Finally, a phase shifted full bridge converter
is proposed for applications of around 1kW of power. This
topology can benefit from the low coupling coefficient of
the rotating transformer.
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Abstract— This paper addresses the problem of reliable power
transfer from the stationary to the rotating part of an airborne
radar without any electrical contact. An inductive interface
(rotating transformer) is proposed as a replacement for the well-
established slip-ring technology. The aim is to design a reliable
and efficient converter free of moving parts and mechanical
faults. The resulting design has a long life expectancy and
is ideal for equipment in aerospace, military and underwater
applications, where minimal or no maintenance is a key objective.
The paper initially examines the electrical properties of the
rotating transformer and derives electrical equivalent models
for the adjacent and coaxial winding arrangements. The phase-
shifted full bridge converter is proposed as a topology that can
effectively utilise the rotating transformer leakage inductance
and poor coupling coefficient. A step-by-step design algorithm is
described in the third section and the experimental results are
finally presented and discussed.

I. INTRODUCTION

The aim of this work is to investigate the possibility of
using a transformer with a rotating secondary winding for
contact-less transfer of energy across to the revolving part of
an airborne electronic-scanning radar. This application requires
the transmission of 1kW of power (per module) by converting
the 330V DC bus voltage to a 54V DC output. The clearance
between the fixed and rotating parts of the transformer is 1mm.
The efficiency and reliability of the power supply are of special
interest. The current practice for transferring power to the
revolving antenna of the radar is through the use of slip-rings.
This well-established technology suffers wear and is prone to
arcing, hence, decreasing the reliability of the radar’s power
supply. Maintenance is not always available and the reliable
operation of such equipment is critical.

A rotating transformer (Fig.1) essentially consists of a set of
pot cores with a winding fitted into each of them. The core and
winding that belong to the rotating frame of the radar rotate
with respect to their counterparts. Due to the physical separa-
tion between the windings, the rotating transformer exhibits a
low coupling coefficient. This is because it stores a portion of
the total supplied energy into the transformer structure itself
(mainly within the air-gap) rather that transferring it to the
secondary. The magnetising inductance of such a transformer
is lower than the one of a conventional transformer. As a
result, in addition to the reflected load current, the primary
winding carries an increased magnetising current aggravating
the primary side conduction losses.

Apart from the low magnetising inductance, the rotating
transformer also exhibits increased leakage inductance in
both windings. The reason is, again, the physical separation
between the windings and the availability of alternative flux

paths (air-space) rather than the ideal core path. The increased
leakage inductance, which appears in series with the windings
causes a voltage drop across them, resulting in the second
weakness of a rotating transformer, the impaired voltage gain.
The contact-less transfer of energy has been under investiga-
tion from the early days of the switching power converters.
Back in the seventies the rotating transformer appeared for
the first time as a proposed technology for transferring power
from the solar panels to the body of a satellite [1]. S H Marx
also proposed a kilowatt rotary power transformer and concen-
trated his efforts in optimising the structure of the magnetic
component [2]. Other applications include the transcutaneous
energy transmission for pacemakers [3] and artificial organs
[4]. Finally, a major application of this technology is the
inductive charging for electric vehicles [5], [6]. Different
approaches, such as leakage inductance compensation and
resonant techniques, were employed to overcome the problem
of the low voltage gain.

In all the above cases the researchers had to tackle the same
problem; a poor coupling coefficient between the primary and
secondary windings of the transformer (rotating or stationary).
Therefore, the converter topology used in such an application
must be able to tolerate or ideally constructively utilise the
parasitic components of the rotating transformer. One such
topology is the Phase-Shifted Full Bridge (PSFB) of Fig.2(a)
[7], [8], [9]. The PSFB uses the parasitic leakage inductance
of the primary winding to achieve zero voltage switching of
the primary side MOSFETs (Fig.2(b)). A common problem
of this topology is the loss of soft switching under light or
no load conditions. The use of the magnetising current to
assist the soft switching has been suggested in several papers
[10], [11]. In this work the electrical properties of the rotating
transformer are studied. Once the geometry of the magnetic

(a)
 (b)


Fig. 1. Rendered images of the investigated winding arrangements (a) the
adjacent windings (b) the coaxial windings.
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Fig. 2. The phase-shifted full bridge topology (a) schematic diagram (b) hard and soft-switching of the power semiconductors.

component has been associated with its electrical properties,
the magnetising/leakage inductances and winding resistances
can be tuned to fit the requirements of the PSFB converter. In
the third section a design methodology is deployed and in the
fourth section a 1kW example converter is built. Finally, the
experimental results are presented and some conclusions are
drawn.

II. THE ROTATING TRANSFORMER

Understanding what affects the electrical behaviour of the
transformer is the basis of optimising its design. Some basic
observations are made below and some design guidelines are
produced by inference;

• The physical separation (air-space) between the windings
results in increased leakage inductance.

• The leakage inductance does not depend on the air-gap
length.

• The longer the air-gap, the lower the magnetising induc-
tance of the windings is.

• The fringing field around the air-gap alters the current
distribution in the windings and increases the effective
winding resistance.

By keeping these observations in mind, two different wind-
ing arrangements are proposed and evaluated in this paper. The
adjacent winding arrangement (Fig.1(a)) is commonly used in
most of the designs proposed so far. The coaxial arrangement
(Fig.1(b)) is proposed as the low leakage inductance and AC
resistance alternative.

In the coaxial winding arrangement the secondary winding
is wound on a bobbin that penetrates into the primary bobbin.
Due to the smaller air space between them, the windings
demonstrate lower leakage inductance. The magnetising in-
ductance, on the other hand, is determined by the air-gap and
therefore remains relatively unchanged. The manufacturing
of the coaxial windings requires more effort and involves a
higher cost than the usual adjacent arrangement. The resulting
interface is however more economic and easier to design than
the conventional slip-rings solution. It can be manufactured
in-house together with the rest of the power supply.

As an initial approach, a deep understanding of the magnetic
structure is essential. Associating the physical structure of
the rotating transformer with its electrical characteristics is
important; it helps the engineer to realise how a geometrical
property (core size and shape, windings position, width etc)

affects each of the parasitic elements (leakage inductances,
capacitances etc.) of the component. Connecting the geometry
with the electrical behaviour of the component is a tedious
process. Some fundamental assumptions are made to overcome
the modelling difficulties, arising mainly from the asymmetries
of the core and windings and the non-uniform magnetic
materials. The geometry of the transformer is converted to
an equivalent magnetic circuit (using the reluctance modelling
technique). A duality transformation is then applied to convert
the magnetic circuit to its electrical equivalent. The procedure
is fully described in [12] and is briefly depicted in Fig.3 and
4.

The resulting equivalent networks have a physical meaning;
each inductance represents some space (volume) in the original
transformer structure. These inductances can be adjusted to fit
the power converter needs. The following equations show how
the magnetising Lm and leakage Llk inductances depend on
the winding and core dimensions:

Lm = N2

p

(

lc

µ0µcAc

+
lg

µ0µairAg

)

−1

(1)

Llk = N2

p

(

lsp

µ0µspAsp

)

−1

(2)

where Np is the number of primary turns, lc and lg are the
lengths of the core and of the air-gap magnetic path, Ac and
Ag are the cross-sectional areas of the core and of the air-
gap respectively. Similarly, in (2), lsp the equivalent length of
the magnetic path and Asp the equivalent cross-sectional area
of the path. Note that leakage inductance is generally more
difficult to approach as it is difficult to integrate the leakage
energy over the air space volume.

The graphs in Fig.5 are the results of the measurements
that were performed on two transformer prototypes. Both the
adjacent and coaxial winding prototypes have 26 turns of 3
strands of SWG25 wire in the primary and 12 turns of 5
strands of SWG25 wire in the secondary.

As seen in Fig.5 the rotating transformer with an adjacent
winding arrangement exhibits very high leakage inductances
(primary and secondary). The reason for this is the fact that the
windings are physically separated. According to the electrical
equivalent models shown in Fig.3 the leakage inductance
components are independent from each other as the leakage
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Fig. 3. Reluctance modelling for the adjacent windings arrangement.
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Fig. 4. Reluctance modelling for the coaxial windings arrangement.

0


10


20


30


40


50


60


70


0
 0.5
 1
 1.5
 2


Air-gap (mm)


Ll
k1

 (
uH

)


0


2


4


6


8


10


12


14


0
 0.5
 1
 1.5
 2


Air-gap (mm)


Ll
k2

 (
uH

)


Adjacent winding


Coaxial winding


0


2


4


6


8


10


12


14


0
 0.5
 1
 1.5
 2


Air-gap (mm)


Lm
 (

m
H

)


(a)
 (c)
(b)


Fig. 5. Comparison of (a) the magnetising inductance (b) the primary leakage inductance and (c) the secondary leakage inductance between the adjacent
(line with rhombic points) and coaxial (line with triangle points) winding arrangements.

flux of each winding occupies different space. In the coax-
ial arrangement there is only one leakage component Fig.4
whose value depends on the relative position between the two
windings. As a result, the closer the windings are the better
the coupling is. Since, there is less space for the leakage flux,
the resulting inductance is smaller than that of the adjacent
windings. The magnetising inductance is similar in both cases
when a gap is present. This is expected as (1) instructs.

An important quantity for the rotating transformer is the
effective winding resistance. This is made of two components;
the AC and the DC resistance. The latter is the result of
the material’s electrical resistivity whereas the first one is the
result of the high frequency effects taking place in the winding
conductor when a high frequency current flows in it. Hurley
et al. [13] derived an equation for calculating the resistance of
a winding based on its structure and the current waveform.
The following analysis for the optimisation of the rotating

transformer windings is based on this method.

III. DESIGN AND OPTIMISATION

There are certain characteristics of an inductive interface
that make its use difficult in energy transfer applications. The
previous research has concentrated on the inductive interface
itself and limited work has been done on the surrounding
electronic parts. In this work the hypothesis is that the phase-
shifted full bridge topology can effectively utilise the parasitic
components of the transformer. According to the hypothesis
the increased magnetising current assists the resonant transi-
tion and this compensates for the increased conduction losses
that a rotating transformer yields.

The key target of the following design algorithm is the
minimisation of the conduction losses while securing the soft-
switching of the semiconductors. The conduction losses Pc of
the MOSFETs and the transformer are given by (3).
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Pc = I2

prms
(Rpeff

+ RDSon
) + I2

srms
Rseff

(3)

where Iprms
is the primary rms current, which is made

of two components; the reflected load current and the mag-
netising current. The reflected load current is simply equal
to the secondary current multiplied by the turns ratio of the
transformer. Also, Rpeff

is the primary winding effective
resistance and Rseff

is the respective secondary resistance.
Due to the magnetising component the primary current is

depended on the number of primary turns (or the size of the
magnetising inductance),

Im =
VinDTsw

2Lm

(4)

where Vin is the converter input voltage, D the duty ratio
of the switches and Tsw the switching period. Lm is given by
(1).

By combining (1) and (4) it becomes clear that for a
specific input voltage and duty ratio the magnetising current
is inversely proportional to the square of the number of turns,

Im =
α

N2
p

(5)

where

α = VinDTsw

(

lc

µ0µcAc

+
lg

µ0µairAg

)

(6)

There is a critical value of the current Im, below which the
resonant transition of the switches would not be successful
(under light or no load). The critical energy Ecr needed to
charge/discharge the capacitance of the MOSFETs is given
by,

Ecr =
1

2
CrV

2

in (7)

where the combined series capacitance is:

Cr =
8

3
Coss + Cxfmr (8)

Coss being the MOSFET inherent capacitance at Vin and
Cxfmr being the seen transformer capacitance. The critical
current Imcr

can be calculated using the following equation,

Imcr
=

√

2Ecr

Llk1

(9)

where Llk1
is the primary winding leakage inductance (or

a series-connected external inductor). Regarding the winding
resistance Reff , this is given by,

Reff = RDC +
Ψ

3
∆4RDC

[

I ′rms

ωIrms

]2

(10)

where each component is expanded in the Appendix.
Reff increases as the number of turns (hence, RDC and the

number of winding layers) increase. Fig.6 illustrates the effect
of the number of winding turns in the conduction and the
switching losses. These qualitative graphs visualise the main
design trade off; the number of turns is a critical parameter that
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Fig. 6. The trade off between switching and conduction losses

defines the magnetising current and thereby the soft-switching
capability and the conduction losses of the converter.

By adjusting the number of primary turns Np the designer
could essentially eliminate the hot spots in the converter. The
losses can be distributed between the power MOSFETS and
the rotating transformer according to their thermal resistance
and cooling capability.

The proposed algorithm (Fig.7) starts with the assumption
that the primary side semiconductors perform resonant transi-
tions for the entire range of output load. The major stages of
the algorithm are:

1) Set design specifications. The input and output voltages
(Vin and Vo), the frequency of operation, and the power
level of the converter should be specified. The type of
cooling that will be used as well as other details may
help the decision making during the execution of the
algorithm.

2) Select converter topology and components. During this
stage the designer selects the rectifier type (full wave,
current doubler). The calculation of the current and
voltage levels is essential to select the components,
transformer turns ratio etc

3) Decide on the soft-switching range. The resonant tank
components are calculated at this stage. The target is
a soft-switching operation under the entire range of
loads. The energy that is needed to charge/discharge the
MOSFET inherent capacitances must be calculated (7).
The magnetising inductance will provide the required
current to power the resonant transition. Hence, the
magnitude of the critical magnetising current Imcr

is
calculated using (9).

4) Select core shape and size. The appropriate shape for
a rotating transformer application is the pot core. Re-
garding the size of the core, the starting point would
be the calculation of the flux density using Amperes
law. To improve the coupling a big cross-sectional area
is needed. In a rotating transformer application the
limitation is rarely the high flux density (and hysteresis
losses). It is rather limited by the coupling requirements
(the length of the air-gap and the number of winding
turns). Once the core has been specified the required
number of turns can be calculated by solving (5) for Np

for a known critical current.
5) Winding optimisation. The winding optimisation algo-

rithm takes as input the winding geometry, the number
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Fig. 7. Flow chart of the design and optimisation algorithm

of layers and the rms values of the current waveforms.
It calculates the optimum values for the number of turns
and wire thickness in order to minimise the goal function
which is the overall conduction losses in the MOSFETs
and the transformer windings.

6) Check the voltage gain. After the transformer design
procedure has been completed an AC analysis is per-
formed to test the resulting voltage gain. If the duty cycle
cannot compensate for a possible impairment of the
voltage gain, the leakage inductance of the transformer
or the windings effective resistance (or both) need to be
minimised. This will most likely require the use of fewer
winding turns and possibly the increase of the magnetic
core cross-sectional area.

IV. EXPERIMENTAL VERIFICATION

To test the proposed algorithm a converter has been de-
signed following the 6-stage process described in the previous
section. The specifications for this converter appear in Table
I.

TABLE I

CONVERTER SPECIFICATIONS

Min. Nom. Max.

Input voltage (Vin) 250V 330V 380V

Output Power (Pout) 0W 1000W

Output voltage (Vo) 54V± 2%

Switching frequency (Fsw) 100kHz

The converter topology is the current doubler. This type
of rectifier/filter is preferred at high power levels (> 500W )
due to the good utilisation of the magnetic core. It has
also the ability to virtually double the secondary current
using two inductors whose currents add at the load. To step
down the voltage (worst case is for minimum input voltage)
a transformer turns ratio of approximately 2.125 is needed
with this type of rectifier. The maximum primary current
is approximately 5.8A. At the specified voltage and current
ratings IRFP450LC was the selected MOSFET. Two fast
recovery diode sets (BYP99P-200) were used as the secondary
side rectifier (although silicon carbide diodes or synchronous
rectification could be used to further improve the efficiency).

In the third stage of the algorithm the soft-switching range
of the converter must be specified. This is a proof of concept
design and therefore, we set the soft switching range from 0-
1000W (the full load range). Thus we will be able to weigh
the benefits from fully resonant transitions at low load against
the high conduction power losses at maximum loading. To
allow the converter to soft-switch at minimum load, the critical
magnetising current is 1.75A according to (9).

The next step is to choose the magnetic core type and
size. For a rotating transformer the most appropriate core
shape is the pot core due to its rotational symmetry. The
distance between the two core halves is very important as it
affects the electrical characteristics of the transformer and also
defines the cost of manufacturing. Precise ball bearings can
be used to achieve a air-gap clearance. The minimum distance
between the core halves that can be realised with low cost
ball bearings is in the range of a few tens of micrometres.
This would be very close to a conventional transformer in
terms of electrical behaviour. However, in this work we will
assume the need for a clearance distance of a millimetre. The
magnetising inductance needed is known from the previous
step, so the magnetic core should have adequate size to
produce the required inductance. After calculating the required
cross-sectional area Ac of the core (to achieve the maximum
possible magnetising inductance), P66/56 of the Ferroxcube
family is selected.

In the next stage, (3) is evaluated iteratively to produce the
3D graph appearing in Fig.8 and the optimum number of turns
and wire thickness are extracted from it.
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Fig. 8. Conduction power losses Pc with respect to the number of primary
turns Np and the wire thickness Dc

The resulting transformer has 17 turns of 14 strands of
SWG27 (0.4mm) wire in the primary and 8 turns of 28 strands
of SWG27 wire in the secondary. The windings are arranged in
a coaxial form (the adjacent arrangement resulted in excessive
winding resistances and leakage inductances). The electrical
characteristics of the transformer appear in Table II.

TABLE II

TRANSFORMER ELECTRICAL PROPERTIES

Property Value

Primary magnetising inductance 177.45µH

Primary leakage inductance 3.03µH

Secondary leakage inductance 2.55µH

Primary capacitance 5pF

Primary effective resistance 0.78Ω

Secondary effective resistance 0.042Ω

Finally, the voltage gain of the transformer is tested over the
load range (Fig. 9) using the transfer function presented in the
Appendix. The voltage gain should be adequate to produce
the desired output voltage under the worst case operation
(minimum input voltage and maximum loading).

The resulting converter efficiency readings appear in
Fig.10(a) and are compared with the readings of a conventional
PSFB. The duty cycles of the two circuits are also compared
in Fig.10(b) to demonstrate the voltage gain effect.

The passive to active transition waveforms appear in Fig.11.
The upper graphs refer to a PSFB with a conventional
transformer and an external inductor to assist the resonant
transitions. The lower graphs are for a PSFB with the rotating
transformer. The proposed converter demonstrates a resonant
operation for the entire load range whereas as seen in Fig.11(c)
the conventional topology partially resonates even at 1kW of
output power. The availability of more power in the resonant
tank of the proposed converter is also proven by the slope of
the Vds during the capacitance discharge.
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Fig. 9. The transformer voltage gain Gv as a function of the converter load
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Fig. 10. The PSFB (a) efficiency and (b) duty cycle with respect to the
load for the rotating transformer (solid line with triangular points) and the
conventional transformer (dashed line)

During the converter operation a shift of a portion of the
dissipated power from the rotating transformer to the power
semiconductors is observed. This is important for two reasons;
firstly, the transformer cooling is hard due to its core shape and
the lack of air circulation in the structure (unless the rotational
movement facilitates cooling). Secondly, it is advantageous to
have a uniform distribution of the dissipated power rather than
having hot spots in the power converter.

Finally, unlike the conventional converter, improving the
soft-switching capability of a converter with a rotating trans-
former is important even at minimum loads. This is because
the magnetising current could significantly contribute to the
switching losses.

V. CONCLUSION

The aim of this work is to eliminate the use of slip rings
for transferring power to the rotating parts of a device. This
is done by using a magnetic interface (rotating transformer).
The resulting converter is more economic, easy to manufacture
and reliable. The optimisation of the magnetic interface can be
achieved by using the derived equivalent electrical model. Its
electrical parameters can be tuned by adjusting the geometry
and layout of the windings. A design methodology is pro-
posed that optimises the integration of a rotating transformer
into a phase-shifted full bridge converter. It extends the soft
switching range of it, hence compensating for the increase of
the conduction losses due to the poor coupling coefficient. A
1kW prototype is evaluated and the results demonstrate an
efficiency similar to that of the conventional topology (around
90%).
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(a) (c)(b)

Fig. 11. Gate-source Vgs and drain-source Vds voltages of the passive to active leg MOSFETs for different output power levels (a) 10W (b) 500W (c)
1000W. The upper graphs are of a conventional PSFB and the lower ones for a PSFB with a rotating transformer

APPENDIX

Reff = RDC +
Ψ

3
∆4RDC

[

I ′rms

ωIrms

]2

(11)

Ψ =
5p2

− 1

15
(12)

∆ =
d

δ0

(13)

where RDC(N) is the DC resistance which is a function
of the number of turns N , dc is the wire thickness, p is
the number of winding layers, Irms is the rms value of the
current and I ′

rms is the rms value of the derivative of the
current flowing in the winding. The penetration depth δ0 at the
cyclic frequency ω, in a conductor of material with magnetic
permeability µ0 electrical conductivity σ is given by,

δ0 =

√

2

ωµ0σ
(14)

Regarding the voltage gain, we assume a sinusoidal wave-
form at the fundamental frequency of the transformer current
waveform and use the transfer function to work out the gain.

GV (s) =
sγ

s2δ + sε + ζ
(15)

γ = LmRo (16)

δ = L1Lm + L1L2 + LmL2 (17)

ε = LmR2 + LmRo + L1R2 (18)

+L1Ro + R1Lm + R1L2

ζ = R1R2 + R1Ro (19)

The rectifier/load circuit is approximated by a single resistor
element Ro of value (π2/8) · Rload where Rload is the real
load resistance. This is done to avoid the complications caused
by the non-linear behaviour of the rectifier circuit. Although

this assumption [4] has been made for a resonant converter
(with sinusoidal waveforms) it has been found to give accurate
enough results for the purpose of engineering design.
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