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Abstract

The High Frequency Coaxial Transformer (HFCT) has been successfully used in

many areas.  It has many benefits and advantages compared with other transformer

products. Thus, demand for HFCT design and device development is increasing. 

Conventionally,  all  the  related  design  procedures  for  the  HFCT rely  on  the

implementation of electromagnetic equations on paper. The device model needs to be

manually drawn by an engineer and simulated with software.  There is no existing

software that can help the engineer to design the device and automatically build the

model.  On the other hand, the simulation and optimization for the device requires

hardware resources, and a personal computer is limited in this regard. Even if the

device is developed and the prototype is made, the device still needs to pass EMC

testing in order to be labelled. However, many research groups and companies cannot

afford to build an EMC lab.

A solution is  proposed to solve the above issues. The HF transformer design

virtual  laboratory  is  developed  and  tested.  It  is  a  computer-based  system,  which

provides the following:

1. Computer  software,  which  can  be  used  to  design,  model,  simulate  and

optimize a HF transformer device. It is based on computational electromagnetics and

numerical  geometric  techniques.  The  engineer  can  use  the  software  to  adjust  the

device structure and obtain a FEM simulation result.

2. A cluster system, which can provide a high performance and high availability

computing  environment  to  support  the  transformer  design  software.  It  provides

convenient  services  to  the  end-user,  such  as  remote  access,  shared  resources,

collaborative work and parallel computing.

3. A 3D scanning system, which can pre-test the device before sending it to the



EMC lab. It is a much cheaper system compared to building an EMC testing lab.

Many case  studies  have  been  used  to  test  the  design  virtual  laboratory.  The

system successfully proves its capability in device design, simulation and testing. By

using the system, the engineer can develop a reliable HF transformer device in a short

development  time  period,  compared with  the  conventional  HF transformer  device

design method. 

Although, an experienced engineer can deliver a well-designed HF transformer

as well. The advantage of the integrated HF transformer design laboratory is that, the

system  is  not  only  provide  design  function,  but  also  the  modelling,  simulation,

optimization and measurement functions as well. It provides a convenient method to

design a HF device from the sketch to the prototype. 
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1. Introduction

1.1.Background and Current Industry Issues

1.1.1. High Frequency Coaxial Transformer 

A transformer is  a static electrical  device, which can transfer power between

circuits through the use of electromagnetic induction[ CITATION HHJ \l 1033 ]. The

ideal  power  transformer  can  instantaneously  and  efficiently  transfer  the  external

electrical  energy  source  to  its  external  load.  However,  a  transformer  with  a  low

operating frequency is normally the heaviest and most expensive piece of equipment

in the electrical distribution system [ CITATION ARA03 \l 1033 ]. Harold proposed

three  ways  to  produce  a  smaller,  more  efficient  transformer  with  lower  losses

[ CITATION Har \l 1033 ]. These include: 

1. Modifying the construction of the open core and coil

2. Increasing the working flux density of the core

3. Increasing the operating temperature of the coil

According to the research [ CITATION Sip02 \l 1033 ], the most effective way to

design a smaller, high performance transformer is to increase the operating frequency

of the transformer  [ CITATION ARA03 \l 1033 ]. As a high frequency device, the

High Frequency Coaxial  Transformer  (HFCT)  can  be  used  in  any energy storage

system such as an electric vehicle or an energy bank[CITATION LuJ05 \l 1033 ]. 

Therefore, more and more engineering projects have focused on the design and

development of the high frequency transformer. The traditional methodology used to

design a high frequency transformer relied on the experience of the engineer,  and



software simulation. It was difficult to optimize the design and predict the result of

the transformer’s performance at high frequency and high power density. This is due

to the fact that when the transformer  is  working at a high frequency, it will cause

many side-effects, such as eddy current distribution in the windings and power loss

inside the transformer.  These effects are not easy to be manually calculated.

In recent years, engineers have begun to use computers as a high performance

development  tool  to  assist  with  their  design  work.  Many  research  groups  and

engineers have begun using FEM (Finite Element Method) software tools to simulate

the high frequency and high magnetic physics in order to study the HFCT’s working

performance.  There  are  many  successful  software  packages,  such  as  COMSOL,

Ansys[ CITATION Wat12 \l 1033 ] or CST. They provide a convenient, efficient FEM

simulation and a high performance computing environment. However, the simulation

requires engineers to firstly design a device model, and these software packages aren’t

available for this task. There is a high need for developments in transformer design

software,  which  can  help  engineers  design  the  device  model.  This  includes  the

calculation of the device design requirements and geometry modelling.

1.1.2. Design, Modelling and Simulation

Computational electromagnetic (CEM) modelling techniques are now an integral

part  of  design  in  engineering  practice.  They  can  be  used  to  solve  real  life

electromagnetic compatibility (EMC) problems and help industry to provide better

devices and equipment. Traditional EMC device testing needs a developed physical

prototype or an existing piece of equipment to be put in a test-house at the post-design

stage.  It  is  time  consuming  and  very  expensive.  By  comparison,  computational

modelling  and  simulation  is  potentially  much  faster  and  cheaper.  It  is  also  very

flexible and allows engineers to easily access, monitor and modify the interested area

inside  the  design.  Therefore,  EMC  computer  modelling  and  simulation  plays  an



important role in scientific research and industry applications.

 With the rapid growth of microelectronics and computer technologies, cluster-

based high performance parallel computers are becoming more and more powerful

and  cost-effective.  This  provides  a  new  opportunity  to  apply  computational

electromagnetics technologies to challenging problems in EMC computer modelling

and  simulation.  Since  computational  techniques  extend  from numeric  analysis  to

visualization analysis, the demand for innovative visualization techniques has become

stronger  and  stronger.  Visualization  is  closely  related  to  high  performance

computation  using  visualization  techniques  to  deal  with  complex  dynamic

electromagnetic system problems. Data analysis and visualization play critical roles in

EMC simulation, and visualization techniques for computational electromagnetics in

EMC promise to radically change the way research groups analyze their results. A

high performance computing and visualization system will provide a powerful data

processing  environment  that  includes  cluster  computer-based  high  performance

computing,  visualization  software  and  hardware,  parallel  computation  and

optimization algorithms.

In  addition,  a  transformer  design  tool  needs  a  high  performance  computing

environment in order to do the FEM simulation; hence a high performance computing

cluster system will be necessary.



1.1.3. Testing and Measurement

Source Victim

Conductive

CapactiveInductive

Radative

Figure 1 Electromagnetic Interference

As shown  in Figure 1, an electronic system can be divided into two parts;  the

internal  system  (source),  and  the external  system  (victim).  The  signal, which  is

produced by the source system, can affect the victim system. The signal of the victim

system might be blocked due to the signal of the source system. This is also known as

electromagnetic interference (EMI). Once the EMI occurs, it blocks the signal of both

the source and victim systems.

Electromagnetic  compatibility  (EMC) and electromagnetic  interference  (EMI)

are  unintentional  studies  when  studying  generation,  propagation  and  reception  of

electromagnetic  energy.  Specifically,  EMI  refers  to  the  radiation  emitted  and  its

resulting effects, which are mostly unwanted.

The purpose of an EMC study is to minimize electromagnetic interference (EMI)

from electrical and electronic devices, vehicles or other devices that may diminish the

performance  of  other  electrical  devices  or  disrupt  essential  communications

[ CITATION ACM14 \l 1033 ].

Therefore, it would be beneficial to analyze the  signal of the  electronic device

before  it is  put  on the market. There were many laboratory  tests carried out on the



electronic device to investigate the reason  for the  signal blockage.  These tests were

undertaken in an EMC testing laboratory.

The  EMC  laboratory  was  built  and  set  up  for  testing  signals produced  by

electronic devices. Figure 2 below shows the interior of an EMC laboratory. 

Figure 2 EMC Lab

To build an EMC laboratory, at least two of the following are required:

1. EMC testing equipment

An EMC  laboratory should  be  equipped with state-of-the-art electronic testing

instrumentation. These instruments can  cost anywhere from one  hundred dollars to

millions of dollars. 

2. Working environment

The testing environment  is referred to as a  semi-anechoic chamber or anechoic

chamber.  The  wall  of  the  chamber  requires radiation  absorbent  material  (RAM),

which is very expensive.

In Australia, the labelling of electronic devices is compulsory, which means all

electronic devices must meet EMC standards. The EMC regulatory arrangement of

the Australian Communications and Media Authority (ACMA) specifies mandatory

emission  standards  for  a  wide  range  of  electrical  and  electronic  devices.  The

Australian Communications and Media Authority (ACMA) is an organization of the

Australian Government [ CITATION ARA03 \l 1033 ].  Therefore, EMC lab testing is

essential for all electronic devices.  Establishing a traditional EMC lab costs a lot of



money and requires significant technological support; hence,  an  electronic  device

designed by a small research group or company couldn’t bear the cost of EMC lab

building. 

Alternatively, the smaller research group or company can send their device to the

third party EMC lab and obtain EMC testing results by paying the lab. However, if the

device fails the test, it needs to be redesigned and retested, which will increase the

cost of developing the device. 

In order to reduce the cost of developing the device, and improve the likelihood

of  the  device  passing  the  test,  two  alternative  solutions  were  proposed  after  this

research.  The  first  solution  focused  on  establishing  a  computer  based,  EMC

simulation environment, which can provide EMC simulation results to help engineers

improve their device design. The second solution focused on the development of a

cheaper  EMC  testing  device,  which  can  perform  similar  functions  as  an  EMC

chamber.  Both  solutions  can  provide  a  probable  testing  result  before  sending  the

device to the real EMC chamber. Both of them can help engineer to improve their

device design, and increase the possibility to pass the EMC test.

1.2.Integrated Virtual Electromagnetic Compatibility 

Lab

As discussed above, the traditional method of magnetic design is based on the

experience and knowledge of the engineer.  This process is shown in  Figure 3. To

adapt the designed magnetics to the requirements, the transformer designer manually

chooses parameters such as winding turns, core materials and conductor dimensions.

After the transformer is designed, the first prototype needs to be sent to the EMC lab

for testing and labelling. If the device fails the test, the engineer needs to redesign the

transformer by changing the design parameters or structure. The traditional method of

magnetic design is usually time consuming before getting to the final  stage of  mass



production.

Requirement 
Analysis

Magnetic 
Circuit Design

Winding 
Design

Structure 
Design

Prototype 
Production

Testing Pass? Manufacturer

N

Y

Figure 3 Traditional HF Transformer Design Procedure

Alternatively, an experienced designer can develop a HF magnetic device much

faster, but this requires immense knowledge and experience (both in magnetic and

electric  fields).  Training  such  skilled  engineers  takes  time  and  requires  many

resources.  Even if  the magnetic  design engineer  is  fully  trained,  the final  devices

might still  be faulty or unsuitable because of human errors. Thus, a robust design

platform is introduced in this thesis to solve this  problem. This design platform is

specifically for HF magnetics, which is used in applications such as renewable energy

converter systems and electric vehicle on-board charging systems. 

By  employing  a  high  performance  parallel  computing  system,  the  platform

design speed is much faster than human effort alone. The platform can automatically

calculate  and  design  the  transformer’s  structure,  and  generate  the  geometrical

modelling file. The modelling file can be imported into FEM simulation software,

which  can  then  optimize  the  structure.  The  built-in  database  provides  material

selection and ring core information.  The database also contains different litz wire

winding structures for modelling purposes. Moreover, the optimization function can

improve the transformer winding structure in order to obtain the trade-off of coupling

capacitance  and  leakage  inductance,  and  solve  HF  electromagnetic  problems.

Compared  to  the  traditional  magnetic  design  method,  high  performance  parallel

computing systems can  effectively reduce the design process from months to days,



with an optimized design solution as the result. 

1.2.1. Proposed Solution for Current HF Transformer 

Design Issues

In order to solve the relationship between the traditional method and the FEM

numerical  method  for magnetic  designs,  a  robust  design platform is  designed and

introduced in this thesis. The basic concept of the platform is shown in Figure 4.

Material 
Selection

Magnetic 
Circuit Design

Winding 
Design

Structure 
Design

Geometric 
Modelling

FEM 
Simulation

Optimization Manufacturer

Figure 4 HF Transformer Design Platform

The  traditional  HF  design  method  requires  human  experience  and  repeated

calculations.  The  platform  can  finish  the  magnetic  circuit  design  calculation  in

seconds,  which  is  attributed  to  the  computer’s  speed.  The computer  database can

replace  the  manual  work  of  engineers.  By establishing  a  material  database  and a

winding structure database, the platform can select the material and ring core based on

the magnetic circuit design results and requirements. The platform will provide the

engineer with multi design results in one calculation cycle instead of in single results

(if the platform was not used).

On  the  other  hand,  FEM  calculation  is  complex  in  the  traditional  method.

Although there are many FEM simulation software programs that can be employed

for the computing, engineers still need to be trained to operate the software. In order



to simplify the FEM software operation, MATLAB is used to define the geometry of

the transformer structure as a modelling tool. By generating a geometrical modelling

file, the MATLAB API can communicate with the other FEM simulation tools for the

electromagnetic  field  calculation  [15].   Thus,  the  engineer  is  not  required  to  be

familiar  with  FEM  software  operation.  MATLAB  is  also  used  to  control  the

optimization  procedure.  MATLAB  can  also  generate  an  objective  function,

communicate with different computers,  and control them as they work in parallel.

However, because MATLAB is a slow program, the platform also employs Java to

control the optimization procedure [16].  The programming combination provides a

convenient  way  to  parallel  the  optimization  procedure,  and  significantly  improve

computing performance.

1.2.2. Research Goals

The goal of this research is to develop a new HF transformer design environment

for  the  HFCT engineer,  which  includes  HFCT magnetic  design,  winding  design,

automatic  modelling  and  simulation.  A computing  environment  can  provide  high

performance computing hardware resources for software running and simulation. An

EMC testing environment will  also be developed to replace the current EMC lab,

which is more convenient and cost-effective.

The research solution should have the following features:

1. Design

The tool should be able to design the HFCT by giving the calculation result to the

engineers based on the mathematic equations. 

2. Modelling

The tool should be able to build HFCT models and provide a graphical modelling



view  to  the  engineer.  Moreover,  the  modelling  should  be  able  to  perform  the

simulation.

3. Simulation

The engineer should not be required to build models in the simulation software.

The tool should be able to build a simulation model and finish the simulation task.

4. Optimization

The tool should provide the optimization function in order to optimize the design.

5. High Performance

A cluster system should be constructed in order to provide  a  high performance

computing environment for the design tool.

6. Measurement

An anechoic chamber is not suitable for most EMC testing because of the high

cost involved. An alternative solution should be proposed, and a new measurement

tool  established,  to  test  and  analyze  electronic  devices  in  relation  to  the  EMC

standards.

1.2.2.1. Integrated Virtual EMC Lab
An Integrated Virtual Electromagnetic Compatibility Lab is proposed in order to

solve the current issues in the high frequency transformer design industry.  In this

research  three  components  are  designed  and  tested.  A  Virtual  Electromagnetic

Compatibility (VEMC) cloud computing  system is  a  cloud and cluster  computing

system, which provides a high performance environment for HF design, modelling

and  simulation.  A high  frequency  transformer  design  tool  is  a  MATLAB  based

software tool, which can assist engineers in transformer design and simulation. 3D



near-field scanning can provide 3D EMC testing instead of the conventional EMC

chamber.

1.2.2.2. VEMC Cloud Computing System
As proposed above, the VEMC system provides cloud computing services to the

software.  Cloud  computing  is  defined  as  a  model  which  enables  convenient  on-

demand  network  access  to  a  shared  pool  of  configurable  computing  resources

[CITATION  占位符 1 \l 1033 ]. The VEMC is a cluster computer system, which

combines  multiple  technologies,  including  computational  electromagnetics,

virtualization, and parallel computing, in a cloud computing environment. It has six

features, which are listed as follows: 

On-demand: The computer hardware resources, such as CPU, memory, and hard

disks can be allocated and removed within seconds at the request of the end-user. The

user can set up a new operating system by importing the pre-installed OS image file in

a few minutes. 

Virtualized: The operating system is virtualized, installed and launched on the

host  computer.  The  system  image  can  be  easily  maintained  and  updated  by  the

administrator. The users are shielded from the details of the underlying architecture

and work with virtual resources allocated to their applications. 

Scalable: All computer nodes in the VEMC system can be added and removed

as needed. The VEMC system provides three different scales, which depend on the

system requirements. 

Measured service: The VEMC cloud computing system automatically controls

and optimizes resources by a load balance control system. Resources are monitored,

controlled and reported to both the service provider and user. 

Internet powered: It supports the World Wide Web services and the end-user can

access the system through both the web browser and its client application. Therefore,



the VEMC has  the  capability  to  provide services  over  the network and it  can  be

accessed  through  thin  or  thick  client  platforms.  It  does  not  require  a  hardware

configuration from the end-user’s computer. 

Low cost:  The  architecture  of  the  VEMC is  variable.  It  can  be  set  up  and

implemented depending on the research requirements. Any computer can be re-used

and assigned as a computing node and added to the VEMC system. 

1.2.2.3. High Frequency Transformer Design Tool
This  research  makes  the  following  contributions  to  the  current  body  of

knowledge on HFCT design:

1. Automatic HFCT Design

The  HFCT  design  tool  can  be  used  to  assist  engineers  in  the  design  and

calculation of a HFCT device. Based on high speed computing,  the design cost is

lower  than  that  using  the  traditional  methodology.  Design  by  engineers  relies  on

human experience, and sometimes those experiences can limit the variability of the

device.  The  software  can  calculate  and  provide  more  options  and  results  to  the

engineer.

2. Combined Modelling and Simulation

The current simulation process relies on software such as Ansys or COMSOL.

However, to operate this software the engineers must be well trained. The software

provides  an  application  interface  and internal  channel  to  link  model  building  and

simulation. The user does not need to be overly familiar with the software operation,

but rather needs to focus more on the analysis of design results.

3. Cloud Computing System

The  high  performance  of  the  design  tool  is  a  result  of  the  cloud  computing



system,  which  is  known  as  the  Virtual  Electromagnetic  Compatibility  System

(VEMC) [ CITATION LiH05 \l 2052 ][ CITATION LiH12 \l 2052 ]. It provides a high

performance,  computing  environment  and  cloud  service  to  both  the  user  and  the

design tool. The user can access the system and design the device anywhere and at

any time. 

4. Integrated System

The automatic  HFCT design,  modelling  and simulation  system creates  a  new

integrated system. Every step of the HFCT design procedure can be done through one

software system. It proposes the concept of building up a virtualization laboratory to

solve  current  electromagnetic  problems.  Moreover,  the  development  approach and

methodology in this research can be implemented in other areas, such as IC software

design.

1.3.Chapter Summary

This  thesis has six chapters including the Introduction.  In the Introduction,  a

brief overview was given to present the current industry issues in HF transformer

design. A solution, which is the integrated high frequency transformer design virtual

laboratory, was proposed in order to solve the current issues.

Chapter 2 illustrates the basic concept of the integrated virtual laboratory as well

as the theory used to design the high frequency transformer and the FEM simulation.

In addition, in order to optimize the design, two optimization algorithms are given.

The last  part  of this  chapter  presents  the theory in  relation to  establishing a high

performance computing environment.

Chapter 3 illustrates the methodology for the program using the high frequency

transformer design tool based on the theory described in Chapter 2. An 8 kW coaxial

transformer design procedure is given as a case study.

Chapter 4 describes the VEMC system, which is a high performance computing



environment that can provide reliable computing resources for the HF transformer

design tool and FEM simulation.

Chapter 5 illustrates the 3D near-field scanning method as a way of testing and

measuring the designed device. A case study is given as an example.

The  final  chapter  reviews  the  HF  transformer  design  virtual  laboratory  and

outlines ideas for future research.



2. Literature Review and Theory

2.1.Transformer Design Theory

In order to design and program a software tool, which can provide calculation

and  modelling  functions  to  an  HF  designer  (and  advise  them  of  device  design

parameters), HF transformer design theory must be studied. Therefore, this chapter

outlines the equations required to design a transformer. 

2.1.1. Magnetic Circuit Design

As shown in Figure 5, the HF transformer design starts from the magnetic circuit

design. The engineer is required to choose the material for the magnetic circuit, and

the size of the core. The following equation is needed:

μ=B /H  2.1

where μ is the magnetic permeability, B is the magnetic flux density, and H is the

magnetic field strength. 



L
O
A
D

V2V1

i0

φm 

Z2e2e1 N1 N2

Primary
Winding 1

Secondary
Winding 2

Figure 5 A Magnetic Field Generated by a Current Carrying Conductor

In Figure 5, the relationship between B, μ and H can be obtained.

The following equations were used in the design tool:

Induced voltage equation [CITATION KSA04 \l 1033 ]:

e1=kfN Bmax Ac 2.2

where  f is  the  operating  frequency,  N is  winding  turns  (either  primary  or

secondary), Bmax is the maximum flux density, and Ac is the cross sectional area of the

magnetic  circuit.  Equation  (2.2)  was derived originally  based  on Faraday's  law of

induction and it  has now been commonly  used  for  transformer  design  in  different

applications. The constant is determined by the form factor of the excitation source

that  an  excitation  source  of  square  wave  is  having the  constant  of  4  whereas  an

excitation source of sinusoidal wave is with the constant of 4.44. In our applications,

that, the design of high frequency coaxial transformers are mostly deployed with dual-

active  bridge  switching  topology  in  which  its  having  mostly  the  square  wave  of

excitation. Although there are also other higher order harmonics being involved but

presumably to be negligible. Thus, the constant factor of 4 is being selected and used. 

The cross selection area of the magnetic circuit Ac can be found by:

Ac=
e1

4 f N1 Bn
(m2

) 2.3



The Ac is an evaluated value. Based on this result, the ring core can be searched

in the database. The selected core will be used for the following procedure.

2.1.2. Winding Design

As shown in Figure 6, the transformer winding structure permits the selection of

a  core  on the  basis  of  the  area  product  being  proportional  to  the  power-handling

capability of the transformer. In other words, the amount of copper (wire) and the

amount of iron (ferrite or other appropriate core material) determine the total power

capability of the transformer.

Ring Core

Winding 
Build

Figure 6 Transformer Winding Structure

AP=W A ∙ A c=
P0

2 ηf Bm Jm K P
(m4

) 2.4

where:

AP The area product.

W A The area of the magnetic core window.

Ac The effective core area. 

P0 The apparent power (volt amp)

Jm The current density.

K P The window utilization factor.

η The efficiency of the transformer.

The relationship  between current  density  and wire  area can  be shown as  the

following equation:



Because:

P=e×i=4 fN Bmax A core JS 2.5

Therefore:

S=
P

4 fN Bmax A core J 2.6

where S is the wire area, P is the power of the transformer, and J is the current

density.

When considering the skin depth at working frequency  f , the diameter of the

copper wires should be double that of the skin depth. 

R=
d
2=2∗(

δ
2 )=δ 2.7 The

skin depth is calculated by

δ=√
2 ρ

(2 πf )(μ0 μr)
≈ 503√

ρ
μr f 2.8

where

δ the skin depth in meters

μr
 the relative permeability of the medium

ρ the  resistivity  of  the  medium in  Ω·m,  also  equal  to  the  reciprocal  of  its

conductivity: ρ=1/σ (for Copper, ρ = 1.68×10-8 Ω·m)

f the frequency of the current in Hz

Then:

S=N × π R2 2.9

Therefore, the winding structure can be drawn and modelled based on the copper

wire parameters.

2.1.3. Design Verification and Analysis

From the B-H curve the value of H can be indexed through the selected B., then



Fno−load=H c lc 2.10

where  H c is  the  magnetic  field  strength  and  lc is  the  average  length  of  the

magnetic circuit. 

For the no-load case, the estimated magnetizing current i0 will be:

i0=Fno−load/ N1 2.11

The peak current for the no-load case will be the same as the magnetizing current

i0:

i0=
H c lc

N1
2.12

N1 is the number of primary windings.

With  the  full  load  case,  the  net  mmf(magnetomotive  force)  is  required  to

establish a flux in the ideal core. That is:

net mmf =N1 I1−N 2 I 2 2.13

Where N2is the number of secondary windings.

The volume of the magnetic core AL can be calculated by using Equation 2.14

AL=A c × lc 2.14

Where Ac is the cross selection area and lc is the core mean path length.

The AL can be used for core power loss calculation:

Power loss of magnetic ferrite: 

Based on magnetic material specifications, the power loss can be found, thus the

total power loss in the magnetic material is:

Pc=Plossdensity × A L 2.15

Where Plossdensity is the power loss density of the magnetic material.



Power loss of copper for primary and secondary windings: 

Pw=I 2 R 2.16

Total power loss:

Pl=Pc+Pw 2.17

Power efficiency:

η=
Pinput−(P c+Pw)

Pinput
2.18

Eddy current losses refer to simulation results.

The following equations were implemented to verify the device design.

The equation for Area Product Ap

Permits the selection of a core on the basis of the area product being proportional

to the power-handling capability of the transformer. In other words, the amount of

copper  (wire)  and the  amount  of  iron  (ferrite  or  other  appropriate  core  material)

determines the total power capability of the transformer.

AP=W A ∙ AC=
P0

2ηf Bm J m K P
(m4

) 2.19

Based on the  Ap calculation equation, the total power can be verified by using

Equation 13:

P0=A p× 2πf Bm J m K p 2.20

where Ap = area product (m4), WA is the area of the magnetic core window, and Ac

is the effective core area.

Ac=2
Φ1−Φ2

2 × h 2.21

WA = window area (m2), 

W A=π (
Φ1−Φ2

2 )

2

  2.22



2.2.FEM Simulation

The  FEM  simulation  equation  and  its  theory  is  based  on  the  following

references:  [ CITATION Col80 \l 1033 ],[ CITATION Fle08 \l 1033 ],[ CITATION

Mon03 \l 1033 ] and[ CITATION COM14 \l 1033 ]

2.2.1. Magnetostatics Equation 

To derive the magnetostatics  equation,  the FEM simulation solver starts  with

Ampère’s law for static cases ∇× H=J   The current is:

J=σ v × B+J e 2.23

where Je is an externally generated current density, and v is the velocity of the

conductor.

Using  the  definitions  of  magnetic  potential,  B=∇× A and  the  constitutive

relationship, B=μ0( H+ M ), Ampère’s law can be rewritten as:

∇× ( μ0
−1 ∇× A−M )−σ v × (∇× A )=Je 2.24

which is the equation used in magnetostatics. 

2.2.2. Frequency Domain Equation

To derive the time harmonic equation,  the FEM simulation solver  starts  with

Ampère’s law including displacement currents (called the Maxwell-Ampère’s law),

since these do not involve any extra computational  cost  in the frequency domain.

This is:

∇× H=J+
∂ D
∂ t =σ E+σ v × B+J e+

∂ D
∂ t 2.25

Now assume time-harmonic fields and use the definitions of the fields, so that:



B=∇× A

E=− j ω A 2.26

and combine them with the constitutive relationships B = μ0(H + M) and D = ε0E

to rewrite Ampère’s law as:

( jωσ−ω2ε 0 ) A+∇× (μ0
−1 ∇× A−M )−σ v × (∇× A )=J e 2.27

2.2.3. Transient Equation

The transient equation solves Ampère’s law, and here it includes the relationship

B = μ0(H + M). 

σ
∂ A
∂ t +∇× ( μ0

−1 ∇× A−M )−σ v× (∇× A )=J e 2.28

2.2.4. FEM Simulation Methodologies in the COMSOL

2.2.4.1. Maxwell’s Equations
The  problem of  electromagnetic  analysis  on  a  macroscopic  level  is  that  the

solving of Maxwell’s equations is subject to certain boundary conditions. Maxwell’s

equations are a set of equations, written in differential or integral form, stating the

relationships  between the fundamental  electromagnetic  quantities.  These quantities

are:

• Electric field intensity E

• Electric displacement or electric flux density D

• Magnetic field intensity H

• Magnetic flux density B

• Current density J

• Electric charge density ρ



The  equations  can  be  formulated  in  differential  form  or  integral  form.  The

differential form is presented here because it leads to differential equations that the

finite  element  method  can  handle.  For  general  time-varying  fields,  Maxwell’s

equations can be written as:

∇× H=J+
∂ D
∂ t  

∇× E=
−∂ D

∂ t  
∇ ∙ D=ρ 
∇ ∙ B=0  2.29

The  first  two  equations  are  also  referred  to  as  Maxwell-Ampère’s  law  and

Faraday’s law, respectively. Equations three and four are two forms of Gauss’ law: the

electric and magnetic forms, respectively.

Another fundamental equation is the equation of continuity:

∇ ∙ J=
−∂ ρ

∂ t 2.30

Out of the five equations mentioned, only three are independent. The first two,

combined with either the electric form of Gauss’ law or the equation of continuity,

form such an independent system. 

2.3.Optimization Algorithm

2.3.1. ANN Optimization

Artificial  Neural  Networks  (ANNs)  are  computational  models, which  are

inspired  by  an  animal  central  nervous  system.  It  can  be  used  to  estimate  or

approximate functions, which are dependent on large scale variable inputs. 



An artificial neural network has many benefits compared with a brain. It is

nearly one million times faster in terms of computing speed, can process in parallel,

and provide interconnecting storage.  Moreover, it has a good control mechanism

with  high  fault  tolerance.  Equation  2.33  shows  a  McCulloch-Pitts

model[ CITATION McC43 \l 1033 ]:     

y j=∑w ij x i−θ j 2.31

where θ is the neuron’s activation threshold, and w ij x i is the input.

By training the ANN, it can “learn” the potential relationship between selected

input/output parameters. Thus, the ANN can assist engineers in the determination of

the magnetic circuit design, materials selection and even structural design. 

Based on the ANN “black box concept”[ CITATION Nus00 \l 1033 ], the ANN

system diagram is shown in Figure 7 ANN Implementation Diagram in a Platform.

The  ANN  algorithm  in  the  present  study  is  a  so-called  supervised  training

methodology.  The network obtains  the data  from the database and determines  the

corresponding target Z. The engineer engages the design process as a supervisor and

provides the target result ZT based on the FEM solver result. The iterative differences

between Z and ZT can be reduced by evaluating the ZT and adjusting the weights. In

this  platform,  between  each  design  procedure,  the  ANN  engages  the  design  and

provides the selection results to the engineer.
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Figure 7 ANN Implementation Diagram in a Platform

2.3.2. NSGAII Optimization

After the device simulation, most devices will be optimized for performance and

EMC impacts on other devices. This is to improve the performance of the device,

There  are  many  mathematical  algorithms  that  can  implement  the  optimization

function. Figure 8 presents a well-known optimization algorithm known as NSGAII.
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Figure 8 NSGAII Optimization Flow Chart

NSGA is a popular non-domination based genetic algorithm for multi-objective

optimization. It is a fast and effective algorithm but it has been generally criticized for

its computational complexity, lack of elitism and for choosing the optimal parameter

value  for  the  sharing  parameter  σshare.  A modified  version,  NSGAII[  CITATION

Deb02 \l 1033 ], was developed, which has a better sorting algorithm, incorporates

elitism,  and requires  a  “no sharing” parameter  to  be chosen a  priori.  NSGA-II  is

discussed in detail here.

2.4.High Performance Computing

Computational electromagnetic (CEM) modelling techniques are now an integral

part  of  design  in  engineering  practice.  They  can  be  used  to  solve  real  life

electromagnetic compatibility (EMC) problems and help industry to provide better

devices and equipment. Traditional EMC device testing needs a developed physical

prototype or existing piece of equipment to test  in a test-house at  the post-design



stage. This is time consuming and very expensive in terms of cost. By comparison,

computational modelling and simulation is potentially much faster and cheaper. It is

also very flexible in that it allows engineers to easily access, monitor and modify the

area of interest inside the design. Therefore, EMC computer modelling and simulation

will play an important role in scientific research and industry applications.

The virtual electromagnetic compatibility (VEMC) system is a high performance

distributed  and  parallel  computation  and  visualization  system  designed  for  the

requirements  of  high-load  EMC  modelling,  simulation  and  optimization  tasks.

Parallel  and distributed computation is supported using the central  processing unit

(CPU)  plus  graphic  processing  unit  (GPU)  architecture.  It  integrates  a  full

electromagnetic  modelling  and  simulation  environment  with  various  pre-defined

module libraries and templates. The system uses the cloud computing concept to offer

users  a  remote  working  environment  on  the  modelling  and  simulation.  With  this

system, users do not need to install a large amount of professional software. They can

access system resources via an available internet connection and accomplish relevant

EMC simulation and modelling works anywhere. It also provides multiple users with

a  friendly  graphic  user  interface  (GUI).  The  cost  of  the  entire  system  is  well

controlled compared to professional supercomputing cluster structures because it is

low cost, computer cluster based. As shown in Figure 9, it is a conceptual architecture

for a VEMC system.
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Figure 9 Conceptual architecture of VEMC system



2.4.1. CPU-GPU Computation Technique

Heterogeneous computation is  possible  where applications use both CPU and

GPU thanks to the CPU and GPU architecture. Serial applications are run on the CPU

while parallel applications are off-loaded to the GPU. The CPU and GPU are separate

devices with their own separate DRAMs and there is a built-in global memory, which

is accessible by both the CPU and GPU for data transfer. This structure also allows

simultaneous  computation  on  both  the  CPU  and  GPU  without  conflict  between

memory resources. 

CPU

ChipsetDRAM

Host Device
DRAM

Local Memory

Global Memory
Registers Shared Memory

Multiprocessor
Multiprocessor

MultiprocessorGPU

Figure 10 CPU-GPU computation structure

Why GPU?
GPU  computing  or  general-purpose  computing  on  graphics  processing  units

(GPGPU) is used to do general purpose scientific and engineering computing. The

GPU  can  boost  computation  performance  in  the  heterogeneous  co-processing

computing model. From a physical structure point of view, a GPU has hundreds of

computation cores compared to the multiple cores in a CPU. A GPU is more suitable

to  matrix  element  calculation  than  a  CPU.  Scientific  research  has  found  that  the

computation performance of a GPU is tens or hundreds of times faster than a CPU

when the computation involves massive elements. The difference is significant when

the number of elements increases. An example of a computing performance analysis



can be found in Owens’s paper  [ CITATION Owe08 \l 1033 ]. It shows that a GPU

can  undertake  high-performance  computing  for  massive  numbers  of  elements.  In

Figure 11, when the number of elements increases to 107, the CPU will take 100ms to

finish the task while a GPU will only require approximately 3ms. Therefore, a GPU is

a powerful computation unit that is effective and reliable.

Figure 11 CUDA Computing Performance vs. CPU

nVidiaTM has developed a cluster computing support GPU, which is called the

TeslaTM 20-series. A GPU cluster is a computer cluster in which each node is equipped

with a GPU. By harnessing the computational power of modern GPUs via a GPGPU,

very fast calculations can be performed with a GPU cluster. However, the TeslaTM 20-

series belongs to a high-end GPU computation family, which is very expensive. In the

prototype system of the VEMC, a GPU which uses the normal nVidia video card will

satisfy performance requirements.

2.4.2. Virtualization

Virtualization technology in computing is  defined as the creation of a  virtual

version of the computer resources, such as a hardware platform, operating system, and



a  storage  device  or  network  resources.  The  most  important  advantage  of  this

technique is that one single physical machine can simultaneously perform as one or

more virtual machines for multiple users by fully utilizing hardware resources. 

The initial design of the VEMC system is programmed using virtual machine

(VM) technology. The VEMC system implements VM software, which is known as

VirtualBox  [  CITATION  Vir11  \l  2052  ].  Unfortunately,  it  appears  to  have  low

hardware resource efficiency. When the VM system is configured, more than 50% of

the total physical hardware resource is used so the host computer’s performance will

gradually slow down. When the VM system has more than 60%, or even 70%, of the

total physical hardware resource, the host OS starts to freeze or even crash.

OpenVZ  [ CITATION Ope15 \l  1033 ] (Open VirtualiZation)  is  an operating

system-level  virtualization  technology  based  on  the  Linux  kernel  and  operating

system, as shown in  Figure 12. It allows a physical server to run multiple isolated

operating system instances, known as containers, virtual private servers (VPSs), or

virtual environments (VEs). All  the containers use one template,  which means the

system administrator will only need to maintain one OS. It is similar to FreeBSD Jails

and Solaris Zones. However, it is limited in that it requires both the host and guest OS

to be Linux (although the Linux version can be different in different containers). 
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Figure 12 Application structure of OpenVZ

The kernel-based virtual machine (KVM[ CITATION KVM11 \l 2052 ]) is a full

virtualization solution for Linux on x86 hardware containing virtualization extensions

(Intel VT or AMD-V). Using KVM, one can run multiple virtual machines running

unmodified Linux or Windows images. It provides an effective virtualization platform

that can be applied for full-virtualization. The full-virtualization technology can use

almost all the physical hardware resource for the virtual system; however, it requires a

CPU, which supports the virtualization technology. For computers that are equipped

with  an  AMD  64  CPU  and  are  not  built-in  with  virtualization  technology,  full-

virtualization cannot be performed. Therefore, for general computer compatibilities,

virtualization software known as Xen[ CITATION Xen11 \l 2052 ] was implemented.



It  provides  a  virtualization  methodology  called  para-virtualization.  This  method

makes  the  system perform virtualization  functions  in  the  same way as  KVM but

without  the  CPU  restriction.  As  discussed,  VirtualBox  only  provides  50% of  the

hardware resources  to  the virtual  system.  The more  resources  occupied,  the more

likely the system will crash. KVM or Xen can be provided with almost 100% of the

required physical hardware resources for the virtual system without crashing.

Xen and KVM also have the following benefits:

1. Fewer system resources are occupied

Xen and KVM use fewer system resources than VirtualBox. It is a part of the

kernel of the system, which means it uses fewer system resources compared with the

other virtualization software.

2. Supported and updated from Linux

As a part of the Linux kernel, KVM can be easily updated and maintained by

Linux. It is an open source software, which can be modified and improved by any

programmer. 

3. Migration ready

KVM and  Xen support  live  migration  based  on  the  shared  file  system.  The

virtual system can be transferred from one host computer node to another. According

to research, a migration process only takes half a minute.  

The second generation of VEMC systems started to use VNC as the solution. The

VNC software is aimed at transferring the host computer screen to the client. Based

on the multi-user support by the Linux system, the VEMC can provide internet access

and multi-user support as well as  the  first generation system. Moreover, because all

the computing performance is required in the host machine, the applications can get

100% of the hardware resources from the host machine.

However, by using VNC software, the control of each user on the host machine

becomes more difficult compared to the first generation system. Therefore, the VEMC

system developed into  a third generation system by combining VNC features  and



virtualization technology.

2.4.3. Collaborative Visualization

This  system allows multiple  users  to  access  the  same project  simultaneously

under a secured channel across different platforms using collaborative visualization

techniques,  as  shown  in  Figure  15.  Any  devices  (computers,  mobile  devices  or

portable devices) can log in to the same operating system and operate the system

collaboratively. 

Thus, it is very convenient for multiple users, such as a group of students who

can discuss and collaborate on one modelling or simulation project. They can share

the model  file  or  simulation  result  file  by saving the  file  on the  VM’s hard disk

partition. All the log-in devices can access a synchronized screen when one user is

operating the VM system. 

Figure 13 Collaborative visualization across different platforms



3. HF Transformer Design System

3.1.System Structure

Based on magnetic circuit theory, and basic HF design concepts and procedures,

Figure  14  System  Structure  for  the  Design  Platform’s  Data  Structureillustrates  a

design procedure for the HF transformer tool. The first step is to define the model

specification  for  the  HFCT.  This  includes  the  design  requirements  and  model

attributes.  The next  step  is  to  build  the  HFCT modelling  structure  by  employing

magnetic circuit design theory and winding design theory. The FEM simulator in the

following step will provide visualized numerical results for analytical purposes.  An

optimized HFCT modelling structure is given by the optimization procedure.

Start

InputSpecification
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Figure 14 System Structure for the Design Platform’s Data Structure

3.1.1. Software variables declaration

To program the HF transformer design tool, the first step is to define the data

type and build up a database, which includes all the magnetic ring cores. Table 1

describes all the data required during the HF transformer design. 

The first column includes data names, which are declared as variable names in

the code. The second column is the data type. Int data is the integer variable, and

matrix data is a 2D array.

The third column describes the data property. The global data includes the data,

which can be read in any function, while the private and temporary data can only be

read in one function.

The status column indicates whether a user is required to type the data in or if

data is calculated by the tool.

Table 1 Data Structure and Specifications

Data 

Name

Data 

type

Data 

Property

Data Description Status

p int Global Data Transformer power User defined

b int Global Data Material User defined

e1 int Global Data Output voltage User defined

f1 int Global Data Minimum working 

frequency

User defined

f2 int Global Data Maximum working 

frequency

User defined

e2 int Global Data Input voltage User defined

n1 int Global Data Output turns User defined

n2 int Global Data Input turns User defined

mur int Global Data Magnetic material 

permeability

User defined

Jmax int Global Data Current density User defined



Pv int Global Data Magnetic material power 

loss

User defined

H int Global Data User defined

Ac matrix Temporary 

Data

The evaluated magnetic 

cross selection area size

Calculated

rAc matrix Private Data The magnetic cross 

selection area size based on 

the database

Calculated

eresult matrix Temporary 

Data

The temporary result, 

including the working 

frequency and turns

Calculated

modelli

ng

matrix Global Data The ring core structure, 

including the transformer 

working frequency and 

turns

Calculated

ring matrix Database 

Data

The ring core magnetic 

cross selection area

Read data from 

database

ringnu

mber

int Private Data The number of ring cores User defined

3.1.2. Database for Ring Cores

In Table 1,  the variable ‘ring’ is the pre-defined data and it  is  read from the

database. 

The  database  was  built  based  on  the  MMG-NEOSID  manual  [  CITATION

MMG12 \l  2052 ] and is shown in Table 2.  It  includes the ring core dimensions

information and core constants.

The dimensions  information  (‘A’,  ‘B’ and ‘C’)  is  described  in  the  following

figure.



B A

C

Figure 15 Description of Ring Core Dimensions

The core constants include the following factors:

Le mm Effective magnetic length

Ae mm2 Effective magnetic cross-section

V e mm3 Effective magnetic volume

C1mm−1 The magnetic path length divided by the core area corrected for

rounded corners.

Table 2 Database Structure

Ring

Cores

28-xxxx-

Dimensions Core Constants

Part No. ‘A’ ‘B’ ‘C’ Le mm Ae mm2 V e mm3 C1mm−1

28759 16.70 9.60 5.0 39.45 17.33 683 2.28

28763 16.70 9.60 6.35 39.45 21.85 861 1.81

28723 19.05 12.70 9.52 48.50 29.88 1449 1.62

287116 20.0 10.0 6.80 43.60 33.10 1443 1.32

28757 20.0 10.0 10.0 43.60 48.92 2135 0.90



28782 22.1 13.7 6.35 54.19 26.10 1414 2.07

28795 22.1 13.7 12.7 54.19 51.6 2791 1.05

28755 24.0 12.0 12.0 52.0 69.2 3598 0.76

28780 25.0 15.0 10.0 60.2 49.0 2950 1.23

28736 25.0 15.0 16.0 60.2 78.3 4711 0.77

28760 31.5 19.6 7.0 77.3 40.88 3160 1.78

28756 31.5 19.6 12.5 77.3 73.0 5645 1.06

287140 36.0 23.0 16.0 89.65 95.89 8596 0.93

28744 38.1 25.4 15.90 97.10 99.4 9650 0.97

28743 38.1 25.4 19.05 97.10 119.4 11580 0.81

28796 38.1 19.6 12.70 84.21 113.24 9545 0.74

28797 38.1 19.6 25.40 84.29 226.49 19090 0.37

287132 49.0 31.8 19.0 123.05 160.88 19796 0.76

28761 63.0 38.0 25.0 152.0 305.0 46530 0.50

287797 78.0 45.0 14.0 183.8 225.26 41403 0.82

3.2.Software Pseudo Code and GUI

3.2.1. Transformer design specification

Figure 16 presents all parameters that the engineer was required to define in the

first step.

On  the  left  panel,  the  engineer  needs  to  specify  the  transformer  design

parameters:

P: The transformer’s power.

f1/f2: The transformer’s working frequency range.

e1/e2: The transformer’s output and input voltage.

n1/n2: The primary and secondary winding turns.

Jmax: The transformer’s current density.

On the right hand panel, the engineer can enter the material specifications:

Pv: Total power loss density.

mur: The magnetic ferrite permeability

B: The magnetic flux density

H: The magnetic field



The above data are stored in the memory as global variables and used in the

following calculation.

This step involves calculating the cross selection area of the magnetic circuit. As

shown  in  Figure  17,  the  engineer  needs  to  confirm  the  input  parameters  before

moving to the calculation procedure. The GUI displays the parameters:

e1: The transformer’s output voltage

f: The transformer’s working frequency range

N: The transformer’s primary/secondary winding turns

Bmax: The transformer’s core magnetic flux density

This calculation procedure is based on the equation: 

Ac=
e

4∗f ∗N∗Bmax

The following pseudo code presents the calculation procedure to determine the

Ac value.

There are two loops to build two matrices that contain frequency value  f  and

winding turns value  n  in each matrix. The software calculates the two matrices by

implementing the above equation and saving the matrix Ac for further calculation.

 matrix C = f1 to f2 step 10
 matrix D = n1 to n2 step 10
 build meshgrid
 Ac=e./(4*C.*D.*bmax)
 Save C, D, Ac

Matlab Pseudo Code 1 Evaluated Ac Value





Figure 16 Design Layout for Transformer Specifications



Figure 17 Data Confirmation

3.2.2. Magnetic Circuit Design

The  matrix  Ac is  calculated  in  the  previous  step.  The  Ac value  is  used  to

determine the size of the ring core by comparing the calculated  Ac in the previous

calculation and the ring core dimensions data in the database. However, before the

software  can  search  the  ring  core  database,  the  engineer  needs  to  confirm  the

calculation result in this step, and select a database.

As  shown in  Figure  18 (on  the  left  panel),  the  engineer  needs  to  select  the

database that contains ring core data by changing the file name. The engineer also

needs to specify the number of ring cores in the textbox. At the bottom of the left

panel, the engineer can adjust the range of frequency and winding turns by clicking

the ‘+’ and ‘- ‘buttons.





Figure 18 Design Prediction and Analysis

The visualization results can be presented on the right hand panel.  This shows

the  relationship  between  Ac (cross  selection  area  of  the  magnetic  circuit),  f

(frequency) and n (winding turns). 

The following pseudo code presents the calculation procedure for this step.

 Define file path
 Load (file path)
 fid = database
 build matrix ringnumber = nc1 to nc2 step 1
 read ring size from fid
 rAc = Ring.*Ringnumber/100
 for =1:x
 for I=1:y

 if rAc<min(min(Ac))
 rAc=0
 if rAc>max(max(Ac))
 rAc=0

 build up matrix eresult
 eresult (I,1) = the ring name
 eresult(I,2) = ring size
 eresult(I,3) = ring number
 eresult(I,4) = working frequency
 eresult(I,5) = output turns
 eresult(I,6) = input turns

Matlab Pseudo Code 2 Finding the Ring Core from the Database

By reading the engineer’s selection, the software loads the database based on the

given file path. It adjusts the previous matrix Ac with the factor of the ring number,

nc1 and  nc2, and then reads the ring core dimensions data and core constants data

from the database. The software compares the  Ae value and the  Ac value. If the  Ae

value matches the  Ac value,  the software builds a new matrix which contains the

following information:

eresult(I,1): The part number in the ring core database.

eresult(I,2): The value of Ac.

eresult(I,3): The number of ring cores.



eresult(I,4): The transformer’s working frequency.

eresult(I,5): The transformer’s secondary winding turns.

eresult(I,6): The transformer’s primary winding turns.

The matrix eresult is stored in the memory for further calculation.

3.2.3. Transformer ring core modelling

In the previous calculation, the matrix  eresult was given by the calculation. In

this step, the engineer is asked to select the potential design result by selecting the

data  row in  the  left  hand panel  (as  shown in  Figure  19).  Each row contains  one

potential design result, and hence the engineer needs to determine which row will be

used for further calculation. The engineer can see the visualized modelling result in

the right hand panel by changing the row of data in the left panel.

 Load eresult
 Display eresult in the table
 Read user selection 
 Save as modelling
 Draw figure based on the modelling data 
 Modelling structure modelling (I,1) = ring name

 modelling (I,2) = ring size
 modelling (I,3) = ring number
 modelling (I,4) = working frequency
 modelling (I,5) = output turns
 modelling (I,6) = input turns

Matlab Pseudo Code 3 Basic Modelling Structure Build-Up





Figure 19 HFCT Structure Overview

The above pseudo code presents the calculation procedure for this step. It reads

the eresult from the memory and displays the matrix in the table tool. The table tool

can retrieve the engineer’s click event and draw the transformer model in the right

figure tool.  The  eresult matrix  contains  multiple  rows and each row contains  one

potential  design result.  The selected row will  be stored in a new matrix,  which is

named modelling[] for further calculation.

3.2.4. Winding Design

Figure 20 An Example of Litz Wire Coordination

 Figure 20 shows how the litz wires are allocated in one turn. Six circular litz

wires are allocated around one litz wire. This example explains the basic concept of

how the software models the winding structure. The software will first determine how

many litz wires are required for one turn. Once the number of required litz wires is

calculated,  the  software  will  implement  the  coaxial  winding  structure,  which  has

many advantages over the conventional transformer winding structure.  For example,



the coaxial winding structure has low eddy-current losses compared with any other

conventional winding structure. [ CITATION Luj02 \l 2052 ]. 

Table  3 shows  how  the  software  models  the  litz  wires  with  a  total  number

between 1 and 7. For those litz wires with a number over 7, the software will increase

the number of layers and place the litz wire in layer 3 (or even higher).

The software calculates the litz wire coordination based on the structure and the

result is stored in the memory.

Table 3 Examples of Litz Wire Structure

Laye

r

Litz wire structure and total number

1

1 litz

wire

2 litz wires 3 litz wires

2

4 litz

wires

5 litz

wires

6 litz wires 7 litz wires

3 

or

more

21 litz wires



Figure 21 The Eddy Current Distribution Analysis for the Winding Structure



Figure  21 shows  the  GUI  for  the  eddy  current  calculation  and  the  winding

structure modelling. To analyze the eddy current distributions and magnetic field for

different winding configurations, the nonlinear magnetic field solution is used: 

∇× v ∇× A+σ (
σA
σt +∇φ)−J=0

where v and σ are reluctivity and conductivity respectively, and J is the exciting

current. A is the magnetic vector potential, and B represents the flux density.

The software presents the calculation results in the left hand panel. It contains

information  on  the  window area,  current  density,  skin  depth,  and  litz  wires.  The

software can provide suggestions for winding structure modelling and presents the

results in the right hand panel. The engineer can adjust the number of layers and litz

wires in each layer by changing the data in the table.

In the previous step,  the matrix  modelling[]  contains information on the ring

cores and the transformer. The software expands the matrix and adds the litz wire

structure information into it. The modelling[] matrix now contains the coordination

for the one turn litz wires as additional information for further calculation.



3.3.FEM Modelling and Simulation

Figure 22 An Example of Winding Coordination

The  modelling[] matrix  has  been  obtained  and  can  be  used  for  modelling

purposes. In this step, the software can create a modelling file and export the file into

COMSOL for simulation purposes.

Figure 22 is an example of FEM modelling. There are six turn litz wires for both

primary and secondary windings. The software read the modelling[] to load the value

of the ring core dimensions and the number of rings. 

As Figure 23 illustrates, a ring core with a diameter of 14.28 mm of the window

area is selected. The software creates two coaxial circles - the outer circle diameter

(R2) is 25.75, while the inner circle (R1) diameter is 14.28.



R2 25.75mm

R1 14.28mm

Figure 23 An Example of Ferrite Ring Size

The software needs to calculate the coordination for each turn. In Figure 22, the

primary and secondary winding turns are 6. 

Firstly,  the  software  calculates  the  area  of  the  one  turn  litz  wires.  The

coordination of litz wires can be obtained in matrix modelling[].  As shown in Figure

24, r is the radius of the one turn litz wires area. It is calculated based on the previous

step, on the assumption that the primary winding is allocated inside and the secondary

winding is allocated outside. All primary winding turns are allocated on the edge of

the inner circle (Illustrated as IN in the Figure 24) and all secondary winding turns are

allocated on the edge of the outer circle (Illustrated as OUT in the Figure 24).  The

inner circle IN has radians 2 π  divided by 6, and θ=π /6. The distance between each

primary winding turn must be greater than 2r. The radius for IN can be calculated

based on the value ofθ and r.

For the  outer  circle  OUT, the  primary  and secondary  winding turns  have  an

angular difference of θ. The radius of OUT must be greater than R+2r.  In addition,

the radius of OUT R+2r+r must be smaller than the radius of R1 (14.28/2mm), in

order to put all the windings inside R1.
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Figure 24 Winding and Ring Core Structure

Figure 25 An Example of the Configuration of HFCT, (a) top view; (b) side view; and (c) half

cross-section

Figure 25 presents an example of the structure of a realistic transformer.  The



software can perform the same design and modelling functions. In Figure 26, the GUI

of  the  modelling  is  illustrated  and  the  modelling  parameters  are  shown  to  be

calculated by the software.

Once the platform generates the HFCT model, the API of the FEM simulator will

start to simulate the transformer design. 



Figure 26 Final Modelling Structure



3.4.8 kW Coaxial Transformer Design

3.4.1. Winding Structure Database with ANN Support

There are often several different wiring configurations that can be chosen. Some

of  these  configurations  may  result  in  undesirable  performance  while  others  may

perform as expected. Solving the different configurations to find the optimum may be

very  time  consuming  and  complex,  thus  this  software  has  been  introduced.  The

software  is  capable  of  quickly  and  accurately  simulating  and  selecting  the  most

appropriate configuration according to the requirements and the ANN results. As an

example, generalized power losses versus the winding strands is shown in Figure 27,

in which the upper limit of the winding strands is subject to the availability of the

transformer’s core window area.

Figure 27 Power Losses Comparison of Multi-Strand Litz Wires (Normalized with DC Losses).

3.4.2. Implementation of an 8 kW Transformer Based on an ANN Algorithm

The required power rating specification of the example HFCT is tabulated in

Table 4. The prototype transformer was built with a turn ratio of 1:1 for use as the

isolation transformer. The unique coaxial winding structure can easily fulfil the HF

transformer requirements of low eddy current loss, high power density, low leakage

inductance  and  high  electromagnetic  compatibility.  An  operating  frequency  of



between 100~300 kHz was chosen because of concerns about the overall size and

electromagnetic interference (EMI) issues. A higher operating frequency effectively

reduces the magnetizing current and size of the designed transformer. However, an

increase in the operating frequency results in a higher AC winding loss, as well as a

HF noise propagation problem. Furthermore, the power efficiency of the prototype

HFCT is greater than 99%, which has been experimentally verified under full-load

conditions.

Table 4 The Specification of an 8 kW HFCT Prototype

Operation

Frequency
f 100 kHz-300 kHz

Input voltage V1 400V(dc)

Input current I1 20A

Output voltages V2 400V (dc)

Power range P 8k VA

Turn ratio N1/N2 1

Voltage ratio V1/V2 1

Power efficiency > 99%

Current density J1= J2 5.25 A/mm2

Magnetic ferrite Neosid F44

Initial permeability 1900 20%

Temperature Tmax 60C

3.4.3. Structure Design Based on the Conventional Method

The  platform  can  list  several  different  structure  design  results  based  on  the

working frequency, turns and the size of the ring core magnetic cross selection area.

The engineer can obtain and compare different designs, then select a desired structure

based on the requirements, as shown in  Figure 28. The figure provides a predicted

results list for the transformer ring core structure. In this step, the ANN is trained by

obtaining the user selection.





Figure 28 Core Combination Selection Example of the Introduced Platform

3.4.4. Structure Optimization Based on an ANN

The litz wire structure is considered in this section. This helps in the generation

of a winding structure. Due to the factors associated with working frequency and the

number of litz wires, power loss can be different. The platform generates a database,

which contains  different  litz  wire structures  with a  comparison figure.  The figure

illustrates a structure, which is selected from the database by the ANN.

3.4.5. Structure Modelling and Simulation of the Magnetic 

Field 

To  simulate  the  HF  transformer  in  an  electromagnetic  field,  the  platform

generates  a  coaxial  transformer  structure  and  allows  the  engineer  to  adjust  the

structure by changing the winding orientation and position (as shown in Figure 30).

In order to obtain FEM simulation results under different circumstances, open

circuit  or  short  circuit  conditions  can  be  selected  in  the  program.  The  platform

generates a matrix, which contains the ring core size, winding arrangement, litz wire

structure and the working parameters of the transformer. The matrix is sent to the

FEM  simulation  software  through  the  communication  API  and  the  model  file  is

rebuilt. The simulation results are then obtained by the FEM simulation solver.



Figure 29 HFCT Design Tool Winding Design





Figure 30 FEM Modelling

3.4.6. Validation and Verification

Example  simulation  results  for  an  8  kW HFCT are  shown in  Figure  31 and

Figure  32.  In  Figure  31,  the  flux  distribution  helps  engineers  to  verify  the

effectiveness  of  the  designed  structure.  The  simulation  results  suggest  that  the

insertion  of  the  Faraday shield  has  only  a  minor  negative  effect  on the  magnetic

performance of the HFCT. This negative effect is almost negligible; this is because the

magnetic field is almost perpendicular to the shield’s conductor surface, and the thin

copper shield also minimizes the side effect of the shielding insertion. On the other

hand, the eddy current distribution simulation shown in Figure 32 is very helpful in

identifying  the  hot  spots  of  the  designed transformer  (so  that  a  heat  sink  can  be

fabricated to achieve better performance in terms of heat dissipation). The simulation

results shown in this paper were achieved by using the outer circular winding as the

primary winding and the inner circular winding as the secondary winding.

Figure 31 Flux Distribution of the 8 kW HFCT. (a) OC; (b) SC.

 



Figure 32 Eddy-Current Distribution of the 8 kW HFCT. (a) OC; (b) SC.

Measurements for the prototype 8 kW HFCT are shown in Table 5, as well as the

corresponding  simulation  results.  The  measurement  was  conducted  using  an  HP

4285A (75  kHz  to  30  MHz)  precision  LCR meter.  Ls and  Rs denote  the  leakage

inductance  and  winding  resistance  respectively,  Lp denotes  the  magnetizing

inductance, Rp denotes  the  core  loss  resistance  and  Cp denotes  the  intra-winding

capacitance. A 0.7 μH difference in Ls is observed due to the mesh quality, in which

the result obtained requires a computation time of three hours using a PC (high mesh

quality).  Furthermore,  there  is  a  variation  of  0.1Ω  between  the  simulation  and

measurements of the Rs. The difference can mainly be attributed to the termination

effect  of the soldering, which increases  Rs of the transformer. Lp and  Cp are almost

identical.  Rp is  not  applicable due to  the non-linear  characteristic  of  the magnetic

material.  The coupling capacitance has been reduced by 77.13% with the Faraday

shield inserted while there is only a minor increase in power loss.



Table 5 Comparison of Impedance Results at 100 kHz Between Measurements and Simulations

Ls (μH) Rs (Ω) Lp (μH) Rp (kΩ) Cp (pF)

Measurement 1.929 0.129 677.2 11.6 6.9

Simulation 1.287 0.022 679.6 N/A 7.93

3.5.Unsolved Problem 

Although the software is effective in transformer design and modelling, it is still

very time-consuming to use. The above case study indicates that three hours is needed

for  a  high  quality  mesh  FEM  simulation.  If  the  engineer  requires  a  further

optimization calculation, the total computing time could be days or even weeks. To

solve  this  problem,  a  powerful  PC  is  required.  In  addition,  stability  during  the

computing phase is another factor that needs to be considered, and data also needs to

be  secured.  Once any fault  occurs,  the  system needs to  go  into  disaster  recovery

mode.

The next chapter presents the cloud computing system, which has more computer

power, as well as better performance and availability. 



4. Development of VEMC Platform

4.1.Introduction

As mentioned in Chapter 3, the HF device design tool can help the engineer

design  an  electrical  device  and  obtain  the  device  simulations  by  implementing

simulation  tools,  such  as  Ansys  and  COMSOL.  However,  the  simulation  and

optimization  process  normally  requires  a  high  computational  computer  resource.

Therefore, it would be beneficial to develop a high performance platform to provide

more computation resources.

This chapter introduces a high performance simulation platform called a Virtual

Electromagnetic Compatibility (VEMC) System.

The VEMC system aims to provide multiple users with a remote integrated EMC

modelling  and  simulation  environment  with  high  performance  computation  and

visualization capability. The topological diagram is shown in Figure 33. An integrated

installation  package  will  be  released  for  the  convenience  of  system  setup  and

distribution. There are two individual prototype systems located at the Nathan campus

and the Gold Coast campus. The reason for the separation is the network structure of

Griffith University.
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Figure 33 Topological Diagram of the Prototype of the VEMC System

4.2.VEMC Cloud Computing System and its 

Characteristics

Cloud computing is defined as a model which enables convenient, on-demand

network access to a shared pool of configurable computing resources. 

The VEMC is a cluster computer system, which combines multiple technologies

(such as computational electromagnetics, virtualization and parallel computing) under

a  cloud  computing  environment.  A  VEMC  cloud  computing  system  has  six

characteristics. These include: 

1). On-demand

The computer’s hardware resources (such as the CPU, memory and disk) can be

allocated and removed within seconds at the request of the end-user. The user can set

up a new operating system in a few minutes by importing the pre-installed OS image

file. 

2). Virtualized

The operating system is virtualized, installed and launched on the host computer.

The system image can be easily maintained and updated by the administrator. The



users  are  shielded  from the  details  of  the  underlying  architecture  and  work  with

virtual resources allocated to their applications.

3). Scalable

All the computer nodes under the VEMC cloud computing system can be added

and removed as the administrator requires. VEMC provides two different scales to the

administrator depending on system requirements.

4). Measured Service

A VEMC  cloud  computing  system  automatically  controls  and  optimizes  the

resource  use  by  a  load  balance  control  system.  Resource  use  can  be  monitored,

controlled and reported for both the service provider and the user. 

5). Internet Powered

The VEMC system supports World Wide Web services,  and the end-user can

access the system through both a web browser and its client application. Therefore,

the VEMC has the capacity to provide services over the network,  and it  can gain

access  through  thin  or  thick  client  platforms.  It  does  not  require  hardware

configuration from the end-user computer. 

6.) Low Cost

The architecture  of  a  VEMC is  optional,  and can be  setup and implemented

depending on the research requirements. For a research group, an old computer can be

assigned as a computing node and added to the VEMC system. 

4.3.VEMC System Design

4.3.1. Overall Structure of VEMC System

Figure 34 presents the overall VEMC system software structure. The system in

development  is  an  integrated  computation  environment  specializing  in

electromagnetic  modelling,  simulation and optimization.  The system is  capable  of



distributed and parallel computation based on the Linux kernel. One major feature of

the system is process migration, which enhances system stability and avoids data loss

during  the  process  of  running  jobs.  It  is  implemented  in  Java  language  in  the

operating system (OS) program because it is flexible and secure, and has platform

independence  and  distributed  computing  capabilities.  The  system GUI  contains  a

remote interface for the administrator and user, and a remote desktop for each node of

operation.  Matlab  is  used  because  it  supports  many  calculation  methods.  The

modelling  and  simulation  are  designed  with  a  combination  of  three  groups  of

software:  self-developed  software,  commercial  software  and  free/open-source

software.  The user can access the pre-defined model library and templates for the

convenience of simulation.
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Figure 34 Overall VEMC System Software Structure



4.3.2. Prototype Hardware Structure

Figure  35 illustrates  the  prototype  of  the  hardware  structure  of  the  VEMC

system.  Each  system  is  managed  by  a  cloud  controller  (CLC).  It  is  a  central

management unit, which is responsible for the management of system information,

licenses of all modelling and simulation software, status of all nodes, user information

and its access authority (AA). The users are always connecting with the CLC and the

CLC will authorize the user and assign the node. In the system, the CLC is connected

with a database server and a web service manager. The database server stores the web

GUI  and  pre-defined  model  library  and  templates.  The  web  service  manager  is

connected by a group of configurable nodes and one storage pool.  The nodes are

scalable  for  high  performance  (HP)  nodes  or  high  availability  (HA)  nodes  using

virtualization technology. The HP nodes are high performance computers used for

distribution and parallel computing, while the HA nodes are used for graphic display

and  general  simulation.  The  storage  pool  provides  storage  of  relative  simulation

software images. Figure 36 shows the developed prototypes of the VEMC systems on

the Nathan and Gold Coast campuses. 



Figure 35 Prototype of the Hardware Structure of the VEMC System 

Figure 36 VEMC System Prototypes at the Nathan and Gold Coast Campuses



4.3.3. Process Migration

The VEMC process  migration  requires  a  shared  file  system,  the  structure  of

which is shown in  Figure 37. The system image file is allocated on the shared file

system. The VEMC uses a network file system (NFS) as the shared file system. The

source computer calls the image file from the NFS server. When the system requires a

process migration, the target computer will build up a virtual system, which is similar

to the source computer. The target computer will then directly call the image file from

the NFS server, and resume the virtual system.
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Figure 37 System Structure of VEMC Process Migration

The VEMC system migration process can also implement a live migration by

following these steps:

1. Taking a snapshot of the running virtual machine;

2. Copying the  base  virtual  disk  file  source  to  the  target  location  while  the

virtual machine is still running;

3. Saving the state of the virtual machine after complete copying of the files;

4. Exporting the virtual machine configuration;

5. Copying snapshot  files  and  exporting the  configuration  files  to  the  target

location;

6. Deleting the virtual machine and virtual disk file from the source;

7. Importing the virtual machine configuration;

8. Merging snapshot files back into the base virtual disk file;

9. Resuming the saved virtual machine.

Figure 38 illustrates a brief system software working procedure with one user

activity. When the user submits a request to the VEMC system login, the CLC will

verify the user as a registered user of the data. If the user is validated, the CLC will

transfer control to the CC and assign the user with a variable HAN. The HAN will

bring up a virtual desktop where the user can start with their own design. The user’s

database will be automatically loaded by the connected CC. The user can also start

with a pre-defined template in the module library. When a simulation is requested, it

can be selected as a local HAN job or a HPN request according to the complexity of

the simulation task. When the user logs out of the system, relevant user data will be

saved. This can be called up when the next login is authorized. The connected CC will

release the currently occupied HAN and hand back control to the CLC. The CLC will

consequently update its node table (NT) at the end of this stage. 
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Figure 38 VEMC System Software Working Procedure

4.4. Software System Structure

Figure 39 shows the basic components of the VEMC system. The system service

can be modified,  depending on the system architecture.  It also provides a friendly

graphic user interface (GUI) to the end-user, as shown in  Figure 39. It is based on

PHP web  services,  and  virtual  machine  remote  desktop  protocol  (RDP).  Virtual

machine RDP provides the same graphic interface to the user as a local computer.

With PHP services support, the end-user can access the system through any platform

with a  web browser.  It  minimizes  the system requirements  for the end-user.   The

database is formed by both a web service database and a VEMC database. The web

service database contains user information in order to improve system security. In the

VEMC database, a series of pre-designed IC models will be provided to the user.  The

end-user can easily choose a model, modify the parameters and perform simulation

tests. Computing components have a security subsystem, virtual machine and a load

balance system. In the current stage, the security system is based on Linux IP tables



and acts as a firewall and gateway server. The administrator can easily monitor virtual

machine resources and host computer resources.

Figure 39 VEMC GUI

Figure 40 VEMC Software Structure



4.5. Virtualization for the VEMC System

Figure 41 VEMC Cloud Distributed Architecture

Virtualization, as a core technology for the VEMC system, is used to virtualize

the computer’s hardware and software resources[ CITATION Dev02 \l 2052 ]. The

hardware can be virtualized to several virtualized parts, and the virtualized hardware

can be installed and implemented individually on an operating system. In Figure 41,

the  architecture  of  the  virtualization  system  is  shown.  Therefore,  based  on  the

virtualization  technology,  the  VEMC system uses  one  single  computer  to  launch

multiple  operating  systems  and  provide  multi-user  support.  One  of  the

techniques[ CITATION Vou08 \l 2052 ] is that each virtual machine can share the host

computer's  hardware.  All  computing  tasks  are  executed  on  the  virtual  operating

system. By changing the parameters of a virtual machine, end-users can easily modify

the computing resources for their virtual machine. 



Figure 42 VEMC Cloud Distributed Architecture

Distributed  computing  architecture  is  a  structure  that  involves  multiple

computers collaborating remotely with each other. Every computer in this architecture

will be assigned a role in computation or data processing[ CITATION Tha05 \l 2052 ].

In Figure 42, the main server is used to provide load balance, web services, gateway,

and firewall multi-functions. The user information and database will be set into the

cloud storage system and cloud database. The virtual computing centre is used for

high performance computing (HPC) and cloud services. To achieve high-performance

computing,  the communication between each node is  based on a  message-passing

interface (MPI) [ CITATION Gro96 \l 2052 ]. The VEMC distributed architecture can

also be used to build up a high availability (HA) [ CITATION Ste02 \l 2052 ] system.



4.6. Parallel Optimization Computing

4.6.1. Optimization Method Applied via the Cloud System
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Figure 43 Optimization Procedure for NSGA-II

The selected optimization method is the improved version of the non-dominated

sorting genetic algorithm (NSGA), NSGA-II[ CITATION Deb02 \l 2052 ]. It performs

a fast multi-objective evolution in terms of finding a diverse set of solutions and in

converging  near  the  true  Pareto-optimal  set.  The  main  optimization  procedure  of

NSGA-II is shown in the flow chart in Figure 43

The first step involves initializing the population (size N) based on the defined

problem range and constraints.  Non-dominated sorting is  applied to the initialized

population, which is sorted based on non-domination into each front. The first front is

a completely non-dominant set in the current population while the second front is

dominated by the individuals in the first front only, and so on. After non-dominated

sorting  is  complete,  the  crowding  distance  is  calculated  and  assigned  for  all



individuals in the population. Based on the rank and crowding distance, parents are

selected for evaluation manipulation, which generates the offspring population. The

current population and generated offspring will be combined again based on the non-

domination.  Only the  best  N individuals  are  selected  for  the  new population  and

others are truncated. Thus, iterations continue until the stop criterion is achieved.

4.6.2. Parallelize NSGA-II

The  basic  concept  for  the  parallelized  NSGA-II  can  be  found  in

paper[ CITATION Jua08 \l 2052 ].  Using Matlab and Java script, the research used

the structure shown in Figure 44.

The master node is used to execute the NSGA-II code and assign the task to the

slave node. The slave node is used to perform the Ansys simulation and return the

results back to the master.

In the  VEMC, the  computer  can  be used more  efficiently  with virtualization

technology  support.  One  computer  can  be  split  into  two  and  perform  parallel

functions.  In  the  following  case  study,  an  NSGA-II  optimization  for  the  Ansys

simulation was held on one host computer and its guest computer. 



Figure 44 Parallelized NSGA-II

4.7. VEMC Case Study for Parallel Optimization

In  this  section,  the  introduced  cloud  computing  system  is  applied  to  an

optimization  of  a  multi-layer  interconnected  structure  of  an  IC.   This  requires

significant computation resources.



4.7.1. Structure  Modelling for Multi-Layer Interconnects
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Figure 45 2D Multi-Layer Interconnect on Different Layers for Optimization (um)

Figure  45 shows  an  advanced  multi-layer  structure  of  an  interconnected  IC.

There are five levels of conductors inside two isolated layers upon a silicon substrate.

Each  layer  is  isolated  by  a  low  permittivity  material.  The  population  G(t)  for

optimization is  the matrix [X1, X2,…, X14].  Different  combinations of conductor

positions vary the total ground capacitance and the total coupling capacitance of the

interconnects.  The  aim of  this  optimization  is  to  determine  the  best  allocation  of

conductors that contribute to the lowest value for the trade-off between total ground

capacitance  and  total  coupling  capacitance  of  the  interconnects.  Two commercial

software programs, Matlab and Ansys, are collaborating throughout the optimization



procedure.  The  NSGA-II  optimization  program  is  processed  in  Matlab  with

capacitance  data  calculated  by  Ansys  in  batch  mode.  The  initial  value  of  the

population is randomly assigned by the optimization program. The entire optimization

procedure compares 100 generation groups.

The research used the following NSGA-II input to analyze performance in order

to compare a single physical computer with a single virtual computer.

Table 6 NSGA-II Input in the Parallelization Testing

Description Number

Generation 1

Data size
14*1 for one computer test; 14*2 for 
parallel computer tests; 14*2 for one 
physical computer test

4.7.2. Optimization Time on the Physical Host Computer

Table 7 Hardware Configuration for a Single Physical Computer

Hardware Description

CPU Intel I7 2600 @ 3.4GHz (8CPUs)

Memory 6 GB

System Centos 6.1

Software Ansys 13.0 + Matlab 2011a

The computing time on the physical computer is 174.67 seconds. When Ansys is

engaged in the simulation process, it takes approximately 4.7 GB memory resources

and 20% CPU resources at the peak time. When the data is set as 14*2, the computing

time is 403.75 seconds. 



4.7.3. Optimization Time on the Virtual Guest Computer

Table 8 Hardware Configuration for a Single Virtual Computer

Hardware Description

Host System Centos 6.1

Virtualization Software KVM + Libvirt

CPU Intel I7 2600 @ 3.4 GHz (2vCPUs)

Memory 2 GB

System Windows 7

Software Ansys 13.0 + Matlab 2011a

The  computing  time  on  the  virtual  computer  is  208.83 seconds.  Ansys  used

approximately 2.4 GB and 100% CPU resources at peak time.

4.7.4. Parallel Optimization Time on Two Computers

The research  uses  the  physical  computer  as  the master  node,  and the virtual

computer as the slave node. The master node executes the Matlab NSGA-II code then

starts the Ansys simulation, while the slave node waits until it has received the data

before starting the simulation.

The optimization time on the parallel computers is 211.23 seconds.

The  master  computer  finishes  its  job  and  waits  until  the  slave  has  finished

computing. After it receives the slave data, the test is terminated.

4.7.5. Results Analysis

Based on the above results, the NSGA-II optimization for the EMC simulation

using Ansys can be parallelized to significantly reduce computing time. The results



indicate  that  the  total  computing  time  is  reduced  by  almost  50%.  Therefore,  an

equation for the NSGA-II EMC simulation on a single computer can be shown as

follows:

T=t s∗nd∗N g+t c∗N g 4.32

where T is the total computing time, ts is the simulation time for Ansys, tc is the

NSGA-II code execution time, nd is the data size and Ng is the generation number.

When the NSGA-II is working in parallel, the equation is:

T=max
( t s1 , t s 2 , ……t sn )∗nd

n ∗Ng+t c∗N g+
tw∗nd

n N g  4.33

where  max ( t s1 , t s2 , ……t sn ) is  the  maximum time for  each node in  the  Ansys

simulation,  n is  the  number of  nodes  and  tw is  the network  communication delay

between slave and master nodes.

When comparing the computing time of the physical computer with that of the

virtual machine, the physical computer has advantages when the computing involves

only one step. 

A physical computer requires 174.67 seconds to finish one simulation while a

virtual machine requires 208.83 seconds. However,  when a repeated calculation is

required (e.g. two calculations), a physical computer requires 403.75 seconds, while

two  virtual  machines  (working  in  parallel)  require  211.23  seconds.  This  result

indicates that virtual machine technology is significantly more efficient in hardware

resource use. 

4.8. Dual Die CPU Modelling and Simulation on a 

VEMC

The  simulation  model  is  constructed  using  a  real  dual  die  CPU



structure[ CITATION Int07 \l 2052 ][ CITATION Man06 \l 2052 ]. The side view and

top view of the model is given in Figure 46. The bottom of the substrate is grounded

and two lump ports are extracted from it to give two separate internal excitations. Two

probes stand through the substrate and the dies perform as internal connections.
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Figure 46 Simulation Model of a Dual Die Processor
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Figure 47 Reflection Coefficient Comparison Between Simulation and Measurement for Port1
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Figure 48 Reflection Coefficient Comparison Between Simulation and Measurement for Port2

Comparisons  between the reflection  coefficient  obtained from simulation  and

measurement  are  made  under  corresponding  configurations,  at  port1  and  port2

respectively. For the instance of port1, as shown in Figure 47, a group of simulation

results  at  simultaneous  excitations  give  resonant  frequencies  of  2.04  GHz with  -

18.5140 dB and 4.90 GHz with -12.01 dB.  The measurement results present resonant

frequencies  of  2.025  GHz  with  -16.19  dB  and  4.975  GHz  with  -24.11  dB.

Furthermore, in Figure 48, simulation results give resonant frequencies of 2.04 GHz

with -3.783 dB and 4.80 GHz with -9.249 dB.   The measurement  results  present

resonant frequencies of 2.025 GHz with -6.687 dB and 4.975 GHz with -19.48 dB at

port2. According to the figures, the simulation and measurement results show a strong

correlation at the first low resonant frequency. However, at the second-high resonant

frequency,  the  measured  resonant  frequencies  are  higher  and they  have  reflection

coefficients  with  deeper  troughs  than  the  simulation  results.  These  errors  may be

generated by the physical errors in fabrication as well as losses in measurement. 

A  comparison  of  simulation  and  measured  far-field  radiation  patterns  is

presented for a model without a heatsink in Figure 49. As presented in Figure 49 (a),

the simulation results  show radiation power emitted vertically along +Z axis.  The

power radiating from underneath the model is very weak. With the normalised results,

the radiation patterns are similar for both the simulation and measurement of the far-

field patterns ( Figure 49 (b)). 



(a) Far-Field 3-D Plot of a Dual Die Model Without the Heatsink

(b) Comparison of Radiation Patterns Between the Simulation and Measurement

of the Dual Die Model

Figure 49 Far-Field Simulation and Measurement Results of the Dual Die Model at 2.04 GHz

4.9. Collaborative Simulation of a Monolithic 

Microwave Integrated Circuit (MMIC)

The EMC of an IC cannot be neglected in modern electronic systems due to the

constant speed of growth in semiconductor technology. Therefore, IC-level EMC is

important in modern IC design.  Compared to traditional IC design procedures, IC-

level  EMC requires more collaborative  work  .  There is one prototype VEMC



computing system available at Nathan campus, Griffith University, which conducts

modelling, simulation and optimization of IC EMC.

4.9.1. MMIC Simulation Model 

The MMIC operates at 24 GHz in a small and high frequency device. The chip is

packaged in a quad-flat no-leads (QFN) package with 12 pins. The size of the QFN

package of the MMIC is 2 mm (length) x 2 mm (width) x 0.75 mm (height). The QFN

package  technology  mounts  the  IC directly  onto  the  surface  of  the  PCB with  no

through-holes. The internal connections between the die and the lead frame are bond

wires. The simulation model is shown in Figure 50. The excitation is set up at a lead,

which is functioning as the only microwave port in the physical model. Some critical

size parameters of the model are shown in Figure 51.

Figure 50 Simulation Model of the MMIC



Figure 51 Size of the Simulation Model of the MMIC

The radiation boundary condition takes the form of a box shape surrounding the

model. The materials assignment in the simulation model is described in Table 9.

Table 9 Materials Assignment of the Simulation Model

Name Materials Permittivity Conductivity

Ground Plan Copper 1 5.8 * 107

PCB FR4 epoxy 4.4 0

Die GaAs 12.9 0

Encapsulation EME-G770HCD 4.2 0

Thermal Pad Copper 1 5.8 * 107

Lead Frame Copper 1 5.8 * 107

Bond Wire Copper 1 5.8 * 107

4.9.2. Full-Wave Techniques in the Frequency Domain 

A full-wave electromagnetic  solution,  which  solves  electromagnetic  problems

with Maxwell’s equations, is of great importance to high performance VLSI design in

computational electromagnetics. With numerous fast numerical algorithms developed,



the  finite  element  method  (FEM)  is  relatively  efficient  in  finding  approximate

solutions of partial differential equations (PDE). The frequency domain vector wave

equation for the E field can be derived as:

∇×
1
μ ∇× E⃗+σ e ω E⃗+ω2 ε E⃗=− jω J⃗ 4.34

where  is the angular frequency, J is the source current  density, e  is the

effective conductivity, and  and  are the  permeability  and  permittivity  of  the

problem space, respectively.

Simulations in the following discussion are applied using a full-wave frequency

domain solution with variable sized meshes. The frequency is set up to sweep in a

specific range to determine the expectant resonant frequency. However, determining

the correct  frequency range is  important  for  the simulation results.  Computational

errors may be introduced if the frequency range of the solution is mismatched.

4.9.3. Simulation Results 

Simulations are conducted under an excitation with a frequency swept from 0 to

50 GHz. The reflection coefficient plot shows there is a resonant frequency occurring

at 35.51 GHz with -24.82 dB, as shown in Figure 52.

Figure 52 Reflection Coefficient of the Simulation Model from 0 to 50 GHz



An  E field plot of the die surface at  36.01 GHz is given in  Figure 53.   The

electric field intensity is highest in the centre position at 1.5998 * 103V/m.

Figure 53 E Field Simulation Plot of the Die Surface

As  presented  in  Figure  54,  the  simulation  results  show  the  radiation  power

emitted vertically along the +Z axis. The power radiating underneath the model is

very low.

Figure 54 Far-Field 3-D Plot of the Simulation Model at 36.01 GHz



4.9.4. Parallel Optimization of Multi-Layer Interconnects

Parallel computation is another key attribute needed for IC EMCstudy, especially

in  optimization.  For  instance,  optimization  of  the  coupling  issues  with  respect  to

multi-layer IC interconnects requires a high computation resource.

Figure 55 shows an advanced multi-layer structure for IC interconnects. There

are five levels of conductors inside two isolated layers upon a silicon substrate. Each

layer is isolated by a low permittivity material. The population G(t) for optimization is

the matrix [X1,X2,…,X8,Y9,Y10], as shown in Figure 56. Different combinations of

conductor  positions  varies  the  total  ground  capacitance  and  the  total  coupling

capacitance  of  the  interconnects.  The aim of  this  optimization  is  to  find  the  best

allocation  of  conductors  which  contributes  to  the  lowest  value  for  the  trade-off

between total ground capacitance and total coupling capacitance of the interconnects.

Figure 55 3D Multi-Layer Interconnects for Optimization



Figure 56 Dimension Details of 3D Multi-Layer Interconnects

4.9.5. Capacitance Calculation Methodology

An accurate and fast method of capacitance calculation is to apply the principle

of energy conservation using the electrical field energy stored in the volume V. The

electrostatic energy of a linear N electrode (the Nth is ground) system is:

W =
1
2∑i=1

N

Cii
gV i

2
+

1
2 ∑

i=1 , j=1, i ≠ j

N

Cij
gV i V j 4.35

where W is electrostatic energy; Vi or Vj is the potential of the ith electrode with

respect to the ground; C ii
gC ii

g is  the self-ground capacitance of the ith electrode and C ij
g



C ij
g (i≠j)  is  the  mutual  ground  capacitance  between  electrodes.  By  applying

appropriate voltages on electrodes, the coefficients of the ground capacitance can be

calculated from the stored static energy.

4.9.6. Optimization Result

One final optimized 3D structure is plotted in Figure 57. According to the figure,

all parallel interconnects are widely separated to avoid coupling capacitance between

each other.  In  addition,  the  structural  width  of  interconnects  9  and 10 minimized

overlapping coupling capacitance compared with interconnect 5 and two other fixed

“L” shape interconnects.

Figure 57 Optimized Structure of 3D Multi-Layer Interconnects

When  Optimization  is  implemented  in  one  single  physical  machine,  the

maximum CPU usage is only 20% and maximum memory usage is 63.7%. The total

run-time  of  the  entire  procedure  is  52.60  hours.  In  a  VEMC computing  system,

computer resources can be used more efficiently with the support of virtualisation

technology. When the Optimization is paralleled into three virtual computing nodes,

the maximum CPU usage and maximum memory usage are increased up to 100%

while the total run-time is significantly reduced to 19.32 hours (which is roughly 30%

of the run-time in one single physical machine).



5. Integration of 3D EMC Measurement

5.1. 3D Near-Field Scanning System Introduction

The  3D  EMC  near-field  scanning  system  aims  to  test  the  electromagnetic

compatibility and immunity of electric devices. These devices are designed to be EM

friendly,  and  the  test  can  effectively  verify  such  criteria,  so  that  the  design

methodology  is  subsequently  proved  robust  and  reliable.  EMC  near-field

measurement is an essential process in the verification phase of device design. 

The main  component  in  the  3D near-field  scanning  system is  a  3D scanner,

which  is  modified  from  a  Rostock  Max  3D  printer.  The  design  schematics  and

prototype configuration are shown in Figure 58. It can be observed that the structure

is a parallel robot that consists of three arms connected to universal joints at the base.

The key design feature is the use of parallelograms in the arms, which maintains the

orientation of the end effectors.  These parallelograms restrict the movement of the

end platform to pure translation, explicitly only movement in the X, Y or Z direction,

with no rotation.



Figure 58 Illustration of the design schematic of the Rostock 3D printer

As mentioned in Section 1.1.3, EMC testing is necessary for every electronic

device. Each device must pass EMC testing to ensure its energy emission (a) does not

affect other devices; and (b) is not affected by these devices. Within EMC studies, the

electromagnetic  near-field  is  more  complicated  than  the  far-field  due  to  the

electromagnetic field physical features. Signals in the near-field are stronger, larger in

magnitude,  faster  in  variation  and  more  chaotic  in  their  distribution[  CITATION

Yag86 \l 2052 ]. It is critically important to investigate the device’s electromagnetic

near-field features in order to protect and improve the compatibility of the device in

the EMI environment. 

In EMI applications, numerical modelling and simulation offers a preview of the

electromagnetic field distributions of a device under test (DUT) in the early stages (as

discussed in Chapter 4). To determine a spatial distribution of an electrical quantity in

the  near-field  region,  a  request  is  made  to  the  measurement  system  (near-field

scanner) to focus on the localization of real EMI sources distributed in the highly

reactive region (surface) of a DUT. Due to the irregular shape of different DUTs, it is



sometimes  very  difficult  to  obtain  an  accurate  position  of  the  point  of  interest

[ CITATION Boh02 \l 2052 ]. 

When electrical and/or electronic devices are to be tested for EMC purposes, one

appropriate  approach  is  3D  scanning.  Explicitly,  an  electromagnetic  probe  is

connected to the spectrum or network analyzer that detects the electromagnetic signal

radiated from the electrical and/or electronic devices. The probe is programmed to

scan in a 3D fashion in the cavity above and around the device under test (DUT), as

illustrated in Figure 59. 

Figure 59 Illustration of EMC Measurement Setup

In this chapter, an Integrated Near-Field Scanning System (INFSS) is presented.

It is an integrated simulation and testing platform that performs numerical modelling,

simulation  and  near-field  measurement.  The  3D  scanner  is  capable  of  handling

complicated structures. It directly converts the geometric CAD model created at the

design  phase  into  a  3D  surface  scanning  path.  The  whole  scanning  process  is

automatically controlled by precise positioning motors with accuracy of 20 microns.

Moreover, the testing results will be visualized and displayed on the computer. Thus,

the engineer can conveniently compare the simulation results and the 3D visualization

near-field testing results. The following sections provide detailed descriptions of an



INFSS and a case study of a  dual mode switch parasitic antenna, which is used to

prove system reliability by comparing the simulation results and the 3D near-field

scanning result.

5.4. 3D Near-Field Scanning System Installation

5.4.1. 3D Scanning Device

The geometrical and motion features of the 3D scanner are described in Table 10.

Table 10 Specifications of a 3D Scanner

Diameter 27.9 cm

Height 37 cm

Motor NEMA 17 stepper

Power supply unit 450 w

Position accuracy 0.02 mm (20 microns)

Speed 300 /s

This 3D scanner is composed of multiple parts, including plastic printed parts,

frame,  linear  motion,  probe,  and  electronic  components.  They  are  assembled  and

tested in order to effectively perform the measurement tasks. An explicit description

of the installation guide, or assembly manual  [ CITATION See14 \l 1033 ], can be

found through the SeeMeCNC download link. The final 3D scanning device is shown

as Figure 60. 



Figure 60 3D Scanner Configuration

5.4.2. Software Support

The Modelling 
File 

MATLAB COMSOL Mesh File

G-Code 3D Scanner
Spectrum
Analyzer

Data 
Visualization

Figure 61 Software Data Flow Chart for the 3D Scanning System

The above Figure illustrates the data flow between several software systems in

the 3D scanning system. The modelling file is made by CAD software and contains

information on the device’s structure. It is imported into MATLAB and then generates

the numerical modelling file. The file is sent to COMSOL for meshing. The mesh

contains the scanning path coordination information, which can be used for G-code



generation.

The G-code is used to control the motor movement, so the spectrum analyzer can

read the data and send it back to the computer for visualization.

COMSOL Mesh File

The following file is created by COMSOL, and it contains all the information

regarding  the  file  mesh.  Most  of  this  information  is  not  necessary  for  G-code

generation,  except  the  section  ‘#  Mesh  point  coordinates’.  Before  the  file  is

transmitted to MATLAB, a program is used to obtain the ‘# Mesh point coordinates’

information.

Created by COMSOL Multiphysics Mon Dec 02 13:09:42 2013

# Major & minor version

0 1 

1 # number of tags

# Tags

5 mesh1 

1 # number of types

# Types

3 obj 

# --------- Object 0 ----------

0 0 1 

4 Mesh # class

2 # version

3 # sdim

99 # number of mesh points

0 # lowest mesh point index

# Mesh point coordinates

36 28.000000000000004 14.000000000000002 

36 24.500000000000004 14.000000000000004 

3 # number of element types

# Type #0

3 vtx # type name

G-Code Generation

The mesh point coordinates are obtained and imported into another file. The next



step  is  to  generate  the  G-code  file,  which  contains  motor  movement  controlling

information.

The following pseudo code illustrates the procedure to generate a G-code file.

fid=uiimport;

fid.textdata;

[x,y]=size(fid.textdata);

for i=1:x

    //Read all the coordination information from mesh file
end

for i=1:x-1

//Generate matrix, which contains all the coordination data

end

fid=fopen('GcodeTest.gcode','wt');

for i=1:x-1   

fprintf(fid,'G1 F1000');

fprintf(x,y,z);

end

fprintf(fid,'G28');

fclose(fid);

There  are  two  major  tasks  performed  by  the  above  code.  The  first  is  the

generation of a matrix, which contains all the coordination information. The second

task is to write the coordination information into a file. The G-code file must contain

three commands:

1. G1 F1000

2. Coordination

3. G28

The G1 command is  the  movement controlling command. It sends a request to

the 3D scanner,  which initiates movement of the arms. The F1000 command will

ensure that the arm stops for one second, so the probe and spectrum analyzer can read

the data.

The G28 command will reset the arm position back to coordination 0,0,0. 



G1 F1000

G1 X-2 Y0 Z150.1

G1 F1000

G1 X-1.96 Y0.39 Z150.1

G28

The above code will control the arm’s movement to position x:-2 y:0 z:150.1.  It

will ensure that the arm stops at that position for one second. The arm will then move

to position x:-1.96 y:0.39 z:150.1, and then stop for another one second. At the end,

the arm will move back to the starting position.

Result Visualization

The data is read by the spectrum analyzer and probe, and is stored in a CSV file.

The software reads the file and plots a figure to visualize the data.  The following

MATLAB pseudo code illustrates the data visualization procedure.

listing=dir('C:/curve/');

path='C:/curve/';

n=length(listing);

temp=csvread(pathname,2,0);

for i=1:x

[x,y]=size(newC{i}');

for j=1:x

    //read the coordination information
end

for i=1:x    

    //read the spectrum analyzer reading result
end

    
[xx,yy]=meshgrid(min(coordiX):max(coordiX),min(coordiY):max(coordiY))

;

    zz=griddata(coordiX,coordiY,result,xx,yy,'v4');
surf(xx,yy,zz)

   axis equal
The above code can read the CSV file (function: csvread()) which is stored in the



C:\curve  folder.  The  CSV  file  contains  information  on  the  position  (variables:

coordiX, coordiY) of the probe and the reading result (variable: result). The software

needs to separate the information and store it in a matrix. The surf() function will plot

the figure in MATLAB.

5.4.3. Data Reading Device and Measurement Probe

Probes

Multiple  types  of  detection  probes  can  be  applied  in  the  EMC  near-field

measurement system depending on the measurement requirements, frequency range

and  resolution,  connector  availability,  etc.  Two  types  of  detection  probes  are

employed in this system including a directional antenna and a set of RF field-probes

(Aaronia HyperLOG 7060, and Aaronia PBS 1 probe).

Spectrum Analyzer

Spectrum analyzers can be used in the measurement of near-field electric and

magnetic  intensity.  In this  system, a spectrum analyzer  is  effectively employed to

measure the EM field. The recorded data is processed and presented accordingly for

different purposes. Two types of spectrum analyzers are used in the EMC near-field

measurement system.  One is the Aaronia portable spectrum analyzer SPECTRAN

HF-6060, and the other is the Rohde&Schwarz HAMEG 3000 spectrum analyzer.

5.5. INFSS Features and Structure

5.5.1. INFSS

The INFSS is  composed of  two main  components;  the  system flow chart  is

shown  in  Figure  62.  The  basic  role  of  INFSS  is  to  develop  a  geometric  device



modelling file in both the FEM simulation and the 3D near-field scanning. The DUT

geometrical  model  file  is  generated  by  the  CAD  software.  It  provides  structural

information such as the device dimensions and surface mesh. 

Figure 62 INFSS Flow Chart

The first  step in  developing the  modelling  file  is  to  import  it  into  the  FEM

simulation  software.  The  software  will  start  computing  and analysing  the  electric

field. By analysing the FEM results, the engineer can predict how well the device will

perform and revise the structure if necessary. The final device modelling file will be

sent for production prototyping. The prototype will be returned to the laboratory for

further near-field investigation. 

The previous CAD file will be used to generate the mesh file. The mesh file will

contain  the  testing  point  coordination  information  for  the  device’s  surface.  This

information can be used by the 3D scanner to control the movement of the motors.

The spectrum analyzer will be used to sample and measure in real time. The data will

be collected and sent to the computer through a USB connection for analysis  and

result visualization purposes. 

5.5.2. Mesh and GCode

The  mesh  file  contains  a  polygonal  or  polyhedral  mesh that  approximates  a

geometric  domain[ CITATION Ede01 \l  2052 ].  The system implements the FEM

package in order to generate the mesh information. The entire mesh will be applied in



the FEM simulation. The surface mesh information can be used for the generation of

the GCode (as listed in Table 1), which is the control command of the 3D scanner.

Based on the mesh information, the 3D scanner will control the motor and move the

probe on the device surface to measure the near-field electric field line by line (see

Figure 63).

Figure 63 Mesh Generation and Motor Control

Table 11 GCode Structure

Cod

e

Description

G1 Motor movement control code

X The x plane coordination

Y The Y plane coordination

Z The Z plane coordination

5.5.3. FEM Simulation

An  electromagnetic  solution,  which  solves  electromagnetic  problems  with

Maxwell’s equations, is of great importance in high performance VLSI design. With

numerous fast numerical algorithms developed, the finite element method (FEM) is

relatively efficient in finding approximate solutions of partial differential equations

(PDE). The frequency domain vector wave equation for the E field can be derived as:



∇×
1
μ ∇× E⃗+σ e ω E⃗+ω2 ε E⃗=− jω J⃗ 4.36

where   is  the  angular  frequency,  J is  the  source  current  density,  e is  the

effective  conductivity,  and   and   are  the  permeability  and  permittivity  of  the

problem space respectively.

5.6. Case Study

5.6.1. Dual Mode Switch Parasitic Antenna

The dual mode switch parasitic antenna is designed to meet the demands of a

wearable wireless sensor and a wireless body area communication network. It is tuned

to excite at two desired modes at the same time, and to make a patch resonate at 2.45

GHz and 5 GHz, as shown in Figure 64.  

Figure 64 Geometrical Structure of the Parasitic Antenna

5.6.2. Antenna Design

Using the Yagi-Uda antenna  [ CITATION Gra95 \l 2052 ] directive,  reflective



parasitic  elements  are  responsible  for  shaping  the  radiation  pattern  at  a  desired

frequency. The central element (#0) is a driven element surrounded by six hexagonal

parasitic elements (#1 - #6) having equal size and shape. An additional six elements

(#7 - #12) were placed in an outer circle.  These additional patches act as director

elements to shape the radiation pattern and increase the directivity of the antenna in a

desired direction. The inner circle of six switched parasitic elements (or reactively

loaded parasitic elements) remains in the same configuration as patch antenna array

with seven hexagonal elements (PASHE)[ CITATION Che07 \l 2052 ]. Six switching

parasitic elements were arranged around the main patch. They can be arranged in an

open  circuit  or  shorted  to  the  ground  plane  to  sweep  the  pattern  in  the  desired

direction, using the switching circuit in Figure 3. While the cavity model is unsuitable

for detailed analysis of the patch antenna array with 13 hexagonal elements (PATHE),

it  provides  a  useful  first  order  approximation  for  a  circular  patch  antenna.  The

following equation illustrates the design theory:

          f (r )mn 0=
xmn

'

2πa √με
                                        4.37

Where  f (r ),ε  μ and  xmn
' are  resonant  frequency  of  the  cavity,  permittivity,

permeability and of derivatives zeros of a Bessel function.  The dominant mode is

TM 110
Z  in the circular patch antenna andTM 210

Z , TM 010
Z and TM 310

Z  are the next modes in

ascending  order[  CITATION  Bal05  \l  2052  ].  The  formula  4.6  does  not  include

fringing effects so that 4.7 and 4.8 are presented in [ CITATION Bal05 \l 2052 ] and

make a correction for the dominant mode.  

 
a=

F

{1+
2 h

π εr F [ ln (
πF
2 h )+1.7726 ]}

1 /2
          4.38

where 

F=
8.791× 109

f r √ε r
               4.39



Parameter  “a”  is  the  radius  of  the  equivalent  circular  patch.  Designing  the

dominant mode to be at 2.45 GHz, TM 010
Z mode would be excited at 5 GHz becausexmn

'

is 1.8412 for TM 110
Z

 and 3.8318 forTM 010
Z

. For a 1.6 mm FR4 epoxy substrate ( r
=4.5,

tangent loss=0.025) and an operating frequency of 2.45 GHz, a 3.35 cm diameter

patch was given. A parametric study has been done to find the best position for the

feed to excite both  TM 110
Z  and  TM 010

Z modes. Two orthogonal terminations were used

for each of the switched elements. During operation, all outer ring elements (#7- #12)

and one inner ring element (e.g. #1) function as the director elements by switching to

“ungrounded”.  The remaining elements in the inner ring are short-circuited to the

ground at five directions in the azimuth plane. The optimized dimensions of the main

patch, the position of the feed and position of the shorting pins are depicted in Figure

65. The system consisted of four parts: the physical antenna, the switching circuitry, a

USB controller and PC based software. A simple USB device was used to generate the

switching currents required for the antenna. A switching current of 4 mA at 4.8 volts

was used to switch each element between open-circuit and short-circuit. 

Figure 65 Optimized Position of the Feed and Shorting Posts on the Patches



5.6.3. Mesh Information for the Antenna

Based on the previous geometrical structure information, the antenna is sent to

the FEM package to generate the mesh information. This is shown in the following

Figure 66. The mapped mesh method is used in this case and only meshes the surface

of the device. 

Figure 66 Mesh Information for the Antenna

5.6.4. Results Comparison

A ZVA24  ROHDE &  SCHWARZ network  analyzer  is  used  to  measure  the

reflection coefficient of the antenna from 2 GHz to 6 GHz. The measurement results

(as shown in Figure 67) indicate that the 10 dB bandwidth of the antenna is 200 MHz

(8.3%) at 2.45 GHZ and 320 MHz at 5.15 GHz (6.2%). The measured results are

slightly  higher  than  the  simulated  results  due  to  the  difference  between  the

permittivity of the simulated FR4 and the real substrate.



Figure 67 Comparison of the Simulated and Measured Return Loss of the Antenna

Figure 68 Near-field Simulation Result

Near-field  simulations  and  measurements  are  processed  at  corresponding

resonant frequencies, as shown in  Figure 67. The near-field simulation results  and

measurements are presented in Figure 68 and Figure 69These results agree with each



other. The color difference is due to the different units presented.

Figure 69 Near-field Measurement Result  



6. Conclusion

The  high  frequency  transformer  development  requires  the  engineer  with  the

experience and the development  process  is  time consuming.  Even an experienced

engineer can finish the design procedure in a short time, the device prototype still

needs to be test. Conventionally, before a high frequency transformer device can be

put in the market,  it  needs to through many steps.  These steps include the device

designing,  modeling,  simulation  and  testing.  The  integrated  high  frequency

transformer  design  virtual  laboratory  combined  all  these  steps  and  provide  many

convenient functions to the engineer. It can assist the engineer in the high frequency

transformer designing, simulation and testing. 

The system has three main functions: 

1. A transformer  design  software  with  the  transformer  design,  modelling,  EMC

simulation and structure optimization.

2. A cluster computing system with the high performance and the high availability

features.

3. A 3D scanning system which can provide an alternative cheaper solution for EMC

testing. The device can be pre-tested before sending to EMC lab for labeling. 

The integrated high frequency transformer design virtual  laboratory  has  been

developed and tested by many case studies. The system contains three components; a

high  frequency  transformer  design  tool,  a  virtualization  platform  with  a  high

performance computing environment and a 3D near-field scanning device for product

EMC measurement. The HF transformer design tool is based on Matlab and FEM

simulation software. It combines the HF transformer design, calculation, modelling

and simulation techniques. The virtualization platform is based on the virtualization

technology and the cluster computing technique. It provides a stable, reliable and high

performance computing environment for the simulation and calculation purpose. The



3D near-filed scanning device, which is based on the numerical modeling and the data

visualization techniques. It provides an EMC testing environment to test the prototype

device before sending the device to the EMC lab. 

Therefore, the research has achieved the following goals:

1. HF tansfromer design tool

2. VEMC Computing Platform

3. 3D Near filed scanning system

6.1. HFCT Design Tool

In  the  chapter  3,  a  new  high  frequency  transformer  design  platform  was

developed  to  provide  computational  electromagnetics  for  transformer  design,

structure modelling and FEM numerical techniques-based magnetic field simulation.

It  contained  HFCT structure  design,  predicted  results,  modelling,  simulation  and

optimization. It provided assistance to the HFCT engineer, and a new methodology

for HFCT design.

An 8 kW transformer design case study was illustrated in the chapter 3. The

platform generated an 8 kW coaxial transformer. Based on a numerical result analysis

by an experienced design engineer and an ANN winding structure development based

on the database, a final transformer structure was made by selecting 21 litz wire. By

using  FEM  based numerical  analysis  and an optimization  approach,  an  optimized

structure  was  proposed  by  the  platform which  matches  the  trade-off  of  coupling

capacitance C ps and leakage inductanceLeq. The computing time of the whole design

indicated that the platform can significantly reduce the design time and power losses

of the HF transformer and optimize the transformer structure.



6.2. VEMC System

Chapter 4 discusses VEMC architecture for a cloud computing environment. It

combined technologies and methodologies such as computational electromagnetics,

virtualization, and distributed and parallel computing. The VEMC system provides

optional architecture to the end-user and system administrator. Cluster architecture is

highly scalable and easily set up, but the performance will be limited by the number

of  computers  within  the  cluster.  On  the  other  hand,  VEMC  cloud  distributed

architecture  can  provide  high-performance  computing  and  a  high-availability

environment. However, it will require a high system budget and a cluster technology

background for the system administrator. In its current stage, VEMC has already been

successfully implemented under a distributed architecture, and provides successful IC

simulation results to solve EMC problems. The results of the case study indicate that

optimization is essential processing for the EMC simulation. 

6.3. 3D Scanning System

In the Chapter 5, an integrated near-field scanning system has been presented for

the high frequency device. The system implemented numerical modelling for both

FEM simulation and 3D scanning. The system can help an engineer obtain an accurate

simulation result in order to analyse the device, and verify the design by automatically

scanning the near field region. It significantly shortens project development time and

increases efficiency. 

6.4. Future Work

To continue working on the HF transformer design virtual laboratory, there are

still some more work that needs to be completed.

1. Continue  working  on  the  HF  transformer  design  tool  development.  The

software still  requires further development  for a planar  transformer design.



The current version can only implement the coaxial transformer design. Also,

the  software  needs  to  support  more  algorithms  for  multi-objective

optimization purposes.  

2. Continue  working  on  the  3D scanning  device  testing  experiment.  The  3D

scanning device should be automatically  obtain the EMC reading from the

probe and display on the computer instead of the current manual operation.
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