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Abstract

Transformers are widely used in power electronics but their low operating frequency typically makes
them bulky. Increasing the switching frequency can significantly reduce transformer size, weight, and
production costs, which is particularly advantageous for portable applications such as chargers. This
report investigates the operation of high-frequency transformers and presents the design and develop-
ment of a working prototype operating at up to 3MHz.

Electrical parameters, including inductance, capacitance, and resistance, were measured using a Bode
100 vector network analyser (VNA) and validated through analytical models and finite element simu-
lations in COMSOL Multiphysics. Based on these parameters, a transformer model was constructed
using IEEE Std 390 [1] and verified in LTSpice against measured results. Toroidal cores made of soft
ferrite materials in various sizes were evaluated, and round copper wire was initially used for wind-
ings. To minimize AC resistance at high frequencies, litz wire was selected for the final prototype.
The completed transformer was integrated into a switching circuit operating at 1.5MHz, demonstrating
successful high-frequency performance and practical viability.
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Introduction

1.1. State-of-the-Art Analysis

High-frequency transformers (HFT) are a type of transformer that operates at frequencies higher than
the standard net frequency of 50/60 Hz. These frequencies range from tens of kilohertz up to several
megahertz. In power-dense, high-efficiency systems such as EV chargers [2] and renewable energy
converters [3], HFT play a critical role in the development of smaller and lighter designs. Other appli-
cations for the high-frequency transformer include, but are not limited to: switch-mode power supplies
[4], arc welding [5], medical imaging equipment [6], and induction heating [7]. By operating in the
high-frequency range, these transformers reduce magnetic component size, allow for increased power
density and offer better integration with fast-switching semiconductors. However, such benefits come
with a set of complex technical challenges.

1.1.1. Dominant Challenges

The transformer core experiences losses, called core losses, in the form of hysteresis and eddy cur-
rents [8]. Due to non-linear dependency, at high frequencies the losses become significant. Winding
losses due to the skin and proximity effect reduce the effective conduction area, significantly raising
the AC resistance. These effects are particularly pronounced in toroidal windings, where the conductor
arrangement is more constrained than in other geometries. Litz wire and foil windings are capable
of reducing the winding losses. A third factor is the distributed capacitance between windings (inter-
winding), between winding turns (intra-winding) and between the winding and the core. Also called
stray capacitance or parasitic capacitance, it acts like a shunt capacitance, conducting high-frequency
currents [9]. In high-frequency operation, this introduces resonances, overshoots and common mode
noise [10]. Additionally, these parasitics can also distort switching behaviour in power stages, espe-
cially when fast GaN or SiC switches are used [11].

1.1.2. Existing Modelling Techniques

In response to these challenges, three main modelling strategies have emerged:

» Analytical models are fast and intuitive, though typically rely on simplified assumptions: linear ma-
terial behaviour, uniform flux distribution and/or neglect of higher-order effects such as frequency
dependent winding resistances. For example, for core loss calculationsmodified Steinmetz equa-
tions (iGSE) are used.

» Numerical methods, particularly Finite Element Modelling (FEM) provide high fidelity electromag-
netic field simulations. Tools like COMSOL and ANSYS Maxwell can model field distributions,
parasitics and thermal profiles, but are computationally intensive and introduce their own compli-
cations (e.g. mesh convergence issues).

+ Empirical characterisation, through means of measuring real components and extracting equiv-
alent circuit parameters. One such method for extraction is the IEEE Std 390 [12].
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1.1.3. Gaps in Literature

The IEEE 390 outlines procedures for extracting transformer equivalent circuits based on frequency
dependent impedance measurements. Values extracted are the equivalent resistances, reactances
and parasitic capacitances. While the method is established for conventional frequencies, it has not
been evaluated for MHz-range designs. Related works use methods such as the reflection coefficient
technique with the scattering matrix [13] and the more commonly seen frequency response analysis
(FRA) [14], [15] to extract circuit parameters, however these do not explicitly reference the IEEE 390.
Even fewer papers explore the differences between analytical, numerical and empirical derivations of
parameters, presenting both a risk and an opportunity. The design and validation of a HFT using IEEE
390, supported by real builds, equivalent circuit modelling, and FEM simulation, therefore represents
a valuable contribution to research.

1.2. Problem Definition

1.2.1. Situation Assessment

Historically, transformer modelling was based on lumped parameter approaches suited for low fre-
quency operation, where parasitic capacitances and frequency-dependent losses were negligible [8],
[16]. As switching frequencies have increased into the MHz range, these assumptions no longer hold.
Modern systems such as EV chargers and power-dense converters demand models that account for
skin effect, proximity losses, thermal behaviour, and electromagnetic interference [17], [18]. While
FEM tools and empirical methods exist, they are often computationally intensive or lack standardisa-
tion. Currently, no widely accepted workflow integrates analytical, numerical, and measurement-based
methods for MHz-range toroidal transformers. This project addresses that gap by evaluating whether
equivalent circuit parameters extracted via IEEE 390 can form the basis of a reliable modelling and
validation framework at high frequencies.

1.2.2. Scoping Analysis

Needs

The Dutch energy transition demands a fundamental rethinking of how we handle energy conversion
and distribution. In a power landscape populated by decentralised renewable sources, compact and
efficient conversion hardware is crucial. Traditional low frequency transformers cannot support the
required power density or control dynamics. In addition to this, nearly 35% of new car registrations
in the Netherlands are battery electric vehicles (BEV) [19], and the electric fleet is expected to grow
further. HFT are critical components in onboard EV chargers, supporting the energy transition at both
household and grid levels. In this context, HFT are not just relevant - they’re essential. Despite their
growing importance, accessible and standardised modelling methods for high-frequency transformers
are lacking.

Objectives

This project aims to develop and validate a design workflow that incorporates the IEEE 390 equivalent
circuit models for high-frequency transformers. The goal is to assess whether these models, calibrated
with experimental results and benchmarked against analytical calculations, can form a reliable, practical
design. If successful, this workflow would reduce the reliance on trial-and-error or costly simulation
loops and provide transformer designers (especially in automotive and power systems industries) with
a systematic and efficient design and evaluation tool.

SMART Criteria
» Specific: Implement and verify the IEEE 390 model for at least three HFT prototypes operating
between 1-3 MHz.

* Measurable: Achieve a maximum deviation of 10% between simulated and measured values
across the bandwidth of interest.

+ Assignable: All tasks related to design, modelling, and measurement are carried out by the
thesis subgroup in a divided, efficient and documented manner.

» Realistic: The target accuracy is aligned with what's achievable in practical HFT modelling with-
out resorting to full 3D FEM tools such as COMSOL.
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» Time-related: The modelling, testing, and validation for all transformer prototypes must be com-
pleted within the 8 week thesis timeline.

1.2.3. Bounding Analysis
In order to implement, verify and create a working HF T prototype, certain constraints, parameters and
variables need to be defined. These highlight the limitations of the project.

Constraints
The constraints follow from the needs of the project.

» The transformer must operate within 1-3 MHz, based on the requirements for compact power
converters in electric vehicles.

» Thermally, the transformer must operate safely under passive or forced air-cooling, as is done in
automotive or residential applications.

+ Commercially available cores and copper wire may be used, reflecting realistic production feasi-
bility.

+ Total material cost per prototype may not exceed €200, aligning with small scale industrial prod-
ucts (and the BAP framework), assuming power handling requirements for portable applications.

» All modelling, testing and validation must be completed within the EE3L11 8-week window.

Parameters
Factors that affect ability to make alternatives are called parameters or alterables. These are as follows:

» Winding configuration: number of turns, wire gauge, spacing, layering strategy.
+ Core selection within commercial availability in mind. Different shapes, sizes, materials.
» Frequency range between 1-3 MHz to assess performance.

+ Measurement setup consistency. Are test voltages the same? Are followed procedures consis-
tent?

Variables
The transformer will be modelled, tested and validated against different methods, whether these be
analytical, numerical or empirical. What variables are measured for monitoring the performance?

» Leakage and magnetising inductance

» Equivalent resistance and core loss values

» Parasitic capacitances

» Temperature under nominal load conditions

» Transformer efficiency

» Deviation between analytical models and simulations

1.3. Thesis Synopsis

This thesis investigates the design, modelling, and performance evaluation of high-frequency trans-
formers for MHz-range applications. Multiple prototypes are constructed and characterised using the
IEEE Std 390 procedure to extract equivalent circuit parameters. These are compared against ana-
lytical predictions and FEM simulations to assess model accuracy. A final prototype is built based off
of the values required by the switching circuit subgroup. The aim is to evaluate whether IEEE 390
provides a practical and reliable modelling framework for high-frequency transformer design.



Programme of Requirements

The overall aim of the project is to make a working DC-DC converter, as shown in figure 2.1. It consists
of a switching circuit, generating a high-frequency AC signal; a transformer capable of handling the
high frequency and wirelessly transforming the signal to the secondary side; and a rectifier to convert
the AC signal back into DC. This thesis discusses the highlighted transformer component.

Switching Circuit ( Transformer ) Rectifier
DC N N DC
~ ——H Sl Hb—d / = .
—

Figure 2.1: Total schematic for a DC-DC converter.

The aim for the transformer subgroup is to design, model, and evaluate a high-frequency transformer in
the megahertz range for power conversion applications, such as EV chargers, renewable energy sys-
tems and compact electronics. Focus is placed on optimising core materials, winding configurations,
and thermal management to minimise winding/core losses and maximise efficiency. Use of simulation
tools like COMSOL or MATLAB for validation, after which experimental testing is conducted to measure
performance (efficiency, thermal behaviour, losses). Results are compared with theoretical models, dis-
crepancies analysed, and design improvements proposed. A professional grade transformer prototype
is delivered with documented performance metrics.

A set of requirements has been outlined below. One set is related to the transformer itself, and the
second set to the testing and measurement of the transformer.



2.1. Transformer Product

2.1. Transformer Product

No. | Requirement Type Test

1 The transformer must convert an AC signal Functional Observe AC-AC transforma-
generated by a switching circuit as part of a tion and DC output post-
DC-DC power conversion system. rectification.

2 The transformer must operate at 2A, 50V, | Functional Measure current and voltage
delivering 100 W. under nominal load.

3 | The transformer must be bidirectional (does | Construction | Visual inspection and func-
not matter what the primary or secondary tional verification.
side is) with a 1:1 turns ratio.

4 The transformer must have two input and | Construction | Physical inspection of wind-
two output terminals. ing terminations.

5 | The transformer must maintain >80% effi- | Performance | Compare input and output
ciency at full load. power at 100 W.

6 The transformer must operate at >1MHz | Performance | Measure waveform distortion
without core saturation. and compare to Bmax esti-

mates.

7 The transformer core temperature must re- Boundary IR thermometer or thermo-
main below its Curie temperature, and wind- couple measurement under
ing insulation must remain within rated limits. steady-state operation.

8 | The transformer must be cooled using pas- Boundary Observation of cooling setup
sive or forced air (80 mm fan). during tests.

9 | The complete transformer and driving circuit Boundary Physical measurement of
must fit within an 8 x8 x5 cm enclosure. prototype dimensions.

Table 2.1: Programme of Requirements for Transformer Product
2.2. Testing and Measurement
No. | Requirement Type Test

1 Impedance measurements across the 1-| Functional Perform impedance sweep
3 MHz range must be taken using an LCR with test equipment.
meter or network analyser.

2 Equivalent circuit parameters must be ex-| Functional Document procedure and pa-
tracted using IEEE Std 390. rameter values.

3 The core and winding losses must be es- | Performance | Cross-compare losses from
timated analytically, simulated, and mea- all three methods.
sured experimentally.

4 The temperature rise must be measurable Functional Set up and validate measure-
using thermocouples or an IR camera. ment rig.

5 Efficiency at 100W must be calculated | Performance | Use oscilloscope and power
based on input-output power measure- probes.
ments.

6 The transformer must support repeatable Boundary Implement standardised test
testing under fixed load conditions. load setup.

7 | The transformer model must be simulated Functional Run simulations in COMSOL
using COMSOL Multiphysics to validate ex- using measured geometry
tracted parameters and support analytical and materials; compare
comparison. outputs to IEEE 390 and

analytical results.

Table 2.2: Programme of Requirements for Testing and Measurement




Theory

3.1. Physics

3.1.1. Ampere's Law

Ampére’s Law relates the circulation of a magnetic field around a closed loop to the current that passes
through said loop. Itis fundamental in transformers because it relates the magnetomotive force from coil
currents to the magnetic field in the core, enabling the calculation of flux. The flux, in turn, determines
the induced voltages in the windings via Faraday’s Law (explained in 3.1.2). The integral form is given

below.
7{ H.-dl = // Jiree - AS = lfree enc (3.1)
C S

Equation 3.1 is Ampére’s Law using H, magnetic field intensity. It is related to the magnetic field density
through the constitutive relation B = pgH.

3.1.2. Faraday's Law

Faraday’s Law of induction predicts how a magnetic field will interact with an electric circuit to produce
an electromotive force (emf). It is crucial in transformers because it describes how a time varying
magnetic flux induces voltage in the windings. This induced voltage enables energy transfer between
the primary and secondary circuits without electrical contact. Equation 3.2 states that the emf ¢ is given
by the rate of change of the magnetic flux ®g scaling with the number of turns.

E= _NF (32)

Equation 3.2 is for a tightly wound coil of wire, where N is the number of identical turns and ®g the
magnetic flux through a single loop.

3.1.3. EMF equation

Core saturation is a phenomenon where the magnetic materials B-H curve is in the non-linear region.
This implies that with an increase in the magnetizing force (H), the flux density (B) does not necessarily
increase linearly, as the permeability (1) of the material decreases. This will produce a non sinusoidal
waveform and result in magnetic losses. To find the conditions at which the core saturates, Equation
3.3 can be used.

27
= —fNBmaxA 3.3
€ ﬁ maxAc ( )

This equation follows from a combination of Ampére’s law and Faraday’s law for solenoids where the
number of turns plays a role in both cases. The assumption is made that the current through the
Amperian loop is a pure sinusoidal with intensity |, giving the current as I(t) = Isin(wt). The magnetic
field density can be found by applying Ampére’s law to the sinusoidal current:

f B - dl = uNIsin(wt) (3.4)

6
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Working this out will give B(t) = M Now to find the flux through a surface which is used for
Faraday’s law, a surface integral of the magnetic flux density has to be done:

o(t) = f B(t) - dS = é(t) = 7{ M .dS (3.5)

Once the flux is known, Faraday’s law (for solenoids) is applied. One thing to note is that all the
derivations are done using a sinusoidal current signal. However, it is much more interesting to look at
the RMS values of the signal, since it eliminates the time varying part. This will make further calculation
easier: ) )
. do¢ _ pAN%lw _ pAN“127f _ 27

€rms N at = €rms | 2 /2

Since the transformer core will saturate at Byax, we know that we cannot apply a voltage larger than a
certain value. The RMS value for a sine wave is calculated by simply dividing the intensity by v/2. This

follows from the definition of the RMS: RMS = \/% tt+T(x(t))2dx. This is proven here:

COS(wt) = €rms fN BAC (36)

27
cos(wt) = —sin(wt— %) = \/er /o (-sin(wt — %))de = (3.7)

NI

3.1.4. Inductance
Self Inductance
The self inductance of a primary winding in a non-ideal transformer can be expressed analytically as:

- ILLr/loAcN% - N%

|C R
Where L is the self inductance of the primary winding, p is the relative permeability of the core material,
1o is the absolute permeability of free space, Ac is the effective cross-sectional area through which the
magnetic flux links the winding, N4 is the number of turns on the primary side, and I¢ is the mean
magnetic path length of the core. The values ur, Ac and I are found in the datasheets of the respective
core material. The core reluctance R is a constant, representative of the opposition to magnetic flux
and analogous to electrical resistance. It is defined as:

L, (3.8)

Ic
= 3.9
prtoAc (39)

Expression (3.8) is derived from the definition of inductance, L = )i, where A = N4¢ is the magnetic
flux linkage. Applying Ampére’s Law and assuming linear magnetic behaviour, the flux ¢ generated by
the current in the winding is related to the magnetomotive force and core reluctance by:

_ Nai _ Niiariohe

¢ R Ic
Substituting into the flux linkage expression and rearranging yields the inductance formula (3.8) above.

(3.10)

Coupling Coefficient k
Not all the magnetic flux produced by the primary winding is coupled to the secondary side. Some of
the magnetic flux "leaks”, and is therefore called leakage inductance. The mutual flux is given below:

M =ky/LqLo (3.11)
Where k is the coupling coefficient. It is a measure of how close the magnetic fields of two inductors

are interlinked, and has values 0 < k < 1. When k = 1, the two windings are perfectly coupled and no
leakage of the magnetic flux is present. Equation 3.11 can be rewritten to be:

k=M (3.12)

N

Which is a method of calculating k. The magnetising and leakage inductance can be calculated from
knowing k and the self inductance of the coil. Formulas are:

Lmag = kL (3.13)
Li=(1-k)L (3.14)
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Magnetising and Leakage Inductance
The magnetising and leakage inductances stem from the self inductance of the coil L. It is the same
for the primary side as it is for the secondary side, so:

The magnetising inductance Lmag represents the portion of a transformer’s self inductance associated
with magnetic flux that links both windings (mutual flux) under perfect coupling (so k = 1). It is finite
when the core has a finite permeability, and it determines how much current is needed to establish
magnetic flux in the core when the secondary side is open-circuited [9]. On the other hand, the leakage
inductance L, represents the portion of a transformer’s self inductance due to magnetic flux that does
not link both windings. This can be flux in air gaps, insulation, or fringing paths. Energy is stored locally
around each winding and is modelled as a series inductance, reducing the coupling efficiency (k < 1)
and affecting high-frequency performance. At high frequencies, the leakage inductance contributes to:

* Voltage drops
» Waveform distortion and ringing due to resonance with parasitic capacitances
» Reduced efficiency and bandwidth in fast switching circuits

To reduce the leakage inductance, windings can be placed over one-another and the number of turns
should be reduced [9].

3.2. Core Saturation

When applying an external magnetic field to a ferro-magnetic core, it will magnetise. The relation
between magnetic flux density and magnetic field intensity is given by H = uB [20]. However, at a
certain point the linear relation between the intensity and density will stop. This is clearly illustrated in
a B-H curve, for example figure 3.1. This phenomena is explained by the fact that the magnetic core
consists outs of many small ferro magnetic regions. These regions will turn in the same direction when
exposed to an external magnetic field. At some point all these regions will be aligned, leaving no room
for further alignment [21]. For an increase in current, which results in an increase of H due to Ampére’s
law, the magnetic field density will increase - but only by a small amount.
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Figure 3.1: B-H curve of the medium toroid [22].

The non-linear magnetic field density increase will result in a non-perfect voltage curve. Once more,
this can be explained by Faraday’s law. From equations 3.4 and 3.5, it can be seen that ¢ is given by
€= —NIA%. Looking back at the corresponding B-H curve, it can be seen that for a linearly increasing
H, B will at some point not increase linearly but instead plateau. Meaning that the derivative of the
magnetic field density will tend towards 0 for a small period of time. Since ¢ is linearly dependent on
that derivative, it too will be 0 for a small period of time. This will create a sort of "dead-time” around
the x-axis.
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3.3. The Transformer
3.3.1. Core Type

The shape and size of a core can influence the electromagnetic performance, efficiency, cost and ease
of manufacturing. Several core types are commonly used, each having their advantages and limitations,
such as:

» Toroidal Cores: Consist of a continuous, closed and circular magnetic path, which results in the
majority of magnetic flux staying within the core material. This results in low leakage inductance
and minimal EMI. Kazimierczuk, [9], highlights that toroidal cores have the lowest EMI emissions
and offer excellent heat removal. Therefore, toroids are a good fit for high frequency applications.
Winding is labour intensive, but the pay-off is good EMI performance.

Figure 3.2: Toroidal core [23].

* Pot Cores: These cores almost surround the entire winding, resulting in good protection from
EMI. However, pot cores are generally more expensive and are less effective at heat dissipation.

Figure 3.3: Pot core [24].

Double Slab and RM Cores: Modified pot cores that have sections cut off, allowing for better
heat dissipation and larger wires. RM cores reduce the used board space and are thus suitable
for compact printed circuit board (PCB) applications.

r

Figure 3.4: RM core [25].

E Cores: Feature open windings, allowing for simple winding configuration and assembly, but at
the cost of increasing EMI. They allow for good airflow and are typically less expensive. There
are different sizes and can be placed in different orientations, resulting in various usable cases.

w

Figure 3.5: E core [26].

EC, ETD and EER Cores: A mix of E cores and pot cores. Like E cores, they provide wider
winding windows, allowing for larger wires and better heat dissipation due to increased airflow.
The round centre limits sharp bends in the wires, reducing losses.
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(a) EER core & ETD core [27]. (b) EC core [28].

Figure 3.6: EC, ETD & EER cores

* PQ cores: Optimised for switched-mode power supplies, resulting in maximum inductance and
winding area with minimum core sizes. The high winding area-to-volume ratio allows for bigger
wires and better thermal management.

Figure 3.7: PQ core [29].

» EP cores: Almost entirely enclosed, except for the PCB terminals. This design provides very
good EMI protection and minimizes air gaps, ensuring good magnetic performance. Thermal dis-
sipation is limited due to the enclosed windings.

Figure 3.8: EP core [30].

3.3.2. Core material
To operate at high frequencies without losses, determining what core material to use is essential for a
successful HFT. The major parameters of a HFT core material should be as follows:

» High saturation flux density Bs: Larger Bs translates to more energy transfer per cycle or re-
ductions in the core cross-section for a given power, therefore directly boosting power density.

» High curie temperature T;: The core must be able to operate safely under sustained temper-
atures without breaking or losing its magnetic order. The Curie temperature is defined as the
temperature above which a material loses its permanent magnetic properties. This differs per
material.

* Low magnetostriction \: Magnetostriction drives the vibration and acoustic noise as the flux
varies due to an applied magnetic field. No deviation in the volume of the core is desired, and the
magnetostriction should therefore be low.

High relative permeability ;: A high ., lowers the magnetizing current for a given inductance,
improving coupling and reducing reactive losses.

» Low coercivity H¢: H is the coercivity and represents the ability of a magnetic material to with-
stand demagnetization. It determines the area of the hysteresis loop and thus hysteresis loss in
the transformer. A low coercivity material is said to be a magnetically soft material.

» High resistivity p: A high resistivity suppresses the eddy currents in the core at high frequencies.
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* Low loss P|o¢s: Core losses are directly linked to degradation in efficiency and increases in ther-
mal stress.

* Low cost: The transformer must be feasible to make. It is worth exploring cutting-edge technol-
ogy and rare materials, but that is ultimately not the aim of the thesis.

Four families of soft-magnetic materials (SMM) dominate in the HFT market [31]. These are Fe-Si
alloys, soft ferrites, amorphous alloys and nanocrystalline alloys. The table below summarises the key
features and lists the characteristics of the SMMs:

SMM family Max. pr He, A-m™ Bs, T Te, °C P 2-m Typical frequency range
Fe-Si alloys Line frequency - few kHz
Non-oriented Fe-Si 3.108-10-108 30-80 | 1.96-2.12 | 725-765 50-1078
Grain-oriented Fe-Si | 15-10%—-80- 103 4-15 2.02 750 45.1078
Soft ferrites Hundreds of kHz - several MHz
MnZn 103 - 10* 5-20 0.4-0.55 | 130-280 0.1-20
Nizn 102 - 103 20-200 | 0.2-0.35 | 110-400 103 -107
Amorphous alloys Tens of kHz - low MHz
Fe- based 105 2-5 1.56 415 120-108-140-108
Co- based 5.10° 0.5-1 0.62 320 120-108-140-108
Nanocrystalline alloys 100 kHz - several MHz
FINEMET 5.10° 0.5-1 1.24 600 118-10°8
NANOPERM 5.10% 3 1.52 600 118-10°8

Table 3.1: SMM core characteristics, [31], [32]

For the scope of a >1 MHz transformer, the core materials that were found to be suitable are: soft
ferrites [33], [34], amorphous alloys and nanocrystalline alloys [35], [36]. The core materials that were
found to not be suitable are: Fe-Si alloys, due to their huge eddy losses above 1kHz [31]; and powder
cores, due to their massive losses at high frequencies [33]. Thus far, soft ferrite materials are the most
appropriate. Nanocrystalline alloys are very expensive and therefore not realistic as a core material.

3.3.3. Windings configuration

There were two winding topologies which were tested for the different core types. Configuration 1,
where the windings were wound on opposite sides of the core and configuration 2, where the windings
were wound on the same side but were intertwined. These 2 configurations were extensively tested
and results noted down in a spreadsheet for further investigation. This way, trends may be spotted
or validated regarding parasitics and leakages. This creates an intuitive feel for the designing of a
prototype with specification for the switching circuit.

3.4. Transformer model

For simulation in programs such as LTSpice a (circuit) model is needed to be simulated. For this
project the model for simulation taken is the IEEE Std 390 model, as shown in figure 3.9[37]. The
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Figure 3.9: Standard transformer model for high frequencies.

main difference of this model as compared to other standard transformer models are the inclusion of
(self)capacitances. These capacitances usually do not play a significant role because typical transform-
ers do not operate at high frequencies. The impedance of a capacitor is given by Z = Jwic and since
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the frequency is really low so will be the impedance. The capacitor will then act as an open circuit. This
will result in the more familiar transformer model for low frequencies.

3.4.1. Capacitances

There are 2 main capacitances in this model: C45 & C4,C5. As said before these capacitances are
really small. This is because they are formed by the parasitics of the transformer. C5 is due to the fact
that the pair of windings will form a (small) capacitor. It is often called the inter-winding capacitance,
connecting the primary and secondary terminals. Since both wires are made of conducting material
and are separated by a dielectric material, namely air, a capacitance will form. For really high frequen-
cies this means that a big capacitance will act as a short between these 2 terminals.

The other main capacitance in this model is C4, C,. This is the self capacitance of the primary (C4) or
secondary (C,) winding, often called the intra-winding or self capacitance. Similarly to C,, the wires
themselves will form as a string of capacitors. When the wire is wound around the core, it will create
a spiral with levels on itself. This will act as a series capacitor connection between each of the wire
levels. This can be modelled as a capacitor connecting the terminal to ground.

3.4.2. Inductances

Since an inductor is nothing more than a wire wound around a (magnetic) core, there will also be induc-
tances to model. There are 2 main inductances to model: Lyagt & Lj1Lj2. Together they form L4, Ly,
the self inductance of the windings. Lyag1 represents the magnetising inductance of the transformer.
This is the main part of L4, L,. It is the inductance dictated by the flux flowing through the core. This is
also the reason there is no Lyyagz in the model, as the core is shared by both inductors. This means
that the magnetising inductance has the same magnitude for both the primary and secondary side[38].

The second part of the self inductance, L;q, L, is the leakage inductance of the inductor. This is the part
of the flux which is not used. It will escape the core and will not be shared between both coupled induc-
tors. This is also the main reason why the coupling coefficient of real coupled inductors is never greater
than 1. Although the leakage is very small, it cannot be neglected, especially at high frequencies.

3.4.3. Resistance

The modelled resistances consist of 2 main parts: Rq,Ry & R¢. R4, Ry are the winding resistances,
or copper losses. These are the resistances of the copper wires wound around the core. The values
should be very small. R are all the core losses. These consist mainly out of the hysteresis losses and
the Eddy current losses[39]. This, in contrast to the copper losses, should be as high as possible to
ensure most the current is flowing through the primary inductor.

3.4.4. Mutual inductance
Lastly there is an M above the coupled inductor. This is called the mutual inductance. This is dictated
by the amount of flux shared by both the inductors. M is calculated by the formula 3.11.



Design Process

The design process followed an iterative, experimental methodology grounded in empirical characteri-
sation and model validation. The methodology surrounding the measurements is explained in chapter
5. Rather than committing to a single design path, the team constructed a series of physical trans-
former prototypes to explore the effects of geometry, winding configuration, and conductor type. The
transformer was treated as a modular product within a DC-DC conversion system, where its primary
function was to handle an AC signal generated by the switching circuit.

4.1. Magnetic Cores

To operate at high frequencies the selection of core type, core material, and winding configuration
play an important role. These factors influence the magnetic coupling efficiency, thermal behaviour,
electromagnetic compatibility and losses.

Toroidal cores were selected over alternatives such as E-cores or planar PCB-integrated transformers
for both practical and performance reasons. The toroidal shape was abundant in the lab, which reduced
cost and procurement time. More importantly, the team’s initial research indicated that toroids exhibit
lower stray fields and EMI, making them especially well-suited to high-frequency power electronics.

The core material for the HFT transformers was chosen to be a "soft ferrite”, as specified from the SMM
core characteristics table 3.1. From the available toroidal cores, the following three cores were chosen:

Transformer \ Ae (mm?2) \ Bmax (MT) \ Material \ Data sheet
Toroid Tiny (TT) 12.3 320 3E65 [40] [41]
Toroid Medium (TM) 35.5 270 3E-10 [42] [43]
Toroid Large (TL) 97.5 380 3C94 [44] [45]

Table 4.1: Core materials

4.1.1. Analytical Pre-Design

A Python script, found in appendix A.1, was developed to estimate the /east number of turns required
for each design. This tool used expression 3.3 to determine the least number of turns for different
frequency targets and core dimensions. Datasheet values for the core area and maximum flux density
Bmax (at 100°C) were used to find the minimum number of turns to avoid saturation. Inline with the
programme of requirements (2.1), the voltage was set to be at 50Vpp, or 35.35Vims. The tool was used
both in initial and final design phases to refine the prototypes for further testing. The full table of results
can be found in appendix E.2. For the desired frequency range as specified in table 2.1, see the table
below: It was discovered that as the frequency increased, less turns can be used in the design.

13
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Frequency (MHz) | TT | T™M TL
0.9 2251092 | 0.24
1 2.02 | 0.83 | 0.21
1.2 1.69 | 0.69 | 0.18
14 144 | 0.59 | 0.15
1.6 1.26 | 0.52 | 0.13
1.8 112 | 0.46 | 0.12
2 1.01 | 0.42 | 0.11
3 0.67 | 0.28 | 0.07

Table 4.2: Minimum number of turns needed per core

4.1.2. Simulation Tools

To model transformer behaviour at higher frequencies, more detailed and accurate models are required
to account for the various parasitic effects and losses. These are difficult to capture using only analytical
methods. Simulation tools can provide a better means to analyse, optimise and model the transformer
designs before prototyping. During this project two simulation tools were used: COMSOL Multiphysics
for obtaining the value of various parasitics and LTspice for circuit simulations.

LTspice

LTspice was selected for the efficient simulation environment of frequency domain responses. The
resonance effects can be shown within this circuit environment and the usable frequency range can be
obtained. Previous experience with this simulation tool also allowed for more efficient use.

An equivalent model of a transformer that was constructed in LTspice can be seen in figure 3.9. A
sinusoidal voltage source is connected to the input of the equivalent circuit. It provides a 50-volt am-
plitude, as this is one of the requirements, and a 1 megahertz frequency. The model parameters were
obtained from measurements 6.1, analytical methods 6.1.1, and COMSOL simulations 6.4.2. For the
model the core resistance, Rc, can be ignored because the core losses in a ferrite core are low and
low core losses mean a large core resistance [38].

COMSOL

COMSOL Multiphysics was used for its ability to model multiple physical environments with complex
geometries. This allows, most importantly, for the finding of leakage and magnetising inductance, as
well as parasitic capacitances.

As the focus lies on toroidal cores, and what was later found out windings on opposite sites are the
focus 7.0.1, an almost automatic COMSOL model was created. An almost fully automated COMSOL
model allows for quick changes and testing of several toroidal core sizes with different winding num-
bers. The only input required is the parameters of the core, wires used, and a small amount of labour,
as this could not be fully automated.

First the core volume and a small insulation layer is made with their respective parameters. For con-
figuration 1, a wire curve will be made at opposite ends of the core. The current creation can be seen
below in Figure 4.1. The highlighted blue edges, the top parts of both windings, are then copied and
rotated N-1 times around the core, where N is the number of times the wire is wound around the core.
After all copies are connected to form a uniform path, the only non-automated part comes into play. As
COMSOL creates a new model all new edges get a different label. Thus, the last outer curve for both
the primary and secondary winding has to be reselected and is then placed at its original position and
rotated outwards. A face is placed at the end of this curve and the entire wire is then swept. At last the
wires are extended and an air box is placed around the core to simulate the air, the final can be seen
in Figure 4.1b.
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(a) General Toroidal Core Model (b) 20 Turns Toroidal Core Model

Figure 4.1: Toroidal Core Model

The windings are given a copper material, with high permittivity so COMSOL recognizes it as a con-
ductor [46]. They are densely meshed as the windings are close together and a higher accuracy is
obtained. The core consists of an insulation layer of air material and a ferrite material. The mesh qual-
ity is less dense meshed compared to the wires. The air box is given the air material and is coarsely
meshed as it is far away from the core and should not have a big influence on the measurements. The
electrical conductivity of air and ferrite was given a non-zero value to prevent difficulties in converging.
The meshed geometry can be seen in Figure 4.2. A minimum mesh quality of 0.1204 was achieved,
which is sufficient for the convergence of COMSOL simulations.
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Figure 4.2: Toroidal Core Mesh

During the project it was found that a simpler geometry was required for the Magnetic Field simulations
to extract the inductances, as the more complex model would take a very long time to converge. A
solution is to use sheets instead of wires. This can be seen in Figure 4.3.

Figure 4.3: 20 Turns Toroidal Core Simplified



Methodology and Setup

5.1. Building the transformer

Each prototype was wound manually. To ensure consistency across builds, pliers were used to tightly
wind the wire with minimal spacing between turns and close contact with the core. While exact winding
tension and alignment could not be standardised, visible irregularities were minimised through visual
checks and repetition.

Prototypes were grouped by core size and labelled based on conductor type and winding configuration.
The TT series included 1, 2, and 3-turn copper windings, a 3-turn braided copper configuration (ex-
ploratory only), and a 3-turn layered design. The TM series included 5-turn, 10-turn, and 5-turn layered
configurations in copper, as well as 5-turn windings using both thick and thin litz wire. Litz wire was
only used on the medium core size and in the final design phase, based on positive results with the
5-turn medium copper prototype. The TL series included 5-turn, 20-turn, and 13-turn layered designs.
11 transformers were built and tested in the measurements phase and 2 extra transformers, using Litz
wire, were built and tested in the final phase for a total of 13 transformers. See the figure below for
some of the built toroids.

The copper wire used has a diameter d of 0.75mm and a resistivity of 1.68 - 1078 O - m at 20°C.

Figure 5.1: Toroids, from left to right: TM 5, TM 5 layered, TL 13 layered, TM 10, TL 20

16
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5.2. Use of Bode 100 VNA

To help with modelling the transformer some models can be made. These models rely upon values
such as inductance or capacitance to work properly. This section will tell how these values were ob-
tained. All the measurements are done using the BODE 100 Vector Network Analyser unless otherwise
specified.

The BODE 100 is a Vector Network Analyser. As shown in figure 5.2 It is a device with 3 ports. 1
port, the most left one, acts as a transmitter. While the other 2 ports act as receivers. By analysing the
reflection parameters of the device which is connected to the terminals, it can find several parameters.
Such as inductances, capacitances and resistances. There is a specific user manual for the finding of
parameters of transformers[38].

Figure 5.2: BODE 100 VNA.

5.2.1. Inductances

In the transformer there is of course an inductance. This is due to the fact that inductors are the
main component that transfer the energy from the primary side to the secondary side. This inductance
consists out of two other inductances, the leakage inductance and the magnetising inductance. These
inductances are in series so that Ly = L4 + Lyag1. The inductance is measured by connecting the
terminals of the primary to the positive and negative terminals, while leaving the secondary side open
so no current is flowing through the secondary inductor. The VNA will produce a transfer function. The
primary inductance will be read where the transfer is as flat as possible. To calculate the magnetising
inductance another measurement has to be done. This will be done using the 2 ports of the VNA. This
will measure the overall gain of the transformer.

w I-mag1

\/ R% + (WLmag1 )2

Where G is the measured gain of the overall system, a the turns ratio, R4 the DC resistance of the
primary winding and w is the frequency at which L1 was measured. By rewriting equation 5.1, the pri-
mary magnetising inductance can be calculated. Having found the magnetising inductance the leakage
inductance follows from: L1 = L4 + Lyags. This measurement can be repeated for the secondary side.
However, there is a difference. Since the magnetising inductance is the flux shared by both solenoids,
it is the same as the mutual inductance, there will not be a secondary magnetising inductance (Lpyag2)-

The value used for L4 is the value Ly,,g1 transferred to the primary side by #Lmag'].

G=

(5.1)

o=

Where N? is the turns ratio squared; since the turns ratio in this case will always be 1 the calculation is
quite elementary.

5.2.2. Capacitances

For a transformer at low frequencies (< 100kHz) the stray capacitances do not play a concerning role
in the transformer. However when reaching MHz frequencies they come into play and will resonate will
the self inductance. This is why it is important to study and model these capacitances to insure proper
behaviour of the transformer. As mentioned in section 3.4.1 there are 2 main capacitances to figure
out. The self capacitance C1 > and the interwinding capacitance C4,. Both of them can be measured
by using the VNA.

The interwinding capacitance is measured by shorting the primary side into the positive terminal of
the coax cable, and than short the secondary side and connecting them to the negative terminal of the
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coax cable. This will result in the following equivalent circuit, which allows only current to flow through
C12

Ly /M\ Ly
R, L) OV ov R,
Ciz

Figure 5.3: Interwinding capacitance equivalent circuit.

This measurement will produce a sweep of a user-defined frequency range. Over this range it will not
be flat everywhere. The capacitance value should be read out on an area where it is as flat as possible.

For the self capacitances, only 1 port of the VNA is used. The primary terminal will be placed in
the positive and negative terminals of the coax cable. The secondary side will be shorted and also
be put in the negative terminal of the coax cable. Resulting in the following equivalent circuit. Where

i
L, [ n:1
Y YN /\
Vprim — (¢ L¢y
Vprim ::CI LMAGZ HZLH
(a) Voltage curves no saturation. (b) Self capacitance equivalent circuit.

Figure 5.4: Self capacitance equivalent circuit.

Cc1=C1+Cqpandlgy =L + %

Since the inductance measurements should have been conducted before the capacitance measure-
ment, both the leakage inductances and the magnetising inductance should be known. So L¢4 can be
easily calculated. To then find C4 a sweep has to take place, which will read out the impedance of the
system. This will provide a resonance peak at some frequency. Since the equivalent circuit is a simple

LC-circuit the capacitance can be calculated by using the following relation:

1

C =
C1 szc1

(5.2)

This leaves only the resistance as unknown in the model.

5.3. Measuring the resistance

The DC resistance will also normally be measured using the VNA. However since the transformers
consist of the least number of turns, the DC resistance will be too small to measure with the VNA. This
resistance is seen as noise, producing faulty readings. This was solved by simply using a DC source.
By connecting one side of a winding to the positive terminal and the other side to the negative terminal.
Then passing a current through the wire, the voltage on both terminals can be measured. By applying
Ohm'’s law the resistance can be found. In addition to this, an ohmmeter is used to verify the DC source
values.

However, this is just the DC resistance. Since the transformer has to operate at MHz frequencies the
resistance of a round conductor will not be the same for each frequency. This is due to the skin effect.
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At high frequencies the current through a conductor tends to flow more towards the outer radius of a
conductor. To find out how effective a small round copper wire at high frequency is, the skin depth has
to be calculated. This can be done using the following equation:

5= -2 (5.3)

wpo

The skin depth is equal to the depth the current density has been attenuated by % or—8.7dB[47]. From

this it is clear that the radius of the conductor, ideally, is much smaller then the skin depth. This is

not usually the case for small copper wires. This will produce an AC resistance. To measure this AC

resistance the idea was to hook up the VNA again and do a frequency sweep. This, however, turned

%ut not to work. So the only indication for the AC resistance would turn out is just the theory. The ratio
Al

RTg is given by the following formula:
RAC _ 7Tr2

Rpc m(2r—06)s
Where r is the radius of the round conductor and § is the skin depth.

(5.4)

5.4. Measuring the saturation

To validate the theory that the transformers will indeed saturate at certain voltage/current levels a setup
had to be built. The easiest way was to hook a function generator to one side of the transformer and
measure the voltage across it. There were, however, some difficulties with that. Firstly the RMS-voltage
of some configurations were higher then what the function generator alone could handle. Secondly the
current going through the inductor could not be accurately measured. This is because when measuring
the voltage over the inductor, it tells something about the rate of change of the current, due to the fact

_ 1 dift)
that v = L4,

Figure 5.5: Measurement setup for core saturation.

So to fix these problems, 2 solutions were implemented. To get an accurate current reading a resistor
of 2Q) has been placed in series with the inductor. The voltage can then be measured across that re-
sistor and using Ohm’s law the current can be deduced, since the current-voltage relation of a resistor
is linear. To make sure the output power of the oscilloscope was enough, an amplifier has been placed
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between the output of the function generator and the inductor. This made sure that a high enough RMS
voltage could be produced to further study the effects of saturation. The setup can be seen in figure
5.5.

5.5. COMSOL

To measure different parameters, only two physics simulations were utilized. The first is electrostatics
to measure inter- and intra-winding capacitances, and the second is magnetic fields for measuring
leakage and magnetizing inductances.

5.5.1. Electrostatics

In electrostatics COMSOL utilizes Maxwell’s equations in their static form for solving the simulations
[48]. An important role during the simulation is Gauss’s law as this allows for the surface integration of
Q= fs D-hds, where Q is the free electric charge inside a closed surface, D is the electric displacement

field and n is a vector pointing out of the surface. The capacitance can then be calculated by C = %.
The final equation used in COMSOL for capacitance calculations is then:

C= v

(5.5)

Stationary studies were used for the electrostatic physics.

Obtaining the intra-winding capacitance C will use the same setup as when measured with the VNA,
5.2.2. This is done to keep the simulated model as similar to the real measurement setup. A voltage
is applied to one end of the primary winding and grounded at the other end. The secondary windings
will be shorted and connected to ground. The same can be done for C, but then applying a voltage
to the secondary winding. Surface integration is then applied on the respective winding to measure its
capacitance.

The mutual capacitance will be acquired by shorting the primary winding and applying a voltage. The
secondary winding will be shorted and grounded. Surface integration will be applied to the primary
winding.

5.5.2. Magnetic Fields
Magnetic Fields physics also utilizes relevant Maxwell’s equations. The inductance can be obtained
fromL = 2\|/va with W, being the magnetic energy stored in the system. The final inductance equation

is a volume integration of the system:
L= / Z\N—Zmdv (5.6)
v |

Frequency domain studies are used to measure inductances at low frequencies and a coil geometry
analysis must be performed before the frequency domain study to compute the current flow in a 3D
coil model. As previously explained the simplified model of the toroidal core, Figure 4.3, is used for the
magnetic field simulations. Ampére’s law in solids needs to be added for COMSOL to function properly
during this simulation. The windings are given the homogenized multiturn property and the number of
turns was specified.

To recreate the measurements done with the VNA the self-inductance is acquired by exciting the primary
winding with a current and leaving the secondary winding open. The self-inductance shorted uses the
same setup but with the secondary side shorted. After this the coupling factor can be calculated and
consequently the magnetising and leakage inductances are obtained. The leakage inductance of the
secondary winding can be obtained by swapping the setup for the primary and secondary windings.
However the result should be the same because this is a 1-to-1 transformer.



Measurements and Calculations

6.1. Values gathered from the VNA

6.1.1. Inductances

Many VNA measurements were conducted which produced a lot of redundant parameters. To have
an idea of what to work with an excel sheet had been made. In this excel sheet the most promising
and stable results were added. It can be found in appendix E. This was the main source for all the
values and calculations done in this chapter. The VNA graphs for frequency responses and primary
inductances can be found in appendix B and C, respectively.

Primary Coil Self-Inductance

Equation (3.8) will be used to validate measured values of the primary inductance obtained experimen-
tally using the Bode 100 VNA. The comparison serves both to confirm the accuracy of the measure-
ments, as well as a tool to assess the consistency of the core’s magnetic parameters. The values for
the calculated primary inductance are compared to the measured values in the table below:

Core, Windings, Config. | Calculated L4 (¢H) | Measured L4 (uH) | Percentage error (%)
TT, 1,1 2.30 2.78 +20.93
TT, 2, 1 9.19 9.13 —-0.61
TT, 3, 1 20.68 19.03 —7.94

TT, 3, braided 20.68 19.77 —4.35
1T, 3,2 20.68 20.85 +0.87
T™, 5, 1 152.36 158.76 +4.20

T™, 10, 1 609.43 643.39 +5.57
™, 5, 2 152.36 91.36 —40.04
TL, 5,1 78.50 84.50 +7.64
TL, 20, 1 1260.00 1326.00 +5.57
TL, 13,2 530.66 502.44 -5.32

Table 6.1: Calculated values of L1 compared to the measured values of L4

In general, the measured inductance values correspond well with the calculated theoretical predictions,
with deviations within 8% for the majority of samples. The lowest percentage error is —0.61% for TT, 2,
1. The largest non-outlier percentage error was found to be —7.94% for TT, 3, 1. It is clear, however,
that two measurements (7T, 1, 1and TM, 5, 2) exhibit significant deviation from their calculated values,
with errors of +20.93% and —40.04%, respectively. These two measurements are considered outliers
since they deviate more than 10% from the theoretical prediction. TT, 1, 1 is believed to deviate due
to the sensitivity of the Bode 100 VNA device. During the measurement phase, it was noted that any
slight movement in the coaxial cable connected to the transformer would cause large deviations in data.
For this reason, the sample is considered faulty and will be redone further in section 6.1.1. After careful
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inspection of TM, 5, 2, it was evident that the toroidal core possessed a crack, as can be seen in figure

6.1.

Figure 6.1: Crack in the medium toroidal core

This crack effectively created an air gap in the toroidal core. With the introduction of a gap of length g,
the total reluctance increases:[49]

le +_9
prpoAc  poAc

Riotal = Reore + Rgap = (6.1)

The air gap has a relative permeability ;. ~ 1, and therefore Rgap is much larger than that of the ferrite
core. A large increase in R in expression (3.8) will significantly decrease L, explaining the —40.04%
deviation from the calculated value.

Secondary Coil Self-Inductance

The same procedure for measuring the secondary coil self-inductances is used as for the primary coil.
The Bode 100 VNA is connected to the transformer and an one-port impedance measurement is taken.
Since the primary and the secondary side have the same number of coils and the same expression is

used 3.8, the calculated L, will be the same as the calculated L,.

Core, Windings, Config. | Calculated L, (¢H) | Measured L, (uH) | Percentage error (%)
TT, 1,1 2.30 2.74 +19.13
TT, 2, 1 9.19 9.14 —-0.54
TT, 3, 1 20.68 20.84 +0.77

TT, 3, braided 20.68 19.82 —4.35
TT, 3,2 20.68 20.70 +0.10
™, 5, 1 152.36 158.16 +3.81

T™, 10, 1 609.43 641.62 +5.28
™, 5, 2 152.36 91.54 -39.92
TL, 5,1 78.50 83.91 +6.89
TL, 20, 1 1260.00 1310.00 +3.97
TL, 13,2 530.66 494.00 -6.91

Table 6.2: Calculated values of L, compared to the measured values of L,

The values are as expected. L4 and L, are expected to be similar because the number of turns and wire
gauge remain unchanged. The largest deviations still lie with TM, 5, 2and TT, 1, 1, having percentage
errors of —39.92% and +19.13% respectively. For both toroids the reasons for deviation is believed to
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be the same reason described in the paragraph above, and re-runs of the measurements can be found
below.

Redo TT,1,1and TM, 5, 2

Measurements are repeated for the toroid configurations 7T, 7, 1and TM, 5, 2. The copper wire gauge
is kept the same, the windings are wound using similar methods and in arrangements comparable
to the original transformer and the measurements are taken in the same manner. This is to ensure
consistency between data points. Table 6.3 has calculated values for L, measured values for L4 and
L,, and the associated percentage errors.

Config. | Calculated L yH | Measured L4 (¢H) | Measured L, (uH) | % Error Ly | % Error L,
TT, 1,1 2.30 2.32 2.16 -0.87 6.09
™, 5, 2 152.36 151.38 154.23 0.64 -1.23

Table 6.3: Redo measurements of TT, 1, 1 and TM, 5, 2

Magnetising and Leakage Inductances
The magnetising inductance of the primary coil was calculated using the formula given in the Bode 100
- Application Note [38], which in turn is a rearrangement of equation 5.1.

Ga
Lmagt = -V RE + (wlq)? (6.2)

Again, w is the frequency at which L4 and the gain G were measured, a the turns ratio (= 1). The
magnetising inductance of the secondary coil was calculated using equation 6.3 [38]:

N
Lmag2 = Lmag1 - (Wf)z (6.3)

Where N, is the number of turns on the secondary side and N4 the number of turns on the primary
side. Since the turns ratio is 1, the fraction on the right is simply 1 and the magnetising inductance in
the secondary coil is the same as the magnetising inductance in the primary coil. Therefore:

Lmagt = Lmag2 = Lmag (6.4)
The leakage inductance can be calculated using expression 3.15. Rearranging for L;:

The values for Lmag, L1, L2 are as follows:

Core, Windings, Config. | Calculated Lmag(:H) | Calculated L;{(x:H) | Calculated Lj»(u:H)
TT, 1, 1 2.44 0.338 0.305
TT, 2, 1 8.74 0.394 0.404
TT, 3, 1 18.59 0.433 2.24

TT, 3, braided 19.47 0.3 0.332
TT, 3,2 20.64 0.205 0.059
T™, 5, 1 157.49 1.27 0.667

T™, 10, 1 639.24 4.15 2.38
™, 5, 2 91.10 0.256 0.438
TL, 5,1 82.57 1.92 1.34
TL, 20, 1 1307.05 18.95 2.95
TL, 13,2 502.25 0.194 5.00

Table 6.4: Calculated values of Liag1, L1, L2

Preliminary research [9] in section 3.1.4 predicted that layering the coils over each other would reduce
the leakage inductance. This behaviour is seen when comparing 77, 3, 1 with TT, 3, 2and TM, 5, 1
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with TM, 5, 2. For TT, 3 turns, having the coils layered decreased L4 by 52.66% and L, by 97.36%.
For TM, 5 turns, L1 decreased by 79.84% and L, by 34.33%. Unfortunately, the percentage decreases
are not consistent between measurements. It can be said that the leakage inductance does indeed
decrease if the coils are layered, however the exact effect of said configuration cannot be stated. Only
1 measurement was taken, limiting the validity of the results.

6.1.2. Coupling Factor
The coupling factor was calculated with two measured values - the self-inductance and the self-inductance
shorted, [38].

k=, [1-=2 (6.6)

Where Ls is the inductivity measured at the primary winding of the transformer, with shorted secondary
winding. Results are given in the table below.

Transformer | Coupling factor k
TT, 1, 1 0.878
TT, 2, 1 0.957
TT, 3, 1 0.977

TT, 3, braided 0.985
TT, 3,2 0.990
T™, 5,1 0.992

T™, 10, 1 0.994
™, 5, 2 0.997
TL, 5,1 0.977
TL, 20, 1 0.986
TL, 13,2 0.999

Table 6.5: Coupling factors of different transformers

6.2. Resistances
6.2.1. DC Resistance

The DC resistance of a conductor can be calculated by using the following relation:

_d
A

Where p is the resistivity of the conducting material, with units [Q2 - m]. This makes perfect sense, since
the electrical current will face less resistance when flowing through a bigger surface. The current will
face more resistance if the conductor is longer because it has more material to traverse.

(6.7)

Core size + N | R calculated (m©2) R measured (m2) Difference (%)

TT 1 3.01 4.20 -28.22

TT 2 3.69 4.20 -12.20
TT3 4.36 4.30 1.42
B3 4.36 412 5.85
™5 7.90 6.45 22.52

™™ 10 13.5 11.5 17.17
TL5 11.5 11.5 0.36

TL 20 39.1 374 4.58

Table 6.6: Wire DC resistances calculated versus measured.

These values were calculated by taking the length of the wires as long as the circumference of each
respective core. Since the wires do not end immediately after the circumference of the core, as this
would oppose some issued connecting the core to the circuit, a buffer has been added of 3cm. Having
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done all the calculations using equation 6.7. They can be found in table 6.6. These values are pretty
accurate with differences ranging from 0.36% to 28.22%. The inaccuracies will be mainly be caused
by the endings of the wires. Since not all wires have a buffer of exactly 3cm. Some toroids will have
longer ending and other will have smaller endings. But overall it can be assumed that the resistance
equation is rather accurate and could be used for prototyping.

6.2.2. AC Resistance

In addition to calculating and measuring the DC resistance, a python script was written to theoretically
calculate the AC resistance. This is done using equation 5.4 and a modified version of equation 6.7.

Initially, equation 5.4 was plotted between 1Hz and 4MHz for a copper wire of length 20cm and diameter
0.75mm.

AC Resistance vs Frequency for 0.75mm Copper Wire (20 cm)

Log Scale Linear Scale
0.05 0.05

—— AC Resistance —— AC Resistance
—=- DC Resistance = 0.0076 Q | ——- DCResistance = 0.0076 Q
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0.00 T T 0.00 T T T T T T T
1072 1071 10° 0.0 0.5 10 15 2.0 2.5 3.0 3.5 4.0
Freguency (MHz) Frequency (MHz)

Figure 6.2: AC resistance graph as a function of frequency

There is some odd behaviour. At very low frequencies, the AC resistance spikes. This is because
the skin depth becomes larger than the wire radius at low frequencies, causing the denominator to
artificially shrink. To solve this issue, a smooth transition is implemented with equation 6.8.

Rskin

Rac =R 1+
AC DC Rpo

(6.8)

Where Rgn, is now equation 5.4. This ensures that at low frequencies Ryc =~ Rpc and at high frequen-
cies Rac = Rskin-

AC Resistance vs Frequency for 0.75mm Copper Wire (20 cm)

Log Scale Linear Scale
0.05 0.05

—— AC Resistance —— AC Resistance

o0a | - DC Resistance = 0.0076 o | --- DCResistance = 0.0076 0

0.03 4

0.02 4

Resistance (Q)
Resistance (Q)

0.01 4

0.00 T T 0.00 T T T T T T T
1072 1071 100 0.0 0.5 10 15 2.0 2.5 3.0 3.5 4.0
Frequency (MHz) Frequency (MHz)

Figure 6.3: AC resistance with smoothing

Figure 6.3 has the smoothing implemented. Here we see that at higher frequencies the AC resistance
increases, therefore increasing losses in the transformer. At 1.5MHz the AC resistance is ~ 4 x larger
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than the DC resistance. Litz wire use is recommended at high frequencies - it reduces the AC resistance
as it is a bundle of copper wires with tiny radius’, decreasing skin depth and skin effects.

6.2.3. Capacitances
Using the VNA, as described in section 5.2.2, the interwinding and intrawinding capacitances were
measured. Table 6.7 shows these values.

Transformer | Interwinding C (pF) | Intrawinding C4 (pF) | Intrawinding C, (pF)
TT, 1,1 1.33 36.0 36.4
TT, 2, 1 1.40 36.7 421
TT, 3, 1 0.001 13.3 15.2

TT, 3, braided 10.0 15.7 15.6
1T, 3, 2 6.00 38.4 32.6
T™, 5, 1 3.13 62.9 63.1

T™, 10, 1 15.8 46.2 46.3
™, 5, 2 11.0 3.68 3.65
TL, 5,1 5.18 2.02 0.425
TL, 20, 1 15.7 88.1 89.4
TL, 13,2 43.0 3510 3610

Table 6.7: Measured capacitances using the VNA

Some measurements appear wrong or vary greatly as compared to other results. TT7, 3, 1 has an
interwinding capacitance that is a lot lower than the other Tiny Toroids, and it is believed that this is
due to a wrong measurement. The same can be said for the intrawinding capacitance of TM, 5, 1. The
intrawinding capacitances for TL, 13, 2 are really big.

6.3. COMSOL Values

6.3.1. Capacitances

The capacitances were both calculated and measured. The measurements were done by the VNA. For
the calculation of the interwinding capacitance some assumptions were made. Mainly the wires were
assumed to be a plate, around the transformer. As shown in figure 6.4 By using this assumption the

Figure 6.4: Model for capacitance calculations.

capacitance between the 2 winding can be done by using the capacitance equation: C = 5%. Where
A is the area, ¢ is the permittivity of the material between the plates and d is the distance between the
plates. The distance between plates is also an estimation. For the cores with a small amount of turns
(< 5) the distance between the winding will just be measured. For those with more windings it will be
calculated by finding the average length to the middle of the core using:

1
-1/

rcos(x)dx (6.9)

N NIH
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Where r is the inner radius of the core minus the wire thickness. T is the length in radians which the
wires cover. So for example in figure 6.4 T = 7.

Core size + N Measured capacitance (pF) Calculated capacitance (pF) Difference (%)

TT3 0.001 0.00866 766
™5 3.13 0.0363 -98.9
™™ 10 15.8 0.0708 -99.4
TL 5 5.18 0.0392 -99.04
TL 20 15.7 0.243 -98,3

Table 6.8: Measured and calculated capacitance

The area is calculated by simply multiplying the width times the length. In reality some fringing will also
occur. To incorporate this effect, 2 times half the height of the core has been added. The length is taken
to be the arc length of the inner core for N > 5. The angle in radian differed for the cores with N > 5. For
the TM 10 6 = 7 and for TL 20 6 = 5. As seen in table 6.8 there are some big discrepancies between
the actual value and the calculated values. This was due to the effect of the core. Because the core
had a larger permittivity than air the capacitance would be a lot bigger than if there was no core. This
can be clearly seen in the results. If the core was removed the measured capacitance values would
tend more towards the calculated capacitance values.

A method for calculating the self-capacitance with a core was found in chapter 9.15 from [9]. However
more discrepancies arose, thus capacitance calculations were deemed difficult to calculate and would
be solved with COMSOL.

6.4. Simulations

6.4.1. LTSpice

Using the values obtained earlier the equivalent circuit of the transformer model, from Figure 3.9, is
filled in. For the large toroid of configuration 1 with 20 turns this will result in Figure 6.5. The only
discrepancy between this circuit and the obtained values is the leakage inductance of the secondary
side, which is changed from 2.95,H to 19uH. As the transformer is 1-to-1 the wire resistance, intra-
winding capacitance and leakage inductance should have the same values for primary and secondary
windings. The value of 19uH is used for the leakage as this value is the closest to 20.1.H, which is
obtained from COMSOL simulations 6.4.2.

|15.7 pF
R Ly k1, R;
—
19 uH L
38.4 mQ
(2 [E— Voul
89.4 pF

Figure 6.5: LTspice circuit

An AC analysis sweep from 1 to 50 megahertz will be used, as this is the frequency range measurable
with the VNA. Measuring the gain phase figure 6.6a is then obtained. The first resonant peaks are
the most important as they determine the usable frequency range. In Figure 6.6b the VNA gain-phase
simulation plot can be seen.
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LTspice Simulation Results VNA Bode 100 Results
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(a) LTspice simulation (b) VNA simulation

Figure 6.6: Toroidal Core - Configuration 1 - 20 Turns - Gain-Phase Simulation

The resonance frequency peaks of the LTspice simulation can be seen at 2.5MHz and 6.49MHz, where
the VNA simulation has peaks at 2.6MHz, 11MHz and 25MHz. The first resonant peaks correspond
between LTspice and the VNA simulation. The most important thing to note is the third peak, which
doesn’t show in the LTspice simulation. The probable cause is due to the core’s behaviour at around
this frequency range. Because the core is not taken into account for the LTspice simulations it doesn’t
show this behaviour. This can also explain the discrepancy between the second resonant peaks of the
simulations, as this is influenced by the secondary and mutual capacitance values. Because the first
resonant peak is the most important, as this determines the usable frequency range the LTspice model
can simulate and result in the usable frequency range of the transformer.

6.4.2. COMSOL

Capacitances

The parameters that are measured earlier in this chapter can now be used to create a COMSOL model
that can simulate the behaviour of the core. First the electrostatic simulation setup is used to calculate
the parasitic capacitances, 5.5.1. Figure 6.7a shows the linear gradient of voltage going through the
winding for the self-capacitance measurement. Figure 6.7b shows the voltages applied to one side and
the other grounded

LVl
bl i1 01

|

(T

(a) Self-Capacitance Simulation (b) Mutual Capacitance Simulation

Figure 6.7: Toroidal Core - Configuration 1 - 20 Turns - COMSOL Electrostatic Simulations

Doing surface integration of equation 5.5, C = iDVLndS, the obtained self-capacitance value is 85.938pF
and mutual capacitance value is 14.018pF. Comparing this with the self-capacitance value from the
VNA being 88.1pF and the mutual capacitance from the VNA being 15.7pF, it seems like the COMSOL
model can correctly evaluate the parasitic capacitance values with a small discrepancy. Simulation of
the mutual capacitance without a core, it was chosen as air, resulted in a large change in the capaci-
tance. The mutual capacitance obtained with an air core resulted in a value of 0.971pF, compared to
the 14.018pF is a large difference. This might be the reason for the earlier faulty calculations of the
mutual capacitance, 6.3.1, because that was done without consideration of the core.
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Inductances

Using the magnetic field physics the self-inductance and self-inductance shorted can be found by vol-
ume integrating using equation 5.6, L = fv Z\I’V—zmdv, over the volume. After the simulation, Figure 6.8a
is obtained for the self-inductance and Figure 6.8b for the self-inductance shorted, they both show the
magnetic flux density going through the core. The most noticeable point of these simulations is that
the magnetic flux does go through the entire core when the second winding is left open and that there
becomes a linear gradient when the secondary winding is shorted. This is as expected because when
the secondary winding is left open there will be no current flowing through this winding and thus no
influence from this winding on the magnetic flux density. Shorting the secondary winding allows for
a current to flow which generates a magnetomotive force that counteracts the magnetic flux density
created by the primary. This effect is shown by the gradient of this figure.

(a) Self Inductance (b) Self Inductance Shorted

Figure 6.8: Toroidal Core - Configuration 1 - 20 Turns - COMSOL Magnetic Field Simulations

Using the volume integration from equation 5.6, L = fv 2%I’Vﬂdv, results in a self-inductance value of

1.4233mH and a self-inductance shorted value of 39.841,H. Compared to the measured values from
the VNA being 1.33mH, for the self-inductance, and 37.6uH for the self-inductance shorted. It seems
like the model can evaluate the self-inductance values. Using equation 6.1.2 for the coupling factor,
equation 6.1.1 for the magnetising inductance, equation 6.1.1 for the leakage inductance and also
having the measured resistance value from 6.2. The calculated COMSOL values become 1.4mH for
magnetising inductance and 20.1uH, compared to the values calculated from the VNA being 1.31mH
and 19uH respectively. These values are close enough to conclude that COMSOL can be used for
optimizing and comparing with the measured values.

6.5. Saturation
6.5.1. Oscilloscope and Amplifier

TM 5 Tumns: Voltage vs Time TM 5 Turns: Voltage vs Time

‘‘‘‘‘‘‘‘

(a) Voltage curves no saturation. (b) Voltage curves in saturation.

Figure 6.9: Voltage curves during and before saturation occurs.
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Once the setup was completed for the measuring of the saturation, measurements were conducted.
The results of which can be seen in table 6.9. The reason why only the voltage can be seen in figure
6.9a is primarily due to the fact that the fundamental transformer equation relates the maximum voltage
a transformer can handle before saturating. However the current was also monitored. As the resistor
had a value of 212, the current could easily be deduced from Ohm’s law with the values of the graph.

Core size + N turns | frequency (kHz) Calculated Vggi_rms (V) Measured Vgai_ms(V) % difference
TL5 10 10.3896 8.15 -21.5
TL 20 4 16.62336 11.89 —28.47
TT3 30 2.3100876 1.97 -14.72
TT1 50 1.283382 0.95 —25.98
™5 8 2.900208 2.64 -8.97

Table 6.9: Measurement data for the core saturation.

Vsat_rms Was calculated using formula 3.3. Where the number of turns and magnetic area of the core
were constants. The frequency range was rather limited due to the fact that the effective range of the
amplifier had a limit of 50kHz. The transformer had a bandwidth which started at around 1kHz. This
means that the calculations had to be done using lower frequencies then the eventual operating fre-
quency of the transformer. Important to note is that these measurements were done mainly to validate
the EMF equation. If the equation holds then it should also hold for higher frequencies which will help
with prototyping. It is nice to see that the experimental setup follows the theoretical values, to some
degree. It can be seen that the error is between ~ 9 — 30%, which is a pretty large error still. An ex-
planation for this discrepancy is that it is pretty unclear at what point the saturation actually occurs. As
seen in figure 6.9a there already is a light form of saturation happening, but in figure 6.9b it is clearer.
So what plot corresponds better to the theoretical value?

That is not known for sure, however, the calculated values did correspond better to the heavier sat-
uration which can be seen in figure 6.9b. So it can be only assumed that the calculated saturation
is only valid for the bigger saturation plots. Another explanation can be that the oscilloscope did the
calculation for the RMS voltage. Since the voltage wave is not purely sinusoidal, meaning that the os-
cilloscope might have some problem calculating the RMS value. This could result in a higher or lower
value then it actually is.

It is also interesting to note that the voltage over the inductor leads the voltage across the resistor.
This can be explained many ways, in this report it will be explained by using the voltage-current rela-
tion of an inductor in frequency domain. This will equate to:

V = juli (6.10)

This means that for the same current wave going through both the resistor and inductor, the voltage in
the inductor will lead the voltage in the resistor by 7. Because when filling in equation 6.10 the voltage
is purely imaginary while the voltage in a resistor in in phase with the current.

After all these measurements it is safe to assume that the EMF equation from 3.3 is valid. However
is should be noted that a margin of 30% should be considered for prototyping. Just to make sure that
for a certain drive power the core will not saturate. Having validated the theory of the EMF equation
from 3.3, a prototype can be made considering the drive voltage and/or current. This will eliminate any
uncertainty regarding the saturation of the core at higher power, frequency or current.

6.5.2. Saturation Current

Following the voltage saturations, the current at which the core saturates can be measured. A 2 ohm
resistor was soldered in series, and the voltage was measured across both the resistor and the inductor
coil. The peak current is calculated using formula 6.11 below, and findings are in table 6.10.

V,
Vpp =2 Vpeak = lpeak = 27‘;? (6.11)
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Where R = 2 and Vpy, is the peak-to-peak voltage during saturation. Values are taken from the graphs
in appendix D.

Core + Turns | Measured Vpp across R (V) | Measured lpeak (A)
TT 1 5.84 1.46
TT3 3.72 0.93
T™M 5 7.48 1.87
TL5 7.84 1.96
TL 20 8.64 2.16

Table 6.10: Saturation currents calculated using equation 6.11

From table 6.10 it is clear that this transformer will not work properly at the specified driving capabilities
of 2A/50V, as it will saturate already at 1.46A. However, this test was conducted using an amplifier.
This amplifier had a limited bandwidth up to 50kHz. At lower frequency it is expected to have a lower
saturation voltage/current because it is frequency dependent, this follows from the EMF equation. Since
the saturation voltage is inversely proportional with the frequency as can be seen in 3.3. For prototyping
all the variables from equation 3.3 will be taken into account so that the prototype cores will not saturate
at the desired frequency and driving voltage/current of 2A/50V.



Integration

The final design of this project involves not only a transformer, but also a switching circuit driving the
transformer. The group in charge of the switching circuit is using a GaN driven LLC circuit, for which
the leakage of the transformer is an important variable in having a functional switching circuit. Trends
revealed during the measurement phase will also be discussed.

7.0.1. Prototyping

For the prototyping stage, all previous measurements and validations come in to play.

Transformer L4 Ly '[—'11 (%)
TT 3 1.90E-05 | 4.33E-07 | 2.28
™5 9.28E-04 | 1.27E-06 | 0.13
™ 10 6.43E-04 | 4.15E-06 | 0.64

TL5 8.45E-05 | 1.92E-06 | 2.28
TL 20 1.33E-03 | 1.90E-05 1.43
Average 1.352

Table 7.1: Ratio leakage/self inductance

Table 7.1 shows the ratio between the (measured) self inductance and the corresponding leakage
inductances. A very important distinction to make is that all these transformers were setup in the first
configuration, as the switching group requested higher leakage inductance values than expected, and
were only achievable through use of configuration 1 (The specified values can be found in table 7.2).
From table 7.1 it is clear that the average leakage for a toroidal core in configuration 1 is around 1.352%.
Taking the average over all the transformers tested, the average leakage was found to be 1.467% of
the self-inductance.

As indicated by figure 7.1 below it can be seen that the core (TM5) will not saturate at the operating
voltage of 100V. The values from the graph are determined by using the EMF equation 3.3. The blue
curve is the maximum voltage limit before core saturation at different frequencies, while the turn number
stays constant at 5. The grey curve represents same, but with the 30% error needed to be taken into
account as explained in section 6.5.1. From this it is clear that the prototype can work well within the
conditions set by the programme of requirements.

32
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Figure 7.1: Saturation voltage of the core at 1.5MHz.

7.0.2. Trends

The many measurements conducted reveal trends useful for prototyping. A closer look was taken
at the values, especially on what effect different core configurations have on values. 2 geometrical
parameters dictated the differences: the number of windings per core and the core size. When the
number of turns increased, there were a few noticeable changes - mainly to the winding resistance,
inductances and capacitances.

Number of windings
When increasing the number of turns the resistance had a tendency to increase. This can explained by
equation 6.7, where it can be seen that R « |. Meaning that for a wire constructed of the same material
and same radius, the resistance increases linearly proportional to I. This matches with what is seen in
the measured values.

Another thing that increased with an larger number of turns is the inductance. This can be explained
by looking at equation 3.8. Here L N2. Consequently, an increase in turns will quadratically increase
the inductance. This is best seen in the values for L4 for TT, 1, 1, TT, 2, 1and TT, 3, 1. At one turn
L4 =2.78, attwo turns Ly = 9.13 and at three turns L4 = 19.03. If the quadratic relationship holds, then
L = kN2 for some constant k.

L 2.78
N=1:k= 5 =5 =278
9.13
N—2.k—272—2.28 (7.1)
N:3:k:@:2.11
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The values of k are close but not identical. This suggests some deviation from ideal behaviour, possibly
due to parasitics or imperfect coupling factor, but it approximately supports a quadratic trend.

Lastly there was a change noticed in the capacitances. The inter-winding capacitance increases as
the number of turns increase. This can be explained by the simplification made in section 6.3.1. As
the number of turns increase the "capacitor” area increases. As shown in equation for capacitance,
C x A. Therefore, if the area increases, so will the capacitance. The peculiar thing, however, is that
different behaviour is observed for the intra-winding capacitances. They had a tendency to decrease
as the number of turns increased. One explanation for this is the fact that for each pair of turns a "new”
capacitor is formed. When the number of turns increased, and consequently the number of pairs, there
will be more capacitors. The difference, however, is that these capacitances are placed in series. The
series capacitance can be calculated as follows: % = C% + Ciz So increasing the total number of

capacitors in series ultimately leads to a decrease in the total capacitance.
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Core size

As mentioned before, the other cause of differences was the change in core size. If the number of turns
stayed constant, but dimensions such as core magnetic effective area and mean magnetic path length
increased, then the inductance would decrease - Since L A° . So if the total inductance decreased it
can be assumed the decrease in permeability in comblnat|on With an increase in path length is greater
than the increase in area, resulting in a lower total inductance.

Additionally, a larger core meant the path length of the wire increased, leading to more resistance, corre-
sponding with the findings. For a larger core with the same number of turns the interwinding resistance
would increase.

The same logic can be applied to the capacitance since C %. It can be assumed that an increase of
core dimensions, the area will scale more than the distance between the windings, thus resulting in a
larger capacitance for a bigger core. Important note is that the area when talking about the inductance
is the effective area of the core. While talking about the area for the capacitance, it is the area of the
windings simplified to a plate.

As for the intra-winding capacitance - it would not follow the same rules as in section 7.0.2. This
could have multiple explanations, but the most probable one is that the windings were not as perfectly
and tightly wound as possible. This will have great impact on the already very small capacitances. This
is further backed by the fact that for all the other cores the intra-winding capacitance of the primary and
secondary sides had values close to each other. For the TM5, however, the primary and secondary
intra-winding capacitance were pretty far off of each other. Meaning that this spotted trend was not
reliable and could not be trusted, and was most likely caused by a faulty measurement.

7.0.3. Leakage inductance matching

Having found the average leakage inductance it is now easy to design a prototype for the switching
circuit. The values needed were specified within a range, meaning that there an exact value is not
necessary, giving leeway in the prototyping.

Figure 7.2: TM 5 integrated with the switching circuit.

7.0.4. Testing

Initially, the switching circuit needed a leakage inductance of 1.29, < Ly < 2.58u. To get a leakage
which fits in that range the self inductance can be estimated as %. Resultingin 87.9u < L4 < 1764.
Using equation 3.8 the amount of turns can be calculated specific to the size of the cores. For each of
the 3 cores a winding number N was calculated:

Specific leakage wanted TT turns TMturns TL turns
1.29u 6.19 3.80 5.29
2.58u 8.75 5.37 7.48

Table 7.2: Number of turns for specific leakage
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2 transformers were built to test the theory for the leakage: the tiny core and the medium core. The tiny
was built with 6 turns, while the medium was built with 5 turns. Having measured both self inductances
of the transformers, they could be compared to the theoretical values. Forthe TT transformerL4 = 77uH
and for the TM transformer L4y = 162uH. Doing all the VNA calculation as described in section 5.2. This
gives a leakage for the small core Ly = 0.93H and for the medium core L4 = 2.72uH.



Discussion

The project yielded a number of technical and methodological successes. Firstly, key behaviours pre-
dicted during the early analytical stages were confirmed in experimental results. For example, leakage
inductance was reduced through layering the windings, and calculated self-inductance values matched
measurements within 10% error. Two clear outliers were identified and explained, reinforcing confi-
dence in the overall method. Other methods, for example the saturation voltage measurements and
resistance measurements proved to have larger error of up to 30%. For the saturation voltage this is
believed to be due to human error and capturing the wrong saturation point, while for the resistances
the error lies in not having accurate lengths for the wire. Another outlier which was identified was the
capacitance calculation, which was almost 100% off. This was due to the effect of the core. While
having a permittivity larger than that of air, the charge accumulated would increase while remaining
at the same potential. This means that with a conductive core, with a bigger ¢ will result in a larger
capacitance. If the core was removed and than again measured it would follow the equations and sim-
plifications more accurately. Among the prototypes, the medium-sized toroid with five turns emerged as
the best-performing design relative to the system specification. This was subsequently re-prototyped
using Litz wire, which further improved performance, particularly under MHz-range operation. The VNA
proved effective for measuring inductances, and the Python-based pre-design tool allowed for accu-
rate and fast estimation of required turns based on frequency and core data. The COMSOL models
allowed for accurate simulations that were used to compare and optimise the measured values. Team
collaboration and communication with supervisors was consistent and productive throughout.

However, the project also encountered several critical limitations. The initial literature review lacked
sufficient depth, particularly around foundational topics such as B-H curves, which later proved impor-
tant for understanding core saturation. Measurement consistency was a recurring issue. The VNA
setup was prone to unreliable connections, and skipping VNA calibration led to data that was more
in-line with predictions than with VNA calibration. This raised concerns about the accuracy of capaci-
tance and resistance extractions. The team, however, was quickly able to find an alternative method to
measure DC resistances in the coils. AC resistance measurements were attempted both via the VNA
and oscilloscope, but neither method yielded reliable results, largely due to low signal levels and the
difficulty of isolating phasor components.

Time management was a substantial challenge. Although core losses and thermal behaviour were iden-
tified as key thesis themes, limited time meant these aspects were not investigated beyond preliminary
estimations. The use of COMSOL was delayed until the final design phase due to inexperience with the
tool, which led to only simulating parasitic capacitances and inductances. Other features of COMSOL
could have been utilised think of thermal simulations and resistance calculations. LTspice simulations
were similarly underutilised; most time was spent troubleshooting measurement inconsistencies rather
than modelling idealised transformer behaviour. Moreover, for each transformer configuration, only
one prototype was built, which significantly limited the ability to assess experimental variability or draw
statistically meaningful conclusions. Inconsistency also affected data organisation: a single, unstruc-
tured spreadsheet served as the main repository, which eventually became difficult to navigate and
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analyse systematically.

For future work, several improvements are clear. First, the project scope should be narrowed to reduce
variables and improve consistency. Although the study focused solely on toroidal cores, each core size
came with a different material and permeability, which complicated direct comparisons. Future studies
should isolate either geometry or material while holding the other constant. Secondly, more samples
per configuration should be built and tested to increase the validity of comparative results. Third, core
shape alternatives (such as E-cores or planar geometries) should be explored to assess the generality
of conclusions drawn about toroidal performance. On the modelling side, LTspice simulations should
be employed earlier and more systematically - not only for validation, but as a design exploration tool.
Similarly, more structured use of COMSOL could support a better understanding of parasitic effects,
field distributions, and thermal behaviour. Finally, improving data management protocols, either in the
form of structured logging or standardised templates, would significantly reduce friction during analysis
and increase traceability of results.

Overall, while the project successfully demonstrated the feasibility of using the IEEE Std 390 in high-
frequency transformer modelling and validated several analytical predictions, it also highlighted the
challenges of maintaining consistency, accuracy, and scope control in a compressed development
cycle.



Conclusion

The thesis project set out to evaluate whether a high-frequency transformer operating in the 1-3MHz
range could be modelled using the IEEE Std 390 equivalent circuit model. By combining analytical,
numerical and empirical modelling techniques, the project addressed a gap in modelling standards at
high frequencies. To an extent, the project succeeded.

A literature study was first conducted to get a basic grasp on transformer operation, after which a
programme of requirements and set of SMART goals were drafted. Multiple transformer prototypes
were designed and constructed. By first using the Bode 100 VNA to obtain inductance, resistance and
parasitic capacitance values, a model was built in LTSpice based on the IEEE 390 equivalent circuit.
This model proved to work quite reliably and could produce plots close to what was measured in reality.
Additionally, comparisons between measured and analytical calculations showed that values matched
within 10% for most prototypes. The saturation voltages and resistance deviated the most, with errors
around 30%. This is believed to be due to structural inaccuracies and faulty measurements. The
absolute average errors can be found in table 9.1, accounting for outliers.

Measurement | Average absolute percentage error
L4 3.96
Lo 3.63
Rpe 11.54
Cio 98.91
Vsat 19.93

Table 9.1: Average absolute error of each measurement

Simultaneously, a model in COMSOL was built to validate the VNA measurements. This proved to be
quite useful as values such as parasitic capacitances could not be found analytically. After all the mea-
surements were taken, trends were spotted and discussed. The trends also helped in understanding
the different core configurations and in building an intuition on transformer behaviour. Final prototyping
followed.

The final design met most of the key requirements: the transformer successfully converted an AC sig-
nal, operated at above 1MHz without saturating and maintained above 80% efficiency. The transformer
and driving circuit fit within the 8x8x5cm constraint, confirming feasibility for compact electronics ap-
plications. Operating at 2A, 50V proved to be harder, and had not been completely tested. The Tiny
core was not suitable as it would saturate below 2A. The medium and the large core were found to be
suitable, saturating near or above 2A.

The SMART goals as set in chapter 2 were mostly met. Specific: the IEEE 390 circuit equivalent model
was tested in LTSpice and applied only to TL 20. It was not used for validating the final prototype. This
was due to mismanagement of time and planning mistakes. Measurable: The 10% deviation limit
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was not attained throughout all measurements and calculations. This is due to a few reasons: faulty
measurements and VNA sensitivity; 19.93% average errors in the saturation voltage as a result of struc-
tural inaccuracies; capacitances varied heavily depending on core material and even core presence.
Assignable: The subgroup was able to work efficiently and all progress and findings were documented
in an acceptable manner. Realistic.: COMSOL was integrated only at critical stages of the project as a
means of validation, avoiding reliance on 3D simulations for each step. Time-related: All builds were
completed in the 8 weeks, however management of time and resources could have been better so
analysis could be more thorough, especially regarding the IEEE 390 LTSpice simulations.

Ultimately, the project succeeded in designing, modelling, and characterising multiple transformer pro-
totypes, culminating in a validated medium-core, 5-turn litz-wire design. This lays the groundwork for
future exploration of core geometries beyond toroids.
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Code

A.l. Pre-design Python script for number of turns

import csv

def

def

def

def

mm2_to_m2 (mm2) :
return mm2 * le-6

mt_to_t (mT) :
return mT * le-3

calculate_turns(E_rms, B_T, A_m2, freq):
return E_rms / (4.44 * freq * B_T * A_m2)

main () :
# Input parsing
A_list_input = input("Enter cross-sectional areas,in mm?  (comma-separated): ")

A_list_mm2 = [float(a.strip()) for a in A_list_input.split(',')]
A_list_m2 = [mm2_to_m2(a) for a in A_list_mm2]

B_input_mT = float(input("Enter maximum,flux density B_max,in millitesla,(mT): "))
B_max = mt_to_t(B_input_mT)

E_rms = float(input ("Enter RMS_ voltage E,ingvolts,(V): "))
# Frequency list
freq_list = [10_000, 50_000] + \
list (range (100_000, 1_100_000, 100_000)) + \
list (range (1_200_000, 2_200_000, 200_000)) + [3_000_000]

# Prepare CSV output

csv_filename = "transformer_turns_output.csv"
with open(csv_filename, mode='w', newline='') as file:
writer = csv.writer(file)
writer.writerow(["Area,(mm2)", "Frequency,(kHz)", "Turns, (N)", "Warning"])

print ("\nResults, (Number of Turns N):")
for i, A in enumerate(A_list_m2):

area_mm2 = A_list_mm2[i]
print (f"\n---_For Area: {area_mm2:.1f} mm? ,---")
for f in freq_list:
N = calculate_turns(E_rms, B_max, A, f)
freq_khz = £ / 1000
warning = ""
if N < 1:
warning = "<-- WARNING:_ N <g1"
print (£"f = {freq_khz:.1f} kHz: N, =, {N:.2f} {warning}")
else:

print (£"f,= {freq_khz:.1f} kHz: N, = {N:.2f}")
writer.writerow([area_mm2, freq_khz, round(N, 2), warning])
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A.2. Oscilloscope CSV to Graph Python Script
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print (£"\nCSV,file saved as: {csv_filenamel}")

if __name == " g

main ()

__main__

A.2. Oscilloscope CSV to Graph Python Script

import pandas as pd
import numpy as np
import matplotlib.pyplot as plt

# Load CSV files
filel = "ossoyscopeycore; ;satu\ALLOOOO\FOOOOCH1.CSV"
file2 = "ossoyscopecore;;satu\ALLOOOO\FOOOOCH2.CSV"

# Read files and skip first two rows of metadata
dfl1 = pd.read_csv(filel, skiprows=2)
df2 = pd.read_csv(file2, skiprows=2)

datal = dfil.iloc[:, [3, 4]].dropna().astype(float)
data2 = df2.iloc[:, [3, 4]1].dropna().astype(float)
datal.columns = ['Time', 'Voltage, (CH1)']
data2.columns = ['Time', 'Voltage (CH2)']

# Normalise time to start from O
datal['Time'] -= datal['Time'].iloc[0]
data2['Time'] -= data2['Time'].iloc[0]

# Compute Vrms and Vpp
vrmsl = np.sqrt(np.mean(datal['Voltage (CH1)'] ** 2))
vppl = datal['Voltage (CH1)'].max() - datal['Voltage (CH1)'].min()

vrms2 = np.sqrt(np.mean(data2['Voltage (CH2)'] ** 2))
vpp2 = data2['Voltage (CH2)'].max() - data2['Voltage, (CH2)'].min()

# Plotting

plt.figure(figsize=(12, 6))

plt.plot(datal['Time']*1000, datal['Voltage, (CH1)'], label=f'Inductor,(Vrms={vrmsil
Vpp={vppl:.2f},V) ")

plt.plot(data2['Time']*1000, data2['Voltage,(CH2)'], label=f'Resistor,(Vrms={vrms2
Vpp={vpp2:.2f},V) ")

plt.title('TL 5, ,Turns: Voltage vs, Time')

plt.xlabel('Time,(ms) ')

plt.ylabel('Voltage (V) ')

plt.grid(True)

# Increase y-axis ticks
plt.locator_params (axis='y', nbins=20)

plt.legend(loc="upper right")
plt.tight_layout ()
plt.show()
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Frequency Response Graphs from

B.1. Tiny Toroid 1 Turn Gain, Config. 1
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Figure B.1: Gain plot of Tiny Toroid with 1 turn
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B.2. Tiny Toroid 3 Turns Gain, Config. 1
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B.2. Tiny Toroid 3 Turns Gain, Config. 1
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B.4. Medium Toroid 10 Turns Gain, Config. 1

B.4. Medium Toroid 10 Turns Gain, Config. 1
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Figure B.5: Gain plot of Medium Toroid with 5 turns in configuration 2




B.6. Large Toroid 20 Turns Gain, Config. 1
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B.6. Large Toroid 20 Turns Gain, Config. 1
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Figure B.6: Gain plot of Large Toroid with 20 turns

B.7. Large Toroid 13 Turns Gain, Config. 2
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Primary Side Inductance Graphs from
VNA

C.1. Tiny Toroid 1 Turn Primary Inductance, Config. 1
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Figure C.1: Inductance plot of Tiny Toroid with 1 turn
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C.2. Tiny Toroid 2 Turns Primary Inductance, Config. 1 50

C.2. Tiny Toroid 2 Turns Primary Inductance, Config. 1
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C.3. Tiny Toroid 3 Turns Primary Inductance, Config. 1
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C.4. Tiny Toroid 3 Turns Primary Inductance, Braided
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C.4. Tiny Toroid 3 Turns Primary Inductance, Braided

Frequency

Trace 1

:: M Cursor 1

10 kHz

19,77 pH | 101

100 kHz

20,147 pH

=)

it Delta C2-C1

90 kHz

376,389 nH |

21p

20p

e
19y

18p

17y

16p

Trace 1: Impe

10k 100k
Frequency (Hz)

Figure C.4: Inductance plot of Tiny Toroid with 3 turns braided
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C.5. Medium Toroid 5 Turns Primary Inductance, Config. 1
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Figure C.5: Inductance plot of Medium Toroid with 5 turns
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C.6. Medium Toroid 10 Turns Primary Inductance, Config. 1

C.6. Medium Toroid 10 Turns Primary Inductance, Config. 1
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C.7. Medium Toroid 5 Turns Primary Inductance, Config. 2

:: M Cursor 1

it Delta C2-C1

Frequency

Trace 1

10 kHz

141,166 uH

111,931 kHz

151,377 uH

101,931 kHz

10,211 pH

Ep|EHED

160p

1500

140p J\»/\!\{\J\/\m:«vv\yﬂ‘

130p

120p

1100

=}
=}
=

o
=1
=

©
=1
=

~
=1
=

@
S
=

Trace 1: Impedance Ls (H)

e
=1
=

w
=1
=

)
=1
=

o
=

o

o
=

=3
[S]

Tk

10k

100k
Frequency (Hz)

™ 10M
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C.8. Large Toroid 5 Turns Primary Inductance, Config. 1
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C.9. Large Toroid 20 Turns Primary Inductance, Config. 1 54

C.9. Large Toroid 20 Turns Primary Inductance, Config. 1
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Figure C.9: Inductance plot of Large Toroid with 20 turns




C.10. Large Toroid 13 Turns Primary Inductance, Config. 2
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Oscilloscope Saturation Graphs

D.1. Tiny 1 Turn

TT 1 Turn: Voltage vs Time
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Figure D.1: Tiny Toroid with 1 turn, pre-saturation
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Figure D.2: Tiny Toroid with 1 turn, saturation
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D.2. Tiny 3 Turns 57

D.2. Tiny 3 Turns
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Figure D.3: Tiny Toroid with 3 turns, pre-saturation
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Figure D.4: Tiny Toroid with 3 turns, saturation



D.3. Medium 5 Turns

D.3. Medium 5 Turns
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D.4. Large 5 Turns
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D.4. Large 5 Turns
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D.5. Large 20 Turns
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D.5. Large 20 Turns
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E.1. Data Collection Sheets
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Figure E.1: Found values for transformers in configuration 1.

medium litz wire
thick 5 turns.
10000
1.21E-03
1.25E-03
1.00E+04
1.53E-04
2.01E-06
0.9934026409214
1.52E-04
1.01E-06
1.53E-04
1.52E-04
1.01E-06

2.01E-06
#DIV/0!
#DIV/0!

2.01E-06
#DIV/0!

medium litz wire
thin 5 turns
10000
3.85E-03
3.55E-03
1.00E+04
1.53E-04
2.34E-06
0.9923087785594
1.52E-04
1.18E-06
1.52E-04
1.52E-04
5.55E-07
5.63E-12
1.73E-06
6.23E-11
5.67E-11

1.72E-06
#DIV/0!

1.53E+07

large

#DIV/O!
#DIV/O!
#DIV/O!

#DIV/O!

#DIV/O!
4.5pf

#DIV/O!

#DIV/O!

#DIV/0!

#DIV/O!
#DIV/O!

opp ends
mid (length of large config 1) large large

10 turn 5 turns 20 turns
2000 1.00E+05 2.00E+03
1.15E-02 1.15E-02 3.74E-02
1.13E-02 1.13E-02 3.84E-02
2.00E+03 1.00E+05 2.00E+03
6.43E-04 8.45E-05 1.33E-03
8.28E-06 3.80E-06 3.76E-05
0.9935421805207 0.9772308414095 0.9857028485201
6.39E-04 8.26E-05 1.31E-03
4.15E-06 1.92E-06 1.90E-05
6.42E-04 8.39E-05 1.31E-03
6.39E-04 8.26E-05 1.31E-03
2.38E-06 1.34E-06 2.95E-06
1.58E-11 5.18E-12 157E-11
6.52E-06 3.24E-06 2.19E-05
6.20E-11 7.20E-12 1.04E-10
4.62E-11 2.02E-12 8.81E-11

924.0667333

6.50E-06 3.22E-06 2.16E-05
4.63E-11 4.25E-13 8.94E-11
7.92E+06 3.75E+07 3.34E+06
7.92E+06 3.30E+07 3.34E+06

configuration 3 intertwined

tiny mid large
3turns 5 turns 13 turns
10000 1.00E+04 1.00E+04
0.00411 6.21E-03 2.42E-02
0.0042 5.47E-03 2.41E-02
1.00E+04 1.00E+04 1.00E+04
2.08E-05 9.14E-05 5.02E-04
4.09E-07 5.11E-07 0.0000003877470
) 0.9901508447295 0.9971990700180 0.9996140638468
2.06E-05 9.11E-05 5.02E-04
) 2.05E-07 2.56E-07 1.94E-07
2.07E-05 9.15E-05 4.94E-04
) 2.06E-05 9.11E-05 4.89E-04
) 5.92E-08 4.38E-07 5.00E-06
6.00E-12 1.10E-11 4.30E-11
J 2.64E-07 6.92E-07 5.14E-06
) 3.84E-11 1.47E-11 3.56E-09
3 3.24E-11 3.68E-12 3.51E-09
J 2.62E-07 6.93E-07 5.19E-06
) 3.26E-11 3.65E-12 3.67E-09
5.00E+07 5.00E+07 1.15E+06
5.00E+07 5.00E+07

Figure E.2: Found values for transformers in configuration 2&3.
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1.18E+06
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Reluctance 4.35E+05 1.64E+05 3.18E+05
Desired Leakage L1/Lmag tiny N mid N big N
6.187976293 3.798483205 5.291867414
8.751119997 5.371866465 7.483830667
average (1-k) Average 7.469548145 4.585174835 6.38784904
0.0146704066815 100k tiny 6 turn mid 5 turn
Ls 7.70E-05 1.62E-04
gain 0.987896 0.983154
omega 628318.5307 628318.5307
Lmag1 7.61E-05 1.59E-04
L1 9.32E-07 2.72E-06
resistance R1 6.70E-03 8.00E-03
1.5% L1 1.16E-06 2.43E-06
k 0.9875474508  0.9940910251
Figure E.3: Desired leakage for prototyping
config 1
wire resistances tiny 1 turn tiny 2 turn tiny 3 turn tiny braided 3 mid 5 mid 10 large 5 large 20
turns. 1 2 3 3 5 10 5 20
core circumference mm 17.25 17.25 17.25 17.25 28.50 28.50 47.10 47.10
tot wire length + 3 cm on 0.07725 0.0945 0.11175 0.11175 0.2025 0.345 0.2955 1.002
calc using core dimensio 3.01E-03 3.69E-03 4.36E-03 4.36E-03 7.90E-03 1.35E-02 1.15E-02 3.91E-02
percentage difference -28.22 -12.20 1.42 5.85 2252 1717 0.36 4.58
4.20E-03 4.20E-03 4.30E-03 4.12E-03 6.45E-03 1.15E-02 1.15E-02 3.74E-02

Figure E.4: Winding resistance calculations.

Figure E.5: Interwinding capacitance calculations

Figure E.6: Magnetising inductance calculations

Vedum3ET0M Large>3c04 scoe
s200 a2 s200 s200 10000 o000 10000 2500 2m 2500

o o o o o o o ss0 s ss00
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125505 125805 125505 123E05 ssseos sssE05 ssseos a7seos arseos arse0s
ss0e02 asoeo2 e asoeoz T 72502 T sorez e soreoz
2 s s s s o ol A » I
. aasEns aasev0s. aasEns toseics. 1645805 1o4Er05 S1eEn0s a16Ev05 S1aE0s
13Ev08 1sEv0s 13ev08

areEss 20708 2005 2070 1520t sosEo 75505 126508 ssiE0s
1 ey freay t2re0s
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A B [ D
1 Frequency (kHz).I Toroid tiny (12.3, 320mT @ 100C) toroid medium (35.5, 270mT @ 100C) toroid large(r) (97.5, 380mT @ 100C)
2 10 202.28 83.06 2149
3 50 40.46 16.61 4.3
4 100 20.23 8.31 215
5 200 10.11 415 1.07
6 300 6.74 297 0.72
7 400 506 208 054
8 500 4.05 1.66 0.43
9 600 3.37 1.38 0.36
10 700 2.89 1.19 0.31
n 800 253 1.04 0.27
12 900 225 0.92 0.24
13 1000 202 0.83 0.21
14 1200 1.69 0.69 0.18
15 1400 1.44 0.59 0.15
16 1600 1.26 0.52 0.13
17 1800 1.12 0.46 0.12
18 2000 1.01 0.42 0.1
19 3000 0.67 0.28 0.07

Figure E.7: Minimum number of turns required at different frequencies for different cores
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