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Abstract

Transformers transfer electrical energy without a conductive connection between the two

circuits or multiple circuits. The use of transformers in DC-DC converters not only

provides isolation between the power source and the load, but also improves the flexibility

of the power conversion system, for example, series-parallel connection of converters. One

of the challenges is how to miniaturize the size of the transformers. Megahertz operation of

power converters is a key technology for miniaturizing them. The size of the transformers

governs the size of power converter, depending on the amount of the energy in a switching

cycle. The high-frequency switching can reduce the energy stored in a switching cycle.

Thus, megahertz operation permits to use smaller transformers in power converters.

In the frequency range above megahertz, air-core configurations in magnetic compo-

nents have become the popular option. This is because the iron losses of the conven-

tional magnetic materials such as Mn-Zn and Ni-Zn are not practically negligible in that

frequency range. Since air-core magnetic components do not use a magnetic material,

air-core magnetic components are free from magnetic material iron losses. The appli-

cation of air-core magnetic components to high-frequency power converters has many

challenging tasks that need to be solved. Among them, this dissertation investigates the

high-frequency characteristics of the air-core transformer and their effects on the power

conversion operation. The contribution of this dissertation is summarized as follows.

Firstly, the fundamental characteristics of the air-core transformer are analyzed on

the basis of its frequency responses. The air-core transformer is fabricated by printed

circuit boards (PCBs) and pin headers. In order to investigate the high-frequency char-

acteristics, eight kinds of measurements are conducted. Several resonances are confirmed

in the frequency range of several tens of megahertz. In addition, it is clarified that the

high-frequency characteristics strongly depend on the air-core transformer structure. This

supports the motivation of this dissertation to investigate the high-frequency character-

istics and provides direction for the following investigations.
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Secondly, the methods for the analysis of the air-core transformer are developed. The

high-frequency equivalent circuit is derived from analogy with the coupled transmission

lines. The air-core transformer is modeled as the distributed parameter model, which can

consider the distribution of the physical quantity. The proposed equivalent circuit enables

us to simulate the operation of power converters in the frequency range above megahertz.

Then, the measurement method for the internal magnetic flux density distribution is

presented. The magnetic flux density is measured with the fabricated search coil. The

internal magnetic flux density distribution is measured and analyzed when the air-core

transformer is excited by 1MHz sinusoidal waveform. As a result, the validity of the

measurement method is confirmed.

Thirdly, the behavior of the internal magnetic flux density under high-frequency

switching conditions is investigated. The air-core transformer is excited by the trian-

gle current, which includes many harmonic components. Since the air-core transformer

has several resonant frequencies in several tens of megahertz, the measured waveforms

oscillate at high frequency. The high-frequency oscillation shows a different distribution

from the low-frequency oscillation. This implies that the behavior of the magnetic flux

density changes at that frequency. The cause of the high-frequency oscillation is discussed,

and it is found that the oscillation is caused by the second resonant frequency. Similar

oscillation is also observed in the high-frequency flyback converter. It is found that the

oscillation leads to the low power conversion efficiency. In order to improve the power

conversion efficiency, the secondary circuit is modified, and the efficiency is improved by

20%. These results indicate that understanding the magnetic flux density as a vector

quantity is important for designing high-frequency flyback converters.

Lastly, design guidelines for air-core transformers are presented on the basis of the

investigations given by this dissertation.
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Chapter 1

Introduction

A transformer is a passive component used to transfer electrical energy from one electrical

circuit to another, or to multiple circuits. The history of a transformer dates back to

1831 in which Michael Faraday discovered ”Faraday’s law of induction,” the fundamental

operating principle of transformers [1]. The transformer consists of at least two coils.

A varying current in any one coil produces a varying magnetic flux. The magnetic flux

interlinking with any other coils induces a varying electromotive force across them. Thus,

a transformer allows to transfer electrical energy without a conductive connection between

the two circuits or multiple circuits. Transformers are used to isolate between circuits and

to convert voltage or current. They are applied in a wide range of applications, from high

to low power, and from commercial to RF frequencies. For example, they are used for

voltage conversion in grids and for insulation of signal processing circuits. Since the

invention of the first transformer in 1885 [2], transformers have become an indispensable

part of electrical systems.

A DC-DC converter is one of the circuits in which a transformer plays an important

role. The DC-DC converter is an electronic circuit that converts the voltage level of a

DC source into another level [3]. The voltage and current for suitable operation differ

depending on the load. The DC-DC converter solves that mismatch between the load

and the power source. In recent years, there has been an increase in the number of

electrical systems consisting of various power sources and loads, such as electric vehicles

[4–6]. In such systems, isolation between circuits is often required to ensure safety and

to manage the ground. The transformer gives the DC-DC converter isolation, and such

a DC-DC converter is called an isolated DC-DC converter. The isolation provided by

the transformer also allows the series-parallel configuration of DC-DC converters. A
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series-parallel configuration is one in which the inputs or outputs of multiple low-power

DC-DC converters are connected in series or parallel. The salient features include: 1)

ease of selecting power devices; 2) increased overall system reliability; 3) shortened design

process and lowered cost of system; 4) ease of capability expansion of power conversion

system [7–10]. Thus, the transformer not only provides isolation to the DC-DC converter,

but also improves the flexibility of the power conversion systems.

However, the size and weight of the transformer used in current DC-DC converters are

one of the factors that prevent the construction of the system described above. In such

a system, the number of required DC-DC converters increases as the number of types

of power sources and loads or the number of series-parallel connection. This leads to

the physical size of the system becoming huge, making it difficult to construct a practical

system. Since transformers govern the size and weight of converters, high-frequency power

converters have been investigated in order to reduce the size of DC-DC converters. Wide-

bandgap power devices such as Silicon Carbide (SiC) and Gallium Nitride (GaN) are

suitable for high-frequency DC-DC converters. That is because they have superior device

characteristics such as high-withstand voltage, low on-resistance, high-frequency operation

capability, and high-temperature durability, compared to silicon power devices [6,11–16].

Thus, the switching frequency has been improved to megahertz range owing to them,

leading to the miniaturization of DC-DC converters [17–29].

Still, the magnetic components such as transformers and inductors present difficult ob-

stacles in achieving megahertz operation. One of the issues is the frequency characteristics

of the conventional magnetic materials such as Mn-Zn and Ni-Zn. Conventional magnetic

components employ magnetic materials of high-permeability, in order to confine the mag-

netic flux. However, they cannot be utilized in the megahertz-class operation because

their iron losses are not practically negligible in the frequency above megahertz [30]. Air-

core configurations in magnetic components become the popular option in the frequency

range above megahertz because they are free from magnetic material iron losses. For this

reason, many high-frequency power converters using air-core inductors and transformers

have been reported [20,31–40].

In this dissertation, we aim at developing the high-frequency power converter with an

air-core transformer. Through implementing it in the power converter, design guidelines

for air-core transformers are presented. In the rest of this chapter, detailed reviews on

some key concepts of this dissertation are given. Section 1.1 introduces a flyback converter,
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which is the power conversion circuit topology covered in this dissertation. Section 1.2

describes the miniaturization of power converters by high-frequency switching. In Sec-

tion 1.3, the challenges for designing an air-core transformer are explained. Section 1.4

overviews the structure of the whole dissertation.

1.1 Flyback converter

This dissertation addresses the implementation of an air-core transformer in a flyback

converter. The flyback converter is one of the isolated power converters. It has a wide

range of applications such as consumer electronics, industrial electronics, communications

equipment, and computers. Figure 1.1 shows a schematic of a flyback converter. It is

equivalent to that of a buck-boost converter, with the inductor split to form a transformer.

It consists of a transformer, an active switch, a diode, and an output capacitor.

Figure 1.2 shows the two configurations of a flyback converter in operation. The

operation of the flyback converter during the on-time period (left of Fig. 1.2) is explained

as follows. The primary of the transformer is directly connected to the input voltage

source. The primary current and magnetic flux in the transformer increases, storing energy

in the transformer. The diode is reverse-biased because the voltage in the secondary side

in the transformer is negative. The output capacitor supplies energy to the load. When

the active switch is turned off (right of Fig. 1.2), the primary current drops and the

secondary voltage is positive. The diode is forward-biased, allowing current to flow from

the transformer. The energy stored in the transformer recharges the capacitor and is

supplied with the load. The voltage gain for the flyback converter is given by Eq. (1.1)

from application of the volt-sec balance condition to the transformer.

Vo

Vi

=
D

1−D
n (1.1)

Where Vo denotes the output voltage, Vi the input voltage, D the duty ratio, and n the

turns ratio.

The characteristics of a flyback converter are summarized as follows.

• Amenable to step-down and step-up configurations

• Simplicity of configuration with a minimum number of components

• Suitable for switching power supplies up to 100W
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Figure 1.1: A schematic of flyback converter.

Figure 1.2: Schematics of two configurations of a flyback converter in operation: (a)
on-state and (b) off-state.

The second feature is of great advantage for miniaturization and integration of power

converters as compared with other isolated power converter topologies. In a series-parallel

configuration, the simpler the individual converters are, the easier it is to reap the benefits

of that configuration. This is why this dissertation investigates the flyback converter. This

simple configuration is due to the fact that the transformer in the flyback converter plays

multiple roles, including isolation, energy storage, and voltage/current conversion. A

multi-output configuration can be also realized by increasing the number of transformer

windings. Thus, the transformer is an important device in flyback converters, and the

improvement of the transformer performance is a significant issue for the high-frequency

operation of flyback converters.

1.2 Miniaturization of transformer by high-frequency

switching

As mentioned above, the size of the power converter is governed by passive components

such as inductors and capacitors. This section first describes the principle of the minia-
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turization of power converters by high-frequency switching.

Figure 1.3 shows a photograph of the inside of a commercial AC adapter. The passive

components are indicated by the red dotted circles. It can be seen that the passive

components dominate the size of the power converter. In an inductor, its size mainly

depends on the inductance and the current rating. The current rating is determined by

the current rating of the switch. The large current rating makes the size of the inductor

larger.

Here let us focus on the inductance. Figure 1.4 shows the photographs of three types

of inductors. All of them have a current rating of more than 10A. The inductance differs

by up to 10 times. As the inductance decreases, the size of the inductor decreases. The in-

ductance in the power converters is strongly related to the switching frequency. Triangular

current flows through the inductor of power converters as shown in Figure 1.5. Suppose

that the inductor current of the power converter is designed as shown in Figure 1.5(a).

If the inductance is decreased, the ripple of the inductor current per switching becomes

larger as shown in Figure 1.5(b). In this case, the current rating of the switch ids,lim is

exceeded, and the power converter does not operate. Figure 1.5(c) shows the waveform of

the inductor current when the switching frequency is increased with the same inductance

as in Figure 1.5(b). An increase in the rate of the inductor current is the same as in Fig-

ure 1.5(b). However, the ripple is the same as in Figure 1.5(a) owing to the high switching

frequency. This indicates that the high-frequency switching can decrease the inductance

required by the power converter. As a result, the high-frequency switching leads to the

miniaturization of the inductor. The above argument is also valid for transformers and

capacitors.

However, as the switching frequency increases, frequency-dependent losses, such as iron

losses in the core and copper losses in the windings (e.g., [41, 42]), cannot be practically

negligible. These not only reduce the power conversion efficiency of the power converter,

but in the worst case, the heat generation could lead to the inoperability of the power

converter. How the effective size of the magnetic device varies with the switching frequency

is a complex question. In [30], it is reported that how the inductor size varies with the

switching frequency. It has been pointed out that cored AC inductors always have a

frequency limit in terms of miniaturization by increasing the switching frequency. On

the other hand, it has been shown that air-core designs can always make significant

benefits in size, required energy storage, and magnetic losses by scaling up the frequency,
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Figure 1.3: A photograph of inside of commercial AC adapter. The passive components
are indicated by the red dotted circles.

Figure 1.4: Photographs of inductors.
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Figure 1.5: Schematics of waveform flowing through inductor: (a) low frequency and
large inductance configuration, (b) low frequency and low inductance configuration, and
(c) high frequency and low inductance configuration.

provided that sufficient high frequencies can be obtained within the constraints. Thus,

this dissertation investigates an air-core transformer.

1.3 Challenges for designing air-core transformer

A large quantity of prior literature has studied the design of air-core inductors. In [43],

the relationship between the toroidal structure and the inductance is investigated. Air-

core toroidal inductor designs are optimized for maximum Q in [44]. In [32], various

designs of toroidal air-core inductor utilizing a 3-D printing technique are presented. In

analysis of the high-frequency characteristics, the parasitic capacitance between windings

is investigated [45], and the inductor with electromagnetic shield is implemented [46].

In high-frequency power converters, zero-voltage switching (e.g., [37, 47–49]) is used

to reduce the switching loss. The inductance and capacitance in the converter play an

important role in these techniques because they utilize resonance. The parasitic com-

ponents of switches and passive components are also included in design. The design

of parasitic components of passive components is an important issue for high-frequency

power converters. As reviewed above, air-core inductors have been widely discussed from

low-frequency to high-frequency characteristics. However, the majority of the literature

has placed little emphasis on air-core transformer designs, and few reports are available on

their high-frequency characteristics. For low-frequency characteristics, the design tool for

the air-core transformer [50] and the examples of its implementation in the high-frequency

power converter [35] have been reported. Therefore, the purpose of this dissertation is to

provide a design guideline for high-frequency characteristics of air-core transformers.
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1.4 Overview of this dissertation

This dissertation addresses the analysis of an air-core transformer, with a particular focus

on its high-frequency characteristics. As mentioned above, few reports are available on

the high-frequency characteristics. Measurement and evaluation methods for the high-

frequency characteristics have not been established. Therefore, in the first half of this

dissertation, the evaluation methods for the high-frequency characteristics are developed.

In the second half of this dissertation, the air-core transformer is implemented into a high-

frequency flyback converter. Finally, through summarizing the studies in this dissertation,

the direction for designing air-core transformers is presented. The rest of this section gives

an overview of each chapter in this dissertation.

In Chapter 2, we investigate the fundamental characteristics of the fabricated air-core

transformer based on their frequency responses. The device structure investigated in this

dissertation is introduced. The different kinds of the air-core transformer are fabricated

in order to discuss the relationship between the device structure and the frequency re-

sponse. Through the comparison of their frequency responses, it is confirmed that the

high-frequency characteristics strongly depend on the device structure. This provides the

motivations and guidelines in the following chapters for the developments of the equivalent

circuit and the measurement method.

In Chapter 3, we construct the high-frequency equivalent circuit of the air-core trans-

former. The equivalent circuit aims at representing the frequency response measured in

Chapter 2. Since the high-frequency characteristics depend on the device structure, the

air-core transformer is modeled as a distributed parameter model, which can consider the

distribution of the physical quantity. In the first half of the chapter, we identify the dom-

inant parasitic capacitance in the air-core transformer. This is obtained by comparison

with the frequency response of the air-core inductor. In the second half, we derive the

equivalent circuit from analogy with the coupled transmission lines. The validity of the

equivalent circuit is confirmed through the circuit simulation.

In Chapter 4, we develop the measurement method for the internal magnetic flux den-

sity distribution in the air-core transformer. This dissertation focuses on the magnetic

flux density in order to discuss the distribution of the physical quantity in the device.

That is because the magnetic flux density is a key factor governing the performance of a

transformer, in addition, it is difficult to measure the distribution of the voltage and cur-
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rent owing to the measurement technique issues. The magnetic flux density is measured

with the fabricated search coil. The magnetic flux density distribution is measured and

analyzed when the air-core transformer is excited with 1MHz sinusoidal wave. The effect

of measurement equipment impedance is discussed. Through the analysis and discus-

sion, we confirm the validity of the proposed measurement method under high-frequency

switching conditions. The proposed method enables us to investigate the high-frequency

characteristics.

In Chapter 5, we analyze the behavior of the internal magnetic flux density under the

high-frequency switching conditions. This chapter focuses on the high-frequency oscilla-

tion observed in Chapter 4. After comparison with the air-core inductor, we confirm that

the high-frequency oscillation is unique to the air-core transformer. The behavior of the

magnetic flux density changes in the high-frequency oscillation. Specifically, the magnetic

flux density near the secondary winding becomes larger than that near the primary wind-

ing. The cause of the high-frequency oscillation is discussed by the comparison of the

magnetic flux density with the frequency response.

In Chapter 6, we design the high-frequency flyback converter with the air-core trans-

former. The active clamp flyback converter is introduced in order to handle the energy

owing to the leakage flux. The input-output characteristics is measured, and the cause of

the low power conversion efficiency is discussed based on the analysis of the search coil

voltage. The secondary circuit is modified to improve the power conversion efficiency. As

a result, the power conversion efficiency is increased by more than 20%. The behavior of

the internal magnetic flux density is discussed in the active clamp flyback converter. The

rotating magnetic flux density is confirmed, and it is found that the area of its trajectory

corresponds to the amount of the output power. This shows the importance of investigat-

ing the magnetic flux density as a vector quantity in the design of air-core transformers

for high-frequency power converter applications.
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Chapter 2

Fundamental characteristics of
air-core transformer

This chapter investigates the fundamental characteristics of the air-core transformer based

on its frequency response. The fundamental operation of transformers is governed by the

magnetic flux. Behaviors of magnetic flux are expressed by self-inductance and mutual

inductance in circuit theory. These inductances are obtained from low-frequency charac-

teristics. As is mentioned in Chapter 1, the analysis of the high-frequency characteristic

is also important for designing high-frequency power converter applications. This disser-

tation aims at designing the high-frequency flyback converter which operates at 5MHz

in Chapter 6. If the air-core transformer has a resonant frequency at several tens of

megahertz, we have to consider it to design the flyback converter because the opera-

tion waveforms include many harmonics. This dissertation discusses the high-frequency

characteristics ranging up to 110MHz.

In Section 2.1, the structure of the fabricated air-core transformer is explained. In or-

der to discuss the relationship between the device structure and the frequency response,

different kinds of the air-core transformer are fabricated. Then, in Section 2.2, the mea-

surement setup is described. In Section 2.3, we discuss the frequency responses of the

fabricated air-core transformer.

2.1 Device structure

This dissertation investigates the air-core transformer with a toroidal topology, which is

suitable for confining the magnetic flux. Figure 2.1 shows the schematic of the fabricated

air-core transformer and the photograph of its top view. The air-core transformer is
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Figure 2.1: Fabricated air-core transformer: (a) schematic diagram and (b) photograph
of top view.

Table 2.1: List of physical dimensions and number of turns for air-core transformer

Parameter Value

Outer diameter [mm] 50.0

Inner diameter [mm] 24.0

Height [mm] 11.2

Number of turns per winding 15

fabricated by printed circuit boards (PCBs) and pin headers. The windings of the air-

core transformer are wound so that the secondary winding is interleaved between the

primary winding. Therefore, the air-core transformer has a symmetrical structure, viewed

from each terminal. The physical dimensions and the number of turns are explained in

Table 2.1. These parameters are kept fixed.

In order to investigate the relationship between the device structure and the frequency

response, the air-core transformers with varying copper coverage and relative angle be-

tween the terminals were fabricated. A magnetic component needs to confine magnetic

flux inside to prevent unnecessary coupling with surrounding components and wiring.

The copper coverage is associated with confining magnetic flux. In this dissertation, the

copper coverage is defined as the amount of the air-core transformer covered by the PCBs

and pin headers. Figure 2.2 shows the schematic of the relationship between the magnetic

flux and the device structure. In a toroidal structure, the magnetic flux occurs by the

current flowing through the PCBs and pin headers. The magnetic flux of a toroidal trans-

former ideally exists only on the inside. Focusing on the magnetic flux associated with

the PCBs, two types of magnetic flux occur as shown in Fig. 2.3. One is the magnetic

flux that passes through the slit, and the other is the magnetic flux that dissipates in
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Figure 2.2: A schematic of relationship between magnetic flux and device structure.

the PCBs as eddy currents. The magnetic flux leaking to the outside increases when the

slit width is increased. Since the magnetic flux leaking to the outside could be coupled

to the surrounding components, it is better to reduce it as much as possible. However,

an increase in the copper coverage leads to an increase in the parasitic capacitance be-

tween windings. Since this is related to the high-frequency characteristics, it is necessary

to investigate it systematically. This dissertation focuses on the copper coverage of the

PCBs. The copper coverage was modified by changing the slit widths of the upper and

lower PCBs. When the slit width is increased, the copper coverage decreases. When

the slit width is decreased, the copper coverage increases. We measure the frequency re-

sponses for each air-core transformer with five different slit widths (0.15, 0.3, 0.5, 0.7, and

0.9mm). As examples, Fig. 2.4 shows the photographs of the top view in the fabricated

air-core transformer with the slit width of 0.15 and 0.9mm. The air-core transformers

with varying the slit widths are fixed at the relative angle of 180 deg.
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Figure 2.3: A schematic of relationship between magnetic flux and slit in PCBs.

Figure 2.4: Photographs of top view of air-core transformer with different slit width. The
left photograph shows the air-core transformer with 0.15mm slit width, and the right one
the air-core transformer with 0.9mm slit width.
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Figure 2.5: Photographs of top view of air-core transformer with different relative angle
between terminals. The left photograph shows the air-core transformer with 180 deg
relative angle, and the right one the air-core transformer with 36 deg relative angle.

Then, let us move on to the description of the relative angle between terminals. Since

the placement of each component must be considered for miniaturization, it is necessary

to change the position of the primary and secondary winding terminals. The wavelength-

dependent phenomena such as λ/4 resonance occur in the high-frequency region. These

phenomena strongly depend on the device structure because they are caused by the dis-

tribution of the physical quantities in the device. In the air-core transformer, the relative

angle could become one of the factor. For this reason, changing the terminal position

could affect the high-frequency characteristics. The relative angle between the terminals

corresponds to the consideration. The relative angle was changed as shown in Fig. 2.5.

We measure the frequency responses for each air-core transformer with six different rel-

ative angles (36, 60, 84, 108, 132, and 156 deg). The air-core transformers with varying

the relative angle are fixed at the slit width of 0.15mm.

2.2 Measurement setup

The frequency responses are measured using an impedance analyzer (Keysight Technolo-

gies, 4294A, measurable frequency range: 40Hz to 110MHz) with a test fixture (Keysight

Technologies, 16047E). Open and short calibrations are performed accordingly. The air-

core transformers are excited in the frequency range from 0.1 to 110MHz, and the number

of measured points is set to 801.

Figure 2.6 shows the schematics of the measurement setup. We measure eight kinds of



16 Chapter 2. Fundamental characteristics of air-core transformer

Figure 2.6: Measurement setup schematics.
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Figure 2.7: Photographs of measurement for frequency response of air-core transformer.
The left photograph shows the measurement for ZPP′,open, and the right one the measure-
ment for ZPP′,short.

frequency responses for each air-core transformer. The frequency response in Fig. 2.6(b) is

measured from the opposite port in Fig. 2.6(a). These frequency responses are essentially

the same measurements because the transformer structure is symmetrical. Similarly,

Fig. 2.6(c) corresponds to (d), Fig. 2.6(e) to (f), and Fig. 2.6(g) to (h). Figures 2.6(a)

to (d) show the conventional measurement setup to estimate the self-inductance and

mutual inductance in a transformer. The others are the additional measurement for

evaluating the high-frequency characteristics of the air-core transformer. Figure 2.7 shows

the photographs of the frequency response measurement. The air-core transformer was

connected to the test fixture with wires. For the measurement such as ZPP′,short, the

terminal was shorted with a wire.

2.3 Measured frequency response

Herein, we discuss the frequency response of the air-core transformer. We first investi-

gate the air-core transformer which has the slit width of 0.15mm and the relative angle

of 180 deg. Figure 2.8 shows the frequency responses of the air-core transformer. The

impedances of the relationships described in Section 2.2, such as ZPP′,open and ZSS′,open,

are shown with the blue and red lines in the same figure. It can be seen that the blue

line is identical to the red line in every figure. This shows that the air-core transformer is

symmetrical for the measured port. Hereinafter, we consider the measurement based on

ZPP′,open, ZPP′,short, ZPS′ , and ZPS.
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Figure 2.8: Measured frequency responses of air-core transformer: (a) ZPP′,open, ZSS′,open,
(b) ZPP′,short, ZSS′,short, (c) ZPS′ , ZSP′ , and (d) ZPS and ZP′S′ . The slit width is set at
0.15mm, and the relative angle between terminals at 180 deg. The impedances are shown
with the blue and red lines.

In Figs. 2.8(a) and (b), it is seen that ZPP′,open and ZPP′,short are linearly increased

with reference to logarithm of the frequency range below 10MHz. These phases are

about 90 deg. These impedances correspond to the inductance components of the air-core

transformer. Hereinafter, the inductance component obtained from ZPP′,open is referred to

as L(ZPP′,open), and the inductance component obtained from ZPP′,short to as L(ZPP′,short).

In Figs. 2.8(c) and (d), it is seen that ZPS′ and ZPS are linearly decreased with reference to

logarithm of the frequency range below 10MHz, and the phases are constant at −90 deg.

These impedances correspond to the capacitance components of the air-core transformer.

Hereinafter, the capacitance component obtained from ZPS′ is referred to as C(ZPS′), and
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the capacitance component obtained from ZPS to as C(ZPS).

In the frequency range above 10MHz, several resonances are confirmed. These reso-

nances show that the transformers are affected by the parasitic capacitance. As mentioned

at the beginning of this chapter, this result implies that we have to consider the resonant

frequency to design the flyback converter if the air-core transformer is implemented into

the megahertz power converter. In design theory of power converters, the characteristics

of each component is assumed to be ideal. In transformers, the resonance does not appear

in their frequency response because the parasitic capacitance is not considered. That is,

the effect of the resonance is not taken into account in the design theory. The converter

operation would vary from what is designed in advance owing to the resonance because

the operation waveforms include many harmonic components. If the relationship between

the device structure and the resonant frequency can be clarified, it could be useful for

designing filters and determining the critical operating frequency of converters.

2.3.1 Copper coverage dependence

Figure 2.9 shows the change in the frequency responses as the copper coverage is changed.

The estimated parameter values in the frequency range below 10MHz are listed in Ta-

ble 2.2. The parameter values are estimated in the frequency range below 10MHz with

the least-squares method. L(ZPP′,open) and L(ZPP′,short) do not change for the copper

coverage. We can also confirm it from Fig. 2.9 because the all impedances are identical

in the frequency range below 10MHz. This implies that L(ZPP′,open) and L(ZPP′,short) do

not depend on the copper coverage. In other words, the copper coverage does not play a

significant role in the design of the self-inductance and mutual inductance.

It can be seen that C(ZPS′) and C(ZPS) change for the copper coverage in the fre-

quency range below 10MHz. The estimated capacitance component is different by a

factor of about 2 between 0.15 and 0.9mm slit width. This implies that the parasitic

capacitance in the air-core transformer strongly depends on the copper coverage. In the

high-frequency characteristics, several resonances are confirmed. In particular, C(ZPS′)

shows three resonant frequencies. Multiple resonances do not appear in a pair of the

inductance and capacitance. It indicates that the air-core transformer is a system with

multiple combinations of the inductance and capacitance. The resonant frequency be-

comes low with increasing C(ZPS′) and C(ZPS) in every figure. The resonant frequency

qualitatively becomes low when the inductance is constant and the capacitance becomes
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Figure 2.9: Measured frequency responses of air-core transformer: (a) ZPP′,open, (b)
ZPP′,short, (c) ZPS′ , and (d) ZPS. The slit width is set at 0.15 to 0.9mm, and the rel-
ative angle between terminals at 180 deg.

Table 2.2: List of estimated parameter values of air-core transformer with different copper
coverage

Parameter
Slit width [mm]

0.15 0.3 0.5 0.7 0.9

L(ZPP′,open) [nH] 547 548 553 555 564

L(ZPP′,short) [nH] 340 349 328 321 322

C(ZPS′) [pF] 76.7 63.4 54.2 48.0 43.0

C(ZPS) [pF] 76.8 63.3 54.2 48.0 43.0
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large. The measurement results are consistent with the estimated values. This result

supports the validity of the measurement in this chapter. Since C(ZPS′) and C(ZPS) de-

pend on the copper coverage and change the high-frequency characteristics, the copper

coverage plays a significant role for the design of the high-frequency characteristics.

2.3.2 Relative angle between terminalas dependence

Figure 2.10 shows the change in the frequency responses as the relative angle is changed be-

tween the terminals. The estimated parameter values in the frequency range below 10MHz

are listed in Table 2.3. As with the copper coverage case, L(ZPP′,open) and L(ZPP′,short)

do not change for the relative angle. C(ZPS′) and C(ZPS) also do not change for the rel-

ative angle, unlike the copper coverage case. These results imply that the low-frequency

characteristics in the air-core transformer do not depend on the relative angle between

terminals. In other words, the relative angle does not play a significant role in the design

of the low-frequency characteristic.

On the other hand, the frequency responses in the frequency range above 10MHz

change for the relative angle except for ZPP′,short, although the low-frequency character-

istics is identical for the all relative angles. This implies that the layout of the terminals

must also be considered in the air-core transformer discussed in this dissertation. As

the device dimension approaches the wavelength, the resonance occurs owing to the non-

uniformity of the physical quantity in the device. The winding length of the air-core

transformer is calculated to be 0.741mm. It corresponds to about a quarter of the wave-

length at 100MHz. Since PCB includes a dielectric substance, the practical wavelength

is shorted further. This implies that the resonance occurs in the frequency range sev-

eral tens of megahertz. The change of the resonant frequency indicates that the physical

quantity distribution changes owing to varying the relative angle. Therefore, these results

indicate that it is necessary for the analysis of the high-frequency characteristics to con-

sider the distribution of the physical quantity such as current and voltage in the air-core

transformer.

The frequency responses in ZPP′,short do not change for the relative angle. Since the

terminal is shorted in the measurement of ZPP′,short, the secondary winding becomes a

closed winding. For that reason, even if the relative angle changes, the same winding

appears to be coupled from the primary side. This is also obvious based on the high-

frequency equivalent circuit of the air-core transformer introduced in Chapter 3.
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Figure 2.10: Measured frequency responses of air-core transformer: (a) ZPP′,open, (b)
ZPP′,short, (c) ZPS′ , and (d) ZPS. The slit width is set at 0.15mm, and the relative angle
between terminals at 36 to 156 deg.

Table 2.3: List of estimated parameter values of air-core transformer with different relative
angles

Parameter
Relative angle [deg]

36 60 84 108 132 156

L(ZPP′,open) [nH] 529 530 530 533 534 533

L(ZPP′,short) [nH] 323 324 326 328 330 330

C(ZPS′) [pF] 83.1 83.3 82.5 83.1 83.3 83.1

C(ZPS) [pF] 83.4 83.6 82.6 83.3 83.4 83.4
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2.4 Summary

This chapter analyzed the fundamental characteristics of the fabricated air-core trans-

former based on the measured frequency responses. In particular, to apply the air-core

transformer to high-frequency power converters, we focused on the analysis of the high-

frequency characteristics. First, the device structure was explained. To investigate the

relationship between the device structure and the frequency response, the air-core trans-

formers with varying copper coverage and relative angle between the terminals were fab-

ricated. Then the measurement setup was described. In addition to the conventional

measurements for estimating the self-inductance and mutual inductance, four additional

measurements were conducted in this dissertation. Lastly, we discussed the measured

frequency responses. The obtained frequency responses showed the port symmetry, cop-

per coverage dependence, and relative angle between the terminals dependence. These

results indicate that the high-frequency characteristics of the air-core transformer must

be investigated considering the distribution of the physical quantity.
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Chapter 3

High-frequency equivalent circuit of
air-core transformer

In this chapter, we construct the high-frequency equivalent circuit of the air-core trans-

former, which is able to represent the frequency response shown in Chapter 2. Many

nonlinear devices, such as MOSFETs and diodes, are used in converters. The use of

circuit simulation is indispensable for the analysis and design of converters. There have

been many studies on the models of MOSFETs and diodes considering the parasitic com-

ponents for circuit simulation [51–56]. On the other hand, the transformer model only

considering the self-inductance and mutual inductance is often used. This dissertation’s

air-core transformer has several resonances in the frequency range of several tens of mega-

hertz. These resonances do not appear in the model that considers only the self-inductance

and mutual inductance. Since these resonances could affect the converter operation, it is

necessary to evaluate these effects beforehand by circuit simulation. Therefore, the high-

frequency equivalent circuit of the air-core transformer is indispensable for the design of

high-frequency power converters by circuit simulation.

From the results of Chapter 2, it is found that the high-frequency characteristics of the

air-core transformer depend on its parasitic capacitance. This result indicates that the

equivalent circuit needs to take into account the parasitic capacitance, which is one of the

parasitic components. Transformers are modeled by the self-inductance and mutual induc-

tance in the low-frequency region. There are several types of equivalent circuits [57–59].

These equivalent circuits do not consider the parasitic capacitance. In the frequency

ranging up to several hundred kilohertz, the equivalent circuits considering the parasitic

capacitance are derived on the basis of the resonant frequencies or the electrostatic energy
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stored in the transformer [60–66]. These equivalent circuits are the lumped model. The

lumped model is based on the assumption that the physical quantities such as voltage and

current distribute uniformly in the windings. The parasitic capacitance in transformers

distributes along the windings. Since the inductance also distributes along the windings,

the transformer windings essentially form an LC ladder circuit. An LC ladder circuit

shows the non-uniformity of the voltage and current depending on the excitation fre-

quency. The above-mentioned assumption would not be satisfied with the high-frequency

analysis in which the wavelength-dependent phenomena cannot be neglected. In addition,

in Chapter 2, it is found that the high-frequency characteristics of the air-core transformer

depend on the distribution of the physical quantity. This implies that they are dominated

by the wavelength-dependent phenomena. Therefore, the lumped model is not suitable

to investigate the high-frequency characteristics of the air-core transformer.

On the other hand, the distributed model takes into account the spatial and the

time variation of the voltage and current. This model allows us to discuss the non-

uniformity of the voltage and current distribution in windings. The distributed model of

the transformer is crucial to investigate the non-uniformity in addition to the wavelength-

dependent phenomena. Therefore, we aim at constructing the distributed model of the

air-core transformer.

Based on the above points, we first discuss the modeling direction in Section 3.1. In

Section 3.2, the parameter estimation method is described, and the modeling parameter

related to the parasitic capacitance is identified. In Section 3.3, the high-frequency equiv-

alent circuit is derived from analogy with the coupled transmission lines. The validity

of the derived equivalent circuit is confirmed through the comparison of the measured

results with the circuit simulation in Section 4.4.

3.1 Modeling direction

There have been many studies on how to construct a circuit network that reproduces the

desired frequency response [67,68]. These methods use the high-frequency characteristics

such as resonant frequency. The physical correspondence between the network and the

actual device is unclear although these methods allow us to easily construct a circuit

network from the frequency response. We construct the equivalent circuit in which the

physical relationship to the air-core transformer is clarified. This section discusses the
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parameters which is necessary to construct an equivalent circuit based on the frequency

response. There are given as follows.

• Inductance components

– Self-inductance: Lp & Ls

– Mutual inductance: Lm

• Capacitance components

– Winding self capacitance: Cp & Cs

– Winding-to-ground capacitance: Cpg & Csg

– Mutual capacitance: Cm

The inductance components of the air-core transformer are modeled by the self-inductance

and mutual inductance. From the result of Chapter 2, the primary and secondary winding

self-inductance is set to be the same value in the equivalent circuit because the air-core

transformer has the symmetry structure. The components of the inductance are estimated

from the conventional measurements. The details are described in Section 3.2.1.

The high-frequency characteristics change depending on the copper coverage and rela-

tive angle between terminals. The copper coverage implies that the parasitic capacitance

has to be considered in the equivalent circuit. Assuming that the parasitic capacitance

distributes along the windings, the parasitic capacitance is illustrated as shown in Fig. 3.1.

The transformer’s parasitic capacitances are classified into three types of capacitances,

which are the mutual capacitance Cm, winding self capacitances, Cp and Cs, and winding-

to-ground capacitances, Cpg and Csg. If all capacitances are taken into account in the

distributed model, the equivalent circuit becomes complex. In particular, it is difficult to

separate these three on the basis of the impedance obtained from windings. Therefore,

for constructing the equivalent circuit, it is important to identify the dominant parasitic

capacitances in the applied frequency range. The details are described in Section 3.2.2.

The relative angle requires a clear relationship between the topology of the equivalent

circuit and the relative angles. If the air-core transformer is represented by the distributed

model, the equivalent circuit is constructed by taking into account the winding length.

In other words, since the equivalent circuit considers the concept of spatial variation,

the change in the relative angles between terminals can be represented by the change in

the circuit topology. The above approach cannot be used for the lumped model. In the
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Figure 3.1: A schematic of parasitic capacitance in transformer.

lumped model, the effect of the relative angle can be modeled by changing the parameter

values. However, from the result of Chapter 2, it is found that changing the relative angle

does not affect the low-frequency characteristics. If the parameter values are modified to

represent the high-frequency characteristics, the equivalent circuit would not be able to

represent the low-frequency characteristics.

3.2 Parameter estimation method

3.2.1 Inductance component

This subsection describes the estimation method of the inductance components in the

air-core transformer. The relationships between the modeling parameter and measured

values are given as follows.

Lp = Ls = L(ZPP′,open) (3.1)

Lm = kLp =

√
1− L(ZPP′,short)

L(ZPP′,open)
(3.2)

Where k denotes the coupling coefficient, and L(Z) the inductance component estimated

from the impedance shown in Chapter 2. The inductance components are estimated with

the least-squares method. The estimated parameter values are listed in Tables 3.1 and 3.2.

The estimated inductances and coupling coefficient showed constant values even when the

slit width and the relative angle were changed. Table 3.2 also shows the mean values.

As mentioned in Section 3.1, the change in the high-frequency characteristics due to the
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Table 3.1: List of estimated parameter values of inductance component for varying copper
coverage

Parameter
Slit width [mm]

0.15 0.3 0.5 0.7 0.9

Lp & Ls [nH] 547 548 553 555 564

Lm [nH] 337 330 328 321 322

k 0.615 0.602 0.592 0.579 0.570

Table 3.2: List of estimated parameter values of inductance component for varying relative
angle

Parameter
Relative angle [deg]

Mean
36 60 84 108 132 156

Lp & Ls [nH] 529 530 530 533 534 533 532

Lm [nH] 323 324 326 328 330 329 327

k 0.609 0.612 0.614 0.615 0.618 0.617 0.614

relative angle is represented by modifying the equivalent circuit topology. In order to

remove the effect of changing the parameter value, the equivalent circuit is constructed

using the average value to confirm its validity for varying the relative angle. This also

applies to the capacitance components.

3.2.2 Capacitance component

As mentioned in Section 3.1, we identify the dominant parasitic capacitance based on the

frequency responses of the air-core inductors. The air-core inductor is not affected by the

mutual capacitance because it does not have the secondary winding as shown in Fig. 3.2(a).

Therefore, we can investigate the effect of the mutual capacitance compared to the air-

core transformer with the air-core inductor. We fabricated two air-core inductors. The

air-core inductors are fabricated based on the PCB patterns of the air-core transformers

with slit widths of 0.15 and 0.9mm. They are made by removing the secondary winding

from the air-core transformers as shown in Fig. 3.2(b).

Figure 3.3 shows the measured frequency responses of the air-core inductors. The blue

line shows the impedance of the 0.15mm slit width-based air-core inductor, and the red

line the impedance of the 0.9mm slit width-based air-core inductor. Figure 3.3 indicates

that the effects of the winding self capacitance and winding-to-ground capacitance can
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Figure 3.2: A schematic of parasitic capacitance in air-core inductor and a photograph of
fabricated 0.15mm slit width-based air-core inductor.
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Figure 3.3: Frequency responses of the fabricated air-core inductor. The blue line shows
the impedance of the 0.15mm slit width-based air-core inductor, and the red line the
impedance of the 0.9mm slit width-based air-core inductor.
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Table 3.3: List of estimated parameter values of capacitance component for varying copper
coverage

Parameter
Slit width [mm]

0.15 0.3 0.5 0.7 0.9

Cps′ [pF] 76.7 63.4 54.2 48.0 43.0

Cps [pF] 76.8 63.3 54.2 48.0 43.0

Table 3.4: List of estimated parameter values of capacitance component for varying rela-
tive angle

Parameter
Relative angle [deg]

Mean
36 60 84 108 132 156

Cps′ [pF] 83.1 83.3 82.5 83.1 83.3 83.1 83.1

Cps [pF] 83.4 83.6 82.6 83.3 83.3 83.4 83.3

be neglected because no clear resonance is confirmed in the measured frequency range.

Therefore, ZPS′ and ZPS correspond to the mutual capacitance. We estimate the capac-

itance components with the least-squares method. As a result, we obtained the same

values of the mutual capacitance estimated from ZPS′ and ZPS as shown in Tables 3.3 and

3.4. This result supports the validity of the measurement in this dissertation because only

mutual capacitance dominates the air-core transformer. The difference between the fre-

quency responses of ZPS′ and ZPS in the high-frequency region was caused by the changing

polarity of the transformer coupling owing to the difference in connecting the terminals.

3.3 Derivation from analogy with coupled transmis-

sion lines

The high-frequency equivalent circuit of the air-core transformer is derived in this sec-

tion. Figure 3.4 shows the schematic of the coupled transmission lines and its equiv-

alent circuit. The equivalent circuit of the coupled transmission lines is represented by

Fig. 3.4(b). From the results of Section 3.2, it was found that the winding self capacitance

and winding-to-ground capacitance can be neglected in the air-core transformer. Since

the mutual capacitance is distributed between the primary and secondary windings, the

air-core transformer viewed from the port P–S and P–S’ can be regarded as the coupled
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Figure 3.4: A schematic of coupled transmission lines and its equivalent circuit.

transmission lines. Therefore, the propagation velocity v is given by Eq. (3.3).

v =
1√

Lp′Cm′
=

1√
Ls′Cm′

(3.3)

Where Lp′ denotes the self-inductance of the primary winding per unit length, Ls′ the

self-inductance of the secondary winding per unit length, and Cm′ the mutual capacitance

between the primary and secondary windings per unit length.

A circuit element can be regarded as a lumped element when the physical dimensions

are small enough compared to the wavelength. The general consensus is when the di-

mension is smaller than about 1/20 of the wavelength [69]. The relationship between the

wavelength λ, frequency f , and propagation velocity v is given by Eq. (3.4).

v = fλ (3.4)

The wavelength is calculated to be 1.05m when the transformer is excited at 110MHz.

Since the winding length is calculated to be 0.741mm, the transformers cannot be repre-

sented until 110MHz by the lumped element equivalent circuit as shown in Fig. 3.5 (a)

(hereinafter referred as lumped model).

In this dissertation, we represent the distributed parameter model of the transformer

with the lumped element approximation. Fig. 3.5 (b) shows the equivalent circuit of an

arbitrary section of the transformer. Suppose that the self-inductance, mutual inductance,

and mutual capacitance are uniformly distributed along the length of the windings. We

can derive the equivalent circuit of the air-core transformer by connecting the equivalent

circuits of an arbitrary section, considering the transformer structure. The number of the

transformer divisions N is set to 16 for the verification in the copper coverage, so that

the symmetry and Eq. (3.5) are satisfied.

N ≥ 20ℓ

λ
(3.5)
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Figure 3.5: Schematics of equivalent circuit of interleaved air-core toroidal transformer:
(a) lumped model, (b) an arbitrary section, and (c) distributed model.

The number of the transformer divisions N is reset to 32 for the verification in the relative

angle, in order to increase the number of the relative angles that can be represented. The

equivalent circuit is obtained as shown in Fig. 3.5 (c) (hereinafter referred as distributed

model).

3.4 Verification of equivalent circuit

We verify the distributed model through comparisons with circuit simulations. The circuit

simulations are conducted using a commercial circuit simulator (SIMetrix Technologies,

SIMetrix Ver. 7.2). The terminals that are not connected to the voltage source are floated

with a 10MΩ resistor. The consideration implies that the reference potentials of the

primary and secondary windings are different, that is, the primary winding is isolated

from the secondary winding. First, we compare the distributed model with the lumped

model. Figure 3.6 shows the comparisons of the measurement with the circuit simulation

for the air-core transformer with 0.15mm slit width and 180 deg relative angle. The black

lines denote the measured results, the red dotted lines the circuit simulation obtained from

the distributed model, and the blue dotted lines the circuit simulation obtained from the

lumped model. The distributed model represents the frequency responses accurately.
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Figure 3.6: Comparisons of measurement with circuit simulation. The black lines show
the measured results, the red dotted lines the circuit simulation based on the distributed
model, and the blue dotted lines the circuit simulation based on the lumped model.
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Figure 3.7: Comparisons of measurement with circuit simulation at same reference poten-
tial between primary and secondary windings. The black lines show the measured results,
the red dotted lines the circuit simulation based on the distributed model, and the blue
dotted lines the circuit simulation based on the lumped model. The above schematics
show the measurement setup.

The difference between the measurement and circuit simulation to the lumped model

gradually increases in the frequency range above 10MHz. This is due to the frequencies,

which are not less than 1/20 of the wavelength, are calculated to be 7.7MHz. In addition,

the lumped model does not represent the third resonant frequency in Fig. 3.6(c). These

results indicate the limit of the lumped model at high-frequency region. Therefore, the

distributed model is suitable for modeling the air-core transformer.

Let us also consider the frequency response when the reference potentials of the pri-

mary and secondary windings are the same. Figure 3.7 shows the comparisons of the

measurement with the circuit simulation at the same reference potential between the pri-

mary and secondary windings. The black lines show the measured results, the red dotted

lines the circuit simulation based on the distributed model, and the blue dotted lines the

circuit simulation based on the lumped model. The above schematics show the measure-

ment setup. The distributed model represents the frequency responses accurately in these

conditions. The circuit simulation requires that there be the same reference potential on

the primary and secondary sides, respectively. When the secondary winding is grounded,
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the frequency response changes significantly. The change is caused by the effect of the

mutual capacitance. Care must also be taken in handling the potential of the secondary

winding when considering the effect of mutual capacitance.

Then Fig. 3.8 shows the comparisons of the measurement with the circuit simulation

for varying the slit width. The solid lines show the measured results, and the dotted lines

the circuit simulation based on the distributed model. The proposed equivalent circuit

represents the frequency responses accurately.

Figure 3.9 shows the comparisons of the measurement with the circuit simulation for

varying the relative angle. The solid lines show the measured results, and the dotted lines

the circuit simulation based on the distributed model. The proposed equivalent circuit

represents the frequency responses accurately. As with the result of Chapter 2, ZPP′,short

does not change for varying the relative angle in the circuit simulation as well. This

supports the explanation given in Chapter 2. However, the circuit simulation shows the

resonance of ZPS although this cannot be confirmed clearly in the experiment.

In order to discuss this resonance, Fig. 3.10 shows the enlarged views of the frequency

response in ZPS from 40 to 80MHz. In Fig. 3.10(b), the circuit simulation shows the

resonance. On the other hand, the experiment shows the rapid phase change. This

change seemingly corresponds to the resonance in the circuit simulation. Even though

this measurement is for a passive component, the measured phase exceeds 90 deg. This

does not happen in passive component measurements theoretically. This is also a result

showing the limit of measurement by an impedance analyzer. The resonance is seemingly

caused by the symmetry breaking in the air-core transformer. That is because the signs

of resonance can be confirmed experimentally in the frequency response for varying the

slit width as shown in Fig. 3.10(a). It can be inferred that this symmetry breaking was

caused by the manufacturing accuracy of the air-core transformer.

3.5 Summary

In this chapter, we derived the high-frequency equivalent circuit of the air-core trans-

former from analogy with the coupled transmission lines. It was found that the frequency

responses of the air-core transformer were mainly affected by the mutual capacitance de-

pending on the slit width. The air-core transformer can be modeled on the basis of analogy

with the coupled transmission lines when the winding self capacitance and winding-to-
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Figure 3.8: Comparisons of measurement with circuit simulation for varying slit width.
The solid lines show the measured results, and the dotted lines the circuit simulation
based on the distributed model.
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Figure 3.9: Comparisons of measurement with circuit simulation for varying relative angle.
The solid lines show the measured results, and the dotted lines the circuit simulation based
on the distributed model.
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Figure 3.10: Enlarged views of frequency response in ZPS from 40 to 80MHz: (a) for
varying slit width and (b) for varying relative angle.

ground capacitance are negligible. The derived distributed equivalent circuit represented

the frequency responses accurately, whereas the lumped model was not able to represent

the high-frequency characteristics. Both equivalent circuits were constructed with the

same parameter values estimated from the low-frequency characteristics. Only the circuit

topology is different in both models. In addition, the proposed equivalent circuit did not

use the high-frequency characteristics such as the resonant frequency. This is inherently

different from methods such as Foster’s reactance theorem [67], which uses high-frequency

characteristics in order to construct the frequency response. These results show the im-

portance of the mutual capacitance to be implemented as a distributed parameter.

We confirmed that the derived equivalent circuit was able to represent the frequency

responses of the air-core transformer for varying the slit width and the relative angle. The

frequency responses of the air-core transformer for the relative angle cannot be represented

by the lumped model without changing the parameter values. The proposed model was

able to represent the frequency responses only by modifying the equivalent circuit topology

without changing the parameter values. This result indicated that it is necessary for the

analysis of the high-frequency characteristics to consider the distribution of the physical

quantity such as current and voltage in the air-core transformer.

Wavelength-dependent phenomena such as λ/4 resonance and directivity appear in

the coupled transmission lines. The equivalent circuit was derived from analogy with the

coupled transmission lines. The fact implies that the phenomena cannot be avoided due
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to the switching of the power converter. That is because there are many high-frequency

components during switching transients.

In this chapter, we conclude that the proposed equivalent circuit enables us to simulate

the operation of power converters in the frequency range above megahertz. The author

also expects that the model can clarify the relationship between the high-frequency com-

ponents and the spatial magnetic flux distribution in air-core transformers.
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Chapter 4

Measurement method for internal
magnetic flux density distribution

In this chapter, we develop the measurement method for the internal magnetic flux density

distribution under high-frequency excitation. From the results of the previous chapters,

it is found that the approach based on the physical quantity distribution is necessary to

analyze the high-frequency characteristics of the air-core transformer. In general, it is

difficult to measure the internal state of the device under test (DUT) directly. The air-

core transformer in this dissertation is mainly dominated by the mutual capacitance in the

frequency ranging up to 110MHz. Since the maximum mutual capacitance was calculated

to be several tens of pF, the mutual capacitance per turn is of the order of pF. The input

capacitance of the passive probe is typical of the order of pF. The voltage distribution

cannot be measured by connecting the passive probe directly to the windings because the

input capacitance is of the same order of magnitude as the parasitic capacitance. The

current probe cannot be installed because of its size. Therefore, it is difficult to analyze

the distribution of the voltage and current in the air-core transformer.

In this dissertation, we focus on the internal magnetic flux density distribution. The

magnetic flux density is a key factor governing the performance of a transformer. The

magnetic flux is generated by the current flowing along the windings. As the current

distribution changes, the magnetic flux density distribution also changes. A previous

study reported that in a toroidal inductor, the external magnetic flux density distribution

changes depending on the excitation frequency [70]. Specifically, the distribution is differ-

ent if it is below or above the resonant frequency. This implies that the internal magnetic

flux density also changes. Therefore, the magnetic flux density has the potential to be a
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physical quantity for analyzing the high-frequency characteristics.

There have been studies on the internal magnetic flux density distribution of the

magnetic components used in the below-kilohertz frequency range [71–75]. However, it

is difficult to apply these methods to this dissertation’s target for the following reasons.

First, these studies do not aim at the megahertz frequency range. In the megahertz

frequency range, the measurement equipment affects the operation of the measured circuit

owing to its impedance. For example, connecting a passive probe is equivalent to adding

an extra capacitor to the circuit. In the low-frequency range, the impedance of the passive

probe can be neglected. On the other hand, in the high-frequency range, the impedance

cannot be neglected because the impedance of the capacitor is inversely proportional to

the frequency. Thus, high-frequency measurements are inaccurate with passive probes.

To measure the distribution in the megahertz frequency range, it is necessary to make sure

that the effect of the measurement equipment on the DUT can be neglected. Second, these

studies focus on the distribution inside the magnetic materials. In the below-kilohertz

frequency range, transformers use magnetic materials such as Mn-Zn and Ni-Zn. To

measure the internal magnetic flux requires the processing of the magnetic materials.

For example, a hole is needed in the magnetic materials to install the magnetic sensor.

Since this dissertation investigates the air-core transformer, which does not use magnetic

materials, it is difficult to apply these methods directly. Therefore, it is necessary to

develop a measurement method that meets the purpose of this study.

In Section 4.1, the magnetic flux density sensor and the measurement principle are

explained. The experimental setup is described in Section 4.2. In Section 4.3, the mea-

sured magnetic flux density distribution is analyzed. The measured distribution is verified

through a comparison with numerical estimation in Section 4.4. In Section 4.5, the effect

of the measurement equipment impedance is discussed.

4.1 Magnetic flux density sensor

In this dissertation, we measure the internal magnetic flux density of the air-core trans-

former with a search coil sensor. The search coil is inserted easily in the inside of the

air-core transformer because of the air-core configuration. It can be manufactured di-

rectly by the user as opposed to other magnetic sensors [76]. Thus, almost everyone can

perform the investigation carried out in this dissertation using a simple and very low-cost,
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yet accurate search coil sensor.

The search coils are manufactured for two kinds of measurements: the tangential com-

ponent and the normal component as shown in Fig. 4.1. Figure 4.2 shows the photographs

of the fabricated search coil for measuring the tangential component. The search coil con-

sists of Bakelite boards and copper wires (ϕ = 0.25mm). The Bakelite board has the

holes made with a PCB manufacturing machine (Mits, Seven Mini) to thread the copper

wires. The search coil is fabricated by threading the copper wire into the hole. Therefore,

the cross-section of the search coil is rectangular in shape.

Let us move on to the implementation method for the search coil. In this chapter, an

air-core transformer, which is different from the one used in other chapters, is fabricated

for experiments to confirm the validity of the measurement method. Figure 4.3 shows

the photographs of the air-core transformer in this chapter. The air-core transformer is

fabricated using printed circuit boards (PCBs) and contact probes. The inner and outer

diameters are set to be the same values as used in Chapter 2. The number of turns in

both the primary and secondary windings is also set to be the same value. The height

of the air-core transformer is different and changed to 9.6mm. By using the contact

probe, the air-core transformer can be divided into two parts. The search coil can be

mounted inside the air-core transformer by sandwiching the coil between the two parts.

The contact probes pass through the holes, which are made in the outer circumference of

the Bakelite board. Therefore, the position of the search coil is determined as shown in

Fig. 4.4. The implementation method is used in the first half of this chapter. Another

method is adopted in the second half of this chapter.

The principle behind the search coil is Faraday’s law of induction. When the air-

core transformer is excited, a magnetic flux arise in the air-core transformer. The search

coil voltage is induced by the variation in the magnetic flux passing through the search

coil cross-section. Assuming that the cross-sectional area in the search coil is sufficiently

smaller than in the air-core transformer, the relationship between the voltage of the search

coil vsearch and the internal magnetic flux density B can be estimated by Eq. (4.1).

B =
1

AT

∫
vsearchdt (4.1)

The area-turn product, denoted AT, is determined from the number of turns and the

cross-sectional area of the search coil. The number of turns in the search coil is set to 6

turns and the cross-section to 9.6mm2. We determine the area-turn product from these
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Figure 4.1: Definition of tangential and normal components.

Figure 4.2: Photographs of search coil for measuring tangential component: (a) overall
photograph and (b) enlarged photograph.
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Figure 4.3: Photographs of air-core transformer: (a) top view and (b) side view.

Figure 4.4: Photographs of air-core transformer with search coil part: (a) inside view and
(b) side view.
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Figure 4.5: Experimental setup for measuring internal magnetic flux density distribution
in air-core transformer: (a) measurement setup schematic and (b) photograph of the
equipment surrounding air-core transformer.

values. The cross-section of the search coil satisfies the previously stated assumption as

it has a value less than 1/10 of that of the transformer. The voltage of the search coil is

measured by using an isolated probe (Tektronix, TIVH08) and an oscilloscope (Tektronix,

DPO7104). Therefore, the internal magnetic flux density can be obtained by measuring

voltage of the search coil and integrating it numerically in the trapezoidal rule.

4.2 Experimental setup

Figure 4.5 shows the experimental setup schematic for measuring the internal magnetic

flux density distribution. A sinusoidal current is fed to the air-core transformer as an

excitation current. The excitation current is generated with a function generator (NF

CORPORATION, WF1968), a bipolar power supply (NF CORPORATION, HSA4011),

and an LC filter. The bipolar power supply amplifies the signal from the function gen-

erator, however, the amplified signal is slightly distorted because of the characteristics of

the bipolar power supply. Therefore, an LC filter was inserted between the bipolar power

supply and the air-core transformer to remove the distortion in the amplified signal. The

generated excitation current ip is then fed to the primary side of the air-core transformer.

The purpose of this chapter is to demonstrate the effectiveness of the proposed method
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in the megahertz range. First, we investigate whether the fabricated search coil can

measure the magnetic flux density at 1MHz. Since the principle of the search coil is

based on Faraday’s law of induction, the magnitude of the search coil voltage depends

on the rate of change of the magnetic flux. Thus, the sensitivity of the search coils is

proportional to the excitation frequency. If the excitation frequency is too low, the search

coil voltage could be lower than the voltage that can be measured by the oscilloscope.

To increase the search coil voltage, the area-turn product needs to be increased. This

corresponds to the increase in the number of turns and the cross-sectional area. However,

this leads to an increase in the parasitic capacitance of the sensor and the sensor size.

An increase in the parasitic capacitance is related to the maximum measurable frequency,

which is determined by its self-resonant frequency. The detailed discussions are shown

in Section 4.5. An increase in the sensor size makes its spatial resolution to degrade.

For this reason, if the sensor is fabricated so that the measurement range of the sensor

is within the range of the oscilloscope, the distribution may not be obtained correctly.

Therefore, we investigate whether the internal magnetic flux density distribution under

1MHz excitation can be measured using the search coil fabricated in the previous section.

The validity of the measurement results at 1MHz implies that it is possible to measure

higher frequency components without changing the dimensions of the search coil. It is

because the magnitude of the search coil voltage at 1MHz is the lowest in the megahertz

frequency excitation. Therefore, an excitation current ip with an amplitude of 1.5A and

a frequency of 1MHz is fed into the air-core transformer. We measure the magnetic flux

density B for four cycles. The search coils are located at the middle height of the air-core

transformer (z = 4.8mm). Figure 4.6 shows the measurement points used in this study.

The sampling frequency of the oscilloscope is set to 5GHz, and the excitation current ip

is measured with a current probe (Tektronix, TCP0030A).

4.3 Internal magnetic flux density distribution under

1MHz sinusoidal excitaiton

This section presents the experimental results of the internal magnetic flux density dis-

tribution for the air-core transformer. First, we discuss the magnetic fluxes measured at

point A in Fig. 4.6.

Figure 4.7 shows the waveforms of (a) the excitation current, (b) the search coil volt-
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Figure 4.6: Measurement points in the air-core transformer. Numbers around the circle
denote angle. Blue circles denote primary side contact probes, and red circles secondary
side contact probes.

age, and (c) the magnetic flux density calculated from the search coil voltage measured at

point A in Fig. 4.6. The blue and red lines indicate the tangential and normal components,

respectively. In Fig. 4.7(a), the excitation currents of the tangential and normal compo-

nents exhibit the same amplitude. However, the search coil voltage does not display the

coincidence between the tangential and normal components. The tangential component

is larger in magnitude than the normal component of the search coil voltage. The search

coil voltage is of the order of several tens of mV in the tangential component. Since the

search coil voltage is clearly confirmed, AT can be decreased a little. In the second half

of this chapter, the physical dimension of the search coil is modified on the basis of this

result in order to increase the spatial resolution and decrease the parasitic capacitance.

The calculated magnetic flux density exhibits a similar result to that of the search coil

voltage. This result indicates that the tangential component is dominant in the internal

magnetic flux density.
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Figure 4.7: Experimentally obtained waveforms: (a) excitation current ip, (b) search coil
voltage vsearch, and (c) magnetic flux density B calculated from search coil voltage. Blue
line shows tangential components, and red line normal components.
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Next, we discuss the internal magnetic flux density distribution in the air-core trans-

former. Figure 4.8 shows the vector field and the contour plot of the measured magnetic

flux. The tangential component of the internal magnetic flux density is dominant at every

measured point. The magnetic flux density is not uniform in the tangential and normal

directions. In a toroidal coil, non-uniformity in the normal direction is apparent from

Eq. (4.2) derived from Ampere’s law.

B =
µ0NI

2πr
(4.2)

Where µ0 denotes the permeability in a vacuum, N the number of turns in the toroidal

coil, I the excitation current, and r the distance from the center of the toroidal coil.

Equation (4.2) implies that the magnetic flux density decreases with increasing distance

from the center of a toroidal coil. In Fig. 4.8, the inner magnetic flux densities are clearly

larger than the outer magnetic flux densities. The experimental results are qualitatively

consistent with Eq. (4.2). Therefore, the non-uniformity of the magnetic flux density in

the normal direction is caused by the toroidal winding structure.

Subsequently, we consider the non-uniformity of the magnetic flux density in the tan-

gential direction. Equation (4.2) can only discuss the magnetic flux density for the normal

direction. That is because Eq. (4.2) is derived under the assumption that the magnetic

flux density is uniform for the tangential direction. However, the measured distribution

showed the non-uniformity for the tangential direction. In order to verify the validity of

the proposed method, it is necessary to clarify whether the non-uniformity in the tangen-

tial direction is caused by the measurement method or the transformer structure.

Figure 4.9 shows the magnetic flux density as a function of the angle in the air-

core transformer. The physical relationship between the air-core transformer structure

and the radius plotted in Fig. 4.9 is shown in Fig. 4.10. The magnetic flux density

changes periodically with a spatial period of 24 degrees except in Fig. 4.9(c). The air-core

transformer is wound with a spatial period of 24 degrees, because the number of turns in

the primary and secondary windings is 15 turns each. Therefore, the spatial period of the

non-uniformity in the tangential direction is consistent with the structure of the air-core

transformer.

The spatial phases of non-uniformity show a 180-degree difference between the outer

side (Fig. 4.9(a) and (b)) and the inner side (Fig. 4.9(d)) of the air-core transformer. The

structure of the air-core transformer has a 180-degree difference in a spatial phase between
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Figure 4.8: Experimentally obtained internal magnetic flux density distribution in air-
core transformer: (a) vector field and (b) contour plot. Numbers around the circle denote
angle. Blue circles denote primary side contact probes, and red circles secondary side
contact probes.
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Figure 4.9: Non-uniformity in magnetic flux density in tangential direction for: (a) r =
22.0mm, (b) r = 20.0mm, (c) r = 17.0mm, and (d) r = 15.0mm in order to compare
experimentally obtained internal magnetic flux densities as function of angle in air-core
transformer.
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Figure 4.10: Relationship between air-core transformer structure and radius plotted in
Fig. 4.9.

the inner and outer sides. The spatial phase difference of the non-uniformity displayed in

the results is consistent with the structure of the air-core transformer. The structure of

the air-core transformer causes the non-uniformity in the internal magnetic flux density

for the tangential direction.

4.4 Verification with numerical estimation

Herein, we verify the measured internal magnetic flux density distribution through a

comparison with numerical estimation. We assume that the current distribution in the

air-core transformer could be represented by a set of straight conductors. The magnetic

flux density of a straight conductor at a point P is given by Eq. (4.3) from the Biot-Savart

law.

B =
µ0I

4πr
(cosα + cos β) (4.3)

Where µ0 denotes the permeability in a vacuum, I the excitation current, and r the

distance between the straight conductor and point P. The values of α and β are defined in

Fig. 4.11. Due to the air-core configuration, the internal magnetic flux density distribution

becomes the sum of the magnetic flux density provided by each straight conductor. The
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Figure 4.11: Definition of α and β.

detailed calculation is shown below.

First, we describe the method for estimating the magnetic flux density generated by

the contact probe. The contact probe provides x and y components of the magnetic

flux density because the contact probe and the estimation plane intersect vertically. Fig-

ure 4.12 shows a schematic of the relationship between the current flowing along the

contact probe and the magnetic flux density. The magnitude of the magnetic flux density

B at (x0, y0) can be estimated by Eq. (4.3). Based on this equation and Fig. 4.12, x and

y components of the magnetic flux density can be determined by Eqs. (4.4a) and (4.4b),

when the estimated position is in the first quadrant.

Bx = −

∣∣∣ y0x0

∣∣∣√
1 +

(
y0
x0

)2
B (x0 > 0, y0 > 0) (4.4a)

By =
1√

1 +
(

y0
x0

)2
B (x0 > 0, y0 > 0) (4.4b)

In other quadrants, we can obtain the magnetic flux density by modifying the sign of

Eqs. (4.4a) and (4.4b) based on Fig. 4.12. By translating the obtained magnetic flux

density to the position of the contact probe, the magnetic flux density can be obtained

at each point.

Next, we describe the method of estimating the magnetic flux density generated by the

PCB. The PCB pattern has a fan-like shape. For simplicity, this pattern is approximated



4.4. Verification with numerical estimation 55

Figure 4.12: Schematic of relationship between current flowing along contact probe and
magnetic flux density.

as a straight conductor. The PCB provides x, y, and z components of the magnetic

flux density because the PCB and the estimation plane do not intersect vertically. We

consider the magnetic flux density as provided by a straight conductor parallel to the

x-axis. The magnetic flux density exists only in y and z components under this condition.

The magnetic flux density of the y component is given by Eq. (4.5).

By =
B√

1 +
(

y0
z0

)2
(4.5)

Therefore, by translating the obtained magnetic flux density to the position of the contact

probe, the magnetic flux density is obtained at each point.

Figure 4.13 shows the contour plot of the internal magnetic flux density distribution

obtained by the numerical estimation. The internal magnetic flux density in Fig. 4.13

shows qualitatively similar features to Fig. 4.8(b). There is a discrepancy between the

measured and modeled magnitudes of the magnetic flux density. This is due to the

manufacturing accuracy of the search coil. In order to discuss the magnetic flux density

quantitatively, the area-turn product of the search coil must inevitably be calibrated by

a Helmholtz coil [77, 78]. On the other hand, it is of greater importance to investigate

whether the spatial difference in the measured magnetic flux density corresponds to the
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Figure 4.13: Numerically obtained internal magnetic flux density in air-core transformer.
Numbers around the circle denote angle. Blue circles denote primary side contact probes,
and red circles secondary side contact probes.

winding structure. The relative value becomes a more critical factor for choosing the

winding structure, considering the magnetic flux density. Therefore, it is necessary to

verify the relative value of the magnetic flux density.

Figure 4.14 shows the experimentally and numerically obtained magnetic flux density

as a function of angle in the air-core transformer. The blue points show the experimental

results, while the red points display the results of the numerical estimation. In order to

compare the relative values, the results of the numerical estimation were multiplied by

1.5. The relative values of the experimental result and the numerical estimation are in

good agreement for the spatial frequency as well as for the normalized amplitude at every

radius value. This result supports the validity of the proposed measurement method.
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Figure 4.14: Comparison of experimental results and numerical estimation for internal
magnetic flux density as a function of angle in air-core transformer for: (a) r = 22.0mm,
(b) r = 20.0mm, (c) r = 17.0mm, and (d) r = 15.0mm. Blue points denotes experimental
results, and red points results of numerical estimation. Results of the numerical estimation
were multiplied by 1.5 to compare relative values.
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Figure 4.15: Frequency response of search coil: (a) impedance and (b) phase.

4.5 Effect of measurement equipment impedance

First, we discuss the effect of the parasitic capacitance in the fabricated search coil.

Figure 4.15 shows the frequency response of the fabricated search coil. The frequency

response was measured with an impedance analyzer (Keysight Technologies, 4294A). As

shown in Fig. 4.15(a), the impedance exhibits a linear response to frequencies. The phase

is approximately 90 degrees from 1 to 110MHz. Therefore, the fabricated search coil acts

as a magnetic component in that frequency range.

Figure 4.16 shows the comparison of the measured waveforms in various excitation

frequencies. The blue line indicates the measured magnetic flux density at 100 kHz, the

red line at 1MHz, and the green line at 10MHz. For the excitation at 10MHz, we used

another bipolar power supply (NF CORPORATION, HSA4101), which can operate up

to 10MHz. That is because the bipolar power supply (HSA4011) described in Section 4.2

can only apply a sinusoidal wave in the frequency ranging up to 1MHz. Time axis

is normalized by excitation frequencies in order to compare them. In Fig. 4.16(a), the
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Figure 4.16: Comparison of measured waveforms in various excitation frequencies: (a)
search coil voltage and (b) magnetic flux density. Blue line denotes measured waveforms
at 100 kHz, red line at 1MHz, and green line at 10MHz. Time axis is normalized by
excitation frequencies to compare them.

search coil voltage can be clearly confirmed at 1 and 10MHz, while it cannot be confirmed

at 100 kHz. This is consistent with the explanation in Section 4.2. In Fig. 4.16(b), the

magnetic flux density at 10MHz is identical to measured waveforms at 1MHz. That is

because the search coil acts as a magnetic component at 10MHz. On the other hand, the

measured waveform at 100 kHz is not identical to them. The reason is that the isolated

probe cannot measure the search coil output voltage correctly at several mV in addition to

the search coil does not act as a magnetic component at 100 kHz. Therefore, the parasitic

capacitance in the search coil can be neglected in the frequency ranging up to 110MHz.

Next, we discuss the effect of the input impedance of an isolated probe. The isolated

probe used in this dissertation can replace the sensor tip cable. For measuring in several

tens of mV range, IVTIP1X and MMCX10X sensor tip cables are suitable and their

specifications are listed in Table 4.1. IVTIP1X sensor tip cable was used in Section 4.3.
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Table 4.1: List of specifications of sensor tip cable

Sensor tip cable Differential input voltage Input impedance

IVTIP1X ±1V (2X range) 1MΩ||35 pF
MMCX10X ±5V (1X range) 10MΩ||6 pF

Figure 4.17: A schematic of experimental circuit to excite an air-core transformer in
high-frequency switching conditions.

Although it is more suitable than MMCX10X for measuring in several tens of mV range,

it could not be suitable for high-frequency measurement because its input impedance is

larger than the impedance of MMCX10X.

Since the developed method is used to analyze the behavior of the magnetic flux of

power converters, this section investigates the effect of the impedance of the probe based

on the measurement results when the air-core transformer is excited with a waveform con-

taining harmonic components. Figure 4.17 shows the experimental circuit. The circuit

topology is a boost type with the transformer as a reactor. The triangular current in-

cluding harmonic components flows through the air-core transformer. The air-core trans-

former is the same one used in Chapter 2 and 3. A SiC MOSFET (ROHM, SCT3120AL)

is adopted as a active switching device and a SiC SBD (ROHM, SCS206AM) as a rec-

tifying device. The SiC MOSFET is driven with an isolated gate driver (Silicon Labs.,

Si8235).

Figure 4.18 shows the photographs of the experiment. For the purpose of this section,

the search coil shown in Fig. 4.18(c) is used. Six types of the search coil are fabricated.

The number of turns is set at three to eight turns for each search coil, and the cross

section at 2.6mm2 for every search coil. The cross section was determined on the basis of

the results of Section 4.3. The search coil is combined with the base, implemented into

the air-core transformer as shown in Figs. 4.18(b) and (d). Since the search coil and base
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Figure 4.18: Photographs of experiment: (a) experimental circuit, (b) search coil with
base, (c) fabricated search coil, and (d) implemented into air-core transformer.
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Figure 4.19: Comparisons of experimentally obtained waveforms of input current. The
blue line shows the current when measuring with the three turns search coil and IVTIP1X,
the red line the current when measuring with the three turns search coil and MMCX10X,
the green line the current when measuring with the eight turns search coil and IVTIP1X,
and the black line the current when measuring with the eight turns search coil and
MMCX10X.

are separable, the direction of the search coil can be changed. The magnetic flux density

coil can be measured with one search coil for the tangential and normal components.

The setting of the experiment is described as follows. A peak value of the input current

ip is set to 2.8A and the switching frequency of the SiC MOSFET at 1MHz with duty

ratio of 50%. The search coil is located at (r, θ, z)=(15.0mm, 90 deg, 5.6mm). The internal

magnetic flux density is measured for the tangential component. The excitation current

is measured with a current probe (Tektronix, TCP0030A). The above measurements were

carried out for each combination of the search coil and the sensor tip cable.

Figure 4.19 shows the comparisons of experimentally obtained waveforms of the input

current. The blue line shows the current when measuring with the three turns search coil

and IVTIP1X, the red line the current when measuring with the three turns search coil

and MMCX10X, the green line the current when measuring with the eight turns search

coil and IVTIP1X, and the black line the current when measuring with the eight turns

search coil and MMCX10X. It can be seen that all the measured waveforms are identical.

This indicates that the inserted search coil do not change the excitation conditions.

Figure 4.20 shows the comparisons of the experimentally obtained waveforms of the

search coil voltage. The search coil voltages are normalized by each number of turns. Since

the search coil voltage is proportional to the number of turns, the normalized search coil

voltage theoretically becomes the same voltage. The above figure shows the comparison of
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Figure 4.20: Comparisons of experimentally obtained waveforms of search coil voltage.
The above figure shows the comparison of search coil voltage measured with IVTIP1X,
and the below one the comparison of search coil voltage measured with MMCX10X.

search coil voltage measured with IVTIP1X, while the one below describes the comparison

of search coil voltage measured with MMCX10X. It can be seen that the high-frequency

oscillations of the search coil voltage are not identical in IVTIP1X. It is seen that all the

search coil voltage are identical in MMCX10X. This indicates that the input impedance

of the sensor tip cable cannot neglected in IVTIP1X. Therefore, the search coil voltage is

measured with MMCX10X in the following chapters.

4.6 Summary

In this chapter, we developed a measurement method for the internal magnetic flux den-

sity distribution in an air-core transformer. The magnetic flux density was measured

with the fabricated search coil. We verified the validity of the developed method with the

internal magnetic flux density distribution measured under 1MHz sinusoidal excitation.

The magnetic flux density was found to be non-uniform in the air-core transformer. The

non-uniformity was caused by the transformer structure and not by the measurement

method. The obtained distribution was verified through a comparison of with numerical
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estimation by the Biot-Savart law. As a result, it was found that the distribution can be

measured accurately by the developed method. In addition, the effect of the measurement

equipment impedance was discussed. It was found that the parasitic capacitance of the

search coil can be neglected. We confirmed that the sensor tip cable (MMCX10X) is

suitable for evaluating the air-core transformer in high-frequency power converter appli-

cations. In this experiment, interesting high-frequency oscillations were confirmed in the

search coil voltage. This is discussed in the next chapter in detail.

The internal magnetic flux density distribution has never been investigated experi-

mentally in detail for various technical reasons. Therefore, the internal magnetic flux

density has only been studied as a black box even though it is a key factor governing the

performance of a transformer. The measurements given in this chapter are also signifi-

cant in terms of carrying the investigation of the internal magnetic flux density a stage

further. For example, the distribution obtained in this chapter can be used as a reference

when analyzing the behavior of magnetic flux in the high-frequency range. The internal

magnetic flux density distribution in this dissertation does not depend on the excitation

waveform and frequency, as long as there is current flow along the winding. When the cur-

rent distribution changes for some reasons, such as the impacts of stray capacitances, the

magnetic flux density also changes. That is, we can investigate the behavior in the high-

frequency range by comparing the distribution given in this chapter with one obtained

from high-frequency measurement.
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Chapter 5

High-frequency oscillation of internal
magnetic flux density

This chapter investigates the behavior of the internal magnetic flux density under high-

frequency switching conditions. The high-frequency oscillation is confirmed in the search

coil voltage from the results of Chapter 4. The frequency of the oscillation is estimated

to be several tens of megahertz. Since the air-core transformer has the resonance in

the frequency range of several tens of megahertz, the oscillation is most likely caused

by the characteristics of the air-core transformer. As mentioned in Chapter 4, it has

been reported that the magnetic flux density distribution changes around the resonant

frequency [70]. The change in the distribution implies the change in the characteristics

of the air-core transformer. This leads to unintended converter behavior. Therefore, it is

important to investigate the cause of the oscillation for designing the air-core transformer

and the power converter.

In Section 5.1, the experimental setup is described. In Section 5.2, the behavior of the

internal magnetic flux density is discussed. The cause of the high-frequency oscillation is

investigated in Section 5.3.

5.1 Experimental setup

The investigation is similar to the experiment in Chapter 4. The schematics and details

of the experiment are described in Chapter 4. In the following, only the changes are

described. The purpose of the experiment is different from Chapter 4. In this chapter,

we focus on revealing the cause of the high-frequency oscillation. To confirm whether

the high-frequency oscillation is unique to the air-core transformer, the air-core inductor,
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Figure 5.1: Measurement points in air-core transformer. Numbers around the circle denote
angle. Blue circles denote primary side windings and red circles denote secondary side
windings.

which is used in Chapter 3, is also tested under the same conditions. A peak value of

the input current ip is set to 3.5A, and the switching frequency of the SiC MOSFET set

to 1MHz with duty ratio of 30%. Figure 5.1 shows the measurement points used in this

chapter. The internal magnetic flux density is measured for the tangential and normal

components.

5.2 Behavior of internal magnetic flux density

5.2.1 Air-core inductor

This subsection describes the measured results of the internal magnetic flux density in

the air-core inductor. Figure 5.2 shows the experimentally obtained waveforms of the

input current in the air-core inductor. Figures 5.2(a) and (b) show the waveforms when

measuring the internal magnetic flux densities for the tangential and normal component

at (r, θ, z)=(15.0mm, 90 deg, 5.6mm), respectively. In Fig. 5.2(a), the input current in-

creased linearly during the on-state of the SiC MOSFET. The magnetic energy was stored
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Figure 5.2: Experimentally obtained waveforms of input current in air-core inductor.
(a) and (b) show the waveforms when measuring the internal magnetic flux densities for
the tangent and normal component at (r, θ, z)=(22.0mm, 90 deg, 5.6mm), respectively.
(c) shows a superposition of all the measured waveforms when measuring the internal
magnetic flux density for the tangential component.

in the air-core inductor at the period. After the SiC MOSFET was turned off, the stored

magnetic energy was supplied to the load. There was no magnetic energy in the air-core

inductor after the input current reached zero. Then the input current oscillated at a low

frequency. The similar waveform is confirmed in Fig. 5.2(b). These are typical waveforms

that can be confirmed in a boost converter. Figures 5.2(c) shows a superposition of all the

measured waveforms when measuring the internal magnetic flux density for the tangential

component. It can be seen that all the measured waveforms are identical. This indicates

that the position of the inserted search coil did not change the excitation conditions.

Figure 5.3 shows the experimentally obtained waveforms of the search coil voltage
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Figure 5.3: Experimentally obtained waveforms of search coil voltage for tangen-
tial component in air-core inductor. The red line shows the waveforms mea-
sured at (r, θ, z)=(22.0mm, 84 deg, 5.6mm), the green line the measured waveform
at (r, θ, z)=(22.0mm, 90 deg, 5.6mm), and the blue line the measured waveform at
(r, θ, z)=(22.0mm, 96 deg, 5.6mm).

for the tangential component in the air-core inductor. The red line shows the mea-

sured waveform at (r, θ, z)=(22.0mm, 84 deg, 5.6mm), the green line the measured wave-

form at (r, θ, z)=(22.0mm, 90 deg, 5.6mm), and the blue line the measured waveform at

(r, θ, z)=(22.0mm, 96 deg, 5.6mm). The search coil voltages oscillated at a low frequency.

It corresponds to the oscillation in the input current. Immediately after turning the SiC

MOSFET on and off, the search coil voltage oscillated at high frequency. However, the

high-frequency oscillation is different from the waveforms measured in Chapter 4.

Figure 5.4 shows the experimentally obtained waveforms of the search coil voltage

for the normal component in the air-core inductor. The red line shows the measured
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Figure 5.4: Experimentally obtained waveforms of search coil voltage for nor-
mal component in air-core inductor. The red line shows the waveforms mea-
sured at (r, θ, z)=(22.0mm, 84 deg, 5.6mm), the green line the measured waveform
at (r, θ, z)=(22.0mm, 90 deg, 5.6mm), and the blue line the measured waveform at
(r, θ, z)=(22.0mm, 96 deg, 5.6mm).

waveform at (r, θ, z)=(22.0mm, 84 deg, 5.6mm), the green line the measured waveform at

(r, θ, z)=(22.0mm, 90 deg, 5.6mm), and the blue line the measured waveform at (r, θ, z)=

(22.0mm, 96 deg, 5.6mm). Unlike the tangential component, the search coil voltage can-

not be clearly confirmed. This indicates that the magnetic flux density for the tangential

component is dominant in the air-core inductor as with the results of Chapter 4. There-

fore, we only discuss the tangential component.

Figure 5.5 shows the magnetic flux density for the tangential component calculated

from the search coil voltage in the air-core inductor. The blue lines show the waveforms

measured near the primary winding such as at (r, θ, z)=(22.0mm, 96 deg, 5.6mm), the
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Figure 5.5: Magnetic flux density for tangential component calculated from search
coil voltage in air-core inductor. The blue lines show the waveforms measured near
the primary winding such as at (r, θ, z)=(22.0mm, 96 deg, 5.6mm), the green lines
the waveforms measured between the primary and secondary windings such as at
(r, θ, z)=(22.0mm, 90 deg, 5.6mm), the red lines the waveforms measured near the sec-
ondary winding such as at (r, θ, z)=(22.0mm, 84 deg, 5.6mm). (b) shows the excerpt of
the waveforms measured at 84 to 96 deg.

green lines the waveforms measured between the primary and secondary windings such

as at (r, θ, z)=(22.0mm, 90 deg, 5.6mm), the red lines the waveforms measured near the

secondary winding such as at (r, θ, z)=(22.0mm, 84 deg, 5.6mm). Note that the magnetic

flux densities are plotted with an arbitrary unit because the search coil can measure only

the variation of the magnetic flux density. It can be seen that the magnetic flux densities

are classified into three types. In each type, the magnetic flux density showed the same

waveform. Hereinafter, we discuss the magnetic flux density based on the waveform

measured at 84, 90, and 96 deg as an example of each type. Figure 5.5(b) shows the

excerpt of the waveforms measured at 84 to 96 deg. The magnetic flux density showed

a similar waveform to the input current, while the high-frequency oscillation occurred.

Here, let us check Fig. 5.2 again. It can be seen that there are traces of high-frequency

oscillations in the input current. The search coil is more sensitive to high-frequency signals

than the current probe due to the characteristics of the measurement method. This is
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Figure 5.6: Experimentally obtained waveforms of input current in air-core transformer.
(a) and (b) show the waveforms when measuring the internal magnetic flux densities for
the tangent and normal component at (r, θ, z)=(22.0mm, 90 deg, 5.6mm), respectively.
(c) shows a superposition of all the measured waveforms when measuring the internal
magnetic flux density for the tangential component.

why the high-frequency oscillations appeared more clear in the magnetic flux density

than the input current. The amplitude of the search coil voltage is larger as the measured

point approaches the primary winding from the secondary winding as with the search coil

voltage. This is also consistent with the results of Chapter 4.

5.2.2 Air-core transformer

This subsection describes the measured results of the internal magnetic flux density in

the air-core transformer. Figure 5.6 shows the experimentally obtained waveforms of

the input current in the air-core transformer. Figures 5.6(a) and (b) show the waveforms
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when measuring the internal magnetic flux densities for the tangential and normal compo-

nent at (r, θ, z)=(22.0mm, 90 deg, 5.6mm), respectively. In Fig. 5.6(a), the input current

showed the similar waveform to Fig. 5.2. However, the high-frequency oscillation can be

confirmed clearly after the MOSFET is turned off. The similar waveform is confirmed

in Fig. 5.6(b). The oscillation is not seen in the air-core inductor. This implies that the

high-frequency characteristics of the air-core transformer affect the switching operation.

Figures 5.2(c) shows a superposition of all the measured waveforms when measuring the

internal magnetic flux density for the tangential component. It can be seen that all the

measured waveforms are identical. This indicates that the position of the inserted search

coil did not change the excitation conditions even though the high-frequency oscillation

occurs.

Figure 5.7 shows the experimentally obtained waveforms of the search coil voltage

for the tangential component in the air-core transformer. The red line shows the mea-

sured waveform at (r, θ, z)=(22.0mm, 84 deg, 5.6mm), the green line the measured wave-

form at (r, θ, z)=(22.0mm, 90 deg, 5.6mm), and the blue line the measured waveform at

(r, θ, z)=(22.0mm, 96 deg, 5.6mm). Unlike the air-core inductor, the large high-frequency

oscillation is confirmed. The amplitude of the high-frequency oscillation is the largest in

Fig. 5.7(a). In the air-core inductor, the search coil voltage measured near the primary

winding was the largest, regardless of the frequency component. This implies that the

behaviors of the magnetic flux density changes.

Figure 5.8 shows the experimentally obtained waveforms of the search coil voltage

for the normal component in air-core transformer. The red line shows the measured

waveform at (r, θ, z)=(22.0mm, 84 deg, 5.6mm), the green line the measured waveform at

(r, θ, z)=(22.0mm, 90 deg, 5.6mm), and the blue line the measured waveform at (r, θ, z)=

(22.0mm, 96 deg, 5.6mm). The search coil voltage cannot be confirmed, except for the

high-frequency oscillation in Fig. 5.8(b). The high-frequency oscillation seemingly occurs

owing to the high-frequency characteristics of the air-core transformer. In this subsection,

we only discuss the tangential component in order to compare with the result of the air-

core inductor. Note that this fact is important to discuss the high-frequency flyback

converter designed in Chapter 6.

Figure 5.9 shows the magnetic flux density for the tangential component calculated

from the search coil voltage in the air-core transformer. The blue lines show the waveforms

measured near the primary winding such as at (r, θ, z)=(22.0mm, 96 deg, 5.6mm), the
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Figure 5.7: Experimentally obtained waveforms of search coil voltage for tangen-
tial component in air-core transformer. The red line shows the waveforms mea-
sured at (r, θ, z)=(22.0mm, 84 deg, 5.6mm), the green line the measured waveform
at (r, θ, z)=(22.0mm, 90 deg, 5.6mm), and the blue line the measured waveform at
(r, θ, z)=(22.0mm, 96 deg, 5.6mm).

green lines the waveforms measured between the primary and secondary windings such

as at (r, θ, z)=(22.0mm, 90 deg, 5.6mm), the red lines the waveforms measured near the

secondary winding such as at (r, θ, z)=(22.0mm, 84 deg, 5.6mm). As with the air-core

inductor, the magnetic flux densities are classified into three types, showing the same

waveform in each type. Hereinafter, we discuss the magnetic flux density based on the

waveform measured at 84, 90, and 96 deg as an example of each type. Figure 5.5(b) shows

the excerpt of the waveforms measured at 84 to 96 deg. The magnetic flux density showed

the similar waveform to the input current. The amplitude of the magnetic flux density is

larger as the measured point approaches the primary winding from the secondary winding,
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Figure 5.8: Experimentally obtained waveforms of search coil voltage for nor-
mal component in air-core transformer. The red line shows the waveforms mea-
sured at (r, θ, z)=(22.0mm, 84 deg, 5.6mm), the green line the measured waveform
at (r, θ, z)=(22.0mm, 90 deg, 5.6mm), and the blue line the measured waveform at
(r, θ, z)=(22.0mm, 96 deg, 5.6mm).

while the amplitude of the high-frequency oscillation is smaller. This indicates that the

behavior of the magnetic flux density changes in that frequency. The change also appeared

in the secondary winding voltage.

Figure 5.10 shows the comparison of the primary voltage with the secondary voltage

measured in the air-core transformer. The red line shows the primary voltage and the

blue line the secondary voltage. The primary voltage was calculated from the difference

between the input voltage and the drain-source voltage of the SiC MOSFET, and the

secondary voltage calculated from the difference between the measured voltages of the

two passive probes. In periods I and III, the voltage amplitude is larger in the primary
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Figure 5.9: Magnetic flux density for tangential component calculated from search
coil voltage in air-core transformer. The blue lines show the waveforms measured
near the primary winding such as at (r, θ, z)=(22.0mm, 96 deg, 5.6mm), the green lines
the waveforms measured between the primary and secondary windings such as at
(r, θ, z)=(22.0mm, 90 deg, 5.6mm), the red lines the waveforms measured near the sec-
ondary winding such as at (r, θ, z)=(22.0mm, 84 deg, 5.6mm). (b) shows the excerpt of
the waveforms measured at 84 to 96 deg.

Figure 5.10: Comparison of primary voltage with secondary voltage measured in air-core
transformer. The red line shows the primary voltage, and the blue line the secondary
voltage. vp,dc and vs,dc denote the DC component in the period II, respectively.
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side than in the secondary side. However, the magnitude relationship is reversed in period

II although the DC components keep the magnitude relationship. The coupling coefficient

of the fabricated air-core transformer is one or less because its turn ratio is set to one.

The secondary voltage cannot become larger than the primary voltage theoretically. This

indicates that factors other than the self-inductance and mutual inductance cause the

high-frequency oscillation.

5.3 Cause of high-frequency oscillation

This section investigates the cause of the high-frequency oscillation. Figure 5.11 shows

the frequency response of ZPP′,open and the frequency spectrum obtained from the search

coil voltage measured at (r, θ, z)=(22.0mm, 96 deg, 5.6mm). Two peaks can be confirmed

in the frequency range of several tens of megahertz. That is because there is a beat in the

search coil voltage as shown in Fig. 5.7(b). The higher peak frequency coincides with the

second resonance frequency of the frequency response. This implies that one of the causes

of high-frequency oscillation is the second resonance frequency in the air-core transformer.

Suppose that another peak is caused by the parasitic inductance of the experimental

circuit. The additional experimental circuits were fabricated in order to investigate the

validity of this hypothesis. This section focuses on two parasitic inductances, Lp1 and

Lp2, as shown in Fig. 5.12. The same experiment as described in Section 5.1 is carried

out for the additional circuits. Figure 5.13 shows the frequency spectrum of the search

voltage and the photographs of the additional fabricated experimental circuit. The par-

asitic inductance was implemented by changing the width of the wiring. The parasitic

inductance is the smallest in Fig. 5.13(a) and the largest in Fig. 5.13(d). From the fre-

quency spectrum, the higher peak frequency remains at the same frequency, while the

lower peak frequency shifts to the lower frequency side. This indicates that the lower

peak frequency depends on the parasitic inductance in the experimental circuit. There-

fore, we conclude that the high-frequency oscillation is caused by the second resonance

of the frequency response in the air-core transformer and the parasitic inductance in the

experimental circuit. This conclusion also indicates that the high-frequency oscillation of

the search coil in the air-core inductor (Fig. 5.3) was seemingly caused by the parasitic

inductance because the high-frequency oscillation depends on it.
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Figure 5.11: Frequency response of ZPP′,open and frequency spectrum obtained from search
coil voltage.

Figure 5.12: A schematic of experimental circuit to investigate effect of parasitic induc-
tance.
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Figure 5.13: Frequency spectrum of search voltage and photographs of additional fab-
ricated experimental circuit: (a) original circuit, (b) circuit increased Lp1, (c) circuit
increased Lp2, and (d) circuit increased Lp1 and Lp2.
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5.4 Summary

This chapter investigated the high-frequency oscillation of the internal magnetic flux den-

sity under high-frequency switching conditions. The air-core transformer and the air-core

inductor were excited by the current including many harmonic components. Compared

with both waveforms of the magnetic flux density, it was found that the high-frequency

oscillation is an unique phenomenon to the air-core transformer. The amplitude rela-

tionship changed when the magnetic flux density oscillated at high frequency. Then we

discuss the cause of the high-frequency oscillation. From the comparison between the

frequency spectrum of the search coil voltage and the frequency response of the air-core

transformer, it was found that the high-frequency oscillation is caused by the resonance

frequency of the transformer. Additional experiments were carried out for the additional

circuits whose parasitic inductances were varied. As a result, it was found that the high-

frequency oscillation also depends on the parasitic inductance in the experimental circuit.

The coupling coefficient of the air-core transformer is estimated to be about 0.6. Nev-

ertheless, the secondary voltage was larger than the primary voltage when the high-

frequency oscillation occurred. Similar phenomena can be observed in Tesla coil config-

uration [79–83]. The transformer is excited with a pulsed voltage in these studies. The

high-frequency oscillation also includes a beat. Therefore, they have many points in com-

mon with the experimental results in this chapter. In those conditions, the energy is

efficiently transferred from the primary to the secondary side. The transformer is excited

under an open condition on the secondary side in a flyback converter during the on-state

of the active switch. The excitation condition is similar to the experiment in this chapter.

Above mentioned phenomena could be caused in a high-frequency flyback converter. This

indicates that the use of the phenomena allows us to fabricate the high-efficiency flyback

converter.
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Chapter 6

Analysis and design of
high-frequency flyback converter

In this chapter, we design the high-frequency flyback converter considering the phenomena

observed in Chapter 5. In addition, the behavior of the internal magnetic flux density is

investigated under the high-frequency operation. The air-core transformer in this disserta-

tion has several resonant frequencies in the frequency range above 10MHz. In Chapter 5,

it was found that the internal magnetic flux density was affected by the second resonant

frequency when the air-core transformer was excited with a waveform including many

harmonic components. The above experiment was conducted under the open condition

on the secondary side of the air-core transformer. In a flyback converter, the above con-

dition corresponds to the case when the active switch on the primary side is turned on. It

is very likely that the phenomena observed in Chapter 5 will occur in the high-frequency

flyback converter as well. Therefore, it is necessary to design the high-frequency flyback

converter considering the phenomena.

In Section 6.1, the principle of the active clamp flyback converter is introduced. Sec-

tion 6.2 investigates the operation of the high-frequency flyback converter. Through these

analyses, we summarize the problem in the high-frequency operation. In Section 6.3, we

improve the power conversion efficiency in the high-frequency flyback converter. In Sec-

tion 6.4, we investigate the behavior of the magnetic flux density in the high-frequency

flyback converter.
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6.1 Active clamp flyback converter

In general, air-core transformers have a lower coupling coefficient than transformers with

magnetic materials. The coupling coefficient of the fabricated air-core transformer is

estimated to be 0.615 in this dissertation. The coupling coefficient of the transformer

used in the flyback converter needs to be at least 0.9 or more. The transformer with a

low coupling coefficient has a large leakage flux. This implies that the energy retained on

the primary side increases in the flyback converter when the active switch is turned off.

The retained energy is handled in the active switch as surge voltage. The surge voltage

becomes large as the leakage flux increases. The large surge voltage lead to breaking

the active switch. Therefore, the flyback converter with the air-core transformer needs a

circuit to handle the energy due to the large leakage flux.

One such circuit topology is the active clamp flyback converter [25,84–88]. Figure 6.1

shows the schematic of the active clamp flyback converter. The active clamp circuit

consists of the clamp capacitor Cclamp and auxiliary switch Saux for handling the energy

due to the leakage flux. For details of the operation, please refer to [84]. It has been

reported that this topology can improve the power conversion efficiency for the flyback

converter using the transformer with the magnetic materials. However, few reports are

available on the flyback converter with the air-core transformer. In particular, the detailed

investigation of the behavior of the internal magnetic flux density has limited reports

regardless of whether magnetic materials are used in the transformers or not. We firstly

analyze the operation of the active clamp flyback converter with the air-core transformer

based on the search coil voltage.

6.2 Operation analysis of high-frequency operation

Figures 6.2 and 6.3 show the schematic and photograph of the fabricated active clamp

flyback converter. A SiC MOSFET (ROHM, SCT3120AL) is adopted as a active switching

device and a SiC SBD (ROHM, SCS206AM) as a rectifying device. The SiC MOSFET is

driven with an isolated gate driver (Silicon Labs., Si8235). The power source is generated

with a DC power supply (TAKASAGO, ZX-S-400MA) and an electronic load (Keisoku

Giken, LN-300C) is used as dummy load.

The settings of the experiment are described as follows. The switching frequency of

Smain is set to be 5MHz with the constant duty ratio. Figure 6.4 shows the measurement
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Figure 6.1: A schematic of active clamp flyback converter.

Figure 6.2: A schematic of fabricated active clamp flyback converter.

Figure 6.3: Photograph of fabricated active clamp flyback converter with air-core trans-
former.
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points used in this study. The search coil voltage is measured for the tangential and normal

components. The input and output power are measured with the DC power supply and

the electronic load. The load impedance is varied from 1 to 100Ω.

Figure 6.5 shows the output characteristics of the fabricated active clamp flyback

converter operated at 5MHz. The blue points show the input power, the red points

the output power, and the green points the power conversion efficiency. The average

power conversion efficiency is estimated to be about 50%. Half of the input power is

lost in the converter. In general, switching losses is the main cause of loss in a power

converter. However, it is not practical to assume that most of the above losses are due

to the switching losses. This implies that there are causes other than switching loss that

significantly decreases the power conversion efficiency. We discuss the search coil voltage

in order to reveal the cause of the low power conversion efficiency.

As with Chapter 5, we discuss the search coil voltage measured at 84, 90, and 96 deg.

Figure 6.6 shows the measured search coil voltage when the output load is set to be 14Ω.

It can be seen that the tangential component is dominant in the search coil voltage. In

Fig. 6.6(b), it can be seen that the high-frequency oscillation occurs during the on-state of

Smain. The DC component becomes larger as the measured point approaches the primary

winding from the secondary winding. Nevertheless, the magnitude relationship of the

high-frequency oscillation is reversed as with the result in Chapter 5. In Fig. 6.6(c), the

high-frequency oscillation for the normal component is the largest in the search coil voltage

measured at 90 deg. These are also consistent with the result in Chapter 5 and indicates

that the high-frequency oscillation is caused by the second resonant frequency of the air-

core transformer. The second resonant frequency of the air-core transformer is estimated

to be 93.1MHz. The frequency of the oscillation is estimated to be about 30MHz at

most. The difference implies that the second resonant frequency changes when a circuit

is connected to the secondary side of the air-core transformer. From the result of the

measurement of ZPP′,short in Chapter 2, the frequency response of the air-core transformer

changes depending on the secondary winding conditions. Therefore, we investigate the

frequency response of the air-core transformer, including the secondary circuit.

Figure 6.7 shows the measurement setup of the frequency response in the air-core

transformer with the secondary circuit. The frequency response is measured using an

impedance analyzer (Keysight Technologies, 4294A). The output of the secondary circuit

is opened or connected to a DC power supply (Matsusada, P4K-36). The DC power
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Figure 6.4: Measurement points in air-core transformer. Numbers around the circle denote
angle. Blue circles denote primary side windings, and red circles denote secondary side
windings.

Figure 6.5: Output characteristics of fabricated active clamp flyback converter. The blue
points show the input power, the red points the output power, and the green points the
power conversion efficiency.
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Figure 6.6: Experimentally obtained waveforms of search coil voltage:(a) gate-source volt-
age of Smain, (b) tangential component, and (c) normal component. The output load is
set to 14Ω.
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Figure 6.7: A measurement setup of frequency response in air-core transformer with
secondary circuit.

Figure 6.8: Output voltage dependence of frequency response in air-core transformer with
secondary circuit.

supply mimics the output voltage of the active clamp flyback converter. The DC voltage

is varied from 0 (open condition) to 30V.

Figure 6.8 shows the output voltage dependence of the frequency response in the air-

core transformer with the secondary circuit. As the output voltage increases, the resonant

frequency shifts to a higher frequency. This indicates that the frequency response changes

depending on the operating condition of the active clamp flyback converter. Figure 6.9(a)

shows the output voltage characteristics of the fabricated active clamp flyback converter.

When the output load is set to be 14Ω, the output voltage is measured as 15V. The

frequency response is shown in Fig. 6.9(b) at that voltage and the frequency spectrum

of the search coil voltage shown in Fig. 6.9(c). In Fig. 6.9(c), two peaks are confirmed.

One peak corresponds to the switching frequency and another peak to the high-frequency

oscillation. Compared with Fig. 6.9(b), the higher peak frequency is the same as the

second resonant frequency in the order of magnitude. Therefore, the high-frequency

oscillation in Fig. 6.6 is caused by the second resonant frequency.
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Figure 6.9: Output voltage characteristics of fabricated active clamp flyback converter,
frequency response, and frequency spectrum.
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Then we discuss the cause of the second resonant frequency. The second resonant fre-

quency was changed by the secondary circuit. The secondary circuit consists of the SiC

SBD and the output capacitor. Assuming that the parasitic inductance in the secondary

circuit can be negligible, either the SiC SBD, the output capacitor, or both changed the

second resonant frequency. The frequency of the second resonant is estimated to be about

20MHz under the open condition. If the output capacitor changed the second resonant

frequency, the inductance must be several tens of pH. That is, the output capacitor is not

the cause. The SiC SBD has a junction capacitance. It is the order of several hundred

pF in SCS206AM. In that case, the inductance is calculated to be several hundred nH.

It is the same as the inductance of the air-core transformer in the order of magnitude.

Therefore, the second resonant frequency was seemingly changed by the effect of the junc-

tion capacitance of the SiC SBD. As the output voltage increases, the second resonant

frequency shifted to a higher frequency. The junction capacitance of the SiC SBD de-

creases as the voltage across the diode increases. When the output voltage increases,

the voltage across the SiC SBD also increases because the diode has to block the output

voltage and the secondary side voltage of the air-core transformer. That is, the junction

capacitance of the SiC SBD decreases as the output voltage increases. The decrease in the

junction capacitance leads to shifting the second resonant frequency to a higher frequency.

The above description is consistent with the experiment. Therefore, the second resonant

frequency depends on the junction capacitance of the SiC SBD.

Finally, we discuss the effect of the high-frequency oscillation on decreasing the power

conversion efficiency based on the circuit simulation. The circuit simulation is conducted

using a commercial circuit simulator (SIMetrix Technologies, SIMetrix Ver. 7.2). The

equivalent circuit derived in Chapter 3 is used as the air-core transformer model. Fig-

ure 6.10 shows the simulated waveforms of the primary and secondary current in the

active clamp flyback converter. The both currents oscillate during the on-state of Smain.

The oscillations correspond to that of the search coil voltage. In particular, the oscilla-

tion on the secondary side indicates that the secondary circuit is not able to rectify the

secondary current. This is seemingly why the power conversion efficiency decreases. The

high-frequency oscillation of the primary current corresponds to that of the secondary

current. The oscillation of the primary current can be confirmed in [89–91]. In these

studies, it is highly likely that the secondary current also oscillates. However, the oscil-

lation has been negligible because the effect has been regarded as sufficiently small due
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Figure 6.10: Simulated waveforms of primary and secondary current. The red line shows
the primary current and the blue line the secondary current.

to the low switching frequency. As the switching frequency increases, the effect becomes

larger as shown in this study. Therefore, it is necessary to consider the oscillation in order

to design of high-frequency flyback converter.

6.3 Improvement of power conversion efficiency

In this section, we aim at improving the power conversion efficiency of the high-frequency

flyback converter. In previous section, it was found that the secondary circuit cannot

rectify the high-frequency current. The frequency of the high-frequency oscillation is

estimated to be about 30MHz. The SiC SBD is not able to rectify the current in that

frequency range [56]. The frequency of the oscillation depends on the second resonant

frequency in the impedance of the air-core transformer including the secondary circuit.

The SiC SBD can rectify the current in the frequency range below 10MHz. Therefore,

the second resonant frequency must be shifted to below 10MHz.

In this dissertation, we shift the second resonant frequency by adding the capacitor

Crect to the secondary circuit. The capacitance of Crect is set to be 1 nF. Figure 6.11 shows

the measurement setup of the frequency response in the fabricated air-core transformer

with the modified secondary circuit. The same experiment in Section 6.2 is performed

on the modified secondary circuit. Figure 6.12 shows the comparison of the frequency

response with and without the capacitor Crect. By adding the capacitor, the resonant

frequency is shifted to a lower frequency. Figure 6.13 shows the comparison of the sim-
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Figure 6.11: A measurement setup of frequency response in air-core transformer with
modified secondary circuit.

Figure 6.12: Comparison of frequency response with and without capacitor Crect.

Figure 6.13: Comparison of simulated waveforms of secondary current with and without
capacitor Crect.
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Figure 6.14: Experimentally obtained waveforms of search coil voltage in modified sec-
ondary circuit:(a) gate-source voltage of Smain, (b) tangential component, and (c) normal
component. The output load is set to 14Ω.
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Figure 6.15: Output characteristics of fabricated active clamp flyback converter with
modified secondary circuit. The blue points show the input power, the red points the
output power, and the green points the power conversion efficiency.

ulated waveforms of the secondary current with and without the capacitor Crect. The

high-frequency oscillation disappears in the modified secondary circuit. Therefore, the

proposed secondary circuit can rectify the secondary current in the high-frequency oper-

ation.

Figure 6.14 shows the experimentally obtained waveforms of the search coil voltage in

the flyback converter with the modified secondary circuit. The high-frequency oscillation

which oscillates at 30MHz cannot be confirmed. It indicates that the high-frequency

oscillation caused by the second resonant frequency disappears by the modified secondary

circuit. However, the more high-frequency oscillation is observed. This is not seemingly

caused by the second resonant frequency because the frequency is not of the same order

of magnitude as it. The cause is issues in the future.

Finally, we demonstrate the 5MHz operation active clamp flyback converter with the

modified secondary circuit. Figure 6.15 shows the output characteristics of the fabricated

active clamp flyback converter operated at 5MHz. The blue points show the input power,

the red points the output power, and the green points the power conversion efficiency. The

power conversion efficiency is improved by adding the proposed circuit, being confirmed

about above 80%. In addition, the input and output power increase. This shows the

effectiveness of the proposed circuit and supports the above description.
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6.4 Behavior of magnetic flux density in active clamp

flyback converter

This section discusses the behavior of the magnetic flux density in active clamp flyback

converter. We investigate the magnetic flux density when the output load is set to 55Ω in

addition to 14Ω. Figures 6.16 and 6.17 show the experimentally obtained waveforms of

the magnetic flux density in the active clamp flyback converter without the proposed sec-

ondary circuit. The blue line shows the magnetic flux density measured near the primary

winding, the green line the magnetic flux density measured between the primary and sec-

ondary winding, and the red line the magnetic flux density measured near the secondary

winding. The output load is set to 14 and 55Ω, respectively. In (a) of Figs. 6.16 and

6.17, the magnetic flux density increases as the measured point approaches the primary

winding from the secondary winding. While, the high-frequency oscillation decreases as

the measured point approaches the primary winding from the secondary winding. In (b)

of Figs. 6.16 and 6.17, the magnetic flux density measured at 90 deg is the largest in the

normal component. These are consistent with the results of Chapter 5.

Figures 6.18 and 6.19 show the experimentally obtained waveforms of the magnetic

flux density in the active clamp flyback converter with the proposed secondary circuit.

The blue line shows the magnetic flux density measured near the primary winding, and

the green line the magnetic flux density measured between the primary and secondary

winding, and the red line the magnetic flux density measured near the secondary winding.

The output load is set to 14 and 55Ω, respectively. Compared with (a) of Figs. 6.16 and

6.17, it can be seen that the high-frequency oscillation disappears. The magnetic flux

density near the secondary winding increased. In particular, the magnetic flux density

was larger near the secondary winding than near the primary winding in Fig. 6.17. This

indicates that the input power is efficiently transferred from the primary winding to the

secondary winding via the magnetic flux. From Fig. 6.13, it can only be seen that the

high-frequency oscillation, which is the cause of the decreases in the power conversion

efficiency, disappeared. This shows the limit of the investigation based on the physical

quantity obtained from the terminal. The power conversion efficiency is larger in 55Ω

condition than in 14Ω condition. On the contrary the output power is larger in 14Ω

condition than in 55Ω condition. The relationship of the power conversion efficiency

can be explained based on the amplitude of the magnetic flux density for the tangential



6.4. Behavior of magnetic flux density in active clamp flyback converter 95

Figure 6.16: Experimentally obtained waveforms of magnetic flux density in active clamp
flyback converter without proposed secondary circuit. The blue line shows the magnetic
flux density measured near the primary winding, and the green line the magnetic flux den-
sity measured between the primary and secondary winding, and the red line the magnetic
flux density measured near the secondary winding. The output load is set to 14Ω.
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Figure 6.17: Experimentally obtained waveforms of magnetic flux density in active clamp
flyback converter without proposed secondary circuit. The blue line shows the magnetic
flux density measured near the primary winding, and the green line the magnetic flux den-
sity measured between the primary and secondary winding, and the red line the magnetic
flux density measured near the secondary winding. The output load is set to 55Ω.
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Figure 6.18: Experimentally obtained waveforms of magnetic flux density in active clamp
flyback converter with proposed secondary circuit. The blue line shows the magnetic flux
density measured near the primary winding, and the green line the magnetic flux density
measured between the primary and secondary winding, and the red line the magnetic flux
density measured near the secondary winding. The output load is set to 14Ω.
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Figure 6.19: Experimentally obtained waveforms of magnetic flux density in active clamp
flyback converter with proposed secondary circuit. The blue line shows the magnetic flux
density measured near the primary winding, and the green line the magnetic flux density
measured between the primary and secondary winding, and the red line the magnetic flux
density measured near the secondary winding. The output load is set to 55Ω.
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component. Regarding the output power, it is necessary to focus on another factor as

well.

We focus on the phase difference between the magnetic flux density near the primary

and secondary side and the rotating magnetic flux density. A transformer can only trans-

fer AC power from the primary side to the secondary side. In general, the amount of

transferred AC power depends on the phase difference between the input and output.

This also holds for transformers. Let us check Figs. 6.18 and 6.19 again. The phase

difference between 84 and 96 deg is larger in 14Ω condition than in 55Ω condition. This

is why the output power is larger in 14Ω condition than in 55Ω condition.

Let us focus on the rotating magnetic flux density. Figure 6.20 shows the trajectory of

the magnetic flux density in the active clamp flyback converter with proposed secondary

circuit when the output load is set to 14Ω. Most of the trajectories are linear, while some

of them are elliptical. The elliptical trajectory indicates that the magnetic flux density

rotates. The direction of rotation is periodically switched. It can be seen that the cycle

of switched direction corresponds to the transformer structure. Figure 6.21 shows the

comparisons of the experimentally obtained waveforms of the magnetic flux density for

the tangential and the normal components in the active clamp flyback converter with the

proposed secondary circuit. The blue line shows the tangential component and the red

line the normal component. The output load is set to 14Ω. It can be seen that the phase

is the same between the tangential and normal component because the zero-cross point is

the same in Figs. 6.21(a) and (c). On the other hand, the phase difference occurs between

the tangential and normal components in Fig. 6.21(b), in which the magnetic flux density

rotates. This implies that the phase difference is related to the rotating magnetic flux

density.

Figure 6.22 shows the trajectory of the magnetic flux density in the active clamp

flyback converter with proposed secondary circuit when the output load is set to 55Ω.

As with Fig. 6.20, most of the trajectories are linear, while some of them are elliptical.

However, the area of the trajectory is smaller in Fig. 6.22 than in Fig. 6.20. Figure 6.23

shows the comparisons of the experimentally obtained waveforms of the magnetic flux

density for the tangential and the normal components in the active clamp flyback converter

with the proposed secondary circuit. The blue line shows the tangential component and

the red line the normal component. The output load is set to 55Ω. The phase relationship

is the same as Fig. 6.21. However, the phase difference is smaller between the tangential
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Figure 6.20: Trajectory of magnetic flux density in active clamp flyback converter with
proposed secondary circuit. The output load is set to 14Ω.
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Figure 6.21: Comparisons of experimentally obtained waveforms of magnetic flux density
for tangential and normal components in active clamp flyback converter with proposed
secondary circuit. The blue line shows the tangential component and the red line the
normal component. The output load is set to 14Ω.
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Figure 6.22: Trajectory of magnetic flux density in active clamp flyback converter with
proposed secondary circuit. The output load is set to 55Ω.
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Figure 6.23: Comparisons of experimentally obtained waveforms of magnetic flux density
for tangential and normal components in active clamp flyback converter with proposed
secondary circuit. The blue line shows the tangential component and the red line the
normal component. The output load is set to 55Ω.
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Figure 6.24: Trajectory of magnetic flux density in active clamp flyback converter without
proposed secondary circuit. The output load is set to 14Ω.
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and normal components in Fig. 6.23(b) than in Fig. 6.21(b). Since the output power

is larger in 14Ω condition than in 55Ω condition, the area of the trajectory seemingly

corresponds to the amount of the output power.

In order to investigate the validity of the above hypothesis, let us look at another

trajectory of the magnetic flux density. Figure 6.24 shows the trajectory of the magnetic

flux density in the active clamp flyback converter without proposed secondary circuit when

the output load is set to 14Ω. As with the previous trajectories, most of the trajectories

are linear, while some of them are elliptical. However, the trajectory meanders because the

magnetic flux density oscillates at high frequency. As a result, the area of the trajectory

becomes smaller than other trajectories. The output power in this configuration is the

smallest in the depicted trajectories. Therefore, the are of the trajectory corresponds to

the output power of the flyback converter. These results indicate that it is important

for designing the high-frequency flyback converter to investigate the normal component,

which is not dominant in the low-frequency region.

6.5 Summary

In this chapter, we designed the high-frequency flyback converter considering the phe-

nomena observed in Chapter 5. An active clamp circuit was introduced into the flyback

converter in order to deal with the energy remained in the primary side owing to the large

leakage flux of the air-core transformer. The input-output characteristics of the active

clamp flyback converter operated at 5MHz were measured. It was found that the power

conversion efficiency was about 50%. We discussed the cause of the low power conversion

efficiency. As a result, it was found that the high-frequency oscillation caused by the

second resonance frequency of the air-core transformer decreased the power conversion

efficiency. To improve the power conversion efficiency, the secondary circuit was modi-

fied. The second resonant frequency was shifted to the lower frequency side which can be

rectified by the SiC SBD. By using the proposed circuit, the power conversion efficiency

of the flyback converter was improved by more than 20%. In addition, the behavior of the

internal magnetic flux density was also discussed in the high-frequency flyback converter.

As a result, the rotating magnetic flux density was confirmed. It was also clarified that

the area of the orbit corresponds to the output power of the converter. As of now, fly-

back converters have been designed based on the impedance obtained from the terminals,
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i.e., the scalar quantity. For the analysis of the rotating magnetic flux, it is essential

to measure and evaluate the magnetic flux density as a vector quantity. The results of

this chapter suggest the possibility of taking the design theory of high frequency flyback

converters to the next stage by understanding the behavior of the magnetic flux density

as a vector quantity.
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Chapter 7

Conclusions and future directions

This dissertation analyzed the air-core transformer for a high-frequency flyback converter.

The air-core transformer was analyzed based on its frequency response, equivalent circuit,

and internal magnetic flux density. In particular, the equivalent circuit and the measure-

ment method for the internal magnetic flux density are unique to this dissertation. These

methods can provide useful knowledge not only about flyback converters but also about

other isolated power converters. This chapter first summarizes the contributions of each

chapter, and then presents the design guidelines for air-core transformers based on them.

After that, future directions are discussed.

7.1 Conclusions

In Chapter 2, we analyzed the fundamental characteristics of the fabricated air-core trans-

former based on its frequency response. Several resonances were confirmed in the fre-

quency range of several tens of megahertz. These resonances strongly depended on the

transformer structure, specifically, the copper coverage and the relative angle between the

terminals. The inductance component, the self-inductance and the mutual inductance,

did not change significantly in any of the structures. This implies that the basic function

of the air-core transformer does not strongly depend on the copper coverage and the rel-

ative angle. In other words, the high- and low-frequency characteristics can be designed

separately to some extent.

In Chapter 3, we constructed the high-frequency equivalent circuit of the air-core

transformer based on the frequency response measured in Chapter 2. The equivalent

circuit was expressed as a distributed model. That is because the frequency response
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indicates that the distribution of physical quantities in the air-core transformer must

be taken into account in addition to the parasitic capacitance. The equivalent circuit

represented the experimental results accurately. This enables the circuit simulation in

the megahertz frequency range.

In Chapter 4, we developed the method for the internal magnetic flux density distribu-

tion in the air-core transformer. From the results of Chapter 2 and 3, it is indispensable

for analyzing the high-frequency characteristics of the air-core transformer to investigate

the distribution of the physical quantity. In this dissertation, we focus on the inter-

nal magnetic flux density. The magnetic flux density was measured with the fabricated

search coil. The internal magnetic flux density distribution was measured and analyzed

when the air-core transformer was excited by a 1MHz sinusoidal waveform. As a result,

we confirmed the validity of the measurement method. In addition, the effect of the

measurement equipment was discussed on the measured waveforms. In the process, the

interesting high-frequency oscillation was confirmed. The proposed measurement method

is expected to clarify the behavior of the internal magnetic flux density in high-frequency

switching power supplies.

In Chapter 5, we analyzed the behavior of the internal magnetic flux density under

high-frequency switching conditions. The magnetic flux density was measured using the

method developed in Chapter 4. The interesting high-frequency oscillation appears in the

magnetic flux density under high-frequency switching conditions as with Chapter 4. The

high-frequency oscillation shows a different distribution from the low-frequency oscillation.

This implies a change in the coupling coefficient at that frequency. The cause of the

high-frequency oscillation was investigated, and it was found that the oscillation was

caused by the second resonant frequency of the air-core transformer. Similar phenomena

can be observed in Tesla coil. Tesla coil can transfer the energy from the primary to

the secondary winding efficiently despite the low coupling coefficient. This indicates in

the high-frequency flyback converter that the high-efficiency flyback converter can be

fabricated by using the oscillation.

In Chapter 6, we designed the high-frequency flyback converter with the air-core trans-

former. The active clamp was introduced into the flyback converter in order to deal with

the energy that retained on the primary side owing to the large leakage flux. The fabri-

cated active clamp flyback converter was operated at 5MHz and the input-output charac-

teristics were measured. The power conversion efficiency was as low as 50%. To improve
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the power conversion efficiency, we discussed the behavior of the search coil voltage. It

was found that the low power conversion efficiency was caused by the second resonant

frequency, which cannot be rectified by the SiC SBD. The secondary circuit was modified

and the power conversion efficiency was increased by more than 20%. In addition, the

behavior of the internal magnetic flux density was discussed in the high-frequency flyback

converter. The rotating magnetic flux density was confirmed. It was found that the area

of the trajectory corresponds to the output power of the converter. This indicates that

the possibility of taking the design theory of high-frequency flyback converters to the next

stage by understanding the behavior of the magnetic flux density as a vector quantity.

Based on the above discussion, design guidelines for air-core transformers are pre-

sented. The following are some of the findings of this study that are deeply related to the

design of air-core transformers.

• The high-frequency characteristics can be designed by changing the structure of the

air-core transformer while maintaining the basic function.

• The air-core transformer oscillates at the second resonant frequency when it is ex-

cited with a waveform including harmonic components.

• The second resonant frequency depends on the characteristics of the circuit con-

nected to the secondary side.

When the switching frequency is in the low tens of megahertz, the high-frequency

operation is limited by the high-frequency characteristics of the circuit connected to the

secondary side. In the case of this dissertation, the high-frequency characteristics of the

SiC SBD correspond to it. As the copper coverage is increased, the resonant frequency

shifts to the lower frequency side. It can be inferred that an air-core transformer with

high coverage is seemingly unsuitable for high-frequency operation. In reality, the high-

frequency characteristics of an air-core transformer can be practically negligible because

the semiconductor devices do not operate in the frequency range lower than the second res-

onant frequency. Therefore, the high-frequency characteristics of the air-core transformer

can be practically negligible. This allows for a certain degree of flexibility in determining

the transformer structure, such as giving priority to copper coverage and efficiency of de-

vice placement in the circuit. On the other hand, when the switching frequency is in the

latter half of tens of megahertz or higher, the high-frequency characteristics of the air-core

transformer cannot be negligible because it conflicts with the effect of the secondary-side
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circuit. In such a case, a detailed investigation will be necessary, and this dissertation

provides a clue to the investigation.

7.2 Future directions

In this dissertation, the second resonant frequency was successfully utilized by adding a

capacitor to the secondary side circuit owing to the poor high-frequency characteristics

of the SiC SBD. From the results in Chapter 3, the air-core transformer can be analyzed

in the frequency below 10MHz based on lumped-element circuits theory. Adding the

capacitor means that the second resonant frequency is shifted to a frequency that can

be handled by the theory. If the second resonant frequency is used without shifting, an

analysis that takes into account the effect of wavelength is necessary. This also means that

it is possible to implement a circuit that takes into account the effect of wavelength. For

example, in the microwave region, a rectifier circuit using a quarter-wavelength microstrip

line is used. At the second resonant frequency, the coupling of the magnetic flux density

changes, and power can be transferred from the primary to the secondary side with high

efficiency. Therefore, by applying these circuits, it is possible to realize a high-efficient

flyback converter even using an air-core transformer with a low-coupling coefficient.

In Chapters 5 and 6, it was shown that the investigations based on the internal mag-

netic flux density are effective for the analysis of the high-frequency operation. In a

toroidal structure, we can discuss the operation of the transformer in the low-frequency

range by only the tangential component of the magnetic flux density because the normal

component is not a major component. However, in the high-frequency region in which the

second resonant frequency occurs, the normal component of the flux density also plays

an important role because the magnetic flux density rotates. There is no way to discuss

transformer operation considering the above phenomena based on the impedance obtained

from the terminals. Thus, reconsidering the behavior of magnetic flux density in trans-

formers from the viewpoint of vector quantities is an important issue in the application

of high-frequency power converters.

The equivalent circuit in Chapter 3 is an LC ladder circuit, and the coupling between

the primary and secondary windings is represented by the mutual inductance and the

mutual capacitance. The mutual inductance and mutual capacitance represent the cou-

pling due to the magnetic and electric fields, respectively. The equivalent circuit in this
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dissertation shows the same resonance as that shown in Chapter 2, even when the mag-

netic coupling is set to zero and only the electric coupling is considered. This suggests

that the same phenomenon occurs when a dielectric is inserted between two lines that

are not coupled by a magnetic field. So far, the insulation of flyback converters has been

discussed only focusing on the magnetic coupling. In high-frequency flyback converters,

it is difficult to avoid the effect of the second resonant frequency. The above suggestion

shows the limitation of the discussion ignoring the electrical coupling in high-frequency

flyback converters. In this sense, the study in this dissertation provides an opportunity

to reconsider isolation by transformers, which is an important issue for the future.

Finally, we discuss another important issue in a flyback converter. Flyback converters

can easily provide multiple outputs by increasing the number of windings in the trans-

former. However, since the windings are mutually coupled, fluctuations in the output of

one winding lead to fluctuations in the output of the other windings. This problem is

called cross regulation [92–96]. Many investigations have been reported so far. Most of

them are based on the impedance of the transformer. Some studies are based on mag-

netic circuits, but the magnetic flux is assumed to be in an ideal state. When the output

fluctuates, the operating waveform contains many high-frequency components depending

on the circuit conditions. The transformer would be strongly affected by the second res-

onant frequency shown in this dissertation depending on the frequency components. The

behavior of the magnetic flux changes at that frequency as well. The method given in this

dissertation allows us to investigate the cross regulation considering the above. In addi-

tion, the study will provide general knowledge on circuits including coupling. An example

of a circuit with coupling is the series-parallel circuit of a power converter described in

the introduction. In these respects, the methods and findings given in this dissertation

are important for pushing the investigation of circuits with coupling to the next stage.
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