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Abstract

Power electronics is an enabler for the low-carbon economy, delivering flexible and
efficient control and conversion of electrical energy in support of renewable energy
technologies, transport electrification and smart grids. Reduced costs, increased
efficiency and high power densities are the main drivers for future power electronic
systems, demanding innovation in materials, component technologies, converter
architectures and control. Power electronic systems utilise semiconductor switches
and energy storage devices, such as capacitors and inductors to realise their primary
function of energy conversion. Presently, roughly 50% of the volume of a typical
power electronic converter is taken up by the energy storage components, so reducing
their weight and volume can help to reduce overall costs and increase power densities.
In addition, the energy storage densities of inductors are typically much lower than
those of capacitors, providing a compelling incentive to investigate techniques for

improvement.

The main goal of this research was to improve the design of an inductor in order to
achieve higher energy densities by combining significantly increased current densities
in the inductor windings with the ability to limit the temperature increase of the
inductor through a highly effective cooling system. Through careful optimisation of
the magnetic, electrical and thermal design a current density of 46 A/mm2 was shown
to be sustainable, yielding an energy storage density of 0.537 J/ kg. A principal target
for this enhanced inductor technology was to achieve a high enough energy density to
enable it to be readily integrated within a power module and so take a step towards a

fully-integrated “converter in package” concept. The research included the influence



of the operating dc current, current ripple, airgap location and operating frequency on
the inductor design and its resulting characteristics. High frequency analysis was
performed using an improved equivalent circuit, allowing the physical structure of the
inductor to be directly related to the circuit parameters. These studies were validated
by detailed small-signal ac measurements. The large signal characteristics of the
inductor were determined under conditions of triangular, high-frequency current as a
function of frequency, current (flux) ripple amplitude and dc bias current (flux) and a
model developed allowing the inductor losses to be predicted under typical power

electronic operating conditions.
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1 Chapter 1- Introduction

Climate change is one of the greatest global challenges due to its potential negative
impact on mankind, thus governments and industries around the world are
encouraging technological innovation towards reducing the release of green-house
gases such as CO, into the atmosphere and preventing a further worsening of the
environment to protect the health of current and future generations. Transport, which
depends heavily upon fossil fuels contributes a significant proportion of greenhouse
gas emissions which is responsible for global climatic change [ 1]. To avoid such
problems and protect the environment, clean electric vehicles such as hybrid electric
vehicles are being developed and their use is encouraged. Thus, the increased use of
hybrid and electric vehicles for ground transportation has resulted in an increased

demand for more power dense electrical systems.

Power electronics is an enabler for the low-carbon economy, delivering flexible and
efficient control and conversion of electrical energy in support of renewable energy
technologies, transport electrification and smart grids. Reduced costs, increased
efficiency and high power densities are the main drivers for future power electronic
systems, demanding innovation in materials, component technologies, converter
architectures and control. Power electronic systems utilise semiconductor switches
and energy storage devices, such as capacitors and inductors to realise their primary
function of energy conversion. Presently, roughly 50% of the volume of a typical
power electronic converter is taken up by the energy storage components, so reducing
their weight and volume can help to reduce overall costs and increase power densities.
In addition, the energy storage densities of inductors are typically much lower than
those of capacitors, providing a compelling incentive to investigate techniques for

improvement.

1.1 High power density converter

Many of the recent studies [ 2] [ 3] into power electronic integrated systems have
focused their attention on improving their performance in order to achieve higher
power densities, reduced size, increased efficiency and reliability. In automotive and

aerospace applications where mass and space are at a premium it is desirable to
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minimise the system mass and consequently enhance power density W per kg [ 4][ 5].
As weight has a dramatic impact on energy savings, CO, emissions and operational

costs [ 6], topologies which satisfy these demands are needed.

Benefits such as improved efficiency, improved thermal performance, and high power
density can be obtained on different ways. One method involves the interleaving
technique. For high power applications, interleaving multi-channel converters is
considered a good solution in order to meet certain system requirement, especially
considering any limitation on performance of the available power devices. One such
example can be found in the application of a Superconducting Magnetic Energy
Storage System (SMES) [ 7]. Other studies have presented interleaved boost
converters with coupled inductors [ 8] [ 9] where, higher frequency operation can be
achieved for capacitive components by using interleaved technique. The effective
ripple frequency the capacitive elements see is increased due to the interleaved
structure. In general, the frequency is doubled with two interleaved cells and tripled
for three etc. Researches have managed to achieve a power density up to 142.9 W.in™3
[8720 kW.m™3] using a 2 KW inverter with an interleaving technique [ 10]. Another
study [ 11] has presented a DC-DC converter with power density 4.3 kW.kg~*. The
converter uses a water cooled cold-plate and magnetic components potted in

aluminium heat-sinks to achieve the power density.

In general, a power converter typically consists of switching devices such as Silicon
MOSFETs or IGBT’s, control circuits and passive components such as capacitors,
inductors and resistors. The passive components, particularly the inductors, are often
bulky and typically the largest components within a converter as they represent around
half the mass of a packaged power converter, in some cases their contribution is up to
70 %.Thus, they becomes the obstacle to further reduce the size of DC-DC converters
[ 12] [ 13]. One solution for downsizing passive components is to increase the
switching frequency of the power devices [ 14]. However, the disadvantage of this
technique is that it leads to additional problems such as increased Electro-Magnetic
Interference (EMI), thermal stress in active/passive devices and increased cooling
requirements. Therefore, further solutions and considerations are required in order to

achieve high power density [ 15].



The new generation of Silicon Carbide (SiC) and Gallium Nitride (GaN) power
devices have the ability to operate at higher temperatures and higher switching
frequencies than the typical Silicon (Si) power devices [ 16] [ 17]. With higher current
density chips compared to their silicon counterparts, smaller packages could be
obtained. Also, if operating frequencies are increased, the physical size of the passive
components can be reduced, while maintaining or improving the efficiency [ 14]. Ina
previous study [ 18], a comparison of an all silicon matrix converter switching at 8kHz
showed the same efficiency as a hybrid SiC-Si (SiC Schottky barrier diodes used
instead of Si PN diodes) matrix converter operating at 19kHz. Thus, the inclusion of
Silicon Carbide (SiC) devices can have a dramatic effect on the converter as it has a
significant impact on the size and weight of the passive filter components. However,
the advantageous features of these new devices cannot be presently fully utilised due
to limitations in the packaging technologies being presently employed and there are a
significant number of issues which require consideration including the inter-

component interactions of the power converter [ 19].

In another study [ 20] a technology which can fulfil the requirements of achieving
high-power-density and high-efficiency in DC/DC converters has been proposed. In
this study the passive components have been downsized without the need for high-
switching frequency of the power devices by using interleaved multi-phase circuits
with integrated magnetic components. However, extra attention to the DC-biased
magnetization of integrated magnetic components is needed when using this method
and inductor average current control needs to be implemented in interleaved multi-
phase DC/DC converters so that current sharing between the individual modules can

be achieved.

In general, increasing the operating frequency and by fully utilising the core and
conductor materials to the limit of their magnetic flux density and current density
respectively alongside the choice of magnetic core structures and materials will lead
to a reduction in volume and weight of inductors and will enable significant
improvements in the energy density, hence, the power density of the converter can be
increased. [ 21] [ 22 ].



1.2 Classical Approaches to high Energy density Inductors

The inductor is one of the most important parts in a variety of switched mode power
converters ranging from buck converter, boost converter to full bridge or half bridge
converters, among others [ 23]-[ 29]. In a boost DC-DC power converter, power
inductors store energy in the form of magnetic field during the time interval when the
control switch is turned on and they discharge the stored energy to support the current
flow to the load during the time interval when the synchronous output switch (or
output diode) is on. The desired inductance value for a power converter is normally
determined based on the switching frequency, maximum inductor current ripple, input
voltage and output voltage [ 30]. Power converters with higher switching frequency
and similar ripple, require a lower value of inductance and hence smaller size [ 14].
However, switching frequency is limited by switching power losses and temperature
rise [ 31], moreover, the size of an inductor may be determined by the desire to prevent
the core from saturation at high current [ 30] [ 32].

Different approaches have been taken over the years in order to achieve larger
inductance including the increases in permeability, higher saturation magnetization,
higher frequency and lower loss magnetic materials for inductor cores [ 33] [ 34]. Also,
improving the magnetic core structure such as in the use of multi-permeability cores
which improves the utilization of the magnetic core material [ 35]-[ 39]. In addition to
improving the winding structure to reduce the winding losses and increase the inductor
power density [ 40] [ 41].

Magnetic material selection is one of the main issues in the inductor design which also
depends on the system requirements and the trade-offs between the efficiency, specific
power loss, weight, geometric dimensions and operating temperature [ 42][ 43] itis a
challenge to find an ideal balance between these aspects and it can be accomplished
through coupled electromagnetic, loss and thermal analyses [ 21],[ 44]. Hilal and
Cougo [ 43] have presented an optimization of power inductors with the minimum
weight for three-phase high-power-density inverters (540V-DC) of variable current
ripple (10% to 200%) and switching frequency (10 kHz to 100 kHz) to be used in
aircraft applications. Results showed that the highest inverter power densities and
efficiency were achieved using Ferrite core material. The highest power density was

achieved for a current ripple of 100%. Since the switching frequency must be high in
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order to decrease the filter size and the current ripple high to decrease switching losses,
only the use of low loss materials will result in high efficiency and power density of
this inverter. Although other materials such as amorphous, Nanocrystalline, FeSi, and
iron powder, have high saturation flux densities, a high ripple current induces high
magnetic losses in these cores and consequently prevents these cores from operating
at high flux densities where it is difficult to get the heat out of the material.
Accordingly, these materials result then in cores having greater cross sectional areas
than ferrite.

Nevertheless, when magnetic components (inductors and core materials) in high
power density converters are designed it is important to calculate their losses as the
temperature of the components tends to be high because loss density is also increased
by the high power density. It has been suggested in previous studies [ 45] - [ 48] that
there are practical effects of frequency, DC bias, airgap fringing and duty cycle on

core power loss, all materials can experience increased core losses due to these effects.

Therefore, adequate cooling is required to evacuate the loss and maintain an operating
temperature below the thermal limit of the materials. Thus, it is important to predict
the thermal behaviour of the inductor, some studies have presented analyses of the
inductor temperature caused by the losses with the help of both FEA (Finite Elements
Analysis) and measurements [ 22] [ 49]. As a result, further size reduction and the
possibility of applying a higher current through the inductor and hence a higher energy
density can be achieved by using improved cooling methods [ 48]-[ 50].

1.3 Research Objective

The main goal of this research is to improve the design of an inductor in order to
achieve higher energy densities by applying higher current densities, with the ability
to limit the temperature increase of the inductor with the usage of an efficient cooling
system. A principal target for this enhanced inductor technology was to achieve a high
enough energy density to enable it to be readily integrated within a power module and
so take a step towards a fully-integrated “converter in package” concept. The analysis
of this structure at high frequencies will also be done in order to determine the high
frequency performance and their suitability to be included in the high frequency EMI
filter.



In addition, the choice of magnetic material for the design is not straightforward as the

operating DC current, current ripple, airgap length, number of air gaps and operating

frequency, all have a strong influence on the inductor size and high frequency

behaviour. Thus, the following step will be done, in order to achieve high energy

density by applying high current density and high switching frequency, considering

these consequential aspects:

1-

The compact inductor needs to be operated with a high current of up to 80A-
DC as a part of a power converter using wide band-gap devices, in order to
filter the high frequency harmonics where long feeder lines or stringent power
quality requirements are in place, with a desired inductance of around 25 pH.
These values have been chosen in consideration with the existing project
requirements [ 51].

Following the structure proposed in the study [ 51] in order to accomplish the
maximum energy density whilst utilizing the minimum space, integration of
the passive components with the thermal management sub-system,
substantially increases the potential power density of a typical high power
system. Figure 1.1 shows the design constraint perspective with the available
space for a single unit of a standard basic power cell with every part including

the inductor and the magnetic core on the substrate.



The available volume for the
inductor and magnetic core
material

The volume for active and
switching components

Ceramic AIN

Polymide

(b)

Ceramic capacitor

Figure 1.1- Design constraint perspective; (a) A schematic of available space
for the inductor and the magnetic core on the substrate. (b)The illustrated
schematic a converter topology with proposed cored inductors soldered on the

copper substrate next to other active components [ 51].

3- The coil shape with a rectangular cross section, as shown in Figure 1.2-(a),
was predefined to suit the volume available within the package on the substrate
on one hand, and in order to enhance heat conduction by increasing the cross
sectional area, which also increases the inductance per unit volume.

4- The coil has been soldered to the DBC (Direct Bonding Copper), with the turns
positioned carefully on the strands, as shown in Figure 1.2-(b)&(c), avoiding
short circuits by separating the gaps between the strands with high temperature
paper strips, filling the solder paste then fixing the inductor on the substrate

with each turn in the exact position.
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Figure 1.2- (a) A Rectangular cross section solenoid inductor with rectangular
cross section copper winding.(b) DBC with the strands where the inductor
winding will be soldered. (c) DBC with the strands and high temperature

separating paper strips.

5- The magnetic material geometry design will be improved to achieve the
desired inductance in the available volume when operated at the maximum
current. A distributed air gap system will be introduced in order to avoid core
saturation at high current.

6- A direct liquid cooling technology will be used in order to reduce the high
temperature which may result high current through the inductor. Having the
inductor on the same substrate level with the other power module components
gives the chance of cooling both the passive and active components using the
most advance direct liquid cooling. Although the size of the inductor and the
cooling substrate is reduced, there is a trade- off because of the need for the
other part of the liquid cooling system (the pump and the pipe) as a part of the
improved direct liquid cooling system which increases the total size of the

system.



e The magnetic components will be characterized in order to predict their
resonant frequency and parasitic capacitance when operating at high switching
frequencies. A Novel lumped model in order to find the equivalent electric
circuit of the winding for fast determination of the resonance frequency of the
inductor is proposed.

7- To study the losses produced in this components and identification different
sources of losses will be accomplished by taking into account the performance
of the component under the large signal ripple and an instantaneous DC bias
(part of a low frequency AC component). The challenging contribution is in
separating and measuring the losses of the air gapped core under AC current
and DC bias. a new analytical approach is introduced to describe core loss

calculation under DC bias conditions

Figure 1.3 shows the flow chart of the thesis.

Achieving high energy
density
High frequenc Reducin Applying high
g q y g pplying hig
switching inductance current density
Increasing the parasitic Increasing the temperature
effect in the inductor of the inductor due to losses
Modelling the Thermal Management
inductor at high
frequencies

Figure 1.3- The flow chart of the thesis.



1.4 Outline of this Dissertation

The rest of this dissertation will be organized as in the following chapters with a

literature review for each chapter:

Chapter 1 is the introduction of the thesis will highlight the classical approach to the
high energy density inductors, introduce the research objective and outline the

dissertation.

Chapter 2 will introduce a solution for the structural integration of high energy
density inductors into power electronic modules at the substrate level. The design will
be improved for minimum volume and maximum current in order to achieve a high
current density and hence, a high energy density. Considering the design constraints,
the available volume and the fact that air cored inductor’s energy storage densities are
generally too low, a magnetic core will be added to obtain the maximum inductance.
In order to avoid core saturation at high current, a distributed air gap system will be
introduced in order to achieve the desired inductance in the available volume when

operated at the maximum current.

Chapter 3 aims to build on thermal simulation, theoretical analysis and experimental
results and focuses on achieving high current density by applying high current up to
80 A through the inductor. A single cooling method will be applied on the bottom
copper substrate of the DBC on to which the inductors are soldered. The thermal aspect
of the proposed package (inductors and DBC) will be analysed in order to understand

the heat flow through it and determine the performance of the individual parts.

Chapter 4 will characterize the magnetic components and model the inductor at high
frequency and predict their resonant frequency and parasitic capacitance at high
frequencies. An equivalent electric circuit of the inductor will be proposed and solved

in LTSPICE. Then the method will be validated experimentally.

Chapter 5 will investigate in the performance of the designed inductor, under realistic
operating conditions, where the magnetic component can be used as the output filter
in a PWM inverter or a DC/DC converter, taking into account the performance of the
component under the large signal AC ripple and an instantaneous DC bias (part of a

low frequency AC component).The magnetic losses and their dependency on the
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frequency and flux density will be examined in detail within this chapter, as large
signal characterisation, unlike the small signal analysis, is limited to lower frequencies
(some 250 kHz). However, they provide conditions which are closer to those in the
real applications and therefore one can rely on the characterisation results to estimate
the performance of the magnetic component. Operating within these conditions will
produce different level of losses in the core compared to losses that are given by the

datasheet values and this will be presented.

Chapter 6 is the conclusion of the thesis will highlight the main contributions and the
summery of the chapter. It will also discuss the suggested further work.

1.5 Conclusion

In this chapter the classical approch to high energy density undector is highlighted ,
the reasearche objective is explained with the referingto the main contribution and

novoloty of the thesis and the study is outlined.
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2 Chapter 2- Design of Inductor and Core Geometry

2.1 Introduction

This chapter introduces a solution for the structural integration of a high energy density
inductor into power electronic modules in order to achieve high power density
converters. This is done by considering the issues relating to the integration of
inductors, specifically due to their relatively large volume, their winding losses and
parasitic capacitance. Also, due to the fact that in general, an air cored inductor’s
energy storage density is too low, a magnetic core is added to obtain the maximum
inductance L for the available volume. As the main key to achieve a high energy
density will be by applying a high current since energy density is proportional to the
square of the current through the inductor, a design of cored inductor based on a
solenoid geometry without the use of multiple layered windings is proposed in order
to facilitate heat removal from the windings. The design was improved for minimum
volume and maximum current density in order to achieve a per unit energy density
with highest inductance L. In order to avoid core saturation at high current, a
distributed air gap system is introduced and analysed in order to achieve the maximum
inductance while minimising the losses for the available volume when operated at the

maximum current. Ferrite N95 [ 52] was used as the core material.

The influence of the core material geometry and airgap will be determined by
investigating the change in its inductance against an increasing DC current and the
saturation effect will be examined with the usage of Maxwell16.0 3D software
(Magneto-static solver) and then validated experimentally together with the proximity

effect of the air-gap to the windings and its effect on the losses.

2.1.1 High Current Density Inductor Design

Most of the recent studies [ 2] [ 3] into integrated power electronic systems have
focused their attention on improving their performance in order to achieve higher
power densities, reduced size and increased efficiency. Passive components, mainly
inductors, transformers and capacitors, are often the largest parts of a converter and
consume the largest amount of manufacturing raw materials. Furthermore, inductors

are often responsible for the much of the power loss and volume of the converter [ 12].
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Researchers in a previous study [ 53] have optimised the trade-off between applying
high current, reducing the inductor size, introducing air gap to the core in order to
avoid the saturation at high current values, and thermal management. In this study they
used a silicon-carbide MOSFET with a switching frequency up to 60 kHz in order to
increase the power density and by maintaining a high current (72.5 A RMS) and
increasing the switching frequency, the inverter side inductance has been reduced and

core size has also been decreased in size.

The concept of integrating inductance structures into power module substrates was
introduced by the author during the work carried out for this thesis [ 49], where, the
feasibility of using high current density and thus high energy density inductors by
providing an efficient path for the heat to the thermal management system has been

investigated.

With the aim of designing a compact and efficient inductor, material selection is one
of the main issues in the inductor design depending on the system requirements and
the trade-offs between the efficiency, specific power loss, weight, and operating
temperature. Thus, the inductor’s design optimisation should take into account the
inductor’s geometric parameters, magnetic properties, core material selection, losses
and temperature. The following section discusses the basics of the design of an

inductor.

2.2 Basic Design of Inductor

An inductor is able to create a magnetic field and store magnetic energy in this field.
A coil is generally formed by winding a wire (conductor) on a cylindrical former,
called a bobbin [ 54]. One of the most basic forms used for an inductor is the solenoid
which could have either a rectangular or circular cross section using either square cross
sectional copper windings or a rounded cross section copper winding, as shown in

Figure 2.1.
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(a) (b

Figure 2.1-(a) Rectangular cross section solenoid inductor with square cross

section copper winding. (b) Rounded cross section inductor with rounded cross

section copper winding.

In general, any conductor has an inductance, and this inductance depends on:

1
2
3.
4

. Winding geometry.

Core and bobbin geometry (for instance a solenoid geometry).
Permeability of the core material.

Frequency.

There are several general methods to determine the inductance depending on the

kind of inductor and these discussed in the following sections.

2.2.1 Air cored solenoid Inductor

In an air-cored solenoid, the magnetic field is concentrated into a nearly uniform

field in the centre of a long solenoid, as shown in Figure 2.2.
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Magnetic field H

il

Figure 2.2- Air cored solenoid inductor (coil) with N turns of winding.

By using the standard derivations [ 54], the magnetic flux density B (T) within the
coil is practically constant and given by:

B = poH : H= EQ21

c

Where py = 41 x 1077 (H.m™1) is the permeability of free space, N is the number
of turns, i is the current, [, is the length of the coil and H is the magnetic field (A.turn).
Ignoring end effects, the total magnetic flux through the coil is obtained by

multiplying the flux density B by the cross-section area A.,;;:

NiAcoi
<I>=uo% EQ2.2

Combining this with the definition of inductance:

L= EQ 2.3

i

and the inductance of a solenoid L [Henry]follows as:

NzAcoi .
L = o "Acetl EQ 24

Where A.,;; IS the cross section of the coil, [, is the coil’s length and N is the number

of turns carrying the current i.
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2.2.2 Inductor with Magnetic Core

Ferromagnetic materials have a relative permeability p. > p, which depends on the
magnetic flux B. For air-cored inductors, p, creates a straight line slope when
comparing B and H for all values of H thus the relationship between the magnetic
field H and the flux density B is linear. While for ferromagnetic cored inductors the
B-H relationship is a nonlinear and it is described by EQ 2.9. Figure 2.3 shows
simplified plots of the magnetic flux density B as a function of the magnetic field
intensity H (large signal DC) for both air-cored and cored inductors.

B4

Hp

Hp

I|--\-
Iv

Figure 2.3-Simplified plots of magnetic flux density B as a function of
magnetic field intensity H (large signal DC) for air-core inductors (straight

line) and ferromagnetic core inductors (piecewise linear approximation)[ 54]

At low values of the magnetic flux density B < Bg (where Bs is the saturation point of
B), the relative permeability p. is high and the slope of the B-H curve p, y, is also

high. For B > Bg , the core saturates and p,. = 1, reducing the slope of the B-H curve

o .

Figure 2.4-(a) shows an inductor composed of a core and a winding, while Figure 2.4-
(b) shows the equivalent magnetic circuit.
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Figure 2.4- (a) An inductor composed of a core and a winding with number of
turns N. (b) Equivalent magnetic circuit [ 54].

An inductor with N turns carrying a current i produces the MMF (A.turn) (also called

the magneto-motive force which forces a magnetic flux ¢ to flow)[ 54].

By using the standard derivations [ 54], the MMF is given by:

MMF = Ni EQ25

For a uniform magnetic field and parallel to path [,,,, the MMF is also given by
MMF = H l,, EQ26
The magnetic field intensity H (A. turn.m™1) is defined as the MMF per unit length:

H = Ni/l, EQ2.7
L., is the magnetic length in the core (Figure 2.4), N is the number of turns carrying

the current i.

The magnetic flux ¢ per unit area A creates the magnetic flux density B (T) which is

given by:
B = 1;3 EQ2.8

These two quantities, magnetic field and magnetic flux density, are associated to each

other by:
17



B= pyxXuxH EQ 29
Where p, = 41t x 1077 (H.m™1) is the permeability of free space, p, is the relative

permeability of the core material and u=p, X p, is the permeability.

Finally, the inductance L (H) of an inductor with a core with a permeability u
(Figure 2.4) can be obtained by:

N2A. EQ2.10

L= pgXpx ™

Where A is the cross section of the core, [,,, is the magnetic length and N is the number

of turns carrying the current.

Applying a DC current will increase the magnetic field intensity H. Since H increases,
the flux density B will also increase according to EQ 2.9. Further increase of DC bias
will push the inductor operating point to the saturation region (Figure 2.3) where the
relative permeability (ur) is decreased and the value of inductance will drop according

to EQ 2.10 where the inductance L is proportional to the permeability p.

The saturation of the magnetic core at high currents can be prevented by using two
approaches. One is selecting low permeability materials, and the second is to reduce
the effective permeability of the material by inserting low permeability areas or more
typically an airgap in the material. The air gap is described as a reluctance to the
magnetic flux density and it changes the effective B-H characteristics of the core as

will be explained in the following sections.

2.2.3 Inductor with Air Gapped Core

In order to avoid core saturation at high current, an air gap can be introduced into the
core. Implementation of air-gap influences the shape of the B-H curve of a magnetic
circuit, decreasing the effective inductance and increasing the saturation current of an
inductor. Additionally, implementation of an air-gap increases the fringing flux
phenomenon which must be taken into account because of electromagnetic
interferences (EMI) aspects, due to the fact that fringing flux causes higher

propagation of electromagnetic disturbances.
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The result of adding an airgap on the B-H curve is shown in Figure 2.5 where the steep
slope (high permeability) is for a core without an air gap and the more gradual slope

for the same core with a small air gap.
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Figure 2.5- An idealised BH curves of Ferrite core, with and without
air gaps [ 54].

Introducing an air gap into the core of an inductor will decrease the magnetic flux
density B (T), it will also cause a considerable reduction in the inductance due to the
decreasing permeability (as in EQ 2.9)

Figure 2.6 illustrates an inductor with air gapped core and the equivalent magnetic
circuit of the core and the air gap. Air gaps can be bulk or distributed throughout the
magnetic structure. The same magnetic flux ¢ flows in both the core and in the gap.
Adding an air gap in a core is the equivalent to adding a large reluctance in series with

the core reluctance as shown in Figure 2.6-(b).
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Figure 2.6- (a) An inductor composed of a core with an air gap and a winding

with number of turns N. (b) Equivalent magnetic circuit [ 54].

As a result, the magnitude of the magnetic flux ¢ at a fixed value of Nl is reduced.
This effect is analogous to an electric circuit where the adding of a series resistor
reduces the magnitude of the current at a fixed source voltage.

By using the standard derivations [ 54] and solving the equivalent magnetic circuit in
Figure 2.6-(b):

The reluctance of the air gap is

R, = s EQ2.11
HoXAc

The reluctance of the core is

_lmtly I EQ2.12

€ WrMoXAc  prMoXAc

And the overall reluctance of the core with the air gap is

— — lg lm — lm ”T_lg — EQ 213
R= R‘g + RC - HoXAc + HrHoXAC - HrHoXAc (1 + lm ) - F"gRC

Where the air gap factor is F, = (1 + ”T—lg)

lm
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The inductance of a coil with a magnetic core having an air gap at low frequencies is

expressed as

L = N_Z — N2 prloAcN®  _ prloAcN? EQ 2.14

= — =
R Rg+R lm(1+“lr g, ImFg
m

Where p, = 41 X 1077 (H/m) is the permeability of free space, u, is the relative
permeability of the core material, A, is the magnetic cross section of the core, [, is

the magnetic length, [, is the airgap length and N is the number of the winding’s turns.

The effective permeability of a core with an air gap is

_ W W EQ2.15

- url
a +z_mg) Fg

Ure

for high permeability cores ”lr—lg > 1

m
lm
e =2 EQ 2.16
g
Thus,
2
L~ = BodeN renrys] EQ2.1/
Rg lg

Thus, for high-permeability cores, the inductance is dominated by the air gap.

Maximum Flux density B4 :

Brax = Hr o Himay = 55 Nimax ~ {"Nimgy ~ EQ2.18

Stored energy E in the inductor:

E= 21Li? EQ2.19
2

Higher energy density (E) needs higher flux density (B) which needs a higher magnetic
field intensity (H), thus there is a need for higher current (i), number of turns (N) and
less reluctance (R).

However, introducing an air gap to the core will also lead to an interaction of the
magnetic fringing flux with the windings around the airgap. Bearing this in mind,
EQ 2.11 is only considered to be accurate when the fringing flux is small compared to
the total flux, as it is when the air gap length is very small compared to the dimension
of the air gap cross-sectional area. The fringing effect in the air gap will be explained
in the following section.
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2.2.4 Fringing Effect in the Air Gap

Introducing an air gap to the core will lead to an interaction of the magnetic flux

fringing with the windings around the airgap as shown in Figure 2.7.
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Figure 2.7-(a)-flux fringing at air gap. (b)- Equivalent magnetic circuit for
fringing effects in an air-gap.

Different approaches have been devised in order to take the fringing flux into
consideration. One method uses the Conformal Schwarz-Christoffel Transformation
for calculating the air gap reluctance and an increase of the Air Gap Cross-Sectional
Area [ 54][ 55]. However, using this method the cross-sectional area should be
increased as a function of the air gap length [, and the exact value by which the cross-
sectional area has to be increased is difficult to determine and hence this method is

restrictive in which geometries can be used.

In order to study the fringing effect in the presented model it is useful to talk first about
the magnetic circuit and magnetic material’s effects. The inductance change is directly

proportional to the permeability change, if a small air gap with length [, is inserted

into the magnetic path; this will lower and stabilize the effective permeability pe. A
very small air gap significantly modifies the parameters of magnetic devices by
increasing the saturation current and linearizes B-H curve of a magnetic circuit, as
explained before in Figure 2.3. An air gap reduces the effective permeability of the
magnetic core, thus a high permeability material such as ferrite that are cut in E shape
cores, has only about 80 percent of the permeability, than that of a toroid of the same
material and this is because of the gap [ 56]. Although the air gap causes decreasing

of the inductance, that inductance is predicted to be higher compared to the basic
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analysis due to fringing flux which affects the perception of the size of A, (the
effective cross section) as shown in Figure 2.8. William T. McLyman in his exemplary
equations for an idealized magnetic circuit has added a fringing factor (FF) to the basic
inductor equation as shown in EQ 2.22& EQ 2.23 [ 56].
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Core Core / \ cue
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Figure 2.8- Fringing Flux (under large signal DC) at the Gap and it is effect

on the air gap’s cross section area Ae [ 56].

Thus according to the McLyman equations [ 56], the inductance of an inductor using
the core with air gap as shown in Figure 2.8 is from EQ 2.14 and EQ 2.15:

L:U-OP-reNZAc EQ 2.20

Im

Where A, is the core’s cross section, Im is the magnetic length in the core, p,. is the

effective permeability and N is the number of winding’s turns.

McLyman has suggested a fringing factor FF which increase the cross section of the
core to an effective cross section considering the fringing flux effect around the air
gap.

Aeff = FFAC EQ 221

The fringing factor FF is given with the formula:

_ lg 2G EQ 2.22
FF =1+ \/A_eln(lg)

G is the internal length of the core, as shown in Figure 2.8.
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Thus the inductance after the consideration of the fringing effect becomes:

L=FF(“O“TEN2AC) EQ 223
lm
For high permeability cores ”lr “ 55 1 thus
l.g

These formulas are very helpful in generating an approximate estimation of an
inductor’s parameters but they can be difficult to implement in some advanced
solutions with non-standard layouts, thus, the implementation of numerical methods
(e.g. FEM methods) allows the preparation of an effective design and optimization of

magnetic inductors.

2.2.5 Magnetic Core Materials

A magnetic core is a piece of magnetic material with a permeability p used to guide
magnetic fields in electrical, electromechanical and magnetic devices such as

electromagnets, transformers, electric motors, generators and inductors.

Having no magnetically active core material, such as in an air cored component,
provides very low inductance in most situations, so a wide range of high-permeability
materials are used to concentrate the field.

The ideal choice for the magnetic material is one with high magnetization saturation
and low magnetic loss, however one typically needs to find a trade-off with the
available materials [ 57]. (The properties of some magnetic materials are listed in
Figure 7.2 Appendix A)

2.2.5.1 Low Permeability Core Material

In applications with very high switching frequencies (10-100 MHz) magnetic
components operating at high frequencies, and often under large flux swings are
preferred [ 58]. Some low-permeability materials (relative permeability in the range
of 4-40) can be used effectively at moderate flux swings at frequencies up to many
tens of megahertz [ 59]. However, working with such low-permeability materials,
especially with the un-gapped core structures which they are typically available in,
presents somewhat different constraints and challenges than with typical high-

permeability low-frequency materials [ 60].
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Y. Han and D. J. Perreault in their previous study [ 61] have raised some concerns due
to the lack of suitable design procedures for selecting low-permeability magnetic
materials and available core sizes. Thus, they proposed a procedure and methods to
help to design a magnetic-core inductor with low permeability core materials [ 61].
However, because of very high frequency operation and low-permeability
characteristics of such materials, the operating flux density is limited by core loss
rather than saturation. Without an air gap, the core loss begins to dominate the total
loss and copper loss can be ignored in many cases [ 60].

One of the available low permeability core materials is ‘Sendust’ which is also known
as KoolMu [ 62]. This material has a low permeability, from 26 to 125, a high
saturation flux density and significantly low losses. Sendust cores also exhibit very
low magnetostriction coefficient, and it is therefore suitable for applications requiring
low audible noise such as Phase control circuits (low audible noise) for light dimmers
[ 63]. However, although of it shows good temperature stability at up to 125 °C, as the

temperature decreases to 65 °C, its inductance decreases by approximately 15%.

2.2.5.2 High Permeability Core Material with Air Gaps

High-permeability magnetic materials enhance the inductance of an inductor,
however, some of these materials exhibit high losses at high frequencies such as

Permalloy materials.

In most magnetic materials there is a slight decrease in permeability with time after
the material is demagnetized. This effect is noticeable in low permeability materials
and is negligible for high permeability materials. In some applications such as low
flux level circuits, where a constant inductance is required, the effect must be
considered. However, the effect can be minimized greatly by reduction of the effective
permeability by insertion of an air gap. In general, introducing an air gap to the
magnetic core causes a considerable decrease in the effective relative permeability.
However, it produces a more stable effective permeability and reluctance, resulting in
a more predictable and stable inductance with respect to an increasing current [ 54].
Inductors used in specific applications, such as resonant circuits and LC filters, should

be designed to have predictable and stable inductances.
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Ferrite, which is basically mixtures of iron oxide and other magnetic elements, has
quite a large electrical resistivity but rather low saturation flux densities; typically
about 0.45 T. Ferrites have only hysteresis loss as no significant eddy current loss
occurs because of the high electrical resistivity, thus, Ferrite is a preferred material for
cores that operate at high frequencies (greater than 10 kHz) because of the low eddy
current loss [ 64]. Ferrite is used in applications such as signal transformers, which are
of small size and higher frequencies, and power transformers, which are of large size
and lower frequencies. Also some of its main applications are EMI Suppression,
Automotive power electronics, Switch Mode Power Supplies and DC-DC converters
[ 64]. Some application considerations-Ferrite advantages and disadvantages are

shown in Figure 7.1 Appendix A.

In this thesis, the characterised inductor is aimed to be used as a part of an LC filter in
the output of a DC-DC converter. The switching frequency is >100 kHz. Thus,
magnetic core Ferrite N95 [ 52], with flux density B4, = 0.45 T, is chosen for the

following reasons:

1- For its high permeability and low losses (especially eddy current losses),
(Refer to Figure 7.2 Appendix A).
2- Ferrite cores can be made in a various shapes such as toroid, E-1 cores, U-I

cores, Tube and EER cores, as shown in Figure 2.9.
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Figure 2.9- Different shapes of Ferrites cores. (a)E-I core. (b) E-E core. (¢c) U
core. (d) U-I core. (e)EER core. (f) Toroid core. (g) Tube core [ 65]..
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3- A ferrite pot core is inherently self-shielding by nature of the enclosed
magnetic circuit.

4- Ferrites core operate at high frequencies up to 1IMHz.

2.3 Proposed Design of the Inductor and Core

One of the aims of the work reported in this thesis is to increase the energy density of
an inductor to facilitate its integration into power module packages by applying high
current density to the windings. Thus, a high energy density inductor is designed using
a specific design of the magnetic material, within the available volume, in order to
achieve the desired inductance value with a small geometry and distributed air gap.
The inductor is interfaced to a ceramic substrate material and as such, will allow a
direct conduction path from the winding to the outer surface and on to the thermal

management system. The total approach is explained as shown in Figure 2.10.

P Design the core material g
.-chp;lu:f[k]ugh + to obtain the maximum +
inductance L

Using power module
l thermal management
system(designed to deal
with high heat flux).

Figure 2.10- The procedure of achieving high energy storage density.

Figure 2.10 shows the procedure of increasing the energy of the inductor by applying
a high current, as explained in EQ 2.25, whilst providing an effective cooling method in

order to limit the temperature increase due to the losses accrued.

P EQ 2.25
2

where,

E is the energy (Joule), L is the inductance in (H) and i is the current (A)
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The copper winding geometry is designed with square cross section in order to provide
sufficient contact with the substrate and the cooling system. This will allow a high

current to be applied through the inductor.

The magnetic circuit analysis, both analytically and with the use of development
software, Maxwell 16.0 will be presented. A ferrite magnetic core material with
distributed air gaps is proposed and its effect on the energy density and inductance
stability will be investigated. The magnetic flux distribution will be checked by using
Maxwell (Magneto-static) simulation. The stability of the inductance against an
increase in the DC bias will be validated experimentally. Such an approach will help
to understand the real performance of the inductor and the core with distributed air

gaps under high DC current.

2.3.1 Winding Geometry

In order to increase the energy density the current density is increased and thus the
copper surface should also be increased in order to enhance heat conduction whilst
choosing the winding geometry in order to increase the cross sectional area. A
rectangular cross section, as shown in Figure 1.2-(a) was chosen. This winding shape
is as suitable for the volume available within the package on the substrate, as shown
in Figure 1.1. The Inductor geometry and dimensions details can be found in
Figure 7.3-(a) Appendix A.

Some different aspects of the proposed inductor geometry have been considered as
following:

1. The rectangular cross section winding provides a full connection between the
inductor outer surface and the substrate of the cooling system which ensures
greater heat conduction from the inductor, comparing to a rounded cross
section winding which provides reduced connection area between the surfaces

as shown in Figure 2.11.
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Figure 2.11- Comparison of the connection between the winding and the

substrate for rectangular and rounded cross section winding.

2. The inductor is manufactured from the same material as the top layer of the
substrate.

3. The inductor geometry is single layer solenoid which means reduced parasitic
capacitance as there are no layers as in a typical inductor construction.
However, the gap between the turns is very small thus the parasitic capacitance
between the turns needs to be considered and investigated.

The sharp corner of the conductor however will show an increased resistance to the
flow of the current through it. Still, this issue has no impact on the inductor
performance as the current density in the corner of the winding shown a drop in a small
area of av/2, as it was examined by simulations (Maxwell) and shown in Figure 7.4

Appendix A.

2.3.2 Design of Magnetic Core

Considering the design constrain and the selected winding geometry, the total
magnetic length and cross section available for this inductor is limited. A schematic
of available space for the inductor and the magnetic core on the substrate is shown in
Figure 1.1.
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A Ferrite N95 core with a shape, as shown in Figure 2.12-(a), has been chosen to suit
both available volume on the substrate and the inductor geometry. N95 Ferrite was
chosen due to its low loss/characteristics at high frequencies and flux
saturation By, = 0.5T at 25°C and Bgy = 0.41 T at 100 °C . This material is
used as a magnetic flux guide and in order to prevent core saturation at high current,
a significantly long air gap needs to be inserted. Different ways of achieving the air

gap are shown in Figure 2.12.
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Figure 2.12- Inductors with N95 core (a) without air gap. (b) With 4
distributed air gaps. (c) With 10 distributed air gaps.

In the following section the effect of the presence of an air core, length, position and
the number of air gaps on the magnetic path, inductance stability and the saturation of
the core will be examined. The stability of the inductance against the increasing DC
current and saturation effect will be examined with the usage of Maxwell16.0 3D
software (Magneto-static solver) and validated experimentally. A schematic of
dimensions details of the core with the distributed air gaps is shown in Figure 7.3

Appendix A.

2.4 The Design Specification

The effect of the presence of an air core, length, position and the number of the air
gaps on the magnetic path, inductance stability and the saturation of the core will be
examined. First the total length of the required air gap due to the system specification

will be found as follows.
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The compact inductor needs to be operated with a high current of up to 80A-DC, with
a desired inductance L of around 25 pH. These values have been chosen in
consideration with an existing project requirements [ 51], as it has been mentioned in

chapter 1.

Due to both manufacturing and thermal management limitations, the cross section of

the winding cannot be smaller than 1 mm? and since the aim is to achieve a current

density of J = 50 A/mm? with an average current up to 80 A, the cross section of
the winding will be around 1.5 mm?2. Considering the volume constraint on the
substrate and by assuming the minimum possible gap, which it is possible to be
manufactured, between the turns of the inductor around 0.4 mm, a, this allows the
insertion of two inductors each with 26 turns (dimensions of the inductor’s winding

are shown in Figure 7.3 Appendix A).

Consequently, the total number of turns will be N=52, cross section of the winding is
1.7mm X 0.9 mm and the available cross section of a core A, = 10mm X 10 mm.
The flux density saturation of the N95 ferrite is By, = 0.41 T at 100°C , thus a

maximum value of flux density B,,,, in the air gap is chosen B,,,4 < Bsqr = 0.3 T.
By using EQ 2.18 the total air gap length required to avoid the core saturation when
applying a current up to 80 A is:

ly = % ~18mm :p, =4n x 1077 (H/m).

As the total air gap length is too large to be used as one air gap, it will be distributed
locally into a larger number of smaller air gaps along the length of the core. The
number and the length of distributed airgaps and their effect on the inductor
performance of inductance stability and saturation will be examined in the following

section

2.4.1 Simulation Results

The effect of the presence of an air core, length, position and the number of the air
gaps on the magnetic path will be examined. The calculated air gap’s length will be
divided into different arrangements. 4 distributed air gaps of 4.5 mm each, 6
distributed air gaps of 3 mm and10 distributed air gaps of 1.8 mm each as it is shown

in Figure 2.13. In general, the magnetic field will choose the path with the smaller
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reluctance, thus from EQ 2.11 the reluctance in the air gaps with l; and d (the distance

between the two long legs of the core, as shown in Figure 2.13) length will be

respectively:

l d
R;=—2-andR; =
HoAg HoAg
thus,
Rg _ g
Ry d

Ry <Ry whenl, <d

EQ2.26

if 1, > d then the magnetic flux will fringe between the long leg of the core choosing

the shortest path.

In the case of 4 air gaps each air gap’s length [, = 4.5 mm < d = 6 mm, in the case

of 6 air gaps each air gap’s length [, = 3 mm < d = 6 mm and in the case of 10 air

gaps each air gap’s length [, = 1.8 mm < d = 6 mm. (d) is the distance between the

two legs of the core.

lg=45 mm
/
I
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Figure 2.13- The presence of an air core, length, position and the number of

the air gaps along the core. (a) 4 air gaps. (b) 6 air gaps. (c) 10 air gaps.
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2.4.1.1 The effect of the air gap on the magnetic path and saturation

The inductor with core (a), (b) & (c), as in Figure 2.13, have been simulated in
Maxwell (Magneto- Static solver) and a current of 80A DC has been applied to the
inductors. The flux density inside the core for the three cases at 80A have been plotted

as shown in Figure 2.14.
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Figure 2.14- The flux density inside the core at current 80A. (a) 4 air gaps. (b)
6 air gaps. (c) 10 air gaps.

Simulation shows the flux density in inductor with core (a), (b) and (c). By applying
the same current of 80 A, with distributed air gaps the flux density is spread
homogeneously inside the core and the air gaps and the magnetic fringing is equal
inside the airgaps, as shown in Figure 2.14-(b)&(c) and is even more homogeneous in
core (c) than it is in core (b). While with four air gaps as in Figure 2.14- (a) the flux
density is not equal and a significant leakage of the magnetic flux between the two

legs of the core can be seen. One of the main issues is that the air gap length [, should

be significantly smaller than the distance between the two legs of the core d as

explained in EQ 2.26, otherwise, the magnetic field will chose the shortest available
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path, where the reluctance is smaller. Thus, the magnetic path will be as in Figure 2.15.
It is also clear that the core with the least number of distributed air gaps will saturate
before reaching the maximum flux density in the air gap comparing to the other cores

with more distributed air gaps.
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Figure 2.15- Magnetic flux density in the core with four air gaps at 80A.

Furthermore, it can be seen that the choice of the air gap position can directly
determine the proximity losses at the high frequencies, as the magnetic flux leakage
increases due to the interaction between the magnetic field and the winding [ 66]. In
this design, as there is a tiny distance between air gap and winding, selecting a
significantly long air gap will lead to more losses at high frequencies where magnetic
field leakage will interfere with copper. Figure 2.16 shows the interference between
the magnetic leakage and the copper winding for two cores with different numbers of
air gaps. Thus, distributing the total airgap along the core into smaller air gaps, as in

Figure 2.16-(b), has been chosen in order to reduce this effect.
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Figure 2.16- The interfering between the magnetic leakage and the copper
winding-80A. (a) The core with 4 air gaps. (b) The core with 10 air gaps.

The inductors with core (a) (b) and (c) (Figure 2.14) have been simulated in Maxwell

(Magneto-static), the current has been increased from 5 A to 100 A. the inductance’s

values L against I;. have been plotted and are shown in Figure 2.17.

35



Inductance vs current dc
70.00

60.00
50.00
< 40.00

: 30 OO (a) === Core with 4 air gaps

—" (b) Core with 6 air gaps
20 OO (C) =@ Core with 10 air gaps

10.00

0.00
0 20 40 60 80 100

Current Idc (A)

Figure 2.17- Inductance L vs current I;.. (a) 4 air gaps. (b) 6 air gaps. (c) 10

air gaps.

It can be seen that having a larger air gap will cause the inductance to drop sharply as
the current increases. This is due to the saturation inside the core, while distributing
the total air gap into a larger number of smaller air gaps will avoid the saturation of
the core till a higher current value and thus inductance is more stable against the
increasing current as for core (b) and (c).When the reluctance of the core R, is smaller
than the reluctance of the air gap Ry, as in the case with long air gaps, the magnetic
flux will prefer to stay in the core material and fringe around it causing an exchange

in between the two legs as shown in Figure 2.14.

This effect will dominate until the increasing current starts to drive the core to
saturation, then R, >> R, and the magnetic flux will fringe outside the core. The

method used by Maxwell to find the inductance matrix is explained later in chapter 4.

The core with 10 airgaps is offering a fixed value of inductance around 25 pH

+ 20% which is important in the specification.
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2.4.1.2 The effect of number and position of the air gaps on the volume and
stored energy

The effect of the presence of an air core, length and position of the air gap on the
energy density of the inductor have been examined. The inductors with cores (a), (c),
as in Figure 2.13, have been simulated in Maxwell (Magneto- Static solver) whilst
applying a current of 80A to the inductors. The stored energy in the air gaps has been

found for the both cases and has been plotted in Figure 2.18.
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Figure 2.18- The stored energy in the air gaps in one leg of the core at 80A.
(a) The core with 4 air gaps. (b) The core with 10 air gaps.

By distributing the air gap along the core the energy stored inside the gaps increases,
as it is shown in Figure 2.18, the energy stored in the air gaps of core (b), as in
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Figure 2.16-(b), is showing an average of 33 (kJ/m3) in each air gap which means a
total of 330 (k//m3) in the total air gap.in both legs. While, core (a), as in
Figure 2.16- (a), shows an average of 12 (kJ/m3) in each air gap and 10 (kJ/m3)
inside the core, and a total of around 68 (kJ/m3) in both airgap and core material in

both legs.

It can be seen from the results that the most improved design with the desired
inductance value considering the design volume constraint and under high current up
to 80A is the inductor with the core and ten distributed air gaps (Figure 2.14-(c)). It
offers an inductance of around 25 pH and a total stored energy of 330 kJ/m?3 at 80A.

2.4.2 Inductance vs DC Bias Experimental Validation

The saturation of the core has been investigated by verifying the inductance L against
an increasing current experimentally. By having the inductors with both cores (a) &
(c), as in Figure 2.13-(a)&(c), the input of a dc-dc converter was created (the
experiment bench will explain in details in chapter 5) and with a switching frequency
of 100 kHz different current values have been obtained and the inductance L has been
measured from the current and voltage waveforms (taking an average over the
undistorted section of the waveform ) for each current level, as shown in Figure 2.19,
and with the usage of EQ 2.27.
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Figure 2.19- Current and voltage waveforms for current level 88 A
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Inductance values against the increasing of the dc current are plotted for both cores

and compared as can be seen in Figure 2.20 (a) & (b).
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Figure 2.20- Verifying the inductance of the cored inductors against the

increasing current. (a) The core is with 4 air gaps. (b) The core is with 10 air

gaps.

The inductance L of the core with 4 air gaps has been found against the increase in

DC current as shown in Figure 2.20-(a), and it is verified to be equal to 7 uH at 80A
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and this is much less than 80% percent of its value at zero dc current (0.8 X L at 0 A)

which is a maximum inductance of 52 pH.

The inductance L of the core with 10 distributed air gaps has been found against DC
current and is shown in Figure 2.20-(b), and it is verified to be equal to 20.4 puH at
80A and this is higher than 80% percent of its value at zero dc current (0.8 X L at0 A)
which is equal to 22.7 uH. This is considered to be a sufficient value from a design
perspective and indicates that the core will not saturate fully at the desirable current
of 80 A.

2.4.3 Comparison with Commercial Inductors

A comparison between the design inductor and a high current helical inductor-30uH-
180A [ 67] from the saturation perspective has been done. For the commercial inductor

dimensions and details please refer to Figure 7.5 in Appendix A.

Figure 2.21 shows the inductance against the increasing of the current for both the

designed and the commercial inductor.
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Figure 2.21- Verifying the inductance against the increasing of the current for

both the designed and the commercial inductor.

It can be seen from both curves, which have a linear relationship with the DC current,
that the commercial inductor’s saturation current Isat at which its inductance value

drops to 80% below the measured value with no DC current is about 30 A. Actually
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this value is much than 180 A which is the rated current of the commercial inductor.
Thus, the designed inductor shows more inductance stability against the increase in

current which means it has a higher saturation current level.

By basic fitting the inductance curve of the commercial inductor (L = - 0.14*i + 28)
thus at 180 A L= 1.8 uH.

2.5 Conclusion.

This chapter has described the design of a cored inductor based on a solenoid
geometry. The design was tailored to be integrated in a minimum existed volume on
the substrate, with a current up to 80A DC applied across the inductor in order to
achieve a high current density and with a desired inductance around 25 uH. With the
aim of preventing saturation of the magnetic material, a distributed air gap system is
introduced in order to achieve the desired inductance value in the available volume

when operated at the maximum current. Ferrite N95 was used as a core material.

The influence of the core material geometry and airgap has been determined by
investigating the stability of its inductance against an increasing DC current. Also, the
saturation effect has been examined with the use of Maxwell16.0 3D software
(Magneto-static solver) and validated experimentally. The results have shown that it
is possible to ensure a stable inductance under high DC bias current, allowing
successful avoidance of the saturation of the core by distributing the air gaps along the

core.

On the one hand the core material has increased the inductance of the inductor but on
the other hand the total losses will also increase due to an increase in magnetic losses
caused by the core. The losses in the ferrite and how the fringing flux will affect the

AC loss will be investigated later in chapter 5.
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3 Chapter 3- Thermal Management

3.1 Introduction

The cooling of passive components, especially inductors, is always challenging as the
thermal management system needs to be designed to remove heat from the windings
and core, which are often buried or inaccessible. The advantage to having the inductors
integrated into the power module is that the conductors could be constructed, in whole
or in part, from the substrate materials, allowing a direct conduction path from the
winding to the substrate outer surface and on to the thermal management system. This
means that very good heat transfer will be possible from the inductor winding.

This chapter aims to build on simulation, theoretical and experimental results and
focuses on achieving a sustainable high current density of more than 50A/mm?, in the
inductor. The inductor windings are soldered on a DBC (Direct Bonding Copper)
ceramic substrate, as shown in Figure 3.1 . A single-sided cooling method applied on
the bottom copper layer of the substrate is proposed. Direct substrate cooling with
water is used in order to realise a high film heat transfer coefficient at the cooled
surface and so minimise the overall thermal resistance between the windings and the
coolant. The thermal design of the proposed package (inductors and DBC) will be

analysed in order to understand the heat conduction through it.

Inductor
NIRTRRNTRnEnpunEnnnnnyny
L Top Coppet layer
AIN Ceramic
B TR
Bottom Copper layer

{

C'DC]_'IDE

Figure 3.1- The proposed package; inductor is soldered on a DBC ceramic

substrate with a direct cooling is applied on the bottom copper substrate.
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A key factor in the design of a high energy inductor is on one hand increasing the
current density in the windings and on the other hand using an integrated thermal
management system to better manage the temperature increase of the inductor [ 49].

Thus the energy storage density pj of the inductor, which is proportional to the current
squared, (pE = %LIZ/Volume) will increase and hence the power density of the

converter can be increased.

The magnetic component is designed in a way to increase the area of the windings
which are in contact with the cooling system in order to increase the heat exchange
surface. The windings are cut from bulk copper with a geometry and dimensions as
shown before in Figure 7.3 Appendix A.

Integration of local passive components at the substrate reduces the lengths of
interconnections and the related parasitic elements and greatly improves the EMI filter

performance, especially at high frequency [ 69].

Furthermore, having both active and passive components on the same substrate will
allow the reduction in the total power module package size and admits the possibility
of cooling the components with the use of direct liquid cooling methods on the bottom

of the substrate.

A schematic representation of integrating passive and active devices on the same base
plate, considering the proposed cooling system is shown in Figure 3.2.

Passive components Control and drives

Active components

Cooling device

Figure 3.2- A Schematic representation module showing Integration of passive,
active devices and other circuitry’s components on the same base plate/DBC,
considering the cooling system.
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3.1.1 The Need for Improved Cooling

Thermal management is a crucial step in packaging power electronic components, as
heat generated due to losses in the devices must be conducted away from the power
devices into the environment using a low loss method in order to prevent any
overheating and consequently any failure of the power electronic devices. Besides
certain parts of the power module, such as the solder layer, have a higher probability
to cause a failure with thermal cycling [ 70] [ 71] [ 72][ 11]. if a proper cooling system

is not considered .

In the context of high power density, smaller power module packaging would be
preferable. However the losses generated by the devices implemented in smaller
volumes need to be considered, thus several approaches have been implemented trying
to achieve high power density with regards to thermal cycling [ 3][ 73][ 74]. Bryan
and Forsyth [ 11] have introduced a DC-DC converter with power density of 4.3
kW.kg~! using a water cooled cold-plate and magnetic components potted in
aluminium heat-sinks to achieve this power density . As power density is increased,
the surface area available for cooling is reduced. So, an improved cooling method such
as direct liquid cooling was found to be more effective at cooling the power module
compared to a traditional heatsink and cold plate [ 75][ 76].

3.1.2 Theoretical Background

The three main aspects in the design of a cooling system, from a theoretical point of

view [ 82], can be summarised as follows:

1- Conduction of heat through materials, thus it is important to choose materials
with small thermal resistanceR;;, such as copper for instance.
2- Heat flux Q flows across interfaces between different materials.

3- Heat transfer h to the coolant fluid by convection.
In general conduction is much more dominant than convection.

The performance of the heat spreader is a function of the size of the heat source, the
thermal properties of the spreader itself and the heat transfer coefficient generated by
the cooler as described in EQ 3.1[ 82] and shown in Figure 3.3. If the thickness of the

heat spreader is increased, the thermal resistance will increase also, whereas if the
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thermal conductivity of the heat spreader is increased the thermal resistance will be

lower.

source area (Asource)

= heat spreader area (Aspreader)

— heat transfer at cooled surface ()

Figure 3.3- Schematic diagram of a small heat source of width (w) on larger
heat spreader plate of thickness (d) and width (W)[ 82].

With no heat spreader, the source temperature would be determined solely by the heat

transfer coefficient, h. A higher h would result in a lower source temperature.

1 Asource 1 d
Tensp = 5 = GHed+F) Q3

heff N Aspreader
Where 1y, o, (K. m*W™1) is the specific thermal resistance, k (W.m~'K~") is the
conductivity of the heat spreader material, h is heat transfer at the cooled surface

(W.m2K~1)and F isageometrical factor which depends on the shape of the source,

it is a function of following F (W 4.k r K), (F>0).

Where:

W is the width of the heat spreader (m).

w is the width of the source (m).

d the thickness of the heat spreader (m).

V is the length of the heat spreader (m).

v is the length of the source (m).

h is heat transfer at the cooled surface (W.m™2K1).

k is the thermal conductivity is the thermal conductivity of the heat spreader
(W.m™1K™1).
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Tth,sp EQ 3.2
A

Ry =

R, is the thermal resistance of an object (KW ~1), A is the area of the object (m?).

3.1.2.1 Heat Transfer by Conduction

In general, the heat generated inside a package should be conducted out, from the heat
source to the ambient, to avoid any overheating. When there is a temperature
difference across a material, as it is shown in Figure 3.4, the energy (per unit time
expressing power) flows from the higher temperature end to the lower temperature

end. It is given by the standard formula:

kAAT
Peona = d EQ 3.3

Where AT = T2 — T1 degrees centigrade (°C), A is the cross-sectional area in square

meters, d is the length in meters, and Kk is the thermal conductivity in watts per meter

degrees centigrade or kelvin (W.m~tK~1)[ 77].

~
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Heat flow (Pcq,g4) direction Ty known at this
exposed surface

Figure 3.4- The conduction of P watts of heat energy per unit time [ 77].

From EQ 3.3, it can be understood that the larger the area of the surface is, the higher
is the conductivity. Moreover, a package should be made of a materials with a high
thermal conductivity such as copper and aluminium nitride AIN which is an insulating
ceramic used as the electrical insulator in the DBC. These materials have a high
thermal conductivity (70-285W.m~1K~1) for AIN and (400 W.m 1K) for
copper. Another material would be Aluminium oxide Al2Os with thermal conductivity
(28-35 W.m~1K~1) at ambient temperature [ 78].
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The thermal resistance R, is defined [ 77]:

d
Rop = EQ 3.4

The thermal resistance has units of degrees Kelvin per watt (K. W™1).

3.2 Improved Cooling Methods for Power Electronics

This section highlights some of the different thermal management and improved
cooling methods which are available to the design engineer when designing a system.
Recent studies suggested integrating the design of the cooler as part of the module in

order to increase the efficiency of its associated cooling system [ 3] [ 79] [ 80].

In general the performance of a solid heat spreader is determined by the thermal
conductivity of the coolant material k (W.m~1K 1), the cooling mechanism which is
characterised by an effective heat transfer coefficient h (W.m~2K 1) and the physical
size of the heat source L (m) which is the volume of the body divided by the surface
area of the body. For cuboidal spreaders, the heat transfer behaviour is determined by
the Biot number [ 79]:

hL EQ 3.5

A value of the Biot number smaller than 0.1 implies that the heat conduction inside

the body is much faster than the heat convection away from its surface [ 79].

Thus, a heat source with relatively big physical size will cause a high increase in the
temperature but its big surface area will provide sufficient contacting with the coolant
in the cooling procedure. Using a proper cooling mechanism which offers the required

heat transfer coefficient is a key factor in thermal management.

Some typical heat transfer coefficients are given in Table 7.1 in Appendix B. For
instance air convection cooling has low thermal conductivity of 3- 25 (W.m™2K™1)
which makes it a poor cooler medium and in order to improve the performance of a
cooler which uses the air as a coolant, heat spreaders and finned surfaces are used [ 3]
[ 81]. Liquids offers a higher heat transfer coefficients, for example, water has a
thermal conductivity of 15-1000 (W.m~2K~1). The following subsections describe

different cooling approaches and implementations.
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3.2.1 Integrated Baseplate Coolers

Direct cooling of the electronic package can reduce the number of bonded layers and
interfaces in the package resulting in a more compact and lightweight system.
Improved design and integration of material choices and cooling can greatly improve
the performance of power modules. In this method, the baseplate of the power module
can be used as part of the cooler itself, when liquid coolant is in direct contact with the

baseplate material.

It has been suggested in previous studies [ 76][ 79] that a heat spreader is not needed
if a direct water cooling technique, with high heat transfer coefficient ,typically 20
(kw/m?2.K), is used. By removing the base plate, the thermal resistance, mass and
volume of the combined electronic package and cooler is reduced. Figure 3.5-(a)
shows a typical power electronic module where the heat generated by the devices is
removed by means of a conduction path through the substrate tile followed by the

copper baseplate to the final fluid swept surface at which convection occurs.
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Figure 3.5- Cross-sections of the power module structure in various
assemblies. (a) Substrate tiles on copper baseplate which is mounted onto a
cold plate with a layer of thermal paste. (b) Direct cooling of the baseplate

with liquid coolant. (c) Direct cooling of the substrate tiles [ 76].
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The baseplate is mounted onto a cooler in the form of a cold plate. There are nine
thermal interfaces between the die junction (where heat is generated) and the coolant

fluid, as illustrated in Figure 3.5-(a) and they are:

Die / Solder

Solder / Copper

Copper / Ceramic

Ceramic / Copper

Copper / Solder

Solder / Baseplate

Baseplate / Thermal Paste
Thermal Paste / Water Plate
Water Plate / Water Coolant.

CoNooakwnE

In order to sufficiently cool the electronic devices it is desirable for there to be as little
thermal resistance between the hot die and the surface where heat transfers by
convection to the cooling fluid [ 76]. This can be achieved in a number of ways: by
using high conductivity materials, by thinning each layer, or by reducing the number
of layers in the package. By cooling the baseplate of the power module directly with
liquid (shown schematically in as in Figure 3.5-(b)). Two thermal interfaces can be
removed, namely the layer of thermal paste and the thermal interface between the
baseplate and the cooler, which highly contribute to the total thermal resistance of the

module [ 82]. Thus, it goes from method (a) to (b) with 7 layers.

Furthermore, if a cooling method generating a sufficiently high heat transfer
coefficient is used a heat spreading baseplate may not be necessary. The number of
thermal interfaces can be further reduced by not including the baseplate in the
assembly. Thus, two further layers (the copper baseplate and the layer of solder) can
be removed reducing the number to five, as shown in Figure 3.5-(c), assuming that the
bond between the ceramic and the copper is perfect. The geometry of the cooling

arrangements were beyond the scope of the project.

3.2.2 Double sided cooling

Cooling a module on both its top and bottom side provides increasing amount of
cooling to the devices compared to being cooled on one side. The power electronic
devices can be soldered between two DBC’s, as illustrated in Figure 3.6, resulting in
what is often referred to as a 'sandwich module’ [ 80]. Cooling methods with sufficient
heat transfer coefficient can be used to directly cool the substrates as illustrated.
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Figure 3.6 — Double side direct cooling of the substrate tiles. 1. Die / Solder 2.
Solder / Copper 3. Copper / Ceramic 4. Ceramic / Copper 5. Copper [ 80].

Recent studies [ 80][ 83] [ 84] have proposed double-sided liquid cooling with
embedded power packaging technology which allows double-sided thermal interface

of a high heat transfer cooling.

A light-weight and compact module can be realised using a sandwich assembly where
the DBC substrate tiles are cooled directly resulting in a very low thermal mass. Direct
cooling method such as jet impingement with high heat transfer coefficient can be
employed to provide the double-side cooling of the module which minimises the

temperature rise of the devices during operation.

As with other liquid cooling methods there are potential issues including high-pressure

leaks and electrical insulation which need to be considered.

3.2.3 Liquid Jet impingement cooling

Recent studies [ 82][ 80][ 85] confirmed that liquid jet impingement can be used to
generate high heat transfer coefficients over 30 kW /m?2K at the heat transfer surface
for an efficient cooling of power modules. Results from experimental tests [ 82]
showed that directly cooling the substrate tile with jet impingement methods resulted
in the devices being cooled more effectively and with lower pumping power compared
to the commonly used cold plate. It was suggested that more efficient cooling can be

achieved by targeting the hotspots on the substrate beneath each device with a
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carefully designed impingement array. A layout of a simple liquid jet impingement

cooling system is shown in Figure 3.7.

Coolant
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inlet

Figure 3.7 - A schematic diagram of two DBC are double side cooled using the
jet impingement [ 82].

3.3 Proposed Thermal Management Strategy

This chapter aims to build on Electro-Thermal simulation, theoretical analysis and
experimental results and focuses on achieving high current density in the inductor
winding. A direct substrate cooling with water is used in order to reduce the thermal
resistance between the winding and the coolant. Sources of heat include ohmic and

magnetic losses which will be characterised and explained later in chapter 5.

3.3.1 Double Side Cooling

The inductor is soldered in between the two DBC ceramic substrates forming a
sandwich structure, as shown in Figure 3.8. A double cooling system, with water as
coolant liquid, is applied on both sides of the DBC providing cooling to the top and
the bottom surface of the inductor.

The inductor has been thermally investigated by applying high current density up to
1004/mm? and monitoring the rise in the temperature of the inductor at different
current level with the existing cooling method. For the full paper and details please
refer to Appendix B (section 7.2.1).
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Figure 3.8- Inductor with double side cooling structure (all dimensions are in

mm).

ANSYS R15.0 (Electro-Thermal simulation) has been used to design the package (the
inductor on the DBC) and analyse the thermal characteristics then the results has been
validated experimentally [ 49] using the thermal camera FLUKE , refer to Figure 7
and Table Iin Appendix B (section 7.2.1) . Figure 5 in the paper shows the experiment
in the lab which consists of the sandwich structure with top and bottom coolers, flow
rate meter and thermal measurements for pre and post liquid temperature in order to

calculate the calorimetric losses. Refer to Appendix B (section 7.2.1)

The experiment was carried out at ambient temperature of 25 C. A current was applied
through the inductor, and was increased from 0 up to 100 A; the maximum temperature
of the inductor was measured using a thermal camera. The temperature of both input
and output water of the cooler was also measured together with the coolant flow rate.
All experimental results have been organized in Table I in Appendix B (section 7.2.1).
Both the ANSY'S simulation results and measurements results are in agreement and

can be seen in Figure 6 in Appendix B (section 7.2.1).
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These results show, a current density of up to 90 A/mm? was achieved with only a
42 degree rise in temperature. Actually this is a much better results in comparison to
some commercial high current inductors, such as high current helical inductor-30uH-
180A and high current helical inductor-60uH-90A [ 67] which offer a current density
of 9 A/mm? and 8 A/mm?respectivly at their rated current when they both operated

at their maximum rated current with the usage of a heatsink.

This was the initial proposed idea. This method of integrating inductors into the
substrate and with an effective path for the heat to the thermal management system
works well. Because of the power module structure, where the inductor will be
integrated on the DBC, there are difficulties in creating a double side cooled module
where on one side the output inductors and the power devices will need cooling and
on the other side of the power module only the inductor will need cooling as shown in

Figure 3.9.

copper inductor

¥k

ceramic capacitor

Figure 3.9-Inductors soldered on the substrate level.

Thus, a single cooling method on one side of the DBC is proposed in the following

sub-section.

3.3.2 Single side cooling

Since in many cases the power devices are cooled on one side only, an investigation
in single side cooling for the output inductors was performed. The inductors have been
soldered on the DBC substrate tiles each measuring 105mm x 30mm. The tiles consists

of'a 1000um thick Aluminium Nitride substrate with a 200pm layer of copper bonded
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on both sides with a layer of solder with a thickness of approximately 200um, as shown
in Figure 3.10 ( the solder layer is not shown in the illustrated figure). A single cooling
method applied on the bottom of the substrate is proposed and it will be explained in
the following section. A cooling system, with water as coolant liquid, is designed to
be installed under the substrate and to be in direct contact with it. If a sufficient heat
coefficient is provided on the bottom of the substrate it will secure a sufficient heat

conduction even with one side cooling [ 82] [ 86].

14,4
Inductor —_—

Solder

Top copper substrate
AIN

7
Bottom copper substrate -/

32

Figure 3.10- Inductor with one side cooling structure.

The inductor has been thermally investigated by applying high current and monitoring
the rise in the temperature of the inductor at different current levels with the usage of
a single direct cooling method.

3.3.3 Analyses of the Single Side proposed cooling method

The temperature will increase due to the losses in the inductor, such as winding and
magnetic losses, which are primarily increased with the high current and high

frequency. Thus, in order to maintain a good performance of the inductor, the
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temperature of the core and windings must be kept at or below some allowable value.
In practice the maximum temperature in power electronics is usually limited to 100-
125 °C;

Heat will be transferred between components through conduction and convection [ 87]
and it is important to analyse the thermal aspect of the proposed package in order to

understand the heat conduction through it as shown in Figure 3.11.

‘ Ta
/ Ti - Indutor
Y / Ts1 — Top Copper substrate
1l To — AIN Ceramic
/ ) — Bottom Copper substrate
solder T-water — Coolnat

Figure 3.11 -Heat induction through the inductor and the substrate.

In order to analyse the thermal aspect in one turn, as shown in Figure 3.12, the Fourier
law of thermodynamics is used in the following subsection. The heat flux g’’ between
a-b is calculated after applying boundary conditions between a-b as it will be explained
later. The one turn is considered, as shown in Figure 3.12, by looking through the cross

section of the inductor at the direction Y in Figure 3.11

C q b
X qn q"
5 qﬂ
d a

== 00— cooling — > — >

Figure 3.12- A cross section of the inductor showing the heat flux and the

temperature dependence of each quarter of one turn Q1, Q2, Q3 and Q4.
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3.3.3.1 Fourier Law in Thermodynamics

Heat energy Q transferred through a given surface per unit time forms the heat flux
per unit area (q") and according to the Fourier law in thermodynamics [ 88], the heat
flux per unit area ¢ (Wm™2) is proportional to the gradient of temperature or

temperature profile VT (K) in a material of thermal conductivity k (W/m.K).

q"(x,v,2) = —k(x,y,2)VT(x,y,2) EQ3.6
In one dimension Xx:

e L 9T = 9T EQ 3.7
q" =—k.VT =~k Q

Heat transfer equation:

Now, in order to find the heat energy equation, by using standard derivation [ 88], the
rate of change of heat energy on total surface Q (W) is obtained by calculating the

variation of the energy of that system:

p=d_E=' EQ 3.8
dt

E: The energy of the system.
E= [ pcVT.dv EQ3.9

The sum of E as energies of small volume elements (dv) within the system can be

expressed as an integral, which is equal to energy on total surface:
. dE v oT
0 == fo pctdv EQ 3.10

(p) is the density, (c) is the specific heat capacity (volumetric) and the integral is over

the volume of the system.

The energy on total surface can also be written in integral form as:

0 = —f:?.ﬁ.dA + fovq”'.dv EQ3.11
n is the normal outward vector at the surface element (dA) (which is why the minus
sign is present) and the integral is taken over the area of the system. The second
integral represents the generation of heat within the system which is described by a

volumetric heat source function q""" (Wm™3).

56


https://en.wikipedia.org/wiki/Energy
https://en.wikipedia.org/wiki/Thermal_conductivity

Writing all the terms in the energy equation in the form of volume integrals, and from

EQ 3.10 & EQ 3.11, energy conservation gives:

oT EQ3.12
f(pc— +V.q — q¢")dv=0
. Ot
The Law of conservation of energy must apply to any volume so must also apply to
an infinitesimal volume dv over which all quantities can be considered to be constant
thus:

oT _ . . EQ3.13
ch+V.q —q =0

From EQ 3.7 & EQ 3.13

or EQ 3.14
peop = k.V2T + q'"

In steady state g—::O, thus the conduction equation of the system can be written as:
k(x,y,2)V2T(x,,2) +¢" (x,y,2) = 0 EQ3.15

(- 0°T(x,v,2) " EQ 3.16
kxT‘l' q x(x,y,z) =0

0*T(x,y,z) ,,
< kyT-l' q",(xy,z)=0

OZT(x, V,Z)
0x?

k2 +q" (x,y,2) =0

Simplify to one dimension Xx:

2T(x) EQ3.17
922 +q""(x)=0

For a specific conductor, the power generated P is proportional to the square of the

k(x).

current 12 (A) applied through the conductor and the resistance R () for one-

dimensional current flow only:
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cross section A (mZ)

brL

AN

x=1

q(x=1)

q'(x=0)

Figure 3.13- Applying a boundary condition between the part a-b in Figure

=<

3.12.

dx

P=I2R:R=— ,dR=r—

A A

EQ3.18

r is the electrical resistivity of the conductor (€2.m), A is cross section (m?) and X is

the length (m).

Also

P =fq”’.dv

Thus

nr nr IzdR
[q".dv=1I°R - q =
From EQ 3.17&EQ 3.20:
LT P T
T odx? A2 dx
IZT 2
T(X) = _mx + Clx + Cz
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From Fourier law EQ 3.7 &EQ 3.21, the heat flux per unit area in one direction x is

calculated:

¢" ="Tx — ke, (wattim2) EQ3.23

3.3.3.2 Applying a boundary condition

In order to calculate the heat flux g" between a-b (Figure 3.12) boundary conditions

are applied as shown in Figure 3.13.

The solution to EQ 3.22 & EQ 3.23 is obtained by applying the boundary conditions

{Tx=0 =t

T —¢ }assuming a given current value I. T,—, and T,—; are the temperatures on
x=l — Yl

the surface “a” and “b” at x=0 and x= [ respectively.

From EQ 3.22
2
Tix=0) = — 21,(;2 (0)* + C1(0) + C; = t, thus
Thus
I*r 2 _
Tix=py = — Rz D+ D+t =1t
Thus,
2
€= (t— to + 2= (DH)/1 EQ3.24

Thus the temperature as a function of the height x is

I%r
2k A2

X2+ ((t — to + == (D) /Dx + to EQ3.25

Ton == 2k A2

From EQ 3.23 the heat flux as a function of the height x is

r EQ 3.26
e OBV Q

q" =T =kt~ to +
Itis indicated from EQ 3.25 & EQ 3.26 that the temperature is a function of the square
of the current 12 and the second degree of the height x2. The heat flux is a function of
the square of the current 12 and the height x .If both temperature ¢, and t; are known

the temperature along [ height can be obtained.
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3.4 Electro-Thermal Simulation

Both the temperature of the inductor after applying a high current through it and the
direct liquid cooling effect have been checked by simulating the inductor on the DBC,
as shown in Figure 3.14, with the usage of ANSYS R15.0 (Electro-Thermal

simulation).

ANSYS

R15.0
Academic

188l

top copper layer

AIN(ceramic)

)
0.000 0.030 (m) E’
bottom copper layer —

Figure 3.14- The inductors on the DBC-simulation in ANSYS.

The materials of the inductor, the top layer and the bottom layer of the DBC where set

to copper while aluminium nitride AIN was chosen for the middle layer of the DBC.

First the simulation has been done by applying a current of 5A through the inductor
considering only the exchange of the heat energy of both inductor and DBC with the
surrounding environment. Thus, a convection of natural air (stagnant air convection
of 5W.m™2K~1) has been applied on the whole copper surface of the inductor and
the substrate. The temperature of the inductor was captured, as shown in Figure 3.15.
It shows an average temperature of 64 °C of the inductor. Thus, more efficient cooling
will be required if a higher current is applied through the inductor.
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 64.61 Max
! 64.537
f4.463
— 64.39
—{ 64.317
— 64.243
— 6417

64.096
I 64.023
63.95 Min

Figure 3.15-ANSYS simulation at 5 A with poor cooling.

In order to check the effect of the heat coefficient h on limiting the increase in the
inductor’s temperature a current of 60 A dc has been applied through the inductors.
Various values of heat coefficient h were used by applying a convection which is
presenting the direct cooling on the bottom of the substrate [1.2, 6, and 10]
kW.m~2K~1 with fixed ambient temperature of 24 °C in order to show the effect of
an appropriate cooling method on limiting the rise of the temperature when a high
current is applied through the inductor. A stagnant air convection of 5 (W.m™2K~1)
has been applied on the whole outer surface of the inductor representing the exchange
in heat between the inductor and the surrounding environment, in addition to the direct
substrate cooling but it doesn’t significantly change the results.

The captured temperatures of the inductor at 60A and different values of heat
coefficient h are shown in Figure 3.16.
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102.8
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Figure 3.16- ANSYS simulation at 60 A, one side direct liquid cooling with (a)
h= 1.2 kW /m?K. (b) h=6 kW /m?K. (c) h=10 kW /m?K.

Figure 3.16 shows the temperature of the inductor at different heat transfer coefficients
h when applying 60A DC. It is shown that at the higher heat coefficient of
10 kW /m?K an average temperature of around 40 °C occurs in the inductor, while it
is around 44 °C and 90 °C when the heat coefficient is 6 kW /m?2K and 1.2 kW /m?K
respectively. Thus the usage of an efficient direct liquid cooling method ensures a
limits of the temperature increase in the inductor. A value of heat coefficient is chosen
to simulate the inductor in order to provide close enough values of temperature at the
points a & b to those obtained from measurements in the following section. The heat
flux (g") and the temperature (T) were plotted against height (x) and compared to the

measurements in the following section.
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3.5 Experimental Validation

The possibility of obtaining a high energy density by applying a high current through
the inductor with the ability to restrict the inductor’s temperature, by using an efficient
direct cooling method, is validated in this section. The DC current will be increased
between [20A-80A] and it will be applied through the inductors as in Figure 3.17 .
The temperature of the inductor will be captured with the usage of a thermal camera

and will be compared to the ones from the analytical model and ANSYS simulations.

3.5.1 Experiment Setup

The experimental setup is shown in Figure 3.17 and the block diagram including the
pump and the pips is shown in Figure 3.18, where a direct liquid cooling system was
attached to the bottom of the DBC. Temperature sensors have been attached to the
pipes which supplies the input and output water to the package. A DC current was
applied at currents between [20A-80A] to provide a source of heat in the inductor

winding.

P Temperature

Figure 3.17- The experiment setup.
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Pump
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Figure 3.18- The experiment setup diagram.

The cooler used in the test has been chosen in cooperation with an existing project, it
was designed to create as far as possible a uniform heat transfer coefficient under the
inductor winding. The geometry of the cooling arrangements were beyond the scope
of the project.

3.5.1.1 The Pre-Test Considerations

1- A DC current supplier (TDK-Lambda, 0-120 A) has been used in order to
apply up to 80A (DC) across the inductor.

2- In order to avoid any possible high-pressure leak of the coolant liquid the
package (the inductor on the DBC) has been fixed on the top of the cooler
using a non-corrosive silicon rubber RS 494-118 [ 89]. A further fixing, using
a two plastic parts attached to each other with screws as it is shown in
Figure 3.19, in order to fix the cooler and the package firmly.

3- Because of the fact that the copper is a thermally reflective metal, all copper
surfaces were coated in black paint to enhance the emissivity of the surface of

the inductor.
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(@)

Figure 3.19- Assembling the cooler system and the DBC with the inductors. (a)

Before painting the inductor and attach the top cover. (b) After painting the

4-

copper surfaces and attaching the cover.

De-ionised Water [ 90] was used as a liquid coolant, in the pump (Thermo
SCIENTIFIC), with temperature 24.9 °C at the ambient. The flow rate of the
coolant inside the package was measured showing a value of 0.013 kg.s™ 1.
the test has been done under the same conditions as the flow rate was measured,
where the pipe with the return water was left unattached with the device and
the water was running directly inside the tank.

The Cedip Infrared System Thermal Camera (TITANIUM Series) has been
used in order to capture the temperature in the inductor. The camera was
calibrated (auto calibration) and the ambient temperature was set to the room
temperature 24.9 °C. The position of the camera was fixed in order to capture
the side face of the package as shown in Figure 3.17, thus the temperature
along the line between the points ( a-b) top-to bottom of the side of one turn of
the inductor (refer to Figure 3.17), can be captured.

A KEITHLEY 2700 Multi-meter [ 92] and two temperature sensor, which is
compatible with the PT100 Resistance Table (Resistance vs Temperature),
refer to Figure 7.7 Appendix B, is used in order to register the inlet and outlet
Temperature of the water. Results have been obtained and organised in
Table 7.4- Appendix B. The inlet/outlet temperature was measured after a
period of time when the readings of the multi meter are stable, refer to the
temperature vs time at 60A Figure 7.6 Appendix B as an example.
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Another issue to be considered is the way that the inductor has been soldered
on the substrate. Actually the bottom turns of the coil were expected to be
connected fully in order to provide the maximum conduction of heat through
them. The package has been scanned using a 3-D X-Ray Computed
Tomography System. A cross section in the inductor and the substrate, as
shown in Figure 3.20, indicates that the solder between the inductor and the
substrate is not filling all the area and it is with more or less 40 % voids.
Actually this is due to the difficulties in soldering this type of inductor on the
substrate without shorting the turns of the inductor. Thus only a relatively
small amount of the solder paste was applied. The existence of the voids in the
solder layer which connects the inductor and the substrate will affect the
conduction of the heat out of the inductor’s winding due to the increased
thermal resistance. Thus, a difference in the temperature values between

simulation and experiment is expected.
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Figure 3.20- A cross section of the package, obtained by 3-D X-Ray, showing

the situation of the solder’s density between the inductor and the substrate.
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3.5.2 Experimental Results

The test has been done by applying different DC current values between [20-80A] on
the inductor. The temperature at each different current has been captured through the
thermal camera. Figure 3.21 shows a comparison between the temperature at currents
60 and 80 A. The rise in temperature at higher current is noticeable. Also the captured
temperature at the top surface of the inductor far from the direct cooling is higher than
the bottom one. This is in agreement with the analysis. The inconsistent temperature
gradient between turns, as shown in Figure 3.21, is due to the inconsistent thermal
contact between the inductor and the DBC as explained previously.

65.00
E3.96
62.90
6182
E0.70
58.67
58.40
57.19
55.96
54 B3
53.39
52.03
50,64
48.20
47.70
46.16
44 B4
4286
411
38.27
R}
/32
3317
3090
2846

(2) (b)

Figure 3.21- Thermal camera image for one side cooling (a) at 60A. (b) At
80A.

Figure 3.22 shows the temperature at each different current along one turn (as shown
in Figure 3.20- the studied turn is defined by a yellow rectangular) between the bottom
and the top of the inductor side face (a-b) (refer to Figure 3.17), with the usage of the
direct liquid cooling.
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Temperature along on turn from the bottom to the top (between a-b) at different current values
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Figure 3.22- Temperature vs Current on one turn between two points from the
bottom till the top (a-b).

Figure 3.23 shows the temperature difference AT1 between point a (which is at the
level of the connection between the winding and the DBC) and the ambient water
temperature. It also shows the temperature difference AT2 between points a & b

(which is at the level of the top surface of the winding).
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Figure 3.23- The temperature rise at both points a & b vs I?.
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It is apparent from both Figure 3.22 and Figure 3.23 that the increase of the
temperature against the increase of 12 at point “a” is equal to the increase of the
temperature at point “b” for a certain current value. In other words the drop of
temperature in the winding is nearly equal to the drop of temperature between the

water and DBC top layer. This for the case of this specific design.

In order to understand the efficiency of the suggested cooling method the thermal
resistance of the cooling system (as shown in Figure 3.24) has been calculated, for a
specific flow rate (0.013 kg/sec) as following:

a

Rth-solder é

Rth-copper DBCE . d
_——_——‘_———_
Rith-1

: / T Rth-total
Rif-AIN ; . /
Rit-0

. The ambient of the water
Rth-copper DBC ; The ambient of the water

Rth-coolant %

The ambient of the water

Figure 3.24- Total thermal resistance between the cooling level and point a

(the bottom of the copper winding).

The rate of change of heat energy on total surface in watts is

Q=Z—T><cht EQ 3.27

Where

1. ‘Z—T is the flow rate in kg.s™1.
2. cis the specific heat (Kj. kg 1K™1).

3. At is the change of temperature.
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By using EQ 3.27. The heat transfer for the water at 60A is Q = 98.34 W

Where

e At is the difference of the inlet and outlet temperature of the water at 60A
is 1.79 K from Table 7.4 in Appendix B.

o ‘;—T The flow rate of the water in the cooling system is 0.013 kg from Table 7.4

in Appendix B.

e Thermodynamic properties of water are from Table 7.2 in Appendix B.

The thermal resistance between the cooling level and point “a” is explained in
Figure 3.24.

Total thermal resistance is found from EQ 3.28, Ryp— oty = 0.164 K. W ™1

AT = Q X Ryp, EQ3.28
AT is the temperature difference between the cooler and point “a” at 60A |,

AT = 16.18 K as in Figure 3.23.

The total thermal resistance in the DBC and the solder has been calculated for each

layer using EQ 3.29, R;;,_; = 0.039 K. W1,

d
Ry = - EQ 3.29

d is the thickness of the layer in meter (refer to Table 7.3 in Appendix B).
K is the thermal conductivity of the material (refer to Table 7.3 in Appendix B).

A is the cross section of the heat transfer area. For the DBC A= 404.4 mm? is the total
bottom surface area of the copper winding considering only 60% of this area is in
contact with the DBC as it was explained before in Figure 3.20. For the solder layer
A= 269.6 mm? is the total bottom surface area of the copper winding considering only
40% of this area is presenting the solder surface area as was explained before in
Figure 3.20.

As a result, the thermal resistance of the cooler as in Figure 3.24:
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Rin—o = Rin—totar — Rini = 0.164 - 0.039 = 0.125 K. WL,

Comparing this value to the thermal resistance of some commercial heatsink, it is

found that a heat sink with a similar thermal resistance value of 0.177 K. W ~1.[ 91]

has a volume of ( 151.5 mm X 181.5 mm X 89 mm) and a weight of 535g, while the
cooling structure used in this test has a volume of (50 mm X 70 mm X 10mm) and

a weight <50 g.

It is indicated from Figure 3.23 that at a current of 70 A the temperature increase from
the ambient is around 43 °C. Thus this current value will be considered the rated 1,
of the inductor which is the current that causes a temperature rise of 40°C in the

inductor.

Figure 3.25 shows a comparison between analysis, simulation and measurement for
the temperature vs height at different points between “a” and “b” when applying 60A

through the conductor.

For the simulation, the purpose was to predict the heat coefficient of the used cooling
system, thus a heat coefficient of 5 kW.m~2K~! has been found to give the closest
temperature values comparing to those obtained from the measurements. The only
convection of temperature applied in the simulation was on the bottom of the substrate,
thus no further exchange of temperature between the inductor and the surrounded

space has been considered.

For the analysis, EQ 3.25 has been used at 60A the both t, and t; were taken from
the measurements results at x = 0 mm and x = [ = 14.4 mm respectively. The cross
section of the turn A = 1.53 mm?, the thermal conductivity of the copper (at 56 °C)
K = 400 W/mK and the resistivity of the copper (at 56 °C) r = 1.91 Q. m have been

used in order to obtain the curve of the temperature against the height.
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Temperature (T) vs Height (x) between a-b
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Figure 3.25- A comparison between analysis, simulation and measurement for
the Temperature (T) vs Height (x) between the part a-b with boundary
condition at 60A.

Figure 3.25 shows a good agreement in the temperature curve shape between
analytical analyses, simulation and measurement with less than a 5°C error in
experimental testing. It is noticed from Figure 3.25 that the temperature’s values
obtained from the measurements are higher comparing to the analytical and simulation
results especially at the second point close to the substrate where there is an increase

in temperature about 5 °C. Actually this difference is probably due to two facts:

1- The poor thermal contact between the windings and the substrate in reality as
it is shown in Figure 3.20.

2- Fixed values for thermal conductivity and resistivity of the copper were used
in the analytical analysis in order to simplify the formulas. While in reality
both thermal conductivity and resistivity of the copper conductor are
temperature dependent. Resistivity increases or decreases significantly as

temperature changes. The relationship between resistivity and temperature is:

Ap = a X AT X p, EQ 3.30
Where,

Ap : Change of the resistivity.

a : Resistivity, temperature coefficient.
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AT : Change of temperature.

po - Original resistivity.

While the thermal conductivity K is defined in EQ 3.31 as the quantity of heat
transmitted, Q, due to unit temperature gradient dT, in unit time under steady

conditions in a direction normal to a surface of unit area an [ 92].
orT
K=-/Z EQ3.31

3- Another error here to be considered could be inaccuracies in the measurement
technique as the line from a to b has been drawn manually and proximity along
the turn as it shown in Figure 3.22, thus the points compared along the line a-
b between the analytical analysis , simulation and measurements are not quite
the same.

4- In the theory one isolated turn was considered and it was assumed that the heat
IS going in one direction and the calculations have been done for one direction.
While in reality the heat is going in 3 direction as it is shown in Figure 3.16

where the temperature of the middle turns seems higher.

Actually, the modelling of the heat transfer along the conductor was useful in order to
evaluate the efficiency of the cooling system as it shows a lower temperature at the
point (a) near the applied cooling comparing to the temperature at the furthest point
from the cooling (b) with a difference around 40%. The simulation has been done by
matching the temperature values from the experiments in order to predict the heat
transfer coefficient of the used cooling system, which it was around 6 /m2K . This
value is within the typical heat transfer values of the cooling method used (forced
liquid cooling) which is up to 10 kW /m?K (refer to Table 7.1 [ 94]). In general if the
specific heat transfer coefficient of the cooling system is known the ANSYS

simulation might be useful to predict a temperature value close to reality.

3.5.3 Comparison with Commercial Inductors

In order to determine the effectivity of the thermal performance of the designed
inductor at high currents it is compared to a standard inductor off-the-shelf. Table 3.1

shows a comparison between the design inductor and a high current helical inductor-
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30uH-180A [ 67], as shown in Figure 3.26, at their rated I,,,,; current has been done

from the energy density perspective.

Figure 3.26- High Current Helical Inductor-30uH-180A.

This comparison considers the fact that the commercial inductor is without any heat
sink or direct cooling and its heat is conducted naturally to the outer environment
through its Aluminium enclosure while the designed inductor has a liquid direct
cooling applied at the bottom of the substrate. Refer to Figure 7.8 Appendix B for the
thermal camera measurements of the commercial inductor at different current values.

The commercial inductor shows a larger weight and volume (0.5 kg) and
207.4 x 103 mm3 respectively comparing to the designed inductor’s which has a

0.0935 Kg of weight and a 25.05 x 103 mm?3of volume.

A comparison between the energy density of both inductors for their maximum
operated current (not including the cooling system for the commercial inductor nor the

pump for the cooling system of the designed inductor) is shown in Table 3.1

Table 3.1 A comparison between the energy density of both inductors at their

maximum operated current

Commercial Designed

inductor inductor
Maximum operated current 1(A) 100 70
Inductance value at the operated current (pH) 13.4 20.5
Stored energy E (J) 0.067 0.05
Volumetric Energy density (J/mm3) 032 x 107 |2 x107°
Gravimetric Energy density (J/Kg) 0.134 0.537
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The higher value of energy density of the designed inductor makes it more suitable
solution for this kind of integration and energy density requirement. For all dimension
and schematics for both inductors please refer to Appendix A (Figure 7.3 and
Figure 7.5).

3.6 Conclusion

The work in this chapter has investigated the cooling design of high energy density
inductors. The inductor design has been exported into ANSYS R15.0 where it has been
analysed under the effect of high DC current. The thermal management method has
been validated by experiment and results have been achieved and analysed. This work
has obtained a high energy density inductor by applying a high current density, with
the use of an efficient cooling system. It has been found that increasing the current up
to 70 A, a current density of around 46 A/mm? will increase the temperature of the
inductor from the ambient temperature by 40 °C, This current is defined by the I,.,,,¢

of the inductor.

This temperature rise is for the DC winding losses I? R. For the increase of the
temperature due to the extra losses under ripples and DC bias a cooling with higher
heat coefficient might be needed. These losses will be investigated in Chapter 5

Actually the obtained I, in this section has a significant value of 70 A. However,
this value can be increased by improving the contact between the windings and the
substrates, as explained in Figure 3.20. This will lead to less voids in the solder layer
and thus a better conduction of the temperature out of the inductors. Then the applied
current can be increased.

A comparison between a commercial inductor (high current helical inductor-30uH-
180A) and the designed inductor from an energy density perspective has shown that
although it is possible to find an inductor off-the-shelf which can operate at a high
current level, the proposed inductor with its light weight and smaller volume is more
suitable for the purpose of the integration on the same substrate of the active

components than the bulky commercial inductor such as this,.
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4 Chapter 4- High Frequency Modelling of the

Inductor, Electro-Magnetic Approach

4.1 Introduction

The design of passive filtering components is one of the important issues in the
conception of power converters [ 95][ 96] as smaller size passive components are
preferred. Some of the applications of these components include input/output ripple
reduction filters, common mode and differential mode filters. At high frequency the
passive components with their stray elements, such as equivalent series inductance of
capacitors and equivalent parallel capacitance of inductors, have a major impact on
filter efficiency [ 97]. Thus, in order to design and improve the performance of the
filter a high-frequency model including parasitic elements, must be used, particularly,
in the case of wide band gap devices which operate at frequencies where the inductor

doesn’t behave as an inductor.
Two distinct methods are recognized to model these components:

1. Physical based models which represent device characteristics through physical

equations and associated equivalent circuits. This method will require some
knowledge of the material properties, structure, and operating mechanism.
Thus it is often not easy to use [ 98] [ 99] [ 100].
Researchers have proposed a method to identify the model parameters by
fitting an equivalent circuit model of the passive components [ 101]. In their
study [ 101] an equivalent circuit model of coupled inductors is proposed and
validated experimentally using the open and short circuit measurements. Their
results show a very good agreement between simulation results and
experimental data up to 30 MHz.

2. Behavioural modelling which is widely used in the literature for noise
modelling and prediction process [ 102][ 103][ 104]. The behavioural model
represents the noise source with an equivalent circuit, typically a current or
voltage source or an ideal switch, together with some equivalent impedances
representing parasitic impedances. A new frequency-domain modular-

terminal-behavioural (MTB) modelling approach for characterizing conducted
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(EMI) noise sources in a converter is proposed by researchers [ 104] where the
equivalent current source and source impedance are established through a test
and characterization procedure for a given device under the specified operating

conditions.

It is clear from the comparison between the methods above that the physical-based
model is more challenging to realise as a design tool due to its modelling and
application complexity. On the other hand, behavioural modelling, although simpler
than the physical based model, may have compromised accuracy because no
knowledge of internal material is required and the parasitic impedance is simplified

and sometimes totally omitted.

In this chapter, because it is very important to characterize the magnetic components
and predict their resonance frequency and parasitic capacitance at high frequencies.
An equivalent electric circuit of the inductor based on a physical model is proposed
and solved in LTSPICE, and the impedance curve is obtained. The method is validated
experimentally using the Impedance Analyser KEYSIGHT E4990A by means of
impedance measurements between the input and output of the inductor. Both
inductance and capacitance matrices are obtained using MAXWELL 16 software
(Magneto-static and Electrostatic solvers). An equivalent electrical circuit of the

inductor is proposed.

Most existing passive filtering components response test procedures are based on 50
ohm insertion loss measurements. Which can result in unanticipated responses which
can lead to serious system degradation problems [ 105]. The two port network
measurements have been recommended by J.E. Bridges & W. Emberson [ 105].
Two- port measurements can be used to provide sufficient information to completely
characterize the performance of passive components over a wide variety of source and

load impedance conditions.

Other studies have presented methods of obtaining an impedance matrix and the
transfer function matrix, for example, Snowdon [ 106] who derived the relations for
the four-port parameters of a passive system and Doige [ 107] who extended this to a
general symmetric system, but both studies lacked mathematical rigour. In another

study [ 108] the general relationships between these matrices were derived by
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investigating the properties of the impedance matrix and the transfer matrix of

symmetrical, reciprocal and conservative system.

4.1.1 Equivalent Circuit of the Inductor

In order to characterize the inductor and predict its resonance frequency and parasitic
capacitance at high frequencies, it is important to propose an equivalent electric circuit
of it. Ideally A simplified equivalent circuit consists of inductance and the self-
capacitance with no resistive part, they both form a parallel resonant circuit, which has

self-resonance frequency f, [ 54].

3 1 EQ4.1
2n\LC

fr

Figure 4.1 shows the plots of the susceptances B,= ® C , B,;= 1 /(o L ) ,and
B =B.+B;= ®C—1/(wL) as functions of frequency for inductance L = 1uH and C =
InF. At £, , the total susceptance of an inductor is zero. Below f,. , the inductor
reactance is inductive. Above f,. , the inductor reactance is capacitive. Therefore, the

operating frequency range of an inductor is usually from DC to 0.9 f,. [ 54].

0.1

0.05

-0.05

-1Vol-wC, wC-1/wL

Figure 4.1- the plots of the susceptances B.= o C, B,=— 1 /(w L ) ,and B = B
+ B, =w C—1/(wL ) as functions of frequency for inductance L = 1 uy H and
C = 1nF [ 54].

78



In practice, an inductor has a resistive part and it can be modelled by an equivalent
circuit at high frequency as shown in Figure 4.2-(a), whereR;, L, and Cs are,
respectively, the equivalent resistance, inductance and lumped capacitance of the
inductor [ 109]. The resistive effect R;, is mainly caused by winding, eddy current and
hysteresis losses, and Cs ,which is called stray capacitance or self-capacitance,
represents the distributed capacitance, between the winding turns, acts like a shunt
capacitance, passing a high-frequency displacement current. While, the classic lumped
model of an inductor is as shown in Figure 4.2-(b), where C;; is the turn to turn
capacitance, R; is the turn resistance and L; is the turn inductance [ 110][ 111]. It
depends on the winding geometry, the proximity of turns, core, and shield, and the
permittivity of the dielectric insulator, in which the winding wire is coated. If the core
is a conductive material then it should be insulated to increase the distance between
the turns and the core, and therefore reduce the capacitance between the winding and
the core. The coil-to-ground stray capacitance is negligible which means that there are
no grounded conductors nearby. Otherwise, a different circuit model for the stray

capacitance has to be used [ 54].

Rtl Ltl Rt2 L Rn Ltn
—A—T—~— AT — AT~
'> A’ ||
L1

Cti2 cu3 Ct(n-1)tn

Figure 4.2- (a) The simplified lumped parameter equivalent circuit of an
inductor. (b) A network of lumped equivalent circuits for n turn of the
inductor[ 109].
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The equivalent impedance of the model shown in Figure 4.2 is given by Bartoli [ 109]:

1Z| = VrZ +x2 EQ4.2
And
¢ = arctan (*) EQ4.3
r
The series reactance x:
_ jwLs(1 — w?LsCs — Rs*Cs/Ls) EQ4.4
(1 - w%LsCs)? + (wCsRs)?
1 EQ 4.5

r=R
s (1 - (1)2L5C5)2 + (IJZCSZ RSZ

The series resistance r and the series reactance x can be measured with a network
analyser and they are in general, frequency dependent. Figure 4.3 shows the magnitude
and phase of impedance for the inductor at high-frequency. The reactance x is zero

when the inductor is operated at the self-resonant frequencyF,:

We can find R and L as following

- EQ 4.6
1— |1-— 4T2w2C5 (1 - ((UZL_S'Cs)z
R =
s 2rw2Cg?
EQ4.7
1+ B (wesRs)? °
r
LS =

(UZCS
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Figure 4.3-Impedance of the high-frequency inductor model. (a) | Z | versus

frequency. (b) @ versus frequency [ 54].

The self-capacitance of an inductor can be experimentally determined by measuring
the self-resonant frequency £, and the inductance L with a network analyser. The self-
resonant frequency can be detected by the maximum magnitude or the zero phase of

the inductor impedance [ 54].
The self-capacitance can be calculated from the equation:

1 EQ4.8

S = wmeLp 2
A network of lumped equivalent circuits for n turns of the inductor similar to the one
shown in Figure 4.4, but with a square cross section conductor, will be proposed later
in this chapter and will be solved in order to find the equivalent impedance and

consequently the parasitic capacitance of the inductor.
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Figure 4.4 shows a solenoid inductor with a conductor having a resistivity p and
therefore a series resistance R,. Insulated turns of conductors form turn-to-turn
capacitances C;;. Therefore, an electric field exists between the turns with different
potentials and stores electric energy. At high frequencies, the displacement current

flows through the capacitors and bypasses the inductive and resistive conductors [ 54].

Figure 4.4- Distributed inductance, resistance, and capacitance of an inductor
[ 54].

4.1.2 Parasitic Capacitance

The capacitance of a parallel-plate capacitor, which consists of two conductive plates
insulated from each other as shown in Figure 4.5, is equal to the ratio of the charge
stored on one plate to the voltage difference between the two plates [ 54].

C=Q/V EQ 4.9
The capacitance is a function only of the geometry of the design (e.g. area of the plates
and the distance between them) and the permittivity of the dielectric material between
the plates of the capacitor. For a capacitor constructed of the two parallel plates in
Figure 4.5, both of area A separated by a distance d, if d is sufficiently small with
respect to the smallest dimension of A, the capacitance C is [ 54]:

A EQ 4.10
C = &8 Pl
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Plate area A
— L ]

L J

Figure 4.5- Parallel-plate capacitor.

Where
C is the capacitance, in farads F.
A is the area of overlap of the two plates, in square meters m2.
&, 1S the relative static permittivity (sometimes called the dielectric constant)

of the material between the plates (for a vacuum, &, = 1).

&, is the di-electric constant (g, ~ 8.854 x 107 F-m™1).

d is the separation between the plates, in meters m.
In a solenoid inductor any two adjacent turns can function as a capacitor, though the
results parasitic capacitance is small unless the turns are close together for long
distances or over a large area. The geometrical structures of solenoid inductors are
much more complex than those of the parallel plate capacitor, which makes deriving
a formula for the parasitic capacitance complicated. Some analytical methods to
calculate the parasitic capacitance for simple geometries of inductors will be explained

below.

4.1.2.1 Analytical Expressions for Parasitic Capacitance

In previous studies [ 112][ 113][ 114][ 115][ 116] a high-frequency model of inductors
is developed. The impedance of inductors is studied as a function of frequency.
Physics-based analytical expressions for self-capacitances of foil winding inductors,
single-layer, and multilayer round wire inductors are derived using geometrical

methods.

Researchers [ 54] [ 116][ 117] discussed various analytical methods to calculate the
parasitic capacitance for simple geometries of inductors and transformers, many of

which are based on empirical formula.
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In [ 117] an analytical method is used to determine the self-capacitance of a single-
layer inductor as is shown in Figure 4.6. It is assumed that the capacitances between
nonadjacent turns are much lower than those between adjacent turns and can be
neglected. The formula EQ 4.11 for the capacitance between two parallel round bare
conductors placed in a homogeneous medium has been derived for the turn-to-turn

capacitance of a single-layer inductor without or with a nonconductive core.

mely mely m2eDy EQ4.11

tt = 1(p = = = = fort K p-—2a
cosh™1(3>) p P\ _ Db Py _
@ n|f (B -] B ()

L[S0

Figure 4.6- Cross-sectional view of a single- layer inductor with a core of a
shield [ 117].

Where [ = Dy is the length of a single turn, Dy is the coil diameter, “a’ is the bare
wire radius, t is the thickness of the insulating coating, and p is the distance between
the centrelines of two adjacent turns.

Methods for calculating self-capacitance of a multilayer inductor and a multilayer
inductor with conductive core have been also presented previously; Massarini and
Kazimierczuk [ 118] have used the delta A-to- star Y transformation to determine the

stray capacitance of inductors with many turns as shown in EQ 4.12.

EQ 4.12

Ci,(v=2)Cet Cet Cee +3Cn-1)
Cl,N=Ctt+7 - = ttl ~ , ~~

= Cp +
20, (n-2)*Cyt G Cee + 20, (v-1)
Ci,v—2)

] for N > 4
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4.1.2.2 Finite-Element Analysis (FEA) Method for Parasitic Capacitance

Unlike these analytical methodologies finite-element analysis (FEA) method has the
ability to accurately determine the parasitic capacitances of complicated magnetic

geometries while taking into consideration the physical properties of the materials.

Techniques and methods to quantitatively predict the parasitic capacitance of coils and
cores at high-frequency by the usage of finite-element analysis (FEA) have been
presented previously [ 119][ 120] where the turn-to-turn capacitance was found in
order to obtain the equivalent self-capacitance of a single-layer coil consisting of n

turns wound on a conductive core.

A Finite-element simulator such as MAXWELL from ANSOFT can solve the lumped
capacitor network by giving a capacitance matrix represents the charge coupling
within a group of conductors next to each other, which means the relationship between
charges and voltages for the conductors. Consider for example a 3-conductor case with
the outside boundary taken as a reference as shown in Figure 4.7. According to the
Maxwell capacitance matrix [ 121][ 122] the net charge Q on each object will be given

by the following equations:

Q1=CuVi+Cp2(V1-V2) +Cuz(V1i- V) EQ4.13
Q2=Cx» V2 + C12(V2-V1) + Ca (V2 - Vs) EQ4.14
Q3=Cs3 V3 +Ci3(V3z-Vi)+Ca (Vz- Vo) EQ4.15
C13
Cc12 c23
1 -2 Fi—{3
c11 Caz c33|
boundary

Figure 4.7-Capacitances between three conductors.
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This can be expressed in matrix form as:

Qs C11+ C12 +C13 —C12 —C13 14 EQ4.16
[Qzl = —C12 C12 + C22 + C23 —C23 Vz]
Qs —C13 —C23 C13+ €23 + €331 1V;
The C matrix is:
Cl1+ C12+ C13 —C12 —C13 EQ4.17
C = —C12 C12 + C22+ C23 —C23
—C13 —C23 C13+ C23 + C33

Extending to the general case, the Maxwell capacitance matrix has the form:

C11+C12+ -+ Cln —C12 —Cln
—C12 C12 + C22 + C23 —C2n
—Cln —(C2n Cin+(C2n+ -+ Cnn
EQ4.18

For 3 conductors with voltage applied to one conductor v, = 1 and zero volts applied
to the other two conductors v, = 0 & V; = 0, the capacitance matrix from EQ 4.17 will

be as follow:
Cl11+ C12+ C13 EQ4.19
C = —C12
—C13

4.1.3 Flow Chart of the Methodology

In this chapter, a method of obtaining the impedance curve and analysing the
equivalent circuit of the inductor is presented and validated experimentally. Both
inductance and capacitance matrices are obtained using Maxwell 16 software
(Magneto-static and Electrostatic solvers). An equivalent electrical circuit of the
inductor is proposed and solved in LTSPICE, and the impedance curve is obtained.
The method will be validated experimentally using the Impedance Analyser
KEYSIGHT E4990A. The flow chart of the method is shown in Figure 4.8 below.
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Figure 4.8-The flow chart of the method.

Each stage of obtaining the impedance cure in frequency domain will be explained in

the following sections.

4.2 Electrostatic Simulation, Capacitive parameters

The capacitance matrices of the arrangements shown in Figure 4.9 have been obtained
using Maxwell 16 (electrostatic solver) giving the values of capacitance as in between
adjacent turns (Ciit2, Cat3---Crasi26) and non-adjacent turns (Ciie3,  Ciotas
Ct3ts-..Craata6)- While Cm is the capacitance between the turns of both inductors as
shown in Figure 4.9-(b) and C;, is the capacitance between the bottom copper substrate
and the inductor as shown in Figure 4.9-(c). The values of the capacitance are arranged
in Table 4.4. Since the ferrite of the core is a very low conductivity material, the
parasitic capacitances between the inductor and the core have been ignored. The

inductor’s geometry and dimensions are shown in Appendix A, Figure 7.3.

The element in the matrix C;,;, are the sum of all capacitances from one conductor to
all other conductors (C¢1¢1=Ci1¢3+ CeatatCises.. . TCtaatae). These terms represent the

self-capacitance of the conductors. Each is numerically equal to the charge on a
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conductor when one volt is applied to that conductor and the other conductors

(including ground) are set to zero volts.

The turns were separated into individual rings in order to obtain the capacitance
between them. A natural boundary is considered, where the normal component of the
electric flux density D changes by the amount of surface charge density, and the
tangent component of the electric field E is continuous. No special conditions are
imposed. A region of air with size 100% bigger than the inductor size is encompassing
the inductor but no voltage distribution has been applied between the inductor and the

region.

Figure 7.9 in Appendix C shows the capacitance matrix of the inductor as in
arrangement in Figure 4.9-(c). The stray capacitance between non-adjacent turns will

be ignored since it is small comparing to the capacitance between adjacent turns.

Turn 1

Turn 52
(b)

Figure 4.9- Different arrangement of the inductor in order to obtain the stray

capacitance.
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4.3 Magneto-static Simulation, Inductive Parameters

In order to evaluate the inductance for each turn in Figure 4.9-(a) & (b) considering
also the coupling inductance between turns, the inductance matrix has been obtained

from Maxwell (Magneto-static solver).

4.3.1 Grouping Inductance Matrix Elements

The matrix with the inductance of each turn and the mutual inductance between the
turns has been obtained using Maxwell software (Electro-magnetic software), a
current has been be applied across the inductor.

The inductance matrix calculation is processed using the grouping function [ 121]
which considers the coupling between the turns. The inductances of the coils can be

calculated as follows:

m m m
Lseries group = Z Lcoili + ZZ Mij XnXn; ,i#]
i=1 i=1j=1

i= j

EQ 4.20

Where:

* m is the number of source entries being grouped.

« Lcoil; represents the self-inductance term of the coil

* Mij the mutual inductance terms between the turns of the inductors.

* ni ,n;j are the number of turns for each coil in the group.

Figure 7.10 in Appendix C shows the inductance matrix of the inductor as in the

arrangement in Figure 4.9-(b).

4.4 The Equivalent Circuit of the Inductor

After computing the capacitance and inductance matrices for the inductor using
Maxwell Electro-statics and Magneto-static simulation a proposed equivalent circuit
will be solved using these values in order to obtain the impedance curve of the inductor

in frequency domain.

An equivalent circuit (the classic lumped model of an inductor), as shown in
Figure 4.2-(b), of an inductor has been explained previously [ 54][ 56][ 119][ 123],
where the parasitic capacitance turn to turn, turn to substrate and turn to core were

analysed.
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This method is referred in this chapter as notionl and is explained below analytically
using standard derivation considering 3 turns, as shown in Figure 4.10, assuming
R1=R2=R3=0 in order to simplify the formulas.

icl

Figure 4.10- Lumped model of three adjacent turns of an inductor, notion 1.

4.4.1 The Equivalent Circuit of the Inductor Notion 1

From Figure 4.10 the input current is split through the inductor’s turns i, i, & iz and
the parasitic capacitors i.q, i, &ic3. While v is the voltage drop across each turn and

its parasitic capacitance.

i = i1+ic1 EQ 421
i:i2+i62 & U=v1+v2+v3
i=i3+ic3

The instantaneous voltage across each turn of the inductor is equal to total inductance
of the turn multiplying by the instantaneous rate of current change (amps per second).

For a constant amplitude, sinusoidal current through the three turns the voltage vector

IS given by:
U1 Ly M;; M3 di1/deq EQ 4.22
[Uzl =[M21 L, M23] X |diz/dez | = jo[L] X [lzl
M3, Mj, diz/des

While, the instantaneous current through each parasitic capacitors is equal to
capacitance of the turn multiplying by the instantaneous rate of voltage change (volts

per second). For constant voltage across the three turns the current vector is given by:

EQ 4.23
o 3B
Cs

Using EQ 4.21in EQ 4.22
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1 vy i1 A EQ4.24
— X [L]7' % [vZ = [izl = [i - icz]
]0) U3 i3 l - ic3

Using EQ 4.23 INEQ 4.24

(%1
@lx[u—1+ﬁ4qH}x[w]:
V3

jw

i EQ4.25
i
i
Thus, the admittance Y and the impedance Z of the inductor with 3 turns are:
(1 _ . EQ 4.26
Y=o x 117 + jolCul} Q

z= (N == x W7 +jo )] EQ 4.27

While the capacitance matrix and the inductance matrix of the three turns are:

¢ 0 0 Ly M, M3
[Cu] = [0 C; O0]&[L]= [M21 L, M23]
0 0 G M3y Ms, L

This method has been validated experimentally, first the impedance curve of the
inductor in Figure 4.9(a) has been obtained from solving notion 1 in MATLAB using
both inductance and the capacitance matrices from the MAXWELL Software. A
Ferrite N95 core has been used in order to increase the inductance value, thus the
resonance frequency is decreased and the impedance curve with its maximum value

can be captured with the analyser frequency range [20 Hz-120 MHZz].

The impedance curve of the inductor has been obtained by the KEYSIGHT E4990A
impedance analyser. Both curves are compared as shown in Figure 4.11, where there
Is a significant difference between both simulation and experiment. For the resonance
frequency, there is a difference of 63 MHz which means that resonance frequency’s
value from measurements is around 58% below that from simulation. This difference
can’t be justified only by the measurement errors and the difference in the inductor
geometry between the designed and the real inductor. This means that this studied
equivalent circuit (notionl) is not accurate for the inductor of this study. For the
difference of the magnitude at resonant frequency this is due to the fact that the
resistive component in the equivalent circuit has been ignored in order to simplify the

simulation.
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6 Impedance Z (simulation vs measurements)-Equivalent Circuit 1
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Figure 4.11-Impedance Z of inductor with 26 turns and N95 ferrite core-

simulation vs measurements using equivalent circuit 1(notion 1).

From the comparison between the computed parasitic capacitance from both
simulation and measurements in Table 4.1 an important difference is noticed that the
simulation capacitance’s value is around 3 times smaller than it is in measurements,
the effects of parasitic capacitance are not accurately reflected in the model. Therefore

a more precise equivalent circuit is needed. This equivalent circuit of the inductor is
proposed and called Notion 2.

Table 4.1- Total parasitic capacitance C (pF) for the inductor with 26 turns

and N95 ferrite core, notionl vs measurements

Total parasitic capacitance C (pF)

Simulation Measurements

0.1 0.33
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4.4.2 Distributed Model

In this section, a new approach, regarding the turn to turn parasitic capacitance will

be presented and will be explained using two turn model as shown in Figure 4.12.

C1 |_J C2

Figure 4.12- Proposed analyses method for parasitic capacitance between two

turns.

Each turn has been divided into two partial inductance, (1, 2, 3) for first turn and
(3, 4, 5) for second turn as shown in Figure 4.12. When the current enter point 1 it
divides and part of it passes through the parasitic capacitance c; and arrives at point 4
after the point 3 which means to the second turn as it is explained more in Figure 4.13.
Similarly, when the current enter point 2, part of it passes through the parasitic
capacitance c; and arrives at point 5 after the point 4. Thus each turn to turn
capacitance c;; is the sum of capacitors c; and c,, also each turn inductance Lt is the

sum of inductors L1and L2.

ic2

— 2
detey A :
e !

Figure 4.13- Electric circuit representation of the proposed analysis method

for parasitic capacitance between two turns.
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From Figure 4.13 the input current is split through the inductor’s partial
turns (i, i,, i3 & i) and also through the parasitic capacitance i, (between 1&4) and
ic» (between 2&5). v is the voltage drop across each turn and its parasitic capacitance.
Thus, the current and the voltage drop in the circuit are as in the following equations:
ip = il;:il:il;l—icz zii iﬁliﬁiiiﬁ v=vitv vt SO
i =1—i
g =1
The instantaneous voltage across each partial turn of the inductor is equal to
inductance of that part multiplied by the instantaneous rate of current change (amps
per second). For constant amplitude sinusoidal current through the two turns as shown
in Figure 4.13 the voltage matrix of the voltage of each partial inductance (ignoring

mutual coupling) is giving in the equation:

vy Ly 0 0 0][i1 EQ 4.29
Vol _ . 0 LZ 0 0 iz
vs| T2 * o 0 Ly of|is
Vs 0 0 0 Ly Lig

The instantaneous current through each parasitic capacitors is equal to capacitance of
the turn multiplied by the instantaneous rate of voltage change (volts per second). For
constant voltage across the two turns the current matrix giving:

fe1] _ 1 0] Ve1]. {icl =chlvcl} EQ 4.30

[icz] =Jo x]g el ™ [Ucz]' ic, = Jwcyv,

Considering iy, i5, i3 and i, from EQ 4.28 in EQ 4.29:

2 Ly 0 0 0 Ul P EQ4.31
UZ ] 0 L2 0 0 i_icl_icz

va| =IO 0 0 Ly o |i—i, —ig

Va 0 0 0 L, i — gy

considering i, &i.,from EQ 4.30 in EQ 4.31:

(2 Ly 0 0 0 i €1V¢, EQ 4.32
vyl _ . 0 L, 0 O il _ C1V¢, + 2V,
L 0 0 0 L, L C2Vc,

considering v, &v,, from EQ 4.28 in EQ 4.33:
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vy Ly 0 0 0 i c1(vy + vy +v3) EQ 4.33
[vz = jw X 0 L, 0 0 v H wlf (v + vy +v3)+ (v +v3 +vy)

V3 0 L3 O i c1(vy + vy +v3) + (v +v3 +vy)

2 0 0 0 L, l (v +v3 +vy)

assuming that c;=c,=cy :

2 Ly 0 0 0 i vy [Cd Cq cg O 1 EQ 4.34
vo| . 0 L, 0 0 il . fv2| lca 2ca 2¢q cql
U3] —Jjwx 0 0 Ly O X ll‘ J lv3‘ % |Cd ZCd ZCd Cdl
Vq 0 0 0 L i Va 0 C4 Cq CdJ
Thus:
(21 i EQ 4.35
1 -1 Vol _ |i
{ij [L17! + jo[Cul} X [v3 = H
7 i
Ly 0 0 0]
10 L, 0 O
Where [L] = 0 0 Ly 0
0 0 0 L,J|
and
Ca Ca (o] 0
_ Ca ch ZCd Ca
[CM] a Ca ch ZCd Ca
0 Cq Ca Ca
And Figure 4.13 leads to:
V=v 4, + vz + vy = (B Xieg Zij X 1) EQ 4.36

Thus, the admittance Y and the impedance Z of the inductor with 2 turns are:

Y = {=x [L]7 + jo[Cy]] EQ 4.37

jw

Zyy Zip Zyz Zyy EQ 4.38
Z=()" = {Ex L™ +jo [Cy]} =

jw
Assuming that it is assumed that c; = ¢; = c,.
4.4.3 New Lumped Model of the Inductor Notion 2

A new lumped model for two adjacent turns of an inductor (notion 2) is proposed as

shown in Figure 4.14.
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Ctita=C1+C2 (] Ct3t4

-—— - =0

1 L1l L2 518 Lt4
Lt1=L1+L2 I H

|

Ct2t3

Figure 4.14- Proposed lumped model of two adjacent turns of an inductor
(notion 2) for parasitic capacitance between two turns.

The equivalent impedance of this lumped model (notion 2) is
Zeq = oo EQ 4.39
ttht
c;¢ 1S the turn to turn capacitance and it is the sum of capacitors c; and c,, also each

turn inductance Lt is the sum of inductors L1land L2.

The equivalent impedance of each of the three previous models, for two adjacent turns,
(as in Figure 4.10, Figure 4.12 and Figure 4.14) are compared in Figure 4.15. In this
comparison the distributed model (Figure 4.12) is extended to 32 partial inductance

and the model have been solved numerically. Parameters for these calculations are:

o Li=Ly=Lyp=Li+Ly+ Ly+ -+ Lyy=Las+ L3+ Lyg+ -+ Lgs

o Li=L,=Ly==Lg=L;/32

o (p=0C+Ca+Cy+-+ (3

o (1=0C=0C="= (3, =Cy/32

e Fixed values for C;; = 3pF and L; = 1 nH have been considered in the

calculation.
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A comparison of the equivalent impedance of each of the three models

10 — Yy L T T TVl
—Proposed analysis method for parasitic capacitance
-==lumped model (notion 2) ¥
o lumped model (notion 1)
10 !
G
N 10°
0]
o
=
©
B0
Q.
£ 10
107
104%‘12 AR5 T+ T O ¥+ il
10 10 10 10 10 10 10 10
Frequency (kHz)

Figure 4.15-A comparison of the equivalent impedance of each of the three

previous models.

The first resonant frequency of the distributed model is smaller than classical lumped
model (notion 1) and higher than the proposed lumped model (notion 2). However, as
the measurements showed in Figure 4.11, the resonance frequency of the inductor is
over estimated by notion 1. This comparison (Figure 4.15) shows that notion 2 can
better represent the frequency behaviour of the inductor, as it already predicts a smaller

first resonant frequency comparing to the distributed model.

Here, the idea of notion 2 will be applied to a 26-turns inductor as shown in Figure 4.16

and compared with measurements.

Ctlt2 Cr3e4 Ct23124 Ct25126
1| 1| ’ Il Il
I I ] I
AL A AN W\J_/WN‘ FAL A o — — — — o NN "I‘W\J_NTW FA LAY o
Lil 2 I3 Lt4 Lt23 L24 LS Lt26
u u
ce : Ct24125

Figure 4.16- Proposed lumped model of 25 turns of an inductor (notion 2).

97



The experimental impedance curve of the inductor was obtained with the usage of
Analyser KEYSIGHT E4990A while the theoretical impedance curve was obtained
by solving the equivalent circuit equation from above for 26 turns in MATLAB
R2012a using both inductance and the capacitance matrices from MAXWELL

Software. The impedance curves are compared as shown in Figure 4.17.

Impedance Z (simulation vs measurements)-Equivalent Circuit 2

10 ‘ M T ——r —
——analyser
Egivalent circuit 2
6
10 = 8 =
EN
80
~ § MHz
~
o 4 / :\
N10 - , SN
4] - |
= — 14
g 2 e 88
8_']0 = = s MHz -
E
0 -
10 / E
-2
10 i piil il i il i i i i i
3 4 5 6 7 8
10 10 10 10

10 10
Frequency (Hz)

Figure 4.17- Impedance Z of inductor with 26 turns and N95 ferrite core-

simulation vs measurements using equivalent circuit 2.

The comparison between the simulation using the proposed notion 2 and the
measurements indicates a good agreement between them. For the resonance
frequency, there is a difference of 8 MHz which means that resonance frequency’s
value from simulation is around 90% of that from measurements. This difference can

be justified by:

1- Measurements error due to compensation and calibration in the impedance
analyser.

2- The difference in the inductor geometry between simulation and reality which
might cause slight differences in both inductance and parasitic values.

3- For the difference of the magnitude this is due to the fact that the resistive
component in the equivalent circuit has been ignored in order to simplify

solving the simulation.
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Parasitic capacitances has been obtained from the impedance curves and compared in

Table 4.2. It shows a reasnoble agreement between simulation and measurements.

Table 4.2- Total parasitic capacitance C (pF) for the inductor with 26 turns

and N95 ferrite core, notion2 vs measurements

Total parasitic capacitance C (pF)

Simulation Measurements
0.39 0.32

4.4.4 Simplified Equivalent Circuit in Simulation

The simulation is done in both MATLAB and LTSPICE, where in MATLAB the
inductance matrix, which was obtained by MAXWELL Electro-magnetic solver, is
imported including the coupling between all turns. In LTSPICE a simplified method
is applied and the total inductance value taken from MAXWELL is divided by the
number of turns and called inductance per turn Lt. In this case coupling is ignored. It
has been proved that both methods of computing the inductance have the same results
regarding to the impedance curves up to the first resonance frequency as shown in
Figure 4.18.

LTSPICE (no inductance coupling) vs MATLAB (with inductance coupling)

—LTSPICE
— MATLAB

_
o
)

oy
o
£

_
o
(]

Impedance Z (Ohm)

il i BB i Liiiil i i i i i i ifi
10 10 10° 10 10
Frequency (Hz)

Figure 4.18- Impedance curve for one inductor with N95 ferrite core 26 turns.
LTSPICE vs MATLAB
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4.5 The Two Port Network Measurements

In this section the two port network measurements will be explained in order to obtain
the transfer function from the output to the input with open output I,= 0 which will
reflect the behaviour of the interturn parasitic capacitance of the proposed inductor
and between the inductor and the bottom substrate. This kind of measurements is
needed when the inductor is soldered on the substrate as shown in Figure 4.9-(c) and
Figure 3.9.

A two port network is a four terminal circuit in which the terminals are paired to form
an input port and an output port. The defining of port voltages and currents are shown
in Figure 4.19. The linear circuit connecting the two ports is assumed to be in zero
state and to be free of any independent sources, which means that there is no initial
energy stored in the circuit and the box in the figure below contains only resistors,
capacitors, inductors, mutual inductance, parasitic capacitance and dependent sources
[ 124].

Input terminal pair Output terminal pair
(input port) \ (output port)
T L _‘_0__” 2o B
| I 1
el y + 1
i Two-port i A4
! | 1 1
Bl [Z] : =
| | |
ey S R =

/
\
/
\

Figure 4.19- Two-port circuit [Z]impedance matrix [ 125].

In order to characterize a two-port circuit we should identify the circuit parameters. In
this approach, port voltages V;and V, and port currents I;and I, are the only available
variables. The circuit parameters are defined by expressing two of these four port
variables in term of other two variables. The four matrices, which can be obtained by
analysing the two port network, and their defining equations are organised in Table 4.3

below.
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Table 4.3- The matrices which can be obtained by analysing the two port
network [ 125].

Matrix Express In Defining equations
terms
of
Impedance ViV, I, I Vi =z + zi3l; and V, =z, +
(211 Z12] Zyoly
[Z21  Z221]
Admittance I, I, Vi,V | Ii = yiVi + yVo and I, = y Vi +
(V11 V12] V22V
V21 V22l
Hybrid Vi1, L,Vo | Vi =hy; + hpVoand I, = hy I +
_hll h12- h22V2
_h21 h22_
Transmission Vil Vs, Vi, =AV,—BI,and V, =CV, — DI,
[A B -1,
C D

In order to obtain these matrices experimentally the two port network open /short
measurements [ 126][ 127], should be done with the usage of impedance analyser. On
the other hand, to obtain the impedance curves analytically the equivalent electric

circuit of the inductor from notion2 will be simulated with the usage of LTSPICE.

To find the transfer function matrix [T], the impedance matrix [Z] has been found first
analytically using standard derivations [ 125] and experimentally following the two
port circuit measurements for the equivalent circuit of the passive components as

shown in Figure 4.19 below.
The port voltage in terms of the port current [ 125]:

Vz = 22111 + 22212 EQ 441
Both Z,,& Z,, are the driving points of the two port’s impedance. While, Z;, is the

forward transfer impedance and Z,; is the reverse transfer impedance.
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For reciprocal networks Z;, = Z,;. For symmetrical networks Z,; = Z,,. For

reciprocal lossless networks all the Z;4, Z5,, Z;, and Z, are purely imaginary.

In order to find the impedance matrix the open/short circuits measurements between

AC and BD in Figure 4.19 are done as in the following equations [ 125]:

1- Measurements between AC with BD open, I, = 0:

Vi EQ 4.42

2- Measurements between AC with BD shorted, V, = 0:

AVYAR _ E EQ4.43

Zy =21 —
2 11 Z22 11

3- Measurements between BD with AC open, I; = 0:

2 EQ4.44

_ 221212 _ Vz EQ 4.45

The impedance matrix Z is found by solving these equations EQ 4.42 till EQ 4.45 :

Zl \/le3 - ZZZS = \/ZSZ]_ - Z4Zl EQ 446
\/le3 - 2223 = \/2321 - Z4Zl Z3

To find the transfer function matrix from [Z] to [T1], as shown in Figure 4.20,the input

voltage and current are expressed in terms of output voltage and current:

V, = AV, + BI,’ EQ 4.47

11 = CVZ + Dlzl: 12, = _12 EQ 4.48
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Figure 4.20- Two-port circuit [T1] Transmission matrix [ 125].

In order to find the transmission matrix the open/short circuit measurements between
AC and BD in Figure 4.20 are done and by solving EQ 4.40, EQ 4.41, EQ 4.47 and

EQ 4.48. the transmission matrix is :

Z11 ~Zi2Zoat Z11Z3; EQ 4.49
[T,] :[Al Bl] — | % Z21
1 Ci D 1 Za2
Z21 Z21

And the transfer function T which express the output voltage to the input voltage

when the output is open circuit is:

Tr =2 When —I, = 0 = 2 EQ 4.50
Vi Z3

4.5.1 The Inductor in LC Filter

In order to study the performance of the inductors on the substrate (Figure 3.9) as a
part of LC filter, the inductors on the PCB are associated with capacitors to achieve a
complete LC filter. The inductor is connected to a capacitor Co of value 4 yuF shown
in Figure 4.21. The experimental result is presented in the experimental validation

section below.
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Figure 4.21- The output Capacitor Co (4 pF).

The transfer function matrix [T] for the cascaded circuits of the inductor and the

capacitor, shown in Figure 4.22, will be found.

Input terminal pair

Output terminal pair

(input port) (output port)
Inductor (L) I Capacitor Co /
/':\\ .l' 3 .’-‘ l':\\
ﬁA
i . By
V', E Two-port v, Two-port LA
! ' |
Vol ~ s )
V-1 T1 - 12 .
TR Zan = TN

/
\
/
\

Figure 4.22- Tow-port circuit with output capacitor C.

The equations EQ 7.1 to EQ 7.16 in Appendix C explain how to cascade two two- port
circuits. Thus, following the same method, the output port in terms of the input port is

[ 125]:

v V. EQ7.3
= | °
1 3
L C; Di]1C, Do]lIS' ¢ Dl
And the equivalent transmission matrix of the two
cascaded ones is [T]:
_[A B EQ75
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A=A;A, + B,C,

B=A,B, + B, D,

C=C,A, + D,C,

D=C,B, + D, D,
The LC filter will be analysed later using the impedance analyser.
4.6 Simulation and Experimental Validation

With the usage of LTSPICE IV software and MATLAB R2012 the equivalent circuit
will be solved in order to find the resonance frequency and the impedance curve. Ctt
is the turn to turn parasitic capacitance, Cm is the parasitic capacitance between the
two half-windings and Cts is the parasitic capacitance between the inductor windings
and the bottom substrate. Figure 4.23 shows a two turns’ equivalent circuit and a cross
section showing the structure of the equivalent circuit of two inductor next to each
other soldered on a copper substrate each of n and m turns. Component values are

given in Table 4.4.

Table 4.4- Passive values of the inductor obtained by Maxwell software

Terms Description Value used
in LTSPICE
Cre capacitance between adjacent turns | 3.4 pF
Cm capacitance between two adjacent 0.04 pF

turns, one in each half-winding
(both inductors)

Cts capacitance between the bottom 1.5 pF
copper substrate and the inductor

R:(DC) dc resistance per turn 0.6mQ

Ltotar (air cored) Total inductance for 52 turns- air 6 uH

cored inductor obtained from

Maxwell Electro-magnetic solver
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Ly (air cored) = Lyo¢q; (air cored) Inductance per turn for air cored 0.11pH
/52 turns inductor
L; (N95 core with distributed air Total inductance for 26 turns- 10pH
9ap) = Ltorqr (N95 core with Ferrite N95 core with distributed air
distributed air gap)/26 turns gap 18/10-obtained from Maxwell
Electro-magnetic solver
Ltotar (N95 core with distributed air | Inductance per turn for N95 core 0.38uH
gap) with distributed air gap
Litotar (N95 core with distributed air | Total inductance for 52 turns- 24 pH
gap) Ferrite N95 core with distributed air
gap 18/10-obtained from Maxwell
Electro-magnetic solver
L (N95 core with distributed air Inductance per turn for N95 core 0.45 pH
9ap) = Leorar (N95 core with with distributed air gap
distributed air gap)/52 turns

The accuracy of the suggested notion2 and equivalent circuit approach will be

validated by comparing the simulation results to measurements which are done with
the usage of the impedance Analyser KEYSIGHT E4990A.

(a)

Ctt

m+1 turn

(b)

Figure 4.23 — (a) Two turns’ equivalent circuit. (b) A cross section showing the

structure of the equivalent circuit of two inductor next to each other soldered

on a copper substrate each of n and m turns.
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4.6.1 Pre Test Preparation; Calibration and Compensation of the

Impedance Analyser KEYSIGHT E4990A 20Hz-120MHz.

In order to prepare the experimental set-up pre-test essential calibration and
compensation steps have been done prior to the measurements of the inductor. The
Oscillator Levels (Voltage or Current) are included in Table 4.5.

User calibration consists of two calibration data acquisition procedures: OPEN and
SHORT circuit, these types of calibration data must be obtained when performing user

calibration, as shown in Figure 4.24.

Figure 4.24- The circuit models of the fixture compensation kit used for the
KEYSIGHT E4990A Impedance Analyser [ 128].

Table 4.5- The Oscillator (OSC) Level (Voltage or Current).

The Oscillator (OSC) Min Max
Level
(1 mV/20 pA resolution)
Voltage -05V +05V
Current 200 pA 20 mA
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4.6.2 Experimental Validation Inductor Equivalent Circuit Notion 2

The equivalent circuit of both inductors on short substrate, as shown in Figure 4.9-c,
has been simulated in LTSPICE using notion 2 as explained above and the values from

Table 4.4 were used in order to find the transfer function.

The measurement in the lab has been done with the usage of the impedance Analyser
KEYSIGHT E4990A, as shown in Figure 4.25 , where the impedance matrix [Z] has
been obtained through the method of two port network measurements. The transfer

matrix [T] has been obtained by solving the equations EQ 4.42 to EQ 4.49 in
MATLAB and plotting the transfer function, as in EQ 7.16 Appendix C, Tr = Z—then

(=1, = 0).

Figure 4.25- The two port network measurements of two inductors on short

substrate

The comparison has been done for the inductors with an air cored and with ferrite

N95. The impedance curves have been organised in Figure 4.26 and Figure 4.27.
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Transfer function- two indutors on short substrate with air cored
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Figure 4.26- The transfer function of the two inductors on short substrate with

air cored, simulation vs measurements (in power scale).

Transfer function- two indutors on short substrate with N95 core
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Figure 4.27- The transfer function of the two inductors on short substrate with

ferrite N95 core, simulation vs measurements (in power scale).

As it is shown in Figure 4.26 and Figure 4.27, notion 2 with the equivalent circuit-2
has generated a transfer function almost matching the curves obtained by the

measurements, although there is a difference in the magnitude due to the ac resistive
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effect which has been ignored in the simulation. Resonance frequency’s (f0) difference
between measurements and simulation for air cored and N95 ferrite core is 10% and
7% respectively, an acceptable error and it can be justified by the measurements error
due to calibration and compensation and the difference between the inductor geometry

in simulation and reality.

4.6.2.1 Modelling the Inductor on the Substrate Level at High Frequency

The main aim is modelling the inductor on the substrate level in order to estimate the
parasitic capacitance and its effect on the inductor performance and after the validation
of the proposed equivalent circuit notion2, the accuracy of notion2 has been found to
be satisfying.

Thus, in order to check the performance of both inductors on the substrate level, as
shown in Figure 3.9 and Figure 4.28, the equivalent circuit is simulated in LTSPICE
using notion 2 as has been explained above and using the values from Table 4.4 and
Table 4.6 in order to find the transfer function.

The measurement in the lab is done with the usage of the impedance Analyser
KEYSIGHT E4990A following the same method as before.

Figure 3.9 shows the substrate with the both inductors soldered on it, these two
inductor, each is with 26 turns, are connected together from one side forming one
inductor with 52 turns, while on the opposite side the current is passing through the
first inductor and coming out from the ending of the second inductor. Dimensions of
each inductor of 26 turns are shown in Appendix A, Figure 7.3. The main aim is to
characterise the inductor and the copper substrates total parasitic capacitance.

As it is shown in Figure 4.28 there are 5 areas where the parasitic capacitances are to
be computed. 2 and 4 present the equivalent circuits of the two inductors, while 1, 3

and 5 are the connected parts of the top copper substrate.
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Figure 4.28- The equivalent circuit of the two inductors soldered on the
substrate level with the parasitic capacitance of the inductor and the copper

substrates top and bottom.

In order to include the effect of the copper substrate in the two port network
measurements, the parasitic capacitances between the top substrate 1, 3 and 5 as shown
in Figure 4.28 have been obtained from Maxwell and the values have been organised
in Table 4.6. It shows that the copper substrate is contributing most to the parasitic
capacitance, thus dominating the parasitic effect on the transfer function of both

inductors and the substrate.

Table 4.6- Parasitic capacitance between the turns of the inductor on long

substrate
Ctt 3.4 pF
Cm 0.04 pF
Cts 1.5 pF
C3 53 pF
C4 50 pF
C5 25 pF
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As it is shown in Figure 4.29, the simulation has generated a transfer function curves
almost matching the curves obtained by the measurements. The first resonance
frequency’s (f0) difference between measurements and simulation is around 5%, an
acceptable error and it can be justified by the measurement error due to calibration and
compensation and the difference between the inductor geometry in both simulation

and reality.

Transfer function-two inductors on long substrate with N95 ferrite core

—Simulation W A
30-|—Measurements| :

20+

T —TTT T

=0

dB
o

Transfer function Vo/Vi:l2
)
e

-40 R HE oA i ol O B HE A
2 3 4

10 10 10 10° 10 10 10
Frequency (Hz)

Figure 4.29- The transfer function of the two inductors on the long substrate

with ferrite N95 core, simulation vs measurements (in power scale).

The transfer function which is reflecting the frequency response of the inductor has
been studied through simulation in order to understand what parameters of the inductor

and the substrate affecting the resonance and anti-resonance.

In LTSPICE simulation, the values of the inductance, capacitance and resistors from
Figure 4.28 has been changed and the frequency response has been obtained and the

effect on the resonance frequency has been noted as it is shown in Figure 4.30 below:
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Figure 4.30- The Transfer function from the input to the output in frequency

1-

domain from simulation.

The first resonance frequency f; is subject to the inductance value L, and
L, and also Cg, the parasitic capacitance of the copper substrate part (5),
while the peak is subject to the resistor of R.

The second resonance frequency is subject to the inductance value of the
first inductor L, the turn to turn capacitance C;., of the first inductor and
C, the parasitic capacitance of the copper substrate part (3).

The anti-resonance frequency is subject to the inductance value L; and L,

and the turn to turn capacitance C;;, and Ctt,.

An overlay of the result from Figure 4.27 (the inductor with ferrite on short substrate)

and Figure 4.29 (the inductor with ferrite on long substrate) for comparison, with the

consideration of the fact that the inductance value L, &L, also the inductor parasitic

capacitance C;, C,, and C., are the same in both cases, shows that with the

contribution of the extra copper part to the parasitic capacitance the resonance

frequency has dropped almost 40%. Furthermore the peak of the first resonance
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frequency has increased around three time due to the reduced resistance in the long
substrate. Here the comparison was made between the results from the measurements
only as for simulation the ac inductor resistance R, has been ignored. The second
resonance frequency has dropped due to the existence of C, caused by the extra copper

substrate, considering that both L, and C;;; are the same in both substrates.

In simulation or measurement, the multiple resonances and anti-resonances from the

model may be artefacts of the simulation model (C and L discretisation).

4.6.2.2 The confidence factor CF’s validation

A confidence factor was introduced as a useful consistency test to check measurement
reliability.

From EQ 446 ZzZ3 = Z4_Zl
Thus, the confidence factor is defined as follow:

CF = |(Z223)/(Z4Z1)| = ((Z4Z1)/(Z2Z3)] EQ4.51

If the condition in EQ 4.46 is met then the confidence factor CF is equal to 1. This
condition has been explored with the usage of the analyser KEYSIGHT E4990A and
CF for the both inductors on the long substrate has been compared as shown in
Figure 4.31.

CF of the inductor with ferrite N95 core is equal to 1 up to 4 MHz then it deviates
from 1, we are able to distinguish a maximum deviation of about 1.8 times at 5 MHz,
while CF of the inductor with air cored core is equal to 1 up to 7 MHz after this it
deviates from 1 about 1.6 times at 60MHz. and this because of the fact that the
measurement accuracy changes with impedance, leading to large errors in one or more

of the impedance matrix terms.
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Figure 4.31- The confidence factor validation for the two inductors on the long

substrate.

4.6.3 The Inductor in an LC Filter Application

The inductors on the PCB are associated with capacitors to achieve a complete LC
filter. The capacitor consists of connected capacitors in parallel and series soldered on
a PCB as shown in Figure 4.21. Schematic PCB details are given in Figure 7.12 and
Figure 7.13 in Appendix C, while its impedance Z curve is shown in Figure 7.14.

The transfer function for the inductor and output capacitor (LC filter), as shown in
Figure 4.32, has been obtained with the help of the impedance analyser (two transfer
functions measured separately ) and combined using cascading two of two- port circuit

formula EQ 7.1 to EQ 7.16. It shows a resonance frequency of 17 kHz.
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LC filter( connected to Co): Designed inductor with output capacitor
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Figure 4.32- Transfer function-The designed inductor with N95 ferrite core-on

PCB and the output capacitor Co.

4.6.4 Comparison with a Commercial Inductors

A comparison between the designed inductor and the high current commercial
inductor (the same as used in the previous comparison) and has been done for the
filtering perspective. The commercial inductor has an inductance of 30 uH and a self-
resonance frequency around 6 MHz. The transfer function for each of them with the
output capacitor Co is shown in Figure 4.33.

LC filter( connected to Co): Designed inductor vs Commercial inductor

The designed inductors with core material N95 and distributed air gaps-on substrate
Commercial Inductor

40

20

T

=0

Transfer function Vo/Vi:12
(dB)

10° 10° 10 10° 3 4
Frequency (Hz)

Figure 4.33- A comparison between the transfer function of the designed

inductor and the commercial inductor with Co (in power scale).
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It is shown from the results above that both inductors has almost the same performance
in the LC filter at high frequency with a difference in the first resonance frequency of
3 kHz and a larger difference between the 3" and the 4™ resonance and anti-resonance
frequencies due to the difference in the winding geometry of the both inductors which
leads to a different parasitic capacitance between the both. Also the difference of the
magnitude of both curves indicates a lower resistance in the designed inductor than in
the commercial. In other words, both inductors have a close enough performance at
high frequency, but the designed inductor is still more preferable for size and weight
which suits the integration on the PCB substrate level. Please refer to the weight and

size of the designed inductor in Chapter 3 section (3.5.3).

4.7 Conclusion

In this chapter, a characterisation of the magnetic components (the designed inductor
and magnetic core) has been done. The classical approach (notion 1) has been found
not suitable to model the proposed inductor at high frequency as it fails to predict the
first resonance frequency of the inductor as shown in Figure 4.11, where that
resonance frequency’s value from measurements is around 58% of that from
simulation. Thus another equivalent electric circuit of the inductor (notion 2) is
proposed and solved in LTSPICE in order to predict the resonance frequency of the
inductor. A comparison between the simulation and the measurements, as shown in
Figure 4.17, indicates a good agreement between them. The resonance frequency’s

value from simulation is around 90%.

The proposed method has been validated experimentally using the Impedance
Analyser KEYSIGHT E4990A by means of impedance measurements between the
input and output of the inductor. Results have shown a good agreement between
simulation and measurements. Thus, the proposed equivalent circuits is considered to
be valid. The inductor with the core material on the DBC has shown a resonance

frequency of 4 MHz.

A comparison between the designed inductor and a commercial off-the-shelf inductor
from the shelf with a similar magnetic aspect has shown a similar performance for
both inductors at high frequency but the designed inductor is still preferred due to its

small size and weight which suits the integration on the PCB substrate level.
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5 Chapter 5- Loss Measurements under DC bias and AC

Ripple
5.1 Introduction

In this chapter the performance of the designed inductor, under realistic operating
conditions is investigated. This magnetic component can be used as the output filter
in a PWM inverter or a DC/DC converter. Figure 5.1 shows typical current waveforms
which the windings of the inductor will be expected to conduct. In these waveforms,
a high frequency AC ripple component is superimposed on a low frequency or a DC

component.

Increasing the energy density of the magnetic components is achieved by increasing
current densities through the inductor windings since energy is proportional to current
squared. Thus, it is important to study the losses produced in this component and
identify the magnitude of each source of loss. This will be accomplished by taking
into account the performance of the component under the large signal AC ripple and

instantaneous DC bias tests (part of a low frequency AC component).

After measuring the total energy loss in the magnetic component, the contributions of
different sources of loss into that total loss, under an instantaneous DC bias and AC
ripple, are investigated. These sources are: magnetic core loss, AC loss in the windings
and the losses due to the DC component of the inductor (winding) current.
Measurements are made using large signal rectangular voltage waveforms in order to
provide more representative results for power electronic applications and provide a

basis for validation of design simulations.

The magnetic losses and their dependency on the frequency and flux density will be
examined in detail within this chapter. Large signal characterisation, unlike the small
signal analysis, is limited to lower frequencies (some 250 kHz). However, they provide
conditions which are closer to those which would be found in the real applications and
therefore one can rely on the characterisation results to estimate the performance of
the magnetic component. Operating within these conditions will produce different
levels of losses in the core compared to losses that are given by the datasheet values
and this will be compared below.
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Figure 5.1- AC current ripple superimposed on an instantaneous DC

component.

5.2 Winding and Magnetic Losses in Inductor

Inductor losses consists of winding losses and core losses. These losses are caused by
DC and AC current.

1- Losses under DC current: The losses in a DC inductor are made up of copper
losses due to the winding resistance.

2- Losses under AC current: The losses in an AC inductor are made up of copper
losses (resistive, eddy current and proximity losses in the windings) and
Magnetic losses in the core (due to hysteresis and eddy current if the core is

conductive).
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5.2.1 Winding Loss

In general, winding losses are subject to the shape and frequency of the current flowing
through the inductor winding. For instance in applications such as PWM converters,
the inductor current contains a DC component, a fundamental component and
harmonics. Thus, the resulting winding loss depends on the DC current components
as well as the DC and AC winding resistances R,,pc and R, 4 respectively. Studies
have been done on AC resistance of windings at high frequencies including skin and
proximity effects [ 87][ 129][ 130]. Analytical methods in calculating high frequency
winding loss (in round wire) such as Dowell’s method and Bessel-function methods
require assumptions which severely reduce their accuracy [ 131]. Moreover, this

method is valid only for non-gapped magnetic materials.

Thus some modification of Dowell’s method [ 131] was proposed based on FEM
simulation data and expressing the results in terms of normalized parameter. Thus they
construct a model to determine proximity-effect loss for any round-wire winding. Such
numerical methods are capable of calculating loss with errors less than 2% and as each
individual conductor must be modelled, this drastically reduces the speed for designs

with high conductor strand counts.

Studies on non-sinusoidal inductor current waveforms [ 132][ 133] and high-
frequency effects on the winding losses [ 134] have also been presented previously.
However, there is a lack of comprehensive approaches to inductor design with gapped
cores taking both skin and proximity effects into account in the presence of a non-
sinusoidal inductor current. Furthermore, the superimposed DC and AC current
waveforms effect, which was ignored in [ 132], should be considered too. Thus, further
methods for finding the losses under these conditions will be investigated.

5.2.2 Losses under High Frequency AC Ripple and DC Bias with an
air-gapped core

The ideal choice for the magnetic material is one with high magnetic saturation and

low magnetic loss, however when using an air-gapped core, applying high frequency

ripple will introduce additional losses in the windings around the air gap, this is known

as proximity losses. This is due to the magnetic fringing flux interacting with the

windings around the airgap as shown in Figure 2.7 (the flux fringing has been

explained previously in chapter 2). When the length of air gap increases, the proximity
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effect also increases [ 135][ 56]. The reason is that when the gap dimension becomes
too large, the fringing flux will interface with the copper winding and produce eddy
currents within the winding, generating heat, just like an induction heater. The fringing
flux will jump the gap and if the core is conductive, will also produce eddy currents

in the core, as shown in Figure 2.7.

winding Fringing flux
p -
=SS
—AIr-—
Core —0ap— Core
TR 1% ,_v-, S

Figure 5.2-flux fringing at air gap [ 56].

Existing high-frequency winding loss calculation methods usually include skin effect
[ 136], but ignore the fringing effect losses (proximity loss) caused by air-gap fringing
fluxes, resulting in large errors for winding loss analysis and loss reduction designs .
Hu and Sullivan [ 137] proposed a method to replace the air-gap effect with an
equivalent winding in the air-gap location and to delete the winding window boundary
effects of the core and set of current carrying conductors in a region of uniform
permeability. However, with a large air-gap, the accuracy of this method will be poor,
especially for the field distribution near the air-gap. Thus, another study [ 138]
proposed a modification scheme which is suitable for larger air gaps by replacing the
air-gap magnetic voltage drop with an equivalent surface current sheet with certain

shape and certain current density distribution near the air-gap.
In general, the DC inductor winding resistance is given by:

R = Pwhy FQ5.1

wDC — Ay
Where p,, is the winding conductor resistivity, L, is the winding conductor length, and

A,, 1s the cross-sectional area of the winding conductor.
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If the inductor is operated at DC or at a low frequency and the current density is

uniform [ 54] then the winding power loss can be expressed by

PWDC = RchlgC EQ 5.2

Where I, is the RMS value of the current flowing in the conductor and R,,p¢ IS the

DC resistance of the winding.

When the operating frequency is high, the current density is not uniform anymore and
the winding AC resistance R,, 4. is higher than the DC resistance R, due to the skin

and proximity effects [ 54] and the AC winding resistance can be expressed by:

ARy
Rwac = Rwpc + ARwac = Rwpc (1 + R_AC) = FrRypc EQS53

wDC

Where R, 4¢ 1s the AC winding resistance, Fy is the AC-to-DC resistance ratio or
AC resistance factor, and it is defined as the AC-to-DC winding resistance ratio

Fp = Rwac _ 1 + ARwac EQ5.4

Rwbpc Rwpc

In applications where the inductor current is not a pure sinusoid, the harmonics
associated with the inductor current waveform should be taken into account when
calculating the winding power loss. In general, a periodic non-sinusoidal inductor
current waveform consists of a DC component, a fundamental component and an
infinite number of harmonics. If the DC component and the amplitudes or the RMS
values of the current harmonics as well as the DC and AC winding resistances at the
harmonic frequencies are known, the winding power loss at DC and each harmonic
and therefore the total winding loss can be calculated. The inductor current i.

waveform can be expanded into a Fourier series as in EQ 5.5

o °° EQ5.5
ip= I+ Z Lpn cos(nwt + @) = I, + \/ZZ I, cos(nwt + ¢,)
n=1 n=1

Where I;is the DC component of the inductor current, I,,, is the amplitude of the
nt" harmonic of the inductor current, I, = I,,/V2 is the rms value of the

122



nt™ harmonic of the inductor current, and ¢, is the phase of the n‘* harmonic

frequency.

Actually, Kondrath and Kazimierczuk, in their study [ 54] [ 139], proposed an
expression for winding loss due to skin and proximity effects including harmonics in
an inductor carrying periodic non-sinusoidal current. With the consideration of the
formulas EQ 5.1 till EQ 5.5 the general expression for winding loss because of the DC
current and all harmonics of the inductor current is [ 139].

Py = Pupc+ Puac = Rupcli + Xeq Ryacnl?

2 2 2 2
= RWDCIL + RWAClll + RWACZIZ + el +RwACn1n
— 2 Rwaci (Ia Z | Rwace L z o1 Bwacn (In 2
= Rwpcli + [1+ Rwpc (IL) + Rwpc (IL) L Rwpc (IL)

oo . In 2
- RWDC[II? + z:7l=1F1'(’TlI721] = RWDCILZ [1 + Zn:lFRn (Z) ]

— wbe [1 + Zn=1 Frn C—:)Z] = Pupc [1 + %Z?zoq Fpn (’;"_Ln)z]

EQ5.6
The AC winding loss is

Pyic = Yot Rwacnl> = Rupcli + Ryacils + Ryacals + -+ Ryacnl’ EQS5.7

Where R,,pcis the DC winding resistance, R, 4¢r, IS the AC winding resistance at the

nt™ harmonic frequency (Ryaci,Rwacz Rwacss --at fi,2f1,3f1 ....) and Fg, =

Rwacn is the AC-to-DC resistance ratio at the nt® harmonic frequency. Figure 5.3

wDC

shows the spectra of inductor current, inductor winding resistance, and winding power

loss.
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Figure 5.3 - Spectra of the inductor current, winding resistance, and winding
power loss. (a) Spectrum of the inductor current. (b) Spectrum of the inductor

winding resistance. (c) Spectrum of the inductor winding power loss [ 54].

5.2.3 Magnetic Losses under sinusoidal waveforms

Ferrite is a nonconductive magnetic material, thus it does not suffer from any eddy
currents flowing inside the material and there is no ohmic loss or resistive loss inside
a ferrite core. However, when magnetic materials such Ferrite, powdered iron or
composite nano-crystaline cores are subject to biased magnetic field strength, then the
magnetic losses increase with DC bias and AC flux amplitude causing a temperature
rise in core materials which affects the performance of power electronic device and

can potentially reduce the component life time. Therefore, the prediction of core loss
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is extremely important and as such, a great deal of effort has been made into modelling
core losses in magnetic components [ 140][ 141] [ 142] [ 143][ 144].

Typically, the equation that characterizes core losses is the power equation, known the
Steinmetz equation [ 64] EQ 5.8 .

P, = kf*B# EQ5.8

Where B is the peak induction of a sinusoidal excitation with frequency f, P, is the
time-average power loss per unit volume, and k, a,  are material parameters, which
are referred to as the Steinmetz parameters [ 145] and they are valid for a limited

frequency and the flux density.

Unfortunately, this empirical equation is only valid for sinusoidal excitation, while in
power electronics applications, the material is mostly exposed to non-sinusoidal flux
waveforms. Therefore, different approaches [ 140] [ 141] [ 146] have been developed

to overcome this limitation and determine losses for triangular flux waveforms.

5.2.4 Core Loss Measurements with non-Sinusoidal Waveforms
under DC Bias Conditions

Improvements of the Steinmetz equation have been made [ 140] [ 141] [ 146] in order
to estimate losses with non-sinusoidal waveforms. In [ 146] researchers studied the
possibility of separating the flux waveform into major and minor loops, they measured
the core loss using a toroidal ferrite core, and calculated the loss separately for the
major loop and for each minor loop but with loss depending on peak-to peak flux
density instead of instantaneous flux density. Although the improved method of the
Generalised Steinmetz Equation (iIGSE) overcame some of the problems with previous
methods, it still faced some limitations due to the difficulties of choosing Steinmetz
parameters with the variation of frequency and harmonic content over a wide
frequency range [ 146]. Furthermore, the iIGSE predicts loss independently of the dc
bias while for example the loss in a ferrite core is known to vary with DC bias [ 142].

In [ 143] [ 147], calculation of the magnetic losses uses a loss map of the magnetic
material on the basis of the dynamic minor loop, based on measurements is presented.

Here researchers used the loss map in order to store the loss information for different
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operating points, each described by the flux density ripple AB, the frequency f, the

temperature T, and a dc bias Hy,.

In other studies [ 111] [ 148], methods to determine core losses were based on
separating the total loss into loss components such as hysteresis losses, classical eddy
current loss and excess eddy current loss. However, all of the approaches using loss
separation also have a practical disadvantage in that they require extensive
measurement and parameter extraction with a given material before they become

useful.

Research in [ 149] presented the core losses, for air-gapless cores, under DC biased
conditions for different materials including ferrite using the Steinmetz pre-
magnetization graph (SPG). For a considered frequency range, results shows that the
graph is independent of the frequency f with accuracy obtained < +15%. .

Nevertheless, the above proposed calculation models were tested and validated using
toroidal cores with the assumption of a uniform flux density, without air gaps.
Therefore, for alternative shaped cores or cores with air gaps, an improved model is

needed.

Fiorillo and Novikov [ 150][ 151] have elaborated a precise iron loss prediction
method under distorted flux density without the use of minor hysteresis loops.
However, their formula requires a further knowledge of the amplitude, the phase and
the harmonic number of the flux density harmonics. Also, for high frequency

prediction (more than 1 kHz) additional tests are likely to be required.

In the following chapter a method of Loss separation is proposed in order to measure
the losses of an inductor with air-gapped cores with high frequency ripple and DC bias
using large signal rectangular voltage waveforms. AC, DC and core losses will be

calculated and obtained separately.

5.3 Proposed Analysis Method of Losses Separation

The calculation of losses in magnetic components under AC ripple and DC bias
requires extensive measurements as suitable data is rarely given on data sheets. Thus,
in order to measure the losses of an inductor with air-gapped cores with high frequency

ripple and DC bias using large signal rectangular voltage waveforms, a method of loss
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separation is proposed. AC, DC and core losses will be calculated and obtained

separately.

Total measured losses are obtained experimentally by applying rectangular voltage
waveforms to the designed and manufactured inductor. The experimental test bench
consists of a DC-DC boost converter with the Inductor Under Test (IUT) as the input
inductor of the converter as shown in Figure 5.4. Current flowing through the inductor
during operation of the circuit has a triangular shape. In this experimental setup, the

DC level of the current as well as the amplitude of the AC ripple can be adjusted.

Part 1
S1,82 PYWM
Relay IGBT )
g . .
- [l A, ' 1 SR_load
T 1 —[ Rshunt If, 9
Vs N P I . = wr
0200y = MM Cm:: ::Cm J~_—\~ Z PWM
T || 15mF 15mF WF | uF I
l | -
- 1 s4
Relay

Figure 5.4- A basic schematic of DC-DC converter for losses measurements.
(For details of the Connections to XMC Chipset and part 1 schematics please

refer to Appendix D).

The total losses of the inductor and air-gapped core, operated with high frequency
ripple and DC bias using large signal rectangular voltage waveforms, are separated

into loss components which can be identified in three different categories:

1- DC losses: Applied current is decomposed into a DC component and high
frequency ripple by Fourier series analysis. Losses due to the average value of
the current are called DC losses.

2- Eddy current and proximity losses in the windings: This category includes the

losses due to the interaction of the fringing magnetic fields with the windings
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and skin effect in the conductor [ 152] [ 153] In this category only current
ripple is considered.

3- Magnetic losses: Magnetic losses emanate from the core material and depend
on the level of the DC magnetic field intensity and also on its variation around

this average value.
Total losses are sum of these three components:
Peot = Ppc + Ppc + Peore EQ5.9

With the usage of suitable instruments such as four-terminal micro-ohm meters DC
resistance can be directly measured and subtracted from the total resistance of the
Inductor R,eqsurea Obtained by impedance measurement analysis, thus the AC
resistance (AC winding losses R,, 4 associated to Eddy current and proximity losses
in the winding and Remnant resistance R, .mnan: aSSOCiated to the core losses) is the

rest of the resistance. DC loss P, pcis found using EQ 5.11.

Now, in order to calculate the Eddy current and proximity losses, we need to obtain
the AC resistance R, 4. of the windings. This resistance is obtained by impedance
measurement analysis. The impedance of the inductor is measured by progressively
including increasing numbers of turns of the inductor windings in the measurement
(N: 5- 52). Remnant resistance (which is associated to the core losses) is obtained by
extrapolating the impedance curves to N = 0, at constant(N X i). Results presented in
the following section show that the resistance due to core losses is negligible

comparing to winding AC resistance in small signal measurements.

The phase current harmonics are used to compute the AC winding power loss using
EQ 5.7. The first seven harmonics are considered (as the remaining harmonics are
ignored due to their small values and their negligible effect on the AC winding loss).
The power loss due to each harmonic is evaluated and then summed to find the total
AC winding power loss. Estimation of winding AC losses are then obtained by

applying Fourier analysis on the current waveform and using EQ 5.10:

Pyac = anl(lnz X RwAC_n) EQ5.10

Where (I,,) is the RMS value of the n" harmonic of the current waveform and (Rac,)

is the winding resistance at that frequency.
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So called “DC losses” are obtained by using the average component (n = 0 in Fourier

analysis or I,,,.) and measuring the DC resistance of the windings, as EQ 5.11:

Pypc = Iave2 X Rypc EQ5.11

Winding DC resistance is measured by using a four-terminal micro-ohm meter, the

resulting DC resistance of the inductor under test is: R,,pc = 30mf

Total loss of the component, P, is obtained by measuring voltage across the inductor

and the current following through it:

Peor ==

1 [totT EQ5.12
Tf lL.vL.dt
t

0

Core loss is then obtained using EQ 5.9 as all other components are measured and

calculated.

5.3.1 Measuring R,. with Impedance Analyser

In order to calculate AC losses P, 4c (Eddy current and proximity losses) for the
inductors and the core, the AC resistance R,,4c Of the windings is obtained by
measurement with a KEYSIGHT E4990A impedance analyser. As previously
mentioned, the impedance of the inductor is measured by progressively including an
increasing number of turns of the inductor windings in the measurement (N: 5- 52). In
order to fix the magnetic field H multiplied by the magnetic path [,,,, the number of
turns multiplied by the current has been fixed (N*1= 0.1 turn.A).). Remnant resistance
Ry emnane (Which is associated to the core losses only) is the resistance at number of
turns N equal to zero and it is obtained by extrapolating the resistance curve shown in
Figure 5.5 to the N =0 point. It is proven from the curve in Figure 5.5 the resistance
at N=0 is around 9 mQ which is small enough to consider the core losses as negligible
compared to winding AC resistance R,, 4. for small signal measurements. A linear
interpolation of the data shows the relationship between the AC resistance R, 4¢ ,
which is defined by EQ 5.13, and the number of turns as shown in Figure 5.5 and
EQ 5.14.

Rwac = Rmeasurea — Rwpc EQ5.13
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Figure 5.5- The AC resistance R, ¢ Of the windings vs numbers of turns of the

windings in small signal measurements at 100 KHz.

Ryac = 0.0083N — 0.0068 EQ5.14

The measurements organised in Table 5.2 have been done taking the current and
voltage limit of the impedance analyser into consideration whose parameters (the
maximum and minimum current and voltage’s allowable level) are shown in Table 5.1.
Thus, with the usage of EQ 5.15 it has been ensured that the voltage and the current

level inside the impedance analyser doesn’t exceed the allowable limits.

v = (wL + Rpg) X i EQ5.15

Table 5.1- The maximum and minimum current and voltage’s allowable level of

the impedance analyser

imin = 200[.114 Vmin = 5mV
imax = 20mA Vmax = 500 mV
f= 1MHz
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Table 5.2- Measurements in order to find R, 4c(at 100 kHz) vs N (number of

turns)
N L R _dc(Q) R_measured i(A) v (volts) | N*i
(uH) (2)-at 100 kHz
5 1.00 3.071E-03 4.30E-02 2.00000E-02 | 1.26E-01 | 0.1
15 4.20 9.213E-03 1.29E-01 6.66666E-03 | 1.76E-01 | 0.1
20 3.89 1.228E-02 1.52E-01 5.00000E-03 | 1.22E-01 | 0.1
25 6.07 1.535E-02 1.95E-01 4.00000E-03 | 1.53E-01 | 0.1
35 1.19 2.150E-02 3.00E-01 2.86000E-03 | 2.14E-01 | 0.1
40 1.55 2.457E-02 3.70E-01 2.50000E-03 | 2.44E-01 | 0.1
52 2.63 3.194E-02 4.50E-01 2.00000E-03 | 3.30E-01 | 0.1

Thus, it has been proven from EQ 5.14 and Figure 5.5 that the AC resistance measured
by the impedance analyser with small signal is only AC resistance in the winding and
the core is neglected at this condition (operating at such a low ampere turn level of 0.1
that is difficult to conclude anything for core losses), as R, 4c goes to zero when

number of turn is zero.

5.4 Experimental Set up Describing the DC-DC Convertor

By using a DC-DC converter and the test bench set shown in Figure 5.6 the magnetic
losses are measured using the same rectangular voltage waveforms seen in power
converter instead of the more typical low voltage sinusoids used in impedance
analysers and as such, a more realistic set of measurements can be made. The inductor,
constructed with an N95 ferrite core has been added to the converter circuit. A block
diagram of the experiment is shown in Figure 5.8, in which the inductor is connected
in series with a small shunt resistor [ 154], (0.1 Q) in order to measure the current
through the inductor. This circuit also allows the inductor terminal voltage to be
measured with a secondary winding of six turns has been used to measure the flux
density in one part of the core, as shown in Figure 5.7. The voltage and peak to peak

flux density were observed by using an oscilloscope.
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Figure 5.6- The test bench for losses measurements. 1- High voltage supply to
charge the input capacitors, 2-power supply for the converter circuit board, 3-
input capacitors, 4-Tested inductors with N95 ferrite core, 5-the converter with

the control circuit board, 6-variable load, 7-Osciloscope.

Figure 5.7- The design and fabricated inductor with the core material used in
the losses measurements 1- the secondary winding N=6 in one leg of the core.
2- The inductor winding.
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Figure 5.8- A block diagram of the experiment:1- High voltage supply to
charge the input capacitors, 2-power supply for the converter circuit board, 3-
input capacitors, 4-Tested inductors with N95 ferrite core, 5-the converter with

the control circuit board, 6-variable load, 7-Osciloscope

Measurement sets have been done for fixed levels of ripple and different values of DC
current and each set has been repeated for different frequencies [50-250 kHz] and
different peak to peak flux densities [12-41 mT].

A basic schematic of DC-DC converter is shown in Figure 5.4. The converter is fed
from a DC supply Vs. First, the IGBT is off and input capacitors Cin (with 15 mF
capacitance each capacitors) are charged. The switch S2 is responsible for connecting
and charging the capacitors from the power supply, while switch S1 is responsible for
disconnecting the capacitors from the power supply and switch off the relay. Once the
capacitors Cin are charged switch S4 will switch off the relay and disconnect the DC
supply Vs from the system. At the same moment switch S4 will turn the timer on and
after 1.8 ms the IGBT will be turned on for 3.5 ms and a square wave signal will be
applied to the inductor using the PWM output stage. Within this time there is a
possibility to change the duty cycle of the PWM stage, if this is needed, as the Micro-
controller XMC1300 (For details refer to Figure 7.15 and Figure 7.16 Appendix D)
provides the PWM with variable duty cycle. The PWM will send a rectangular signal
(-4v till +15v) for each gate of the four SIC MOSFET [ 155]. The rise and fall times

in the inductor current waveform should be considered by changing the duty cycle as
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needed. During this short period the voltage drop across the shunt resistor R-shunt,

which has the same current of the inductor, can be measured and i(t) determined. Also

the voltage on both inductor and secondary winding is captured. After this the IGBT

will be turned off. For each different measurement this procedure must be repeated as

the capacitors will discharge automatically.

The measurement sequence is short, as the full time range of the output signal is

around 3500 us with a delay of 1.35 ms and sampling frequency 1GHz while, the

waveform have been obtained within a time scale around 75 ps as shown in Figure 5.9.
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Figure 5.9- (a)-Graph to show both voltage and current of the inductor during

test showing the full test time period. (b)-Graph to show a zoomed version of

the voltage and current for the inductor during test.
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5.4.1 Precision of the Measurements
This section will discuss the precision of the measurements made together with the

individual sources of error in the system.

5.4.1.1 Shunt Resistor
A 100 W Thick Film Power Resistor (100 mQ +5%) [ 154], specifically designed for
high frequency usage was used in the DC-DC convertor circuit as a shunt resistor in

order to measure the inductor current.

The high frequency equivalent circuit of the resistor has been measured with the
impedance analyser KEYSIGHT E4990A, and the series resistance and inductance of

the measured impedance are shown in Figure 5.10

5 Shunt Resistor's Equivalent Impedance Z and Phase vs High Frequency
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. |
10° L : : /
i 091e+05 3

£
X: 5.1
(S Y: 0.106
N 10 ¢
T M M A N 1 O G S 041
10' 107 10° 10* 10° 10° 10’ 10°
Freq (Hz)
m
]
5 501 H
j)
8 !
§ 0
=y
o
501 > i |J3 ii i i J5 “l‘s I7 ‘HJS il iil ”
10 10 10 10 10 10 10 10 10
Freq (Hz)

Figure 5.10- Shunt measurement resistor's equivalent impedance Z and Phase

vs frequency.

One observation of the measurement results of the shunt resistor impedance is that the
influence of frequency remains insignificant up to almost 500 kHz, with error less than
5%, note that the error is <1% for the frequency range used 50 kHz -250kHz, then the
shunt impedance increases linearly with frequency, at 1 MHz, the shunt resistance

error is around 20%, as shown in Figure 5.10.
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5.4.1.2 Digital Quantisation Error
The digital quantisation error can become a significant part of any high precision
measurement activity. This section will address the quantisation error (8 bit) when

looking at the specific application challenges.

Figure 5.11 shows the current and voltage of the inductor at 50% duty cycle, 100 kHz,
49 A and 41 mT.

v (volt)
T
AT1 AT2
v+t i-max
i-min ((
Voo t1 2 sec)

Figure 5.11- The current and voltage waves of the inductor at 50% duty cycle,
100 kHz, 49 A and 41 mT.

The total loss is found from Figure 5.11 with the usage of EQ 5.16.

1 [ + i i + i EQ5.1
P=?(v+<max2 mln)x(tl_t0)+(v_(max2 mm)x(tz_tl) Q5.16

Where, P is the total losses, vt v~ are the maximum and minimum inductor
voltage, imnax&imin are the maximum and minimum inductor currents and T is the

time period.
Considering a duty cycle D=50%, (t; — ty) = (t, — t;) = g . Thus:

1 N . EQ5.17
P = Z (17+ + V7 ) (lmax + bmin)

136



Ush .

Considering that the current of the inductori: i = - Ry, 1s shunt resistance
sh

Thus the total losses is

1 _ EQ5.18
pP=- (U+ + V7)) Wsh—max T Vsh—min) X 5— Q
4 Rsp

The precision of the measurement due to the digital quantisation error in the reading

of the total losses A?P can be indicated by following:

1 1 1
AP = — | (Wgp—max t Vshemin) X — X Av+ (vH +v7) X — X Avg,
4 Rsh Rsh
. AR
+ ( v+ )(vsh—max + vsh—min) X -2
Rsh
Thus,
AP Av Avsh n ARSh EQ 5.19

—_ = +
p (17+ + 17_) (vsh—max + vsh—min) RSh

Where:
AP is the absolute error of the total losses.
Av = 0.804 V is the inductor voltage corresponding to the minimum digital level.

Avg, = 0.008V is the voltage drop in the shunt resistor corresponding to the

minimum digital level.
AR, = +5% is the shunt resistance error for the frequency range used.

Giving an example for the waveforms seen in Figure 5.11 from the measurements:

Ry, =0.1Q, ARy, = 0001 at 1%, Av=0.804, Av.,=0.008, Vgy_may =
5.7 volt, Vep—min = 4.0 volt, vT = 7495 volt, v~ = — 64.95volt.
Using EQ 5.19

AP _ 0804, 0008, 0991 _ 0,081 + 0.0008 + 0.01 = 0.09

P 10 9.7 0.1
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Where the error in the inductor voltage is (0.081) around 8% and the error in the
inductor current is ( 0.0008 + 0.01) around 1.08%.

Thus, the precision of the measurement due to the digital quantisation error is around
9 % including an 8% error in the inductor voltage and a 1% the error in the inductor

current.

5.4.1.3 Probe Calibration

The current and voltage waveforms of the inductor have been obtained with the use of
InfiniiVision MSO-X-2024A Oscilloscopes which has an analogue bandwidth of
200 MHz. In order to ensure a precise reading the waveform shape must of a high
quality. Thus, the 10X probes used have been calibrated using a high quality square
wave signal source which contains a frequency content from several hundred Hz to

several kHz and amplitude from below 1 volt to several volts.
The steps listed below have been followed to complete the calibration:

1. The probe is connected to signal source, the ground clip to the ground, and
the probe tip to the signal output.
2. Adjust the trimming cap on the probe handle is adjusted until a straight-

edged square wave is obtained, as shown in Figure 5.12 (middle picture).

HEE X PR PR e

bt AT 1 it AT

AR S # | it i 40
H i 1
Under compensation Right compensation Over compensation

Figure 5.12- Steps for probe calibration.

When a signal passes through a circuit some frequency components incur a loss (or
gain) more than others and as a result, we will see its shape distorted at the output. It
is therefore important that the calibrated waveform shape must be good. It should have

nice and sharp right angles at its corners.
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5.4.1.4 Temperature
The current has been applied through the inductor during a very short time period
(milliseconds) and as such, the temperature of the inductor could be considered to be

fixed for the duration of the test.

5.5 Experimental Results

Measurement sets have been done for fixed levels of AC ripple and different values
of DC current in order to fully characterise the inductor using realistic power converter
waveforms. The AC ripple has been set by fixing the peak to peak flux density AB and
this is done by adjusting both supply voltage and the resistive load. Each set has been
repeated for different frequencies [50 — 250 kHz] and different peak to peak flux
densities [12 - 41 mT], thus different AC ripple magnitudes.

5.5.1 MATLAB acquisition program

Software has been developed within MATLAB in order to acquire the measured data
and to save it in a data file, which can be used for further analysis. The waveforms are
acquired by this program via a USB connection. The inductor’s current and voltage,
the voltage on the secondary winding and AB curve are plotted immediately on the
screen. The total losses and core losses are then calculated for each measurement at
different DC bias values. Figure 5.13 shows the inductor’s current and voltage
waveform, at 150 kHz, 40A.

0 2 4 6 8 10 12 14 16 18 20
t(us)
45 T
< 40}
35 | | | | 1 1 | 1
0 2 4 6 8 10 12 14 16 18 20
t(us)

Figure 5.13- Inductor’s current and voltage waveform as measured for N95

ferrite core under rectangular waveforms. At 150 kHz, 12 mT and40A mean.
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5.5.2 Harmonic Spectrum

The harmonics of the signal I(t)were composed in Fourier series as in EQ 5.20

I(t) =Xm [am X cos (Zan X t) + b, X sin (2an X t)] +q, EQ5.20
T is the period (s).
t is the time (s).
a,, & b, are the Fourier series coefficients.
a, 1S the DC value of the signal (A)

The Fourier series coefficient can be obtained from EQ 5.21and EQ 5.22 in order to

find the magnitude of each harmonics at different orders from EQ 5.23.

2 NT 2 t
U = — [, cos(=2). EQ5.21
2 NT ., 2 t
= ﬁfo sin( "T”T ). EQ5.22
I, = \Ja?, + bZ EQ5.23
where:

I, is the magnitude of harmonics at order m (A).

Figure 5.14 shows both the measured signal and recomposed Fourier series of the
current with good agreement between them up to m =20.

6 T

: :
measured signal
|—Fourier series of the current

4 i

Current (A)
o N
T T
| |

'
N

0
t(us)

Figure 5.14- The measured signal and the Fourier series of the current (at 100
kHz, 26A and 12mT)
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The magnitude of harmonics at orders m=[1-7] (at 100 kHz, 26A and 12mT) are
organised in Table 5.3.

Table 5.3- The magnitude of harmonics at order m.

m 1 2 3 4 5 6 7
I (A) 1.9395 |0.0706 |0.1843 |0.0365 |0.0547 |0.0218 | 0.0225

5.5.3 Measurements Results

In this section, measurement results are presented and a new approach is introduced
to describe core loss calculation under DC bias conditions and it can be seen that the
core losses change for different frequencies. This approach is based on a graph that
shows equations obtained by curve fitting which defines the relationship between the
core losses and the DC bias. This is done on the core material ferrite N95 from EPCOS

[ 156] with ten distributed air gaps with a total air gap length of 18 mm.

5.5.3.1 Core Losses under DC Bias Conditions

In order to measure the flux density in the core, a secondary winding with 6 turns was
added on one leg of the core as shown in Figure 5.7. Maxwell simulation was used to
obtain the flux density in the core. Figure 5.15 shows non-homogeneity of the flux
density at different points of the core, thus an average flux density is assumed to be

fixed for each test of the core at each current value.
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Figure 5.15- Flux density in the core at 1=20 and 60 A.

The flux density has been calculated by measuring the voltage drop on the secondary

winding v, and using EQ 5.24.

__ 1 EQ5.24
B—N XAcfvz.dt

Where N is number of turns in the secondary winding N=6, A_. is the cross section of

the core m? and v, is the voltage drop on the secondary winding.

Losses from different sources at 150 kHz with a peak-to-peak flux density AB=12 mT

and for different DC bias values are found as shown in In Figure 5.16, and Table 5.4 .

Winding losses (DC and AC) were calculated depending on the formulas EQ 5.1 to
EQ 5.7, while the total losses where measured and computed using EQ 5.12. The core
loss is calculated using EQ 5.9.
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Figure 5.16- Separated losses from different sources vs DC bias current.

Figure 5.16 shows how both DC losses and core losses increase as the DC bias
increases while AC winding losses are nearly constant. This is due to the fact that the
value of AC ripple injected into the inductor during the tests is constant.

Table 5.4- Separated losses from different sources vs dc bias current at 150
kHz, B=12mT.

I(A) Ptot(W) Pdc (W) Pac(W) Pcore(W)

7 14.5 1.3 1.49 11.7
10 17.5 2.7 1.50 13.3
14 23.2 5.5 1.50 16.2
18 29.1 9.3 1.58 18.3
21 34.9 12.9 1.61 20.4
25 43.8 18.5 1.63 23.7

31 60.3 28.8 1.60 29.9

36 75.9 39.7 1.59 34.6
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In order to identify the dependency of the AC winding loss on the frequency, the AC
losses were plotted against frequency for two values of peak-to-peak flux density AB
(12 & 22 mT ) and the curves were fitted as shown in Figure 5.17 and EQ 5.25.

8
_ 7 y=0042x-1 7] - 12mT
= E
§ 6 I . 22mT
3 ’
§~ 5 --+ Linear
o (12mT)
=
c 4 i
; -+ Linear
=
g 3 ; (22mT)
3 y = 0.0116x - 0.25
o
= .
a A
S
2 1 : ;
0
0 50 100 150 200 250
f (kHz)

Figure 5.17- The AC winding loss under different ripple values as a function of
frequency for two values of peak-to-peak flux density AB 12 & 22 mT.

Ppc=af £b EQ5.25
It is clear from the results above that the AC winding loss shows a linear relationship

with frequency.

In order to analyse the core loss and find its dependency on both flux density and
frequency, first the core losses with different DC bias values are plotted as a function
of the peak-to-peak flux density AB, as shown in Figure 5.18.

The first harmonic of the current ripple is fixed at I,,—; = 1.7 A, and the blue curve
is the total measured losses in the inductor at 150 kHz, as shown in Figure 5.16, where
it can be seen that the core loss increases as the average current is increased to higher
values. Again, the 1st harmonic of the current is kept constant for all measurements,
the increase in the core loss can then be related to two factors: a) increasing the
harmonic contents of the current and b) behaviour of the material for minor high
frequency hysteresis loops [ 144].
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The obtained core losses as a function of DC bias values are plotted for different peak-

to-peak flux density AB for a fixed frequency of 100 kHz and a curve fitted as shown
in Figure 5.18.
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Figure 5.18- The core losses under different DC bias values as a function of
the peak-to-peak flux density AB Where: =100 kHz.

The equations defining the relationship between the core loss and the DC bias were
obtained by curve fitting the measurments results and used to find the core losses
against peak-to-peak flux density AB for different values of DC bias at 100 kHz.
EQ 5.26 obtained from the curve fitting shown in Figure 5.19 was analysed and the

constants a; and a,were found and these are organised in Table 5.5 and Figure 5.20

PCOT'B = alABZ i azAB EQ 526
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Figure 5.19- The core losses against peak-to-peak flux density AB for different
values of DC bias at 100 kHz.

Table 5.5- Constants a; and a, for different DC bias

I_dc (A) a, (W, mT) ay(W, mT)
5 0.0257 0.131
20 0.0197 0.3439
30 0.0144 0.7236
40 0.0084 1.1422
50 0.0014 1.6128

The constants a; and a, were plotted against the DC bias and curve fitting defined a
second order relationship between the constants and the current, as shown in
Figure 5.20 and from EQ 5.27 & EQ 5.28.

a; = —5E — 061, — 0.00031,. + 0.0273 EQ5.27

ay = 0.00051,,% —0.00541,, + 0.0763 EQ5.28
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Figure 5.20- The constants a; and a, vs the DC bias, at 100 kHz.

Thus the core losses are

Peore = a1(Ipc)AB? £ a3 (Ipc)AB EQ5.29

The core loss is a function of both DC bias and peak to peak flux density
Pcore (IDC' ABZ)-

5.5.3.2 Core losses Dependency on the Frequency
In order to outline the dependency of the core losses on the frequency, first, core losses
under different DC bias values are plotted as a function of frequency for a fixed peak-

to-peak flux density AB of 12 mT and curves are fitted as shown in Figure 5.21.
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Figure 5.21- The core losses under different DC bias values as a function of
frequency for fixed peak-to-peak flux density AB of 12 mT.

The equations defining the relationship between the core losses and the DC bias were
obtained from the measurements and used in order to find the core losses against
frequency for different values of DC bias at AB =12 mT. EQ 5.30 has been obtained
from the curve fitting as it is shown in Figure 5.21. These were analysed and the

constants ; and B,were found and organised in Table 5.6 and Figure 5.22.

Peore = .Blfz iﬁzf EQ 5.30
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Figure 5.22- The core losses against frequency for different values of DC bias
at AB=12 mT.

Table 5.6- Constants B; and B, for different DC bias level.

|_dc (A) . (W, kHz) B, (W, kHz)
10 0.0005 0.0107
20 0.0006 0.0.0395
30 0.0006 0.0781
40 0.0007 0.1259
50 0.0007 0.1823

The constants 5; and S, were plotted against the DC bias and curve fitting defined a
second order relationship between the constants and the current, as it shown in
Figure 5.23 and from EQ 5.31 & EQ 5.32.

B, =5E —06/;.+ 0.0005 EQ5.31

B, = 5E — 05l,.% +0.001541,, — 0.0092 EQ5.32
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Figure 5.23- The constants a; and a, vs the dc bias, at 100 kHz.

Finding the core loss as a function of both DC bias and frequency P, (Ipc, f) as in

EQ5.3

Pcore

3

B1Upc)f? £ ByUpc)f

EQ5.33

As a result, a formula to calculate the losses in the air gapped core has been obtained

and it is a function of the DC current, AC current presented by the AC component of

the flux density and the frequency.

A comparison between the value of core losses taken from the data sheet for N95

ferrite and EQ 5.29 at 100 kHz and I,-=0 is shown in Table 5.7, while a comparison

between the value of core losses taken from the data sheet for N95 ferrite and EQ 5.33
at B=12 mT and I,-=0 is shown in Table 5.8.

Table 5.7- A comparison between the value of core losses taken from data sheet

for N95 ferrite and measurements. For a different flux density values at
100 kHz.

100 kHz, I,-=0, a; = 0.0273, a, = 0.0763

AB (mT) P.ore (KW /m3)- From EQ P.ore (KW/m3)- from data
5.29 sheet for N95 ferrite
25 1721 3.5
32 2758 5.06
41 4448 10

150



Table 5.8- A comparison between the value of core losses taken from data sheet

for N95 ferrite and measurements, for a different frequency values at 12mT.

12mT, Ipc=0, B, = 0.0004,8, = — 0.0092

f (kHz) P.ore (KW /m3)- From EQ 5.29 P.ore (KW/m3)- from
data sheet for N95
ferrite
50 49 Not found
100 279 Not found
150 691 Not found
200 1284 Not found

It is clear from the results above that the data sheet reference for finding the core losses
is not valid for all measurement conditions. This is possibly because the data sheet
reference core loss curves were found by using a toroidal core with no airgap and
excited with a sinusoidal flux waveforms. Also, the effect of the non-homogeneity of

the flux density at different points of the core on the results, as shown in Figure 5.15.

Thus, in the case of an inductor with gapped core and different geometry there is a
necessity of proposing a new method for finding the core losses considering the flux
fringing effect, and this has been proposed and discussed previously. A formula to
calculate the losses in the air gapped core has been obtained and it is a function of the
DC current, AC current presented by the AC component of the flux density and the

frequency.

5.5.4 A Comparison with a Commercial Inductors

The same commercial inductor (high current, helical inductor-30uH-180A) was used
in order to compare it with the designed inductor from a size, weight and thermal point
of view and to determine, performance at high frequencies and its losses. In this
section the comparison of the total losses, between the designed inductor and the
commercial inductor are presented. A comparison of energy density and size

implications of the use of the standard inductor is discussed in Chapter 3

The loss measurements have been performed using the same test bench explained
previously. At a frequency of 200 kHz the total loss has been found for two AC ripple
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values 3 A & 5 A. Neither the flux density nor the core losses have been obtained
neither as the structure of the inductor prevented the necessary measurements so the
comparison between both inductors is with respect to the total loss. The sum of AC
winding loss and the core loss were found by subtracting the DC loss from the total

losses. Results are organised in Table 5.9.

Table 5.9- Losses measurements for a high current helical inductor-30uH-180A
at f=100 kHz,

Loss measurements for a high current helical inductor-30uH-180A,
f=100 kHz,
RwDC =15m0n
AC Ripple (4) Ipc (A) Prora, (W) PWAC + Peore

(W)

3 19 15.3 14.8
35 34.0 32.1

46 57.7 54.6

5 28 36.4 35.2
46 59.8 56.6

60 66.9 61.5

Figure 5.24 shows a comparison between the winding AC and core losses for both
inductors at 200 kHz, 40 A DC, and AC ripple 3A & 5A. It is apparent that the
designed inductor suffers from higher winding AC and core losses. This is mainly due
to higher proximity and eddy current effects because of the distributed air gaps, while
the commercial inductor has an aluminium metal enclosure with a powdered core

including one small air gap of nearly 2 mm.

Furthermore, the inductor winding is smaller and shorter comparing to the designed
inductor in this study; Rpc_designea = 30 m Q whereas, Rpc—commercial = 1.5 m €.
This will lead to a much smaller DC loss in the commercial inductor than in the
designed inductor. This is to be expected due to the physical size differences seen

with the two inductor types. Also note that the commercial inductor is rated at 180A
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rather than the nominal 80A of the designed inductor. A significantly lower resistance

for the commercial inductor is thus to be expected.

Winding AC and core losses from measurements at 200 kHz-
the designed Inductor vs Commercial inductor

120.0
100.0
_ y=23.1x-14.8 ——Commercial at |_dc =40A
E 80.0
g —e—The designed inductor at Idc=40A
°l 60.0
o
+ / ------ Linear (Commercial at |_dc =40A)
Q v =5x+26.3
40.0
N
- Linear (The designed inductor at
20.0 Idc=40A)
0.0
0 1 2 3 4 5 6
ACRipple (A)

Figure 5.24- Winding AC and core losses from measurements at 200kHz- the

designed Inductor vs Commercial inductor

5.6 Conclusion

This chapter has presented a method to evaluate and determine the distribution and
source of losses in high energy density inductors. Fourier analysis of the current
waveform, combined with impedance measurement and direct electrical loss
measurement on the component, has been applied in order to decompose the losses
into its different sources. The total losses have been measured by applying a
rectangular voltage waveform to the inductor when used as the input of a DC-DC
converter in order to apply a realistic flux duty to the magnetic material. The loss
measurements have been repeated for different values of ripple current and frequency
in order to complete the description of the overall loss as a function of the average
current and the AC ripple. The total loss of the magnetic components has been found
including DC winding loss, AC winding loss and core loss. A formula to calculate the
losses in the air gapped as a function of the DC current, AC current presented by the

AC component of the flux density and the frequency has been obtained.
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6 Chapter 6- Conclusion and Further work

The main goal of this research was to improve the design of the inductor in order to
achieve higher energy densities, specifically by utilising higher current densities in the
winding, coupled with the ability to limit the temperature increase of the inductor
through the usage of an effective cooling system. Studies have included the influence
of the operating dc current, current ripple, airgap location and operating frequency on

the inductor design and its resulting characteristics

6.1 Main contributions

The main contributions of this thesis are as follows:

e Improved design of high energy density inductor with a volume of 25.05 x
mm?3 and a weight of 0.0935 kg, by applying high current densities, comparing
to existing commercial inductors with a volume of 207.4 x 103 mm3 and a
weight of 0.5 kg. A current density of 46 A/mmz2 was shown to be sustainable
yielding an energy storage density of 0.53 J/ kg. This is 5 times more than the
energy storage density found in the commercial inductor (this comparison has
not included the cooling system for the commercial inductor, while it has
included the DBC and the cooling layer of the designed inductor excluding the
pumps and the pipes.

e Evaluation of the use of a ferrite core with distributed air gap for high
frequency and high current applications overcoming saturation and leakage
effects associated with a single, lumped air-gap.

e A Novel lumped model in order to find the equivalent electric circuit of the
winding for fast determination of the resonance frequency of the inductor is
proposed.

e Aninductor design methodology where the losses are calculated and a thermal
heating is applied for minimum volume.

e Calculation and experimental determination of total loss of the magnetic
components including DC winding loss, AC winding loss and obtaining a

formula to calculate the losses in the air gapped core as a function of the DC
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and AC current presented by the AC component of the flux density and the

frequency.
6.2 Summary of the Chapters

In Chapter 2, the design of the inductor was improved for minimum volume and
desired inductance L. With the aim of preventing saturation of the magnetic material
at high current, a distributed air gap was introduced and improved to achieve the
desired inductance in the available volume when operated at high current. Ferrite N95
was used as a core material. The saturation effect has been examined with the usage
of Maxwell16.0 3D software (Magneto-static solver) and validated experimentally.
The results have successfully avoided the saturation of the core at high current of 80 A

by distributing the air gaps along the core.

In Chapter 3, the work has covered the thermal investigation of the cored inductors
with its improved design for minimum volume. The inductor geometric model has
been exported into ANSYS R15.0 where it has been analysed thermo-electrically
under the effect of high current DC. The thermal management method has been
validated experimentally by obtaining the temperature of the inductor when applying
a high current across it, demonstrating that a high-current energy-dense inductor can
be achieved by utilising a high current density in the winding coupled with the usage
of an effective cooling system. It has been found that increasing the current up to 70 A,
a current density of around 46A/mm? will increase the temperature of the inductor
from the ambient temperature by 40 °C. A comparison between the temperature of a
commercial inductor and the designed inductor from energy density perspective has
shown that the proposed designed inductor with its light weight and smaller volume is

more suitable for the purpose of the integration than bulky commercial inductor.

In Chapter 4 electrical characterisation of the magnetic components (the designed
inductor and magnetic core) has been performed and an equivalent electric circuit of
the inductor proposed and solved in LTSPICE in order to predict the resonance
frequency and parasitic capacitance of the inductor at high frequencies. The proposed
method has been validated experimentally using the Impedance Analyser KEYSIGHT
E4990A by means of impedance measurements between the input and output of the

inductor. Results showed good agreement between simulation and measurements.
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Thus, the proposed equivalent circuits is considered to be valid. The inductor with the

core material on the DBC has shown a resonance frequency of 4 MHz,

A comparison between the designed inductor and a commercial, off-the-shelf inductor
with similar magnetic aspect has shown a similar performance for both inductors at
high frequency. The commercial and designed inductors have a cut-off frequency of
14 and 17 kHz respectively when used in a LC filter. However, the designed inductor
with its light weight and smaller volume is more suitable for the purpose of the

integration than the bulky commercial inductor.

Chapter 5 presented a method to evaluate and determine the distribution and source of
losses in high energy density inductors. Fourier analysis of the current waveform,
combined with impedance measurement and direct electrical loss measurement on the
component, has been applied in order to decompose the losses into their different
sources. The total losses have been measured by using the inductor as the input of a
DC-DC converter in order to apply a realistic flux waveform to the magnetic material.
The losses have been measured for different values of ripple current and frequency in
order to complete the description of the overall loss as a function of the average current
and the AC ripple. A formula to calculate the losses in the air gapped core has been
obtained as a function of the DC current, ripple current presented by the AC
component of the flux density and the frequency.

6.3 Further Work

6.3.1 Improving the Contact Area between the Winding and the DBC

The assembly process used to create the inductor and mount it to the DBC was difficult
to control, resulting in significant voiding in the mount-down solder layer and an
increased thermal resistance. Investigation of alternative fabrication techniques is

recommended in order to overcome these deficiencies.

6.3.2 Losses Measurements on a Toroidal N95 Core

It would be desired to carry out further work to investigate the accuracy of the

formulae for the core losses obtained by the method proposed in Chapter 6.

Measurements on toroidal N95 cores would be appropriate, facilitating direct

comparison with the values in the datasheet of N95 ferrite material. As the magnetic
156



core losses determined in this study show relatively large values, it would be also
interesting to employ the same methods to investigate different magnetic core material

with less magnetic loss at high frequencies.
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7 Appendices.

7.1 Appendix A

Application Advantages Disadvantages
Low Frequency (<1kHz) Ease of forming shapes allows Flux density low
High Flux Applications possible use in inexpensive, Relative cost high
Generators high loss applications such as Limited size of parts
Motors relays, small motors.

Power Transformers

Medium Frequency (1-100 KHz)
Non-Linear High Flux
Applications

Flyback Transformers

Deflection Yokes

Inverters

Wide Band Transformers

Recording Heads

Pulse Transformers

Memory Cores

Cost much lower than Nickel-
Iron alloys, especially thin
tapes

Moderately high permeabilities
available

Low losses, especially in upper
half of this range

Inherent shielding in pot cores
Good wear resistance

Easily adapted to mass
production

Flux density lower than Nickel-Iron
alloys

Permeabilities lower than Nickel-
Iron alloys

Curie Temperature fairly low
Good mating surface necessary
for high inductance

Smaller flux change than bobbin
cores

Medium Frequency (1-100 KHz)
Low Flux, Linear
Applications
Loading Coils
Filter Cores
Tuned Inductors
Wide Band Transformers
Antenna Rods

Permeabilities higher than
powdered iron or Fermalloy
cores
Gapped pot cores provide:
1. Adjustability
2. Stability - temperature.
time, A. C. flux density,
D.C. bias
3. Self-shielding
pQ Products higher than other
materials
Wide choice of Inductance and
Temperature Coefficient

Low Curie point

Need precision grinding of air
gap

Brittleness

Mounting hardware needed

Higher Frequencies (>200 KHz)
Low Flux, Linear

Low losses (especially eddy
current)

Permeabi lity decreases with
frequency

Applications Ferrites, powdered iron and Medium frequency disadvantages
Filters moly-permalloy can operate at apply
Inductors higher frequencies Poor heat transfer
Tuning Slugs Medium frequency advantages
apply
Microwave frequencies (>500 Low dielectric losses
MHz) Good gyromagnetic properties

Only bulk materials available

Figure 7.1- Application considerations-Ferrite Advantages and Disadvantages

[ 68].
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Initial Bmax Loss Coefficients Curle
Material Perm. | Kilogausses ex10° [ ax10?| cx10?| Temp. | Resistivity | u Q at Operating
U, °C | (ohm-cm) | 100kHz| Frequencies
Fe 250 22 - - - 770 10x10°8 - 60-1000 Hz
Si-Fe (unoriented) 400 20 870 120 75 740 50 x 1078 60-1000 Hz
Si-Fe (oriented) 1500 20 - 740 50x10°® 60-1000Hz
50-50 Ni Fe (grain-criented) | 2000 16 360 40x10°® 60-1000Hz
79 Permalloy 12,000 8 173 - 450 55x10°% | 800D 1 kHz-75kHz
lo to to
100,000 1 12,000
AMORPHOUS Alloy B 3000 15-16 370 135x10°8 to 250 kHz
AMORPHOUS Alloy E 20,000 565 - 205 140 x 108 to 250 kHz
Permalloypowder 14 3 m 002 05 450 1. 10,000 10 kHz-1 MHz
to to to
550 04 1
High Flux powder 14 15 - - - 360 10 kHz to 1 MHz
to
160
Kool Mu®powder 26 10 - - - 740 to 10 MHz
lo
125
Iran powder 5 10 002 002 i 70 10* 2000 | 100 kHz-100 MHz
to to to to to
a0 04 4 14 30,000
Ferrite-MnZn 750 3 o 002 n 100 10 100,000 | 10 kHz-2 MHz
to to to to to
15,000 ] 300 100 500,000
Ferrite-NiZn 10 3 - - - 150 108 30,000 | 200 kHz-100MHz
to to to
1500 5 450
Co-Fe 50% 800 24 - - - 980 70x 108 -

Figure 7.2-Properties of soft magnetic materials [ 68].

159




14.40

0.4040

33.50

Inductor

(@

All dimensions are in mm

i

UL

1.80 453
- A8

1000

Core with distributed air gaps

®

Figure 7.3- Winding and core’s dimension.

160



Ila_per_n2]

5. 5266e+2@7
LETRle+EAT

. .A135e+887
L F57de+EA7

. SEEY e +EA T
. Z439e+B87
L9587 3e+E87
L TIBGe+EA7
T4 Ze+EAT
L2177 e+B87
LA611e+EA7
 TAYGe+EAT
4 EEe+EET
1915e+@87
9349 +E87
E784e+E87
4Z215e+@87

B R R MR R W W w £ F F i

A small area

av2

Figure 7.4- The flow of the current through the inductor in the corner area of
the copper winding.

161



L 40 | u3mks | FIVISTOLTLON NN TS 10 00
=8 o
Y | W08l—W00E—9+255533 MEZAE Yoot [pepvel tarr _vSTTo00N]
e} 04 | 305 CEIHHLIM IONVEEOL
el | Y e rp o
:U..:%ON,:OI mQE( Om_. ID Om” SLABESL W gy Tewaiamnm] awv
S N 39V SHNOENGRO TV
J04oNpuU| [BoNBH JusunD UbiH | | N | s s s
FEBZ6 _ ¥O “IOMVHD wos'smpoogsaps | v NOS 34035 FSMEIHLO SSTMN
3N MDD M ESE o
- WO SMII0D MMM SHHOMON0S
au] isilepedg Buipuia, oo n T
. 1SIT S1¥vd MIIN dOL
o NOWII53a _ ZEOEAE
HPEL L] _— 11X
ey R UL
HN LBl woe
HIERL | woe -
v | s —
HN 902 L]
HOB'L2 Wor
HvE2 WOE O
HAEE2 whE
HN W
HN #6232 WG
HNESE L]
HN LB2 o _
(rlxe I _
1 |swena M) xz
“JBY GETL BY BZYE | 2d
TeTER T I INOET
BEELL e 9662 | bd M3IA 30IS _ |
cl0T L5t | eeoTooiE | M - v -
SL00F 180 |BE0F0S0Z | a
‘LW 0910 U 90 |
Umolo  fruNEiE | H L~ 1 8
YOH 02 0X0L0 | I FEE (D * f
B 0 YA | 4
19 £5°0 Jed 9vEL | 3 : E L _I.| _b_ a
1B 570 PHEFLL |
SO0FLPE L2 LFIELe | D HIXe
S0°0FBS - Lz Lveror | 8@
20076€  lenToses | v I 2d _ —= 4
ug Ll

SNOISHIWIO

23WAas ;3000 I9V0
'dN WOLLOg WOYL av3y
"0313103dS 3ISIMHIHLO SS3TNN S3LON

SSIVIHILYN L

3402 H3aMOd 350D

A3A0HLdY TN IHIM LINDYIN O3 1YH 2.002 33HIM
IYLIN WNNIWNATY :3HNSOTIDNI
*SNOLLYIIID34dS

SYI9 00 OY3Z ‘ASE0 'ZHMH 0 LY %G1 T HNOE =1
J18vL 33S :SVI8 D0EN

XN IWHOTTIIW 0'L =HOa

SdWY 081 LLNIHHND 3LVY

ZHIN 6'9=4HS

) WHO-OT 8'E=4HS@ |Z]

(ALl 3061 = ZHNOL & FONYLIOYLYD DNIANIMEILNI
3SV0 OL STYNIWHIL 'NIW | 'VWZ @ DOA000L 1S3L 10d-H
HLIM .58 OL .0t idIN3L DNILYHIJO O3ANINWOD3H
*Q3A33N MO HIY ILHDOHddY

(dAL) WYHD 2ariLHDIEM

o

NMOHS JHIHM NOISINZY ONY 3NN LHvd xmds_ﬁ

" 3ONYMNEWOD SHEY 0L 1TINd ¢
FAOHD DNIDNIMS "H3LTE IDVHOLS ADHINT INOILYDNddY 5

Figure 7.5- A high current helical inductor-30uH-180A.
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7.2 Appendix B

Table 7.1 — Typical heat transfer coefficients for a number of commonly used

power module cooling techniques [ 94]

Cooling Method Typical heat fransfer coefficient ( wn’K)
Natural Convection (air) 3-25
Natural Convection (water) 15 - 1000
Forced Convection (air) 10-=200
Forced Convection fwater) Up to 10,000
Condensing steam 5,000 — 50000
Boiling Water Up to 50,000
Microchannel Up to 50,000
Jet Impingement Up to 50,000
Spray cooling (water) Up to 500,000
Ulira thin film evaporation 10,000 to 500,000

Table 7.2-properties of water at 25°C.

Properties of water at 25°C

po( ﬂ*g.-”‘mj ) 998

Cy, (J/kgK) 4182

u (Ns/m’) 0.001003

K (W/mK) 0.60
Pr 7.0
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Table 7.3 — Materials, thicknesses, thermal conductivities and thermal

resistances of the proposed package.

Thermal
Layer name Material | Thickness (mm) Conductivity
(W/mK)at 26°C
Inductor Cu (1-14) 400
Solder Sn-3.5Ag 0.1-0.2 33
DBC Copper Cu 0.2 400
Aluminium
Nitride AIN 1 170
DBC Copper Cu 0.2 393

Table 7.4- Temperature vs current for one side cooling method

One side cooling-no core
Ta=24.9 °C, water flow rate=0.0132 kg.s~ ! or Ls™1
I inductor water water At
(A) | T(°C)-Max | T-inlet(°C) | T-outlet(°C) | (T-outlet)- (T-inle)
20 28.85 25.30 26.51 1.21
30 32.69 25.40 25.88 0.48
40 38.33 25.42 26.22 0.80
50 45.92 25.40 26.59 1.20
60 55.89 25.47 27.26 1.79
70 68.65 25.48 28.04 2.56
80 84.8 25.61 28.93 3.32
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Figure 7.6 shows the transient for the outlet temperature of the water till the stability
value at 60A.
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Figure 7.6-Outlet temperature of the water vs Time —at 60A.
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Figure 7.7-PT100 Resistance Table, Temperature vs Resistance.
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Figure 7.8 shows a comparison between the temperature of the commercial inductor
at currents 80, 100 and 120 A. The temperature has been captured after 15 minutes,
the rise in temperature at higher current is noticeable but small with an increasing from
the ambient temperature around 30 °C at 80 A, 41 °C at 100 A and 50 °C at 120A.

50.00 64.99 70.00

1-80A w2 1=100A o [-120A 506
e 48,04 . 6241 91 °, 67.22
Ta=21°C P Ta=21°C 2 Ta=21°C =

4600 5988 6128
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5024
4845
4858
4481
4255
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3805
3660
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Figure 7.8- A comparison between the temperature of the commercial inductor
at currents (a)-80 A, (b)-100 A and (c)-120 A.
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Abstract

This paper presents an investigation into the integration of high current density inductors into
a double side cooled sandwich power module package from the perspective of thermal
management of the integrated inductors. The advantage of using this integration method with
regards to using the converter thermal management system will be discussed in order to create
a high speed optimised commutation circuit. The main aim is to allow the use of a high current
density and hence obtain a high power density and high energy storage.

Introduction

Most of the recent studies [1] [2] into power electronic integrated systems have focused their
attention on improving their performance in order to achieve higher power densities, reduced
cost and size, increased efficiency and reliability. Passive components, mainly inductors,
transformers and capacitors, are often the largest and most expensive components in a power
electronic circuit. Furthermore, inductors are often responsible for the much of the power loss
and volume of the converter [3]. However, there are significant limitations with present

technology and significant challenges still need to be faced by researchers in this field.

The new generation of Silicon Carbide SiC and Gallium Nitride GaN [4] [5] power devices
have the potential to offer significant improvements to power electronic concepts. These
devices have the ability to operate at higher temperatures and higher switching frequencies,
which, in turn, means increased performance, higher efficiencies and higher power densities.
With higher current density chips compared to their silicon counterparts, smaller packages
could be obtained, also if operating frequencies are increased, the physical size of the passive
components can be reduced, while maintaining or improving efficiency [6]. The inclusion of
Silicon Carbide (SiC) devices can have a dramatic effect on the converter. In a previous study
[7], a comparison of an all silicon matrix converter switching at 8kHz had the same efficiency
as a hybrid SiC Si (SiC schottky barrier diodes used instead of Si PN diodes) matrix converter
operating at 19kHz. This could have a significant impact on the size and weight of the passive
filter components. However, the advantageous features of these new devices cannot be

presently fully utilised due to the packaging technologies being presently employed and there
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are a significant number of issues which require consideration including the inter-component

interactions of the power converter [8].

The work in this paper is based on a modular commutation circuit concept. Here, instead of
the typical approach to creating high current converters where an increasing number of device
die are bonded in parallel, requiring the use of paralleling gate resistors which then in turn
slows the devices to such an extent that the advantages start to diminish, a smaller, optimized
commutation cell is used in parallel with other commutation cells to create a larger power
converter. This has the advantage that the commutation inductance can be optimised locally
and the switching behaviour of the devices is then not compromised. This means however that
an output inductor is needed for each commutation cell in order to be able to use these cells in

parallel.

The specific purpose of this study is to investigate the integration of inductors at the power
module substrate level. An added potential benefit of this would be that high speed power
switching devices such as Silicon Carbide MOSFETS could be utilised the electro-magnetic
interference emanating from the power module could be contained to some extent by creating
internal filter configurations and ensuring that a clean, overshoot free commutation is possible.
Integrated capacitances would also enable the stray inductances within the module
commutation path to be further reduced compared to standard power modules, further

enhancing performance.

Integrated inductances

The cooling of passive components, especially inductors is always challenging as the thermal
management system needs to be designed to remove heat from the windings which are often
buried or inaccessible. The advantage to having the inductors integrated into the power module
is that the conductors could be constructed from the substrate materials and as such, will allow
a direct conduction path from the winding to the outer surface and on to the thermal
management system. This means that very good heat transfer will be possible out of the
inductors and devices. One further possibility would be to use a double side cooled “sandwich
structure’ in order to further increase the thermal efficiency, allowing current densities which
would normally not be possible in a standard inductor. High performance cooling technologies
such as jet impingement cooling could also be used as the thermal management system which
will reduce the temperature rise of the devices during operation. A schematic diagram of a jet
impingement cooled sandwich module is shown in Figure 1-(a) [9] [10]. The concept for the

power module containing a multitude of switching devices, each with its own output inductor

169



integrated into the substrate which is cooled by a liquid, jet impingement cooler is shown in
figure 1-(b,c).

Heat-exchanger
Power module

} Heat-exchanger

(b) (©)

Figure 1: (a) A schematic diagram of a double side cooled sandwich module (b)(c) Expected
integrated topology of power converter [10].

The inductors were integrated, in between the two DBC (direct copper bonding) ceramic
substrates forming the ‘sandwich module’ [11]. This module is usually cooled on its top and
bottom side, providing larger amount of cooling to the devices. By using the sandwich
assembly, a light-weight and compact module can be achieved. A schematic diagram of a
sandwich module is shown in Figure 1-(a) where two DBC ceramic substrate tiles are directly

cooled using jet impingement [12].

The inductors were initially realised by cutting a spiral, solenoid from solid copper blocks and
can be seen in Figure 2. Several test inductors have been constructed with a different numbers
of turns and different inner hole dimensions but utilising the same total volume for each
inductor. Inductances range varying 0.13 p H-0.8 p H were achieved. This shape chosen
allows the inductors to be soldered or sintered directly onto the substrate in the sandwich
package, as it is shown In Figures 2 & 3.
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Figure 2: Example of an air cored inductor prior to integration

Figure 3: Air cored inductor soldered between two substrates prior to thermal testing

Thermal simulation and experimental results

In order to be able to model the complete package in the future, simulation models of the test
inductors needed to be devised so that the experimental results could be used to fine tune and
validate future simulations. ANSYS has been used to design the package and analyse the

thermal characteristics.

Figure 4: package sandwich structure, using air cored inductors A, H.
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Figure 4 shows a sandwich structure consisting of two inductors. Inductor H (0.36 pH) has 16
turns and cross-section (8 mm x 6 mm) with square hole (6mmx4mm), while inductor A has
16 turns and cross-section (6 mm x 6 mm) with circle hole (D=6mm). The ceramic substrates

are constructed from Al203.

A liquid cooling jacket was added to the package shown in Figure 1 in order to perform
thermal tests on the inductors. An investigation of the thermal effects in the package, when
different values of current, up to 100A, were applied through inductor H, while no current
passed through inductor A was carried out in both the laboratory and in simulation. The tests
have been done while the sandwich modules are cooled directly with the cooling fluid being
sprayed onto the outside of the substrate to improve the heat extraction. Fig 5 shows the
experiment in the lab which consists of the sandwich structure with top and bottom coolers,
flow rate meter and thermal measurements for pre and post liquid temperature in order to

calculate the calorimetric losses.

Figure 5: The lab experiment with the sandwich package and the cooling system.

The experiment was carried out at ambient temperature of 25C°. A current was applied
through inductor H, and was increased from 0 up to 100A; the maximum temperature of the
inductor was measured using a thermal camera. The temperature of both input and output
water of the cooler was also measured together with the coolant flow rate. All experimental
results have been organized in table I. Both the ANSY'S simulation results and lab results were
similar and can be seen in Figure 6. These results show that the temperature of the inductor

increases proportionally to the current through the inductor. It should be noted that, a

172



conductor cross sectional area of 1mm squared was used to construct the inductors and as
such, a current density of up to 100A/mm squared was achieved with only a 60 degree rise in

temperature.

Table I: Maximum temperature of inductor H at various current’s values

Inductor H (8 mm x 6 mm) with square hole (6mmx4mm)
Water flow rate = 104 mL/min
Current (A) Water Tin C° | Water Tout C° | Inductor T C°

20 25.92 25.99 30
30 25.79 26.35 32.4
50 26.14 27.71 38
60 26.23 28.70 40.8
70 26.33 29.93 46.2
80 26.52 31.53 52.5
90 26.64 33.55 67
100 26.73 36.08 85.9

Temperature against current-with
cooling
%
J
80
70
7S X
L 50 Z
= 40 .-I’/ ——ANSYS
30
20 ——lab
10
0
0 50 100 150
I(A)

Figure 6- The hot-spot temperature of inductor against the current-with cooling in both lab

and ANSYS.
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While Figure 7 shows a comparisons of inductor’s temperature A current 100A has been
applied through inductor H, using AlI203. It can be seen that the simulation matches the

realistic experimental results.

84,939 Max
78.499

72068
65617
59176

52738
46.295
39.854
33413
26.973 Min

-
0.00 40.00 {mim} %
)

20.00

(a)

Figure 7: Inductor’s temperature comparison between (a) ANSYS and (b) lab at 100A.

Conclusion

The concept of integrating inductance structures into power module substrates has been
introduced. The thermal aspects of the integrated inductances have been simulated and then
validated against with lab prototypes. The feasibility of using high current density thus high
power density inductors has also been presented and shows that this method of integrating
inductors into the substrate and with the efficient path of the heat to the thermal management

system works well.
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7.3 Appendix C

Figure 7.9 shows the parasitic capacitance matrix obtained by Maxwell Electro-Static
Solver for the inductor (two winding in series next to each other each of 26 turns) and

both are soldered on a copper DBC as is in Figure 4.9-(c) - no core material.

turnl |turn2 Iturn 3 [turn4  |turn5 . . . |turn 48 [turn49 |turn 50 [turn 51 [turn 52 |bottom subtrate
turn 1 -3.5036| -0.0983| -0.037| -0.021| . . . | -0.0032| -0.0075| -0.0265| -0.0571| -0.1002 -2.1555
turn 2 -3.5036 -3.4248| -0.0704| -0.0233| . . . -0.005| -0.0205| -0.0384| -0.0215| -0.0126 -1.5227
turn 3 -0.0983| -3.4248 -3.4798| -0.0709| . . . | -0.0204| -0.038| -0.0206| -0.0054| -0.0055 -1.5124
turn 4 -0.037| -0.0704| -3.4798 -3.5097| . . . | -0.0379| -0.0204| -0.005| -0.0017| -0.0035 -1.5073
turn 5 -0.021| -0.0233| -0.0709| -3.5097 . . . | -0.0203| -0.0048| -0.0014| -0.0009| -0.0026 -1.5048
turn 48 -0.0032| -0.005| -0.0204| -0.0379| -0.0203| . . . -3.3452| -0.0665| -0.0237| -0.0219 -1.4858
turn 49 -0.0075| -0.0205| -0.038| -0.0204| -0.0048| . . . | -3.3452 -3.3453| -0.069| -0.0393 -1.4902
turn 50 -0.0265| -0.0384| -0.0206| -0.005| -0.0014| . . . | -0.0665| -3.3453 -3.299| -0.0986 -1.4961
turn 51 -0.0571| -0.0215| -0.0054| -0.0017| -0.0009| . . . | -0.0237| -0.069| -3.299 -3.382 -1.5152
turn 52 -0.1002| -0.0126| -0.0055| -0.0035| -0.0026| . . . | -0.0219| -0.0393| -0.0986| -3.382 -2.1426
bottom substrate | -2.1555] -1.5227] -1.5124] -1.5073[ -1.5048] . . . | -1.4858] -1.4902] -1.4961] -1.5152] -2.1426 80.074
_ Ctntn (the self-capacitance of one turn); n is the number of turn=1,2,3,....52.

Ctntn+1 (the turn to turn capacitance :between the turn and the adjutant turn);n and m =1,2,3,....52.

CMnm (The mutual capacitance between the winding of the two inductors next to each other ); nand m=1,2,3,....52

Cstn (The capacitance between the turns of the inductor and the bottom of the substrate) ;n =1,2,3...52

Ctntm (The capacitance between the turn and the non- adjutant turn); nand m=1,2,3,....52.

Figure 7.9 - The parasitic capacitance matrix of the inductor as in
arrangement in Figure 4.9-(c). All values are in pF.

Figure 7.10 shows the inductance matrix of the inductor obtained by Maxwell
Magneto-Static Solver for the inductor (two inductors in series next to each other each
of 26 turns) as is in Figure 4.9-(b) at 5A-no core material. The total inductance is the
sum of the self-inductance per turn and the mutual inductance for each turn with the

other turns of the inductor winding. L-total is equal to 6 pH.
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I_(tuml)Ml—Z(mutuaI inductance between turn1 & 2
L(turn2) M1-51(mutualinductancebetween turn 1 & 51

turn 3 turn 4 turn 5 ... turn48 turn49 turn50 \ turn51 turn52
turn 1 1.53E-02 6.93E-03 3.80E-03 ... -1.87E-05 1.13E-04 3.87E-04 -5.10E-05
turn 2 1.T1E-04 1.24E-04 1.58E-04 2.04E-04 ... -8.50E-05 -7.57E-05 -6.64E-05 -5.80E-05 1.26E-03
turn 3 1.53E-02 1.24E-04 2.41E-02 9.85E-03 5.06E-03 ... 3.55E-05 2.28E-04 6.06E-04 1.15E-03 -5.44E-05
turn 4 6.93E-03 1.58E-04 9.85E-03 2.41E-02 9.84E-03 ... 2.30E-04 6.08E-04 1.15E-03 1.15E-03 -6.23E-05
turn 5 3.80E-03 2.04E-04 5.06E-03 9.84E-03 2.42E-02 ... 6.06E-04 1.14E-03 1.14E-03 6.01E-04 -7.09E-05
turn 48 -1.87E-05 -8.50E-05 3.55E-05 2.30E-04 6.06E-04 ... 0.02418 0.009801 0.005062 0.002909 0.000317
turn 49  1.13E-04 -7.57E-05 2.28E-04 6.08E-04 1.14E-03 ... 0.009801 0.024192 0.00985 0.005068 0.000236
turn 50 3.87E-04 -6.64E-05 6.06E-04 1.15E-03 1.14E-03 ... 0.005062 0.00985 0.023974 0.009888 0.000179
turn 51  8.76E-04 -5.80E-05 1.15E-03 1.15E-03 6.01E-04 ... 0.002909 0.005068 0.009888  0.0239 0.000139
turn 52 -5.10E-05 1.26E-03 -5.44E-05 -6.23E-05 -7.09E-05 ... 0.000317 0.000236 0.000179 0.0001
L(turn52)

Figure 7.10- The inductance matrix of the inductor as in the arrangement in

Figure 4.9-(b) at 5A-no core material, all values are in pH.

7.3.1 Cascade two of two- port circuit

Here the method of Cascade two of two- port circuit, [T1] & [T2] is explained as
following:

Input terminal pair Output terminal pair
(input port) (output port)
. {
- \\ ’l I2 l" ,— \\
! X733, W > N
1 5.
R ¥ HE
L A Two-port v, Two-port : Vi -
| } |
PR | N - ) 1 1
| | L < 12 | |
e Qe - leo—Oo0— —
‘\ /’ \\ ’I

Figure 7.11- The Tow-port circuits in cascade.

From Figure 7.11:

AR

177



Vz] . [V3] EQ7.2

Thus

= )] FQ7.3

1 I
AN [

2 I C Dlli

(M= g g] EQ75
A=4,4, + B,C, EQ7.6
B=4,B, + B,D, EQ7.7
C=C,4, + D,C, EQ78
D=C,B, + D, D, EQ7.9

This is when the input is a function of the output. Now we will find the inverse

matrix thus we find the output as a function of the input, as the following:

V3] _ [A ] [ ] Al Vl] EQ 7.10
I’ C D C' D' L
~_[A" B'71_ 1 D -B EQ7.11
[7']= c' D’] ~ AD-BC [—C A
,_ D EQ7.12
~ AD — BC
B — —-B EQ7.13
"~ AD — BC
, —C EQ7.14
AD — BC
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A EQ7.15
"~ AD — BC

The transfer function:

Tr = 2 \When —1I, = 0 EQ7.16

n
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Figure 7.12- Capacitor Co PCB
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Figure 7.13- Schematic PCB — capacitor Co

The impedance of the capacitor is:

EQ7.17
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AL B 411 ) e

The impedance Z for the real capacitor C RLC series equivalent circuit vs measurements

TR T

. | ==—=The impedance Z for the itor C's PCB

= The impedance Z for the real capacitor C considering RLC series equivalent circuit

* |R=0.07 Ohm
L=6 nH
|CrauF

il il N | HE A AT I O i i Lodiiiii

il vl vl ol

107 10° 10° 10°
Frequency (Hz)

Figure 7.14- The impedance Z of the output capacitor Co.
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7.4 Appendix D
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Figure 7.15- Losses measurements DC-DC converter- part 1 schematics
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Connections to XMC Chipset
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