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ABSTRACT

COMPARISON OF MULTI-PHASE INTERLEAVED BOOST
CONVERTERS WITH VARIOUS COUPLED INDUCTOR TOPOLOGIES

Gokmen, Ragit
M.S., Department of Electrical and Electronics Engineering

Supervisor: Assist. Prof. Dr. Emine Bostanc1 Ozkan

February 2022, pages

Multi-phase interleaved boost converters are widely used in high power applications
thanks to their high efficiency, high power density, increased output power capability
and low input current ripple features. However, increasing the phase number results in
an increase in the overall volume of the converter. In order to reduce the volume of the
converter, inductors in multi-phase interleaved boost converters can be coupled. For a
two-phase interleaved boost converter, loosely-coupled inductor (LCI), close-coupled
inductor (CCI) and integrated-winding coupled inductor IWCI) are the most popular
coupled inductor topologies. To clarify the advantages of one coupled inductor topol-
ogy over the others, 2kW two-phase interleaved boost converters with these coupled
inductor topologies are compared under the condition where converters input current
ripple and output filter size are kept constant. By this way, changing the inductor
type does not have an effect on the rest of converter where the same filter components
can be used for all converters with different inductor topologies. For each coupled
inductor topology, a systematic design methodology is proposed and all inductors are

designed by using these methodologies. A figure of merit (FOM) is developed based



on the total power loss of the converters and inductors total volume and weight to
compare overall performances. Designs are experimentally verified and the results
show that all topologies with coupled inductors have a better efficiency compared to
the converter with discrete inductors and LCI topology is found to have the best FOM

among all designs.

Keywords: Multi-phase interleaved boost converter, magnetic coupling, coupled in-
ductor, loosely-coupled inductor (LCI), close-coupled inductor (CCI), integrated wind-
ing coupled inductor (IWCI)
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0z

CESITLI BAGLASIMLI INDUKTOR TOPOLOJILERI ILE COK KATLI
DONUSUMLU YUKSELTICI TiP CEVIRICILERIN KARSILASTIRILMASI

Gokmen, Ragit
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi: Dr. Ogr. Uyesi. Emine Bostanci Ozkan

Subat 2022, sayfa

Cok fazli doniistimlii yiikseltici tip ¢eviriciler, yliksek verim, yiiksek gii¢ yogunlugu,
artan cikig giicii kapasitesi ve diisiik giris akim dalgalanmasi 6zellikleri sayesinde
yiiksek gii¢ gerektiren uygulamalarda yaygin bir bicimde kullanilmaktadir. Ancak,
faz sayisinin arttirilmasi, doniistiiriictiniin toplam hacminde bir artisa neden olur. Ce-
viricinin hacmini azaltmak i¢in, ¢cok fazli doniisiimlii yiikseltici tip ¢eviricilerin faz-
larinda bulunan indiiktorler manyetik olarak baglastirilabilir. Iki-fazli bir doniisiimlii
boost cevirici i¢in, zayif baglasimli indiiktor, giiclii baglagimli indiiktor ve tiimlesik
sargl baglasimli indiiktor topolojileri en popiiler baglasimli indiiktor topolojileridir.
Bu topolojilerin digerlerine gore avantajlarin1 agiga kavusturmak icin, giris akim dal-
galanmasi ve ¢ikis filtre boyutlar tiim topolojiler i¢in aymi olacak kosulda tasarlanan
bu topolojiler ile gerceklestirilmis 2kW iki-fazli doniisiimlii yiikseltici tip ¢eviriciler
karsilagtirnllmistir. Bu sekilde, indiiktor tipi degistirmenin ceviricinin geri kalanina et-
kisi olmayacaktir. Farkl1 indiiktor topolojileri ile ger¢eklenen tiim ceviricilerde ayni
filtre elemanlar1 kullanilabilecektir. Her bir baglasimli indiiktor topolojisi i¢in siste-

matik tasarim metodolojisi Onerilmistir ve tiim indiiktorler bu tasarim methodoloji-
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leri kullanilarak tasarlanmigtir. Topolojilerin genel performanslarini kiyaslamak igin
cevirici gii¢ kayiplarina ve indiiktorlerin hacim ve agirliklarina dayali bir deger kat-
sayisi gelistirilmistir. Tasarimlar deneysel olarak dogrulanmis ve sonuglar baglagimli
indiiktor topolojilerine sahip ¢eviricilerin ayrik indiiktorlere sahip c¢eviriciden daha
iyi verime sahip olduklarim1 ve zayif baglasimli indiiktor topolojisinin tiim indiiktor

topolojileri arasinda en iyi deger katsayisina sahip oldugunu gostermektedir.

Anahtar Kelimeler: Cok fazli doniistimlii yiikseltici tip ¢evirici, manyetik baglagim,
baglasimli indiiktor, zayif baglasiml indiiktor, giiclii baglasimli indiiktor, tiimlesik

sarg1 baglagimli indiiktor
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CHAPTER 1

INTRODUCTION

Multi-phase boost converters are widely used in several applications that demand in-
crease in the voltage level and higher power level. The most common applications can
be listed as power factor correction circuits, photo-voltaic applications and electric ve-
hicle applications. In battery electric vehicles, DC-DC converters can be optionally
implemented between the source and the traction inverter to be able to control the DC-
link voltage. A controlled DC-link voltage ensures that the performance of the trac-
tion system does not get affected from the voltage changes of the source and it gives
the flexibly of controlling the DC-link voltage to increase system efficiency [1]. On
the other hand, a step-up DC-DC converter is generally required for fuel cell hybrid
electric vehicle (FCHEV) power-trains to solve the voltage mismatch between the
voltage of the fuel cell and the battery storage system [2]. Moreover, power convert-
ers employed in the power train should be light-weight, highly-efficient, small-sized
and have low input current ripple. Input current ripple of step-up DC-DC converter

may reduce the lifetime of fuel cell stack [3]], [4]].

Multi-phase interleaved boost converters are known to be good candidates in appli-
cations where high efficiency, high power density, increased output power capabil-
ity, and low input current ripple features are important. Instead of traditional dis-
crete inductor (DI) solution, coupled inductors can be employed in these converters
to achieve low loss, low volume and light weight passive component solutions [S].
In case of a two-phase interleaved converter or converters with even phase numbers,
loosely-coupled inductor (LCI) proposed in [6], closely-coupled inductor (CCI) pro-
posed in [7] and integrated-winding coupled inductor (IWCI) topologies as proposed

in [8]] can be employed. Several studies are conducted in order to evaluate the advan-



tages of boost converters with these coupled inductor topologies. In [5} 8], detailed
magnetic and electrical analysis of IWCI are provided, where the topologies are com-
pared by considering the same inductor current ripple and the same peak magnetic
core flux density for all designs. Input current ripples of converter are not considered.
In [9], designs with IWCI, LCI and DI are compared under two different conditions.
Firstly, turn numbers in all designs are kept the same and volume of the heatsink,
semiconductor ratings, output capacitor and inductors are compared. Secondly, in-
ductors are designed to achieve minimum inductor losses. In this case, other compo-
nents in the converters are redesigned. In these studies, the design methodologies start
from the core selection. Moreover, fringing effects were not mentioned or considered
in these studies. As authors states that fringing effects are very effective in inductors
large air-gap such as coupled inductors and affect the inductor design parameters.
Therefore, designing a coupled inductor by ignoring the fringing effect may result in

unexpected results.

1.1 Motivation and Outline of the Thesis

In this study, two-phase interleaved boost converters with LCI, CCI and IWCI topolo-
gies are designed to operate under the same converter operating conditions and their
performance characteristics are compared. Unlike the studies in the literature where
comparisons are carried by keeping the inductor’s current ripple the same which does
not include all components volume in the converter, in order to compare the volumes
of the converters by considering effects of inductors only, the design condition was
chosen as constant input current ripple and constant output voltage ripple. By this
way, volume of the rest of the converters kept constant. By this way, the same cir-
cuit components are employed in the boost converter power stage to test the topolo-
gies. Thanks to this approach, overall of performances of the converters that are
their efficiencies and size of inductors are compared. A discrete inductor solution is
also designed and experimentally tested by using the same converter board. Design

procudere of coupled inductors is another topic that is not studied in the literature.

The outline of this thesis can be summarized as follows:



e Chapter 2: This chapter explains multi-phase interleaved boost converter op-
eration briefly. It includes a literature review of multi-phase interleaved boost
converters and coupled inductors. In the literature review following subjects
will be discussed: advantages, disadvantages and usage areas of multi-phase
boost converters, selection of number of phase in multi-phase boost convert-
ers, introduction of coupled inductor topologies in two-phase interleaved boost

converter and their advantages and disadvantages.

e Chapter 3: This chapter presents a comparative study between multi-phase
boost converters to find the optimum value of the number of phases. The com-

parison condition will be discussed.

e Chapter 4: This chapter presents mathematical analysis of coupled and dis-
crete inductor topologies. It includes electrical analysis in order to obtain cur-
rent ripple equations and magnetic analysis in order to obtain magnetic flux

equations.

e Chapter 5: This chapter presents novel design methodologies for each coupled
inductor and discrete inductor topologies. The simulation and validation of
proposed designs using finite element analysis are presented. The effect of
coupling coefficient on the inductor parameter is investigated for the loosely-

coupled inductor.

e Chapter 6: In this chapter, measurement procedure for each coupled induc-
tor topology is proposed. The effect of fringing fluxes on the air-gap reluc-
tances is calculated analytically by using the proposed formulas in the litera-
ture. These analytical solutions are compared with the results found in finite
element analysis simulations and measurements. Parameters of implemented
inductors and selected other components of the converter are presented in this
chapter. Moreover, a methodology to obtain a small-signal, averaged model of
the two-interleaved boost converter with integrated winding coupled inductor
(IWCI) is presented. The validation of this methodology is done by compar-
ing simulation results. After that, designed control loop parameters and other

converter components are presented in this chapter.

e Chapter 7: This chapter presents experimental results of a 2kW, two-phase



interleaved boost converter having 150-250Vdc input and 400Vdc output volt-
age equipped with different coupled inductor topologies and discrete inductor
topologies. The validation of designed inductors is presented. Moreover, a

comparison of performances of inductor topologies is presented.

Chapter 8: This chapter is the conclusion chapter and some possible future

works are suggested in this chapter.



CHAPTER 2

MULTI-PHASE INTERLEAVED BOOST CONVERTERS STATE OF ART

2.1 Multi-phase Interleaved Boost Converter

The circuit schematic of two-phase interleaved boost converter with discrete inductors
is shown in Fig. [2.1]
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Figure 2.1: Two-phase boost converter with discrete inductors

The switches of the two-phase interleaved boost converter are controlled by 180°
phase-shifted PWM signals. According to the switching states, there are four different
operating modes in a two-phase interleaved boost converter. These can be classified
as model (S; : ON, Sy : OFF), mode2 (S; : OFF, Sy : ON), mode3 (S; : OFF,
Sy : OFF) and mode4 (S; : ON, Sy : ON). When, switches are conducting their
inductors are charged through the input voltage. When switches are turned off the
stored energy on the inductors and input voltage source feeds the output capacitor
and load. With the help of interleaved operation, the frequency of input current ripple

and output voltage ripple equals two times the switching frequency. This allows the
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use of smaller filter elements without increasing the switching frequency. The input

and inductors current waveforms of a two-phase interleaved boost converter are given

in Fig.2.2]
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Figure 2.2: Current waveforms of two-phase interleaved boost converter with discrete
inductors

Well-known advantages of multi-phase converters can be listed as:

¢ Increased output power capacity of the converter: By increasing the number
of phases, as the load current is shared between phases the output capacity of

the converter can be increased by using the same cooling and semiconductors

with the same ratings [[10].



¢ Increased efficiency thanks to the current sharing between phases: As the
current per phase decreases, the conduction losses on power semiconductors
and inductors reduce. Losses at higher power levels are dominated by conduc-
tion losses. Therefore, increasing the number of phases helps significantly to

improve the efficiency at high power levels [11].

e Higher frequency of input current ripple and output voltage ripple than
the switching frequency: By interleaving operation and application of phase-
shifted PWM signals, the frequency of the current and voltage ripples seen on
the converter input and output is increased with the number of phases times
the switching frequency. This comes with the advantage of using smaller filter
components without increasing the switching frequency of the converter which

increases power losses [12].

e Lower input current ripple: As the number of phases increases, the magni-
tude of the input current ripple reduces with the same inductor employed in
phases. Input current ripple is an important parameter, especially in the fuel
cell electric vehicle applications, as it affects the lifetime of the fuel cell stack

(13, 114].

e Improved transient response y the use of smaller filter components: The
main limiting factor in improving transient responses is the poles brought by
large filter components. As mentioned before, multi-phase converters have
ripple characteristics with lower magnitude and higher frequency that can be
filtered by using smaller filter components. As a result, using smaller filter
components gives the opportunity of increasing the bandwidth of the control
loop of the converter. Another advantage of multi-phase converters for load
transient is that they can overlap all phases during load demand or turn off all
phases during load release to quickly charge or discharge the output capacitor

[L5].

However, besides these advantages, multi-phase converters also have some disadvan-

tages. These disadvantages can be listed as:

e Increased size and volume of the converter: Multi-phase converters have
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more inductors which is the most dominant component in converter’s size and
volume. This makes them have a higher size and volume than the single-phase
converters. Coupling the discrete inductors of the multi-phase converter can be

a good solution for this drawback [16].

e Complex control technique needed for multi-phase converters: Unequal
sharing of the load current between phases may result in thermal unbalance

between the components of the converter, thus their control is more complex.

e Increased cost: Increased phase number requires more semiconductors, gate
drive circuits, more sensors for control circuits, etc. These will increase cost of

converter.

Therefore, it can not be always advantageous to increase the number of phases. Se-

lection of phase number for a multi-phase converter is an important design question.

2.2 Usage Areas of Multi-phase Boost Converters

The main usage area of a multi-phase boost converter is power-train of electric vehi-
cles. Fig. shows the power-train on an electric vehicle where energy sources can
be fuel-cells, batteries and super-capacitors [[17]. The voltage rating of these energy
sources can be different. Therefore, as an interface between the energy sources and
DC-link of the powertrain one or more DC-DC converters are generally used. The
output voltage of the battery/fuel-cell and super-capacitors are stepped up and regu-
lated by these DC-DC converters. A conventional boost converter is the most popular
candidate in BEV, PHEV powertrain due to its simple and low-cost power stages and
ease of control of the converter [18]. In electric vehicle applications, this DC-DC
converter should be capable of a high power rating. However, for high power applica-
tions boost converter might not be used because of its low current handling capability
and thermal management issues [[19]]. To overcome these problems multi-phase and
multi-switch boost converters are used [20]. Other usage areas of multi-phase in-
terleaved boost converters are power factor correction (PFC) [21] and photo-voltaic

applications [22]].
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Figure 2.3: Electric vehicle drive system [17]

2.3 Selection of Phase Number in Multi-phase Boost Converters

The selection of the number of phases in multi-phase interleaved converters plays an
important role. As stated above, an increase in the phase number comes with some
advantages but at the same, it has some drawbacks. Therefore, the effect of the phase
number on converter performance should be considered. In [23]], the impact of num-
ber of phases of an interleaved boost converter is investigated. The number of phases
changes from 1 to 6 in that study. Two different design conditions are considered.
Firstly, the authors consider that all phases have the same inductance. But for this op-
erating condition, as the number of phases increases, converters with a higher number
of phases enter the DCM operating mode due to the lower phase currents. Thus, as a
second design condition, phase inductances are adjusted so that the inductor current
ripple level is kept constant for all designs. After that inductor volume index is cal-
culated as a function of inductance and inductor current. The results show that for
the first condition 2-phase has the minimum inductor volume index and for the sec-
ond condition inductor volume index decreases with increasing phase number. The
proposed inductor volume index is a good approach however, some practical limits
are not considered. For example, the fact that an increased number of turns for a
higher phases number may result in a design that has a fill factor exceeding produc-
tion limits. Also, the availability of commercial cores is limited. In other words, the

small difference in inductances of 5-phase design and 6-phase design may result in
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the same magnetic core for both designs. Therefore, inductor volume for the 6-phase
may become higher than expected. Moreover, input current ripple values are different
for all designs, where a 6-phase design will have a smaller input current ripple and
hence a smaller input filter size. When comparing volumes of all designs, input and
output filter size should be considered. Also, for power loss analysis inductor power
losses including conduction and core losses should be included. In [24], the effect
of the number of phases is investigated by only considering the efficiencies of the

converters.

In this study, the same inductance values are used for all phases as mentioned before
this results in a constant increase in the volume of the converter as the number of
phases increases. Moreover, volume comparisons are not included. In the following
chapter of this thesis, the impact of number of phases in interleaved boost converter

is investigated by considering these mentioned drawbacks.

2.4 Effect of Input Current Ripple

Input current ripple of a converter is an important parameter in several applications.
Several studies are investigating the effect of input current ripple on fuel cells. In
[14]], it is mentioned that high-frequency current ripple harmonics are filtered by a
double-layer capacitor of the fuel cell stack. However, the authors emphasize that the
maximum RMS current value that can be tolerated by the double-layer capacitor and
the effect of current ripple on the lifetime of the fuel cell stack should be considered.
The negative effects of the fuel cell output current ripple’s on fuel cell lifetime and ef-
ficiency are addressed in several papers. In [23], it is mentioned that it is important to
keep the ripple value of the fuel cell output current low to avoid undesired hysteresis
energy losses inside the fuel cell stack. Besides fuel-cell applications, in PFC appli-
cations input current ripple affects electromagnetic interference noise of the system.

Lower input current ripple results in smaller input differential mode filters [26]].
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2.5 Coupled Inductor Interleaved Boost Converters

Magnetic coupling of inductors can be done in two different ways. One is direct
coupling and the other one is inverse coupling. Fig. shows two different coupling
types of circuit schematics. The inverse coupling has smaller current ripples and
slower transient response whereas direct coupling has larger current ripples and faster
transient responses [27]]. Moreover, if the inductors are inversely coupled, the DC flux
created by the windings is canceled out which makes the inverse coupling a better

choice in high current applications.

Figure 2.4: Two different ways of the coupling between inductor a) direct coupling

b) inverse coupling [27]]

Magnetic integration techniques or coupling inductors in interleaved multi-phase con-
verters are widely used in the literature [28, 29, 130, [31]]. The main advantages of the

coupled inductors can be listed as [32]:

e DC flux generated by the DC current flowing through the inductor can be can-
celed by the help of inverse magnetic coupling. This results in lower magnetic
flux density in the magnetic core and hence smaller magnetic core can be used

compared with discrete inductors.

e AC flux can be shared between the windings, which results in lower peak to

peak magnetic flux density.
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e The inductor current ripple is affected by another phase current due to the
magnetic coupling. In a one switching period inductor current sees different
inductances and hence ripple magnitude is lower than the traditional discrete

inductors and frequency is higher than the conventional discrete inductors.

In the case of a two-phase interleaved boost converter, there are different types of cou-
pled inductor topologies. Loosely-coupled inductor (LCI) proposed in [6], closely-
coupled inductor (CCI) proposed in [7] and integrated-winding coupled inductor
(IWCI) topology proposed in [[8] can be employed. The circuit schematics of these

coupled inductor topologies are shown in Fig. [2.5]

A
_

L‘/‘_j o

—

Auxiliary inductor L . 3
I VUV Vo
™ LD I—
o MY Y- —D_ME
i ®
LYY L T o
L 112

Figure 2.5: Circuit models of the coupled inductor topologies. (a) LCI (b) CCI (c)
IWCI [5]

A two-phase interleaved boost converter shown in Fig. 2.1] can be configured with
an inversely coupled inductor instead of discrete inductors. The current waveforms

and operating modes of a converter with an inversely coupled inductor are given in
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Fig.[2.6] As can be seen, the current of phases is affected by the other phases switch-
ing state. The inductance seen by the inductor current is different at these operating

modes.
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Figure 2.6: Current waveforms of two-phase interleaved Boost converter with cou-

pled inductor

The first topology named LCI is known as an integrated inductor and transformer
[33]]. In this method, most of the time EE or EI cores are used. Two windings con-
nected to converter phases are wounded on the outer legs of the core. There exist a
large air gap on the center leg of the core; therefore, fringing flux is relatively high.
By adjusting the length of the air gap, mutual inductance between the windings can

be controlled. In this topology, leakage inductance limits the input current ripple
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whereas inductor current ripple is limited by the sum of self and mutual inductances.
Closely-coupled inductor design consists of one boost (auxiliary) inductor connected
in series with the input source and one inversely coupled transformer which is con-
nected to phases of a interleaved converter. The advantages of the CCI topology are
the flexibility to use different cores for two inductors and easy implementation due to
simple design procedures [J5,134]. Thanks to the high coupling coefficient and inverse
coupled windings, a core with low saturation can be used for CCI, while a higher
saturation core can be selected for the boost inductor where high DC current flows
through. A new topology constructed by integrating boost inductor with the trans-
former of CCI is called as IWCI. This topology has 3 windings where the winding
wounded on the center leg of EE core is connected to the input source while the other
windings are connected to converter phases. Center winding is directly coupled to
the other windings while outer windings are inversely coupled among themselves.
The main advantage when compared to CCI method is downsizing of the magnetic

component size by integrating the boost inductor and the transformer [J8]].

Several studies are conducted in order to evaluate the advantages of boost converters
with these coupled inductor topologies. In [, 8], detailed magnetic and electrical
analyses of IWCI are provided, where the topologies are compared by considering
the same inductor current ripple and the same peak magnetic core flux density for all
designs. In this design condition, the volume of the LCI is found 10% smaller than
the other coupled inductor topologies. LCI also has the best efficiency among the
other inductors. This study is conducted by neglecting the fringing effect presented
in the air gap. The author states that it is important to consider the fringing effect
especially, in high power applications because this effect can produce considerable
losses and can affect characteristics of inductors. Moreover, input current ripples of
converters are not considered. In [9], designs with IWCI, LCI and DI are compared
under two different conditions. Firstly, turn numbers in all designs are kept the same
and volume of the heatsink, semiconductor ratings, output capacitor and inductors
are compared. For this condition, IWCI and LCI have less volume than the other
designs. IWCI is found to have the highest power losses while LCI has the lowest
power losses. Fig. shows the results under this condition. Secondly, inductors

are designed to achieve minimum inductor losses. In this case, the volume results are
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not changed. For this condition, other components in the converters are redesigned.

Similarly, the fringing effect is not considered.
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Figure 2.7: Inductor volume vs. inductor losses of the study of [9]]

2.6 Chapter Summary

In this chapter, the operation of a two-phase interleaved boost converter with discrete
inductors is briefly explained by presenting current and switching waveforms of the
converter. The advantages, disadvantages and usage areas of multi-phase boost con-
verters are presented. The studies covering the impact of the number of phases on
interleaved converters in the literature are discussed. Since, input current ripple is
considered as a design input in this thesis, several studies in the literature considering
the effect of input current ripple of the multi-phase converter are reviewed. Magnetic
coupling types are introduced and the reason why inverse coupling is widely used in

high power interleaved boost converters is explained.

The operation of a two-phase coupled inductor interleaved boost converter is briefly
explained. Well-known coupled inductor topologies in the literature for a two-phase
interleaved boost converter are presented. Several studies about a comparison of these
coupled inductor topologies in the literature are reviewed. The design conditions are

investigated and possible contributions to the literature are discussed.
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CHAPTER 3

SELECTION OF NUMBER OF PHASES

In this section, the effect of the number of phases on the efficiency and volume of
multi-phase boost converters is investigated. Only the converters with discrete (un-
coupled) inductors are considered due to the easy analytical calculations. However,

the results are expected to be similar for coupled inductor topologies.

4 different multi-phase boost converters with number of phases of 1, 2, 4 and 6 are
designed for 2kW output power level. Numerical calculations for inductances for
different number of phases are conducted under the same design condition that they
have the same input current ripple or the same inductor current ripple. After the
calculation of inductances, discrete inductors are designed for all converters. Finally,

designed converters are compared by considering their volume and efficiency.

3.1 Discussion on Comparison Conditions

The comparison of converters with the different number of phases should be done
under the same condition. The different comparison conditions are possible. The
first condition is that all converters have the same inductance for their phases. In
this way, all converters have the same inductor current ripple. However, the input
current ripple will be different. When it comes to efficiency, after some power level
where the effect of fixed losses of the converter such as gate drive loss, switching
loss, etc. are become less dominant, efficiency tends to increase as the number of
phases increases. This is a result of less current per phase for the higher number of
phases, which gives less conduction losses which is the most dominant part of power

losses at higher power levels. The other comparison condition is that all converters
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with the different number of phases can be designed to have the same converter input
current ripple. As stated in Chapter 2] input current ripple of a boost converter can
be an important parameter for some applications such as a fuel-cell stack. For this
condition, all converters can be used with the same input filter. Also, as the number
of phases increases phase inductance value reduces for the same input current ripple.
Thus, this condition is fairer regarding volume comparison. In the rest of this chapter,
the first comparisons are carried out for 2kW converters at 15% and 5% constant input
current ripple condition. Then, 2kW multi-phase converters that have the same phase

inductance regardless of the phase number are compared.

3.2 Comparisons under the Same Input Current Ripple Condition

Converters are designed for two different input current ripple conditions. Firstly, the
input current ripple selected is as 15%. For this current ripple value, converters with
4-phase and 6-phase have large inductor current ripple where the currents go to neg-
ative which is allowed in synchronous operation of the boost converter. Therefore,
converters with 4-phase and 6-phase have higher power losses due to the increased
RMS current value when compared to converters with 1-phase and 2-phase. There-
fore, 4-phase and 6-phase designs are excluded for this condition. The other current
ripple condition is selected as 5%. For this input current ripple value, converters with
6-phase do not enter to DCM or inductor current does not go negative. It is expected
that for this ripple condition the power loss differences between converters with 1-

phase and 2-phase and converters with 4-phase and 6-phase will be reduced.

3.2.1 Comparsion under the 15% Input Current Ripple

First of all, inductance values that result in the same input current ripple for each de-
sign are calculated. Then, inductors are designed by selecting their magnetic cores.
Other circuit components of the boost converter are selected for each design. Elec-
trical analysis of single-phase, 2-phase, 4-phase and 6-phase interleaved boost con-
verters can be done according to the different switching states. The input current

ripple can be calculated for each operating point, separately. For a single-phase boost
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converter, the input current and inductor current are the same. Ripple value of input
current of single-phase boost converter can be written as in Eq. [3.1] For a 2-phase
interleaved boost converter there are 4 different operating modes. These can be clas-
sified as model (S; : ON, Sy : OFF), mode2 (S; : OFF, Sy : ON), mode3
(S1 : OFF, Sy : OFF) and mode4 (S; : ON, Sy : ON). Switching and cur-
rent ripple waveforms and operating modes of 2-phase interleaved boost converter
are shown in Fig. For D < 0.5 input current ripple can be calculated in model.
During model, phasel’s inductor is charged through the input voltage while phase2’s
inductor is discharging through the output capacitor. The current ripple equations for

this mode can be written as in Eq.[3.1/and Eq.

Vin DT

A-[in,lphase - AIL,lphase - I (31)

Vin DT

AILI,Qphase = I

‘/in - ‘/;) DTS
AIL2,2phase - ( I ) (32)

Vo(l —2D)DT,

AIin,2phase = ( I )

Similarly, for D > 0.5 the input current ripple can be written during mode4. As given

in below.

3
2V,(1 — D)(D — 0.5)T, (3-3)

L

A]Ll,Qphase = A]L2,2phase =

A]in,2phase =

The converter with 4-phase has 4 different input current ripple equations as a function
of the duty cycle. Switching and current ripple waveforms and operating modes of
a 4-phase interleaved boost converter are shown in Fig. 3.1l Input current ripple

equations for 4-phase interleaved boost converter are given in Eq.[3.4] Input current
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ripple equation of a 6-phase interleaved boost converter is given in Appendix

( V,(1—4D)DT,
: 0<D<0.25
L
V,(2—4D)(D — 0.25)T,
7 . 025<D <05
AIinAphase - ‘/0(3 4D> (D 0. 5)Ts (34)
: 05<D<0.75
L
4V,(D - 0.75)(1 — D)1,
7 . 0.75<D<1

Design parameters of the converter are summarized in Table [3.1] Required minimum
inductance values as a function of the duty cycle for 2kW output power level is given
in Fig. [3.2] For operating region 0.375 < D < (.625, the minimum required induc-
tance values to satisfy desired maximum input current ripple are given in Table [3.2]
For 4-phase and 6-phase converters, small phase inductance results in large induc-
tor current ripple. Therefore, their inductor currents become negative or enter DCM.
Also, high-frequency power losses and core loss of the inductors are significantly
higher than the converters with 1-phase and 2-phase. In conclusion, for 15% input

current ripple condition, designs with 4-phase and 6-phase are not considered.

Table 3.1: Converter Parameters

Input Voltage Output Voltage Output Power Switching Frequency Input Current Ripple
Value 150V-250V 400V 2kW 50kHz 15%
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Figure 3.1: Current waveforms of a 4-phase interleaved boost converter with uncou-

pled inductors
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Figure 3.2: Required inductance vs duty cycle for input current ripple equals to %15

of maximum input current @2kW output power

Table 3.2: Required Minimum Inductance Values for 15% Al;,, @ 2kW Output

Power Level

1-Phase 2-Phase 4-phase 6-Phase
Inductance(uH) 1000 375 250 166.6

For each converter, required energies in mH.A? which is given in Eq. are cal-
culated. Then, the cores with Kool Mu material from Magnetics Inc. are searched.
Magnetic cores having stored energy parameters greater than the calculated one are
considered. Starting from the core with minimum size among the considered cores,
the number of turns is calculated according to the inductance factor specified in the
cores datasheet, A; and inductance value. Then, by using the calculated number
of turns and limiting B,c,; to 0.37", minimum cross-section area, A, is calculated
by using Eq. If the core meets that minimum cross-section area, it is selected
otherwise the same design procedure is applied to the consecutive cores. Designed

inductors parameters for all designs are given in Tab.

1
Energy = §L[§hz,peak (3.5)
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| L
N = a, (3.6)

Ll o 0.5V, DT.
B cak = pha,
peak = A T TNA

(3.7

In these equations, I, ,cqr 18 the peak phase current, /N number of turns, V;, input
voltage of converters, T, switching period, Ay inductance factor, A, cross-section

area of a magnetic core, [y magnetic permeability of the free-space.

Table 3.3: Inductor Parameters for Different Designs with Various Number of Phase

for 15% Al;, @2kW Output Power Level

1-Phase 2-Phase
Inductance 1000 H 375uH
By 0.32T 0.21T
AB,, 0.04T 0.16T
Boeak 0.34T 0.29T
Number of Turns 71 34
Royinding.de 56mS? 35mS2
Cross Section Area, A, 600mm? 350mm?
Core Type 00K8024F026 00K 5528 E090
number of parallel layer, p 6 3
0 =Ruindingac! Rwinding.de 17.23 4.95

The converter parameters such as RMS current and average current of phases are
calculated to select the other components such as semiconductors and output capac-
itors. The average, I, v, peak to peak ripple, I, ,p, and RMS value, I}, yms Of
each phase’s currents can be calculated by using the following equations, where, z
index represents the number of phases, L, is the inductance of each phase as given in

Table Finally, the parameters of the converters are summarized in Table

Po max
[phz,av = 7 (38)

V;n,min
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Tohypp = 'L 3.9

I L an)?
Iphy rms = Iphx,av\/ 1+ ( ”h“’p{;h“ ) (3.10)

In these equations, P, ,q, 15 the maximum output power, Vi, i, 18 the minimum

input voltage.

Table 3.4: Converter Parameters for Different Designs with Various Number of

Phases for 15% Al;,, @ 2kW Output Power Level

1-Phase 2-Phase

Average Current(A) 13.33 6.66
Peak to Peak Ripple(A) 2 )
RMS Current(A) 13.34 6.81

Output Capacitor RMS Current(A) 6.40 3.11

The volume comparison of multi-phase boost converters with the various phases for
15% Al;, @ 2kW output power level is given in Fig. Even though, 1-phase
design has higher inductor stored energy in mH.A? it has smaller inductor volume
compared to the 2-phase converter. Since commercial magnetic cores are searched
and converters are designed by using these cores. Due to the limited available com-
mercial cores, 2-phase design has a higher inductor volume in total than the converter
with 1-phase. Another important component affecting the converter volume is the
output capacitor of the converters. With the help of interleaved operation, the con-
verter with 2-phase has an output capacitor RMS current value that is nearly half of
the output capacitor RMS current value of the converter with 1-phase. In total as can
be seen from Fig. [3.3] the 2-phase converter has a smaller volume than the converter
with a single phase. However, volume comparison alone is not sufficient to deter-
mine the optimal phase number. Because one design may have higher power losses
due to the increased number of phases even it has a lower volume. One design can
not be considered as the best one by only considering the volume of the converter.

The efficiency of the converter is also important. For this reason, power losses of the
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converters are calculated.
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Figure 3.3: Volume comparison for converters at 150V input voltage, 2kW output

power and 15% input current ripple

The losses are calculated at maximum load and minimum input voltage operating
point. The converter losses include switching losses and conduction losses, Psyitching
and P.,nquction Of main MOSFETs, diode losses Pyjoq., DC and AC winding losses,
Prinding,de and Pyyinding ac, core losses, P of inductors and lastly gate drive losses,

Pyive. The losses can be calculated by using the following equations.

Pswitching =n (Eon + Eoff + Eoss)fsw] (311)

E,y, 1s the turn-on switching energy, E, sy is the turn-off switching energy and £
is the C,, stored energy these constants are provided in the datasheets of MOSFETs.

fsw 1s the switching frequency and n number of phases.

he,rms

Pconduction =nNn |:I§ Rdson:| (312)
Rds,,, is the on-state resistance of MOSFET.

Pdiode =n [Vforwardlphz,av(l - Dmaw) + chswi| (313)
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Vtorwara 1 the forward voltage drop of diode, D,,,, maximum value of duty cycle de-
fined in operating conditions, . capacitance stored energy taken from manufacturer

datasheet.
Pdm’ve =n [Boss,supply + V;JSantefsw] (314)

Pross,supply 18 the power loss of supply of gate driver, V, gate-source drive voltage,

@ gate total gate charge of the MOSFET.

The winding losses of an inductor consist of two-components. These are DC winding
loss, Pyinding,pc and AC winding 10ss Pyinding, Ac- Puwinding, Ac re€presents the high-
frequency losses of the inductor. At high frequencies, skin effect and proximity effect
give rise to an increase in winding losses. If the AC component of the inductors
current is considerably high, placement of windings and selection of wire diameter

should be done carefully.

Pwinding,DC’ =n [IzthaURwinding,DC] (315)

Ryinding,pc 18 the DC resistance of inductor. windings.

2
Pwinding,AC = 7’L|: ( Ighm,rms - I;?f@,a’u) Rwinding,ac:| (316)

Ryinaing,pc 1 the AC resistance of inductor windings. where, [.inding, pc 18 calcu-

lated from the following formula.

Ryive - M.LT.- N
Rwinding7DC = D (317)

Rire 1s the resistance of wire generally given in Q/km, M.L.T. is the mean length
of one turn calculated from core geometry. The ratio of Ryindingac 0 Ruinding,de
defined as o is assumed considering number of parallel layer p for each design. p is
calculated considering current density of wire by using the following formula, where
J is the current density of the winding that is taken as 7 A/mm?.
J
1

phz,av

p= (3.18)
In order to take into account the proximity effect, Dowell’s curve can be used [35],
where it gives the ratio of AC resistance to DC resistance of winding, o, as 10. As the
ripple of the inductor current is smaller when compared to the DC value, in this case,

the margin of error by assuming o roughly in the loss account will not be significant.
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However, for more accurate calculation of winding losses or for transformers where
current only has AC component the proximity effect should be considered by using

FEA simulations.

Calculation from Dowell’s curve gives the ratio o as 1.85 for 1 layer winding, as 4.95
for 2 layer winding, as 10 for 3 layer winding and as 17.23 for 4 layer winding. The

o and p values for all designs are also summarized in Table[3.3]

The core loss of the inductors can be calculated by using the Steinmetz equation given
in Eq.[3.19] This equation considers that magnetic flux density consists of only AC
component. In the literature, there are several studies on the effect of DC bias on
core loss. In [36], an experimental setup is used to investigate the core loss effect.
AC magnetic field density is kept constant by using an H-bridge converter by varying
frequency and voltage. A boost converter with varying load is used to simulate DC
magnetic field. In this way, in that study effect of DC bias on core loss is investigated.
In conclusion, it is stated that DC bias results in an increase in the core losses. Some
empirically obtained constants are used to make the Steinmetz equation more accurate
for the DC bias condition. However, these constants are depended on the magnetic
core material. Therefore, they should be derived empirically for each material. In
this chapter, the effect of DC bias can not be considered analytically. Therefore, it is
ignored. In Chapter [6] the DC bias effect will be considered with the help of FEA

simulations. ,
B(lC

2

a is the constant for core material, B,. peak to peak magnetic flux density of the

P,.= n[a © Vire % 1072 (3.19)

inductor, b exponent of flux density in the Steinmetz equation, ¢ exponent of the fre-
quency, V,,. core volume in cm?. Power losses at the 2kW output power level of all
designs are given in Fig. As can be seen from Table [3.3[and Table converter
with 1-phase has higher RMS current through the semiconductors and higher phase
current than the converter with 2-phase. It also has a higher number of turns and
hence higher winding resistance of the inductor. Therefore, converter with 1-phase
has higher winding losses and conduction losses of main and synchronous MOSFET
than the converter with 2-phase. Converter with 1-phase has also higher turn-off cur-
rent of MOSFETsS than the converter with 2-phase therefore it has higher switching

losses per MOSFET. However, since the converter with 2-phase has more semicon-
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ductor, total switching losses of the converter with 2-phase are higher than the con-
verter with 1-phase. Moreover, due to the lower phase inductance than the converter
with 1-phase, 2-phase converter has a higher magnetic flux density ripple which re-
sults in higher core losses. In total, as seen from Fig. [3.4] a 2-phase interleaved
converter has lower power losses. In order to evaluate the overall performances of all
designs, a figure of merit (FOM) is derived based on power loss, volume and cost of
converters. The proposed FOM is given in below. Three parameters of converter that
are affected by the number of phases are used in the FOM. These are power losses
and the volume of the converters. Design with the highest FOM is considered the

optimum design for specified operating conditions of the converters.

1
FOM = 3.20
Power Loss(W) - Volume(m3) (3:20)

The performance outcomes of all designs are summarized in Table [3.5] As can be

seen, a 2-phase design has a better FOM.

Table 3.5: Performance Comparison of Converters with Different Number of Phases

for the Same A[;, and 2kW Output Power

1-Phase 2-Phase
Power loss (W)  28.14 26.96
Volume (cm?) 230 190
FOM 154.51  195.22
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Figure 3.4: Power losses comparisons for converters at 150V input voltage, 2kW

output power and 15% input current ripple

3.2.2 Comparsion under the 5% Input Current Ripple

Required minimum inductance values as a function of the duty cycle for 2kW output
power level are given in Fig. [3.5] For operating region 0.375 < D < 0.625, the
minimum required inductance values to satisfy desired maximum input current ripple

are given in Table [3.6]
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Figure 3.5: Required inductance vs duty cycle for input current ripple equals to %35

of maximum input current @2kW output power

Table 3.6: Required Minimum Inductance Values for 5% Al;,, @ 2kW Output Power

Level

1-Phase 2-Phase 4-phase 6-Phase
Inductance(uH) 3000 1125 750 500

The required energy in mH.A? which is given in Eq. is calculated. Then, the
cores having that parameter greater than the calculated one are considered. Starting
from the core with minimum size among the considered cores, the number of turns
is calculated according to the inductance factor specified in the datasheet, A; and
inductance value. Then, by using the calculated number of turns and limiting B, to
0.37T, minimum cross-section area, A, is calculated by using Eq. If the core meets
that minimum cross-section area, it is selected otherwise the same design procedure

is applied to the consecutive cores. Parameters of the designed inductors are given in

Tab.[3.7.
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Table 3.7: Inductor Parameters for Different Designs with Various Number of Phase

for 5% Al;, @2kW Output Power Level

1-Phase 2-Phase 4-phase 6-Phase
Inductance 3000 H 1125uH 750uH 500uH
B. 0.342T 0.287T 0.2T 0.15T
AB,, 0.0167 0.03T 0.14T 0.25T
Bypeak 0.35T 0.31T 0.27T 0.28T
Number of Turns 109 66 71 58
Royinding,de 160mS2 69mS2 170m$2 127m$2
Cross Section Area, A, 1080mm? 417Tmm? 183mm? 128mm?
Core Type 00K130LE026 00K5530E£060 00K4020£060 00K4017E090
number of parallel layer, p 6 3 2 1
0 =Ruinding,ac! Rwinding,de 17.23 4.95 4.95 1.85

The parameters of the converters are summarized in Table[3.§]

Table 3.8: Converter Parameters for Different Designs with Various Number of

Phases for 5% Al;,, @ 2kW Output Power Level

1-Phase 2-Phase 4-phase 6-Phase

Average Current(A) 13.33 6.66 3.33 2.22
Peak to Peak Ripple(A) 0.625 1.66 2.5 3.75
RMS Current(A) 13.34 6.68 3.41 2.47

Output Capacitor Rms Current(A)  6.39 2.90 1.08 1.16

The volume comparison of multi-phase boost converters with a various phases for 5%
AI;, @2kW output power level is given in Fig.[3.6] With the help of interleaved oper-
ation, output capacitor volume reduces as the number of phases increases. Moreover,
in order to satisfy the 5%AI;, condition, a converter with 1-phase requires higher
phase inductance. It also has a higher phase current therefore it’s inductor volume is
much higher than the others. As can be seen, the 4-phase converter has a minimum
volume than the others. However, volume comparison alone is not sufficient to deter-

mine the optimal phase number. For this reason, another performance criteria, power
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losses of designs are calculated.

06 ‘ I Gate Drive Circuit ‘
I Main Mosfet
[_""1Synchronous Mosfet

0.5+ I nductor 7
[ Output Capacitor

Volume(liter)

1 2 4 6
Number of Phases

Figure 3.6: Volume comparison for converters at 150V input voltage, 2kW output

power and 5% input current ripple

Power losses at the 2kW output power level of all designs are given in Fig.[3.7, Due
to the higher winding resistance and higher core volume, converter with 1-phase has
a higher winding losses and core loss. Converter with 6-phase has higher peak to
peak magnetic flux density and higher number of magnetic cores therefore it has also

higher core losses. As seen, the 2-phase interleaved converter has the minimum power

losses.
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Figure 3.7: Power losses comparisons for converters at 150V input voltage, 2kW

output power and 5% input current ripple

The performance outcomes of all designs are summarized in Table 3.9] As can be

seen, the 2-phase design has the best FOM among all.

Table 3.9: Performance Comparison of Converters with Different Number of Phases

for the Same 5% A, and 2kW Output Power

1-Phase 2-Phase 4-phase 6-Phase
Power loss (W)  62.18 24.09 35.94 55.88
Volume (cm?)  575.5 215.2 145.2 160.2
FOM 61.75  192.89 191.62 111.70

3.3 Comparisons Using the Same Inductance

In this condition, all multi-phase converters with a different phases have the same

phase inductance of 500 H. Therefore, inductor current ripples are the same for all
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designs while input current ripple varies. As a result, input filter sizes are different
since input current ripples are different. Volumes of converters are given in Fig. [3.§
When it comes to efficiency comparisons, higher power level converters become more
efficient as their phase number increases. Because the most dominant part of power
losses is the conduction loss which reduces with the increasing number of phases.
Since the same inductor is used in all designs, the inductor current ripple and hence
AC component of current is the same which results in the similar AC winding loss. In
conclusion, under this comparison condition and 2kW output power level, a number
of phase of 2 is the optimum regarding efficiency. Even, its volume is close to a

single-phase design.

Parameters of the designed inductors is given in Tab. [3.10]

Table 3.10: Inductor Parameters for Different Designs with Various Number of Phase

for the Same A7; @2kW Output Power Level

1-Phase 2-Phase 4-phase 6-Phase
Inductance 500uH 500uH 500uH 500uH
B 0.31T 0.27T 0.225T 0.197
ADB,, 0.08T 0.16T 0.25T 0.32T
Byeak: 0.35T 0.35T 0.35T 0.35T
Number of Turns 52 51 58 70
Ruinding.de 27mS) 41m$2 126ms? 127mS)
Cross Section Area, A, 417Tmm? 237mm? 128mm? 84mm?
Core Type 00K5530F£040 00K4022E060 00K4017E090 00K 3515E£060
number of parallel layer, p 6 3 2 1
0 =Ruyinding,ac! Rwinding.de 17.23 4.95 4.95 1.85

The parameters of the converters are summarized in Table
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Table 3.11: Converter Parameters for Different Designs with Various Number of

Phases for the Same AI;, @ 2kW Output Power Level

1-Phase 2-Phase 4-phase 6-Phase

Average Current(A) 13.33 6.66 3.33 2.22
Peak to Peak Ripple(A) 3.75 3.75 3.75 3.75
RMS Current(A) 13.38 6.75 3.50 2.47

Output Capacitor Rms Current(A) 6.43 3.02 1.16 1.16

The volume comparison of multi-phase boost converters with a various phases for
the same AI;, @2kW output power level is given in Fig. [3.8] For this condition
since the inductances are the same, the 1-phase design has inductor volume which is
close to the other designs. However, the 1-phase design suffers from output capacitor
volume since it has a higher output capacitor RMS current than the others. As can be
seen, the 4-phase converter has a minimum volume than the others. However, volume
comparison alone is not sufficient to determine the optimal phase number. For this

reason, another performance criteria, power losses of designs are calculated.
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Figure 3.8: Volume comparison for converters at 150V input voltage, 2kW output

power and the same inductor current ripple
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Power losses at the 2kW output power level of all designs are given in Fig.[3.9] For
this condition, a 1-phase converter has smaller winding resistance however due to the
higher phase current its winding loss is higher than the others but now it is closer to
the winding losses of other designs. Other components of the power losses increases
as the number of phase increases. As a result, the 1-phase converter has lower power

losses than the others.
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Figure 3.9: Power losses comparisons for converters at 150V input voltage, 2kW

output power and 5% input current ripple

The performance outcomes of all designs are summarized in Table [3.12] As can be

seen, a 2-phase design has a better FOM.

Table 3.12: Performance Comparison of Converters with Different Number of Phases

for the Same % Al and 2kW Output Power

1-Phase 2-Phase 4-phase 6-Phase
Power loss (W) 23 25.38 35.4 47.19
Volume (cm?) 193.7 122.1 111.5 98.3
FOM 224.6 322.7 253.3 215.5
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3.4 Chapter Summary

In this chapter, several multi-phase interleaved boost converters with various num-
ber of phases are designed and compared by considering converter efficiency and
volume. Designs of the converters are conducted under the different operating con-
ditions where input current ripple is kept constant at 2 different values and the same
inductance is used for phases of all converters. A figure of merit based on the power
losses of the converters and volumes of the converters are used to compare the over-
all performances of the converters. For 15% input current ripple, a converter with a
2-phase design has a better FOM. Another operating condition where input current
ripple kept as 5% of the maximum input current is used and converters are designed.
For this case, it is expected that converters with the higher number of phases have
less inductor current ripple and hence less RMS current. Therefore their efficiencies
are expected closer to the converters with less number of phases. For this design con-
dition, 2-phase design and 4-phase designs are found to have higher FOM than the
others. Converter with 2-phase design has lowest power losses and slightly higher
FOM when compared to others. The last design condition is that the same inductance
is used for all designs. For this case, the inductor current ripples are the same for
all designs. Inductors of the converters are designed to have the same inductance.
Results of this condition show that converter with a 2-phase design has the best FOM
among them all. In conclusion, for all design conditions, converter with 2-phase is
found to have the best FOM among all converters. As a result, in this study number of

phases is selected as 2 for the 2kW converters considered in the following chapters.
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CHAPTER 4

MATHEMATICAL ANALYSIS OF TWO-PHASE INTERLEAVED BOOST
CONVERTERS WITH VARIOUS INDUCTOR TOPOLOGIES

Several multi-phase converters with the number of phases of 2, 4, 6, 8 and 10 are
designed for 2kW and 100kW output power levels are designed in Chapter (3| The
designs are performed such that all designs have the same input current ripple which
is a critical parameter as stated in Chapter[2] It was shown that for 2kW output power
level, 2-phase interleaved boost converter gives the best performance. As a result, the
number of phases is selected as 2 for the 2kW converter that is designed in this study.
In the case of a two-phase interleaved converter, loosely-coupled inductor, closely-
coupled inductor and integrated winding coupled inductor topologies are mostly used
to achieve a reduction in the size of magnetic components compared to a converter
with discrete inductors. The circuit schematic of a two-phase interleaved boost con-

verter with various inductor topologies is given in Fig. @.1]
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Figure 4.1: Two-phase interleaved boost converter with various inductor topologies

In this chapter, magnetic analysis of the DI, LCI, IWCI and CCI type inductors and

electrical analysis of the converters with inductors are presented.

4.1 Discrete Inductors (DI)

The circuit schematic of a two-phase boost converter with discrete inductors is shown

in Fig.[4.2]
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Figure 4.2: Two-phase boost converter with discrete inductors
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4.1.1 Magnetic Analysis

The magnetic and electrical connection structure of a DI is shown in Fig. .3

AS
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(a) Magnetic core structure (b) Magnetic circuit model

Figure 4.3: Magnetic core structure and magnetic circuit model of a DI

From the magnetic circuit model the following equation can be obtained.

NILM] = (I)o%mo + q)cglmc (41)

In this equations, NV is the number of turns, /,, average value of the current of the
phases, ®, magnetic flux on the outer leg, %2 ,,, reluctance of the outer leg of the core,

®, magnetic flux on the center leg, % ,,,. reluctance of the center leg of the core.

The average or DC component of the magnetic flux of the outer legs and center leg of

the DI can be written as in Eq. #.2]

o, =29, = Ny
o + T 42
%mm — mo mc

2

AC component of the magnetic flux can be written as in Eq. 4.3

41



do.

VLJ =N
de (4.3)
Vg = Nove
L2 dt

In these equations, V7, ; is the voltage applied across the phasel inductor, V7 o is the
voltage applied across the phase2 inductor. The equation of AC component or peak
to peak ripple of the magnetic flux of the center leg of DI is given in Eq. 4.4 The

magnetic fluxes of the outer legs are equal to half of the center leg magnetic flux.

Vin DT

(bc,pp = N

4.4)

The peak value of the magnetic flux can be written as a sum of the DC component
and half of the AC component of the magnetic flux as shown in Fig. #.4] The peak
value of the magnetic flux of the DI can be obtained by using Eq.[4.2]and Eq.[4.4] The

equation for the peak values of the magnetic flux of the center leg is given in Eq.[4.5]

s B N1, N Vin DT
S 0.5R e + Rome 2N

4.5)

Magnetic Flux (uWb)
Magnetic Flux (uWb)

0 D"I'S O.S‘TS T, 0 O.E;TS D"I'S T,
Time Time
(a) D<0.5 (b) D>0.5

Figure 4.4: Waveforms of the magnetic fluxes in the DI core
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4.1.2 Electrical Analysis of the Interleaved Boost Converter with Discrete In-

ductors

Similar to the converters with other inductor topologies, a two-phase interleaved boost
converter with discrete inductors consist of 4 different operating modes. These are
can be classified as model (S} : ON, Sy : OFF), mode2 (S; : OFF, Sy : ON),
mode3 (S; : OFF, Sy : OFF) and mode4 (S; : ON, Sy : ON). Operating modes
and current waveforms of the converter with discrete inductors are shown in Fig.
Electrical analysis of the converter can be made by writing KVL voltage equations
for each phase according to the switching state or operating mode. The KVL across

phase 1 and phase 2 can be written as below.

VLJ = L%
(i?f (4.6)

Vig=L—

L2 dt

In these equations, L inductances of the inductors of the phases. Applied voltages to

the phases of the converter can be expressed as:

V;n; Sl :ON

Vii= 4.7)
Vin = Vo3 51: OFF

‘/;n; S2 :ON

Vie = (4.8)
Vin = Vo3 52 : OFF

Waveforms of the input and phase currents of the converter with DI are given in
Fig.[2.2] By using Eq. 4.6 Eq. f.7]and Eq. [4.8]and writing KVL across the phases of
the converter and solving them together inductor and input current ripple equations

can be obtained for each operating mode. The equations are listed in Table
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Table 4.1: Current Ripple Equations of the Converter with DI in Different Converter
Operating Modes

Model(Sy : ON, Sy : OFF)  Mode2(S; : OFF, S, : ON)

dil . ‘/z le (V;n - ‘/o)
at L a L
diy _ (Vin = Vo) (4.9) diz _ Vin (4.10)
L L
diz—it_ Vo(1—2D) dig, Vﬁ —2D)
dt L dt L

Mode3(Sy : OFF, Sy : OFF)  Mode4(S;: ON, Sy : ON)

diy _diy _ (Vin—Vy) diy _diy _V;

dt — dt L dt  dt L
Qi Vi V) 4.11) dis 2V, (4.12)
dt L dt L

Peak to peak inductor current ripple can be written by using current equations in
model for D < 0.5 and in mode2 for D > 0.5. Equations for the peak to peak input

and inductor current ripples are given in below.

Vin DT
: D<05
L =
AlL,, = - B (4.13)
Vin = Vo)1= D)T. -y o
L
2V, — VO)£0.5 “DIT s
Al = (4.14)
in, Wi (D — 0.5)T
Vin(D — 0.5)T; D>05

L ’

4.2 Loosely-Coupled Inductor (LCI)

Loosely-Coupled inductor (LCI) is mainly known as integrated transformer and in-

ductor. It’s magnetic core structure with winding layout is shown in Fig. .5] Mostly
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used magnetic core types for LCI are E-E and E-I types of cores. LCI consists of
two windings wounded on the outer leg’s of the magnetic core. These windings are
inversely coupled to each other and connected to phases of a two-phase interleaved
boost converter. The coupling between the windings is controlled by varying the

length of the air-gap on the center leg of the magnetic core.

4.2.1 Magnetic Analysis

The magnetic and electrical connection structure and magnetic circuit model of the

LCI are shown in Fig.[#.5] The direction of magnetic fluxes in the core are labeled.

(b) Magnetic circuit model

(a) Magnetic core structure

Figure 4.5: Magnetic core structure and magnetic circuit model a LCI

From the magnetic circuit model the following equations can be obtained.

NIl = (I)lgzmo + ((I)l + (I)Q)Q&mc
N]2 = (I)Q%mo + ((I)l + (I)Q)Q'mc

(4.15)

For simplicity, I, = I, = [, and ®; = ®, = &, equality’s are assumed. The average

or DC component of the magnetic flux of the outer legs and center leg can be written
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as in Eq. .16

o — Nl
Pomg & 2me (4.16)
b, =20, = Tt
glmo + 2%771()

In these equations, /N is the number of turns of the windings, [, 5, I,, are the average
or DC component of phase currents, @, ®5, d, are the average or DC component of
the outer leg magnetic fluxes, ®. average component of the center leg magnetic flux,
R mo reluctance of the outer legs of the core, % ,,. reluctance of the center leg. AC
component of the magnetic fluxes of outer legs can be written as in Eq. The
relationship between the outer leg’s magnetic fluxes, the center leg magnetic fluxes,
leakage and mutual magnetic fluxes can be written as in Eq. AC components of
the leakage and mutual fluxes are given in Eq.[4.19]

d
Vi = Nﬂ
dif 4.17)
Vip=N—2
L2 dt
dqbl _ d¢leakage + d¢mutual
dt dt
d¢2 _ d¢leak:age - d¢mutual (418)
dt dt

¢c = 2¢leak:age
d(bleakage o VLl + VL2

dt 2N
4.19
d(bmutual _ VLl - VL2 ( )
dt 2N

In these equations, V7, and Vi, are voltages applied to the phasel’s and phase2’s
terminals, respectively. @jcqraqge 15 the flux that is not linked between the windings,
Omutual 18 the flux that is linked between the windings. The peak to peak ripple of
outer leg magnetic fluxes are the same for D < 0.5 and D > 0.5 operating conditions,
and it can be written during the switch on-state. The equations of AC component or

peak to peak ripple of the magnetic flux of outer legs are given in Eq.d.20]

Vin DT
¢17pp = ¢2,pp = N (4.20)
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On the other hand, peak to peak ripple of the magnetic flux of the center leg is not
the same for D < 0.5 and D > 0.5 operating conditions. As seen from Eq. 4.18] the
ripple of the center leg magnetic flux depends on voltages applied to both phases. For
D < 0.5, it can be calculated during model. For D > 0.5, it can be calculated during
mode4. The operating modes are shown in Fig.[2.6] The equations of AC component

or peak to peak ripple of the magnetic flux of the center leg are given in Eq. [4.21]

1-2DV,, DT,
- D<O.
1-D N =05
Bepp = : 08T 4.21)
zm(DN 0.5) " D05

The maximum values of the fluxes in each leg can be written as a sum of the DC
component and half of the AC component of the magnetic fluxes as shown in Fig.
The maximum values of the fluxes on the center and outer legs can be obtained by
using Eq. {.16] Eq. #.20 and Eq. #.21] The equations for maximum values of the
fluxes on the outer legs and center leg are given in Eq. and Eq. respectively.

Nl 1 Vi DT
o.maz = 4.22
Comes = G e T2 N 422
NI 1 1-2DV,,DT,
av - in s D<0.
Gog + 2. 2 1-D N & P=0P
¢c,maz = 2NI,, N 1 2‘/;n(D _ 0-5)Ts' D05 (423)
Romo + 2R me 2 N ’ -
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Figure 4.6: Waveforms of the magnetic fluxes in the LCI core

4.2.2 Electrical Analysis of the Interleaved Boost Converter with LCI

Two-phase interleaved boost converter with inversely coupled inductor consists of
4 different operating modes similar with the converter with discrete inductors. The
operating modes of the converter with LCI are shown in Fig.[4.7] Electrical analysis of
the converter can be made by writing KVL voltage equations for each phase according

to the switching state or operating mode.
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Figure 4.7: Operating modes of an interleaved two-phase boost converter with LCI
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According to operating modes, the KVL equations for the phases of the converter can

be written as follows.

In model:

In mode2:

In mode3:

In mode4:

iy diy
Vin = Lla — ME
diq dis
in — Vo — —M— Lo—
Vin = Ve @ T
diy dis
Vin=—Vo=Li— — M—
Lt dt
le ng
Vi, = —M L,—2
a T
diq dis
Vo= L — — M2
‘/;n V:) 1dt dt
diq dis
Vio = Vo= =M + L2
@ T
dll dlg
Vin = LIE — ME
le dlz
= ML L2
Vi dt 2t

(4.24)

(4.25)

(4.26)

(4.27)

In these equations, V;, is the input voltage, V,,; output voltage, ¢; and 7, are the

phase 1 and phase 2 current, respectively. L, and L, are the phase 1 and phase 2

self inductances, respectively. M is the mutual inductance between the windings of

the phases. The windings of phases are designed to be identical. Therefore, phase

inductances can be written as .; = L, = L. By solving Eq.d.24] Eq. [4.25] Eq.4.26]

and Eq. .27 together inductor and input current ripple equations can be obtained for

each operating modes. The equations are listed in Table #.2]
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Table 4.2: Current Ripple Equations of the Converter with LCI in Different Converter
Operating Modes

Model(S; : ON,Sy : OFF) Mode2(S; : OFF, Sy : ON)
dip 1 v, 1V, dipn 1 v, 1V,
HZ’LfMﬂ%_z) L+mﬂ2) dt’LfM”%_Q)_L+M(?
di 1 v, 1V, di 1 v, 1V,
220yl (ley 428) 22— (V- 2y —— (%) (429

len _ 2 ‘/o dlzn _ 2 ‘/o
dt 7Lfﬁﬂ%” 2) dt’LfAﬂm" 2)
Mode3(S, : OFF, Sy : OFF) Mode4(S; : ON, Sy : ON)
dip  dis 1 dip dis 1
E“dt_L—M(Vm Vo) m__&_L—MM"

: (4.30) : (4.31)

%—L(V -V) din 2 V.

&t L—-m"me &t  L-M"

As seen in Fig. the peak to peak inductor current ripple can be written by using
current equation in model for D < 0.5 and in mode2 for D > 0.5. Equations for the

peak to peak input and inductor current ripple are given in below.

1 v, 1V,
; — —) | DT; D <
[L—M(VZ 2)+L+M(2)] 05
Aly,, = . y v (4.32)
n— —) — 1(1-D)Ty; D>
V= ) - |1 - DT D205
2 o
[L_M(v; 2)}(05—1))7;, D<05
Al = ) (4.33)
[L_Mv;n} (D —0.5)T,; D>05

4.3 Integrated Winding Coupled Inductor (IWCI)

The terminal connections and inductances of an IWCI can be seen in Fig. [4.§]
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Figure 4.8: Two-phase interleaved boost converter with IWCI

4.3.1 Magnetic Analysis

The magnetic and electrical connection structure and magnetic circuit model of the
IWCI are shown in Fig. The direction of magnetic fluxes in the core is labeled.
As can be seen, this topology has 3 windings. The winding wounded on the center
leg of a EE core is connected in series to the input source while the other windings
are connected to the phases of the converter. Center winding is directly coupled to
the other windings whereas outer windings are inversely coupled among themselves.
The mutual inductance between the outer leg windings is controlled by adjusting the
air-gap length in the center leg. Center leg winding is connected series to the outer

leg windings.
From the magnetic circuit model, the following equations can be obtained.
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(a) Magnetic core structure of the IWCI (b) Magnetic circuit model of the IWCI

Figure 4.9: Magnetic core structure and magnetic circuit model of the IWCI

N2[1 + Nllin = q)lgzmo + q)c%mc

N2I2 + NIIin = (1)2%7110 + (I)c%mc
(4.34)
Iz'n = Il + I2 = 21(11)

O, =Py + Dy =29,
In these equations, /V; is the number of turns of center leg winding, /N5 is the number
of turns of outer leg windings, ®,, ®, and P, are the average or DC component of
the outer leg magnetic fluxes, @, is the average or DC component of magnetic flux of
the center leg. The average or DC component of the magnetic flux of the outer legs

and center leg can be written as in Eq. .35

o _ 2N+ Ny,
o %mo + 2%7116
c . %mo + 2%77’10

The AC component of the magnetic flux of the outer legs can be written as in Eq. .17}
The relationship between the outer leg’s magnetic flux, the center leg magnetic flux,
leakage and mutual magnetic flux can be written as in Eq.[4.37] The AC components

of the leakage and mutual fluxes are given in Eq.[#.38]
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d9c |, 402 (4.36)

. dt - dt
d¢1 o d¢leakage + dd)mutual
dt dt
d¢2 o d¢leakage B d¢mutual
e dt
dgbleakzage ‘/1,2 + VYI,S

(4.37)

dt 2(2N; + N,)
d(bmutual _ ‘/1,2 - ‘/1,3

dt 2Ny
In these equations, V] » is the voltage applied across the center winding and phase 1

(4.38)

winding, V] 3 is the voltage applied across the center winding and phase 2 winding.
The terminals 1,2 and 3 are labeled in Fig. 4.8 Peak to peak ripple of the outer leg
magnetic fluxes can be calculated separately for D < 0.5 and D > 0.5 operating
conditions. For D < 0.5, it can be calculated during model (S; : ON, Sy : OFF).
For D > 0.5, it can be calculated during mode2 (S; : OF F, Sy : ON). The equations

of AC components or peak to peak ripples of the magnetic fluxes of the outer legs are

given in Eq. .39

NoVin + N1V,

Ny (2N7 + Ny)

omw =\ (N} + N,)V, — NV,
No (2N, + Ny)

DT; D <05
(4.39)

(1-D)T,; D>05

Peak to peak ripple of the magnetic fluxes of the center leg is not the same for D < 0.5
and D > (.5 operating conditions. As seen from Eq. the ripple of center leg
magnetic flux depends on voltages applied to both phases. For D < 0.5, it can be
calculated during model. For D > 0.5, it can be calculated during mode2. The

equations of AC components or peak to peak ripples of the magnetic fluxes of the

center leg are given in Eq.
2Vin = Vo
2N + N
P =\ V, — 2V,

DT;; D <0.5
(4.40)



The maximum values of the magnetic fluxes in each leg can be written as a sum of
the DC component and half of the AC component of the magnetic fluxes as shown
in Fig. 4.10] The maximum values of the magnetic fluxes of the center and the outer
leg can be obtained by using Eq. .35 Eq. #.39 and Eq. 440, The equations for

maximum values of the magnetic fluxes of the outer legs and center leg are given in

Eq.d.41]and Eq. #.42] respectively.

2N+ No)lay | 1 NoVi + N1V,
Rmo + 2Rme 2 N2(2N1 + No)
Qbo,mar = (2]\[1 + N2)Iav 1 (Nl + NQ)‘/; — NQ‘/z‘n

oo+ 2me 2 Na(2N1 + V)

DT; D <05

(1-D)T,; D>05

4.41)
2N, + Ny)21, 1 2V V.
( 1 2) aw_'__' in ODTS, D <05
gﬂma —+ 2%7710 2 2N1 + N2
¢c,maz = <2N1 + NQ)Q[M 1V, =2V, 4.42)
T (1-D)T; D>05
Romo + 2R me 2 2Ni+ N,
= [ —_— [ 5 ] by
S=rZ e
x &) ESl 9,
%_ (bhpq’c ®2,pp é, (I)c .
0 DT, 05T, D+05T T, 0 (D-05)T, 05T, ‘ DT, T,
Time Time
: ~ I —
s g
0 DT, 05T, O+5T, T, 0 0-05)T, 05T, DT, T,
Time Time
(a) D<0.5 (b) D>0.5

Figure 4.10: Waveforms of the magnetic fluxes in the IWCI core
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4.3.2 Electrical Analysis of the Interleaved Boost Converter with IWCI

Two-phase interleaved boost converter with IWCI consists of the same 4 different
operating modes similar to the previous topologies. The KVL across phase 1 and

phase 2 can be written as below.

i, i, iy "

Vi = Ly poop Sy 1, S g, 52

Vig = Ly Sin g Qin g A2y di |
L3 = Mg at 24t 2 dt

In this equation, V; 5 is the voltage applied across the center winding and phasel
winding, V) 3 voltage applied across the center winding phase2 winding, i1, i3, Z;,, are
the phasel, phase2 and input currents, respectively. L, is self inductance of the center
leg winding, L, self inductance of the outer leg windings, M/; mutual inductance be-
tween the center leg winding and outer leg windings, M, mutual inductance between

the outer leg windings. Applied voltages can be written as:

‘/in; Sl : ON

Vig = (4.44)
Vin =Vo; 51: OFF

Vm; S? :ON

Vig= (4.45)
Vin =Vo; 52 : OFF

Waveforms of input and phase currents of the converter with IWCI are similar to
waveforms of the converter with LCIL. By using Eq. 4.43] Eq. 4.44] and Eq. .45 and
writing KVL across the phases of the converter and solving them together inductor
and input current ripple equations can be obtained for each operating mode. These

equations are listed in Table [4.3]
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Table 4.3: Current Ripple Equations of the Converter with IWCI in Different Con-

verter Operating Modes

Model(S, : ON,S; : OFF) Mode2(S; : OFF, S5 : ON)
di 1 v, 1 v, di 1 v, 1 v,
JZ—HH(WU*{*)Jri, <) *lifwm*f)*i,(f)
dt — 2Ly + Ly + 4M; — M, 27 Ly+ My 2 dt — 2Ly + Ly + 4M; — M, 27 Lo+ M, 2
diy 1 A 1 v, diy 1 v, 1 v,
e (V-2 (2) 446 2= (Vi —2)+ ——(-2) 44
dt — 2Ly + Ly + 4M; — My Vin =5 ) Lo+ Mz( 2 ) (4:46) dt — 2Ly + Lo + 4M; — M, (Vin = 5 )+ Ly+ Mz( 5) 44D
dii 2 v, diin _ 2 v,
dt 2L, + Lo+ 4M, — MZ(Vi" B ?> dt 2Ly + Ly + AM, — M, (Vin = ?)
Mode3(S; : OFF, S, : OFF) ModeA(S; : ON, Sy : ON)
%7%:%(%—%) @:@:ém
At~ dt 2Ly + Ly +4M; — M, dt — dt 2Ly + Ly +4M; — M,
; (4.48) X (4.49)
dizp 2 di;p 2
= (Vin = Vo) =

At~ 2Ly + Ly + 4M; — M, qt 2L T Ly A, =G

As seen in Fig. [2.6] peak to peak inductor current ripple can be written from current
equation during model for D < 0.5 and during mode2 for D > 0.5. Equations for

peak to peak input and inductor current ripples are given in below.

1 v 1V
)+ (22)| DT D<o.
[2L1+L2+4M1—M2(V ) YL 2>] 05
Al =
, 1 1% 1V
v, Ve _—_"] 1—D)Ty; D>05
[2L1+L2+4M1—M2( ) "L 2 )
(4.50)
2 Vo
L _ DT, D<
[2L1+L2+4M1—M2(Vm 2>](05 T 05
Al = ) 4.51)
T perr T (R 05

4.4 Close-Coupled Inductor (CCI)

This topology composes of two separate inductors. One of them is called a boost
inductor, BI which is connected in series to an input voltage source. The other in-
ductor is called CCI which composes of two windings connected to the phases of the

interleaved boost converter. The terminal connections of these inductors are shown in

Fig.
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Figure 4.11: Two-phase boost converter with CCI

4.4.1 Magnetic Analysis

The magnetic core structures and magnetic circuit models of CCI and boost inductor
(BI) are shown in Fig.[d.12)and Fig.[4.13] respectively. The directions of the magnetic

fluxes in the core are labeled. As can be seen, the windings of CCI are inversely

coupled to each other. With the help of inverse and strong coupling between the

windings, there are not any DC flux components in the magnetic core.

(a) Magnetic core structure

(b) Magnetic circuit model

Figure 4.12: Magnetic core structure and magnetic circuit model of a CCI
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Figure 4.13: Magnetic core structure and magnetic circuit model of the CCI-BI

From the magnetic circuit model, the following equations can be obtained.

NQIl - N2IZ = q)o%mo + q)c%mc
I+ I, = 21, (4.52)
b, =20,

N is the number of turns of the windings. The average or DC component of the

magnetic fluxes of the outer legs and center leg of the CCI and BI can be written as

in Eq.[.53]

NI,
By = (4.53)
%mb

%mo + 2%7710
2

Rmb =

The ripple values of the magnetic fluxes of the outer legs can be written as in Eq.[#.54]

doy d¢,
= N;—2 + Ny—rt
Vo = MmNy
dgy, d¢s
= N, 2 + N, 2= 4.54
‘/[)’2 1 1 + No 1 ( )
dp. _ dg;  dy
dt dt dt
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The applied voltages across the boost inductor and phase 1 winding of CCI, V}; and

the boost inductor and phase 2 winding of CCI, V}, ; are shown in Fig.[#.11] In order to

obtain the peak to peak ripple of magnetic fluxes of CCI and CCI-BI, voltages applied

to the boost inductor and windings of CCI should be calculated. These voltages are

calculated by writing KVL according to the operating modes of the converter. The

equations are given in below.

In model:
— Vi + Up + Veeinl = 0
—Vip + Up + Veei,2 + v, = 0
Veei,l = Veei,2 = Vo
Vo
Vecil = 5
Vo
Vp = VUip — =
2
In mode2:
—Vip + Up + Veei 1 + v, = 0
— Vi, + Up + Veci2 = 0
Veci,l — VUeei2 = — Vo
Veeinl = 9
on — Vin — Vo
b =
2
In mode3:

—Vip, + Up + Veei,1 +v, =0
—Vip + Vp + Veei,2 +v, =0
Veei,1 — Veei,2 = 0

Veci,1 = 0

Vp = Uin — Vo
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In mode4:
—Vip + Vp + Veei,l = 0

—Vip + Vp + Veci,2 = 0

Veeil — Veei,2 = 0 (458)
Veci,l = 0
Up = VUin

In these equations, v;, is the input voltage of the converter, v, output voltage, v,
voltage across the boost inductor, v..;,; voltage across to phasel winding of CCI, v 2
voltage across to phase2 winding of CCI. Peak to peak ripple of the magnetic fluxes
of the boost inductor and the center leg magnetic fluxes of the CCI can be calculated
by using the voltages calculated in the above equations. The ripple values calculated
separately for D < 0.5 and D > (.5 operating conditions. By subtracting equations
given in Eq. peak to peak ripple of the center leg magnetic fluxes of the CCI can
be found. For D < 0.5, model and for D > 0.5, mode?2 are used for applied voltages.
The equations of AC component or peak to peak ripple of the magnetic fluxes of the
center leg of the CCI are given in Eq. The magnetic fluxes of the outer legs are

equal to half of the center leg magnetic flux.

Vin
DT, D <05
(2N2)(1— D)
e =3 1/ (4.59)
=T D >05

A similar analysis can be applied to the boost inductor to find the AC ripple of mag-
netic flux in the core of the boost inductor. For D < 0.5, model and for D > 0.5,
mode4 are used for applied voltages. The equations of AC component or peak to peak

ripple of the magnetic flux of the boost inductor are given in Eq. [4.60

——FDT;; D <N0.
on = pyPls P08
Db pp = Vi (4.60)
(D—05)T,; D>05
Ny

The maximum values of the magnetic fluxes in each leg can be written as a sum of
the DC component and half of the AC component of the magnetic fluxes as shown

in Fig. The maximum values of the magnetic flux of the CCI and BI can be
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obtained by using Eq. [4.53] Eq. #.59 and Eq. #.60] The equations for the maximum

values of the magnetic fluxes of the outer leg and center leg are given in Eq.[4.61and
Eq.[@.62] respectively.

%
DT,; D<05
(4N2)(1 — D)
Pemaz =\ V. (4.61)
T D >05
AN,

Nilin , Vin(1 —2D)
Rny | 4Ny(1— D)

(bb,ma:]c == N. T V. (462)
14in [
D—05)T,; D>05
Rmb 2N1( )

DT,; D <05

@
%2

;
Pboost

Magnetic Flux (uWb)
Magnetic Flux (uWb)

4%@\7 v%o.pp @@b
s oc PP ¢(I>b Ypp ) o (pC-PP
0 DT, 05T, 05+D)T, T, 0 (D05, 05T, DT, T
Time Time
(a) D<0.5 (b) D>0.5

Figure 4.14: Waveforms of the magnetic fluxes in the CCI and BI core

4.4.2 Electrical Analysis of the Interleaved Boost Converter with CCI

Similar to the previous converters, a two-phase interleaved boost converter with CCI

consists of the same 4 different operating modes. The KVL across phase 1 and phase

2 can be written as below.
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diin diq dig

Vii=1L Lo— — My—=
b1 1 1 + th th @.63)
di;y, dis diq )
= L= 4 L2 — My—t
Voa = Ingm + Loy 2 dt

Vi1 1s the voltage applied across the boost inductor and phasel winding of CCI, V-
is the voltage applied across the boost inductor and phase2 winding of CCI, L; self-
inductance of the boost, L, self-inductance of the windings of the CCI, M, mutual

inductance between the windings of the CCI. Applied voltages can be expressed as:
(

Vin; S1:ON

Vo1 = (4.64)
Vin = Vo;  51: OFF

\

(

Vins Sy : ON

Voo = (4.65)
Vin = Vo; 531 OFF

\
Waveforms of input and phase currents of the converter with CCI are similar to the
waveforms of converter with LCI and IWCI which are given in Fig. [2.6] By using
Eq. Eq. and Eq. and writing KVL across the phases of the converter

and solving them together inductor and input current ripple equations can be obtained

for each operating mode. These equations are listed in Table [4.4]

Table 4.4: Current Ripple Equations of the Converter with CCI in Different Converter

Operating Modes
Model(S; : ON, Sy : OFF) Mode2(S; : OFF, S5 : ON)
diy 1 Vs 1 Vs diy 1 Vo 1 Vo
7:7‘/’2n_7 - 7:7‘/in_7_ -
dt 2L1+L2—]\12( 2>+L2+ﬂfg(2) dt 2L1+L2—]Wz( 2) Ly + My 2>
diy 1 ) 1 Vo diy 1 Vo 1 V,
= (Vi —2)————(2) 466) —=——"7——(V;,, — —(=2) 4.67
dt 2L1+L2—M/2< 2) L2+]\/12(2) (4-66) dt 2L1+L2—]\f12( 2)+L2+Mg(2> (4.67)
di;, 2 \% di; 2 |
1’”:7%71_70 m—iv;n_l
Mode3(S, : OFF, S, : OFF) Mode4 (S, : ON, Sy : ON)
di;  dig 1 diy  dig 1
. T 1, T ar 5 a5 iniVZJ N, T 1. T ar o+ a7 Vin
dt dt 201 + Ly — My (V: ) (4.68) dt dt 2Ly + Ly — Z\JQV (4.69)
dlm 2 ' (liin 2 :
=57 Vin— Vo)

= - ‘/;TL
dt 2Ly + Ly — M, dt¢ 2Ly + Ly — My
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Peak to peak inductor current ripple can be written from current equation during
model for D < 0.5 and during mode2 for D > 0.5. Equations for the peak to

peak input and inductor current ripples are given in below.

1 v, 1 v,
= 2 — ()| DTy D <0.5
[2L1+L2—M2( 2>+L2+M2(2)]
Alppy =
: 1 % 1 v
Vv, — -° ———"} 1—DYT,: D>05
[2L1+L2—M2( R AESTATRL ) =
(4.70)
2 1%
vm——"] 0.5—D)T.: D<05
[2L1+L2—M2( )| )
Ajin,pp = 2 (471)
Vm} D —0.5)T.: D>05
[2L1+L2—M2 ( )

4.5 Chapter Summary
In this chapter, two-phase interleaved boost converters with DI, LCI, IWCI and CCI

topologies are analyzed and their electrical and magnetic equations are derived. These

formulas will be used in the next chapter when designing the inductors.
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CHAPTER 5

DESIGN OF INDUCTORS

The most common 2-phase coupled inductor topologies are mathematically analyzed
in the previous chapter. Their critical current ripple and magnetic flux density for-
mulas are derived. In this chapter, these formulas are used to design the inductors.
Inductors are designed under the condition where all converters have the same input
current ripple and output voltage ripple. The selection of this design condition is ex-
plained. Design methodologies for each inductor type are proposed. Finite element
analysis (FEA) simulations are performed and used to update the design parameters
by considering non-linearities such as fringing fluxes in the air-gap. Moreover, the se-
lection of coupled inductor parameters is explained by considering the effect of these

parameters on inductor performance.

5.1 Design Considerations

As stated in Chapter[2] the input current ripple of the converter is an important param-
eter, especially in fuel-cell electric vehicle applications. It can affect the input filter
size in PFC applications. Moreover, to keep the filter size the same for all designs,
input current ripple is kept constant for all converters with various inductor topolo-
gies. The other performance parameter that is kept the same for all designs is the
output voltage ripple. The most dominant part of the output voltage ripple of a boost
converter is the ripple caused due to the ESR of the output capacitor. The current of
output capacitor of a boost converter has a large ripple. Peak to peak ripple of the out-
put capacitor current equals peak inductor current. Therefore, by keeping the inductor

current ripple constant, it is achieved that all converters have the same output voltage
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ripple except the converter with discrete inductors. It is not possible to obtain both
the input current ripple and inductor current ripple at desired values for the converter
with discrete inductors. Thus, this converter is designed to have the same input cur-
rent ripple as other converters employed with coupled inductors. Design parameters

of the converters are summarized in Table 3.1

Table 5.1: Converter Parameters

Input Voltage Output Voltage Output Power
150V-250V 400V 2kW

Switching Frequency Input Current Ripple Inductor Current Ripple
50kHz 15% 25%

The magnitude of the peak to peak input and inductor current ripple are calculated
at maximum output power and minimum input voltage condition.The magnitude of

input and inductor current ripples are given in the Eq.[5.1and Eq.[5.2] respectively.

PO'LL max
Afin,pp = v L — 15% G5.1)

Ajin,pp — 2A

POU max
Al = 2Vt’ ' -25% 52)

Alp,, =1.7A

5.2 Discrete Inductors

As stated before, discrete inductors are designed to have the same input current ripple
as the other inductor types. However, while input current ripples the same, inductor
current ripple of discrete inductors is higher than the others. This results in slightly
higher output voltage ripple and higher power losses due to the increase in RMS value
of the current of the phases. Inductor current ripple and input current ripple can not

be adjusted to the desired values at the same time by using DIs.
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5.2.1 Design Methodology

A design methodology given in Fig. [5.1]is proposed. DIs are designed by following
this methodology.

Design Parameters Input,
AIinv Bpeak~, Dmazv Vvin,mind Po
Y

| Calculation of the self inductance L |

Y

—ﬁ/ Selection of the air-gap length, l4q, /

| Calculation of minimum A, |

/ Selection of the core /(—

| Calculation of the number of turns, N |

)

Update the number of turns, N;
by the help of FEA simulations

Reduce the air- no
gap length, [y,

yes

yes no \
Stop J Byas < 04T > Choose
larger core

Figure 5.1: DI design flowchart

Step 1: Calculation of inductance, L

By using the input current ripple equation Eq. the required inductance of discrete
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inductors, L can be calculated as:

2-150(0.625 — 0.
50(0.625 05).20‘10_6:2
L (5.3)
L=375-10"%uH

Step 2: Selection of the air-gap length, /4,

In this step, the air-gap length which is applied to the inductor is chosen. It is selected
as 1.7mm. Selecting air-gap length smaller results in a larger magnetic core. While
selecting larger air-gap length results in a higher number of turns which will increase

both copper loss and fill factor.
Step 3: Calculation of minimum cross-section area, A,

Minimum cross-section area, A, is calculated from B, limit. By using Eq. @

peak magnetic flux density of the discrete inductors can be written as:

Nlgy Vi DT

% TaN (5.4)
Ae

Bpeak -

where,
Rz = 0.5% o + Rome
2lgap
,UOAe
N = /R L
Substituting Eq. [5.5]into the Eq. [5.4] yields,

- 12

L1, +0.5V;, DT,
A = + 05 (5.6)

2 gap L

gap

Ho

Bpeak

The fringing effect has not been taken into account yet. So, for a ferrite core with
0.4T saturation magnetic flux density value limiting B, to 0.25T is a good design
input for A, calculation to select a core. Solving Eq. [5.6] for 0.25T B, gives the
minimum A, value as 186mm?. Based on this volume, ETD49/25/16 core with N87
material [37] which has A, of 211mm? from TDK is selected.
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Step 4: Calculation of the number of turns, N

After the selection of the magnetic core, the number of turns can be calculated by

using Eq.

N2
L= 5.7
0.5R 10 + R me -7)
The reluctances are calculated as:
l.—1 [ A
Ry = —— I 4 9% _ gy "~
mc A A

Mo b0 Ae HoAe uWb (58)

I, —1 z A
%mo = 9ap 9zp = 12.58 ——
oA 2 A2 Wb

Substituting Eq. [5.§]into the Eq.[5.7] gives the number of turns, N equals 69 is deter-

mined.
Step 5: FEA analysis and update the number of turns, N

In this step, the number of turns is updated according to new reluctance values. The
reluctances are calculated from FEA results. The reluctances %4,,,, and % ,,. can be

calculated by using the following formula.

A= N¢
2N,
B %mo + 2%77’16

%mo - 2g&mc

From FEA simulations, average value of A is found as 0.0044 Weber. Substituting

Ddc (5.9)

this value into Eq.[5.9] the reluctances can be found as:

A
%mo = 705W
a j r (5.10)
Rope = 3.52————
uWeber

The new value of the number of turns can be calculated by substituting reluctance
results into the Eq.|5.7|which yields the number of turns, NV as 52. Details of the FEA

simulations are also given in the following subsection.
Step 6: Checking fill factor, k.,

After calculation of the number of turns it can be checked whether this number of

turns exceeds the fill factor limit. Total conductor area and fill factor can be calculated
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by using the following formula.

Aconductor,tatal =n-N- Awire

Ayire = 71 (5.11)
Foow = Aconductor,total
Awinding
n is the number of parallel layers, N number of turns, A, area of the wire, r radius
of the wire, Aconductor,total total area of the winding, A,inqing total winding area of the
core, k., fill factor. Wire thickness is determined by the average inductor current. In
the current design, A is determined by choosing AWG22 wire with a diameter of

0.65 mm.

For round-type conductors, as a rule of thumb 0.4 is a limited value for the fill factor.
If the fill factor is higher than the limit value at this step, a smaller air-gap can be
selected by returning to the 2" step, since a smaller air gap will result in a less

number of turns.
Step 7: Checking Bicqr

In the final step of the design procedure, after updating the number of turns, Bjeqr
should be checked whether it is less than the saturation level of the magnetic core. It
can also be calculated by using the reluctance values calculated in FEA simulations
and Eq. [5.4] FEA results show that maximum value of the magnetic flux density of
the core reaches 0.332 Tesla which is below the saturation level. Here the right core is
selected in the first iteration. This step finalizes the design procedure. If the resultant
flux density was higher than the limit, a bigger core, if much lower than the limit a

smaller core should be selected and the other design steps should be followed.

5.2.2 Finite Element Analysis (FEA) Simulations

FEA simulations are performed by using Ansys Maxwell 3D. The model of the DIs
in FEA simulations is shown in Fig.[5.3] The winding of the inductor is modeled as a
stranded conductor and this winding is excited by using the phase current waveform
of the converter with DIs that is taken from the circuit simulations. The 3D model is

simulated by using a transient solver. FEA result of the magnetic flux density along
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the center leg of the core is given in Fig. The magnitude of the magnetic flux
density plot on the magnetic core at the time when the current of the winding is at it’s

maximum value is given in Fig.[5.3]

time=0Ousec

time=5usec

time=10usec

time=12.5usec

. | | | | | time=20usec

0 5 10 15 20 25 30 35 40 45
Distance (mm)

(a) (b)

Figure 5.2: FEA result of the magnitude of the magnetic flux density along the line

shown in b) on the center leg of DI

B [tesla]

I0.4500

0.4200
0.3900
0.3600
0.3300
0.3000
0.2700
0.2400
0.2100
0.1800
0.1500
0.1200
0.0900
0.0600
0.0300
0.0000

Time =12.50000us

Figure 5.3: 3D model of DI in FEA and magnitude of magnetic flux density of the

core along the cross-section of x-z plane
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5.3 Loosely-Coupled Inductor

The formulas derived in Section [#.2.2] and Section 4.2.1] are used to design the LCL
Outer leg magnetic flux density is considered during the design procedure since it is
always greater than the center leg magnetic flux density. Moreover, it can also be
observed that, as can be seen in Fig. [5.4]the magnetic flux density increases concern-
ing duty cycle thus, the operating point is selected as maximum power and minimum

input voltage.

B T
0,max |
0.9 Bc,max ! b
Min Operating D |
0.8 | — — —Max. Operating D : 7
0.7 | 4
I
< 06 :
(%)
@ I
= 05F |
&
£ I
m 041 I
I
031 I
I
0.2
I
0.1 I 4
I
0 L 1 1 1 1 1 1 l 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Duty Ratio,D

Figure 5.4: Magnetic flux density of the outer leg and center leg of the LCI vs duty

cycle for a selected core and coupling coefficient, «v : 0.8

5.3.1 Design Methodology

A design methodology given in Fig.[5.5]is proposed and LCI is designed by following
this methodology. The design steps following the initialization are explained in the

following text.
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Figure 5.5: LCI design flowchart

Step 1: Calculation of coupling coefficient and self inductance

By using the inductor current ripple equation Eq. and input current ripple equa-
tion Eq. 4.33] the required self inductance of the LCI and coupling coefficient of the

LCI can be calculated as:

2
L—M (5.12)

M = ol

Aliypp =
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2150-0.125-20-107% =2
(1—a)L (5.13)

(1—a)L=375-10"°

V= ) - ()] - D),

Ay = |73V =5
+0.375-20-107% = —1.7 (5.14)

50 200
(_(1 —o)L  (1+ a)L)

(1+a)L =2142.85-107°

Solving equations together yields:

a=0.7
(5.15)
L = 1250uH

As can be seen, once the input and output ripple values are fixed there is unique

inductance and coupling coefficient for an assumed operating point.
Step 2: Selection of the gap on the center leg, [y, ,,

In commercial gapped E-E cores, mostly available total air-gap lengths on the center
leg are Imm, 2mm, 3mm and 4mm. For a custom-designed core, the gap on the
center leg can be increased. But selecting of a large air-gap on the center leg results
in an increase in the number of turns required to obtain desired inductance values.
That comes at a cost of inductor winding loss, moreover, that may exceed the limit
of the fill factor of the core. On the other hand, a smaller air-gap length results in
higher magnetic flux density value. Therefore, for the initial design point, E-E core

with 4mm air-gap length on the center leg is selected.

Step 3: Calculation of extra air-gap applied on all legs, {44 .

In this step, in order to obtain desired coupling coefficient, the extra air-gaps are added
on all legs of the magnetic core is calculated. In Fig.[5.6] this extra air-gap length is
denoted as [, , While air-gap on the center leg only which comes with magnetic core

denoted as lyq -
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lgap,m lgap,y + lgap,a: lga,p,z

Figure 5.6: Definitions of the air-gaps

The coupling coefficient can be as follows by neglecting the reluctance of the core

since it is far smaller than the reluctance of air-gaps.

. %mc
B @mc + %mo

(67

lgap,z + lgap,y

. 5.16
MOAe ( )

o =

lgap,w + lgap,y lgap,x

NOAe ,u()fgle/2

The solution of Eq. is lgap. = lmm. Note that, in this calculation, the effect of

fringing flux is not considered. It will be taken into account in the later steps.

Step 4: Calculation of minimum cross-section area, A,

As can be seen from Eq.[d.22] Eq. .23 and Fig.[5.10 peak magnetic flux density of
outer legs always greater than the peak magnetic flux of center leg. Therefore, unlike
conventional inductor design methods, to avoid saturation outer leg’s peak magnetic

flux density should be considered. By using Eq. 4.22] the peak magnetic flux density
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of the outer legs of LCI can be written as:

Nlg, 1Vin DT
b Rt W 2N
peak,0o — A /2
2N2[a’u + (g%mo + 2%mc)‘/mDTs

B eak,0 —
peak, NA(Romo + 2R )

where, .

ﬂgﬂmo

11—«

N2 — L(%zno + 2%m0%m0)
%mo + %mc

N?=R,(1+ )L

%mo + 2@'7710 =

_ 2gapa

B NDAe

mo

Substituting Eq. [5.18]into the Eq.[5.17]yields,

- 12

201, (1 — o) + Vin DT,

L(1+ a)lyaps
Ho

B

peak,o

(5.17)

(5.18)

(5.19)

As mentioned before, the fringing effect has not been taken into account yet. So, for a

ferrite core with 0.4T saturation magnetic flux density value limiting B).; to 0.3Tis a

good design input for A, calculation to select a core. Solving Eq. @ for 0.3T, Bpeak

gives the minimum A, equal to 316.7mm?. Based on this volume, magnetic core

E55/28/21 with N87 material [38] which has A, of 347mm? from TDK is selected.

Step 5: Calculation of the number of turns, N

After selection of the magnetic core, the number of turns can be calculated by using

the equation following equation.

I — N2 %mo + %mc
N R2, 4 2R moR e
The reluctances are calculated as:
%mc _ lc B lgap,x — lgap,y + lgap,x + lgap,y = 11.50 A
ILLTI"LOAe HJOAe ulWb
% _ lo - lgap,a: lgap,ac _ 4 8]. A
O oA /2 oAl /2 T uWb
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Substituting Eq. [5.15] and Eq. [5.21] into the Eq. [5.20] gives the number of turns N

equals 102 is determined.
Step 6: Checking fill factor, k.,

After calculation of the number of turns, it can be checked whether this number of
turns exceeds the fill factor limit. Fill factor can be calculated by using the Eq.[5.11]
Similar to DIs, AWG22 wire is taken for the determination of A,;,.. If the fill factor
is higher than the limit value, 0.4, at this step, a smaller air gap can be selected by

returning to the 2"? step. A smaller air gap will result in a smaller number of turns.
Step 7: Update [, , by using FEA simulations

Magnetic reluctances vary considerably in cores with high air gaps, such as coupled
inductors, due to fringing fluxes. This results in a different coupling coefficient, in-
ductance and maximum magnetic flux density values than expected. There are stud-
ies proposing analytical methods for estimating the fringing flux effect on reluctance
values [39],[40]. However, FEA results are found to be more accurate after the pre-
evaluations. The FEA model is provided in the following subsection. The comparison
between FEA results and analytical methods is given in the next chapter. By using
FEA simulations, the value of the air-gap added to all legs is updated, which will bring
the coupling coefficient to the set value of 0.7. As seen from Fig. coupling co-
efficient, o equals 0.7 when [, , equals 0.3mm. Then, reluctances are re-calculated

with the new air-gap length.
Step 8: Update Number of Turns, N

In this step, the number of turns is updated according to new reluctance values. The
reluctances are calculated by using the FEA simulations. The reluctances ., and

R.m can be calculated by using the following formula.

A= No
NI,
Pae = T (5.22)
— %mc
T R+ R

From FEA simulations average value of )\ is found as 0.0025 Weber. « is found as
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Figure 5.7: Coupling coefficient as a function of the extra air-gap distance, lyq;, , Of

LCI

0.7. Substituting these values into the Eq.[5.22] the reluctances can be found as:

Rmo = 1.37T1l ————
uWeber (5.23)

Rme = 31987 ————
uWeber

The new value of number of turns can be calculated by substituting reluctance results

into the Eq. The new value of number of turns, NV is found as 54.
Step 9: Checking Bcqr

After the consideration of the fringing effect, reluctances are now smaller which re-
sults in less the number of turns. As the number of turns decreases B,,.q, increases.
Therefore, before the finalization of the inductor design, B, should be checked.
Note that, in the design input stage B,y 1s limited to 0.3T in order to have enough
margin after the fringing effect. It can also be calculated by using the reluctance val-
ues calculated in FEA simulations and Eq. FEA results show that the maximum
value of magnetic flux density of the core reaches 0.352T which is below the satura-
tion level. This concludes the design procedure. If the core flux density was above

0.4T, the design process will go to the core selection step to update the core with a
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bigger one and the algorithm goes from there on.

5.3.2 Finite Element Analysis (FEA) Simulations

FEA simulations are performed by using ANSYS Maxwell 3D. The model of the
LCI in FEA simulations is shown in Fig.[5.9] The windings of the LCI are modeled
as a stranded conductor and these winding are excited by using the phase current
waveforms of the converter with LCI taken from the circuit simulations. The 3D
model is simulated by using a transient solver. FEA result of the magnetic flux density
along the outer leg of the core is given in Fig.[5.8] The magnitude of the magnetic
flux density plot on the magnetic core at the time when the current of the one winding

is at its maximum value is given in Fig.[5.9]

Mag B (mT)

time=Ousec

time=5usec

50 time=10usec

time=12.5usec

. | | | | | time=20usec

0 5 10 15 20 25 30 35 40 45
Distance (mm)

(a) (b)

Figure 5.8: FEA result of the magnitude of the magnetic flux density along the line
shown in b) on the outer leg legs of the LCI
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Figure 5.9: 3D model of the LCI in FEA and magnitude of the magnetic flux density

of the core along the cross-section of x-z plane

5.3.3 Effect of Coupling Coefficient on Inductor Parameters

As seen from Eq. [5.13] to obtain desired input current ripple, the self-inductance of
the windings of LCI can take different values as a function of the coupling coeffi-
cient. The ratio between the input current ripple and inductor current ripple is also
determined by the coupling coefficient. The effect of the coupling coefficient on the
LCI design is investigated. During this investigation, a magnetic core from TDK
E55/28/21 with N87 material [38]] is selected. First of all, the relationship between
the outer leg magnetic flux density, center leg magnetic flux density and coupling
coefficient is examined. The peak magnetic flux equations calculated in Chapter [4]
are used. The ratio of the outer leg peak magnetic flux density to the center leg peak
magnetic flux density of the LCI as a function of the duty cycle for different coupling
coefficients is given in Fig.[5.10} As well known, in a traditional uncoupled inductors
center leg magnetic flux density equals to outer leg magnetic flux density. However,
as seen from Fig. the outer leg magnetic flux density of the LCI is always greater
than the center leg magnetic flux density. The ratio between the B, 4, and B, az
decreases as coupling between the windings increases. It is expected because an in-
crease in coupling means less flux going through the center leg of the magnetic core.

When the effect of the duty cycle on the ratio of magnetic flux densities are con-
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sidered, it is observed that when D = 0.5 the ratio equals to minimum value and it

increases for other duty cycle value than the 0.5.
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Figure 5.10: Magnetic flux density ratio of the center leg to the outer leg of the LCI

vs duty cycle as a function of coupling coefficient, o

In Eq. [5.13] and Eq. [5.14] relationships between coupling coefficient and self induc-
tance are given. For a constant AJ;,, as the coupling coefficient increases more turns
are required. At the same time both AC and DC magnetic flux densities decreases,
vice-versa. Fig.[5.11|shows the AC and DC component of the magnetic flux densities
of the outer and center legs and the number of turns as a function of . Fig.[5.12]
shows the relationship between the number of turns, B, and «.. As can be seen, the
outer leg peak magnetic flux density is always greater than the center leg magnetic
flux density. For selecting «, there are some practical limits such as fill factor which
limits the number of turns and saturation of core which limits the peak magnetic flux
density on the core. For this study, as seen from the Fig. [5.12] coupling factor can
take a value from 0.65 to 0.9. In order to find the optimum value for the coupling
coefficient, power losses of the LCI are analyzed. Fig. [5.13] shows the power loss
of the LCI versus the coupling factor. As the coupling factor decreases, the inductor
current ripple increases for constant input current ripple which results in an increase

in core loss and AC winding loss. On the other hand, conduction loss decreases with
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decreasing coupling factors. The most dominant part of total inductor loss is the DC
winding loss which is mainly affected by the number of turns. From an efficiency
point of view the optimum value of the coupling coefficient is the minimum value
limited by saturation. However, it would be reasonable to leave some margin from
the saturation limit as magnetic flux density will increase due to fringing effects. In
conclusion, it seems that selected o as 0.7 which brings inductor current ripple to

25% is also reasonable in terms of efficiency and utilization of the core.
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Figure 5.11: For constant Al;,, AC magnetic flux density, DC magnetic flux density

and number of turns of LCI vs coupling factor, o

82



140 T T I T I 0.8

Number of Turns I I

N — — —Fill Factor Limit | |
120 F ‘\ — — —Bpeak Limit | | 107 —~
A Bmax T e

N center | |
N P
= = —Bmax | | ©
outer =
100 | I 106 m
Z | >
2 | @
5 + I - o)
|3 80 | 0.5 8
S | E
(e
8 60 l 104
€ I =
> c
= g
40 | 103 =
X~
| ©
o}
20 - : 402 &

|
0 1 1 1 1 1 l 1 1 ll 01

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Coupling Factor, «

Figure 5.12: For constant Al;,, peak magnetic flux density and number of turns of

LCI vs coupling factor, «

18 T T

Pwinding | :
16 F Pwindingac | | i
Pcore | l
14 + Ptotal I l 4
— — —Fill Factor Limit '
1oL — — — Bpeak Limit : | |
= | |
173 | | | i
§ 10 | |
s 8f ! 1
° |
o
6 F | | i
| |
| |
ar | | ]
| |
2r | | B
—_— | |
0 1 1 1 1 1 ] I L | —
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Coupling Factor, «

Figure 5.13: Power loss of LCI as a function coupling factor, «

83



5.4 Integrated Winding Coupled Inductor

The formulas derived in Section[4.3.2]and Section4.3.1]are used to design the IWCI.
Operating point is selected as maximum power and minimum input voltage since the
magnetic flux density increases with respect to the duty cycle. Similar to LCI, the
maximum flux density of the outer legs of IWCI is always greater than the maximum
flux density of the center leg as can be seen in Fig. [5.14] The ratio between the
center leg magnetic flux density and outer leg magnetic flux density decreases with
increasing coupling coefficient, o and increases with increasing ratio of the turns
ratio of the center leg winding to the turns ratio of the outer leg wingins, 3. Thus, the

operating point is selected as maximum power and minimum input voltage.
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Figure 5.14: Magnetic flux density ratio of the center leg to the outer leg of the IWCI

vs duty cycle as a function of coupling coefficient, «

5.4.1 Design Methodology

A design methodology given in Fig. [5.13]is proposed and IWCI is designed by fol-
lowing this methodology. The design steps following the initialization are explained

in the following text.
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Step 1: Selection of coupling coefficient and calculation of L, from current ripple

equations

By using the inductor current ripple equation Eq. #.50|and input current ripple equa-
tion Eq. the required self-inductance of the outer windings, L, and coupling

coefficient between the outer windings can be calculated as:

2150
0.625 —0.5)-20-107° =2
[2L1+L2+4M1—M2]( )
LN,
M, = :
L=, (5.24)
2(Ny + N. )
M& +(1—a)ly=375-107°
Ny
50 200
[— - ](1 —0.625)-20-107° = —1.7
2(N1 + Ng) (1 + Oé)LQ
— 14 (1—a)L,

N

(1+a)Ly =2142.85-107°
(5.25)

Coupling coefficient between the outer leg windings of IWCI, « is selected as 0.75.
As known from Section. [5.3.3] that values of coupling coefficient reduces the power
loss of the inductor. The self-inductance of outer leg windings is calculated by sub-

stituting « value into the Eq.[5.25]

a=0.75
(5.26)
Ly = 1224 H

Step 2: Selection of the gap on the center leg, 44y,

The effect of air-gap length on inductor parameters is similar to LCI as explained
before. For the initial design point, E-E core with 4mm air-gap length on the center

leg is selected.
Step 3: Calculation of extra air-gap applied on all legs, {44, »

In this step, in order to obtain the desired coupling coefficient between the outer leg
windings, the extra air-gap added on all legs of the magnetic core is calculated. In the

figure below this extra air-gap length is denoted as /,,, , While air-gap on the center
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leg only which comes with magnetic core denoted as [, ,,. Illustration of air-gaps on

magnetic core is shown in Fig.[5.6]

a _ %mc
" R + Rmo

lgap,x + lgap,y

- 5.27
MOAe ( )

o =

lyapw + lgapy — lgape
- + -
/’LOAE /vLOAe / 2
The solution of Eq. is lgap» = 0.8mm. Note that, in this calculation, the effect

of fringing flux is not considered. It will be taken into account in the later steps.

Step 4: Calculation of the turns ratio, 3

In this step, the ratio of the number of turns of the center leg winding to the number

of turns of the outer leg windings, [ is calculated.

N,
- 5.28
5 N, (5.28)
The inductances of the IWCI can be written as below.
1
Ly=Nj————
T Ry + 2R e
NN, 1
M, —
Y2 Ry + 2%
y Rone + R (5.29)
L — N mc mo
2T PR 4+ 2% R
glmc
M, = N2

PR2 0+ 2R e Romo
Substituting Eq.[5.28| and Eq. [5.29]into the Eq.[5.24]the 3 can be calculated as:

375-107% — (1 — a) L,
(1—a)L, (5.30)
B =037

26(5 + 1) =

Step S: Calculation of the minimum cross-section area, A,

As can be seen from Eq. {.41] Eq. #.42] and Fig. [5.14] peak magnetic flux density

of outer legs always greater than the peak magnetic flux of center leg. Therefore,
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peak outer leg flux density is considered when selecting the magnetic core. By using

Eq. .41} peak magnetic flux density of the outer legs of IWCI can be written as:

(28 + 1)Nolyy  0.5V,(B+ D)(1 — D)T,

P + 9Roe Ny(26 +1) (5.31)
Bpeak,o = A /2
where, .
gﬂmo + 2%mc = ﬂ%mo
1—«
Ny = \/Rmo(1 + )Ly (5.32)
21
gamo = 2
[’[’OAE

Substituting Eq. [5.32]into the Eq. [5.3T]yields,

i —12
201 _

4 — 2264+ 1)*(1 —a)Ly+ V(8 + D)(1 — D)Ty (5.33)

2lgap,xL2(1 + CY)
Ho

Bpeak,o(Qﬁ + 1)

As mentioned before, the fringing effect has not been taken into account yet. So, for
a ferrite core with 0.4T saturation magnetic flux density value limiting B,cqx to 0.3T
is a good design input for A, calculation to select a core. Solving Eq. for 0.3T
Byeqr gives the minimum A, value as 316.04mm?. Based on this volume, E55/28/21

core with N87 material [38]] which has A, of 347mm? from TDK is selected.
Step 6: Calculation of the number of turns, N; and Ns

After selection of the magnetic core, the number of turns /NV; and N, can be calculated

by using the equation Eq. [5.34]

N2 =V L2g£mo

(5.34)
Ny = BN,
The reluctances are calculated as:
R — le = lgaps — lgapy 4 lyapz + lgapy —11.04 A

e Ly flo Ae toAe T uWb
L1 ] A (5.35)

%mo == 9ap~ 9T — 3.69———

frpioAe/2  poAe/2 uWb

Substituting Eq. into the Eq. gives number of turns, Ny equals 89 and N;
equals 33.
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Step 7: Update [y, , by using FEA simulations

As stated before, until now the fringing effect is ignored. FEA simulations are used
to find the value of [y, .. As seen from Fig. coupling coefficient, o equals 0.75
when [y, , equals 0.2mm. The reluctances are re-calculated with the new air-gap

length.

Finite Element Analysis (FEA)

*  Measurement

«
° o I
N ™ ©
T

Coupling coefficient,
o
(o]

I
w»

o
N
T

0-3 Il Il Il
0 0.2 0.4 0.6 0.8 1

Distance, | (mm)
gap,x

Figure 5.16: Coupling coefficient vs air-gap distance of FEA solution of the IWCI

Step 8: Update Number of Turns, /N; and N,

In this step, the number of turns is updated according to new reluctance values. The
reluctances are calculated from FEA results. The reluctances %4,,,, and % ,,. can be

calculated by using the following formula.

A= N¢
(2N} + No) I,

%mo —"_ 2%7716
%mc

O P + R
From FEA simulations, average value of A\ of the outer leg windings is found as

0.000049 Weber. « is found as 0.765. Substituting these values into Eq. [5.36] the

dec,outer =

(5.36)
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reluctances can be found as:

Rrmo = 1.068W—Ab
a jer (5.37)

Rme = 3477 ————

3 77,LLWeber

The new value of the number of turns can be calculated by substituting reluctance
results and the the self inductance result of outer leg windings, L, which is found as
1137pH into the Eq.[5.30]and Eq.[5.34] The new values of the number of turns are as
follows.
Ny =45
£ =0.164 (5.38)
Ny =7

Step 9: Checking fill factor, k.,

After updating the number of turns, it can be checked whether this number of turns
exceeds the fill factor limit. Fill factor can be calculated by using Eq. [5.11] Again
AWG22 wire is used for windings of the IWCI. If the fill factor is higher than the
limit value at this step, a smaller air gap can be selected by returning to the 2" step.

A smaller air gap will result in a smaller number of turns.
Step 10: Checking Bpeax

In the final step of the design procedure, after updating the number of turns Bcqx
should be checked whether it is less than the saturation level of the magnetic core. It
can also be calculated by using the reluctance values calculated in FEA simulations
and Eq. [5.31] FEA results show that the maximum value of magnetic flux density of
the core reaches 0.379 Tesla which is below the saturation level. This step finalizes
the design procedure. If B, is found greater than the limit value, a new iteration of

the design procedure can be applied with a larger core.

5.4.2 Finite Element Analysis (FEA) Simulations

FEA simulations are performed by using ANSYS Maxwell 3D. The model of the
IWCI in FEA simulations is shown in Fig. [5.18] The windings of the IWCI are

modeled as a stranded conductor and these windings are excited by using the current
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waveforms of the two-phase interleaved converter with IWCI that is taken from the
circuit simulations. The 3D model is simulated by using a transient solver. FEA result
of the magnetic flux density along the outer leg of the core is given in Fig.[5.17] The
magnitude of the magnetic flux density plot on the magnetic core at the time when

the current of the outer leg winding is at its maximum value is given in Fig.[5.18]
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Figure 5.17: FEA result of the magnitude of the magnetic flux density along the line
shown in b) on the outer leg legs of the IWCI
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Figure 5.18: 3D model of IWCI in FEA and magnitude of magnetic flux density of

the core along the cross-section of x-z plane
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5.5 Close-Coupled Inductor

The close-coupled inductor topology consists of two inductors. One is called a boost
inductor which is connected in series to the input side and limits the input current rip-
ple. The other one is called a close-coupled inductor which is consist of two strongly
coupled windings that are connected to the phases of a two-phase boost converter.
This inductor is limiting the inductor current ripple. These two inductors are designed

separately.

5.5.1 Boost Inductor

The formulas derived in Section #.4.2]and Section 4.4.1] are used to design the BL

5.5.1.1 Design Methodology

The design methodology of the Bl is very similar to the DIs design methodology. The
same design flowchart shown in Fig. can be used. The equations for the current

ripple and magnetic flux density are different from the DIs.
Step 1: Calculation of the self-inductance, L,

By using the input current ripple equation Eq. the required inductance of boost

inductor, L; can be calculated as:

2
201 + Ly — My

150] (0.625 — 0.5)-20-107% = 2
L — M, (5.39)

L, =187.5-10"°uH

Step 2: Selection of the air-gap length, /4,

In this step, the air-gap length which is applied to the inductor is chosen. It is selected
as 1.75mm. Selecting air-gap length smaller results in a larger magnetic core. While
selecting larger air-gap length results in a higher number of turns which will increase

both copper loss and fill factor.
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Step 3: Calculation of the minimum cross-section area, A,

Minimum cross-section area, A, is calculated from By, limit. By using Eq.

peak magnetic flux density of the boost inductor can be written as:

NilLy  Vin(D = 0.5)T,
T N (5.40)
A

where,
%mb = 0-5%7)10 + %mc
21

gap
p = 22 (5.41)
’ ,U/()Ae

Nl =V %mbLl

Substituting Eq. [5.41]into the Eq.[5.40]yields,

- 12

L1 SV (D — 0.5)T,
Ae: 1zn+05‘/zn( 05) s (542)

2yl
Bpeak
Ho

The fringing effect has not been taken into account yet. So, for a ferrite core with
0.4T saturation magnetic flux density value limiting B,.q; to 0.25T is a good design
input for A, calculation to select a core. Solving Eq.[5.42|for 0.25T Bjax gives the
minimum A, value of 215mm?. Based on this volume, ETD49/25/16 core with N87
material [37]] which has A, of 211mm? from TDK is selected.

Step 4: Calculation of number of turns, /V;

After selection of the magnetic core, the number of turns can be calculated by using

the equation Eq.[5.43]

N2
L, = ! 5.43
Y 0.5R o + Rome (5:43)
The reluctances are calculated as:
) :lc—lgap+ lgap 6.9 A
e ,ur,uOAe ,U/OAe . ulWb
(5.44)
Ry = A2 loor w35 4
T oAl /2 moAl/2 T uWb

Substituting Eq. [5.44]into the Eq. [5.43] gives number of turns, N; equals 50.
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Step 5: FEA analysis and update the number of turns, /V;

In this step, the number of turns is updated according to new reluctance values. The
reluctances are calculated from FEA results. The reluctances %,,, and %,,,. can be

calculated by using the following formula.

A= N¢
B %mo + 2%mc
gamo = 2glmc

Gde (5.45)

From FEA simulations, average value of X is found as 0.0044 Weber. Substituting
this value into Eq. the reluctances can be found as:

%m0:7568W—14b
pyvever (5.46)

=3.784———

Hme = 3.18 uWeber

The new value of the number of turns can be calculated by substituting reluctance

results into Eq.[5.43| which yields the number of turns, N; as 37.
Step 6: Checking fill factor, k.,

After updating the number of turns, it can be checked whether this number of turns
exceeds the fill factor limit. Fill factor can be calculated by using Eq. [5.11] If the fill
factor is higher than the limit value at this step, a smaller air gap can be selected by

returning to the 2" step. A smaller air gap will result in a smaller number of turns.
Step 7: Checking Bcqr

In the final step of the design procedure, after updating the number of turns, Bpeqr
should be checked whether it is less than the saturation level of the magnetic core. It
can also be calculated by using the reluctance values calculated in FEA simulations
and Eq.[5.40] FEA results show that the maximum value of magnetic flux density of
the core reaches 0.364 Tesla which is below the saturation level. This step finalizes

the design procedure.
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5.5.1.2 Finite Element Analysis (FEA) Simulations

FEA simulations are performed by using ANSYS Maxwell 3D. The model of the Bl
in FEA simulations is shown in Fig. [5.20] The winding of the BI is modeled as a
stranded conductor and this winding is excited by using the input current waveform
of the two-phase interleaved converter with CCI that is taken from the circuit simula-
tions. The 3D model is simulated by using a transient solver. FEA result of magnetic
flux density along the center leg of the core is given in Fig.[5.19] The magnitude of
magnetic flux density plot on the magnetic core at the time when the current of the

winding is at its maximum value is given in Fig.

time=Ousec

time=5usec

time=10usec

time=12.5usec

. | | | | | time=20usec

0 5 10 15 20 25 30 35 40 45
Distance (mm)

(a) (b)

Figure 5.19: FEA result of the magnitude of the magnetic flux density along the line
shown in b) on the center leg legs of the BI
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Figure 5.20: 3D model of CCI-BI in FEA and magnitude of magnetic flux density of

the core along the cross-section of x-z plane

5.5.2 Close-Coupled Inductor

The close-coupled inductor which is shown in Fig. 4.12]consists of two windings that
are strongly coupled to each other. Therefore, there are not any DC fluxes in the core
of CCI and this allows a smaller core to be selected for it. The self-inductances of
CCI are determined by the inductor current ripple value. CCI is designed at D = 0.5
because it’s peak magnetic flux reaches the maximum value at this point. Fig. [5.21]

shows the ratio of peak magnetic flux of CCI to the peak magnetic flux at D = 0.5.

5.5.2.1 Design Methodology

A design methodology is proposed and CCI is designed by following this methodol-
ogy. The proposed design flowchart is given in below in Fig.[5.22]
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Figure 5.21: Ratio of peak magnetic flux of the CCI normalized to the peak magnetic
flux at D=0.5

Design Parameters Input,
A[L, Bpealm Dmaz» V;n,min.v Po
Y

| Calculation of self inductance Lo |

v

| Calculation of minimum A, |

/ Selection of the core /k—

v

| Calculation of number of turns, Ny |

Choose

larger core
A

Fill factor< 0.4

no

Validation of the design by

using FEA simulations Bimaz < 04T

€S
Y Y

Stop

Figure 5.22: CCI design flowchart
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Step 1: Calculation of the self-inductance, Lo

By using the inductor current ripple equation Eq. the required self-inductance of

the CCI windings, L» can be calculated as:

[ 50 200

- — 1—0.625)20-107% = —1.7
2.187.5-1076 + Ly — M, L2+M2]( )

(5.47)
Ly = M, =1071-10"°uH

Step 2: Calculation of minimum cross-section area, A,

As stated above, peak magnetic flux density reaches it maximum at D = (0.5 for CCI.
The Minimum cross section area, A, is calculated from B,,.,, limit. By using Eq.
at this point. Peak magnetic flux density of the CCI at D = 0.5 can be written as:

Bpeak = ZI/JZVTL—;Z (5.48)
where,
Ny = \/(0.5R o + Rme) Lo
21,
" o Ae (5.49)
— lc
" poprAe

In order to simplify design procedure, the following assumptions can be made.

lo =21,
4A,

™

(5.50)
l.=25

Substituting Eq. [5.49)and Eq. [5.50]into Eq. [5.48] yields,

W

Vin T (5.51)

Ly 15
B ea
NG

Since there is not any air-gap on the core of CCI, there is not any fringing fluxes.

Therefore, for a ferrite core with 0.4Tesla saturation magnetic flux density value Bcqr
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is selected as high as 0.375Tesla for A, calculation to select a core. This is the main
advantage of CCI along with zero dc flux on the core. Solving Eq.[5.5T|for 0.375Tesla
Beqr, gives the minimum A, value of 167.56mm?. As a magnetic core, ETD44/22/15
core with N87 material [41]] which has A, of 172mm? from TDK is selected.

Step 3: Calculation of the number of turns, No

After selection of the magnetic core, the number of turns can be calculated by using

Eq.5.52,

Nj
Ly = 5.52
2 0.5% 0 + Rome (5-52)
The reluctances are calculated as:
[ A
R e = = = 0.08——
:U’TIUOAe ulWb
(5.53)
R = Lo =0.3 A
me- o Ae /2 U

Substituting the reluctance values and L, value into Eq. [5.52] gives the number of

turns, N, as 16.
Step 4: Checking fill factor, k.,

After calculating the number of turns, it can be checked whether this number of turns
exceeds the fill factor limit. Fill factor can be calculated by using Eq.[5.11] For round-
type conductors, as a rule of thumb 0.4 is a limited value for the fill factor. If the fill

factor is higher than the limit value at this step, a larger core can be selected.
Step 5: Validation of design by using FEA

In the last step, validation of design can be done by using FEA simulation. Induc-
tances, magnetic flux density etc. can be calculated using FEA. After that it can be
checked whether these parameters are as expected and within an acceptable range.
Fig [5.23] shows the FEA result of the magnitude of magnetic flux density along the
center leg of the core of the CCI.
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Figure 5.23: FEA result of the magnitude of magnetic flux density along the center
leg of the CCI

5.6 Chapter Summary

In this chapter, different coupled inductor topologies and discrete inductors are de-
signed. In the first part, the design condition is discussed. All inductors are de-
signed so that they all have the same performance. For each inductor topology, de-
sign methodology is proposed. Detailed design procedures are explained. The effect
of fringing fluxes on the inductor parameters is examined. FEA simulations are con-
ducted and design parameters are updated based on the FEA results. Moreover, the
effect of coupling coefficient on the inductor performance is examined for the LCI

topology which will be valid for also IWCI topology.
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CHAPTER 6

CONVERTER IMPLEMENTATION

In the previous chapter, LCI, IWCI, CCI and DI are designed by using the proposed
design methodologies. In this chapter, properties of implemented inductors are pre-
sented. The measurement procedure for each coupled type of coupled inductors is
proposed. Moreover, the effect of fringing flux on the reluctance of magnetic cores is
analytically calculated by using proposed formulas in the literature. The comparison
between the analytical calculation, FEA results and measurement results is done by
considering the effect of fringing flux on inductors parameters. The other compo-
nents of the two-phase interleaved boost converter are given in this chapter. After that
power loss analysis is conducted. Moreover, the derivation of the transfer function of

a two-phase interleaved boost converter with IWCI is provided.

6.1 Measurement Procedure for the Coupled Inductors

In this section, measurement procedures for the measurements of the inductances of

LCI, IWCI and CCI are proposed.

6.1.1 LCI

Measurement of inductances of LCI can be done by using the following measure-

ments and connections.

Measurement of self inductances

Measurement 1: (Self inductances measurement)
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Lyindingt = Measurement across the terminals 1 and 2 while terminals 3 and 4 left
open
Liyinding2 = Measurement across the terminals 3 and 4 while terminals 1 and 2 left

open

Generally, transformers leakage inductances are measured by shorting the secondary
and measuring the primary. However, this measurement method does not give accu-
rate results in LCI. Because the leakage inductance in LCI cannot be neglected. The
leakage inductance of LCI can be measured by making the following connection.

Measurement 2:(Leakage inductance measurement)

2Ljcakage = Measurement across the terminals 1 and 4 while terminals 2 and 3 are

shorted

Then, the mutual inductance between the windings can be calculated by using the

following formula.

M 2
M = Measurementl — easugemen (6.1)

Electrical circuit connections and terminals of the LCI are shown in Fig.[6.1]

ZJ 1 . L2 2
- AN
i Ly, —M

3 4

(b) Electrical connection structure of LCI

(a) Magnetic core structure of LCI

Figure 6.1: Electrical connections and terminals of the LCI
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6.1.2 IWCI
Measurement of inductances of the IWCI can be done by using the following mea-
surements and connections.

Terminals 2,3 and 5 are shorted.

Measurementl = Measurement across terminals 5-6 or 3-4.

Measurement2 = Measurement across terminals 1 and 2.

Terminals 2,3 and 5 are not shorted. Terminals 3 and 6 are shorted.

Measurement3 = Measurement across terminals 5 and 6.

Measurement4d = Measurement across terminals 4 and 6.

Terminals 2,3 and 5 are not shorted. Terminals 3-6 and 1-2 are shorted.

Measurementd = Measurement across terminals 5 and 6.

Measurement6 = Measurement across terminals 4 and 5.

Then, the inductances can be calculated by using the following equations.

Loy = Measurementl

Ly = Measurement?2

u Measurementd — Measurementb6 N
L= L
2 Ny

N, (6.2)

Ligyy =Ly — 2L,
Measurement4

MQZLQ— 2

where NNV is the number of turns of center winding and /N, is the number of turns
of the outer leg windings. Electrical circuit connections and terminals of IWCI are

shown in Fig.[6.2]
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(b) Electrical connection structure of IWCI

Figure 6.2: Electrical connections and terminals of IWCI

6.1.3 CCI

Measurement of inductances of the CCI can be done by using the following measure-

ments and connections.

Measurement of self-inductances

Measurement 1: (Self-inductances measurement)

Lyindingt = Measurement across terminals 1 and 2 while terminals 3 and 4 left
open
Liyinding2 = Measurement across terminals 3 and 4 while terminals 1 and 2 left

open
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Measurement 2:(Leakage inductance measurement)

2Ljcakage = Measurement across terminals 1 and 4 while terminals 2 and 3 are

shorted

Then, the mutual inductance between the windings can be calculated by using the
following formula.

M 12
M = Measurementl — easugemen (6.3)

Electrical circuit connection and terminals of the CCI are shown in Fig.[6.3]

i1 . Lo 2
i Ly , —M
3 4

(b) Electrical connection structure of CCI

(a) Magnetic core structure of CCI

Figure 6.3: Electrical connection and terminals of CCI

6.2 Validation of FEA Results

In this section validation of FEA results is done by comparing them with measure-
ment results. Moreover, the effect of fringing flux on the reluctances is calculated
analytically by using proposed methods in the literature. Fringing fluxes around the
air-gaps can have a drastic effect on coupling effect, inductance, maximum flux den-
sity and other inductor parameters. Therefore, for gapped inductors the reluctances

of the magnetic core should be analyzed by considering the fringing effect.
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Method 1:

This method, which is proposed in [40], calculates air-gap fringing flux effect on the

reluctances by using the following formulas.

lgap

) |
i
) |

Figure 6.4: Method 1 dimensions definitions

log 2w
qu:HMln_

VAgap  lgap (6.4)

R,
ng _ Ztgap
! qu

In this equation, ¢ is a constant used to reduce the accuracy error, [y, is the length
of the air-gap, Ay, cross-section area of the air-gap, w width of the core across the
air-gap, X ¢, correction factor for fringing flux, % 4, reluctance of the air-gap without
considering fringing effect, % ;, reluctance of the air-gap with considering fringing
effect. Mclayman did not propose the q coefficient in this formula. In another study
[42] a constant is suggested in order to reduce the margin of error of this formula. For
this coefficient, it is suggested a number between 0.85-0.95 for ETD cores and 1-1.1
for EE cores. However, these numbers do not sufficiently reduce the margin of error in
reluctance calculations in our study. When the q value is set as 1.5 in the examinations
made in this thesis, the margin of error for ETD cores has decreased considerably.
Therefore, in this study, the q number is taken as 1.5. The main disadvantage of
Mclayman’s formula is that only the 2-D dimension core is analyzed while making

these calculations.
Method 2:
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The method is proposed in [39] which is more accurate than the previous one. This

method considers the 3D fringing effect. The reluctance formulas for the outer leg

and the center leg are given in Eq.[6.5] Eq.[6.6]and Eq.[6.7] Eq.[6.8] respectively.

h, h,
7 tlgapo lgap.c
b, Ay,
a, ac

Figure 6.5: Method 2 dimensions definitions

Qo bo
lgap o lgap o
Fo—x - ’ Fo—y = ’ (65)
Qo 2 | wh, b, 2 | mh,
—(1 —(1
e T TG e T TG
R, 1 =F, - F, - lgap.o (6.6)
o—tota o—x o—y ,Uzer/Q .
Qe bc
lga,p c lgap c
Fo o= : Fc—y = : (67)
ac 2 1 7Th/c bc 2 1 7Thc
—(1 —(1
e A TG ) e A T )
lgap:C
gzc—total =Fe ;- Fc—y : /L(]Ae (68)

In these equations, a., a, are the width of the core on the air-gap of the center leg
and the outer leg, respectively. b., b, are the depth of the core on the air-gap of the

center leg and outer leg, respectively. h., h, are the height from air-gap to core of the
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center leg and outer leg, respectively. lyqp ¢, lgap,o are the length of the air-gap of the
center leg and outer leg, respectively. F._ ., F,_, are the fringing factors along the
x-axis of the center leg and outer leg, respectively. F._,, F,,_, are the fringing factors
along the y-axis of the center leg and outer leg, respectively. R ._;otar; R o—totar are the
total reluctances with consideration of fringing flux of the center leg and outer leg,

respectively.

6.2.1 Sensitivity Analysis for DI

Numerical calculations of reluctances considering the fringing effect are done by us-
ing the formulas presented in Section[6.2] The accuracy of these formulas is compared
with FEA simulation results and measurement results. Table shows that method
1 gives very close results to measurement and FEA results in inductance calculation
by taking fringing effects into account. On the other hand, method 2 gives results that

are not close to measurements.

Table 6.1: Comparison of Fringing Effect Calculation Methods with FEA and Exper-

imental Results

Method 1 Method 2 FEA Results Measurement Results

L, 376.45uH  409.7uH  394.02uH 372.3uH
Bpea:  0.32T 0.34T 0.3327 NA
Romo  6.55A/ Wb 5.74A/uWb  6.934/uWb NA
Rome  3.91A/uWb  3.73A/uWb  3.46A/uWb NA
AL 1.99A4 1.834 1.90 2.014A

Sensitivity analysis can be done according to the change in inductance and hence in
the input current ripple. Table [6.2] shows the error difference between the desired
values for all methods, FEA and measurement results. For method 1, FEA and mea-
surement the error difference is less than 1%. For method 2, the accuracy is less than

the others which have nearly 10% error.

108



Table 6.2: Sensitivity Analysis of the DI Accuracy Error with Respect to Design

Inputs

Method 1 Method 2 FEA Results Measurement Results
Ly 0.39% 9.25% 5.07% 0.72%
Al 0.5% 8.5% 5% 0.7%

6.2.2 Sensitivity Analysis for LCI

The relationship between the coupling coefficient of the LCI as a function of extra
gap length is calculated with both methods. Fig. [6.6] shows that coupling coefficient
calculated by method 2 is the same with FEA results. On the other hand, method 1
has some error. Also, note that the analytical solution neglecting the fringing effect

calculates the coupling coefficient with a high error.

1
Finite Element Analysis (FEA)
Analyt. sol. neglecting fringing effect
09F Analyt. sol. with fringing effect(model 1)
Analyt. sol. with fringing effect(model 2)
% Measurement
5081
=
2
So7k———-—
© |
8 |
o
2067 I
= |
3 |
o
©os :
|
04 ¢ :
|
1 | | | |
0.3
0 0.25 0.5 0.75 1 1.25 15

Distance, | (mm)
gap,x

Figure 6.6: Coupling coefficient vs air-gap length calculated with different methods

and FEA simulations

Even though good estimation of fringing effect on coupling coefficient by using
method 2, as seen from Table [6.3] the reluctances and hence inductances calculated

by method 2 are not close to the FEA results and measurement results. Therefore, the
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current ripples are different from the expected. That difference in current ripple val-
ues makes it not possible to compare inductors designed under the same conditions,

which is the main purpose of this study.

Table 6.3: Comparison of Fringing Effect Calculation Methods with FEA and Exper-

imental Results

Method 1 Method 2 FEA Results Measurement Results

L 1227.8uH  1367.3uH  1248uH 1261 H
M 965.4uH  954.6pH 879uH 880uH
a 0.786 0.698 0.704 0.698

Bpear  0.29T 0.397 0.35T NA

Rmo  1.33A/uWb 1.264/uWb  1.37A/uWb NA

Rome  4.80A/uWb  2.90A4/uWb  3.20A/uWb NA

A 2.86A 1.824 2.03A 1.97A

AL 2.114 1.554 1.72A 1.684

Moreover, due to the practical limits, it is not possible to precisely adjust the air-
gap length. The coupling coefficient is measured as 0.685. Also, inductances are
measured slightly less than desired values. Sensitivity analysis can be done according
to the change in coupling factor. Table [6.4] shows the error difference between the

desired values for all methods, FEA and measurement results.

Table 6.4: Sensitivity Analysis of LCI Accuracy Error with Respect to Design Inputs

Method 1 Method 2 FEA Results Measurement Results

o) 12.28% 0.28% 0.57% 0.28%
Al 43% 9% 1.5% 1.5%
Alj, 24.1% 8.8% 1.2% 1.2%
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6.2.3 Sensitivity Analysis for IWCI

The relationship between the coupling coefficient of the LCI as a function of extra
gap length is calculated with both methods. Fig.[6.7]shows that coupling coefficient
calculated by method 2 is the same with FEA results. On the other hand, method 1
has some error. Also, note that the analytical solution neglecting the fringing effect
calculates the coupling coefficient with a high error. Table [6.5] shows the results of
both method, FEA simulations and measurements for the IWCI. As can be seen, FEA
results are very close to the measurements. So, FEA simulations should be carried

before implementing the IWCI.

0.9
s 0.8
g
2 |
o7 !
© |
Q |
° I
o6 I .
°a |
3 |
3 I
0.5 | J
: Finite Element Analysis (FEA)
| Analyt. sol. neglecting fringing effect
0.4 | Analyt. sol. with fringing effect(model 1)
: Analyt. sol. with fringing effect(model 2)
03 | *  Measurement

0 0.2 0.4 0.6 0.8 1

Distance, | (mm)
gap.x

Figure 6.7: Coupling coefficient vs air-gap length calculated with different methods
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Table 6.5: Comparison of Fringing Effect Calculation Methods with FEA and Exper-

imental Results

Method 1 Method 2 FEA Results Measurement Results

L, 4.63uH 7.32uH 7.54uH T.9uH
M; 14.89uH 23.54uH 23.52uH 21.07uH
L, 1340.8u H 1312.7uH 1136 H 1156 H
M, 1149.4pH 1010pH 866 H 872 H
o 0.857 0.769 0.762 0.754
Bpeak 0.33T 0.45T 0.379T NA
Romo  0.81A/uWb 0.87TA/uWb 1.068A/uWb NA
Rme  4.88A/uWb 2.91A/uWb  3.4TTA/uWb NA
Al 2.88A 1.82A4 1.984 1.95A
Alj, 2.04A 1.55A 1.74A 1.72

As seen from the table, due to the practical limits it is not possible to precisely adjust
the air-gap length. The coupling coefficient is measured as 0.754. Also, inductances
are measured slightly less than desired values. Sensitivity analysis can be done ac-
cording to the change in coupling factor. Table[6.6shows the error difference between
the desired values for all methods, FEA and measurement results. The difference is a

maximum of 1.5% which is an acceptable value.

Table 6.6: Sensitivity Analysis of the IWCI Accuracy Error with Respect to Design

Inputs
Method 1 Method 2 FEA Results Measurement Results
«Q 14.26% 2.53% 1.6% 0.53%
Al 44% 9% 1% 2.5%
Alr 20% 8.82% 2.35% 1.18%
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6.2.4 Sensitivity Analysis for BI

Numerical calculations of reluctances considering the fringing effect are done by us-
ing the formulas presented in Section[6.2] The accuracy of these formulas is compared
with FEA simulation results and measurement results. Table shows that method
1 gives very close results to measurement and FEA results in inductance calculation
by taking the fringing effects into account. On the other hand, method 2 gives results

that are not close to measurements.

Table 6.7: Comparison of Fringing Effect Calculation Methods with FEA and Exper-

imental Results

Method 1 Method 2 FEA Results Measurement Results

L, 186.97uH  205.4lupH  194.93uH 187.27uH
Bpear  0.35T 0.376T 0.364T NA
Romo  6.66A4/uWb 5.78A/uWb  T.0134/uWb NA
Rome  3.99A/uWb  3.7TA/uWb  3.5064/uWb NA
AL 2.005A 1.824 1.92 2.003A

Sensitivity analysis can be done according to the change in inductance and hence in
the input current ripple. Table [6.8] shows the error difference between the desired
values for all methods, FEA and measurement results. For method 1, FEA and mea-
surement the error difference is less than 1%. For method 2, the accuracy is less than

the others which have nearly 10% error.

Table 6.8: Sensitivity Analysis of the CCI-BI Accuracy Error with Respect to Design
Inputs

Method 1 Method 2 FEA Results Measurement Results
Ly 0.28% 9.55% 3.96% 0.12%
JAVE 0.25% 9% 4% 0.15%
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6.3 Implementation of Inductors

Implemented inductor prototypes are shown in Fig. [6.8] The parameters of designed

inductors are summarized in Table

Table 6.9: Inductor Parameters

DI LCI IWCI CCI CCI-BI
L, = 7.9uH
Inductance Ly = 372301 L, = 1261uH M, =21.07uH L, = 1010puH Ly = 187.27uH
M, = 880uH L, = 1156pH M, =997uH
M, = 872uH
Number of turns N=52 N, = 54 Ni=7 Ny =16 Ny =37
Ny =45
Bpeak 0.332T 0.352T 0.379T 0.27T 0.364T
B,, 0.17T 0.2T 0.23T 0.27T 0.05T
Rwinding 69.66m$2 81.66m¢2 Reenter = 12.78m82, Royter = 85.83mS2 24.1m$)  26.6mS)
Rwinding@50kHz 2.3602 2.58Q2 Recnter = 3TmS, Royter = 2.33992 4.5Q 1.2429
Current density 7A/mm? 7A/mm? 7A/mm? 7A/mm?  7A/mm?
Number of parallel layer 3 3 Center= 6, Outer=3 3 6
Cross section area 210mm? 347.5mm? 347.5mm? 172mm?  210mm?
Core type 2x ETD49/25/16 E55/28/21 E55/28/21 ETDA44/22/15 ETD49/25/16
Weight 336.9gr 323.3gr 330.7gr 134.1gr 189.2gr
Volume 95cm* 100cm?® 105cm?® 45cm®  50cm?
’ DI-1 ‘ ’ DI-2 ‘ ’ LCI ‘ ’ IWCI ‘ ’ CClI ‘ ’ CCI-BI ‘

Figure 6.8: Implemented inductor prototypes

6.4 Other Components of the Converter

The other components of the converter were selected by considering voltage and cur-

rent ratings. The selected components are summarized in Table
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Table 6.10: Other Components of the Converter

Component Part Number Manufacturer
Main Mosfet C3M0060065K [43] Wolfspeed
Diode C3D20065D [44] Wolfspeed
Output Capacitor ~ EKWA451ELL470MJ45S [45] Nippon Chemicon
Gate Driver UCC21520 [46] Texas Instruments
Driver Power Supply R12P21503D [47] Recom
Digital Controller TMS320F28069 [48]] Texas Instruments

6.5 Power Loss Analysis

In this section, power loss calculations of the converters with different inductor topolo-
gies are conducted. Converter power losses consist of conduction and switching
losses of the main MOSFETS, F.,,q and Psyitching, diode losses, Pyioqe, winding and
core losses of the inductor, P inding and P, and gate drive losses, Pyi,.. Before
calculations of losses, parameters of the converters with different inductors are given

in Table [6.11]

Table 6.11: Parameters of the Converters with Designed Inductors

LCIT IWCI CCI DI

Average Phase Current(A) 6.66 6.66 6.66 6.66
Peak to Peak Inductor Current Ripple(A) 1.7 1.7 1.7 )
RMS Phase Current(A) 6.68 6.68 6.68 6.82

Conduction losses of main MOSFETs are calculated by using Eq. On state
resistance of MOSFETs are given in MOSFETSs datasheets as 45mf).

Switching losses of main MOSFETS are calculated by using Eq. Eon, Eopp and
E,ss values are taken from the datasheet of the MOSFETs. The manufacturer pro-
vides the graphs of these switching energies as a function of current, voltage and gate

resistance as shown in Fig. By using these graphs for our operating conditions
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switching energy values can be calculated.
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Figure 6.9: Clamped Inductive Switching Energy vs. Drain Current (VDD = 400V)
[43]

Diode losses of the converters can be calculated by using Eq.[3.13] The voltage drop,

capacitance stored energy constants are provided in the datasheet of diodes.

Gate drive losses of the converter can be calculated by using Eq. [3.14] Driver supply
losses are calculated by using the efficiency of driver supply provided in the datasheet

and current drawn by the gate driver.

Winding losses of the inductor can be divided into two components. One of them is
DC winding losses due to the DC current flowing through the DC winding resistance.
The other one is used for representing high-frequency losses of the inductor. As stated
in Chapter [3] at high-frequency operation, AC resistance of the windings increases
exponentially because of the skin effect and the proximity effect [49] and hence the
winding losses increase. The skin depth of copper at S0kHz can be calculated by
using the formula provided in [S0]]. The skin depth of copper at S0kHz is calculated
as 0.292 mm. The radius of copper used in inductors is 0.325 mm which yields a

conductor depth to skin depth ratio near to 1.

In order to take into account high frequency effects of winding losses, winding re-
sistances are measured by using impedance analyzer Bode 100 [S1]]. The resistance
results @50kHz given in Table[6.9are used for the calculation of AC winding losses.

Even though the high-frequency resistance measurement results might not be accu-
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rate since AC components of the currents of the inductors are considerable small,
AC winding losses will not be significant. However, for more accurate calculation of
winding losses or for transformers where current only has AC component the prox-

imity effect should be considered by using FEA simulations.

The exponents in the Steinmetz equation are calculated by using the core loss vs fre-
quency, magnetic flux density graph of magnetic material which is shown in Fig.[6.10]
Steinmetz equations with derived exponents is given in Eq.[6.9] As stated in Chap-
ter [3] core loss calculation with Steinmetz equations does not consider the DC bias
effect. In this chapter, DC bias effect is considered with the help of FEA simulations.
In the FEA simulations, inductor current excitations were applied as both DC and AC
components of current. Besides, only the AC component of the current was applied
and the effect of dc bias was examined. FEA simulations were also repeated with the
2D model and the results for the LCI are given in Table @ Moreover, the formula
shown in Eq.[6.10]and proposed in [52] is used to find the equivalent frequency of the
magnetic flux density. This formula calculates the sinusoidal equivalent frequency of

a rectangular AC excitation. This frequency is used in the core loss formula given in

Eq.[6.9

AB
Py = L115 - f18 - ()™ (6.9)

where, P, is the core loss per volume in W/m?3, f is the frequency in Hz and AB is

the peak to peak magnetic flux density on the core in Tesla.

f 2 / ( dBV d (6.10)
g = —)*dt :
1 B2 w2 Jp dt

Applying Eq. for LCI yields, f., as 43.2kHz. Moreover, the AC flux component
on the center leg of the LCI is very small when compared to AC flux on the outer legs.
Therefore, during core loss calculation volume of the center leg can be subtracted

from the volume of the core.

As can be seen from Table[6.12] core loss decreases with DC bias in the FEA results.
Also, analytically calculated core loss by using equivalent frequency gives a result

close to the 3D FEA result with the DC component of current is not applied. This
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Figure 6.10: Core loss per volume as a function of frequency and magnetic flux den-

sity [S3]

confirms that analytical calculations using the Steinmetz equation do not consider the
DC bias effect and it gives more accurate results when calculated with equivalent

frequency.

The results of equivalent frequencies of all inductors and core loss results of all in-
ductor simulated in 3D FEA in order to consider the DC bias effect are given in

Table[6.13]

Table 6.12: Core Loss Results for LCI

2D with DC=0 2D with DC#0 3D with DC=0 3D with DC#0 Analytical Calculation using f.,
Core Loss 0.267W 0.287W 0.348W 0.285W 0.38W

Fig.[6.11] shows theoretically calculated power losses of the converters with coupled
inductor topologies and discrete inductors at full load of minimum input voltage con-

dition. A breakdown of theoretical power losses of converters with LCI, IWCI, CCI

and DI are given in Fig.[6.124] Fig.[6.12b] Fig.[6.13aand Fig.[6.13b] respectively.
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Table 6.13: Core Loss Results for Inductors

3D with DC#0  Analy. Calc. using f = f,, Analy. Calc. using f = f,

LCI 0.285W 0.36W 0.46W
IWCI 0.321W 0.63W 0.78W
CCI-BI 0.015W 0.004W 0.005W
CCI 4.06W 3. 78W 4. TW

DI 0.188W 0.217W 0.268W

I Pdrive
N Psw

1 | Pcond
I Pdiode

| I Pwinding de
o Pwmdmgac
I Pcore

Power Loss(W)

LCI IWCI CCI DI

Figure 6.11: Theoretical calculated power losses of converters with various inductor

topologies
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Figure 6.12: Breakdown of power losses of converters with different inductors-1
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Figure 6.13: Breakdown of power losses of converters with different inductors-2
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6.6 Control Loop Design

As stated in [54], modeling of the coupled inductor topology as self and mutual in-
ductances is well suited when the leakage inductance of the coupled inductors does
not play a determinant role in the converter operation. The change of topology does
not play an important role in closed-loop operation of the converter. The experimental
results show that all converters have similar responses. Therefore, transfer function

derivation of the converter is done for only IWCI.

6.6.1 Small-signal Modeling of the Converter

The small-signal model of a two-phase interleaved boost converter with IWCI is done
by using the averaged switch model. Averaged switch model proposed by Erickson
[S5], replaces the converter switches with an equivalent averaged switch model. In
this way, time-dependent switching of the circuit is eliminated, [S34]. The resulting
equivalent circuit of the converter can then be perturbed and linearized to obtain a
small-signal model. In the next section, this method will be applied to the two-phase

interleaved boost converter with IWCI.

6.6.2 Averaged Switch Modelling of the Boost Converter with IWCI
Derivations of averaged model and transfer functions of a two-phase interleaved boost

converter with IWCI are given in Appendix [A.2] The derived averaged model of two-
phase interleaved converter with IWCI is shown in Fig. [6.14]
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Figure 6.14: DC and small-signal averaged model of a two-phase interleaved boost converter with IWCI

Controlled voltage sources can be expressed as:

d(I, + i) d(I + i) d(Iin + i)

‘/;c,l = Lml d ‘/2572 = Lml —d ‘/2673 = —d
t t t

(6.11)

‘/:3,4 = Lm2



Now, by using Equations [A.9] [A.T0]and [A.TT|the small-signal model of the IWCI

interleaved boost converter can be represented in state-space form as:

X = A% + Bu y = Cx+Di (6.12)

where the state vector, Z, contains the small-signal components of the phase currents
flowing through the IWCI outer windings and the voltage across the output capacitor.
The input vector, u, contains the control inputs of each phase and the load disturbance

current. The output vector, y, comprises the output of the converter of phase currents

and output voltage.

x=[n & w=ld dial v=[aia ©3

aix Qa2 a3 bi1 bz big bis 100
A3x3 — | Q91 Q92 93 B3x4 = b21 bgg 623 b24 C3x3 =(0 1 0
agy asy as3 bsi b3z bsz b 00 1

(6.14)

The D matrix is a O matrix. The elements of the state, input and output matrices are

given in Appendix [A.2]

By the use of Eq. [6.15] the G[s] matrix transfer functions of the state-space model
can be found. These are listed in Table|6.14| Mathematica software is used in order to
obtain algebraic transfer functions. From the G[s] matrix inputs, it was found that the

transfer functions for each of the converter phases are identical.

G[s]=C(sI-A)"'B+D (6.15)

Table 6.14: G[s] Matrix, Transfer Functions of State-space Model

) dy i Uin
it Gain(s) = d; Gazir(s) = d_:lg Gizin(s) = g Guini1(s) = Ugln
ia  Gaia(s) = ;—21 Gazia(s) = ;—22 Giziz(s) = 22 Guiniz(s) = vmn
Uo Guio(s) =% Guano(s) =2 Giavols) =2 Ginuols) = 22




6.6.3 Validation of Averaged Model

A mathematical model of a dynamic system should have the same response both
in a steady state and during transients when compared to the real system. Thus,
a model can be verified by comparing its response to that of the real system. In
order to validate the performance and the accuracy of the averaged model obtained
in Section[6.6.2] a simulation in Plexim is performed with both switched model and
averaged model. The steady-state and transient analyzes are done. Fig.[6.15] shows
the waveforms of switched IWCI converter and averaged IWCI converter waveforms.
As can be seen, the averaged network has the same response as the switched model

which confirms the model and mathematical analyzes.

Current
Voltage

Time Time

(a) Converter current waveforms (b) Output voltage waveforms

Figure 6.15: Steady-state and transient response of switched and averaged IWCI

boost converter

6.6.4 Control Loop Parameters Calculation

In this section, the parameters of the control loop of the converter are calculated.
The block diagram of closed-loop two-phase interleaved boost converter is given in
Fig. @ Where G, represents the controller of the voltage loop. G; 1 and G; 2 rep-
resent the controller of the current loops of phase 1 and phase 2, respectively. Firstly,
the controller of the current loops is designed. The cut-off frequency is selected as
one-tenth of the switching frequency as SkHz. Bode plot of phase current to duty

cycle, G 41, bode plot of current loop controller, GG; 1 and overall open loop bode plot
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Figure 6.16: Control block diagram of the circuit

of the current loop are given in Fig. After the design of inner current loops, the
outer voltage loop controller is designed by using the closed-loop transfer function of
the current loop and output voltage to phase current transfer function. The cut-off fre-
quency is selected as one-tenth of the current loop cut-off frequency as S00Hz. Bode
plot of a reference current to voltage, G,¢fv0, bode plot of voltage loop controller,

G, and overall open loop bode plot of voltage loop is given in Fig.

Bode Diagram Bode Diagram
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(a) Bode plots of the current loops (b) Bode plots of the voltage loop

Figure 6.17: Bode plots of closed loop two-phase interleaved boost converter with

IWCI
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CHAPTER 7

EXPERIMENTAL RESULTS

This chapter presents the experimental results of the two-phase boost converters with
various coupled inductor topologies and discrete inductors. A 2kW two-phase in-
terleaved boost converter prototype having 150-250VDC input and 400VDC output
voltage, and 50kHz switching frequency is implemented as shown in Fig.[7.1] Con-
verters with different inductor topologies are achieved by connecting the implemented
inductors to the inductor connection terminal of the board. The experimental setup is

presented in Fig.[7.2]

Ph-1 winding Ph-2 winding
connection connection

Center winding
or input
inductor

connection

Output
capacitors

DSP
board

Current sense
resistors

Ph-2
half bridge
Ph-1
half bridge

Figure 7.1: Two-phase interleaved boost converter board

7.1 Test Results of Converters

Firstly, voltage and current waveforms of the converter with different inductor topolo-
gies are measured. Fig. [7.3]shows the turn-on of the converter with IWCIL. As can be

seen, a digital soft-start is implemented. The turn on time of the converter is measured
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High voltage DC
supply

= Oscilloscope

Figure 7.2: Experimental Setup
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Figure 7.3: Output voltage start-up of the converter with IWCI

Fig. shows the critical waveforms of an interleaved boost converter with differ-
ent inductor topologies at full load conditions for the minimum input voltage. As
can be seen, coupled inductor and interleaved operations are achieved. Phasel in-
ductor waveforms have seen different inductance values for entire switching period.
Fig. shows the current waveforms of an interleaved boost converter with different
inductor topologies at full load conditions for the minimum input voltage. As can
be seen, all converters have nearly the same input current ripple and inductor cur-
rent ripple values. The only exception is that discrete inductors have larger inductor
current ripples. As mentioned before, it is impossible to adjust input and inductor
current ripple at the same time by using discrete inductors. Measured ripple values

are summarized in Table

Fig. shows the voltage ripple waveforms of an interleaved boost converter with
different inductor topologies at full load conditions for the minimum input voltage.
As can be seen, all converters nearly have the same output voltage ripple except dis-
crete inductors. As mentioned before, in a boost converter most of the output voltage
ripple magnitude comes from the product of capacitor ripple current and series resis-
tance of output capacitor, ESR. Capacitor current ripple is the same as ripple inductor

peak current. Since the discrete inductor design has a higher inductor current ripple,
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Figure 7.4: Critical waveforms through the module at critical load and minimum input
voltage (D=0.625): CH1 (orange) = I pn1, CH2 (blue) = Vgs of PH1 Mosfet, CH3
(purple) = VDS of PH1 mosfet, CH4 (green) = VDS of PH2 mosfet
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Figure 7.5: Current waveforms of the converter for minimum input voltage and full
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(purple) = I1.ppa.
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the output voltage ripple value is higher than the others. Measured ripple values are

summarized in Table
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Figure 7.6: Output voltage ripple at minimum input voltage and full load, CH4

(green) = V,,; (AC Coupled)

7.2 Transient Test Results

In this section, open loop and closed loop transient results of the converter with IWCI

and LCI are presented. As it will be seen, all converters have the same transient

response. Therefore, the results are provided for an only converter with IWCI and

LCI. Open loop transient responses to the load changes of the converter with LCI are

given in Fig.[7.7] As can be seen, there are large overshoots and undershoots on the

current waveforms of the converter during load transients. Also, the error of current
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sharing between the phases of the converter is high. Therefore, a closed loop control

of the converter is necessary.
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(a) Load current step from 50% to 100% (b) Load current step from 100% to 50%

Figure 7.7: Load transient of the converter with LCI, CH1 (orange) = [;,,, CH2 (blue)
= I1.pn1, CH3 (purple) = I, pp2, CH4 (green) =V,

The digital control of the two-phase interleaved boost converter is done by using the
average current mode control. In this method, there are 3 different control loops.
One of them is the voltage loop that is common for both phases. The others are the
current loops of both phases. For control circuits, output voltage and phase currents
are sensed. Measured signals are read in the middle of the PWM signal by using
ADC. In this way, the average value of the currents is read. The control algorithm
timings are given in Fig. [7.8] CH2 represents the gate signal of phase 1 MOSFET.
As stated before, the ADC starts to read sensed signals in the middle of CH1. When
ADC conversion ends, CHI is set as high. As can be seen, ADC conversion time
is calculated as 1.6us. ADC end of conversion, EOC triggers an interrupt. In this
interrupt, an algorithm that is about no-load regulation is running at first. Whenever
the calculation of this algorithm is finished, the CH3 signal is set as high. As can be
seen, these calculations take 7.5us. Finally, control loops are executed and new duty
cycles are calculated and updated. Following that CH3 signal is set as low. As can
be seen, these calculations take 2.5us. The total time consumption of the closed loop

control is about 11.6us.

Closed loop transient responses of the converter with IWCI and LCI for step load
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Figure 7.8: Timings of control algorithm, CH1 (orange) = ADC EOC, CH2 (blue) =
VGS of Phl mosfet, CH3 (purple) = End of calculations in the ISR.

changes are given in Fig.[7.9and Fig. [7.10] As can be seen, there are no overshoots
or undershoots in the currents during load transients. Also, the current sharing error
is reduced which is important for avoiding magnetic core saturation in the coupled

inductors and to obtaining equal thermal stress for the phases of interleaved boost

converter.
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(b) IWCI

Figure 7.9: Load current step from 50% to 100%, CH1 (orange) = I;,,, CH2 (blue) =
I1.pn1, CH3 (purple) = 11, pp2, CH4 (green) = Vo

As stated before, an algorithm was developed in order to avoid over-voltage break-

down. For no-load operation, it limits the duty cycle of the boost converter otherwise
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Figure 7.10: Load current step from 100% to 50%, CH1 (orange) = I;,,, CH2 (blue) =
I1.pn1, CH3 (purple) = I1 pp2, CH4 (green) =V,

even small change in duty cycle results in a sudden increase in the output voltage.
Moreover, for large load step-down transients, due to the large energy stored in the
output capacitor, the output voltage rises to high levels exceeding the limits. There-
fore, the controller checks the output voltage during every control interrupt and when-
ever it exceeds the predefined limit converter stops switching. When the voltage goes
back to the limit the converter starts switching again. Fig. [7.11] shows the large load

step-down transients and the response of the converter to that.
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Figure 7.11: Load current step from 100% to 20%, CH1 (orange) = I;,,, CH2 (blue) =
I1.pn1, CH3 (purple) = I pp2, CH4 (green) = Vo,
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7.3 Volume Comparison

As can be seen from experimental results, all inductor topologies have the same de-
sired input current ripple and output voltage ripple values which confirm theoretical
expectations. After the validation of converters with all coupled inductor topolo-
gies and discrete inductors, a comparative analysis of inductors is done. In order to
compare performances of inductors, a figure of merit (FoM) is proposed based on

converters efficiency, volume and weight. The FoM is defined in below:
1
FoM = 7.1
¢ Power Loss(W) - Inductor Volume(m3) - Inductor Weight(g) @1

Volumes of the inductors are measured by measuring the amount of overflowing alco-

hol after the inductor was removed from the alcohol-filled in a glass. A measurement
setup for inductors volume is shown in Fig. [7.12] Volume and weight measurement
results of inductors are summarized in Table [7.2l As can be seen, DI and CCI have
the lowest volume, whereas LCI and IWCI have higher efficiencies than the others.

In terms of weight, LCI and CCI have the best results.

Figure 7.12: Volume measurement of IWCI

7.4 Efficiency Comparison

In this section efficiency results of the converters are provided. Efficiency graphs are

drawn for three different input voltages and for low load and high load conditions,
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separately. The efficiency graphs are shown in Fig. [7.13] Fig. [7.14] and Fig.

The results show that all topologies with coupled inductors have a better efficiency

compared to the converter with discrete inductors. IWCI and LCI topologies are
found to have better efficiencies than the other inductors at all conditions. The results
show that as the input voltage increases, the efficiencies of converters increase. This

is as a result of a decrease in the conduction losses as current decreases.

7.4.1 Measurement Uncertainty

As the measurement devices have accuracy deviations, measurement errors can be
calculated from the accuracy specified in the datasheet of the measurement device.
In this study, efficiencies are calculated by measuring output voltage across the out-
put terminal, input voltage across the input terminal and phase currents across the
sense resistors with the same multimeter Fluke 187 [56]]. The measurement accuracy

formula is given in the datasheet of Fluke 187 as below.
Measurement Accuracy = +(%of reading + number of digits) (7.2)

In this equation % of reading and number of digits are depended on the voltage range
of the measured signal. For example, for input and output voltage levels these num-
bers are given as 0.1% + 2. While for the measurement of voltage drop on the sense
resistors these numbers are given as 0.025% =+ 10. As can be seen from Table
the efficiencies of LCI and IWCI are close to each other. Therefore, measurement
accuracy is calculated. The calculation is done as it will give the worst-case scenario
of accuracy. For LCI, in order to find minimum efficiency with accuracy error, input
voltage and current measurement results increased and output voltage measurement
results decreased by the measurement accuracy calculated from Eq. On the other
hand, for IWCI, in order to find maximum efficiency result considering accuracy,
input voltage and current measurement results of IWCI decreased and output volt-
age measurement result of IWCI increased by the measurement accuracy. After the
accuracy correction calculated by mentioned method, the efficiency of the converter
with LCI decreased from 98.199% to 97.941%. The efficiency of the converter with
IWCI increased from 98.145% to 98.404%. Therefore, for measurement results that

are close to each other LCI and IWCI topologies can not be accurately compared. A
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calorimeter can be used to measure the efficiencies.
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Table 7.1: Performance Comparison for the Boost Converter Equipped with DI, LCI,
IWCI and CCI

DI LCI IWCI CCI
Efficiency (@Max. load,min. V;,)  95.455% 98,199% 98,145% 97,842%
Power Loss (@Max. load,min. V;;,)  95223W  36,68W  37,8W 44,11W
Input current ripple 2A,, 1,94A,, 195A,, 2A,,
Output voltage ripple 1,12v,, 0,84V,, 0,86V,, 0,84V,
Weight 336,9gr  3233gr  330,7gr 134,1gr 189,2gr
Volume 95cm®  100cm®  105cm? 45cm®  50cm?
FoM (1/W.m3.g) 0,328 0,843 0,762 0,738

7.5 Discussions

The results show that converter with LCI has the best FOM among all converters.
However, efficiency results of IWCI and LCI are close to each other. When the
measurement accuracy is considered the difference between the efficiencies of the
converters with these two inductors is less than the worst-case measurement error.
Therefore, these measurements should be done by using a calorimeter. Even though

the advantage of LCI in terms of efficiency is ignored, it has still the best perfor-
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mances based on volume and weight. The main reason for the higher efficiencies
of the converters with coupled inductors compared with the converter with discrete
inductors is that the AC value of the phase current of the converter with discrete in-
ductors is higher due to the higher inductor current ripple. This results in higher
AC winding losses of the inductors and higher conduction losses of the MOSFETs.
Therefore, other discrete inductors are designed theoretically to have the same in-
ductor current ripple with the others. The following table summarizes the theoretical
design parameters of discrete inductors which are designed for the same input current

ripple and the same inductor current ripple.

Table 7.2: Comparison of the Two Different Discrete Inductor Desings

DI with the same AlI;, | DI with the same Al
Al 5A 1.7A
Al 2A 0.68A
Lns 6.82A 6.68A
L 375uH 1100 H
N 52 80
Ruinding 76ms 130ms2
Boeak 0.31T 0.37T
Core type ETD 49/25/16 ETD 54/28/19
Core volume 95 cm? 140 cm?

As can be seen, in order to obtain the same inductor current ripple with the converters
with coupled inductors, discrete inductors need more number of turns which increases
the winding resistance. The power loss comparison of discrete inductors designed for

2 different conditions is given in below.
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Table 7.3: Power Loss Comparison of the Two Different Discrete Inductor Desings

DI with the same AI;,, | DI with the same Al
Pinding.de 6.18W 11.53W
Puinding,ac 10.88W 2.51W
Peore 0.38W 0.21W
Peonduction 2.62W 2.51W
Pywitching 6.5W 6W
Piotal 34.35W 30.57W

As can be seen from Table. even though winding resistance increases the winding
loss of the discrete inductors with the same inductor current ripple is less than the
winding loss of the discrete inductors with the same input current ripple. Because
the RMS current flowing through the inductor is reduced results in fewer AC winding
losses. In conclusion, discrete inductors designed to have the same A/ with other
coupled inductors have 47% higher volume and 12% lower power loss compared to
discrete inductors designed to have the same AJ[;, with other coupled inductors. DI

with the same AJ;, has 31% higher FOM than the DI with the same A},

CCI has a lower number of turns for phase windings which increases the AC magnetic
flux density and hence core losses. Therefore, the efficiency of the CCI is lower than
the other coupled inductor topologies. Also, the number of turns of LCI and IWCI is
different which results in different winding losses for these inductors. In conclusion,
for a two-phase interleaved boost converter with a 2kW output power rating, LCI has
the best performance outputs, FoOM, among all topologies proposed in the literature
and discrete inductors for the condition where converter’s input and output filter size

kept constant.
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CHAPTER 8

CONCLUSIONS

Interleaved boost converters are usually built with discrete or uncoupled inductors.
Usage of coupled inductors instead of uncoupled inductors is proposed in the litera-
ture. Different coupled inductor interleaved boost converter topologies are designed
and compared in this thesis. In order to compare the volumes of the converters by
considering the effects of inductors only, the design condition was chosen as constant
input current ripple and constant output voltage ripple. In this way, the volume of the

rest of the converters is kept constant.

In Chapter 3] the impact of the number of phases on volume and efficiency of multi-
level interleaved boost converters are investigated. For output power level of 2kW,
different multi-phase boost converters with a different number of phases are designed
theoretically. Only the converters with discrete (uncoupled) inductors are considered
due to the easy analytical calculations. However, the results are expected to be similar
for coupled inductor topologies. The selection of components of the converters in-
cluding magnetic components is done according to operating condition. The designs
are conducted under the condition that all converters have the same input current rip-
ple. The performances of the converters with several phases are then compared. It is
shown that for the same input current ripple condition and 2kW output power level,
2-phase converter has the best performance among all. The converters are also de-
signed and compared under the condition where the inductance of phase inductors is
kept constant. It is found that the condition where the same inductors are used for
all design does not plausible since a higher number of phases comes with increased
volume. Even, the higher number of phases have less efficiency than 2-phase and

single-phase designs. As a result, for a two-phase interleaved boost converter with a
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2kW output power level number of phases is selected as 2 to implement converters.

Electrical analyzes of two-phase interleaved boost converters with coupled inductor
topologies LCI, IWCI, CCI and as well as discrete inductors, DI, are provided in
Chapter ] Magnetic analyzes of the inductor topologies are presented. Systematic
inductor design methodologies are proposed for all inductor topologies. It is shown
that the parameters of inductors such as self-inductance and maximum magnetic flux
density might be changed after the implementation of inductors due to the fringing
fluxes on the air-gaps. Therefore, in this study inductors are modeled with the help of
FEA simulations using Ansys Maxwell 3D. The design parameters are then updated
according to FEA results. The designed inductors are produced and the magnetic
circuit analysis results are validated. The effect of fringing fluxes on the air-gap re-
luctances is considered analytically by using proposed methods in the literature. The
effectiveness of these methods is investigated for the designed inductor topologies by

comparing the results with the FEA results and measurements.

Moreover, transfer function derivations of a two-phase interleaved boost converter
with IWCI by using the averaged switch model are provided. It was shown that all
converters with different inductor topologies have the same closed loop responses.
Therefore, the derivation of the transfer functions and the design of the controllers
has been done only for a converter with IWCI. The implementation of the converter

was studied in detail.

A 50kHz 2kW two-phase interleaved boost converter having 150-250VDC input to
400VDC output is built and is used to demonstrate the performances of designed
inductors. It is shown that all inductors have the same input current ripple values.
The output voltage ripples of the converter are measured to be in the same range with
all inductor topologies except for discrete inductors. In this way, it was confirmed that
the converter has the same performance when employed with the designed inductors.
The efficiency of the converter is recorded for each inductor topology. The volume
and weight of designed inductors are compared. Since the rest of the converter is the
same, it means that the volume and weight of converters are compared. In order to
evaluate the overall performances of the designed inductors, a figure of merit, FOM, is

proposed based on the power losses, volume and weight of the converter. The results
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show that all topologies with coupled inductors have a better efficiency compared
to the converter with discrete inductors and LCI topology is found to have the best
performance among all designs. The contributions of this study to the field can be

summarized as below:

e The impact of the number of phases on the multi-phase converters perfor-

mances is investigated.

e As discussed in Chapter 2, unlike the studies in the literature, coupled induc-
tor topologies and discrete inductors are compared by keeping the rest of the
converter the same. In this way, the effect of inductor topology is clearly inves-

tigated.

e For each inductor topology a design methodology is proposed. In the literature,
the design methodology of the proposed coupled inductors starts with the se-
lection of a magnetic core. In this study, a more systematic design procedure is

suggested.

e Effect of fringing fluxes on the inductor parameters is considered during the
design stage. Design parameters are updated according to the FEA simulations

which give results with less than 1.5% error compared to measurements.

e The effect of the coupling coefficient on the inductor performances is investi-

gated for LCI. It is expected to have the same effect for IWCI.

e Transient results are provided for a digitally controlled two-phase interleaved
boost converter with each inductor topology. The results show that inductor
topology does not change the response of the converter. This is expected be-

cause all inductors nearly have the same equivalent inductances.

8.1 Future Work

Following future works can be suggested.

e The designs conducted in Chapter [3|can be applied for also the coupled inductor

topologies to comprehensively evaluate the effect of the phase number on the
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converter performance. Different input current ripple values may be chosen to

see the change in the performances of designs.

For higher power ratings than 2kW, a converter with the number of phases of 3,
4 or more can be designed by using the proposed coupled inductor topologies
which are suitable for a 2-phase converter or using a novel coupled inductor

topology for the converter with the higher number of phases.

The high-frequency losses of the inductor may be considered by using FEA
simulations and numerical calculations. Similarly, the effect of DC bias on the

core losses can be investigated experimentally.
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APPENDIX A

SUPPLEMENTARY DOCUMENTS

A.1 Input Current Ripple Equations

Input current ripple equations of a 6-phase interleaved boost converters as a function

of duty cycle is given in Eq.[A.T]

A[inf6phase =

A.2 Controller Design

(

V,(1—6D)DT,

V,(2 —gp) (D — 1/6)TS;
V(3 — 6D)fD - 2/6)Ts;
V(4 — 6D)I(/D — 3/6)Ts;
Vo (5 — 6D)Z(—JD — 4/6)Ts;
V,(6 — 6D)€D —5/6)T,

7 :

(A.1)

Fig. shows the PWM switch and corresponding averaged CCM model of a single

switch Boost converter. The model consists of one switch and one diode and instan-

taneous voltages and currents of the averaged switch network are denoted as v;(t),

UQ(t), 21<t), and Zg(t)
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Figure A.1: (a) Single-phase boost converter switch network. (b) Switch network

waveforms. (c) Equivalent dc and ac small-signal averaged switch network model.
[54]

For one switching period, as a function of duty cycle, D, v, () and i5(¢) can be written

as.

0;0<t< DT
vy (t) = 4 (A.2)
vo(t); DT <t < Ty
\
. 0;0 <t < DT,
ia(t) = (A3)

i(t); DT, <t < T,

\

Under the assumption that the switching ripples of v; (¢) and i5(¢) are small or at least

linear functions of time and can be averaged over a switching period, 7}, yielding:

(A.4)
(i2(t))rs = (L —d(t)) (i1 (1)) 7s

Eq. [A-4] may then be perturbed and linearized about a quiescent point of operation
yielding:

Vi+4 = (1= D) (Vo + 1) — dVa — dvs
~ ~ ~ ~ (A.S5)
L+iy= (1= D)L + &) —dI — diy

where the voltage and currents at the input and output ports and the duty-ratio are

expressed as the sum of the quiescent value plus a small ac variation: V; + v1,V5 +
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Uo, Iy + 11, I+ 19, D + d. The equivalent averaged switch model of IWCI interleaved
boost converter shown in Fig. [6.14] can be obtained from Eq. [A.5| by neglecting the
nonlinear terms ch2 and Jil. Two-phase interleaved boost converter with IWCI is
shown in Fig. [6.14] where the transistors of each boost cell are controlled by the
independent sources d; (t) and ds (). Also additional elements are included: the series
resistance of the center winding Rin, the series resistances of the outer windings and
a small-signal current source, iz(t), connected in parallel with the load resistor. iz()
is also known as a perturbation current and can be used to represent load changes in

the circuit.

The input port currents of switch networks are as the perturbed local average phase
currents /; + 2~1 and I+ z~2 Similarly, the output currents at each network are denoted
I, + iy and 5 + i,y are sum of these two current equal to the total output current,
I 19+i012 delivered to C, and Rjpqq. Finally, the current flowing through C|, is denoted
as i, and the current delivered to the load resistance as I, + ¢,. By using Eq. and
Fig.[6.14] the current at the output ports of the switch networks 1 and 2 can be written
as:

Iy +i01 = (1= Dy)(I1 +141) — di I,

Ly +igy = (1 — Dy)(Iy + 1g) — dals

The total converter output current, can be written as:

(A.6)

I+ig+ic+1. = (1= D) (I1 +11) — diIy + (1 — Dy)(Iy +ip) — doly (A7)

Eq. may be split by grouping the steady-state and the small-signal terms from
both sides of the equation into two separate equations:
Io - (1 - Dl)[1 -+ (1 - DQ)[Q
o o o (A.8)
io + ic —+ iz = (1 - Dl)’il - dljl + (1 - Dg)’ig - dg[g
Under steady-state conditions, the duty-ratios [); and D, can be assumed identical.
Furthermore as [;,, divides equally between the IWCI phase windings, the quiescent
value of the phase currents I; and /5 is equal to [;,/2. Under these assumptions,
Eq.[A.§|can be rearranged as shown in Eq.[A.9]
I,=(1-D)I
v (A.9)

cor = b+ ie+ 1. = (1 — Dy)iy — di Iy 4 (1 — Dy)iy — dI,
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Eq.[A9|represents differential equation for converter output voltage. In order to ob-
tain differential equations for phase currents, voltage equation for circuit loop for each
phase may be written. After rearranging these voltage equations differential equations

for phase currents can be written as:

diy ~ (L1 + 2Ly + La)Ro + (Lo + Ly2) Ry 5 (Ly + 2L,1 + L)V,
-V ="h —dy
dt Ltot Ltot
~(=Ly — 2Ly + Ly2)Ro + (Lo + Lino)Rinn - 5 (Lo + 2Ly — 2L,,2)V,
Ltot Ltot
i Loy +2L,, g (Lo +2L2)(1 — D)
o Ltot ¢ Ltot
(A.10)
diz  _(Ly+ 2L + Lo)Ro+ (Lo + Lono)Rin 5 (L1 + 2Ly + L)V,
= 2 —dy
dt Ltot Ltot
. (—Ly — 2Lim1 + L) Ro + (Lo + Lino) Ry, 4 (Lo + 2Ly — 2L2)V,
! Liot ! Lot
Y Ly+2Lpe : (Ly +2L.2)(1 — D)
o Ltot ¢ Ltot
(A.11)
where,
Liot = (Lo + 2Ly + 4Ly — Lin2) (Lo + Lin2) (A.12)
The elements of the state, input and output matrices are given in below.
L 2L,, Lo)R L Ly2) Rip,
an = apy = — L1 T 2Lm Q)LZHZJF 2) (A.13)
tot
a12=a21:_( : L z) el ne) (A.14)
tot
L L,2)(1—D
1 = gy = 2T LQ)( ) (A.15)
tot
1-D 1
a31 = A32 = ( ) (A16)

as3 = —
Ca C10}%load

(Ll + 2Lm1 + Lg)‘/zn (Ll + 2Lml - Lm?)v;
b12 - b21 = -

biy = byy = —
1 (1 — D)Ly (1 — D)Ly

(A.17)
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Vi

2C,(1 — D)?Ripqa

big = boz = b3a =0
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(A.18)

(A.19)
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