Transformer Winding Losses with Round Conductors and
Foil Windings for Duty-Cycle Regulated Square Waveform
Followed by Winding Design and Comparison for
Sinusoidal Excitation

A THESIS
SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL
OF THE UNIVERSITY OF MINNESOTA
BY

Kartik Iyer

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
MASTER OF SCIENCE

Ned Mohan

December, 2013



© Kartik Iyer 2013
ALL RIGHTS RESERVED



Acknowledgements

First and foremost, I would like to thank my adviser, Prof. Ned Mohan for bestowing
upon me this opportunity to work on this project. I would also like to extend my
heartfelt gratitude to Prof. William P. Robbins for all those technical discussions that I
had with him in the course of this project. I am really grateful to both Prof Mohan and
Prof Robbins for the effort they took in reviewing my technical papers. I would also
like to thank Dr. Oriol Valls who agreed to be in my committee for the thesis defense.

I want to express my gratitude to Eric Severson for his help and guidance in the
first semester. I want to immensely thank Dr. Kaushik Basu for all the technical ideas
and fruitful discussions. I am also very grateful to my friends, Ashish Sahoo, Srikant
Gandikota and Srivatsal Sharma who have been good friends since we met in Minnesota.
Also, lastly I thank all the other members in the PERL group.

I cannot miss out thanking my parents for their love and guidance. 1 want to
especially thank my elder brother without whose support and advice nothing would
have materialized.

Thank you very much and I love you all.



Dedication

To those who held me up over the years

i



Abstract

High frequency transformers are used extensively in Switch mode power supplies (SMPS).
The transformer size reduces with an increase in frequency leading to a compact design.
With the advent of SiC switches the SMPS can be operated at much higher frequen-
cies. But with the increase in frequency, the losses in transformer increase. This poses
a threat in the design of high density magnetic components. In order to design the
magnetic components with smallest possible volume the estimation of the losses should
be accurate. The losses in a transformer occur in the core as well as in the winding.

Simplified expressions for winding loss computation for duty cycle modulated current
waveform for different conductors like foil and round is derived in this thesis. The thesis
shows that the Fourier series method for the loss computation requires the consideration
of a large number of harmonics leading to considerable computational difficulty in the
determination of optimal thickness. A closed form approximate expression for power loss
is presented that obviates any need for a large series summation resulting in a relatively
simple computation of optimal thickness. In case of the solid round wire windings
there is no optimal diameter for which the losses are minimum. The losses decrease
with increasing diameter and there is a range of normalized diameters that should be
avoided. A closed form approximate expression for a particular range of diameters of
round wire depending on the current and frequency for power loss is presented that
obviates any need for a large series summation.

The thesis also demonstrates a winding design procedure for minimizing the power
losses using foils and solid round wires under sinusoidal excitation. In this thesis the
range from which the thickness of the layers can be chosen to obtain the minimum power
loss is derived. This thickness range is a function of the number of layers and does not
include the “optimum” based on the previous literature. Using this design procedure,
it is shown that interleaving is not necessary in foil -wound transformers to obtain
the minimum loss. The analytical results are verified by designing six different winding
configurations for the same specifications using 2-D Ansys Maxwell finite element design

package.
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Chapter 1

Introduction

Magnetic components like transformers are an integral part of Switch mode power sup-
plies (SMPS). High frequency transformers determine about 25 % overall volume and
more than 30 % of the overall weight of SMPS [I]. Hence, in order to reduce the footprint
of SMPS the reduction in transformer volume is imperative. An increase in frequency
allows for the volume reduction of transformers but at the cost of increased losses [2].
The losses occur in the core and in the windings of the transformer. The transformer
is designed to be operated at low flux densities to avoid core saturation. Even at high
frequency, due to the low flux density the core losses are less. The winding losses in
the transformer depend on the number of turns and the winding dimensions. But at
high frequencies due to eddy currents the effective conduction area reduces, which in-
creases the losses. The increase in losses due to skin and proximity effects depend on
the frequency and the winding type. Foil, solid-round wire, litz wires are the different
conductors used in transformer winding [3]. The winding type applicable for a particu-
lar application depends primarily on the thermal requirement. A proper estimation of
the winding losses is crucial for the design of high power density transformer. Even with
a reasonable estimate of winding losses the ultimate goal is to design the transformer
windings in a manner that increases the power density. For the design of low/medium
power high frequency transformers, area product is the most common method for core
selection. With solid-round, foil and litz wires being the different winding types, a lot
of different winding design schemes are available, which might fit the given window

specifications. A comparison of the different winding types is hence, inevitable so that
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the designers have a fair idea of the winding type to be used for a given specification.
The eddy current effects on effective resistance of coils is shown in [4[5]. But this
effect on the transformer winding was first studied by [6]. In [6] winding losses are
computed by considering a 1-D model of a transformer with foil windings. The 1-D
model of the transformer does not take into account the effect of 2-D fields and hence
can result in errors [7]. A lot of work has been done in literature to incorporate the
2-D effects [8], [9], [10], [L1], [12]. Methods like resistance matrices have been developed
to incorporate 2-D fields for gapped inductors and transformers [9]. Semi-empirical
expressions are developed in [13]. However, the expressions derived in literature incor-
porating the 2-D effects are based on case studies, hence cannot be applied to other
designs [I0]. A detailed overview of the designs for which Dowell’s 1-D method will
work is provided in [I4]. Improvements have been made in the Dowell’s expression to
include the layer porosity factor [15,16]. The layer porosity factor does not have a
theoretical base but is to be considered as an empirical correcting factor to model the
increase in effective conducting section due to 2-D fields is shown in [I7]. The wind-
ing loss analysis was extended to solid-round conductor by approximating the round
conductors as foils [6,[I8,19]. But [20] showed that an orthogonality existed between
skin and proximity effects which resulted in a more generalized analytical approach for
loss computation of solid round conductors. The method was further improved in [21].
At high frequencies both [6] and [20] methods resulted in substantial errors of 60 % in
eddy current loss computation for round conductors [22]. Analytical expressions using
a look up table to compute the winding losses more accurately for round conductors
were developed in [23]. But [23], also showed that if the layer porosity factor is high,
as shown in [24] and [25], Dowell’s 1-D expression with some modifications can be used
to compute the losses with reasonable accuracy. In [26] the Dowell’s 1-D expression
for round conductors was modified further. The modified winding loss expression for
solid round wire was used in [3] to compute losses for a solid-round wire inductor for
sinusoidal excitation.
Switching circuits in power electronics lead to non-sinusoidal current waveforms
through transformer windings [27], [28]. The losses in the transformer windings in case of
non-sinusoidal currents will be more because of harmonics. In [29], for a non-sinusoidal

waveform, the winding loss at each harmonic frequency is evaluated and then summed
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up to give the total winding losses. In [29] winding losses are calculated for a unipolar
rectangular waveform as encountered in forward converter topology. In [30] eddy current
losses are calculated in rectifier transformers by approximating the functions given in [6].
The idea in [30] was developed in [3I] to compute the optimal thickness for various
non-sinusoidal currents. In [31]the losses for the solid-round wire were computed by
approximating them as foil winding with modifications shown in [23]. The given formula
in [31] to determine the optimal thickness was used in [32] to compare the single layer
and multi-layer windings. The optimal thickness formula given in [31] and [32], is not
very accurate for 1-3 layers. Also, as the formula depends on differentiation of the
current waveform, it cannot be used in case of duty cycle regulated square waveforms
with negligible rise times. Typically, switching times of high power IGBTs are in order
of hundreds of nano-seconds and switching frequency is in tens of kilohertz. In [33], the
winding losses are computed for non-sinusoidal currents in solid-round conductors. For
a duty-cycle regulated square waveform the winding losses depend on a large number
of harmonics as shown in [34]. In [34] an approximate expression to compute the power
loss independent of harmonics for foil windings was shown.

The windings in magnetic components may be foil conductors [35], [36] or litz wires
[37], [38]. The optimum thickness of foil conductors obtained by the 1-D analysis, as a
function of number of layers, were used to design the foil conductors [39]. However, the
designs at optimal thicknesses resulted in ac losses more than the dc losses. Losses can
be reduced if the winding can be designed such that the ac losses match the dc losses. A
comparison between foil and solid-round conductors for a particular design was shown
in [40] which showed that the foil conductors are less lossy than round conductors
but still are more than dc losses. In [I] it was shown that the foil conductors should
be extremely thin to have low losses. This led to the use of extremely thin strips of
conductor at high frequencies known as litz wires, which have ac losses same as the dc
losses. The optimal design and the cost analysis of litz wires were done in [41] and [42]
respectively. But the litz wires are expensive and the window utilization factor is low.
The choice between foil and litz wire is difficult and it depends on various design trade
offs as shown in [43]. In literature, the comparison between different winding types are

more for specific cases than a generalized comparison [40], [43].



1.1 Contribution of the thesis

The winding loss for a duty-cycle regulated square waveform, was done in [29], [31].
But the number of harmonics considered is fairly limited. In this thesis, it is shown
that for large number of layers, large number of harmonics have to be considered to
accurately predict AC power loss. This also implies difficulty in the computation of
optimal winding thickness by considering AC power loss as a sum of large number
of harmonics. An approximate formula for AC power loss is derived, that does not
involve any series summation with large number of terms and leads to comparatively
easy determination of the optimal winding thickness for a given number of layers and
duty cycle D.

The winding loss for duty-cycle regulated square waveform in a transformer with
solid round-wire windings is also computed. It is shown that there is no optimal di-
ameter of the conductor for which the AC power loss is minimum. The AC power loss
keeps reducing as the diameter increases. A generalized relation between current and
normalized diameter (independent of frequency) is also shown. It is demonstrated that
there is a particular range of normalized diameter that should be avoided. It also shows
approximate power loss expressions for other ranges of normalized diameter. The ap-
proximate expression is verified using numerical computation. The analytical results
are verified using 2-D FEM results in two ways. A generalized case, independent of
frequency, in which the core dimensions vary to fit the specified number of turns in the
window. Also, two specific cases, in which the transformer core is chosen using area
product method and the losses are validated using 2-D FEM.

The foil winding design procedure is analyzed and it is shown that it is possible to
design foil so that the ac to dc resistance is close to 1 thereby giving an alternative to
the expensive litz wires. It is also shown in the thesis that if designed effectively the
interleaving to minimize winding losses can be avoided. The conventional and the pro-
posed way of winding design using foil conductors is shown followed by a step-by-step
winding design procedure for foil and solid round conductor. Six different winding con-
figuration for the same specifications is considered and power loss for each is computed
and validated using 2-D FEM.

e Chapter 1 gives an introduction.



5

Chapter 2 briefly presents the reasons for increase in winding losses at high fre-

quency and the need to minimize the losses.

In Chapter 3 the normalized power loss expression for duty-cycle modulated cur-

rent waveform for foil windings is presented.

Chapter 4 presents the normalized and simplified power loss expression for solid

round wire windings.

Chapter 5 demonstrates a design procedure and comparison between foil and solid-

round conductors.

Chapter 6 presents the conclusion and the future work.



Chapter 2

Skin and Proximity Effects in

Transformer Windings

With the advancement in the semiconductor switches, there in an increase in trend
to operate switch mode power converters at high frequencies. The transformer size
reduces with increase in frequency, enabling a compact design. However, the losses in
the transformer increase with the frequency. The factors primarily responsible for the

increase in the losses are
o Skin Effect.
e Proximity Effect.

The cause and the impact of these effects on the transformer winding losses is explained

in this chapter.

2.1 Skin Effect

The transformer windings have a specific dc resistance which depends on the winding
dimensions, the number of turns and the material. This dc resistance induces the copper

losses. The power loss in a single isolated winding excited by a dc current I, is,

Py = I’Ry, (2.1)



where,
p(MLT)

Rye = e (2.2)
p is the resistivity of the winding material. For copper (which is normally used as a
winding material p = 1.68 x 1078Qm at 20°C). MLT is the Mean Length of Turns, d
is the thickness of the foil conductor and a is the width of the foil conductor.

The alternating currents induce a magnetic flux, ¢, which follow circular paths
around the current. According to Lenz’s law, these flux lines induce eddy currents
which flow in a manner so as to oppose induced magnetic flux, ¢. These induced eddy
currents flow in the opposite direction to the applied ac current in the interior of the

conductor and hence, shields the interior of the conductor from the applied current. The

ITTI’LS
A

w
the eddy currents, the current density, is maximum at the surface of the conductor and

current density, Jrms = , where A,, is the area of the foil conductor. Because of

decreases exponentially towards the interior of the conductor. The thickness at which
the current density reduces to 1/e of the current density at the surface of the conductor

is called the skin depth. (23]) is used to compute the skin depth.

1
VT fuo

where, u = 41 x 107" H/m, 0 = 5.8 x 1077 S/m for copper and f, is the frequency. So,

6= (2.3)

the effective conductor area through which the applied current flows, reduces and hence,
as can be seen from (2.2)), the resistance increases. This increase in the ac resistance
compared to the dc resistance increases the losses in the transformer termed as skin
effect losses.

It can be seen from (23) that as the frequency increases the skin depth reduces.
In line frequency transformers, as the frequency is 50/60 Hz the skin depth is high
as compared to the skin depth at high frequencies and if the winding thickness is less
than the skin depth then there will be no increase in losses due to skin effect. In high
frequency transformers, as the frequency is high the skin depth is low which increases
the possibility of losses due to skin effect.

The current density distribution, and the flux density distribution on one isolated
conductor for thicknesses less than and more than skin depth is shown using 2-D Finite
Element Modeling (FEM), ANSYS MAXWELL 16.0.
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Fig. 21l shows an isolated foil winding of thickness d = 0.1mm. This winding is
excited by a unit rms sinusoidal current at f = 1000H z. The skin depth at f = 1000H z
is 0 = 2.089mm using ([2.3]). As the conductor thickness is less than the skin depth hence
the J distribution is continuous as shown in Fig. 1l The effective area is A, = a X d.
Hence, the ac resistance will be the same as the dc resistance. If the conductor thickness
is much more than the skin depth (d = 8.356mm > § = 2.089mm) then as shown in
Fig. the currents will primarily flow only through the edges of the winding, leading
to discontinuous J distribution, which will reduce the effective area and hence increase

the losses. The effective area is A, =2 X a X .

Figure 2.1: Current density distribution in an isolated foil conductor of thickness less
than skin depth

Figure 2.2: Current density distribution in an isolated foil conductor of thickness more
than skin depth

The power loss in a single isolated winding with thickness more than skin depth



excited by an ac current I, is,

Poe = I’Rg. (2.4)
where,
p(MLT)
e = 2.
R 20a (2:5)

Bl teslal
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3, 6063=-0@6
3.23862-006
2,5999e-0@6
1,9431¢-0@6
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6. 4772¢-0@7
@, BEE0E+080

Figure 2.3: B-field distribution in an isolated foil conductor

Fig. shows the magnetic field distribution in a single layer isolated foil winding.

2.2 Proximity Effects

The alternating current flowing in a conductor generates a magnetic field. If the adjacent
conductors are in a close proximity to this conductor, then the magnetic field will induce
eddy currents in that conductor. The eddy current causes a change in the current
density distribution in both the conductors whether or not there is any current in that
adjacent conductor. In this section the effect of conductors present in a proximity, on
current density distribution, J and magnetic field, B of the conductor is shown. Fig.
24 shows a single layer each of both primary and secondary foil winding of thickness

d = 8.356mm. The primary winding is excited by a unit rms sinusoidal current at
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f = 1000H z while the secondary is open and no current flows through it. The skin
depth at f = 1000Hz is 6 = 2.089mm.As the conductor thickness is more than the
skin depth (d = 8.356mm > § = 2.089mm) then as shown in Fig. [24] the currents
will primarily flow only through the edges of the winding, leading to discontinuous J
distribution, which will reduce the effective area and hence increase the losses. It is to
be noted that the current density distribution in Fig. 24lis different from that as shown
in Fig. because of proximity effects. As a result of this the effective area is different
from the case of single layer isolated foil winding. The effective area is A,, = a x §. Fig.
shows the magnetic field distribution in a single layer each of primary and secondary
foil winding. As compared to Fig. 23] the magnetic field distribution is much different
in Fig. dure to proximity effects.

J[A_per_n2]

2. 687 2e+EEY
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2.B154e+034
1. 6795e+004

1. 3436e+EEY
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-3.B672¢-891
-3.3594+883
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-1, 6878 +0EY
-1, 34374084
-1. 6796e+284

-2.B155e+684
-2, 3514e+EE4
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Figure 2.4: Current density distribution in 1-layer each of both primary and secondary

foil winding.
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Figure 2.5: B-field distribution in 1-layer each of both primary and secondary foil wind-

ing

The power loss in a single layer winding each of primary and secondary of a trans-

former with thickness more than skin depth excited by an ac current I, is,

Py = I’Ry. (2.6)
where,
MLT
Ry = PMET) - ) (2.7)

Fig. 2.7, shows three layers each of both primary and secondary foil winding of thickness
d = 8.356mm. In this case both primary and the secondary winding are excited by
a unit rms sinusoidal current at f = 1000Hz. The skin depth at f = 1000Hz is
d = 2.089mm.As the conductor thickness is more than the skin depth (d = 8.356mm >
d = 2.089mm) then as shown in Fig. 2.7] the currents will primarily flow only through
the edges of the winding, leading to discontinuous J distribution, which will reduce the
effective area and hence increase the losses. The effective area is A, = a x §. Fig.
shows the magnetic field distribution in three layers of foil winding. It can be seen from
the B-field distribution that along with skin effect losses there are also losses due to
proximity effect. If more and more layers, with the same thickness are stacked together,

the losses due to proximity effect will keep increasing.
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Figure 2.6: B-field distribution in three layers of both primary and secondary foil wind-

ing
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Figure 2.7: Current density distribution in three layers of both primary and secondary

foil winding.

The AC power loss expression considering both skin and proximity effects is ex-

plained in the next section.
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2.3 AC Power Loss Expression

The AC power loss expression computed for p layers as shown in [6] in rectangular co-
ordinate system is derived in the APPENDIX. The power loss formula, hence computed

is shown below,

(MLT)N? ﬁﬂM2A)+$n@A)*_g(2_l)
hépn cosh(2A) —cos(2A) 3 P

sinh(A) — sin(A)

p =21
cosh(A) + cos(A)

(2.8)

where, I is the rms current amplitude, p is the resistivity of copper, N is the total
number of turns in one winding, p is the total number of layers, M LT is the Mean
Length of Turns and A= 5 where d is the thickness of the foil conductor and § is the
skin depth.

Fig. 2.8 shows a plot of ac power loss for different layers for a range of A, where
height of the window A is assumed to be a constant and much much greater than d .
It can be seen that for all layers after a particular A the power loss becomes almost
constant. This is because when thickness d >> 4, then the current only flows in the thin
strip of 4, and not over the whole conductor thickness and as the width of the conductor
is assumed to be much larger than the thickness and assumed to be a constant the power

loss becomes almost constant.
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Figure 2.8: Plot of Power loss with A for different layers, p

Fig. shows the plot for smaller values of §. The width of the conductor is
considered to be constant. For A < 1, there will be no skin effect losses as the thickness
of the conductor is less than the skin depth. The dc losses will be high as the thickness
is small. As A keeps on increasing as shown in Fig. that for each layer there is a

dopt, when the losses are minimum.
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Figure 2.9: Plot of Power loss with A ranging from 0 to 2 for different layers, p

The following chapters will give a detailed description on the ac winding losses for

foil conductors and solid round conductors for a duty cycle regulated square waveform.



Chapter 3

Transformer Winding Losses with
Foil Conductors for Duty-Cycle
Regulated Square Waves

In the last chapter the transformer winding losses for a sinusoidal current excitation was
presented. In [29], for a non-sinusoidal waveform, the winding loss at each harmonic
frequency is evaluated and then summed up to give the total winding losses. In this
chapter it is shown that the losses for a duty-cycle regulated square waveform depends

on a large number of harmonics, hence making the computation difficult.

3.1 Variation of P with harmonics

A bipolar duty cycle modulated square current waveform is considered as shown in Fig.

Bl This current can be represented by the following Fourier series:

i(t) = Io + f: V21 sin(kwt) (3.1)

k=1

where,
B 2v/21 sin(@)

I
k km

16
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i(t)

T/2
| >t
T
DT/2
Figure 3.1: Duty-cycle regulated current waveform
and as the waveform is symmetric,
Iy =0 (3.3)

The AC power loss expression can be written as [0],

[e.e]

8ﬂ$n(“D)(AUJuN2fmm@v%A)+gn@v%A)

M

= k372 hépn cosh(2vkA) — cos(2VkA)
2 sinh(vVkA) — sin(vVkA
+=(p* - 1) ( ) ( ) (3.4)
3 cosh(VkA) + cos(VEA)
Here, it is assumed that,
812
Pbase = ?Rdc|d:6 (35)
where,
N2p(MLT
Ricla=s = NZpMLT) (3.6)

hdopn
The dc resistance of a single layer of a transformer containing multiple turns at a

thickness equal to the skin depth of the conductor as shown in Fig. is

Nip(MLT
Ricla=s = % (3.7)
For a transformer, containing p layers, the Rg.|4—s takes the form,
Njp(MLT
Racla=s = Nip(MLT)p (3.8)

ad



Figure 3.2: Multi-turn Multi-layer foil winding of a transformer.

Substituting a as nh/N; and Nip as N,

Rulis = N2p(MLT)
deld=0 = h5p7]
Hence,
P P i sin?(M52) " sinh(2vkA) + sin(2vkA)
Phase P P k> cosh(2vkA) — cos(2VkA)
2 sinh(VEA) — sin(vVEA
+§(p2 _ 1) ( ) ( )

cosh(VEA) 4 cos(VEA)

3
2.

k

(3.9)

(3.10)

As seen from (B.I0), each harmonic component of P, falls as a function of

For a duty cycle modulated square current waveform, large number of harmonics

have to be considered, as k3 is a slowly decaying function. Fig. B3] shows a plot of

18
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Figure 3.3: Plot of approximate P, beyond k at A = 0.5, for p=5, D=1 with k.

P, approximated by truncating (38.10]) for a specified number of harmonics at a given
A = 0.5, for 5 layers and D = 1. Ideally, infinite number of harmonics have to be
considered but in practice only a finite number of harmonics can be used to compute
P,, approximately. But Fig. [3.3] shows that large number of harmonics have to be
considered to avoid significant errors. Hence, it is computationally difficult to calculate
the power loss using Fourier analysis method.

By using trigonometric identities (8.I0]) can be written as,

oo - k‘T(D 2

4p? 1

:} :Sm ) [Gl LW g, (3.11)
— kzp 2 6

where G1 and G4 are,

_ sinh(VEA) + sin(VEA)
G = cosh(VEA) — cos(VEA) (3.12)

_ sinh(VEA) —sin(VEA)
G2 = cosh(VEA) + cos(VEA) (3.13)

The asymptotic values of both the functions in B.12) and (B.I3) approach 1 for vVAA >

2.5, as given in [31]. Hence, for each A there is a particular harmonic number beyond

which the product vVEA > 2.5 and the harmonic component of the power loss becomes
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independent of A. For vkA > 2.5, both (312 and (BI3) become 1 and Py, the k"

component of P, is,

sinz(lm—D) 2% +1
Py = : < > 3.14
For vkA < 2.5 as shown in [31], P, can be written as,
sin2(krD) r 1 5p% — 1
Py = 2 [ - ( > k:3/2A3} 3.15
’ ks VEA 45 (3.15)

Now, (B.I0) which is an infinite series sum depending on A, can be split into a finite

sum that depends on A and an infinite sum independent of A.

NA . 2/knD 2 Na
1 sin”(%57) op* —1 3 . o (kmD
P = |52 T () e (M
k=1 k=1
2p% 4+ 1 © gin? (kD
+< . > S 71532 ) (3.16)

kZNA-i-l

where, N is the harmonic number beyond which the harmonic components of P, does
not depend on A. Now, the third term in ([B.I6]) can be written as,

: kxD Na . kxD
M) i (PP) (3.17)

The three finite summations can be represented as a function of Na, for a given duty
ratio D, by curve fitting formula. The curve fitting formula is of the form aNZ +c. By
using the relation, Na = (%)2 the power loss P,, can be represented in terms of A.

Hence, (3.10]) takes the form,

1 2.5\ "2
Z kl <K> +k3

[ () )

The value of k5 is an infinite series sum which is known. The constants k; to kg in

(BIR]) are functions of duty cycle D. These constants are given in Table 3] for different

-1 2p? +1
P, = +<5p )(3.125A+k4A3)+< Pt >

45 3

(3.18)
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values of D. For a given current waveform (with a specific value of D), (B8] can be

used to estimate the power loss for a given thickness A and number of layers, p.

Table 3.1: Value of constants for specific duty ratios

Coefficients | D =025 | D=05|D=07| D=1
k1 -0.4153 -0.413 -0.3165 | -0.4505
ko -0.9201 | -0.9677 -0.821 -0.979
ks 0.5402 0.9252 1.158 1.234
k4 0.2426 0.25 0.2512 0.2515
ks 1.0785 1.4413 1.6293 1.6886
kg -0.9608 | -0.9089 | -0.8393 | -0.8145
k7 -0.4904 | -0.4706 | -0.4325 | -0.4175
ks 1.079 1.445 1.642 1.705

3.2 Computation of A,

There have been several ways proposed to calculate Ay, [B1] [44]. In [BI], Agp is
represented in terms of the rms of differentiated current waveform, which is a closed form
formula but it cannot be used for duty cycle modulated square waveforms with negligible
risetimes. In [31]], the entire series was approximated by (B.15]). This approximation is
not particularly true for low number of layers.

To compute A,y using (3.10), Na should be known. For smaller layers the value of
Agpt is close to 1, hence Na is small. Therefore, for smaller layers, only few harmonics
are required for computation of A,,. Whereas, for larger number of layers the value of
Aype is much less than 1. Hence, Na is very large. Therefore, in order to compute A,
large number of harmonics have to be considered. In [44], A, is represented in terms
of a ratio of two series summations but the harmonic number till which the summations
are to be carried out is not mentioned.

Differentiation of (3.I8]) with respect to A, gives an implicit equation involving A,
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-1
A2

opt

2.5 \ 22
k| —— 2k 1 k
1<A0pt> (2k2 + 1) + k3 15

w2 +1 2.5 \ %" / 2k
() (o) (B)
3 Ao;znt Aopt

Aopt can be obtained by solving, ([B.I9) numerically. A, can also be computed
using MATLAB’s optimization toolbox.

2 _
+ <5p 1) (3.125 + 3k1A2,,)

=0 (3.19)

Aopt = mip™* + m3 (3.20)

Table B.2] gives coefficients of a curve fitting formula shown in (3.20), to compute At
for specific duty ratios, for 1-25 layers.

Table 3.2: Coefficients for computation of A,

Coefficients | D =025 | D=05| D=06 | D=07 | D=038 D=1
my 1.134 1.394 1.402 1.518 1.529 1.553
mo -1.112 -1.061 -0.993 -1.026 -1.022 -1.016
m3 0.01386 0.0107 | -0.001025 | 0.005249 | 0.004716 | 0.003636

60 T T T T
@) Dowell formula Eq. (7) with 20000 harmoni¢s
50 F * Proposed Method Eq. (15) oy *
40F- - I SR ** Q(-)
* OO
Sl L xkde®T
) T
20F- - coe e g Al S g
‘ @dﬁé ‘
10®®®®®®®® ,,,,,
0 L
0 5 10 15 20 25
Layers

Figure 3.4: Comparison of different methods for computation of P,.
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Figure 3.5: Comparison of different methods for computation of Agp.

3.3 Validation of results

A duty cycle modulated square waveform of duty ratio D = 1 is considered. A MATLAB
code is written to compute Py, using ([B.I0) by considering 20000 harmonics for 1-25
layers at A=0.1. P,, is also computed by solving (B.I8)) and Fig. B.4lshows a comparison
of both methods. Then A, is obtained by searching the minimum value of P,,. Ay is
also found by solving ([8.19) and by solving ([3.20) and a comparison of all three methods
is shown in Fig. If (3.10) is used to compute A,y graphically for p = 2, Ay is
0.764, so only 11 harmonics are required to compute A,,. But for p = 8, A, is 0.191,
so 172 harmonics are required to compute A,,;. If only 10 harmonics are considered then
for p =8, Agp is 0.329 leading to an error of 72%. On the other hand, if (319)) is solved
using MATLAB for p = 8, A, is 0.175, leading to an error of 8.4%. Finally if (3.20]) is
used then A, is 0.1893, leading to an error of 0.91%. This confirms the advantage and
efficiency of the method proposed. Once A, is determined for a given layer p, optimal

value of d can be found. Using (B.I8]) it is possible to obtain an estimate of power
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loss for a given layer p at the optimal thickness. In the next chapter the estimation
of winding loss will be extended for solid round conductors for a duty-cycle regulated

square current excitation.



Chapter 4

Winding Losses in Round

Conductors for Square Currents

In the last chapter the transformer winding losses for a duty-cycle regulated square
waveform was presented. In [33] the winding losses for a non-sinusoidal waveform for
solid-round conductor was presented. The number of harmonics that were considered
were less. In this chapter it is shown that on considering large number of harmonics,
the existance of valley diameter and hill diameter as shown in [3] is no longer present.
The losses keep decreasing with the increasing diameter.

The ac to dc resistance ratio Fr for solid round-wire windings and sinusoidal current
is [6], [3]

Fr=A sinh(2A) + sin(2A) n

2 sinh(A) — sin(A)
cosh(2A) — cos(2A) ' 3

v - 1)(:osh(A) + cos(A)

(4.1)

where A is,

A (%)0.75%/5 (4.2)

The diameter of solid round-wire winding is d. d is the skin depth at the fundamental
frequency and 7 is d/l where, [ is the distance between centers of adjacent round con-
ductors as shown in Fig. [l A bipolar duty-cycle regulated square current waveform
is considered as shown in Fig. Bl This current can be represented by the following

Fourier series:

25
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Figure 4.1: Solid-round wire winding of a transformer

2v/21 sin(@)

— (4.3)

o
i(t) = Io+ Z V21 sin(kwt) where, Ij, =
k=1
and as the waveform is symmetric, Iy = 0. The power loss expression for solid round-

wire conductors for one winding can be written as [6],

& 82sin?(BZR) p(MLT)Nn [ | sinh(2VEA) + sin(2vVEA)
P = > 2 \/;[

P k3 2 52A cosh(2vkA) — cos(2vVkA)

[y

2 _q) sinh(vVkA) — sin(vVEA)
cosh(vVEA) + cos(VEA)

where, P is the AC power loss, D is the Duty ratio of square waveform, p is the

+5(p

(4.4)

Wil N

number of layers, k is the harmonic number, p is the resistivity of copper, I is the peak
value of square current, /N; is the number of turns per layer, N is the total number of
turns (= N;p) and M LT is the Mean Length of Turns.

The dc resistance of a transformer containing N multiple turns at a diameter equal
to the skin depth of the conductor is given in (£5). Now Pyyse given by (46]) can be
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Fundamental
—— P loss with 10 harmonics
: — P loss with 100 harmonics
1201 | ——— P loss with 1000 harmonias

Figure 4.2: Plot of P, using ([£4) versus A for p=10 and D=1 for different numbers of
harmonics

written in terms of Rg.|4—s as shown in (47]).

Np(MLT
Racla=s = % (4.5)
4
812 Np(MLT)n\/?
Pbase - ?T Z (46)
I*nRac|a=s
P N i i 4.
base ﬁ ( 7)
Using, (L), P can be written as,
P >, sin?(42R2) sinh(2vVEA) + sin(2vEA)
= P, = Z = X
Phase o Ak? cosh(2VEA) — cos(2VEA)
22— 1) sinh(VEA) — sin(vkA) (4.8)
cosh(VEA) + cos(VEA)
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Figure 4.3: Plot of P,, versus A for different layers for D=1 and using 1000 harmonics

Fig. @2 shows a plot of P,, as the number of harmonics considered is increased.
From Fig. 2] it can be seen that for a sinusoidal waveform as shown in [3], there exists
a valley diameter, hill diameter and a critical diameter whereas for duty-cycle regulated
square waveform there is no such minimum. Fig. 3] shows a plot of P, for different
layers by considering 1000 harmonics. The reduction in loss is not appreciable from
A=0.5 to A=4. The implication of the results shown in Fig. 3] is that, any value of
A > 0.5 is acceptable if no other factors are considered. However, choosing A = 0.5 so
as to minimize the amount of copper is not possible in most cases because of thermal

considerations. The current density, can be written as,

Irms Irms
rms — = 4.
J A wd? (4.9)
4
Using, (4.2) and (4.9), yields,
Lrms 2A?
= (4.10)

ers B 7T1'5f,UO'77
Simple thermal considerations will yield a maximum allowable J,.,,s for a given core
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Figure 4.4: Plot of I,.,,s versus A for different J,,s, for f = 20kHz and n = 0.9

size. Thus for a given J.,s and I,,s in (@I0), there will be an associated value of A
which may be greater than 0.5. Examples of I,,,s versus A are shown in Fig. 4] for

different values of Jyps.

4.1 Approximate power loss expression for different ranges
of A.

As shown in the previous section, a large number of harmonics have to be considered
to compute the AC power loss accurately for a duty-cycle regulated square waveform.
As shown in Fig. [.3] there are three ranges of A for which P, has distinct behavior.

This allows for considerable simplification in the estimation of P,,.
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4.1.1 Case A : A<05

Fig. [4.3] shows a plot of P, for different layers. From Fig. [A.3] it can be seen that
the P, curve for all layers is very steep for A < 0.5. For a fixed current I, as J is
increased, A will reduce, resulting in less copper. Hence, operating at a value of J
allowed by thermal consideration should be appropriate. But in this case, even if the
current density value is permissible for A < 0.5, the use of that diameter should be
avoided to prevent significant losses. The designer can use a bigger diameter to reduce
the losses drastically at the cost of increased copper or use either of litz wires or foil
conductors. Solving (£I0), by considering that the maximum value of current density

is 6A/mm?, the limiting value of A = 0.5 and 1 = 0.9:
Ips = 8213/ f (4.11)

where, f is in kHz. As an example, for f = 10kHz, I,;,s > 0.82A for a current density
of Jrms = 6A/mm?2. If for a particular application I,;,s < 0.824, a smaller value of

current density should be chosen to avoid the value of A < 0.5.

4.1.2 Case B: 0.5 <A <25

The power loss computation for 0.5 < A < 2.5 depends on the harmonics and hence is
computationally difficult. For A > 2.5, both underlined functions in (£I2]) become 1 as
shown in [3I] and hence, the power loss expression can be split as a finite sum and an

infinite sum as shown in ({£I2)) below,

Na

sin?(X20) sinh(2VEA) + sin(2vVEA)
P = 3 X
= k2A cosh(2VEA) — cos(2VEA)
+2( 2 1) sinh(vVkA) — sin(vVEA) N <2p2 + 1> i sin? (£ZL)
pa— p [e— _— _—
3 cosh(VEA) + cos(VEA) 3A N1 k3
where, N is the harmonic number beyond which the underlined functions become
2.5 7
independent of A. Na can be found out using, Nao = <K5 . The maximum value

of Na is 25, corresponding to A = 0.5. The infinite sum is a convergent function and

hence the power loss can be written as,
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% sin?(M22) | sinh(2v/kA) + sin(2vkA)

Fpu = = k2A . cosh(2VEA) — cos(2VEA) (4.12)
2, 5 . sinh(VEA) —sin(vkA)  2p® +1 2p% 4+ 1
+3(p 1)cosh(\/EA) +COS(\/EA) 3 * [( 3A ) . S}
where,
> sin? —D
S=y —2= (4.13)

l\JIC/J

k=1

Table 4.1: Infinite series summation value for different D
Duty cycle | D=025 | D=05|D=06 | D=07 | D=08 | D=1

S 1.0785 1.4413 1.5336 1.6293 1.6508 | 1.6886

The value of the infinite sum depends on duty-ratio D and its value is known as
shown in Table [4.1l Hence only a series summation of 25 harmonics is to be considered
instead of an infinite series to compute the AC losses.

The example which follows is for the design of a high frequency transformer with

turns ratio 1:1 and with the specifications given in Table 4.2

Table 4.2: Transformer Specifications-I

Parameter Value
Power 1 EW
Voltage 200 V

Frequency, f 20 kH =z
Current Density, J | 5 A/mm?
Braz 025 T
ko 0.4

Based on the given specifications as in Tabled.2], using area-product method the core
is determined. The chosen core is OP44721EC, ferrite material,and from core datasheet:

¢ =24.2 mm and D = 7.78 mm, where ¢ and D are window height and window width
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respectively, as shown in Fig. 1. The number of turns, N = 36, can be computed as

core area is known.

Figure 4.5: 2-D FEM design of Transformer for specifications given in Table

As the current density value is assumed to be 54/mm?, and the input current, I is

known, hence the diameter of the solid-round conductor is fixed.

41

d=
wJ

(4.14)

Substituting, J and [ in (14]), d = 1.1284mm. The AWG wire 17 of d = 1.15062mm
can be chosen. In case of solid-round wire, the height of the window will decide the

number of turns per layer, V;

4.1.3 Case C: A >25

As shown in the previous section, the P,, for A > 2.5 is simplified as under,

()5

Py =
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Solving ([#I0), by considering that the maximum value of J is 6A/mm?, the limiting
value of A = 2.5 and n = 0.9:

Ims =205/ f (4.16)

where, f is in kHz. If the rms current value is greater than the specified value, then
A > 2.5, As an example, if I, > 4.1A then A > 2.5 for f = 50kH z, Jyms = 6A/mm2
or less . For A > 2.5, the computation of AC losses is extremely simple and the P,,,

can be expressed as under,

= (4.17)

S can be obtained from Table 41l Fig. [4.8 shows the percentage error in power

22+ 1
Ppu:5x<p+>

loss computation by considering 2000 harmonics using (£.8)) and, using (4.I7) which is
independent of harmonics, for a range of A from 2.5 — 10 and for 1 — 10 layers.
The example which follows is for the design of a high frequency transformer with

turns ratio 1:1 and with the specifications given in Table [4.3]

Table 4.3: Transformer Specifications-11

Parameter Value
Power 5 kW
Voltage 500 V

Frequency, f 50 kH z
Current Density, J | 4 A/mm?
Biax 0.25T
o 0.4
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Figure 4.6: 2-D FEM design of Transformer for specifications given in Table

Based on the given specifications as in Table 3] using area-product method the
core is determined. The chosen core is OP45528EC, ferrite material,and from core
datasheet: c and D can be known, where c and D are window height and window width
respectively, as shown in Fig. 1. The number of turns, N = 28, can be computed as
core area is known. As the current density value is assumed to be 4A/mm?, and the
input current, I is known, hence the diameter of the solid-round conductor is fixed and
can be computed using, ([AI4). The value of A for the given specification is 4.898.
As, A > 2.5, hence [@IT) can be used to compute P,, independent of the harmonics.
The table in the next section validates the proposed simplified computation with the
analytical result and the loss computed using 2-D ANSYS MAXWELL.

4.2 Validation of Results
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Figure 4.7: Current density distribution by 2-D FEM for a transformer winding with 4
layers

A 2-D Finite element analysis is done to verify the power loss for square waveform
of duty ratio D = 1, with a rise time of 0.001% using ANSYS MAXWELL 16.0. Sim-
ulations are done at 10kH z, for 2 and 4 layers and for per unit current excitation. A
depends on the current and the frequency. The validation is done for a range of A from
(0.4 —4.0). This allows to validate the results for a wide range of current (0.05 — 100)A
and frequency (5 — 100)kHz and hence a wide range of design specifications. For dif-
ferent design specifications the core sizes will be different. Hence, the window and core
sizes are scaled according to A to fit the required number of turns/layer. 60 turns for
primary and secondary each and 4 values of A ranging from 0.4 — 4 are considered. Fig.
[4.7 shows the current density distribution on one side of window of an EE-core for both
primary and secondary round conductors containing 4 layers each for a unit excitation

of current. 7 = 0.9 is assumed for all simulations.
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Percentage Error

Figure 4.8: Plot of percentage error in Py, for 1-10 layers and A > 2.5 by solving (4.8])
considering 2000 harmonics and solving (£.17)

P,, is computed analytically using (48] considering 5000 harmonics. P, is also
computed using ([AI2]) considering 25 harmonics for 0.5 < A < 2.5 and using ({17
for A > 2.5 for 2 and 4 layers. The AC losses are also computed using 2-D FEM and
converted into per unit for a square waveform excitation of 1.11072A corresponding to
1Arms fundamental. Fig. L.9Ishow a comparison of P,, computed using different meth-
ods for 2 and 4 layers respectively. As shown in Fig. 1.9, the approximate expressions
are quite close to the analytical values with negligible errors. In the final paper the
effect of n < 0.9 and interleaving between windings will be considered.

Fig. validates the proposed power loss formula for a general case. Table [4.4]
validates the power loss for 2 specific cases. For the given specifications using area
product method the ferrite cores are determined and the number of turns are computed.
Assuming n=0.9, the turns are arranged in 2 layers for both specifications. For the first
case A=4.898 and as A >2.5, P, can be computed using ([£IT). For the second case
as A=1.9488, P,, is computed using (4I2)). The final column in Table 4] validates
the power loss computed using the proposed method (412]), (4I7)) respectively with the
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16 T T T T T T T T
Dowell formula Eq. (5) with 5000 harmonic$
1l Proposed Method Eq. (10) with 25 harmonics
Proposed Method Eq. (14) with no harmonic:

o+

2-D FEM

Figure 4.9: Plot of P,, comparison between analytical and 2-D FEM simulation for 2
and 4 layers for D = 1 square waveform

conventional method (4.8 and with 2-D FEM. The Mean length turns are calculated
as shown in [39].
The next chapter will show a winding design procedure for the foil conductors and

the solid-round wire.
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Table 4.4: Loss Validation for Specific Transformer Design

Specifications Core, Layer and A 2-D FEM Ploss (W)
V1=Vo=500 V OP45528EC Pyne=101.36 W
I;=1,=10 A A= 4.898 Pp,=101.7 W
fs=b0kHz p=2 Py =99.81 W
J=4; B=0.25T N =28

MLT= 0.1376 m
Vi=V2=200 V OP44721EC i Pina=26.9 W
L=I=5 A A= 1.9488 Ppro=26.94 W
£, = 20kHz p=2 §§ Poim=27.71 W
J=5: B=0.25 T N = 36

MLT= 0.125 m




Chapter 5

High Frequency Transformer
Design using Foil and Round

Windings

The last few chapters presented approximate expressions to avoid infinite summations
for power loss computatuion. But, the ultimate goal of estimating the losses accurately
is the winding design. This chapter presents a brief overview of the conventional winding
design and demonstrates a different foil winding design to reduce the losses by 30-40 %

theoretically.

5.1 Foil winding design based on conventional approach

The ac to dc resistance ratio Fg for foil conductors and sinusoidal current is [6],
Fp = sinh(2A) + sin(2A) g(pz _ sinh(A) — sin(A)
cosh(2A) — cos(2A) 3 cosh(A) + cos(A)

where A is the ratio of the layer thickness, d and the skin depth, § at the operating

(5.1)

frequency.

d
A= (5.2)

Fig. B.1lshows a transformer EE-core with primary and secondary windings.
Fig[5.2] shows a plot of Fr/A versus A for different layers. The conventional foil

winding design procedure is:

39
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Figure 5.1: Multi-turn Multi-layer foil winding of a transformer.

1 Decide the number of layers, p individually for primary and secondary.
2 Locate A, corresponding to the number of layers chosen from Fig.
3 Compute d, the foil conductor thickness from A,y as the skin depth is known.

4 Compute a, the width of the conductor from d and J, the current density, using
a = ﬁ
Ny xa/m <c (5.3)
5 Check if (5.3) is satisfied, where N; is the number of turns per layer, n; is the
layer porosity factor, generally 0.8 — 0.9 and c is the height of winding.

(a) If yes, then compute the power loss for the chosen number of layers, p and
thickness, d.
(b) If no, then increase d > dgy to fit in required N; or change the number of

layers, p.

The disadvantage of the above procedure is that it is iterative and there is no fixed

way to determine the number of layers to be chosen.
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Figure 5.2: Plot of Fr/A versus A for different layers.
5.2 Foil winding design based on proposed method

The ac losses of a single turn of a transformer is given by (5.4)),

Fr

Pae = I* X Racla=s X - (5.4)
where, Rgc|s=s = %. N is the total number of turns, p is the resistivity of
copper. Since, a = %, P, is,

Poe = TNOIED) () (55

Fig. shows the plot of Fr/A versus A for different layers. The Table [5.1] shows
in the conventional design, the optimal value of A as a function of number of layers.
The Fpr value varies in a range of 1.36-1.4 for all layers. Hence, if designed at A,

using the conventional method, the foil conductors for any number of layers will give
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Figure 5.3: Plot of Fr versus A for different layers.

approximately the same loss, which obviates the need of interleaving to minimize losses,
provided (5.3) is satisfied. If not, then the thickness has to be increased to fit in
the required NV;, thereby compensating for increased losses. The reason being, with
increasing number of layers the thickness of conductor reduces which increases the width
of the foil conductor, and this increase in width counters the increase in losses by the
proximity effect.

As seen in Fig. B3] by designing the foil conductors in a specific range of A, the
Fr value can be reduced to close to 1. Fig. [5.4] shows that, using A, = 0.43, which is
obtained from Fig. for p = 10 will give Fr = 1.379, but by designing at A < A,
will lead to Fr < 1.379 and hence lower losses. By designing at A such that Fp is close
to 1, the losses can be reduced by 37% compared to the conventional design. Even in
the proposed method, by designing the foil conductors such that Fpg is close to 1, for all

layers, the need of interleaving to minimize the losses can be avoided.
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Figure 5.4: Plot of Fr/A, Fr versus A for 10 layers.

Fr can be approximated as [31] for A < 1,

5p% — 1
45

Fr=1+ Al (5.6)

It is not possible to take Fr = 1, but it is definitely possible to design with foil thickness,
such that Fg is close to 1. For a particular Fz value, A as a function of number of layers,
can be computed using (B.7). Here, for the designs shown in this thesis, Fr = 1.05 is
considered. The “proposed method” column in Table 5.1] provides the value of pA
product for 1-25 layers for which Fr = 1.05.

[45(Fr — 1
AProposed = % % (57)
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5.3 Winding Design Procedure for Foil winding and solid-

round conductors.

The computation of the minimum winding thickness for a sinusoidal waveform was
given by [6] and extended for non-sinusoidal waveform by [31]. But in these methods it
is assumed that the number of layers are already known.

The flowchart shown in Fig. is a detailed winding design procedure for foil and
solid round conductor respectively. For the given specifications using the area product

method the core dimensions and number of turns can be known.
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Figure 5.5: Winding design procedure for foil and solid-round conductor.
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I N, N
Now for foil winding, J = od’ d= A, and n; = e where, N; = —. Rearranging,
a c P

NI
— Jnide
All the quantities on the right hand side of (5.8]), are known. From the look up

pA (5.8)

Table 5.1 the number of layers and corresponding A can be chosen.

Table 5.1: Parameters to compute pA with the conventional /proposed method .

p | conventional method | proposed method
- Ao;mf pAopt Fr A pA Fr

1] 1.58 | 1.58 | 1.449 | 0.88 | 0.88 | 1.052
2 1097 | 1.94 | 1.361 | 0.59 | 1.18 | 1.051
31078 | 234 | 1.356 | 048 | 1.44 | 1.052
4 | 067 | 268 | 1.351 | 041 | 1.64 | 1.05
5 | 0.6 3 1.355 | 0.37 | 1.85 | 1.052
6 | 055 | 3.3 1.362 | 0.33 | 1.98 | 1.047
7 | 0.51 | 3.57 | 1.365 | 0.31 | 2.17 | 1.05
8 | 0.48 | 3.84 1.374 | 0.29 | 2.32 1.05
9 | 0.45 | 4.05 1.366 | 0.27 | 2.43 | 1.048
10 | 0.43 | 4.3 1.376 | 0.26 | 2.6 1.05
11| 0.41 | 4.51 | 1.377 | 0.25 | 2.75 | 1.052
121 039 | 4.68 | 1.368 | 0.24 | 2.88 | 1.053
131 038 | 494 | 1.387 | 0.23 | 2.99 | 1.052
14 1 0.36 | 5.04 | 1.364 | 0.22 | 3.08 | 1.051
151 035 | 5.25 | 1.373 | 0.21 | 3.15 | 1.049
16 | 0.34 | 5.44 | 1.377 | 0.21 | 3.36 | 1.055
171033 | 561 | 1.378 | 0.2 | 3.4 | 1.051
18 1 0.32 | 5.76 | 1.375 | 0.19 | 3.42 | 1.047
191 031 | 5.89 | 1.368 | 0.19 | 3.61 | 1.052
20| 0.3 6 1.359 | 0.18 | 3.6 | 1.046
21| 0.3 6.3 1.393 | 0.18 | 3.78 | 1.051
221029 | 6.38 | 1.378 | 0.17 | 3.74 | 1.044
23 | 0.28 | 6.44 1.361 | 0.17 | 3.91 | 1.049
241 0.28 | 6.72 | 1.389 | 0.17 | 4.08 | 1.053
25| 0.27 | 6.75 | 1.367 | 0.16 | 4 | 1.0455

For solid round wires, the Fr equation as shown in [3] is modified. In case of round
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wire, the conductor area depends only on one variable, the conductor diameter. Fig.
shows a detailed design procedure of solid-round conductor as well.

The power loss formula for solid-round wire is,

Fgr
Poe = I*my \/E X Racla=s X (5.9)
4 A%
Np(MLT d
where, Rye|q—s = %7 Ap = 07 %5 /n1 and 7 is the layer porosity factor as
T
4

defined in [3].

5.4 Comparison of Foil and Solid-Round Winding

The power loss equation for Foil and round windings is given by (5.5 and (5.9]) respec-

tively.Equating the two expression for comparing gives,

T 1 FRA

[?’]1 1‘§/j— X B = JFR (510)

o

oL 1 rd? .
Substituting, 7= A, = — 0 &ives,
2 F
1.5 wd RAR .
m \/;ﬁ X AT Fry, (5.11)
T d2
Now, n1 *¢ 157 = AR?, substituting which gives,

Fry, = FRa, (5.12)

which shows that the the round wire should be used if and only if, Fr Ap < Fgr Ap-

5.5 Foil winding design using pA product and Validation
of Results with 2-D FEM.

The example which follows is for the design of a high frequency transformer with turns

ratio 1:1 and with the specifications given in Table [5.2]
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Table 5.2: Transformer Specifications

Parameter Value
Power 1 EW
Voltage 200 V

Frequency, f 20 kH =z
Current Density, J | 5 A/mm?
Braz 03T
ko 0.4

Based on the given specifications as in Table[5.2], using area-product method the core
is determined. The chosen core is OP44721EC, ferrite material,and from core datasheet:
¢ =24.2 mm and D = 7.78 mm, where ¢ and D are window height and window width
respectively, as shown in Fig. 1. The number of turns, N = 36, can be computed as
core area is known.

A 2-D Finite element analysis is done to verify the proposed design methodology
using ANSYS MAXWELL 16.0. The winding is excited with a sinusoidal current of 5A
rms and frequency of 20 kHz. A double EE-core with dimensions of OP44721EC is used.
The same core with 6 different winding configurations is analyzed. Four cases are of the
foil conductors with/without interleaving for the existing and proposed method and two
cases are for round conductors with/without interleaving. The Table [5.3] compares the
losses for all cases. A detailed description about the computation of analytical winding

loss for all six cases is presented.
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5.5.1 Case-A

Figure 5.6: Non-interleaved Foil winding with 9 layers designed using existing method.

Fig. shows the winding configuration designed using the existing method with 9
layers. As shown in the Fig. (5.6l it is a non-interleaved winding structure with 9 layers
of primary having 4 turns/ layer followed by 9 layers of secondary. n = 0.9 is assumed
for all computations. In (58] all the parameters on the right hand side are known.
Hence Ap = 3.537. From the “existing method” column in Table [5.2] the number of
layers,p, for which Ap is close to 3.537 is p = 9. From Fig. or the Table 5.2l the value
of A can be computed, which is 0.45. Now, a, which is the height of foil conductor can
be computed from (.13,

T
- J6A

which gives a = 4.75mm. The ac power loss is computed using (5.4]) which gives

a (5.13)

42.393W/m. The ac power loss can also be computed using (5.5]) which gives the same
result and it shows that Fr = 1.366. Even if, p = 18 would have been chosen then
still the losses would have been around the same value as in that case the width of the

conductor would be increased such that the Fr is around 1.36 — 1.4
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5.5.2 Case-B
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Figure 5.7: Interleaved Foil winding with 1 layer designed using existing method.

If interleaving of primary and secondary winding is considered then the best possible
way is to have 1-layer of primary and 1-layer of secondary. Fig. 5.7 shows the above
described winding configuration. For such a configuration, Ap = 1.58 using Dowell’s
curve shown in Fig. Using, the above data, number of turns in 1-layer of primary

winding can be selected using,
ApJoénc

I
which gives N = 14.29. N; = 12 is chosen in order to realize the 36 turns which are

N = (5.14)

already fixed. The winding arrangement will be 3 sets of 12 turns of primary followed
by 12 turns of secondary. In this case, a = 1.35mm using (5.13]) and the ac power loss
is 44.96W/m.

The analytical ac loss is around the same as that of the case with non-interleaved
winding. This is because, the width of the conductor is less in case of single layer as
compared to the non-interleaved case. If the design is such that the thickness is the
same and the number of layers are increased then the losses for single layer would be
less. But in general, with the increase in the number of layers, the thickness is reduced
as seen by “existing method” column in Table 5.2l as proposed in previous literature,

hence the losses are almost the same.
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5.5.3 Case-C

Figure 5.8: Non-interleaved Foil winding with 18 layers designed using proposed method.

Fig. (.8 shows the winding configuration designed using the proposed method with 18
layers. As shown in the Fig. (.8] it is a non-interleaved winding structure with 18 layers
of primary having 2 turns/ layer followed by 18 layers of secondary. If instead of using
Dowell’s curve, the curve as shown in Fig. [5.3]is used, then the A can be selected such
that Fr = 1, provided the computed width of the conductor satisfies (5.3)). Here, in
this analysis A is chosen such that Fr = 1.05.

In the example considered, the Ap = 3.537. From the “proposed method” column
in Table 5.2l the number of layers, p, for which Ap is close to 3.537 is p = 18. From Fig.
B2l or the Table[5.2l the value of A can be computed, which is 0.19. Now, a, which is the
height of foil conductor can be computed from [5.13] which gives a = 11.2629mm. This
value of a will not satisfy (5.3]). Hence, A, should be chosen so as to allow 2 turns/layer.
Considering, A = 0.1965 will allow 2 turns/layers but, Fr = 1.0536 > 1.05 but still less
than 1.37. In this case, a = 10.89mm. The ac power loss is computed using (5.4]) which
gives 32.698W/m. The ac power loss can also be computed using (5.5]) which gives the
same result and it shows that Fr = 1.0536.
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5.5.4 Case-D

Figure 5.9: Interleaved Foil winding with 1 layer designed using proposed method.

Fig. shows the winding configuration designed using the proposed method with
interleaving of primary and secondary winding. As shown in the Fig. [(9] it is an
inter-leaved winding structure with 4 sets of 9 turns of primary followed by 9 turns of
secondary. For such a configuration, number of turns in 1-layer of primary winding can
be selected from the “proposed method” column in Table using Ap = 0.88 in (5.14)

Using, the above data, number of turns in 1-layer of primary winding can be selected
from, (5.14]) which gives N = 9. Using, A = 0.88, the AFr = 1.05. In this case, the ac
power loss is 32.586W /m.
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5.5.5 Case-E

Figure 5.10: Non-interleaved Round conductors with 2 layers.

Fig. B.10/shows the winding configuration designed using the round conductors without
interleaving the primary and secondary winding. The flowchart as shown in Fig. is
followed for round conductors. As the given case is a non-interleaved structure, both
layers of primary are wound together. As A is a constant in case of round conductors,

hence the losses will increase due to proximity effects.

5.5.6 Case-F

Fig. [B.I1] shows the winding configuration designed using the round conductors by
interleaving the primary and secondary winding. As a result of interwinding, the losses
are reduced in comparison to the non-interleaved case.

The analytical and simulated losses are computed per unit length. The average mean
length of turns can be chosen as 0.125 m according to [45]. The results match closely
with the analytical calculation for foil conductors but are different for round winding
due to 2-D effects.



Figure 5.11: Interleaved Round conductors with 1 layer.
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Table 5.3: Validation of results with 2-D FEM.
Case pA | p | N A a Analytical P | Simulated P Fgr
Existing Method Non-interleaving | 3.537 | 9 | 4 0.45 4.75 mm 5.3 W 534 W 1.366
Existing Method Interleaving 158 | 1 |12 | 1.58 1.35 mm 5.62 W 4.85 W 1.449
Proposed Method Non-Interleaving | 3.537 | 18 | 2 | 0.1965 | 10.89 mm 4.087 W 4.23 W 1.0536
Proposed Method Interleaving 0.9 119 0.9 2.378 mm 4.073 W 4.044 W 1.058
Round winding Non-Interleaving - 2 | 18 | 1.9488 - 18.22 W 1593 W -
Round winding Interleaving - 1 | 18 | 1.9488 - 6.86 W 6.3625 W -




Chapter 6

Conclusion and Future Work

The copper loss in a multi-layer transformer foil/round winding for a particular duty-
cycle modulated current waveform at a given frequency depends on the number of layers
and the thickness of each layer. It has been shown that Fourier series method requires
consideration of a large number of harmonics leading to computational difficulty of
power loss. In contrast, an approximate closed form expression for power loss has been
derived that does not involve any series summation of harmonics for foil conductors. In
case of solid-round wire there is no optimum diameter where the AC losses are minimum.
The whole range of normalized diameter is split into three cases and simplified power
loss expressions have been provided for them. The accuracy of the expression is verified
using numerical computation as well as with 2-D FEM. A designer can simply use these
formulas instead of writing complex computationally demanding MATLAB codes to
obtain optimal thickness and estimate the copper loss.

The thesis also demonstrates the winding design with foil/round conductors for
sinusoidal excitation. It has been shown that, if the winding is designed at a thickness
lower than the “optimal” thickness, as given in literature, for a specific layer then the
losses can be minimized. Theoretically, power loss can be reduced around 36-40%,
depending on the number of layers. The ac-to-dc resistance ratio close to 1 can be
achieved using foil conductors provided the winding can fit inside the window. Hence,
it can replace the expensive litz wires which also have low window utilization factor. The
thesis also demonstrates that a proper design can help to avoid interleaving in case of foil

conductors for minimizing winding loss. The paper also presents a comparison between
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foil and round conductors in terms of winding losses. Six different winding configurations

with/without interleaving, foil/round conductors for the same specification and on the

same EE-core are analyzed using 2-D FEM simulations. For all six cases losses are

computed and compared with analytical results. The results show that interleaving of

winding is a must in case of solid- round conductors whereas interleaving can be avoided

in case of foil winding if designed properly.

6.1

Future Work

Design a prototype to validate the analytical/2-D FEM losses in foil /solid-round

wire conductors for a duty-cycle regulated square waveform.

Design six different winding configuration of the same specification and validate

the analytical/ FEM results using hardware.

The winding design procedure has been shown for a sinusoidal excitation but
can be easily extended to non-sinusoidal waveform by incorporating the series
summation and the range of thickness for which the ac-to-dc resistance is 1 can
be derived.

The winding design procedure can be modified in a manner to obtain a design

that gives minimum leakage inductance.

The given winding design procedure is for power levels for which core is available.

In the future, it can be extended for a winding design for higher power level.
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Appendix A

Winding Power Loss in

Rectangular Co-ordinate System

Maxwell’s equations in a linear homogeneous isotropic medium for a magnetoquasistatic

system, takes the following form:

VxE = —m]% (A.1)

\Y Xﬁ:Uﬁﬁ-uoéoaa—? (A2)

For a sinusoidal current, I = I,sin(wt), and assuming that the conductor is infinitely
long so that the magnetic field, B is only in the y-direction and the electric field E is

only in the z-direction, the Maxwell’s equations reduce to:
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Figure A.2: Isolated single foil conductor
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(A.8)

(A.11)

(A.12)

Let, 2,,; = a and x,, = b. Applying, inner and outer boundary conditions on layer,

Hy(a) = H,"e™™* + H,~e™* = (n — 1)Hy

Hy(b) = H,Te™™ + H,"e™ = nHy
Solving,

B nHo(emb _ ema) _ Hoemb
em(b—a) _ g—m(b—a)

nHy(e™™® — e=™b) 4 Hye™™P

em(b—a) _ g—m(b—a)

(A.13)

(A.14)

(A.15)

(A.16)
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Using, oF, = aaliy,

Exgzzg[ﬂgemm—H;@”mH (A.17)

Now, the power per unit length on the inside and the outside of the layer is,

P, = E(a)H(a)h (A.18)

P, = E(b)H(b)h (A.19)

respectively,where, h is the width of the conductor, which is considered as a constant.

Substituting values of E(a), H(a), E(b), H(b) and solving we get,

P, = muw(n — 1) Ho [2nH0 + Hoe ™b=0) 4 gmlb=a) _ p fje=m(b=a) _ em(b_“)}

gem(b—a) _ g—m(b—a)

(A.20)
hn H,
P, = mAnto [2H0 — 2nHy + nHye ™0=9) 4 em(b_“)} (A.21)
gem(b—a) _ g—m(b—a)
Solving further,
hH?

P,— P = Mo [coth(md) +2n(n —1) tanh(m?d)} (A.22)

NI
Substituting, Hy = Tl’ where IV; is the number of turns per layer. Solving for p layers,

gives,

p—og? p(MLT)N? [sinh(ZA) +sin(2A) 2, sinh(A) — sin(A)

hopn cosh(2A) — cos(24) " g(p - )cosh(A) + COS(A):| (4.23)
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