6450

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 9, SEPTEMBER 2016

Modeling and Analysis of the Bendable Transformer

Godwin Kwun Yuan Ho, Student Member, IEEE, Cheng Zhang, Student Member, IEEE,
Bryan M. H. Pong, Senior Member, IEEE, and S. Y. Ron Hui, Fellow, IEEE

Abstract—This paper presents a study of a bendable transformer
for wearable electronics. Printed on a thin and bendable film, this
transformer is bendable to wrap around body limbs such as the
forearm. A model using a partial equivalent circuit theory has
been developed to analyze the characteristic of an inductor and a
bendable transformer. The mutual inductance and self-inductance
for the bendable transformer over a range of bent curvatures have
been calculated based on the model and compared favorably with
measurements. Simulation and experimental results of applying
the bendable inductor and transformer in dc-dc converters as a
5-V 500-mA power supply are included to confirm the usefulness
of the transformer and the validity of the model.

Index Terms—Buck converter, flexible transformer, LLC reso-
nant converter, wearable electronics.

I. INTRODUCTION

EARABLE electronics products like smart watches,
W hearing aids, intelligent glasses, are becoming popular
nowadays. Wearable electronic products appeared back in 1950s
[1]. A good portable electronic product should be small in size
and light in weight. A good wearable electronics product needs
one more requirement: comfortable to wear. This requirement
introduces a new challenge: physically flexible. Many flexi-
ble electronics components are available nowadays like flexible
display, flexible solar cell, printed RFID, flexible lighting, and
others based on the application [2]-[7]. It was estimated that
there were about 1500 research units working on flexible elec-
tronics in worldwide in 2010 [8]. However, there is a lack of
flexible power converter.

A bendable converter can be used in many wearable applica-
tions. For example, a bendable converter can be mounted into a
jacket with a flexible film solar panel and converts power form
solar energy. Another example is to have a bendable converter
mounted into a belt fitted with batteries and turns the belt into
a central power source for various portable devices. There can
be many innovative applications but all will need a fundamental
building block which is the bendable converter.

Flexible electronics including passive components are needed
for wearable electronics. For switched-mode power supplies,
inductor, and transformer are essential passive components. Al-
though non-isolated converter with inductor can fulfill the power
conversion requirement of the wearable electronics, isolated
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converter is also needed for some applications such as medical
application.

Traditional magnetic core-based inductor and transformers
are not bendable. Although many researchers have worked to
improve the thickness, power density, and efficiency of pla-
nar transformer, not much work has been done on bendable
transformer [8]—[11]. Inductor and coreless printed circuit board
(PCB) transformer [12]-[16] is applicable to wearable electron-
ics. It has the advantages of having no core loss, and, thus, being
suitable for high-frequency operation. Based on resonant tech-
nique, it has been successfully demonstrated in signal and power
transfer applications, such as isolated gate drives [12] and pla-
nar converters [16]. The coreless PCB transformer technology
has the significance of turning the traditional solid transform-
ers into flat ones, making it possible for embedment in power
semiconductor integrated circuits as confirmed in its industrial
adoptions in isolated gate drive integrated circuits [17], [18].
Therefore, if fabricated on a flexible substrate, coreless PCB
transformer offers an attractive solution to bendable electronics.
However, not much work has been done on flexible inductor and
transformer.

The bendable converter for wearable electronics will closely
contact the human body and there is concern whether there is
adverse effect form EM radiation form the converter. A lot of
works have been done on this issue as the mobile phone today
is carried by millions of people already. The equipment is not
only in close contact with body but also designed to radiate as
a primary function. The ICNIRP [19] has collected extensive
work and reported that there is no evidence on major medical
effect on the human body for such low radiation. The SAR
maximum value of exposure is 4 W-kg !, and the recommended
occupational exposure is wind down ten times to 0.44 W-kg~!.
Even so the radiation produced by a bendable converter of the
present power level is unlikely to reach such a value.

The shape of flexible inductor or transformer changes when
it is bent. When the structure changes its parameters are also
changed. It is important to know how these parameters will be
changed and how these parameters will affect the switching con-
verter. Most converter works at high frequency in order to cope
with the low inductance in coreless device. Resonant techniques
have been incorporated in coreless PCB transformer technology
since its inception [14], [15]. The inherent high leakage induc-
tance of the coreless PCB converter can be used as resonant
inductance in the LLC resonant converter [11], [20]-[22].

This paper presents two steps in the development of bend-
able coreless PCB transformers. First, in order to study possible
parameter changes, a bendable model is developed to study the
inductor and transformer under different bending angle. Such
model is based on the partial element equivalent circuit (PEEC)
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method [23]. Second, a bendable inductor is made and its induc-
tance measured. It is then applied to a buck converter. On the
other hand a bendable transformer is also made. It is then ap-
plied to an LLC converter. Both converters have a power rating
of 5 V and 500 mA for a USB power supply. The modeling pro-
cedure is described in detail. Both simulation and experimental
measurements of a hardware prototype are included to confirm
the proposal.

II. BENDABLE INDUCTOR AND TRANSFORMER MODELING

A. Analysis by the PEEC Theory

Inductance equations for standard regular shapes have been
well documented [24]-[30]. Simple expressions for regu-
lar shape inductances are very limited because the flexible
winding structure has changeable shapes. A tool for complicated
winding structure analysis is needed. A. E. Ruehli proposed the
PEEC theory in 1970s [23]. The PEEC theory enables analy-
sis of coupling among interconnections in 3-D multiconductor
electronics circuits. This theory states that the effective self-
inductance of a winding and mutual inductance of two windings
can be calculated by dividing a complex conductor structure into
small discrete segments. Integral equations are applied to each
elementary piece of the conductor to calculated inductances.
Such versatile feature of the PEEC method makes it suitable to
calculate self- and mutual inductance of windings with compli-
cated structures, including nonstandard winding structures for
wireless power transfer systems.

Mutual inductance between each segment can be calculated
by Neumann’s formula (1) where [ and [’ are segments of the
primary and secondary conductors. The effective mutual induc-
tance of the elementary elements is

!
Lo / dl-dl 0

v =7
The self-inductance of a winding can be calculated similar to
the effective mutual inductance as the winding is broken into
small discrete segments. However, when integrating the same
segment itself, the distance between itself vanishes to zero and
results in infinity. Therefore, Rosa’s equation for self-inductance
of a typical wire for rectangular cross section is used when
integrating the same segment [31]. The effective self-inductance

of the elementary elements is

L=2l {log (ojlg) +0.5+ w (1079)
@)

where / is the length of the straight segment, « is the width, and
( is the thickness.

B. Bendable Inductor and Transformer Model

A mathematical model for bendable inductor and transformer
is established. Actually both are based on the same principle.
An inductor is presented by a single winding and a transformer
is presented by grouping two different separate windings at
a specified location. Here, a winding structure is divided into
many small segments. Define a finite set W to represent the
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Fig. 1.

Single turn coil in three dimension.

winding. Thus, each conductor segment of the winding is an
element of W. Each segment is considered as a straight conductor

and represented by a matrix with segment-current vector C's

and position vector P,. The segment-current vector describes
the conductor length and the current direction. The segment-
position vector describes the conductor position. Such that

wefoweler)) o

Here, a straight wire is divided in to N segments, the set W
has N elements, such that

W = {wr,ws, ., wn } Vay € [GJDS] @

,[Cov Piv]} (5)

Fig. 1 shows a single turn rectangular winding on an xy plane
in three dimensions. Define set W .. to be the rectangular
winding and C to be each straight conductor in Fig. 1, such
that

W = {[aslﬁsl]y [6’52—?352]7 o

Wieet1 = C1 UC, UC3UCy (6)

Each set C; has a conductor-current vector C;. and a
conductor-position vector P;., such that

Ci = {[CicPi] : [CiePic] € [C.P.] | %)

Each side of the rectangle winding is divided into N segments.
The segment-current vectors in a straight conductor are the same
because they all lie in the same straight line. However, they have
different positions. Such that

i (et} { [0 [ouria] o o]}

®)
where the segment-current vector is
- 67’ c
C; — 9
=N ©)

N; is the number of segments of C; and the segment-position
vector is

Oic

2i—1) -
2 + 2

E’ ﬁ:_ +Cis

(10)

where s =1,2,..., V.
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Fig. 3.

Geometry of a bending conductor.

The mathematical model of the rectangle winding in Fig. 1 is
established by compounding (5)—(7). The total segments number
Niotal 1s equal to N1 + Ny + N3 + Ny. The rectangle winding
in Fig. 1 is mathematically represented as

Wiect1 = {{aslﬁsl} : {6'521352} ey {CijDstm}}

= {[cwePic] [Cocu] [CacPuc]  [CacPi]}

(11)
Clsjjlsl ) 6’lsipls2 PR Olsplle
CQSIDZH ) 625?232 PR OZSPZSNQ
Wrectl = :A N : :A . : :A N :
038P351 ) CSSPBSQ PR O?)SP?)SNS
CisPis1|, [CusPusa| -, |CasPasna
(12)

Although the flat structure of the winding can be presented
by the proposed model easily, a model suitable for a bent struc-
ture is not readily available. The segment-current vectors and
segment-position vectors may change according to curvature of
the bent winding. A method for developing a bendable trans-
former model is now explained.

Fig. 2 shows a side view of a bent winding. The bending of
the winding is described by an arc of a circle. It should be noted
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Fig. 4. Coil bending at different angles. (a) Coil central angle = 0. (b) Coil
central angle = 7/2. (c) Coil central angle = 7.

that the method applies to any curved geometry in principle.
Usually, the arc is described by its central angle and radius.
When a winding is bent, the winding length is fixed and equal
to the arc length L. Angle # defines the bending and radius r is
equal to L/0. When the bending is increased, the central angle
increases and radius decreases. Fig. 4(a) shows the winding at
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central angle equals to O (i.e., the winding is flat). Fig. 4(b)
shows the winding bent with a central angle equals to 7/2 and
Fig. 4(c) shows the winding bent with a central angle 7.

There are three steps to convert a flat winding model to a
bent winding model with reference to Fig. 3. First, convert each

segment of the flat winding into a starting point Sy, and an

ending point S, 4, such that

. R S,
Sstart = Sp - 7 = Lstart (x,y,z) (13)
P ra S(:
Send - Sp + 7 - Pend (xayaz) (14)

Second, convert each point of the segments from a flat surface
to a curved surface. Define point P;(z,y, z) as a point on the
flat surface and point P/(z/,y', 2) as the same point after bend-
ing the transformer structure. When the wire is bent in a plane
along the x-axis, the new x-coordinate of each point remains un-
changed. The distance between each point on the plane remains
unchanged after the transformer is bent. Such that the arc length
L at point P/ is equal to the y-coordinate of point P; (z,y, z) in
Fig. 3. Arc length L is equal to the length of the winding at x-
axis. Angle 6 is equal to the bending angle. The transformation
functions from point P, (x,y, z) to point P/ (2, v/, ) are

2=z (15)

y' = rsin (') = rsin (Q)

r

(16)

0
2= z+rcos(0) — H = z + rcos (Q) — rcos (2>
7

A7)

where H is the vertical displacement between the original plane
and circle center.

Third, create the winding segments of the bent transformer
from the new points produced in the second step. The segments
of the bent winding model become

N =

’ o
Sc - end Sstart

(18)
Sl =S

end ~ Mstart
2
In order to establish the mathematical model of the bent wind-
ing in Fig. 3, these steps are applied to the model of the same
winding before bending. Define the set W, as the flat wind-
ing and Wp,e¢¢ as the bent winding in Fig. 3 such that

Sl = (19)

Wrrect = {[aslﬁ)sl} ; {552?52} yees {asNﬁsN}} (20)

Step 1:
Apply (7) and (8) to set Wgyect, such that

[Pstartl (l’, Y, Z)Pmldl(I, Y, Z)] )

[Pst‘ rt2 (.’17, Y, Z)P 11(12(1:7 Y, Z)] )
WFrect.Stepl = ! ‘ (21)

ey

[Pstal'tN ($7 Y, Z)PendN (.13, Y, Z)}
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Step 2:

Apply (9), (10) to set Wryect.Step1 to convert the flat winding
to bent winding with central angle equals to 6. Arc length L is
equal to the length of the winding at x-axis

[Psltartl (.1?/, y/? Z/)Péndl (l‘

WFrect Stepz = [‘Ps/tartZ (l.la ylv Z/)PéndQ ($/7 y,a Z/)} ’
Plaren (@9, 2) Ploan (@59, 2')]
(22)
Step 3:
Apply (11) and (12) to set Wryect.Step3» such that bent wind-
ing set Wpect 18

WB rect — WFrectAStep3

{[CaPu] [CaPl]... [CinPiv] }

(23)

C. Calculation of Self-inductance

In the previous section, a mathematical model is established
for each winding. A set W ={w:w € [6’9135]} represents
a winding. Set Wy = {[6’151]3151], [6’152]3182], R [6‘151\/1

ﬁls ~1]} is the winding of the inductor. The self-inductance
of the winding is calculated by applying (1) and (2) to the set
Wi, such that

N1 N1
Lor= Y f(i]) (24)
i=1j=1
et Craj for i # j
Plsz Plsj
,7) = 21
P60 =4 T (2) 40
ot (10°9), fori=j
0.2235 (o + f3)
+—
l
(25)

where [ is the length of the straight segment, « is the width, and
( is the thickness.

D. Calculation of Mutual Inductance of Two Windings

Define the set W; to be the primary winding and Wy =
{[Cas1 Pas1], [Cosa Pasal, - - -, [Casna Pasna]} to be the sec-
ondary winding.

The mutual inductance is calculated by applying (1) to the set
W, and W5, such that

N1 N1 -

Liutual = Z Z ;CQSZ‘CESJI

i=1 j=1 | P1si — Pag;

(26)
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TABLE I
SELF-INDUCTANCE OF THE BENDABLE CORELESS PCB
TRANSFORMER/INDUCTOR LIE FLAT

Calculated ~ Measured Error
L1 (16T, 1 layer) 19.23 uH 1922 yH  —0.052%
L2 (18T, 1 layer) 20.89 uH 20.93 nH 0.19%
L3 (20T, 1 layer) 21.77 pH 21.93 pH 0.73%
L4 (22T, 2 layers, 11 turns per layer) 22.67 uH 22.75 pH 0.35%
L5 (24T, 2 layers, 12 turns per layer) 23.96 nH 23.99 uH 0.13%
L6 (26T, 2 layers, 13 turns per layer) 24.67 nH 24.82 nH 0.31%

—&— L1, 16Turns, 1Layer
(Measured)

JZ

—@— L1, 16Turns, 1Layer
(Calculated)

[}
S oo
n o=

Rl

Self-inductance ( pH)
[\®)
S

> S ——#&—— L2, 18Turns, 1Layer

(Measured)

19.5

—— L2, 18Turns, 1Layer

19 (Calculated)
18.5 —¥—— L3, 20Turns, 1Layer

18 N (Measured)
0 05 1 15 2 25 3 35 —— %éslzolT“ﬂS, 1Layer

alculate
Bending angle (rad)

Fig. 5. Self-inductance against bending angle of the first group.

III. BENDABLE INDUCTOR AND TRANSFORMER

Bendable inductors and coreless PCB transformers have been
built to verify the mathematical model. The primary and sec-
ondary conductors are represented by two segment sets in
MATLAB. The inductors are same as the primary side of the
transformer. The mutual inductance and self-inductance are cal-
culated by applying the primary and secondary segment sets
into (25) and (26). Six inductors and 12 transformers have been
built to verify the model. The specifications of the bendable and
coreless PCB transformers and inductors are listed in Appendix.

A. Bendable Inductor

There are two groups of inductors. This first group of inductor
has winding dimension of 100 mm x 40.25 mm. There are three
inductors in this group. The turns number of them are 16, 18,
and 20. Inductor L1, L2, and L3 are equal to the primary side
of Tx1, Tx2 and Tx3 respectively.

The secondary group of inductor has winding dimensions of
65 mm x 26 mm. There are three inductors in the secondary
group. The turns number of them are 22, 24, and 26. Inductor
L4, LS, and L6 are equal to the primary side of Tx7, Tx8, and
Tx9, respectively.

The calculated and measured self-inductance values of the
bendable inductance at flat are shown in Table I. The calculated
and measured self-inductance with the bending angle is shown
in Figs. 5 and 6. The bending angle of the transformer is fixed
by supporters which is printed by the 3-D printer and is shown
in Fig. 7. The calculated results are in good agreement with
the measurements within a tolerance of 1.5%. Errors mainly
arise from manufacturing tolerance. In practice, every segment
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25
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_g 23 X (Measured)
$ 225 —>—— L5, 24Turns, 2Layers
% (Calculated)
@ 22 —%—— L6, 26Turns, 2Layers
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0 05 1 15 2 25 3 35 ~—®— L6, 26Turns, 2Layers
(Calculated)
Bending angle (rad)
Fig. 6. Self-inductance against bending angle of the second group.
Fig. 7. Support for fixing the bendable angle.

direction, size, and position have discrepancies between the
model and the physical coil. The overall inductance is calculated
by integrating all elementary inductances by PEEC theory.

B. Bendable Transformer

There are two groups of transformers. The first group has
bigger windings. Transformer Tx1 to Tx6 is the first group with
100 mm x 40.25 mm in dimension. Each transformer has two
windings. There are three types of windings in this transformer
group: 16 turns each layer, 18 turns each layer, and 20 turns each
layer. Transformer Tx1 to Tx3 have the same turns ratio 1:1
but different number of turns. The primary turns to secondary
turns ratios of Tx1 is 16:16, Tx2 is 18:18, and Tx3 is 20:20.
Transformer Tx4 to Tx6 have different turns ratio. The primary
to secondary turns ratio of Tx4 is 16:20, Tx5 is 16:18, and Tx5
is 18:20.

Transformer Tx7 to Tx12 is the second group with small
windings. The winding dimensions are 65 mm x 26 mm. There
are three types of winding in this transformer group: 22 (2 layers,
11 turns per layer, 0.1 mm gap), 24 (2 layers, 12 turns per layer,
0.1 mm gap), and 26 (2 layers, 13 turns per layer, 0.1 mm gap).
Tx7 to Tx9 have the same turns ratio 1:1 but different number
of turns. The primary turn to secondary turn of Tx1 is 22:22,
Tx2 is 24:24, and Tx3 is 26:26. Transformer Tx10 to Tx12 have
different turns ratio. The primary to secondary turns ratio of
Tx101is 22:26, Tx11 is 22:24, and Tx12 is 24:26.

The layout of the transformer Tx10 is shown in Fig. 8. The
bendable transformer windings are made of thin copper strips
that are printed on a flexible substrate. This method provides the
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Fig. 8.

Layout of the coreless PCB transformer.

Fig. 9.

Bendable transformer prototype.

TABLE II
MUTUAL INDUCTANCE OF THE BENDABLE CORELESS PCB TRANSFORMER LIE
FLAT

Calculated ~ Measured Error
Tx1 18.65 nH 18.72 pH 0.38%
Tx2 20.26 uH 20.37 uH 0.54%
Tx3 21.20 uH 21.29 uH 0.42%
Tx4 19.53 uH 19.65 nH 0.61%
TxS 19.30 nH 19.41 nH 0.57%
Tx6 20.58 uH 20.74 uH 0.78%
Tx7 21.61 pH 21.54 pH  —0.32%
Tx8 22.81 uH 22.84 uH 0.13%
Tx9 23.46 uH 23.63 uH 0.72%
Tx10 22.28 nH 22.33 uH 0.22%
Tx11 22.10 uH 22.10 uH 0%
Tx12 23.06 uH 23.16 pH 0.43%

flexibility for bending the transformer structure. Two prototype

are shown in Fig. 9.

The calculated and measured mutual inductance values of
the bendable transformer at flat are shown in Table II. The
calculated and measured mutual inductance with the bending
angle is shown in Figs. 10-13. The calculated agree well with
the measurements within a tolerance of 1.5%.

C. Analysis of Bendable Inductor and Transformer

An equivalent transformer model is shown in Fig. 14. The
magnetizing inductance, leakage inductance, and equivalent

21.5

Mutual inductance ( pH)
e
W

.

0 05

Fig. 10.

1

15 2 25 3 35

Bending angle (rad)
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turns ratio are

K= L
L,L,
Liag = K*L,
Licak = L, (1= &?)
N, L,
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Fig. 14.  Equivalent transformer model.

where Ly, is the magnetizing inductance, Ljeax is the leak-
age inductance, L, is the primary self-inductance, L is the
secondary inductance, and K is the magnetic coupling factor.

The variations of the mutual inductance and self-inductance
change of the coreless PCB transformer Tx10 versus the bend-
ing angle 6 are showed in Fig. 15(a) to (c). The equivalent
transformer model parameters are shown in Fig. 15(d) and (e).

Fig. 15(a)—(c) shows the variations of the primary self-
inductance, secondary self-inductance, and mutual inductance,
respectively, with the bending angle. The inductance variations
of the inductors and transformers are found to be within 5% of
their respective inductance values obtained when the winding is
flat. Fig. 15(d) and (e) shows the leakage inductance and mag-
netizing inductance, respectively. The leakage inductance and
magnetizing inductance change could affect resonant frequency
in resonant power converter. Fig. 15(f) shows the turns ratio
change, which is within 0.5%. The changing of the turns ratio
affects the voltage gain in the power converter. These changes
should be handled by the feedback controller in the power con-
verter.

IV. EXPERIMENTAL RESULT ON BENDABLE CONVERTER

Two practical 26-5-V 500-mA (USB 2.0 standard) convert-
ers are built to verify the bendable inductor and transformer
model. Seven Li polymer batteries each with 3.7 V are used in
series as the power source. A buck converter is built with the
bendable inductor and an LLC resonant converter is built with
the bendable transformer. The inductor in the buck converter
is used as the primary winding of the transformer in the LLC
converter for better comparison. Fig. 16 shows the LLC resonant
converter prototype used in this paper.
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Fig. 15. Inductance against bending angle. (a) Primary self-inductance.
(b) Secondary self-inductance. (c) Mutual inductance. (d) Leakage inductane.
(e) Magnetizing inductance. (f) Np/Ns.

(b)

Fig. 16. Bendable transformer prototype. (a) LLC converter with bendable
transformer. (b) wear the converter which drives a fan.
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A. Buck Converter With Bendable Inductor

A buck converter with bendable inductor L4 is built to demon-
strate the bendable inductor. The design of the prototype is based
on the bendable inductor and transformer model established in
this paper. A simplified circuit is shown in Fig. 17. This buck
converter is designed to operate at critical mode at full load. The
switching frequency of the buck converter is 175 kHz. Fig. 18
shows the waveform of the buck converter. It shows that the
buck converter is operating at critical mode. Fig. 19 shows the
output voltage of the buck converter against the different bend-
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Prototype waveforms at flat (Chl: Vg, Ch2: I;9, Ch3: I;;, Ch4:

ing angle at fixed duty cycle. The output voltage increases by
6% at bending angle equal to 7.

B. LLC Resonant Converter With Bendable Transformer

An LLC converter is built to verify the bendable transformer
model. Nonresonant converter topology usually requires high
switching frequency for transformer with low magnetizing in-
ductance. Also, the leakage inductance has to be minimized
for high performance. However, bendable transformer has low
magnetizing inductance and high leakage inductance. The LLC
resonant converter topology can operate at a lower switching
frequency with low magnetizing inductance transformer. Also,
the inherent leakage inductance of the bendable transformer is
used as the resonant inductance in the LLC resonant converter.

The design of the prototype is based on the bendable trans-
former model established in this paper. A simplified circuit with
equivalent bendable transformer model is shown in Fig. 20.
Fig. 21 shows the measured waveforms of the prototype and
Fig. 22 shows the simulation waveforms. Vg, is the voltage
input of the resonant tank. Vg, shows the switching frequency
of the converter. IL is the primary resonant tank current. Figs.
21 and 22 show that the experimental results match well with
the simulation.

Fig. 23 shows the measured waveforms of the prototype with
bending angle equals to 7 at the same switching frequency. The
calculated resonant frequency of the prototype is 134 kHz at the
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flat and 141 kHz at the bending angle equal to 7. The resonant
frequency drifts by 5% when the transformer is bent. Although
this frequency drifted is not obvious in the waveform, the output
voltage change is considerable.

Fig. 24 shows the output voltage of the prototype against
different bending angles at fixed frequency of 134 kHz. The
output voltage increases by 1.78% at bending angle equal to
m. The gain of the LLC resonant converter is fixed by resonant
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tank parameter and switching frequency. In a nonbendable LLC
resonant converter, the resonant tank parameter is fixed and the
output voltage is controlled by the switching frequency. How-
ever, the resonant tank parameter of the bendable LLC resonant
converter changes with the bending angle. This change should
be handled by appropriate feedback control in the converter.

C. Buck Converter With Bendable Inductor Versus LLC
Converter With Bendable Transformer

Fig. 25 shows the efficiency of the buck converter and LLC
converter against the loading. For better comparison, the buck
converter inductor has the same inductance as the primary
winding in the LLC converter. The energy efficiency of the buck
converter at 26 V input and the output of 5 V and 500 mA is 43%.
The energy efficiency of the LLC prototype at the same power
rating is 63.4%. The energy loss is mainly caused by losses in the
bendable transformer and inductor. The winding traces of the
bendable transformer and inductor in the prototypes are very
thin. The efficiency of the LLC converter increases when the
loading is increased. This is because when the load increases,
the LLC converter frequency decreases to maintain regulation.
This moves the operation point closer to the resonant frequency.
On the other hand, the buck converter efficiency decreases with
load. It shows that conduction loss dominates. However, they
have comparable efficiencies and LLC converter works better at
high load.

V. CONCLUSION

In this paper, two milestones are established. A model for
bendable inductor and transformer model based on PEEC the-
ory is established and bendable buck converter and LLC resonant
converter are built. The bendable transformer is made by printing
thin copper tracks on a flexible substrate. A model is introduced
such that the conductor of each winding is represented by a
set of segment-current and segment-position vectors. A three-
step procedure to turn a flat winding model into a bent model
is presented. The bendable transformer model shows that both
mutual inductance and self-inductance decrease when the trans-
former is bent by a reasonable amount. The leakage inductance
and magnetizing inductance variation are small in this struc-
ture as compared with the flat transformer inductance. Based on
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CORELESS PCB TRANSFORMER SPECIFICATIONS

First Group Transformer (same turns ratio): Tx1 Tx2 Tx3
Primary turns: 16T, 1 layer (L1) 18T, 1 layer (L2) 20T, 1 layer (L3)
Secondary turns: 16T, 1 layer 18T, 1 layer 20T, 1 layer
Primary outer rectangle dimension: 100 mm x 40.25 mm

Secondary outer rectangle dimension: 100 mm x 40.25 mm

Conductor cross section dimension: 0.5 mm x 0.01735 mm (0.5 oz)

Distance between conductors 0.5 mm

Distance between primary and secondary layer: 0.1 mm

First Group Transformer (different turns ratio): Tx4 Tx5 Tx6
Primary turns: 16T. 1 layer 16T, 1 layer 18T, 1 layer
Secondary turns: 20T, 1 layer 18T, 1 layer 20T, 1 layer
Primary outer rectangle dimension: 100 mm x 40.25 mm

Secondary outer rectangle dimension: 100 mm x 40.25 mm

Conductor cross section dimension: 0.5 mm x 0.01735 mm (0.5 oz)

Distance between conductors 0.5 mm

Distance between primary and secondary layer: 0.1 mm

Second Group Transformer (2 layer, same turns ratio): Tx7 Tx8 Tx9

Primary turns:

Secondary turns:

Primary outer rectangle dimension:
Secondary outer rectangle dimension:
Conductor cross section dimension:

22T, 2 layers, 11 turns per layer (L4)
22T, 2 layers, 11 turns per layer

24T, 2 layers, 12 turns per layer (L5)
24T, 2 layers, 12 turns per layer)
65 mm x 26 mm
65 mm X 26 mm
5Smm x 0.01735 mm (0.5 oz)

26 (2 layers, 13 turns per layer)
26 (2 layers, 13 turns per layer)

Distance between conductors 0.5 mm
Distance between primary and secondary layer: 0.1 mm
Second Group Transformer (2 layer, different turns ratio): Tx10 Tx11 Tx12

Primary turns:

Secondary turns:

Primary outer rectangle dimension:

Secondary outer rectangle dimension:
Conductor cross section dimension:

Distance between conductors

Distance between primary and secondary layer:

22 (2 layers, 11 turns per layer)
26 (2 layers, 12 turns per layer)

22T, 2 layers, 11 turns per layer (L6)
24T, 2 layers, 13 turns per layer
65 mm x 26 mm
65 mm x 26 mm
S mm x 0.01735 mm (0.5 oz)
0.5 mm
0.1 mm

24T, 2 layers, 12 turns per layer
26T, 2 layers, 16 turns per layer

the inductor and bendable transformer model, a buck conve

rter [7]

with bendable inductor and an LLC resonant converter with
bendable transformer are built successfully. Both converters

have the same power rating of 5 V and 500 mA. The investi-

[8]

gation shows that the leakage inductances and the magnetizing

inductance can be incorporated as part of the resonant circuit.

[9]

The practical results confirm that a reasonable energy efficiency

of 63.4% for LLC converter can be achieved for a rated power

of 2.5 W.
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