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Thin FHIm Transformer and Its Anayss by Integral
Equation Method

|. Mariniova, Y. Midorikawa, S. Hayano, and Y. Saito

Abstract—Recently, we proposed a new high frequency trans-
former that could allow the manufacture of small power sup-
plies. In thispaper, we propose a thin film transformer for small
electronic devices, and apply the integral equation method to
analyzethistransformer. Both the primary and secondary coils
of thefilm transformer are arranged ceaxially on one layer and
multiply laminated. The operation principal of the transformer
is based on the skin effect and the mutual effect between the
cails at high frequency. Because of the coaxially arranged coils,
the magnetic fiedd of the transformer can be modeed with an
axisymmetric assumption. Using the model, we evaluate the
electromagnetic field and calculate the lumped circuit param-
eters, i.e., inductance and resistance, which are compared with
experimental values. A fairly good agreement is obtained. Thus,
the applied method is quite useful for design and investigation
of the thin film transformer.

|. INTRODUCTION

XX 7ITH the developments of modem eectronic devices

such as the notebook computer, word processor and
cordless telephone, it is essential to reduce the size and
weight of their electric power supplies. The key to de-
signing compact electric power supplies is to reduce the
sze of the magnetic devices, e.g., reactors and trans-
formers. One of the ways to reduce the size of a magnetic
device is to employ high frequency excitation [1], [2]. In
such high frequency operation, a serious problem is that
the performance of the device is dominated by the fre-
guency characteristics of the core magnetic materials. To
overcome this difficulty, new magnetic materials typically
represented by amorphous magnetic materials have been
used [3], [4]. Nevertheless, it is difficult to avoid an es-
sential increase of iron loss in accordance with the rise of
operating frequency. Another solution of this problem is
to exploit a coreless transformer. Already, we have suc-
ceeded in making a coreless transformer with high effi-
ciency and demonstrated its usefulness for the dc to dc
converters [5].

In this paper, a thin and light weight high frequency
transformer which we call afilm transformer is proposed.
This new transformer is composed of the lamination of
thin film conductors. Each film is constructed by the
chemical etching processes. The operating principa is
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based on the skin effect similar to that of our cordess
transformer [5]. This fact was confirmed by comparing
their frequency characteristics. To design and improvethe
film transformer characteristics, it is essential to analyze
its electromagnetic phenomena and parameters. Both the
primary and secondary cails of our film transformer are
arranged coaxially on the one layer and multiply lami-
nated. Because of these coaxially arranged coils, the mag-
netic field of the transformer can be modeled with an axi-
symmetric assumption. Since the operation principal of
the transformer is based on the skin effect, the develop-
ment of a computational mode! that takes into account the
skin effect is extremely important. Applying the numeri-
ca methods, e.g. the finite dement method (FEM) and
boundary e ement method (BEM) to this problem leads to
results with good accuracy. Particularly, some calculation
methods for voltage-source problems that consider the
current distributions in conductors are very useful tools
for the design of magnetic devices [6]-[14]. These meth-
ods have been used to various voltage-source problems
but have not always produced acceptably accurate solu-
tions. In the present, we applied a method to obtain more
exact current distributions in thin film conductors of the
transformer. This method uses Fredholm integral equa
tion of the second kind about the dectric field intensity.
It is quite convenient for the thin film transformer analy-
sis, because the modeling for unbounded problems with
homogeneous media is easy and accurate solutions can be
obtained. To demonstrate the advantages of the method,
using avector potential expression, we calculate the mag-
netic field, impedance and ratio of transformation of the
thin film transformer for various frequencies under the
open and short secondary circuit conditions. The results
obtained show good agreement with experimental results.
Thus, the applied method is quite useful for design and
investigation of the thin film transformer.

ll. FLM TRANSFORMER

A. Geometry

Constructive shape and geometry of the thin film trans-
former are shown in Figs. 1 and 2. This transformer is
composed of two layers primary and secondary coils.
Connections between layers of separate coils are sevial.
Fig. 2 shows the sizes of the separate turns and the dis-
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Fig. 1. Thin film transformer.

317

AN s ol
S

Fig. 2. The sizes of the turns (unit in mm).
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tances between them. This transformer may be composed
of two, four or more layers.

B. Method of Analysis

1) Governing Equation for Eddy Current Problems: If
we assume the materials to be homogeneous, isotropic and
neglect the displacement current, then the governing and
constitutive equations in the eddy current region are given
as follows

rotH = ], (1)
B

rotE = vy 2

divB = 0 ©)

divE = 0 4
B = uH ®)
J. = ok, (6)

where H, J,, E, B, u, a are the magnetic field intensity,
the exciting current density, the electric field intensity,
the magnetic flux density, the magnetic permeability and
the electric conductivity, respectively.

From the above equations in the sinusoidal steady-state,
the dectric field intensity E satisfies by the Helmholtz
equation

VE -jousE = 0, (7)

where  is the angular frequency andj = V= 1.

2) Electromagnetic Field in Conductors. Let us con-
Sder a conductor supplied with sinusoidal voltage »; with
the angular frequency w. This voltage excites alternating
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current in the conductor and dternating magnetic field in
its surrounding space. Accordingly Faraday's law, we
have

d®

u=ikR + E 3))
where R is the resistance of the conductor and @ is the
interlinkage magnetic flux. :
Using conventional loop analysis, the conductor is con-
sidered to consist of single current loops with current Ai.
The magnetic flux can be calculated from the magnetic

vector potential

s =& aa )
L

and AiR,; can be expressed with the dectic field intensity

AiR, = <§ Edi, (10)
L
where L refers to the current path in each loop.
The vector potential at the point Q can be represented
by current distribution in the conductor
Fo f ff(ANE(AT) dVy

4z J T,
v oM

A = (1)

where M is the point of current integration in the conduc-
tor volume V.

If we substitute Egs. (9)-(Il) into Eq. (8), then the
integral equation for the eectric field intensity in the con-
ductor becomes

M)E(M)

dVM]
’QM

_ . i

u = ?)EEdil +angi Ile_ d, (12
L i ¥

where it must be noted that the conductor is fed a sinu-

soidd alternating voltage u, aso the medium is homoge-

neous and isotropic.

For an electromagnetic field where a two-dimensiona
axisymmetrical model is acceptable, the integral equation
(12) essentialy simplifies and becomes a Fredholm inte-
gral equation of the second kind [15].

3) Integral Equation for Axisymmetrical Electromag-
netic Field: Fig. 3 shows a conductor with an axisym-
metric electromagnetic field. The current path is a closed
circle contour with length 2mp,.

The vector potential A and the current density ¢E only
have components directed tangent to the current contour.
Then equation (12) can be presented in aform

U = 2mpoE(Q) + juw2mppA(Q). (13)

The vector potential A at the point Q of the axisym-
metric electromagnetic field is defined by the expression

AQ) = -;‘—" S e (MEM) ﬁf(k) Sy,  (14)
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Fig. 3. A conductor with an axisymmetric electromagnetic field.

where S, @ and M are the cross-sectiona area of the con-
ductor, an observation point and a point of current inte-
gration, respectively. The function f (k) is

/2

\ 2
Fl =1, -k K®) - EW, (1)

where K(k) and E (k) are the complete elliptic integrals of
the first and second kind with module k defined by the
expression

2 _ 4PQ|°M
(oo + pa)® + g — 2"
Substituting Egs. (14)-(16) into Eq. (13) yields the

Fredholm integral equation of the second kind for the
electric field intensity

(16)

EQ) + jo 22 Sa(M)E(M) OM (k) dSy = —— .
2% d Po 27pg

(17)

This integral equation has a kernel with a weak log-
arithmic singularity. Solving (17), it is possble to deter-
mine the current distribution in the conductor due to the
axisymmetric electromagnetic field. If the current distri-
bution is known, then the different eectromagnetic field
characteristics are easily evaluated by means of the vector
potentia expression (14). For example, the impedance of
the loop having a radius p, cross-section Sand current /
can be cdculated from the dectric field intensity and the
vector potentia using the expression

2
Z = X Jp(E + jwd) dS.

TS (18
S
The inductance can be determined directly from
27 .
L= 3 S pAd ds. (19

s

4) The System of Integral Equations. When an e ectro-
magnetic system is composed of n paralel coaxia con-
ductors and each conductor is fed by a voltage u;, we con-

IEEE TRANSACTIONS ON MAGNETICS, VOL. 31, NO. 4, JULY 19%

strain a system of integral equations

E@ + 3 | sonkon ,}‘z—‘;f(k) ds,
5t
= is=1,...,n

(20)

where X = wpo/27 is the characteristic parameter of the
integral equations.

The function «; is constant over the conductor cross-
section. The conductivity a is an integrand. Obvioudly,
for inhomogeneous conductors, the conductivity may be
afunction of position. Integrating the system of equations
(20) over the conductor section §;, the system of integral
equations for an eectromagnetic system consisting of
conductors with current excitation is as follows:

. " : ’ l
E ' 5 EM i’ﬁ[ k) -
(Q)+Jxl§s: o I( ) oo f() 2‘1‘0,“\/9—Q

f&) ] 1A
: == d8; | dS;, = -——,
io Voo ' 2mpgmy (21)
where a; = (ids,vandi =1,...,n
J 27pg

St

Thus, the electromagnetic field calculation of such
electromagnetic system is reduced to a s&t of Fredholm
integral equations of the second kind while the system is
excited by the constant voltage or the current source.

5) Numerical Aspects: The system of integral equations
(20) is numerically solved. After the discretization of the
conductors and the evaluation of the surface integrals, a
system of linear algebraic equations (SLAE) of high order
is formulated. The SLAE can be expressed in the matrix-
vector form

[CLIET = [F], (22)
where [C], [E], [F] arethe coefficient matrix, the vector
of the unknown éectric field intensity and the vector of
the right side of the SLAE, respectively. After obtaining
theinverse matrix [C]~!, which is an asymmetric-full ma-
trix, the solution vector is given by

[E] = [C]7'[F1. )
A computer program has been developed to redize the
analysis method and to investigate the characteristics of
the thin film transformer.

6) Results and Discussion: The method and computer
program, presented above, are applied to the analysis of
the thin film transformer.

Figs. 4 and 5 show the calculated results of the induc-
tance and the resistance together with those of experi-
ments for the various frequencies. By considering the re-
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Fig. 4. Coil inductance vs. Frequency (two layer film transformer).
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Fig. 5. Cail resistance vs. Frequency (two layer film transformer).

suits in Figs. 4 and 5, it is obvious that the coil's induc-
tance decreases and the resistance increases due to the skin
effect when the exciting frequency is raised up. The
change of the inductance is approximately 7% and the
change for the resistance is 50%. The inductance and the
resistance increase significantly near the 1 MHz. Fig. 6
shows the calculated results concerning the change of the
internal inductance as a function of frequency. Because
of the skin effect, it decreases when the frequency in-
creases and it begins to increase near 1 MHz. The phe-
nomenon occurred near 1 MHz may be due to an edge
effect of the films which, in turn, causes a significant
change of the magnetic field distribution (see Fig. 9(c)).
The results obtained from calculaions coincide well with
experiments. The difference between them is always less
than 3.5% for the inductance and 10% for the resistance.

Fig. 7 shows the cdculated ratio of transformation to-
gether with the experimental one. Clearly, when the fre-
quency is increased, the induced voltage in the secondary
coil smultaneoudy increases. After 50 kHz, the ratio of
transformation exceeds 90%. Again the calculated values
agree well with the measured values.
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Fig. 6. Internal inductance vs. Frequency (two layer f'ilmtransformer).
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Fig. 7. Ratio of transformation vs. Frequency (two layer film trans-
former).
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Fig. 8. Efficiency vs. Frequency Resistive load R2 = 1.4Qand R2 = 21.9Q
(two layer film transformer).
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Fig. 9. Plot of theflux lines. (a) Two layer film transformer with open secondary circuit at 1 kHz frequency. (b) Two layer
film transformer with open secondary circuit at 100 kHz frequency. (c) Two layer filmtransformer with open secondary circuit
at 1 MHz frequency. (d) Four layer film transformer with open secondary circuit at 100 kHz frequency. (€) Two layer film
transformer with short secondary circuit at 100 kHz frequency. (f) Four layer film transformer with short secondary circuit at

100 kHz frequency.

In Fig. 8 are shown the calculated and experimental
results of the efficiency as a function of the frequency us-
ing two values of the pure resistive load R2 = 1.4Q and
R2 = 21.9Q for a two layer film transformer. The effi-
ciency exceeds 80% when the load is relatively bigger
(R2 = 21.99Q). This fact demonstrates the usefulness of
the thin film transformer for constructing of the compact
power supplies. The comparison of the computed results
with those from measurements shows good agreement be-
tween them.

Figures 9(a)—(f) show the plots of the flux lines for two
types of thefilmtransformer at different frequencies under
the secondary open and short circuited conditions. In Fig.
9(a) the applied frequency is 1 kHz, in Figs. 9(b), (d),
(e), () —100k HzandinFig. 9(c) —1 MHz. Figs. 9(a)-
(d) concern the modes with open secondary circuit, and
Figs. 9(e), (f)—those with short secondary circuit. The
results in Figs. 9(a)-(c) and (e) are for the two layer film
transformer. Also, the resultsin Figs. 9(d) and (f) are for
the four layer one. The magnetic field distribution is quite
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different in the modes and the conditions, that are consid-
ered. The difference between the low and high frequen-
cies is that the magnetic field is concentrated nearer to the
coils in the high frequency case, especidly when the
transformer is composed of a large number of layers. The
magnetic field distribution at 1 MHz frequency signifi-
cantly changes because of the edge effect of the film trans-
former.

lll.  CONCLUSION

We have proposed a thin and lightweight high-fre-
quency transformer and its analysis method based on the
integral formulation. This film transformer demonstrates
high efficiency and ratio of transformation. A method of
analysis and computer program have been applied to in-
vestigation of the characterigtics of thin film transformer.
The results of the transformer analysis have correlated
well with experimental results. Thus, it has been shown
that the thin film transformer is significantly convenient
for constructing of compact power supplies and the ap-
plied method for its analysis can be successively used to
" design such electromagnetic system composed of coaxial
paralel conductors with a high-frequency voltage supply.
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