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Determination of the basic parameters of the high-frequency
planar transformer

Abstract. The study is dedicated to the experimental and analytical determination of the parameters of the m-shape circuit models of high-frequency
two-winding planar transformers used in various types of power electronic converters. For determining the winding capacitance, magnetizing and
leakage inductances, waveforms of the voltage and current in the primary winding of a no-loaded and short-circuit transformer were used. The
resistances of both windings for alternating current and the resistance corresponding to power losses in magnetic core were determined analytically
based on Dowell’s and Steinmetz’s formulas, while considering the effect of temperature. The subject under consideration was a 5600 VA planar
ferrite-core transformer designed for operating with a rectangular-wave primary voltage of 360 V and a frequency equal 100 kHz.

Streszczenie. Prace poswiecono eksperymentalnemu | analitycznemu wyznaczaniu parametrow modeli obwodowych ksztattu 1
wysokoczestotliwo$ciowych  dwuuzwojeniowych  transformatoréw  planarnych  stosowanych w réznego rodzaju  przeksztattnikach
energoelektronicznych. Do wyznaczania pojemnosci uzwojen, indukcyjno$ci magnesujgcej i indukcyjnosci rozproszenia wykorzystano oscylogramy
napiecia i prgdu uzwojenia pierwotnego transformatora pracujgcego bez obcigzenia i w stanie zwarcia. Rezystancje obu uzwojen dla pradu
przemiennego oraz rezystancje odpowiadajgcg stratom mocy w rdzeniu wyznaczono analitycznie na podstawie wzoréw Dowell’a i Steinmetz’a,
uwzgledniajgc przy tym wplyw temperatury. Przedmiotem rozwazar byt transformator z planarnym rdzeniem ferrytowym o mocy 5600 VA
przeznaczony do pracy przy prostokgtnym napieciu pierwotnym 360 V i czestotliwoéci 100 kHz. (Wyznaczanie podstawowych parametréow
modelu obwodowego wysokoczestotliwosciowego transformatora planarnego).

Keywords: high-frequency planar transformer, transformer circuit model, stray capacitance and leakage inductance, transformer
electrothermal model.

Stowa kluczowe: transformator wysokoczestotliwosciowy, model obwodowy transformatora, pojemnos¢ i indukcyjno$¢ rozproszenia,
model elektrotermiczny transformatora.

Introduction

High-frequency (above 20 kHz) transformers are basic
components of a numerous group of power electronic
converters that include switch mode power supplies and
different types of uni- or a bidirectional DC/DC circuit
coupling systems, which ensure galvanic separation and
voltage matching (e.g. [1], [2], [3]). Planar transformers are
gaining particular importance, which, owing to their high
energy efficiency and, at the same time, simple construction
enable converters of a unit power of up to several kilowatts
and a power density of about 10 kW/dm? to be constructed.
They find increasingly wide application in electric power
engineering, e.g. in systems for bidirectional energy
transmission between energy storages and a smart-grid
type network with renewable energy sources [4], [5]. They
are also used for building intelligent converter transformers
or even direct current high-voltage electric energy
transmission systems (HVDC) [6].

Transformer electric parameters, including those of a
parasitic nature, not only determine the correct operation of
the transformer itself, but also influence the operation
conditions of elements directly connected with the
transformer's windings, as well as the properties of the
whole power electronic unit.

In the case of high-frequency transformers, the effect of
parameters referred to as parasitic, including primarily the
stray capacitance, and in some cases also leakage
inductance, becomes especially noticeable. In transistor
hard-switching converters, the resonance phenomena
caused by those parameters may result in an increase in
power losses in semiconductor switches and the
occurrence of dangerous overvoltages on them.
Transformer parasitic capacitances are the cause of high-
frequency oscillatory deformations of the transformer's
voltages and currents, resulting in added power losses in
the transformer and reducing the energy efficiency of the
whole unit (Fig. 1).

The undesired resonance phenomena increase the level
of electromagnetic disturbances. It is also clear that
parameters, such as the winding resistance and the

resistance corresponding to the transformer core power
losses, significantly contribute to a reduction of converter
efficiency [7].
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Fig. 1. Example waveforms of a high-frequency transformer's
winding voltage u, and current i, with distinct oscillations caused by
parasitic winding parameters (power supply from the low-voltage
side; 20 V/div.; 2 A/div.; 2us/div)

In some instances, transformer dissipation capacitance
and inductance are used as quantities being an integral part
of circuits operating directly with the transformer or other
magnetic element. This applies to, e.g., resonance
converters, in which a semiconductor component soft-
switching technique is employed [7]-[13]. The transformer
leakage inductance, which increases the resultant
inductance of the alternating current circuit of DC/DC
converters with a double active bridge (DAB) topology, is
used for shaping the characteristics of the control of energy
transfer between coupled direct current circuits [5].

Transformer electric parameters depend on many
factors, such as geometric dimensions, the properties of
materials used, the shape and spatial arrangement of the
windings and the performance of their sections and layers.
Hence, both the analytical and simulation determination of
these parameters is complex.
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Relatively accurate values of the parameters of the
transformer circuit model are often obtained by using
numerical methods, such as the finite element method
(FEM). Such numerical modelling is, however, very time-
consuming and requires a good knowledge of the software.
This being especially true for planar transformers (e.g. [2],
[3], [14], [15]). But even advanced software will not always
guarantee the satisfactory accuracy. For instance, study [2]
compared the results of numerical computations (by the
FEM method) with the results of experimental
measurements of the leakage inductance of a ferrite-core
transformer. The theoretical results turned out to be two
times smaller than the experimental results, which
indicates, above all, the imperfection of the theoretical
approach with respect to this particular parameter. Also
measurements using impedance analyzers, due to low
levels of measurement signals, are little accurate [16].
Therefore, measurements with voltages and currents similar
or identical to those occurring during transformer operation,
should be regarded as the most reliable.

The maijority of publications reporting the experimental
studies of high-frequency transformers are devoted
primarily to power losses released in the windings and the
core (e.g. [2], [3], [17] - [19]), corresponding to which in
circuits models are winding resistances for alternating
current and resistances connected in parallel to the
magnetizing inductance. Among publications concerned
with other parameters of the high-frequency transformer
circuit model, studies [20], [21] are worth noting, which
report an experimental method of determining the
transformer parasitic capacitance (stray capacitance), but
for a transformer with cylindrical rather than planar
windings.

This paper presents the experimental determination of
the parasitic capacitance, leakage inductance and
magnetizing inductance, which constitute the basic
parameters of the 5600 VA/100 kHz T-shape planar
transformer circuit model. Analytical relationships are also
provided, which utilize Dowell’'s and Steinmetz’'s formulas,
based on which the remaining transformer model
parameters have been determined, namely the winding
resistances for alternating current and the resistance
corresponding to the planar ferrite-core power losses with
rectangular-wave voltage. It has been assumed that the
stray capacitance is concentrated and occurs on the
primary (high-voltage) side of the transformer. A model of
this type is very useful for the analysis and simulation study
of complete DC/DC or another converters.

An IGBT transistor H-bridge voltage fed inverter was
used in the experimental tests. Section 2 provides
relationships describing the parameters of the high-
frequency transformer model, in which concentrated
parasitic capacitance occurs, among others. Section 3 is
devoted to the description of the construction of a planar
transformer selected to illustrate the proposed method of
determining the circuit model parameters. Section 4 reports
the results of experimental studies and the results of
analytical calculations of the parameters of the model under
consideration. A summary and conclusions are given in
Section 5.

High-Frequency Transformer Models

The double-winding high-frequency transformer circuit
model shown in Fig. 2 includes elements representing the
leakage inductances, L,, and L,, respectively, for the
primary (high-voltage) and the secondary (low-voltage)
winding; the resistances, R ,; and R ,,, of the primary and
secondary windings for alternating current of a specific
frequency; the self-capacitances, C,;,, and C,y, of the

windings; and the mutual capacitance, C,;,, between the
windings. In addition to the above-mentioned components,
the equivalent circuit diagram contains also the resistance
Rr, corresponding to the core power losses, the
magnetizing inductance L,, on which the the induced
voltage N,d¢/dt = L,di;,/dt occurs (where: ¢ — main flux in
the core, i;,, — magnetizing current, N, — number of primary
winding turns), and the ideal transformer T, represented by
the voltage ratio n = Ny/N,.
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Fig. 2. The high-frequency double-winding transformer circuit
model

Figure 3 shows the equivalent circuit diagram resulting
from the transformation of the circuit model from Fig. 2 (e.g.
[31, [7], [21]-[23]). The transformation consists in bringing all
secondary circuit parameters to the primary side of the
transformer, according to the following relationships:
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Fig. 3. The equivalent circuit diagram of a transformer with the
parameters brought to the primary side

The leakage inductances L,; and L’,, of high-frequency
planar transformers are smaller than 1% of the magnetizing
inductance L,. Hence, voltage drops caused by leakage
inductances are negligible enough to allow the three
dissipation capacitances C,;,, C,; and C,, to be substituted
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with one lumped capacitance resulting from the parallel
connection of C,; and C, (Fig.4) [3].
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O

Fig. 4. The equivalent circuit diagram of a transformer with one
lumped parasitic capacitance

Equivalent circuit diagram of an unloaded transformer

Planar transformers are distinguished by relatively high
energy efficiency, exceeding even 99%. So, when analyzing
a transformer operating without loading, the winding
resistances can be omitted [21]. Figure 5 shows a simplified
circuit diagram of a high-frequency transformer, which can
be used for determining the parasitic capacitance and the
magnetizing inductance [7], [21].

r w

Ter,

u, Co = Ra[] L,,,%

Fig. 5. Equivalent circuit diagram of an unloaded transformer

Due to a large value of magnetizing inductance
compared to those of leakage inductances it can be
assumed that the magnetizing current i;,, with rectangular-
wave supply voltage u; has a triangular waveform (Fig. 6).

During the changes of voltage u; polarization, i.e. in the
intervals ¢, — ¢, i t; — t, part of the current i,,, is the result of
the discharging of the parasitic capacitance. In the interval

t; — t, the following relationships apply
9) lce =0 Il ~Ippe

1 t .
(10) Ueco :—Um +C_GJ-II lCo—dt

Assuming that in the interval ¢, — ¢, an overcharging of
the dissipation capacitance by 2U,, occurs, then based on
Eq. (10), the following is obtained

1
11 2U, =—
( ) m CO- Q12

while: Q;, — charge stored in the parasitic capacitance.
The waveform of the actual value of the current i, has,

in approximation, the shape of the triangle, whose surface
area is equal to the charge Q;,. Hence

1
(12) O, =51cm(t2 ~1))

and

On _ 1
2w, 4U,

(13) CU = ]CmAtlz

m

Assuming that the current iz is negligibly small, the
peak value of the current flowing through the dissipation
capacitances I, and the time At¢;, = t,-t; can be determined
based on the current i, that is easy to observe by
oscilloscope.
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Fig. 6. Simplified waveforms of the actual values of primary winding
voltage and current (a) and the current flowing through the parasitic
capacitance of the transformer (b)

The equivalent circuit diagram in Fig. 5 can also be used
for determining the magnetizing inductance. Based on this
rectangular waveform of the voltage u; with the period 7 and
the triangular waveform of the current i;,, , the following is
obtained

T
(14) Lm :mUm

where I, is the peak value of the current i;,, (Fig. 6).

In the case, where the catalogue core parameter 4,
which denotes the inductance of a single turn, is known, the
value of the inductance L, can be verified using the
relationship:
(15) L, =A; N}

The experimental determination of the resistance Rg,
with the supply with rectangular-wave voltage is very
difficult (e.g. [3], [17], [18]). In that case, it is recommended
to use modified Steinmetz’'s formula, which enables the
calculation of the power losses dissipated in the core. This
formula, with rectangular-wave supply voltage, has the
following form [18]

8
(16) PFe=_2kfaBn€(C0_clTT+CZTT2)VFe
s

while: f — inductance variation frequency [Hz], B, —
inductance waveform peak value [T], T; — core temperature
[°C], V. — core volume [cms].

To use formula (16), the coefficients of Steinmetz’s
equation (k, o, f) and the coefficients of the polynomial
allowing for the temperature effect (¢, ¢;, ¢;) must be
known. These coefficients are provided by core
manufacturers.
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The maximum value of induction, which with
rectangular-wave of the voltage has a triangular waveform,
can be determined from the relationship:

T 1
m= Um

4 NSk,

(17)

where: S, — surface area of the core cross-section.

With the known power losses P, , the resistance
reflecting these power losses can be determined from the
relationship:

U?

(18) Rp, =—2

‘ PFe

In practice, the voltage U, often changes. This is the

case, e.g., in DAB systems coupling two direct voltage
circuits, which usually exhibit large fluctuations [5].

The equivalent circuit diagram of a transformed in a short-
circuit state
The resultant leakage inductance of the transformer

L

(19) L, =L61+nL22

can be determined by performing a short-circuit test. The
equivalent circuit diagram of a transformer in a short-circuit
state is shown in Fig. 7

i, Ry Lz Re

u, R,,[] L,,,%

at
.

o

Fig. 7. The equivalent circuit diagram of a transformed in a short-
circuit state

On account of the small short-circuit voltage values,
amounting to merely a few percent of the rated voltage, the
parameters Rr,, L,, and C, can be omitted in the equivalent
circuit diagram of the transformer.

The circuit modelling the transformer in the short-circuit
state is inductive in character, which means that with
rectangular-wave supply voltage the winding current
waveforms have an approximately triangular shape.

The resultant leakage inductance can be determined
from the formula:

T
20 L,~—U,
(20) o 4[

where: I,, is the peak value of the transformer's primary side
current.

If in simulation studies, which use the transformer circuit
model, there is the need for separating the resultant
leakage inductance into the inductances L,; and L., it is
usually assumed that L,= L', = L,/2.

Determining the alternating current winding resistances
R,; and R, based on experimental measurements is
complex and involves the determination of the power

losses, whereas, the most accurate results are obtained via
time-consuming thermal measurements (e.g. [18]).

Finding approximate winding resistance values is
possible using Dowell’s formulas [2], [3], [24]. With high
voltage and current frequencies, as a result of the skin
effect and the proximity effect, an increase in winding
resistances  will occur. In high-frequency planar
transformers, the reduction of these phenomena is
achieved primarily by using windings made from thin-gauge
sheet metal, printed boards or litz wires, and by dividing the
windings into sections and alternately positioning the
primary and secondary windings.

The resistance of the j-th winding section composed of
ms layers can be expressed by formula [3], [24]

sinh(2y)+sin(2y)
cosh(Zy) COS( )
R =R, . =
@1y w0 THO0) _(m )M
cosh(y)+ COS(J/)
= Kr(hRas)

where: R,; — resistance of the j-th direct current winding
section; Kp; — resistance increase coefficient of the j-th
section with the flow of sinusoidal alternating current with
the frequency f = 1/T; m; — number of layers in the j-th
winding section; y — layer thickness relative to the skin
depth, which, for copper winding at a frequency of 100 kHz
and temperature of 20 °C is 0.227 mm.

When determining the resistances R, and R,, for
alternating current, it is necessary to define the resistance
increase coefficients K for individual sections, calculate
the resistances of turns belonging to those sections,
R,;=KrpRap, and calculate the resultant winding
resistances, while considering the series and parallel
connections of the sections.

Experimental Study of The Planar Transformer

Tests aimed at determining the transformer circuit model
were carried out on a commercially available 5600 VA/100
kHz double-winding planar transformer with an ER
64/135/51 type ferrite core. The basic design specification
of the transformer are given in Table 1.

Table 1. Specification of the transformer

Parameters Values
Power 5600 VA
Operating frequency 100 kHz
Primary voltage (rectangular) 360 V
Turns ratio (N./N;) 11/2

Thickness of PCB (primary windings) | 0.05 mm (two parallel)

Thickness of cooper foil (secondary 0.5 mm (two parallel)

windings)

Core type ER 64/13/51
Core material Ferrite 3F3
Core cross-section 566 mm2
Core volume 52.6 cm3

Figure 8 shows the transformer window cross-section
with the windings and the winding connection arrangement.
To reduce the proximity effect, the primary windings ~N; and
the secondary windings N, have been divided into sections
and positioned alternately (e.g. [3], [15], [23]).

Both windings are characterized by a large value of the
ratio of conductor cross-section perimeter to conductor
thickness, which is the necessary condition for the reduction
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of eddy currents in the windings and the resulting increase
in winding resistances at high current frequencies.

The primary windings are made from two multi-layered
printed boards making up the sections s, and s,. They are
connected in parallel, with each of them having 11 turns.
When calculating the resistance R,; of this winding, the
number of layers m,, = my = 5.5 should be assumed for
each section.

The low-voltage winding is made from two copper
sheets connected in parallel. This winding has two sections,
s; and ss, each of them being composed of two layers (m,; =
mg = 2), and one section, s;, consisting of four layers,
whereas, for the calculation of the resistance R,, the
number of layers m,;= 3 should be taken.

o Frvv

@) ®) 1

Fig. 8. The transformed winding: a) window cross-section; b)
winding connection arrangement

Circuit Model Parameters

Methodology

The parasitic (stray) capacitance C,, the magnetizing
inductance L, and the leakage inductance L, of the
transformer were calculated by an experimental method
involving the observation of primary winding voltage and
current waveforms. The transformer was powered from a
bridge voltage inverter consisting of four STW55NM60N
type MOSFET silicon transistors (650V, roy = 47mQ). The
control pulses had a pulse-width modulation of 0.5, so that
the inverter output voltage had a rectangular waveform with
a frequency of /= 100 kHz. The value of this voltage was
controlled by changing the dc voltage at the inverter's input
terminals. The dc voltage, depending on the type of the
conducted tests and measured parameter, was varied in the
range from 0 to 365 V. The observation of the waveforms
was done using a DPO4034B type Tektronix oscilloscope
with a voltage and current probe featuring a CWT Ultra Mini
Rogowski coil manufactured by PEMUK.

The resistance Ry, representing the core power losses
and the winding resistance R, i R,, were determined
analytically from formulas (16) and (21) resulting from
Steinmetz's and Dowell's models.

Parasitic capacitance and magnetizing inductance

The parasitic capacitance was determined based on the
primary winding current i, of the unloaded transformer (Fig.
9), read out from the primary winding voltage and current
waveforms.

Oscilloscope measurements were taken at different
inverter supply voltages E, varied in the range from 100 V to

365 V. In view of the large values of the voltages relative to
the slight drops at the inverter's semiconductor switches,
the positive and negative levels of winding voltage u; can be
regarded as constant, despite the fact that, in each of the
semiconductor switches, the anti — parallel diode and then
the transistor conducts in a aiven half-period.

I
e M "
'I 'IE} | T

Fig. 9. A schematic diagram of the system for testing the unloaded
transformer

Figure 10 shows an example of a primary winding
voltage and current waveforms. After approximating the
waveform of this current and determining the theoretical,
unmeasurable capacitor current waveform according to Fig.
6b, the concentrated parasitic capacitance C, was
calculated. This capacitance, for each recorded oscillogram,
was calculated using formula (13). The measurement and
calculation results for several voltages u; are summarized in
Table 2, while giving also the average value of capacitance
Coap)-
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Fig. 10. The primary winding voltage u;, and current i, waveforms
for the unloaded transformer (100 V/div; 500 mA/div; 1us/div)

Table 2. Measurements and calculations of the parasitic
capacitance

U Iewm At C, Couny
\ mA | ys nF nF
120 | 80 0.82 | 0.137
200 | 140 | 0.68 | 0.120
284 | 220 | 0.66 | 0.130 0.124
363 | 250 | 0.64 | 0.110
u, .
i d
u, +b‘rm N[
TN e====s=====y=q \ Im
' ‘i
0 ; ‘ v
‘r | :n‘ f
] | 1
_______ I} ] e
T/4 U,
‘ TR

Fig. 11. Simplified waveforms of the primary winding voltage and
current of the unloaded transformer
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Table 3. Measurements and calculations of the magnetizing
inductance

U Lim Ly |

\% A uH uH

120 0.42 720

200 0.625 800

280 1.70 814 770

360 1.20 753

The waveforms of the current i; and the voltage u; at the
unloaded transformer were used also for determining the
magnetizing inductance L, of the transformer. The
measurement and calculation results are given in Table 3.
The calculations were made after simplifying the waveform
of the current i; according to Fig. 11, using relationship (14)
for 7/2 = 5 ps.

Leakage inductance

The resultant leakage inductance L, = L,; + L',, was de-
termined from the analysis of the waveforms of the current
i; and the voltage u; of the primary winding with the short-
circuited secondary winding of the transformer (Fig. 12).
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Fig. 12. A schematic diagram of the system for testing the short
circuit transformer
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Fig. 13. Waveforms of the primary winding voltage and current of
the short-circuited transformer (a) and the simplified waveforms of
these quantities (b); 20 V/div; 5 A/div; 2us/div

In this case, the measurements were taken at small
values of the voltage E and at a current close to the rated
current (I;zs = 10 A). Figure 13 shows example waveforms
of the current i; and the voltage u; along with the

approximated simplified waveforms of those quantities
plotted on their basis.

Due to the large short-circuit current values and the
large values of backward diode voltage drops Au, and
transistor voltage drops Auj, the waveform of the voltage u;
exhibits distinct changes in levels, depending on whether
the anti — parallel diodes or the transistors of the inverter's
semiconductor switches conduct. Because of the inductive
behaviour of the short-circuited transformer, in each voltage
half-period, the anti - parallel diodes conduct first. Based on
the simplified waveforms, for each recorded oscillogram,
the voltage U,,, the peak current value [;,, and times At were
determined, and then, using relationship (20), also the
leakage inductance L, was determined. It was assumed, at
the same time, the the time constant L,/R, is many times
greater than the voltage and the winding current period. The
calculations considered the diode and transistor voltage
drops, so the quantity U, occurring in formula (20) was
equal to E + Aup i E - Auy. The obtained measurement and
calculation results, including the average value of L, ), are
given in Table 4.

Table 4. Measurements and calculations of the leakage inductance

Uy Iin At L, Ly
\% A us uH uH
3.50 7.82 3.0 1.33

5.20 7.80 2.0 1.33

7.35 12.80 3.0 1.57 1.41
10.0 15.0 2.0 1.33

10.0 20.3 3.10 1.50

15.0 20.5 1.92 1.40

Winding resistances

In the case of the high-voltage winding for /= 100 kHz,
the characteristic values necessary for the calculation of the
resistance increase coefficient and the resistance R,;, at a
temperature of 20 °C, are equal to: y = 0.227 mm, my, = mg,
= 5.5 and R;; = 15 mQ. For the calculation of the secondary
winding resistance R,,, it should be assumed that y = 2,27,
mg; = mg = mg =2 and Ry, = 0.20 mQ (Table 1). As a result
of the calculations made based formula (21) or using
nomograms provided in the literature (e.g. [3]), the following
values were obtained: R,; = 15.12 mQ and R,, = 1.4 mQ.

Formula (21) is valid only for sinusoidal currents. In the
deformed  current  waveforms of  high-frequency
transformers operating in power electronic equipment, in
addition to the basic harmonic, higher harmonics of odd
orders also occur. When conducting tests using the
transformer circuit model, for the current harmonic
components, the winding resistances for the frequencies
300 kHz, 500 kHz,... must be taken into account. This is
especially important when determining the winding power
losses. Due to the variations in skin-effect depth, with the
increase in the frequency of the current harmonic
components, the resistance increase coefficients takes on
greater values (Fig. 14).

The graphs in Fig. 14 were plotted assuming the
winding temperature at 20 °C. When performing
electrothermal modelling of a transformer, thermal
variations in the electric conduction of copper, which cause
changes in the direct current winding resistances Rys and
Ra2, and the variations in skin-effect depth, must be taken
into account. These variations partially compensate for one
another, which is clearly visible for the secondary winding,
whose resistance at the frequency of 100 kHz decreases
with increasing temperature. The relative winding
resistances r,; and r,, , being the ratio of the winding
resistances R,;r) and R, of the transformer at T; to the
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winding resistances R,; and R,, at 20 °C, as a function of
temperature, are illustrated in Fig. 15.
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Fig. 14. Variations in the winding resistance increase coefficients of
the transformer under consideration as a function of frequency
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Fig.15. Relative variations in primary winding resistance r,;r) and
secondary winding resistance r,; caused by temperature
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Fig. 16. Dependence of the resistance corresponding to the core
power losses on the core temperature and the primary winding
voltage

Resistance corresponding to core power losses

For the 3F3 ferrite core, Steinmetz's coefficients and the
coefficients of the multinomial allowing for the temperature
effect are: £k = 0.25 ; a = 1.60; p = 2.50; ¢y = 1.26; ¢; =
1,05x10%K™; ¢, = 0.79x10* K™,

It follows from relationships (16) — (18) that

U

(22) Ry,

e

- KT(CO - T +02TT2)

where the constant K is expressed by the formula

23) Ky =S ke (4n,s,. )"
T

Figure 16 shows graphs illustrating the dependence of
the resistance R, on the core temperature T; and the
primary winding voltage U,. The polynomial with the
coefficients ¢y, ¢; i ¢, assumes a value equal to unity for a
core temperature of approx. 30 °C and 100 °C. The
minimum of this polynomial occurs at a temperature of
approx. 70 °C.

Conclusions

The circuit models of transformers are very useful both
in simulation and in the design of a wide range of power
electronic converters, which contain high-frequency
transformers in their main circuitry. The  parameters  of
these models depend on the materials used for the
construction of the core and the windings, their shape and
geometrical dimensions, the relative positioning of the
primary and secondary winding sections, as well as on
other factors, including temperature. This makes their
analytical description very difficult, and in many cases even
impossible. Numerical modelling, though enabling the most
accurate results to be obtained, is little useful in practice
due to its time-consuming and complex nature.

The most reliable method of determining the transformer
model parameters involves experimental measurements
taken in conditions corresponding to the conditions
prevailing during the transformer's operation in the system,
in which it will be operated. This paper has presented a
simple method for the experimental determination of the
stray capacitance and leakage and magnetizing inductance
on the basis of tests performed on a transformer operating
without load and in a short - circuit state. A commercially
available 5600 VA/ 100 kHz planar transformer was
subjected to testing. The results of numerous experimental
tests carried out at different supply voltages and different
winding currents have shown satisfactory repeatability,
which proves the correctness of the adopted testing
methodology. To obtain the complete transformer circuit
model, the remaining parameters, i.e. the winding
resistances for alternating current and the resistance
corresponding to the core power losses, have been
calculated from Dowell's and Steinmetz's formulas.
Considering the effect of temperature on the values of the
resistance parameters of the developed model creates the
possibility of using it in electrothermal modelling of the
converter.
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