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Abstract: In the paper, the mathematical model of coupled electromagnetic and thermal
phenomena in the pulse transformer taking into account the magnetic hysteresis is
presented. For the mapping of magnetic hysteresis, Jiles-Atherton model is applied. In
order to solve field equations, the finite element method (FEM), “step-by-step” proce-
dure and Newton-Raphson algorithm are used. Software elaborated on this basis is used
for analysis of hysteresis loss in the core. Selected results of investigations are shown.
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1. Introduction

To analyze the operating conditions of a pulse transformer thoroughly, a mathematical
model taking into account all phenomena which are essential to describe its behavior is
needed. Among other things, an accurate representation of the phenomenon of magnetic
hysteresis as well as the calculation of power losses in the core connected therewith present
many problems. Usually the phenomenon of magnetic hysteresis is omitted during the field
analysis of electromagnetic converters, and the magnetic properties of a ferromagnetic
material are described by means of a unique magnetization curve. Such a simplification can
not be applied when the hysteresis loss in the core is determined. The influence of the
temperature of sub-assemblies of the converter on the course of transient phenomena is rarely
taken into consideration [1].

In the paper, a field model taking into account the influence of magnetic hysteresis and
temperature on the course of transient electromagnetic phenomena has been proposed to
analyze a pulse transformer operating at high frequency. The Jiles-Atherton model has been
applied to represent the hysteresis. The equations describing the electromagnetic and thermal
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fields were solved together using FEM. The elaborated algorithm and software for the analysis
of the coupled phenomena in a pulse transformer was used to determine hysteresis loss.

2. Jiles-Atherton hysteresis model

In the Jiles-Atherton model [2, 10], it is assumed that the magnetization M of a material is
caused by the factors representing reversible processes M,., and irreversible processes M,
occurring during the magnetization of the core

M :Mrev +Mirr (1)
in the above equation, the irreversible processes occurring in the course of magnetization are
described by a differential equation

dMirr _ Man _Mirr

- > (2)
dH ké‘_a(Man _Mirr)
where §=sgndH/dt, M,, is a non-hysteresis magnetization curve
Man :Msat COthH+aM - ? . (3)
a H+aM

In the above relations, k£ and a are the factors depending on material parameters, a is the
shape factor, and the saturation magnetization is denoted by M.

In the model, it is assumed that the reversible processes inside a material are described by
the equation

M, = C(Man M, ), 4

where c is the factor depending on the type of material.
By substituting (4) into (1) and then differentiating the achieved expression it is obtained
as follows

d_M _ (l_c)(Man_Mil‘V)+CdMan
dH  kS—a(Ma —My,) dH

®)

When modeling the voltage-excited magnetic field, it is necessary to calculate the mag-
netic field strength intensity on the basis of magnetic flux density. In FEM algorithm magnetic
flux density is determined using vector magnetic potential. Then, instead of the derivative of
M with respect to the field intensity (5), its derivative with respect to the magnetic induction is
determined by the following expression:

(1-¢)
d_M_ dB, o dH, ©)
dB : ’
1+(1_a)[ﬂ0(1_c)dM'" ; cha"]

dB, dH,

dM ., c dM,,
+ -
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where p is air permeability, effective induction B, = yy H, and induction B =B, - ygyaM +
+ uM.
In order to solve equations (5) and (6), i.e., to determine the magnetization M, numerical

methods of solving differential equations, for example the difference methods or the Runge-
Kutta method can be used.

3. Hysteresis loss determination algorithm

On account of the coupling of electromagnetic and heat effects in a pulse transformer it is
to analyze these effects jointly [6]. In the paper, an axial symmetry transformer was analyzed.
The cylindrical coordinate system r, z, § (Fig. 1) was used to describe the coupled. The
equation of electromagnetic field written in this system has the form [5]

O(Lop) 0( L0\ [, ,, 24| ™
or\ ul or oz\ ul 0z ! dt
here [ =27xr, p=27rAg, where Ag is the auxiliary magnetic potential, J = J(r, z) is the current

density in the f— direction and Jy, = Jy/(r, z) is the current density of the magnetization M, y is
the conductivity.

1 z

—
=
3]

Fig. 1. Pulse transformer 1 — ferrite core,
2 — primary winding, 3 — secondary winding

|

The equation (7) should be solved simultaneously with the equations of electric circuits
t
u:Ri+i\1’+ini+Ezjidt, )
dt dt 0

where u is the vector of supply voltages, i is the vector of loop currents, R is the matrix of
loop resistances, L is the matrix of inductances, ¥ is the flux linkage vector calculated on the
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basis of field distribution, L., E, are the inductance and elastance matrixes of the supply
system, respectively.
The heat effects are described by means of the equation [1, 11]

10 09 0 09 09
——\kr— |+ —|k.— | = — - p, 9
r@r( : r) 82( 82) CWgﬁt P ©)

where p is density of power losses, ¢ is the temperature, k,, &, are heat conductivities, g is the
material density, ¢ is the specific heat.

The solution of the equation (9) is uniquely determined by the boundary conditions of
second and third kind on the external surfaces of windings and core [8]. It was assumed that
the heat flux g penetrating through the external surface is proportional to the temperature
difference between this surface and the environment, i.e., g=k (08 /On)=c,(3o— 9),
where c, is the equivalent coefficient of giving up the heat.

The density of power losses p in the equation (9) is determined on the basis of the time and
spatial distribution of the current density j from the relation

2
p= (10)
e

The equations (7), (8), (9) are coupled by the conductivity y ($) and permeability u (B,
4 ) of materials as well as the density of power losses p. For this reason they should be solved
simultaneously. To solve these equations, the method of finite elements and the method ,,step-
by-step” were used [7, 3]. As a result of the discretization of space and time a system of

nonlinear algebraic equations is obtained from the field equation

M, -N [(p,,} _ A "'G1-K)¢, 1 +6, (N
—NT —AtZ || i, —Atu, +\TI,,,1 ’
Gon 9 +(A1)"AL G =Y +(A1) AL S, (12)

where:
M, =S,+(A1)"'G1-K), Z=R+ArE.+(A1)"'L.,
Vo1 =-NTp, 1 (A1) Loi, +Atug,,

n denotes the number of time-step, A¢ is the time-step length, ¢ is the vector of nodal poten-
tials, N is the matrix that transforms the potentials ¢ into the flux linkages with the windings,
G is the matrix of conductances of elementary rings formed by mesh, S is the stiffness matrix,
K is the matrix consisting of diagonally placed sub-matrixes whose elements equal the ratio of
the cross-section area of the fibre assigned to a given node to the cross-section area of the wire
in this node, u,, _ is the vector of the voltage on the capacitances at the n — 1 time step G, is
the matrix of heat conductivity, Ay is the matrix of heat capacities, Y is the vector of the nodal
heat, 6, is the vector with elements dependent on the magnetization M.
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In order to formulate equation (6) of the discrete model of electromagnetic phenomena it
has been assumed that the magnetic properties of a ferromagnetic material are described by
the equation H = B/puo— M, whereas the magnetization M is determined on the basis of
magnetic induction from the inverse Jiles-Atherton model [4, 9]. In order to solve the system
of non-linear coupled equations (11) and (12), the block relaxation method and the Newton-
Raphson algorithm were used.

The hysteresis power loss in the core is determined by the following expression

Ir
APy=f " wiil, (13)
i=1

where /r is the number of the finite elements digitizing the core, f is the frequency, V; is the
volume of the i-th element in which the density of energy being lost during one magnetization
cycle

tn

Wi :ZH“THM(B” —B”“), (14)

n=1
where B", B" "', H", H" " are the magnetic flux density and intensity, respectively, in the i-th
element obtained for the n-th and (n— 1)-th time step, and #n is the number of time steps
within one magnetization period of the core.

4. Calculation results

On the basis of the presented algorithm of solving the equations of the discrete model, the
software to simulate and visualize transient electromagnetic and heat phenomena in a pulse
transformer, taking into account magnetic hysteresis, has been elaborated. This software was
used to analyze hysteresis loss. A considered pulse transformer ETD 44 type is shown in Fig. 2.

primary
winding

Fig. 2. Pulse transformer



www.czasopisma.pan.pl P N www.journals.pan.pl

N

192 W. Lyskawinski, P. Sujka, W. Szelag, M. Baranski Arch. Elect. Eng.

The core was made from ferrite F867. In order to take into account the influence of the
temperature on magnetic properties of ferrite F867, the hysteresis loops family was determi-
ned. The selected results of measurements are shown in Fig. 3. The parameters required in the
Jiles-Atherton model for a few temperatures were determined on the basis of the measured
hysteresis loops. The parameters of the Jiles-Atherton model for these temperatures were
estimated by minimizing the error described by equation

1 N
& :W z (Bjsim _Bjmeas)za (15)

J=1

where N is the number of measuring points, Bjmeas and B;n are respectively measured and cal-
culated magnetic flux densities.

In Figure 3, the loops of the hysteresis obtained from the Jiles-Atherton model are also
shown. A considerable agreement between results of measurements and calculations was
obtained. For the purpose of determining magnetic properties of the core for any temperature,
a linear approximation was used.

a) 0-4 - —— b) 05
B [T _aefre"] ‘ BIT | \eveofo—wes
o3l &° T 0.4 s
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Fig. 3. Measured and modelled hysteresis loops for (a) 30°C and (b) 90°C

A work of the transformer has been analyzed at different shapes of the course and the fre-
quency of supply voltage. During the simulations, the ratio of voltage amplitude to frequency
was constant. The initial instant of connecting supply voltage was selected so that the steady
state could be obtained as soon as possible. Therefore the duration of calculations has been
shortened considerably. Exemplary hysteresis loops obtained as a result of the calculations are
shown in Fig. 4. They present the relationships B(H) determined at the point P of the middle
column of the core (Fig. 2) at the nominal load of the transformer supplied with pulse and
sinusoidal voltage with a frequency of 100 kHz as well as pulse voltage with a frequency of
200 kHz.

It was assumed that the transformer was supplied with rectangular voltage pulses of nega-
tive and positive polarization. In order to obtain the constant value of rectified voltage at the
system output was achieved by modulating the pulse width in the range of 5 to 45%.

The influence of frequency on hysteresis losses at pulse and sinusoidal supply was exa-
mined. The selected results are shown in Fig. 5.
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Fig. 4. Hysteresis loops determined for: a) sinusoidal supply voltage (=100 kHz, $ = 56.8°C),
b) impulse supply voltage (= 100 kHz, $=60.5°C), c) impulse supply voltage (f= 200 kHz,
$=53.1°C.)
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It follows from them that in the examined range of pulse supply, the losses increase
slightly with an increase in frequency at the beginning, and then they decrease quickly. The
hysteresis losses have a maximal value when the pulse-duty factor is equal to 45%. From the
performed analysis, it results that the pulse-duty factor &; needed to obtain the set voltage
value at the transformer output decreases with an increase in frequency (Fig. 6). For this
reason, the current in the windings, and so also the magnetic field intensity in the core,
increases to a more and more little value with an increase in frequency. The effect was that the
hysteresis loop and also hysteresis losses decrease with an increase in frequency and the
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decreasing pulse-duty factor. But for a frequency less than 65 kHz, after the pulse-duty factor
has achieved the boundary value of 45% (Fig. 6), the losses in the core decrease because of the
frequency decreases with a slight increase of the surface area of hysteresis loop.

55

40_\

Fig. 6. PWM factor frequency characteristics
25 AN

flkHz]

50 100 150 200

5. Conclusions

In the paper, the field model of a pulse transformer taking into account the influence of

magnetic hysteresis on the course of coupled electromagnetic and heat phenomena have been
presented. The Jiles-Atherton model was used to represent hysteresis. The elaborated algo-
rithm and software for the analysis of coupled electromagnetic and heat phenomena, taking
into account magnetic hysteresis, were used among other things, to examine the influence of
the course shape and frequency of supply voltage on the hysteresis losses of a transformer. In
the authors’ opinion, the elaborated software can be useful for designing pulse transformers
and the analysis of hysteresis power losses.
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