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Capacitive Circuit parameters
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Abstract—This paper presents the calculation of a
time-harmonic eddy-current field in combination with
capacitive circuit devices. The computation has been
performed by a weak coupling of the circuit and the
field equations. An incomplete solution of the system
matrix and a scaling of the matrix by the new reso-
nance frequency have been realized to accelerate the
calculation process. The calculation method has been
applied to the technically important resonance inver-
ters supplying an induction furnace. The results agree
well to measurements.

I. INTRODUCTION

In the field of induction heating, oscillating circuit in-
verters of the serial or parallel type are state of the art. In-
ductive heating devices usually have large air gaps, which
lead to a high demand of reactive power. In order to re-
duce the semiconductor costs, only the active power will
be fed into a resonant circuit consisting of compensation
capacitors and the heating unit. The calculation of such
inverter fed systems with a time-harmonic FE approach
regarding the capacitors as circuit parameters is not im-
mediately possible since the feeding frequency of the in-
verter is not constant but a function of the electroma-
gnetic device’s impedance.

Although the literature concerning the coupling of cir-
cuit and electromagnetic field equations is extensive, only
a few papers examine the combination with lumped ca-
pacitors. Most published methods perform a transient
approach [1-3]. [4] shows the calculation of a magnetic
frequency tripler in which the excitation and the field val-
ues are expressed by harmonic solutions.

Below a different approach will be suggested to solve the
problem iteratively.

11. F1ELD- AND CIRCUIT-CALCULATIONS

The weakly coupled iterative calculation procedure can
be divided into the FE field computation and the calcu-
lation of the resonant circuit.
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A. Field Computation

The Galerkin-transformed eddy-current differential
equation for the time-harmonic case
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and the equation for the total current [ in a conductive
region I’
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define the set of equations for the FE calculation with a
given angular frequency w. R means the DC-resistance of
the region I' and U its voltage. The coupling of (1) and
(2) to a system of linear equations (3) is realized according

to [5].
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For the axisymmetric case
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is the used auxiliary potential. The element matrices are
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B. Circuit Computation

The frequency is a function of the resonant circuit equa-
tions using the capacitors and also the equivalent resis-
tance R and inductance L of the device. These can be
computed from w, and the voltages:
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The resonance condition is defined by the circuit equa-
tions and the inverter’s turn-off time, which is usually
capacitive. The switching angle is

6:qu(wn+17R1L7C) : (9)

I11. ITERATIVE PROCEDURE
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Fig. 1. Iterative procedure

The non-linear problem can be solved iteratively ac-

cording to Fig. 1. Taking a given frequency wy the
time-harmonic field can be computed. One gets the cor-
responding device’s impedance simply by (8). The non-
linear equation (9) can be solved, giving a new frequency
wn+1, which is used to compute another field problem.
This weakly coupled procedure above is iterated until a
given accuracy of the frequency is achieved.
A re-meshing before the next field computation is only
necessary if the penetration depth has changed significant-
ly. Starting with a mesh for the maximum allowed inverter
frequency is the best choice. This iterative procedure can
be performed by any time-harmonic FE-program.

IV. ACCELERATION OF THE CALCULATION
PROCEDURE

Several steps are necessary to reach the correct fre-
quency of the resonant circuit and this can be time-
consuming. With some slight alterations to a given FE
code the iteration has been significantly accelerated.

A. Incomplete Solution of the FE System

Taking into account the topology of the matrix one finds
that the rows, which are responsible for the total current
in each conductor, usually have a lot more non-zero en-
tries than the rest of the matrix. Therefore they show a
more integrative character. Looking onto the convergence
behaviour of the unknown voltages a sufficient accuracy
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Fig. 2. Accelerated iterative procedure

3.0 7
—— CG-residual { 3000
- voltage
>
T 25
< 2500
g
=
o 2.0
2 12000 ~
z 3
L
£ 15 &
= {1500 &
° ©
E | g
3 10 1000
wn
L
i
O
S} 0.5 500
00~ 0
20 40 60 80 100 120 140

iteration steps

Fig. 3. CG-residual and device voltage

is reached with fewer oscillations in a faster time than for
the whole solution vector (Fig. 3). The following calcu-
lation of the new supply-frequency by (9) will reduce the
error even more.

Taking the voltages seems to be a good stopping criterion
for the CG-procedure before the whole system matrix is
correctly solved. The disadvantage is, that the voltage
value at the end of the solution process is unknown du-
ring the computation, that means one could only compute
the correct voltage residual after a successive matrix so-
lution (post-solution voltage-residual).

Good results have been achieved by using the ratio bet-
ween the variance of the calculated voltages of the last k
CG-steps and their mean value U as the stopping criterion
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Fig. 4. Residuals for field solution and for voltage

(Poas, floating voltage-residual) for the CG-iteration.
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Fig. 4 shows the residuals for the solution vector and the
two voltage-residuals which are related closely.
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B. Scaling of the System Matriz

If no re-meshing from one iteration step to the next
is necessary, the topology of the system matrix is un-
changed. Taking a closer look on (3) shows that the sys-
tem matrix starting from the second iteration step only
needs a scaling to the new frequency w1 instead of re-
building the matrix. The scaling concerns the imaginary
part of the A’-submatrix, the main diagonal of the U-
submatrix
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V. APPLICATION TO THE CALCULATION OF AN
InpucTION FURNACE SUPPLIED BY AN
OSCILLATING CIRCUIT INVERTER

Fig. 5 shows a 4000 kg steel induction furnace supplied
by an oscillating circuit inverter of the parallel type. In
Fig. 6 a measured discharging period of this induction
furnace is shown. During a few short periods the melt is
heated to compensate the thermal losses and keep it in

inverter

\

7

Fig. 5. Outline of the FE-model and the resonant circuit

a defined temperature range. Throughout the emptying
process the frequency declines while the inductance is in-
creasing.

Only the discharging periods were observed because they
allow a description of the crucible’s contents by a homo-
geneous material with known material parameters of a
nearly constant temperature. 21 discharging processes
with 214 heating periods were analysed. Fig. 7 shows
the measured values. Different shaded dots mark heating
intervals of different charges. Depending on the condi-
tion of the furnace, where the continuous fluid flow of the
melt erodes the crucible, two sets of axisymmetric calcu-
lations were made for the extreme values of the crucible’s
thickness. Here the cerosion of the crucible for the upper
curve was assumed to be constant over the whole crucible
height. The phase angle of the inverter output impedance
Z; is € =& —20°. The calculations show a good agreement
to the measurements (Fig. 7). The combination of the
two acceleration methods achieves an average speed-up of
about 40 %.

A. Numerical example

As an example for the efficiency of the above mentioned
procedure the field for a melt mass of 1200 kg is computed.
The parameters are

o 7325 first order elements

o starting frequency 300 Hz

[e]

final frequency error 0.5 Hz

o]

CG-stopping-residual pog = 0.00001

o

floating voltage-stopping-residual pgea. = 0.0001
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Fig. 6. Discharging process of the furnace and corresponding fre- Fig. 7. Comparison of calculated and measured frequencies

quency characteristic . . .
in a given FE-code. The results obtained from the ap-

o averaging over k = 10 CG-steps plication of the calculation to an inverter fed induction
furnace agree well to measurements.
Comparing the solution times a speed-up of 39.9 % was
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o incomplete solution of the system matrix using a
floating voltage-residual and the

o scaling of the system matrix by the new frequency
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