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Abstract — The parasitic capacitances of transformers significantly influence the
resulting pulse shape of a power modulator system. In order to predict the pulse
shape and optimize the geometry of the pulse transformer before building the trans-
former an equivalent circuit and analytic expressions relating the geometry with the
parasitic elements are needed. Therefore, a model consisting of 6 equivalent capaci-
tors and a simplified circuit as well as the belonging equations are presented. The
equations are verified by measurement results for a pulse transformer and a solid
state modulator designed for linear accelerators.
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l. INTRODUCTION

High voltage and high power pulses are used in a wide variety of
applications, for example in accelerators, radar, medical radiation
production or ionization systems. In many of these applications the
requirements on the generated pulses regarding for example rise/fall
time, overshoot, pulse flatness and pulse energy are high. The pulses
for these applications are usually generated with pulse modulators,
which often use a pulse transformer for generating high output volt-
ages. There, the parasitic elements of the transformer significantly
influence the achievable shape of the pulse.

For predicting the pulse shape of the modulator system, for de-
signing pulse forming networks and for optimizing the geometry of
the pulse transformer before building the transformer an appropriate
equivalent circuit of the transformer is needed. This equivalent circuit
must on the one hand predict the transfer function of the transformer
and on the other hand the parameters of the circuit should be analyti-
cally calculable with the geometric and electric parameters of the
transformer. Therefore, an equivalent model of the pulse transformer
and the analytic equations for calculating the parameters are presented
in this paper.

In [1, 2] a simple L-L-C model of the transformer is used to pre-
dict the resulting pulse shape. The value of the capacitance in this
model is calculated by applying the equation for parallel-plate capaci-
tor [1] and for non parallel-plate capacitor [2] on the primary / secon-
dary winding interface what results in

& huggPugg (N =1Y'| & _ € hagghug [ N2+ N +1
R L
In both, only the distributed electric energy in the volume between the
primary and the secondary winding is considered, what results in a
relatively poor accuracy. This could be seen in figure 1 where a
measured and two calculated pulse responses of a transformer are
shown. The input voltage of the calculation models was the measured
output voltage of the solid state switch.

In contrast to the prediction of the simple models the result of the
extended model matches the measurement results much better. In this
model all the regions which are relevant with respect to the distributed
energy are considered.

Thus, in section Il of the paper first the energies which are stored
in the different relevant regions are calculated by analytic approxima-
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Figure 1. Comparison of measurement and the two different calculations

Figure 2. Solid state modulator (1kV/4kA) / transformer for measurement.

tions. In the next step the calculated energies are compared with the
energies stored in the equivalent circuit in section Ill. By this com-
parison the parameters of the equivalent circuit of the pulse trans-
former are determined. The suggested model comprises six capacitors
and could be used in any connection of the transformer. If both wind-
ings are grounded the model could be simplified to an equivalent cir-
cuit with just one capacitor. With the considerations of section Il an
equation is derived which allows the calculation of the equivalent
capacitance by means of the transformer geometry. Based on this
equation a good prediction of the pulse shape is possible as shown in
figure 1.

Another possibility to obtain the parameter of the suggested
equivalent circuit is to use 2D FEM-simulations. For this reason the
setup of the simulations is explained in section IV. The described
setups also could be used to parameterise the model by impedance
measurements.

In section V the proposed equations are validated by comparing
the calculated and the measured pulse shape for different operation
and load conditions for a solid state pulse modulator. Finally, a con-
clusion is presented in section V1.

Il.  CALCULATION OF PARASITIC CAPACITANCES

For determining the equivalent capacitances of the pulse transformer’s
equivalent circuit the distributed energies in all regions must be calcu-
lated. In order to be able to calculate the stored energies the 3 dimen-
sional distribution of the electric field strength must be known. The
field distribution, however, generally only could be calculated with
time consuming numeric FEM-simulations.

Since in most regions the run of the electric flux lines approxi-
mately lies within a plane which is parallel to the winding axis, the per
unit energies for these
planes are considered in
the following. In figure 3 a
2D cut of the transformer R6 R6
with surrounding tank is R3 —\\\ R3

given. There, six different
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Figure 3. Regions for the distributed ca-
pacitance of the pulse transformer.



multiplied by the lengths
shown in figure 4.

The areas/volumes
which are not covered by
a region are neglected in
the following, since the
energy  density and
therewith the share in the
total equivalent
capacitance is relatively
small.

The presented cal-
culations are performed for a pulse transformer with non parallel-plate
windings. However, the presented procedure can analogically applied
to other winding arrangements, e.g. transformer with parallel wind-
ings. Furthermore, it is assumed that the core and also the tank is
grounded what is usually true in practice.

In the following paragraphs the stored energies for the six regions
are calculated separately. There, the presented equations always repre-
sent the part of the energy which is stored in the winding of one leg,
that means that for example the energies must be multiplied by two for
the setup shown in figure 3.

Figure 4. Definition of the lengths for the
distributed capacitances.

A.  Energy between the windings — R1

In region R; the area between the primary and the secondary winding
is summarised. This is the only area which is considered for determin-
ing the equivalent circuit of the pulse transformer in the approach
presented in [1, 2] — cf. equation (1).
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With the assumed voltage
distribution the voltage difference between the two plates and the
distance between the two plates could be written as

Figure 5. Calculation of the energy Wg;
by means of the parallel plate capacitor
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There, d; is the distance at the lower end and d, at the upper end.

In order to simplify the calculations further, the electric flux lines
between the primary and the secondary winding in region R; are ap-
proximated by straight lines which are orthogonal to the primary
winding. In this case the energy stored in the differential element dx
could be calculated by
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Integrating this expression along the primary winding yields the total
per unit energy Wy, which is stored in the plane (R;) between the two

plates. Multiplying the per unit energy by the length Ig; (cf. fig. 4)
yields the energy Wg; stored in region R;.
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In general, this energy depends on the voltage difference between the
two plates and also on the offset voltage of the secondary winding.

So far it has been assumed that the materials between the two
plates have the same permittivity &= £0i=¢. Usually, the space be-
tween the two windings is filled with oil and the coil former of the
secondary winding. If these two materials have a different permittivity
an equivalent value for the permittivity could be calculated by
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This equivalent permittivity is a function of x since the path length of
the field line in the oil varies with x. Substituting the permittivity in
equation (3) by this expression and calculating the energy results in
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Again, the voltage V3 could be set to zero if the secondary windings is
also grounded and the voltage V, could be substituted by V, = V, - V.

(6)

B.  Winding window: above secondary — R2

Region R, consists of the area above the secondary winding within the
winding window. The border of this region has a complex shape
which is determined by the core, the primary winding and the E-field
shaping ring. In order to be able to calculate the distributed capaci-
tance of this region analytically the geometry is simplified as shown
on figure 6. First, it is assumed that the primary winding consists of a
metal plate which is grounded, i.e. V is neglected since V, = N-V; >>
V. Furthermore, this plate is extended so that the upper end touches
the core. Second, the secondary winding is neglected and the E-field
shaping ring is replaced by a circle. This simplifications result in a
coaxial structure which energy is approximately (+10%) the same as
the one of the original structure as could be proven by FEM-simula-
tions.
The energy stored in the coaxial structure in figure 7(a) could be cal-
culated with the equation for the cylindrical capacitor, what results in
the per unit equation
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There, only one half of the energy is calculated since the equations
represent the part of the energy which is stored in the winding of one
leg. i.e. half the region R,.

The factor k is empirically determined by FEM-simulations so
that the resulting difference between the energy of the original struc-
ture and the equivalent one is minimal. In [3] a similar transformation
is described but the factor k is set equal to 1.16. For the considered
setup, this choice resulted in a larger error for the equivalent energy
than k=1.08.

In order to obtain the energy W, the per unit energy W'g, must be
multiplied by I,.

s 1 mey (V, +V,) with k=1.08. (7)

C.  Above secondary winding outside winding window — R

Region R; is the equivalent of region R, outside the winding window,
but there the run of the border in the upper region is more complex.
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Figure 6. Simblification of the‘region R,toa coaxial structure.
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Figure 7. (a) Equivalent structure for calculating the energy of region R,.
(b) Original and simplified geometry for region Rs.

For simplifying the setup it is assumed that the primary winding con-
sists of a grounded plate (i.e. neglect V; << V,) which is stretched to
the cover of the tank. The influence of the cover itself is neglected
since its distance to the E-field shaping ring is relatively large (cf. fig.
3). Furthermore, it is assumed that the E-field shaping ring is in the
middle of the primary winding and the wall of the tank, what is ap-
proximately fulfilled for a compact design, where the distance be-
tween the E-field shaping ring and the tank is equal to the minimum
possible one.

The resulting rectangular border is again approximated by a coax-
ial structure as shown in figure 7(b). With this approximation the
stored energy for this structure could be calculated by
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where k is empirically adapted by FEM-simulations again. For this
structure the value which results in a minimum error is 1.275, which is
the same as proposed in [2].

(V, +V,)" with k =1.275, ®)

Remark: In case the transformer is not inside a grounded tank the plate
on the left hand side in figure 7(b) is be omitted. There, the geometry
could be simplified by assuming that the primary winding is grounded
and extended to infinity so that the energy in this region could be cal-
culated with the equations for the capacitance of two wire lines. This
results in
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for the energy stored in region Rs.
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D. Between secondary and tank — R,

The energy between the secondary and the wall of the tank below the
E-field shaping ring is partially included in region R,. There, the wall
of the tank and the secondary winding form a non-parallel plate ca-
pacitor with a approximately linear voltage distribution again. The
voltage and the distance between the plates are given as a function of x
by

d;—d;

V(X)=éV2+V3 d(x) = x+d,. (10)
where the variables are defined as shown in figure 8(a). Using these

expressions the energy could be calculated by
2
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as described in section Il.A.
Assuming a compact system, the distances could be set to d’, = d,
and d’; = 2d, - d; as also has been done for region Rs.
In figure 8(b) a plot of the simulated electric flux lines between

the secondary winding and the tank is shown. There, it could be seen
that especially at the upper and the lower end of the winding (blue

dx (11)
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These deviations result in a reduced accuracy of the explained
calculation method for region R,4. The exact run of the flux lines, how-
ever, just could be calculated with time consuming FEM-simulations.
Furthermore, due to the small share of the energy stored in these parts
of region R, in the overall stored energy the resulting overall error for
calculating the effective capacitance is acceptable.

Figure 8. (a) Definition of the variables for region
R4.  (b) Electric flux lines between the secondary
winding and the wall of the tank.

Remark: In case the transformer is not inside a grounded tank the de-
viations at the lower end of the secondary winding shown in the blue
circle in figure 8(b) increase. That means that the electric flux lines at
the left side of the secondary winding in figure 8(b) tend to start at the
upper end of the winding and end at the lower end. Unfortunately, the
energy stored within this field distribution could not be easily calcu-
lated with the approaches used here. Instead of that the energy is cal-
culated by FEM-simulations.

E.  Winding window: below secondary — R5

In the next step the energy stored in region Rs, i.e. below the secon-
dary winding in the winding window, is calculated. There, the electric
flux lines are approximated by straight lines again. These lines start at
the secondary winding and are orthogonal to the winding window of
the grounded core as shown in figure 9(a).
With this approximation the stored energy could be calculated as
described in section I1.A for region R;. The resulting equations are
VO)=—" v, +v, | dpg=—Tu
dz - d1
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where the evaluated integral is given in the appendix again.
Due to the limited volume and the low average energy density the
stored energy usually is relatively small and could be neglected in
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Figure 9. (a) Variables / simplified run of electric flux lines for region Rs.
(b) Definition of variables for region Rg
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many cases.

F.  Area between primary and core - Rg:

Finally, the energy stored between the primary winding and the core is
calculated. This structure acts like a parallel plate capacitor with two
different dielectrics — the oil and the coil former of the primary wind-
ing as shown in figure 9(b). Assuming a linear voltage distribution
again, the voltage distribution, the distance and the permittivity are

X
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and the energy could be calculated by
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G.  Winding capacitance

So far, only the stored energy/capacitances between the windings or
between one winding and the core/tank have been considered. But
also between the singe turns of one winding electric energy is stored.
This energy could be calculated by approaches presented in [5-7].

Due to fact that the windings are usually implemented with only
one or two layers and the turn to turn voltage is relatively small as
well as the distance between the single turns is relatively large this
part of the stored energy could be neglected.

I1l. EQUIVALENT CIRCUIT OF PULSE TRANSFORMER

In the last preceding section the energies stored in the different re-
gions of the pulse transformer/tank setup have been calculated. In the
next step the parameters of the equivalent circuit of this setup are cal-
culated. This is performed by comparing the energy stored in the
equivalent circuit, which is a function of V;-V3, with the calculated
stored energy, which is also a function of V;-Vs. For determining the
energy stored in the equivalent circuit, first an appropriate equivalent
circuit must be chosen.

As could be shown the electrostatic behaviour of an arbitrary
transformer could be modelled by a three input multipole (primary and
secondary voltage and the voltage between the windings) [3]. In the
linear working area and as long as propagation times can be ignored,
the electrostatic energy / behaviour of this multipole could be mod-
elled by six independent capacitors as shown in figure 10.

The energy stored in the equivalent circuit is given by
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what results from 1/2CV/ . In the same manner the calculated energy
could be written
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Figure 11. (a) Simplified equivalent circuit (cf. fig.10). (b) Approximated
simplified circuit with capacitances transferred to secondary side.
setting the coefficients of the variables/voltage terms Vi, Vy, V3, V1V,
V;V3 and V,V; equal. This results in six independent equations which

can be solved for the capacitances C;-Cs.

In contrast to the results published in [3] the capacitors C,/C,,
Ci/C4 and Cs/Cq are not interdependent since the windings are not
arranged in parallel and therefore the winding construction is not
symmetric with respect to the low and the high side.

With the described model the transfer behaviour of the pulse
transformer and therewith the influence on the transferred pulse shape
could be calculated and/or simulated for arbitrary connections. More-
over, with the equations relating the geometry of the transformer di-
rectly with the capacitances of the equivalent model the construction
of the transformer could be optimized for the required transfer behav-
iour.

A.  Simplified circuit with new equations

In many pulse power applications the pulse transformer is not used for
galvanic isolation and the low side of the primary as well as the low
side of the secondary winding are grounded, i.e. V3 =0 in figure 10. In
this case capacitor Cs is replaced by a short circuit and C,/Cg as well
as C,/Cs are in parallel. Moreover, the voltages across all capacitors
could be derived from the primary and/or secondary voltage by using
the turns ratio N. With the voltages known the energy which is stored
in the capacitors could be calculated as a function of the secondary (or
primary) voltage.

C,+Cy+C,(N-1)?+(C,+C,)N* ,, C, .,
= V" =—-V,

2 2
Furthermore, the equivalent circuit could be simplified to the circuit
shown in figure 11(a). Neglecting the parallel resonance between the
leakage and capacitor C, this circuit could be further simplified to the
circuit shown in figure 11(b), where only one capacitor is used which
is transferred to the secondary side.
The capacitance value for the equivalent capacitor referred to the

secondary side is

W

(18)

C,+C, C,(N-17?
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=C, ~C,+C,+C, for large N

The circuit of figure 13(b) is the same as used in [1, 2] but in
those publications no equation for calculating the equivalent capaci-
tance C4 from the geometry of the transformer was given except for
the simple parallel plate approach for the region between the wind-
ings.

Cy= +(C, +C)

(19)

IV. DETERMINATION OF THE EQUIVALENT CIRCUIT BY FEM-SIMU-
LATION OR MEASUREMENT

Besides the presented possibility to calculate the values of the six
capacitors of the general equivalent circuit (cf. fig. 10) by means of
the transformer geometry it is also possible to obtain the values by
measurement or by FEM-simulation.

Since there are six independent capacitors in the equivalent cir-
cuit, six independent simulations / measurements must be carried out.
The belonging measurement setups are shown in figure 12.

For the measurement results following below the values of the
capacitances have been determined by using resonance peaks in the



Figure 12. Measurement for determining the equivalent capacitances.

impedance plot. The required inductance values are directly measured
with the impedance analyzer Agilent 4294A and then the capacitances
are calculated with the frequency of the resonance peak.

With the measured capacitances the values of the equivalent ca-
pacitors of the circuit in figure 10 could be calculated by the following
equations.

1 1
Cl:E(CMZ_CM3_CM4+CMG) CZZE(_CM1+CM3+CM4)

1 1
C3:E(_CM2+CM3+CM5) CAZE(CMl_CM3_CM5+CMG) (20)

1 1
CS:E(CM4+CM5_CM6) CG:E(CM1+CM2_CM4_CM5)

Instead of measuring the capacitances with an impedance analyzer, the
same setups could be used for determining the capacitances by FEM-
simulations. There, either 3D simulations, which are quite accurate but
very time consuming, or 2D simulations, which are much faster but
less accurate, could be performed. The equivalent capacitors could be
calculated with the same equations (20) as used for the measurements.

In table 1 measurement, simulation and calculation results for a
transformer are given. There, it could be seen that the values corre-
spond very well.

Table 1 - Values for Cyy - Cye for measurements, simulation and analytic calculation for
the transformer in air without tank.

The equivalent
circuit calculated for H
the transformer Ao
shown in figure 2 is
given in figure 13. VPri‘ ==

e

There, also the

leakage inductance B
and the magnetising
inductance are
shown, which can
be calculated from
the magnetic field
distribution in the window / core.

In figure 14 measured pulse responses are shown. Additionally,
curves resulting from the model with six capacitors where the capaci-
tance values have been determined by analytic calculations, simula-
tions and impedance measurements are shown. There, it could be seen
that the pulse shape including ringing could be predicted very well by
means of the presented set of new equations.
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Figure 13. Calculated equivalent circuit for the trans-
former in figure 2.
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Figure 14. Measured, simulated and calculated pulse for 15000hm load.

VI. CONCLUSION

In this paper a general model for pulse transformer which allows for
predicting the pulse shape of a modulator system before building the
transformer is presented. The parameters of the model can be analyti-
cally calculated from the geometry of the transformer or can be deter-
mined by simulation or measurement.

If both windings are connected to ground the presented model
could be simplified to the known L-L-C. Furthermore, from the equa-
tions of the general model, analytic expressions for determining the
parameters of the simple model based on the energy distribution in all

No. Measured Simulated Calculated relevant regions of the transformer are derived.
1 418 pF 446 pF 428 pF Both, the general and the simplified model based on the new
2 121 pF 138 pF 127 pF equations show a good correspondence with the presented measure-
3 335 pF 394 pF 393 pF ment results.
4 58 pF 53pF 49 pF
5 190 pF 167 pF 141 pF REFERENCES
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