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ABSTRACT

Several applications need high voltage and low rise time pulses that increasing of the voltage level can be done by us-
ing transformer. The rise time is increased because of transformer leakage inductance. One of the methods to decrease
the rise time is using auxiliary windings between primary and secondary. In this paper, one type of pulse transformer
included auxiliary windings is modeled and simulated in ANSYS software. In this study, at first the transformer has
been simulated without auxiliary windings and the leakage and self inductances are obtained then the auxiliary wind-
ings are considered in the model to calculate the leakage and self inductances of the transformer. Simulation results
can be used to investigate the effect of auxiliary winding on the leakage inductance.
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1. Introduction

High-voltage pulses are often obtained from a pulse
generating circuit driving a high-voltage pulse trans-
former. The large number of turns in the secondary
windings and also insulation gap between layers of
winding and windings increase the leakage inductance
of pulse transformers. The rise time of high voltage
pulse is depending on the leakage inductance. Many
applications, such as medical, technology and military
need high-voltage fast rising pulses. This requires effi-
cient and flexible pulsed power circuits with optimiza-
tion of all components [1-5]

However, if the leakage inductance in the high-vol-
tage pulse transformer needs to be reduced, two sub-
tractive connected windings can be added to the trans-
former. If these windings are fitted with the same
number of turns, the electromotive force generated in
the auxiliary windings is due only to the primary and
secondary leakage flux. The current across them pro-
duces a magnetic field reducing only the leakage flux
and, therefore, the leakage inductance in the transfor-
mer [6-8]. The most attractive winding configuration
for high voltage, the core-type transformer with pri-
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mary and secondary on different core legs, is seldom
used in pulsed application, because of its weak mag-
netic coupling between windings, which would result
in a slow-rising output voltage pulse. The exceptional
improvement achieved in the output pulse shape of
high-voltage core-type transformer, with separated pri-
mary and secondary, fitted with two auxiliary windings,
for plasma immersion ion implantation applications,
where almost rectangular negative high-voltage pulses
are used to bias a plasma-immersed target to achieve
conformal ion implantation [9].

To contribute to a better understanding of transfor-
mer operation with auxiliary windings, a mathematical
model based on the theory of electromagnetic coupled
circuits [10]. Alongside the new design methods [11],
[12] used today to manufacture high-voltage pulse
transformers using the latest materials, a common way
to overcome the problems caused by parasitic elements
is to use resonant topologies [12-14]. Finite element
simulation is a robust method to calculation flux and
inductance leakage. So a high voltage pulse transfor-
mer was modeled and simulated with ANSYS software
in this paper. At first the pulse transformer is simulated
without auxiliary windings and then with auxiliary
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windings. The inductance is calculated with energy
method. The simulation results show the decreasing of
leakage inductance with using the auxiliary windings.

2. Transformer Mathematical Equations
with Auxiliary Windings [9]

The structure of four windings transformer is shown in Figure
1

Using the Faraday’s induction law in each winding, neglect-
ing the distributed capacitances of the windings, yields

v, :Riii+%:Riii—ei (1)
dt
where the subscript:
i: Refers to the index of the winding
v: The instantaneous terminal voltage
i: The instantaneous current
¥: The instantaneous flux linkage
e: The induced instantaneous voltage
R: The effective resistance
The average flux linkage is written as:

i =N, (@ +®; + ;) 2)

That is divided into three main components.

®: The resultant flux, linking all the windings

®;; : The self-flux of the winding

®@;;: The mutual flux between pairs of windings

The linkage flux for the primary winding is defined as:

v, =N (O+D,, +D, + D, +D,) (3)
The equation (3) can be rewritten as:
v = N@ 41+ 0, + 10+, “4)

where the subscript 1;; is Self inductance and l;; is Mutual in-
ductance. According to (1) and (3) the instantaneous terminal
voltage at primary winding is the sum of the winding resistance
voltage drop, the induced electromotive force due to the time
varying resultant flux, and induced electromotive forces asso-
ciated with the self and mutual leakage fluxes.

v, :Rli1+N1d—cD+I“ﬂ
dt dt )
+1 %+ d—i3+ di
12 dt 13 dt 14 dt

+ o

Figure 1. The circuit of mathematical model of a transfor-
mer with four windings [9].
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As shown in Figure 2, the auxiliary windings of transfor-
mer are connected in subtractive mode (terminals 5 and 6 are
connected to terminals 7 and 8, respectively). Considering that
i, =—i, =i,,and v, =V, in Figure 2, applying to (5) and
taking into consideration that N; = N, = N, , yields,

do . di di, di,
. |12 E‘F (I14 - |13) d_t (6)

v, =Ri, +N,—+I,,—/-
1 1 [EPTIR

Also Equations (7) to (9) for other three windings are derived
like Equation (6) respectively.

. do di di
Vy = =Ryl +N, E"'Izld_tl_ 2 d_€+

di )
(I24 _|23)%
. i di
Vs = _R3Iaux + Naux dﬁ 31 ﬂ_ 32 i"’
dt dt dt )
di
1. =1 aux
(hy—1y) dt
. do di di
Vy = R4Iau>< + Naux -t I41 —= 42 =+
dt dt dt )
di
] aux
(ly 43)_dt
In this connection v3; = v, which yields
di di
(I31 _|41)d_t1+(|42 _I32)d_:
. di di
= Rauxlaux + Iaux %_ M aux ﬁ
Rux =Ry +Ry (10)

lax =5 + 14y
Mo =y +1;5
The current across the auxiliary windings is ruled by (10). It

is interesting to observe that i, is independent of the time

derivative of the resultant flux, ®. If the auxiliary windings

have the same number of turns, I, exists only as the conse-

aux
quence of the leakage coupling between the primary and sec-
ondary leakage flux linking the auxiliary windings.

The auxiliary current, i function of the leakage flux

aux

coupling between the primary and secondary with the third and
fourth windings, generates a magnetic flux that reduces the

5 7 i
. ‘1_ +
2
N; N, o N, v, @@
6 8 *7 ¢

Figure 2. Schematic representation of the transformer with
loaded secondary, N, and the two auxiliary windings
connected in subtractive mode N; and N, [9].
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leakage flux of the primary and secondary windings. Conse-
quently, the leakage inductance in the transformer is reduced.
The resultant flux, @, is not affected by the auxiliary windings.

3. Finite Element Analysis of Transformer

To evaluate the effects of auxiliary windings on the lea-
kage inductances reduction, a pulse transformer with
auxiliary windings is modeled in ANSYS software.
ANSYS is a finite element analysis (FEA) code widely
used in the computer-aided engineering (CAE) field. It is
powerful software to analyze the magnetic energy with
finite element method. The leakage and magnetic induc-
tances are function of the stored energy in the window of
pulse transformer and in the core of pulse transformer
respectively. The current density is needed to simulate
the magnetic and leakage flux of pulse transformer (as
loads). So the current density is applied to windings area.
The potential is equal to zero in boundary and it is con-
sidered as boundary condition. At first the pulse trans-
former is simulated without using the auxiliary windings
and then the auxiliary windings is considered in simula-
tion to reach desired results.

The pulse transformer modeled in ANSY'S is shown in
Figure 3. Primary winding includes two 25 turns’ layers
in window of pulse transformer. The dimension of each
layer of primary winding is 34 mm x 1.5 mm. The line
spacing between two layers is 0.1 mm that the electric
insulation is found in this space. The line spacing be-
tween the primary and third windings is 0.1 mm and it is
0.1 mm between the third winding and the main leg of
the pulse transformer.

The secondary winding is 500 turns in eight layers.
The line spacing between secondary and auxiliary (forth)
windings is 0.1 mm. The width of each layer of secondary

ANSYS 11.0
MAY 17 2010
03:59:34
AREAS
PowerGraphics
TYPE NIM

¥ =1
DIST=.02695
Z-BUFFER

Figure 3. The model of pulse transformer with auxiliary
windings.
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winding is 0.5 mm and because the layers length isn’t
equal so the mean length of layers is 25 mm.

Two auxiliary windings, with 25 turns in one layer, are
shown in Figure 3. The length of third auxiliary winding
is 34 mm and its width is 0.5 mm. The dimension of
forth winding is the same as third winding. Core type of
pulse transformer is ferrite (high frequency) with 10 kHz
nominal frequency. The B-H curve of ferrite core is
shown in Figure 4.

4. Simulation of Pulse Transformer without
the Auxiliary Windings

The leakage inductances of primary and secondary
windings are calculated without the effects of auxiliary
windings. The energy method is used to calculate leakage
inductance that is explained in following.

4.1. Calculation of Magnetic and Leakage
Inductances of the Primary Winding

In this case, the current density is just applied to primary
winding, and then the magnetic stored energy in the
pulse transformer is obtained.

The stored magnetic energy in the transformer is
shown in Figure 5. According to this figure, the total
stored energy in the transformer is equal to 104.348 J for
one meter of depth. But the depth of the modeled trans-
former is 0.007m, so the total stored energy in transfor-
mer is 0.730436] (104.348 x 0.007). Distribution of
magnetic energy in each element of the core is shown in
Figure 6. Also by attention to this figure, the total
stored energy in the core is 104.319J for 1 meter of
depth and so for 0.007 m of depth, the stored energy
will be 0.730233J. The self primary inductance can be
obtained from Equation (11).
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Figure 4. ferrite core B-H curve of pulse transformer.
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Figure 5. The energy distribution in the whole model ele-
ments and total magnitude of saved energy.
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Figure 6. The energy distribution in the core elements and
magnitude of saved energy (just core).

2W
L= T an
Leakage inductance can be calculated by using the
difference between the stored energy in the transformer
and the core.
Wiy =0.730436J
W, =0.730233J

core 12
W =W, W (12)

lekage total — VVeore —
0.730436—-0.730233 = 0.203mJ

The leakage energy is 0.203mJ for 7 mm depth. Ac-
cording to Equation (11), the leakage and self induc-
tances are equal to 1.8 pH and 6.5 mH respectively.

4.2. Calculation of Magnetic and Leakage
Inductances of Secondary Winding

Similar to primary winding, the transformer and core
stored energy are obtained from simulation and the sec-
ondary self and leakage inductances are calculated that
they are 645mH and 273 pH respectively. The self and
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leakage inductances of primary and secondary windings
without auxiliary windings are listed in Table 1.

5. Simulation of Primary Winding with
Third Auxiliary Winding

In this case, the auxiliary windings are connected in de-
ferential mode and the inductances are obtained.

5.1. Simulation of Primary Winding of Pulse
Transformer with Third Auxiliary Winding

To simulate the flux leakage of pulse transformer with
auxiliary windings, two current densities are applied to
primary and third auxiliary winding, then the stored
energy in transformer and the core is obtained which is
shown in Figure 7 and Figure 8 respectively.
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Figure 7. Distribution and total magnitude magnetic energy
in depth unit of model.
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Figure 8. Distribution and magnitude saved energy in core
at unit depth.
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Table 1. The magnetic and leakage inductances of prima-
ry-secondary windings without auxiliary windings.

winding Self inductance Leakage inductance
primary 6.5 mH 1.8 uH
secondary 645 mH 273 puH

The energy stored in the transformer and core for I m
depth are 103.217 J and 103.195 J respectively which for
the 0.007 m of core depth are 0.722519 J and 0.722365 J
respectively. Using the stored energy value and Equation
(11), the self primary inductance is 6.42 mH and the lea-
kage inductance is 1.37 uH.

5.1. Simulation of Secondary Winding of Pulse
Transformer with Forth Auxiliary Winding

The current direction of auxiliary windings is opposite to
main windings (primary and secondary winding), so the
direction of the current density in secondary winding is
opposite to that of the forth auxiliary winding. As a result,
the opposite flux density of forth auxiliary winding is the
main reason of flux density reduction of secondary
winding that it leads to the leakage inductance reduction.
The self inductance of secondary winding is calculated
equal to 640 mH, and also total leakage energy in this
case is 0.000217 J. Therefore, the leakage inductance is
obtained equal to 193 pH. The self and leakage induc-
tances of pulse transformer with auxiliary winding is
shown in Table 2.

6. Conclusions

In this paper, the effect of auxiliary windings used in a
pulse transformer is investigated. The auxiliary windings
were placed in proximity of primary and secondary
windings. It has been shown that the auxiliary current,
iax function of the leakage flux coupling between the
primary and secondary with the third and fourth wind-
ings, generates a magnetic flux that reduces the leakage
flux of the primary and secondary windings. Conse-
quently, the leakage inductance in the transformer is re-
duced. The resultant flux, @, is not affected by the aux-
iliary windings. To this aim, a pulse transformer with
auxiliary windings was modeled in ANSYS software. At
first, the simulation has done without using of auxiliary
windings and then the auxiliary windings were added to
the transformer model. By using the obtained result from

Table 2. The magnetic and leakage inductances of prima-
ry-secondary windings with auxiliary windings.

Winding Self inductance ~ Leakage inductance
Primary(with third) 6.42 mH 1.36 uH
Secondary(with
forth) 640 mH 193 pH
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the first case (without auxiliary windings), the primary
and secondary leakage inductances are calculated equal
to 1.8 uH, 273 pH respectively. In second case (with
auxiliary windings), the primary and secondary induc-
tances are reduced to 1.36 pH, 193 pH respectively. The
result shows that the self inductances don't considerably
change in two cases of simulations.
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