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A Series Resonant Converter for
Arc-Striking Applications
Jan A. Ferreira,Member, IEEE, and Johannes A. Roux

Abstract—Initiation of a plasma conduction state requires a
relatively large voltage to ionize the gas. A new version of the
series resonant converter is proposed that uses the magnetizing
inductance of the transformer for resonance. This converter is
not suitable for most power supply applications, but the unique
load characteristics associated with plasma loads make this type
of converter well suited for arc striking, while allowing safe
operation during the plasma state. A feature of the resonant
converter is that the controller need not be complex, thus making
it suitable for application in competitive industrial systems. Possi-
ble transformer configurations are investigated, which include an
air core and a number of ferrite-cored transformers. The series
resonant converter with the best-suited transformer is verified
experimentally in a tungsten inert gas welding application.

Index Terms—Resonant power conversion, transformers, weld-
ing.

I. INTRODUCTION

T HE electric arc finds widespread application, ranging
from electroheating to lighting applications. Common

to these applications is the fact that a high initial voltage
is required to ionize the gas before the plasma state can
commence. Once ionized, the arc is maintained by supplying
current at a reduced voltage. In lighting applications, a heating
filament is often included to reduce this striking voltage, but
such an approach is not practical in electroheat applications,
such as welding and chemical plasma burners.

The power supply must, thus, be able to provide both output
characteristics, as shown on theVI curve in Fig. 1. This is an
inconvenient situation when using a single power electronic
converter, since the switching devices must be dimensioned to
block the full voltage and carry the full current. An alternative
is to use two separate converters, one for supplying the high
current and the other for supplying the high voltage. These
two converters can either be connected in series or in parallel,
depending on the requirements of the application.

Figs. 2 and 3 show a number of possible connection methods
for the high-current low-voltage converter and the high-voltage
low-current converter. Diode rectifiers are needed for dc, and
a transformer coupling is required when the output is ac. The
secondary on the transformers of the high-voltage converter
must be able to carry the full-load current in the series-
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Fig. 1. Typical output voltage versus output current ranges for arc striking
and arc powering.

connected composite converters, and the rectifier diodes must
be able to carry the full current and block the high voltage.
The ac sources can be decoupled by including filters, using
an inductor and a capacitor , as indicated in some of the
circuits.

For welding applications the output of the high-voltage
converter must be high-frequency ac for safety reasons [1]. The
transformer not only steps up the voltage, but also provides the
very important mains isolation. Of the four possible candidate
high-voltage ac topologies [Figs. 2(b) and (d) and 3(b) and
(d)], the series-connected versions shown in Fig. 2(b) and (d)
are preferred for the following two reasons.

1) Additional decoupling capacitor and decoupling in-
ductor [Fig. 3(b) and (d)] are not required, represent-
ing a component saving.

2) and the output of the high-current converter [Fig.
3(b) and (d)] load the high-voltage converter during open
circuit, and this affects the rating of the converter.

A number of high-frequency ac sources are subsequently
described that can be used in any of the above four topologies.
Many converter topologies suitable for providing the high
current and low voltage can be found in the literature [2]–[4].
These include high-frequency switching converters and also
use high leakage inductance line frequency transformers.

The electric arc presents a very high impedance value during
the ionization or arc striking interval that changes to a low
impedance, which may approach a short circuit, in the presence
of an arc plasma. The high-voltage converter, therefore, has to
cater to a large load impedance variation. The series-connected
topologies shown in Fig. 2(b) and (d) additionally require a
secondary winding of the output transformer, which has to
carry the full welding current. In order to keep the losses

0278–0046/98$10.00 1998 IEEE



586 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 45, NO. 4, AUGUST 1998

(a) (b)
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Fig. 2. Series-connected topologies of a high-current low-voltage converter and a high-voltage low-current converter.

down to an acceptable value, the number of the secondary
turns needs to be minimized. Consequently, the high-voltage
arc striking converter is operated at the maximum possible
frequency.

II. SELECTION OF A TOPOLOGY FOR THE

SERIES-CONNECTED CONVERTER

The high-voltage low-current resonant converter will typ-
ically be sourced by the utility grid; therefore, a clamped-
voltage voltage-sourced series resonant topology in the half-
bridge configuration is preferred, in order to keep the voltage
stresses low. The series-connected circuits of Fig. 2(b) and
(d) lend themselves to using the quality factor of a seriesLC
circuit to build up the large voltage required for arc striking.
A series resonant converter [5], [6] operated close to resonant
frequency can generate a large voltage across the capacitor
and inductor.

The following three different possibilities exist:

1) series loaded, series resonant;
2) parallel capacitive-loaded, series resonant;
3) parallel inductive-loaded, series resonant.

The series resonant converter can operate at zero load [2],
but cannot provide a high output voltage during no load. The
parallel capacitive-loaded converter can provide a high zero-
load output voltage, but suffers from increased current during
plasma operation if the switching frequency remains constant
[2]. It also needs two large capacitors to split the supply and
an external inductance.

The parallel inductive-loaded series resonant converter is the
preferred topology, because the magnetizing inductance of the

transformer can be used as the resonant inductor, thus reducing
the number of components. At first glance, the converter, as
shown in Fig. 4, may not seem to be short-circuit proof, but
consider the following.

The core of the transformer is saturated by the high current
which maintains the arc during the plasma state, which means
the resonant frequency increases. If the converter switching
frequency is kept constant, the converter will operate well
below its resonant frequency. The energy, the current, and the
voltage in the resonant LC tank will, therefore, be small, and
overall losses in the converter are, in fact, reduced.

III. CONVERTER OPERATION

The arc-striking converter uses a series resonant parallel
inductive-loaded converter that is connected in series with the
load, as shown in Fig. 4. A high-current converter supplies
a welding current that typically ranges between 100–300 A.
The combined inductance of the transformer and the load
forms a series resonant circuit with the parallel combination
of capacitors and The converter operates under one
of two conditions, namely, an open circuit condition when the
gas medium around the electrodes is being ionized to initiate
the arc [Mode 1], and a plasma conduction condition when the
arc supports a large current [Mode 2].

A high secondary voltage is obtained during Mode 1 opera-
tion by switching the converter close to the resonant frequency,
using the quality factor of the resonantLC tank to amplify the
voltage. The electrode is about 10 mm from the workpiece
and the secondary circuit is open circuit. The equivalent
circuit presented by the transformer is shown in Fig. 5(a). The
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Fig. 3. Parallel-connected topologies of a high-current low-voltage converter and a high-voltage low-current converter.

Fig. 4. The parallel inductive-loaded series resonant converter used as the
arc-striking converter.

magnetizing inductance dominates, and the input impedance
of the transformer is given by the following equations:

(1)

where

(2)

(3)

Mode 2 operation occurs when the arc is powered by the
high-current converter. A voltage that typically ranges between
20–30 V appears across the electrodes. The voltage current
relationship of a plasma is known to be complex, but, since the
arc voltage is typically less than 10% of the applied voltage to
the transformer referred primary in this application, an accurate

value is not important and the arc voltage is represented by a
constant voltage source, as indicated in Fig. 5(b). The high-
current converter acts as a current source, but is shunted by
a filter capacitor at the output. Consequently, the transformer
load presents an effective short circuit for the high-frequency
ac, as indicated by the dotted line in Fig. 5(b).

During Mode 2 operation, the core is saturated by the high
welding current that flows through the secondary winding of
the transformer, and the value of is, therefore, significantly
reduced. In parallel to the magnetizing inductance appears the
secondary impedance , which is formed by
the secondary leakage impedance of the transformer, the arc
resistance, and the impedance of the welding cables. The input
impedance of Mode 2 is given by the following equation:

(4)

where

(5)

(6)

with

(7)
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Fig. 5. Equivalent circuit of the series resonant converter.

(a) (b)

Fig. 6. Typical waveforms.

During Modes 1 and 2 operation, the transformer excitation
differs completely, to such an extent that it is not possible to
use one equivalent circuit model for both these conditions. In
practice, saturation of the transformer during plasma conduc-
tion (Mode 2) substantially changes the values of the various
circuit elements, and the ac resistances and , as

well as the leakage inductances and of the two
equivalent circuits in Fig. 5(a) and (b), will be different.

The transistorsS1 and S2 are both switched alternatively
at a constant duty cycle, providing a 50% duty cycle pulse
train in Fig. 5). The equivalent circuit comprises a
seriesRLC circuit powered by a square-wave voltage source,
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as shown in Fig. 5(c). The value of the resistance or inductance
is then given by (1) and (2) or (5) and (6), depending on
which mode the circuit operates in. A high secondary voltage is
obtained during Mode 1 operation by switching the converter
close to the resonant frequency, using the quality factor of the
resonantLC tank to amplify the transformer voltage. The input
inductance is significantly lower during Mode 2 operation,
which, in turn, reduces the resonant frequency. The switching
frequency stays at the Mode 1 setting all the time and, thus,
during Mode 2, the switching frequency is lower than the
switching frequency.

Mode 1 operation corresponds to the so-called “integral
cycle mode,” as described in [7], and a similar method of
analysis can be applied. However, in this instance, we have to
deal with a varying resonant frequency. The current through
the inductor and voltage across the capacitor is calculated
repeatedly over each switching cycle using the following
equations:

(8)

(9)

with

(10)

while and are the initial values of capacitor voltage
and inductor current, and or depending on
the half cycle.

Peak arc-striking voltage is not required continuously, and
the converter is operated at a duty cycle of typically 10%,
without losing arc-striking performance. In Fig. 6(a), a typical
cycle under Mode 1 operation is shown. Burst control is
applied to allow the transformer to operate within its thermal
rating, while, at the same time, using the full flux excursion
of the transformer to reduce the number of turns on the
high-current secondary. When the converter is turned on,
the voltage and current build up to a predetermined value,
and then the converter is turned off. The energy in the tank
decays exponentially during the off state of the converter.
The cycle is repeated until the arc is struck. During plasma
conduction, the burst-mode pulse train is maintained, but,
since the resonant frequency changes, the amplitude of the
current and voltage waveforms become smaller. The Mode
2 waveforms are shown in Fig. 6(b), indicating how each
switching transient excites the resonant tank, after which the
oscillations decay exponentially. If the arc breaks for any
reason, the converter will automatically return to Mode 1
operation, and a high output voltage will once again be applied
to restrike the arc.

IV. TRANSFORMER CONFIGURATIONS

The analysis of the transformer is complicated, due to
core saturation and eddy-current losses, particularly in the
large conductors of the high-current secondary winding. Four
different transformer configurations were constructed and ex-
perimentally evaluated. The transformers are shown in Fig.
7, and the Appendix describes the method used to obtain the
values of the equivalent inductance and resistance of the trans-
former during each mode of operation. The volume, weight,
and manufacturability of the transformers are important factors
for the assessment. The transformer has the following special
requirements.

1) It is a high-voltage transformer, which means that the
isolation must be good.

2) The secondary winding must be able to carry the welding
current, which can be from 5 to 200 A, and must be
designed accordingly.

The following guidelines were used for designing the trans-
formers.

1) Welding cable is used on the secondary winding, and the
copper cross-sectional area is, therefore, determined by
the output current rating of the welder. The secondary
takes up most of the space in the winding window, and
the number of secondary turns is determined by the
available space.

2) A suitable core size that can handle the integral of the
output voltage size is selected. A higher than normal flux
density for a given frequency is used, and the losses
are contained by adjusting the duty cycle of the burst
operation.

3) The turns ratio, as well as the quality factor, determine
the output voltage on the secondary during Mode 1
operation. When the number of primary turns is de-
creased to achieve a higher turns ratio, the quality factor
deteriorates at the same time. Consequently, the output
voltage is not as sensitive to the turns ratio as one would
expect. During the investigation, the turns ratio of 1 : 1
was chosen.

4) The Mode 1 resonant inductance and capacitance were
selected based on the requirements for frequency and
resonant tank characteristic impedance. The airgap is
adjusted to achieve a desirable

The advantages of the E65-cored transformer [Fig. 7(a)]
are that it is compact and light. The disadvantage is that the
window area of the core is small, meaning that 1-mm-thick foil
winding is required for the secondary winding, which leaves
little space for interwinding isolation.

The advantage of the I92-cored transformer [Fig. 7(b)] is a
large magnetic cross-sectional area, which means that fewer
turns are needed. The window area is also large enough to
use isolated cable on the secondary. The disadvantage of this
transformer is that it is large and heavy.

The advantage of the U52-cored transformer [Fig. 7(c)] is
a large window area, which makes a high number of turns
possible. The disadvantage, however, is that construction is
complicated by the large number of stacked cores.
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(a) (b)

(c) (d)

Fig. 7. Transformer configurations.

Lastly, the air-cored transformer shown in Fig. 7(d) was
constructed. It features a coaxial conductor to achieve good
coupling between primary and secondary. The advantage of
this transformer is that it does not use a magnetic core. The
disadvantages are the size and weight of the windings and the
electromagnetic interference that it creates. Also, due to its
physical size, the inductance values had to be compromised,
compared to the magnetic-cored transformers.

As can be seen from the values of the equivalent inductance
and resistance for the different modes of operation, all of the
transformers are suitable for the application. The air-cored
transformer also functioned well during plasma conduction
(Mode 2), despite the absence of a core that saturates. This

is because the leakage inductance on the secondary is smaller
than the magnetizing inductance, meaning that the equiva-
lent inductance during Mode 2 operation is smaller than the
equivalent inductance during Mode 1 operation.

Choosing the best transformer configuration is influenced
by the specific application. If weight and size are the most
important factors, then the E65-cored transformer is the best.
If cost and manufacturability are the most important factors,
then the air-cored transformer or the I92-cored transformer will
be best suited. Even though the air-cored transformer has the
lowest equivalent resistance, its inductance is much smaller
than its magnetic-cored counterparts. The frequency of 800
kHz is not yet high enough to make it a viable proposition.
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Fig. 8. The experimentally measured primary voltage and the current of the
transformer when the secondary is open circuit.

The U52-cored transformer has marginally lower resistance
than the other magnetic-cored transformers and, consequently,
has the lowest overall losses.

V. EXPERIMENTAL RESULTS

An experimental circuit, similar to Fig. 4, was built to verify
the simulated results. The high-current converter is an inverter
dc welder, followed by a low-frequency inverter to alternate
the electrode polarity for aluminum tungsten inert gas (TIG)
welding. The voltage on the transformer is measured, rectified,
and then compared to a reference voltage in the control circuit.
The transformer voltage amplitude increases exponentially
and, when it exceeds the reference voltage, the converter is
switched off for a period. This dead time is typically twice
as long as the active interval. During the plasma condition,
the low impedance of the load prevents the output voltage
reaching the turnoff reference voltage, and a time-out circuit
activates the dead interval.

Experimental results of the open-circuit output voltage and
current through the primary of the transformer are shown in
Fig. 8. The primary voltage and current of the transformer
when the secondary is short circuited are shown in Fig. 9.

Fig. 9. The experimentally measured primary voltage and the current of the
transformer when the secondary is short circuit.

Similar waveforms and wave amplitudes were observed during
welding.

The values of the components are as follows:

E65-core transformer
nF

V (rectified 220 V/50 Hz)
H

H
duty cycle
switching frequency kHz
turns ratio

The input power, measured on the dc supply while the
secondary of the transformer was open circuit (Mode 1), was
65 W. When the secondary of the transformer was short
circuited, the measured converter losses were 16 W. Since
load does not absorb power, these figures correspond to the
total losses in the circuit.

VI. CONCLUSION

A number of possible composite topologies using separate
high-current and high-voltage converters were investigated,
with arc plasma power supplies in mind. The most suitable
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series resonant converter circuit for the high-voltage ac source,
which is connected in series with the main high-current power
supply, is the parallel inductive-loaded topology.

The transformer of the arc striking converter is subjected to
very special circuit conditions. The elements of the equivalent
transformer circuit are different for the two operating modes
of the converter, due to the saturation of the core and the large
amount of eddy-current losses in the secondary. This makes
analysis very difficult, and the experimental route has been
followed.

Four different transformers using an E core, I core, U
cores , and an air core were designed and constructed. All
of them functioned satisfactorily, and differences in efficiency
and overall performance were found to be less important than
other considerations, such as weight, manufacturability, and
cost.

A burst control was introduced to reduce the heating of the
core. The design and implementation and experimental results
of an 800-kHz 2-kV arc-striking converter suitable for welding
application has been described.

APPENDIX

A method to experimentally determine the equivalent series
resistance and inductance of the transformer during Modes 1 or
2 is described. As can be seen in Fig. 5, the equivalent circuit
comprises an equivalent inductance, capacitor, and resistance,
all connected in series to a square-wave power supply. The
only differences between the equivalent circuit during each
mode of operation are the values of the equivalent inductance
and resistance. The current through the equivalent inductance
and the voltage over the capacitor are given in (8) and (9).

The equivalent inductance and resistance of each trans-
former during each mode of operation can be determined
from the experimental waveform by measuring at the expo-
nential decay of the voltage, immediately after the converter
is switched off. From (8) and (9), the following two equations
can be derived:

(A1)

(A2)

where is the time instant of the first voltage peak and
is the the time instant of a voltage peak when the amplitude
has decayed substantially.
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