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Abstract

This paper investigates a power supply of medium voltage with enhanced ignition characteristics for plasma torches. A series
resonant half-bridge topology is presented as a suitable ignition circuitry. The ignition circuitry is integrated into the main power
conversion system of a multi-phase staggered three-level dc-dc converter with a diode front-end rectifier. A plasma torch rated
at 3MW, 2kA and having a physical size of 1m is selected to be the high enthalpy source for a waste disposal system. The
steady-state and transient operations of a plasma torch are simulated. The parameters of a Cassie-Mary arc model are calculated
based on 3D magneto-hydrodynamic simulations. The circuit simulation waveform shows that the ripple of the arc current can
be maintained within +10% of its rated value under the presence of a load disturbance. This power conversion configuration
provides a high enough ignition voltage, around 5KA, during the ignition phase and high arc stability under the existence of arc
disturbance noise resulting in a high-performance plasma torch system.
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I. INTRODUCTION

The reduction of greenhouse gas emissions has become a
challenging problem in many industrial sectors. The municipal
waste disposal industry and the coal-fired furnace metal indus-
try have been regarded as two of the many possible industry
sectors that can bring down the emission of greenhouse gas by
employing an environmentaly-friendly power conversion sys-
tem. High enthalpy plasma torches have been widely used for
the incineration of waste materials to reduce organic toxins and
to vitrify the solid materials through their volume reduction
in a non-leachable compact state. The thermal plasma torch is
a device believed to have the potential to reduce greenhouse
gas emissions in the industry sectors that are currently based
on coal-fired furnace technologies [1]-[4]. The plasma torch
systems have an intrinsic electrical characteristic of negative
dynamic resistance during steady-state operation [1]. Due to
the dynamic characteristics of high enthalpy plasma flows and
arc fluctuations, a plasma torch system generates an alternating
disturbance input to the overall power conversion system [5],
[6]. This alternating disturbance input together with the neg-
ative dynamic resistance characteristic occasionally leads to
the extinguishment of a plasma arc unless properly stabilized
by fast regulation of the arc current. In addition, during the
arc ignition phase, the plasma torch requires a high ignition
arc voltage and a quick limitation of the arc current once it
is ignited. In a variety of application fields for plasma torch
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systems, the starting and igniting of plasma torches usually
employs a sophisticated operational control schemes in order
to provide enough ignition voltage and to limit the arc current
once ignited. These operational control schemes often make
the start-up of plasma torch systems difficult and costly. The
unstable electrical characteristics of plasma torches during the
steady-state and the ignition phase pose challenging problems
in the design and operation of reliable power supply systems
for plasma torches [7], [8].

For several years, diode and thyristor rectifiers have been
the dominant technology platform in large current rectifiers for
the application of electrochemical, electro-winning, graphite
resistive heating, dc arc furnaces, etc. [9]. Due to its several
drawbacks such as slow line and load responses, low distur-
bance stiffness, and limited ignition capability, the application
of thyristor rectifiers in plasma torch systems tends to cause
operational problems, i.e. ignition failures and arc extinguish-
ment during the steady-state condition.

In order to overcome these operational problems, thyristor
rectifiers often necessitate auxiliary ignition circuitry and
arc stabilizing equipment such as ballast inductors, variable
resistors, or on-load tap changers (OLTC). In [10]-[15],
chopper solutions employing IGBTs and IGCTs have been
proposed for general purpose high current rectifiers including
both metal and electro-chemical applications. Owing to their
high switching frequency and wide voltage conversion ratio,
chopper solutions generally outperform thyristor rectifiers in
plasma torch applications. Some of its applications to plasma
torches have been briefly listed in [15]. The necessary features
required for the power supply in a plasma torch system have
been investigated along with the physical characteristics of the
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Fig. 1. Pyrolysis incinerator employing a plasma torch in waste disposal system [16].

plasma torch itself in [5], [6].

However, very little literature that deals with the design
of power converters for plasma torch systems with respect
to the dynamic arc and load characteristics during the ignition
phase can be found. Considering the importance of an effective
and simple start-up for plasma torches in industrial practice,
the optimal design and operation of ignition circuitry for
plasma torch systems have been paid little attention in the
literature. This paper investigates a power conversion system
of medium voltage for plasma torches under dynamic oper-
ating conditions during the arc ignition phase. The physical
characteristics of plasma torches under dynamic operating con-
ditions are modeled and simulated based on three-dimensional
magneto-hydrodynamic computation. The results of this three-
dimensional simulation are used to formulate the Cassie-
Mayr equation for the plasma arc. A relevant circuit model
of the plasma arc system is derived from the Cassie-Mayr
equation. A series resonant half-bridge topology is presented
as a suitable ignition circuitry in this paper. The ignition
circuitry is integrated into the main power conversion system
of a multi-phase staggered three-level dc-dc converter with
a diode front-end rectifier. The proposed converter topology
can generate a relatively high arc voltage due to the series
connected voltage source structure. It can also provide high
arc stability due to a relatively high effective carrier frequency.
The arc model, based on the Cassie-Mayr equation, including
proper physical constants for the ignition phase, is integrated
into the circuit simulation of the proposed converter topology.
The complete system simulation including a circuit model of
a plasma torch confirms the operational characteristics of the
proposed converter system.

II. MEDIUM VOLTAGE MAIN POWER CONVERSION
SYSTEM FOR PLASMA TORCHES

A waste disposal system employing a thermal plasma torch
for pyrolysis incinerator is illustrated in Fig. 1 [16]. Among the
various types of plasma torch systems, a medium-sized 3MW
dc plasma torch with a hollow-electrode and a non-transferred
arc is selected in this paper. A plasma torch requires a
relatively high ignition voltage during the arc ignition phase
when compared to the steady-state condition. In general, this
high ignition voltage is provided by auxiliary ignition circuitry.
Once the arc is established, the surging arc current should be
limited to within a safe operating area of the converter system
by a suitable circuit operation. A plasma torch, by itself,
imposes a significant load disturbance of high frequency upon
a power conversion system even during steady-state operation
as described in previous sections. This may give a rise to a
fluctuating load current and eventually lead to an extinction of
the arc unless a proper control algorithm is employed.

Thyristor rectifiers have been widely used in many industrial
applications that require a high dc current supply [9], [15].
A typical 12-pulse thyristor rectifier connected in parallel is
shown in Fig. 2. It has been anticipated that this thyristor
rectifier can also be applied to a plasma torch system [9].
The output voltage range of a thyristor rectifier is usually
determined by a suitable range of the firing angle and the
available on-load tap changer (OLTC) in the input transformer.
The range of the firing angle depends on many system factors
such as the specified power factor, the safe commutation range,
the input/output harmonic requirements, etc. The availability
of an on-load tap changer in the input transformer is also
limited by system cost and durability. The voltage regulation
speed, based on a mechanical tap changer, is not comparable
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to that of an electronic switch. In addition, the relatively short
life cycle of an on-load tap changer is a serious drawback in
industry. Therefore, the wide range of output voltage required
for the power supply system of a plasma torch cannot be well
satisfied by thyristor rectifiers. The line-commutated nature
of a thyristor rectifier puts a limit on the output current
regulation speed. When coupled with an on-load tap changer,
the current regulation becomes even slower. Thus, two critical
and necessary requirements for the power supply of a plasma
torch, a wide range of output voltage including the ignition
period and a fast current control feature, are not effectively
achieved by thyristor rectifiers.

In applications where a fast control dynamic for the output
current is required, such as in plasma torches and dc arc
furnaces, a chopper rectifier like the one shown in Fig. 3 is
often utilized [15]. The much faster system response of IGBTs
reduces the short-circuit current excursions in dc arc furnace
applications [10]. The power supply system shown in Fig. 3
consists of double-stage power converters. This configuration
brings the benefits of a higher power factor and low harmonic
generation on the ac main side. Depending on the load current
demand and the basic configuration of a IGBT power cell,
various types of connections on the input and output side of
a IGBT power cell are possible [10], [11]. As the current and
power rating of the load increases, the number of IGBT power
cells connected in parallel also increases leading to a consider-
able rise in system cost including the output filter choke. The
system design tends to choose a higher switching frequency
and further multi-phase staggering operation to maintain cost-
effective performance. A lower output filter inductance and
a higher switching frequency may result in a relatively large
ripple current of high frequency at various locations in the
rectifier system bus. This large ripple current gives a rise
to many serious problems such as heating of the bus and
nearby structures, audible noise, electromagnetic interference
of the process instrumentations, greater electromagnetic field
occupational exposure, etc [12].

Fig. 4 shows the proposed power conversion configuration
for a plasma torch system as a main power supply. The circuit
parameters and the operating conditions are given in Table I.
The proposed power converter topology is designed to meet
these operational requirements. A 12-pulse input transformer
whose respective secondary winding feeds power to a 6-pulse
diode rectifier is employed. The dc/dc conversion part consists
of two 3-level buck converters connected in series at the
output. According to the system input conditions specified in
Table I, a dc link voltage of 2.5kV is supplied. A turn-off
device of an IGCT (Integrated Gate Commutated Thyristor)
is selected and integrated into this 3-level buck converter
[20], [21]. The IGCT is the optimum combination of low-
loss thyristor technology and a snubberless, cost-effective gate
turn-off [3]. This device has a relatively low loss and a high
surge capability in medium voltage applications. Thanks to its
thyristor design inheritance and its low inductive gate turn-
off, the IGCT has the necessary properties for switching large
amounts of electric power in one component. Each of the 3-
level buck converters shown in Fig. 4 has its own isolated
dc link input provided by an isolated secondary winding of
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TABLE I
CIRCUIT PARAMETERS AND OPERATING CONDITIONS
Parameters Values
Medium voltage ac input (Vsab) 22 KV
Rectifier input voltage (Vsab_sec) 1930 V
IGCT switching frequency (Fsw) 300 Hz

AC line inductance (Lscc)
Transformers leakage inductance (Llkg)

12 mH (2.4%)
472 uH (6%)

DC link voltage (VdcLink) 2500 V
DC load voltage (VdcOUT) 1500 V
DC load currnet (ILoad) 2000 A
Current control loop p-gain (Kpi) 0.18
Current control loop i-gain (Kii) 37.5

the input transformer. The intrinsic characteristics of the 3-
level voltage source structure and the series connection of two
isolated dc link systems makes it possible to supply double
the high output dc voltage to the load which is a very useful
feature during the arc ignition phase. Owing to the two isolated
dc link voltages, two 3-level buck converters can be phase-
staggered on the output side. This phase-staggering can double
the effective switching frequency seen by an output choke-
inductor.

This leads to a smaller inductor size and fast current regu-
lation dynamics for the converter. This fast current regulation
feature is essential for the arc stability of a plasma torch
system.

IIT. IGNITION CIRCUITRY FOR PLASMA TORCHES

Arcs are difficult to start because they require a power
supply with a high voltage to ignite the arc and a large current
at a low voltage to maintain the plasma arc in the steady
state. Plasma torches requires a relatively high ignition voltage
during the arc ignition phase compared to the steady-state
condition. In general, this high ignition voltage is provided
by an auxiliary high-voltage low-current ignition circuitry.
The most common way to generate the gaseous breakdown
is by using high voltage impulses at a very high frequency.
The conventional method for striking an arc is using a spark
gap. A spark gap consists of two conductors and one over-
stressed dielectric. Normally, the spark gap frequency has a
high level of interference which is injected into the main power
supply because of abrupt variations in the load current. This
may disturb the performance of the control systems and other
peripheral devices [7]. In addition, the spark gap limits the life
cycle of the ignition circuitry and restults in a need for regular
maintenance of the system. As illustrated in Fig. 5, the half
bridge series resonant converter is proposed as an auxiliary
ignition circuitry to overcome the limitations of a spark gap
starter [7], [8]. The circuit parameters are summarized in Table
II. This circuit provides the breakdown voltage needed to
create arc ignition. Once the ionization channel is generated,
a low impedance path is created through the electrodes, and
the half bridge series resonant converter delivers current until
the gap impedance is low enough to permit the entrance
of the main power supply which delivers enough energy to
sustain the plasma. Once the arc is established, the surging
arc current should be limited to within a safe operating area
of the converter system by a current regulation control. By
controlling the switching frequency of the converter with
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TABLE II
CIRCUIT PARAMETERS FOR IGNITION CIRCUIT

Parameters Values
Resonant tank inductance (Lres) 3.14 mH
Resonant tank capacitance (Cres) 0.08 uF
IGCT switching frequency (Fsw) 10 kHz
Transformer turn ratio (T) 1:20
Ignition voltage (VIgnition) 30 kV

respect to the resonance frequency, the arc current limitation
can be effectively obtained. In addition, owing to the nature
of resonance operation, the transition from an open circuit
to discharge is not abrupt, but very soft. The operational
phase transition from ignition discharge to the steady state is
achieved in an effective manner due to the series connection
of the secondary side of the ignition transformer and the
main power supply. The secondary side of the high voltage
transformer which generates a high ignition voltage during
the ignition phase becomes short circuited during the steady
state providing a short path between the plasma torch and the
main power supply.

IV. OPERATING CHARACTERISTICS OF PLASMA TORCHES
WITH A DYNAMIC ARC MODEL

The arc as a circuit element can be modeled by the dynamic
resistance R, which satisfies the Cassie-Mayr equation:

dR, R, 1,U,
=—|1-—— 1
dt T ( P > M

where I, is the current applied to the arc and U, is the arc
voltage. The Greek letter 7 is the time constant of the arc
which accounts for the time delay in the arc dynamics. The
Prepresents the power loss of the arc due to radiative and
convective heat transfers [17], [18]. Both 7 and P depend on
the arc current and the arc voltage. In this paper, the arc power
loss P is modeled as follows:

P=PR (R,/R)" )

where R = 1.0Q is the unit resistance. Py and ¢ are functions
of the arc current I,and the arc voltage U,. The arc parameters
have been calculated by a number of steady and transient arc
simulations [5], [6], [19]. The arc model described in Eq.
(1) and (2) has been integrated into the circuit simulation
tools of Matlab Simulink and Plecs. This is to simulate the
arc characteristics of the plasma torch within the scope of
a complete power conversion system under the conditions of
the arc ignition phase as well as steady-state operation. An arc
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voltage noise disturbance of £10% in amplitude and 900Hz in
frequency, caused by an internal periodic pressure wave inside
the plasma torch, is modeled and applied to the dynamic arc
load during steady-state operation.

Fig. 6, 7 and 8 illustrate the simulated weakly blown electric
arc inside the plasma torch. Fig. 6 shows the simulated equal-
current-density surface which confines the arcing zone. Figure
7 shows the velocity profile on a vertical plane-cut. The high
velocity region along the vertical axis corresponds to the high
temperature (T>7000K) arcing region where the air density
is low. The arcing zone shows the high velocities caused by a
low gas density for a given mass flux rate. Selected streamlines
from the flow inlet to the outlet are also shown. From the
transient arc simulation, it is important to note the periodic arc
voltage noise generation due to hydrodynamic disturbances.
A snap shot of the pressure distribution inside the plasma
torch is shown in Fig. 8. Note that there is a high pressure
region formed in the anode cap. This is due to the fact that the
radiative arc energy is pumped into and trapped in the anode
cap. Consequently, the heat energy is converted into hydraulic
pressure there. The high pressure region periodically relaxes
once the pressure reaches a critical value, which generates
a periodic pressure wave. The disturbance in the arc profile
changes the conductivity of the arcing column, which results
in periodic arc voltage fluctuations. Figure 9 shows the arc
voltage fluctuation curve obtained from the transient 3D arc
simulation under an arc current of 2kA. It is noted from
Fig. 9 that the arc voltage follows a sawtooth waveform
pattern fluctuating around 1500V, which corresponds to the
arc parameter setting given by Py=2.625 x 10 and alpha=1.0.
The average frequency of the arc voltage fluctuation is ap-
proximately 900Hz with an average amplitude equal to 300V.
This amplitude corresponds to a Py fluctuation amplitude of
40%. This pressure wave disturbance has a detrimental effect
on the arc stability and on the stable operation of the overall
power conversion system unless proper countermeasures are
taken. The simulation results on the operation of a 3-level
dec-dc converter is illustrated in Fig. 10. The turn on duty of
each IGCT is controlled to regulate the output load current
to the given reference value. The turn-on instant of IGCT?2 is
delayed by 180 degree of a switching period from the turn-
on instant of IGCT1. Therefore, the turn-on pulses of IGCT2
are phase-staggered between those of IGCT1 as shown in Fig.
10. The lower block of a 3-level dc-dc converter that is fed
by the delta connected secondary winding of a transformer
has the same phase staggering operation between IGCT3 and
IGCT4. Two blocks of 3-level dc-dc converters have a phase
shift of 90 degree of a switching period from each other. That
means the turn-on of IGCT3 is delayed by 90 degree from
that of IGCT1. This is made possible by the isolated supply of
two secondary windings and the decoupling output inductors.
As a result, the output inductor current (ILout) a switching
frequency that is four times more effective when compared to
the given switching frequency of each IGCT.

This makes the size of the output inductor small and it also
provides a faster regulation control of the output load current.
The simulation waveforms on the load side are illustrated
in Fig. 10 and 11. In Fig. 11, the dc arc current, the dc
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arc voltage, and the dynamic arc resistance are shown. In
general, plasma torches have a negative dynamic resistance
characteristic which is an intrinsic property of discharging arc
loads.

This is visible from the waveform of the arc resistance
(Rarc) in Fig. 11. Upon a sharp decrease in arc voltage due to
a load disturbance, the arc current is increased rather than
decreased resulting in a negative incremental slope of the
resistance. It is this negative incremental slope of resistance
which makes the plasma arc system unstable unless proper
control measures are taken. The proposed converter solution
can stabilize such instabilities through a fast regulation of
the output current with a small sized output inductor. Fig. 12
shows the same arc current and its frequency spectrum. It is
noted from these two figures that the peak-to-peak ripple of the
arc current is maintained within +8.8% of its rated value of
350A. The major harmonic is at 1.2kHz and this is due to four
times the switching frequency (300Hz) of each IGCT. The har-
monic spectrum well describes the influence of the arc voltage
noise disturbance of 900Hz. It creates 300Hz and multiples of
the 900Hz harmonics. This is due to the interference between
the carrier frequency of 1.2kHz and the arc disturbance of
900Hz. One of many important operational requirements of a
power supply system for a plasma torch is the capability of fast
current regulation under various unstable arcing conditions,
i.e. initial arc ignition, load disturbances, internal pressure
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wave disturbances, etc. The step load disturbance of the arc
voltage on top of the internal pressure wave disturbance is
applied to the power supply system to implement a realistic
dynamic operating condition. The dynamic behaviour of the
power supply system, particularly with the regulation of output
load current, is investigated. The related simulation results are
provided in Fig. 13. This figure explains the dynamic response
characteristics of the proposed converter system upon the step
load response at the instants of 0.2 and 0.3 s. The resulting
output load current is shown at the bottom of Fig. 13. This
confirms the effectiveness of the proposed converter system
under dynamic operating conditions. Figure 14 illustrates the
operating characteristics of the proposed half bridge resonant
ignition circuitry. This figure shows the pole voltage, the
resonant current and the ignition voltage. A power supply
system similar to the one described in Fig. 4 has been built
and tested to confirm the feasibility of the proposed solution.
The power stack, namely a PEBB (Power Electronics Building
Block), equipped with all of the semiconductors from the
front-end rectifier and the 3-level step-down dc/dc converter
is shown in Fig. 15.

An IGCT rated 4kA/4.5kV (5SHY 35L4510, ABB Semi-
conductor) is used in the stack due to the optimized conduction
and switching loss characteristics [14]. The press pack mount-
ing technology, using the mechanical structure of the stack,
provides very efficient cooling and electrical contacts to the
semiconductors when compared to IGBT module technology.
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As aresult, a high power density and reliable short-circuit per-
formance can be achieved through the power stack technology.
The waveform in Fig. 16 describes the switching behavior
of the IGCT at the point of 5.2kA in the employed power
stack. It shows the turn-off time, the switching trajectory of
voltage/current, and the switching loss. It is noted that the
IGCT current of 5.2kA is successfully commutated to the fast
diode within 2us. This confirms the high current switching
capability of the IGCT in this high power rectifier applica-
tion. Additional experimental verification is planned and the
corresponding results will be reported in future publications.

V. CONCLUSIONS

This paper proposes a power supply of medium voltage
with enhanced ignition characteristics for plasma torches. The
series resonant half-bridge topology is presented as a suitable
ignition circuitry. The ignition circuitry is integrated into the
main power conversion system. A plasma torch rated for 3SMW,
2kA and having a physical size of 1m is selected to be a
high enthalpy source. The dynamic characteristics of the DC
arc in the plasma torch are investigated using advanced 3D
magneto-hydrodynamics simulations. These simulations show
the existence of an arc disturbance noise of 900Hz due to the
periodic pressure wave inside the plasma torch during steady-
state operation. This arc noise can give a rise to arc instability
unless properly compensated by a current control scheme.
Simulation waveforms confirm that the proposed power con-
verter system has superior dynamic performance under the
existence of load disturbances. The proposed power conversion
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Fig. 14. Simulation waveforms in ignition circuitry part (From the top: Vp_res,
Ires, and Vlgnition).
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Fig. 15. Photograph of 5kA proto-type IGCT power stack (Dimension:
0.5m x 0.8m).
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Fig. 16. Experimental waveforms of IGCT switching-off at 5.2kA (From the
top: switching current, voltage, power, and energy).

configuration, including the ignition circuitry, provides a high
enough ignition voltage, around 5kV, during the ignition phase
and high arc stability under the existence of intrinsic arc
disturbance noise resulting in a high-performance plasma torch
system.
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