
ABSTRACT. The conventional electroni-
cally controlled power sources for steady
and pulsed direct current (DC) welding
are converters and transistorized power
sources. In the case of steady direct cur-
rent welding with a converter, a single
fully or half-controlled three-phase
bridge converter is commonly used. For
pulsed DC welding, a single half-wave
rectifier is connected in parallel with a
three-phase bridge converter to produce
the desired pulsed direct current with dif-
ferent pulse repetition frequencies and
width. The three-phase bridge converter
provides the background current.

These power sources produce har-
monics in the AC mains, and, in the case
of pulsed direct current welding, there is
an unsymmetrical reaction in the mains
caused by the single half-wave rectifier.
In addition, the power source for pulsed
DC welding is complex to operate and
maintain, large in size, less efficient, rel-
atively expensive and is associated with
low dynamic response.

This investigation presents a new
method of firing the thyristors, which en-
ables steady and pulsed direct current
welding with a single fully controlled
bridge converter. A single fully controlled

three-phase bridge converter was chosen
as the power source as it contributes to re-
duction of reactive power with firing an-
gles greater than a certain value. The dis-
tortions produced by the power system as
a result of the new firing method can be
reduced with the help of two tuned reso-
nant line filters, if needed, although these
filters add weight, size and cost to the
power source. This was verified through
simulation and the results are presented.
Thus, some of the disadvantages associ-
ated with pulsed DC welding such as low
dynamic response, low efficiency and
distortions in the power system can be re-
duced to a minimum.

Introduction

The latest technologies in power elec-
tronics and control systems have a
tremendous impact on the development
of power sources for gas metal arc (GMA)

welding. These have led to the IGBT-
based inverter, which is smaller, lighter,
more efficient and is capable of perform-
ing a much wider range of functions be-
sides providing high operational com-
fort. Nevertheless, conventional power
sources like the converter, which has a
very poor performance, are still being
used in industry as they are robust and-
less costly. 

For GMAW with a converter, the
steady direct current is usually obtained
with a three-phase transformer and a
fully controlled three-phase bridge con-
verter — Fig. 1. The current is drawn from
the AC mains, rectified and smoothed
with a smoothing choke. The DC output
voltage is continuously varied by varying
the firing angle α of the thyristors (Ref. 1).

The power source for pulsed DC
welding, which involves a periodic fast
transition from a low to a high current,
consists of two parallel-connected recti-
fiers (Fig. 2), which are a three-phase
transformer with a three-phase bridge
converter to generate the background
current Ib and a single phase transformer
with a single half-wave rectifier for the
production of pulsed current Ip. The
pulse width tp is changed by altering the
firing angle α of the thyristors.

The pulse frequencies that can be de-
rived from this power source are multi-
ples of the line frequency such as 25, 50
and 100 Hz. Both the background and
pulsed current level can be changed by
the firing angle and the transformation
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ratio of the transformer (Ref. 1). Some of
the disadvantages associated with such  a
power source are unsymmetrical reac-
tion in the AC mains caused by the sin-
gle half-wave rectifier, high production
cost, high power loss, low efficiency, low
dynamic response and large size and
weight.

This research presents a new method
of firing the thyristors for a single fully
controlled three-phase bridge converter
for GMA welding, which enables both
steady direct as well as pulsed direct cur-

rent welding. The fully con-
trolled three-phase converter
was chosen as it reduces reac-
tive power drawn from the
power lines with firing angles
greater than 60 deg.

Thus, some of the above-men-
tioned disadvantages such as
high power loss, low efficiency
and low dynamic response can
be reduced to a minimum. The
distortions in the power system
produced as a result of the new
firing method can be reduced
with the use of two tuned reso-
nant harmonic line filters, if
needed.

The Power Source 

The power source circuit is
shown in Fig. 3. It consists of a
three-phase BC6F-rectifier
(bridge-controlled 6-pulse recti-
fier with a freewheel diode), a
49-kVA three-phase transformer
in a delta-star connection (DY5)
with primary taps, two L-C filters
and a smoothing choke with
tapping from 0.1 to 0.5 mH.
Varc, RL, Id and Vd represent the
welding arc voltage, ohmic re-
sistance of the welding cable,
output current and output volt-
age, respectively.

With this circuit and a new
method of firing the thyristors, it
is possible to produce both
steady direct current as well as
pulsed direct current with multi-
ples of the line frequency such
as fp = 25 Hz, 33 1⁄3 Hz, 50 Hz,
100 Hz and 150 Hz, and with
various pulse widths tp.

The purpose of the transfor-
mer is to reduce the incoming
voltage to a level that is needed
for the welding process. The
delta-star-connection and the
BC6F-bridge converter con-
tribute to lowering harmonic
distortions and reactive power,
respectively. The main advan-
tage of the delta-star-connection

of the transformer with primary taps is
that it eliminates the third harmonics
(150 Hz) and its multiples (Ref. 4). The
taps are used to adjust the turn’s ratio to
more closely match the maximum output
voltage to the intended load voltage. The
disadvantages are its weight, size and
cost. Besides these, the operator should
be skilled enough to select the correct tap
for a specific load.

The BC6F-bridge converter was cho-
sen as it reduces the reactive power with
firing angle α beyond 60 deg (α > 60

deg). For firing angles less than 60 deg,
the DC voltage of the converter is always
positive, and the freewheel diode does
not come into operation. As the firing
angle advances beyond this point, the
load current starts to freewheel through
the diode, thus cutting off the input line
current and preventing the DC voltage
from swinging into the negative direc-
tion. This reduces the amount of reactive
power drawn from the mains, thus im-
proving its power factor (Ref. 4). The free-
wheel diode plays a vital role in the lim-
itation of the short-circuit current meant
to generate the welding arc and in a
faulty situation. In both these cases, the
current is commutated in the freewheel
diode and eases with an e-function. The
circuit breaker S3 protects the converter
against thermal damage and instanta-
neous excess current.

To further suppress the reactive power
and harmonics, two series resonant shunt
filters F1 and F2 tuned to different har-
monic frequencies are used. The values
of the inductance L1, L2, capacitance C1,
C2, and resistance R1, R2, are determined
through simulation depending on the
welding method. The broad band effect
of the filter given by the resistance R1 and
R2 are obtained with the help of the ratio
of the power loss in the resistance P to the
reactive power of each filter Q, which
was kept small (P/Q < 5%).

Simulation Results and Discussions

The welding power source was nu-
merically simulated using the program
NETASIM (Ref. 2). The models in the sim-
ulation are represented with differential,
functional and logical equations. For sim-
ulation purposes, the welding arc voltage
for GMA welding is given by (Ref. 3)

Varc = 14.0 V + 0.05 · Id(A) (1)

where  Id = DC current.
The ohmic resistance of the welding

cable for a maximum DC current of 600
A was calculated to be RL = 0.93 mΩ.

Steady Direct Current Welding

For steady direct current welding, the
DC voltage and current are varied con-
tinuously through the transformer’s trans-
formation ratio. Figure 4 shows the volt-
age and current waveforms for the
transformation ratio a = 0.07. Finer out-
put voltages are derived by changing the
firing angle α given by (Ref. 4)

Vdα = Vdi · cos α (2)

where Vdi = maximum average DC out-
put voltage value obtained at α = 0 deg.
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Fig. 1 — Power source for steady DC current welding
(Ref. 1).

Fig. 2 — Power source for pulsed DC current welding
(Ref. 1).

Fig. 3 — Three-phase fully controlled bridge converter
with filters F1 and F2.



For this method, the maximum firing
angle is taken to be α = 60 deg.

The harmonics present in the nonsi-
nusoidal alternating currents drawn by
the converter for welding with DC cur-
rent are determined by Fourier analysis of
the current waveform and can be repre-
sented by (Ref. 10)

ν = k · p ±1 (3)

where k = positive integer, ν = order of
the harmonic and p = pulse (p = 6 for
three-phase bridge converter).

Thus, a three-phase bridge converter
has 5th, 7th, 11th, 13th, 17th, 19th, etc.,
harmonics present in its alternating cur-
rent, as shown in Fig 5. To suppress the
harmonics, as well as to reduce reactive
power, filter F1 was switched on during
steady direct current welding. The filter
was tuned to the 5th harmonic frequency
(fr1 = 250 Hz) because of its large ampli-
tude. The disadvantage of the filter is that
it adds weight, size and cost to the power
source. It should consist of an inductor

and a capacitor to prevent damaging it-
self due to simulation by any other equip-
ment on the power line or causing dam-
age to other equipment connected to the
same line as a result of rise in voltage.
The parameter of L1 and C1 of the filter
are calculated as follows:

Reactive power is drawn from the
mains by varying the firing angle α of the
thyristors. For a converter, neglecting the
inductive voltage drop, the firing angle α
is equal to the phase shift of the funda-
mental current with respect to the voltage
ϕ. The power factor is therefore cos ϕ =
cos α. With this relationship, the reactive
power drawn from the mains can be cal-
culated on the DC side and is given by
(Ref. 4)

Q = Ud · Id · sin α. (4)

With the maximum DC voltage Vdi = 78
V, the maximum current Id = 600 A and
the maximum firing angle α = 60 deg, the
maximum reactive power drawn from
the main is

Qmax = 78 V · 600 A · sin 60 deg (5)

Qmax = 40.5 kVar. (6)

The power factor lies at cos ϕ = 0.5. The
filter F1 is switched on to improve the
power factor to cos ϕ = 0.90. The reac-
tive power after compensation is calcu-
lated with Equation 4 as

Qn = 78 V · 600 A · sin 25.8 deg (7)

Qn = 20.4 kVar. (8)

The difference in reactive power, Q1 =
Qmax – Qn = 20 kVar, is supplied by the
filter F1. The value of the capacitance C1
and inductance L1 can be determined as
follows:

Q1 = 3 · VL1
2 · ω50 · C1 – 3 · IR2

2 · ω50 · L1  (9)

with

(10)

L
Cr

1 2
1

1=
⋅ω
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Fig. 4 — Voltage Vd and current Id waveforms with a transfor-
mation ratio a = 0.07. Fig. 5 — Fourier spectrum of the AC current IL1 (without Filter F1).

Fig. 6 — Fourier spectrum of the AC current IL1 (with Filter F1). Fig. 7 — Voltage Vd and current Id waveforms and variation of the firing
angle α (pulse frequency fp = 100 Hz, pulse width tp = 3.3 ms).



where VL1 = voltage across filter F1 = 230
V, ω50 = natural frequency = 2 · π · 50 Hz,
IR2 = current across the inductance L1 =
31.25 A (from simulation), ωr = angular
frequency of the 5th harmonics = 2 · π ·
250 Hz.

Substituting Equation 10 into 9 and
using the values above results in

C1 = 0.42mF (11)

L1 = 0.96mH. (12)

The resistance R1, which determines the
broad band filter effect, was determined,
with the help of the ratio ((P/Q)< 5%), to
be 7 Ω.

It has been observed that with the use
of filter F1, the power factor can be in-
creased and the overall harmonics can
be reduced by 50%, as shown in Fig. 6.
The firing angle lies at α = 60 deg.

Pulsed Direct Current Welding

There are several advantages of
pulsed direct current welding. They in-

clude the ability to weld thin and thick
metals with reduced spatter in all posi-
tions, its spray-like transfer, minimal dis-
tortion, its potential for lowering fume
emissions, ability to fine-tune arc wave
form and energy savings.

The method of firing the thyristors for
producing various pulsed direct current
Ip, background currents Ib, pulse fre-
quencies Ip and pulse width tp was based
on the dynamic study of the three-phase
bridge converter (Ref. 5). It has been ob-
served that an instant change in firing
angle α of a commonly used digital or
analog firing circuit of the thyristors, as
shown in Refs. 4, 8 and 9, leads to an in-
stant change in the DC voltage and cur-
rent. For example, rapid decrease of the
firing angle α rapidly increases the out-
put voltage and current and vice versa.
Since the BC6F converter operates with
firing angles from α = 0 deg to α = 60 deg,
the base current is fixed at any of these
angles by means of the transformer tap-
ping. The pulsed current, which can be
varied between α = 0 deg and the firing
angle set for the base current, is then su-

perimposed on the base current by in-
stantly changing the firing angle. This en-
ables the periodic production of the
above-mentioned four welding parame-
ters. The desired pulsed direct current
level, usually set at three to five times the
background current, is possible (Ref. 7).
It should be mentioned here that the
pulse height and width could not be var-
ied continuously and the pulse frequency
is dependent only on the line frequency.

Figures 7 and 8 show the output volt-
age, current and firing angle α for the
pulse frequency fP of 100 Hz and 50 Hz,
respectively. The firing angle α lies be-
tween α = 0 deg and α = 60 deg. The
pulse width tP can be varied as well. Fig-
ure 9 shows an example of a wider pulse. 

Pulsed welding with different pulse
frequencies generates different harmon-
ics on the AC side. Each harmonic of the
DC voltage is represented by (Ref.7)

fP = 6 · n · f (13)

where n = an integer 1,2,3.... and f =
mains frequency (50 Hz).
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Fig. 8 — Voltage Vd and current Id waveforms and variation of the firing
angle α (pulse frequency fp = 50 Hz, pulse width tp = 3.3 ms).

Fig. 9 — Voltage Vd and current Id waveforms and variation of the firing
angle α (pulse frequency fp = 100 Hz, pulse width tp = 6.6 ms).

Fig. 10 — Fourier spectrum of the AC current IL1 (without Filter F2). Fig. 11 — Fourier spectrum of the AC current IL1 (with Filter F2).



This harmonic is accompanied by two
adjacent frequencies on the AC side (Ref.
7), as indicated by Equation 3. The
Fourier analysis of the AC current can fur-
ther verify this. For example, welding
with a pulse frequency of 150 Hz pro-
duces harmonics of 100 and 200 Hz in
the alternating current. 

To reduce the harmonics produced by
pulsed welding, filter F2, with a power of
10 kvar, tuned to the 2nd harmonic fre-
quency (fr2 = 100 Hz), was switched on.
This is due to the fact that this harmonic
frequency is generated with almost all
pulse frequencies. Lower order harmon-
ics were neglected, as it is very difficult
to design a filter to eliminate them. The
capacitance C2 and inductance L2 were
calculated with Equations 9 and 10 by re-
placing L1 with L2, C1 with C2, IR2 with
IR4, and with the following values:

VL1 = voltage across the filter F2 = 230
V, ω50 = natural frequency = 2·π·50 Hz,
IR4 = current across the inductance L2 =
18.3 A (from simulation), ωr = angular
frequency of the 2nd harmonics =
2·π·100 Hz.

Thus, 
C2 = 0.26mF (14)

and
 L2 = 9.61mH. (15)

The Resistance R2, with a value of 30
Ω, plays the same role as R1 in Filter F1.

Figures 10 and 11 show the Fourier
analysis of the AC current without and
with the use of filter F2, respectively, dur-
ing pulsed current welding with pulse
frequency fp = 50 Hz and pulse width tp
= 3.3 ms. It clearly indicates that the har-
monics are reduced to approximately
30%. The main objective of filter F2 with
a smaller power is to reduce the har-
monics in the mains and to avoid over-
compensation of the reactive power.
Overcompensation nevertheless occurs
as the firing angle approaches α = 0 deg
during pulsed direct current production.

Conclusions

It was shown with simulation that it is
possible, with a new method of firing the
thyristors, to generate both steady direct
as well as pulsed direct current with a
single fully controlled bridge converter.
The optional use of passive filters can
compensate the reactive power and re-
duce the harmonics to a certain extent,
but they add weight, size and cost to the
power source. Nevertheless, some of the
disadvantages associated with the con-
ventional bridge converter power source
are reduced to a minimum. The use of an
active filter instead of the passive filter F2
during pulse welding could prevent over-
compensation and reduce harmonics
and reactive power more effectively.
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EVALUATION OF SEISMIC
RESPONSE DATA FOR PIPING

by Gerry C. Slagis

Experimental data from 14 test programs on dynamic response of piping are reviewed and evaluated. All tests
demonstrate the conservatism of the Section III Level D stress limits for seismic loads on piping.

These data are useful for quantifying the amount of conservatism in the Level D stress limits. But, additional
evaluation of the data is necessary to establish test margins and trends. Analyses are also required to extrapolate
test data to all possible piping configurations, geometries, fabrication details and pressure loadings. It appears that
the EPRI systems tests are more severe than the component tests for the fatigue failure mode.

To evaluate test data for comparison to code limits, the appropriate approach is to determine the elastic test re-
sponse and relate the input load level to the elastically predicted response. This is the method used in the report
to compare test data.
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