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Abstract. This paper proposes a novel, reliable, efﬁcient and cost-effective implementation of partial soft
switching in a silicon carbide (SiC)-based variable-frequency phase-modulated resonant transition converter
(PMRTC) used in manual metal arc welding (MMAW) applications at a peak power of 1.3 kW. The switching
frequency (fsw ) of the converter is increased from 100 kHz at no load to around 150 kHz for a rated power of
1.0 kW. Such an approach is not found in the existing literature. At such frequencies, a signiﬁcant proportion of
the output ﬁlter inductance is contributed by the inherent self-inductance of the output ‘‘lead cables’’. The
switching losses in the semiconductor devices are reduced at no-load condition by reduction of the operating
frequency. Load regulation is achieved at 150 kHz by implementing phase-shifted PWM technique. Implementation of partial soft switching without using additional components is another signiﬁcant contribution of
this work. The reduced size and weight of the ﬁlter inductor in turn reduces the overall size, weight and cost of
the system but puts a restriction on the output lead cable length, which is another salient ﬁnding of this work.
Since at high frequency the transformer model changes, design and ﬁnite-element method (FEM)-based simulation of the transformer are also presented in this paper. Loss calculations at 100 and 150 kHz are discussed.
The entire converter is fabricated in the laboratory. Experimental and simulated results are found to be in
excellent agreement.
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1. Introduction
Arc welding is a fusion process for joining metals. In arc
welding, the intense heat needed (about 6500 F) to melt
metal is produced by an electric arc [1]. Among the different arc welding processes, shielded manual metal arc
welding (SMAW) or manual metal arc (MMA) welding
process is popular because of its simplicity. In the SMAW
process an arc is formed between the work-piece and the
electrode, which melts both the base metal and the electrode [1, 2]. Depending on the process of welding, one can
have either constant current (CC) or constant voltage (CV)
sources. Also depending on the material being welded, the
output of an arc welding machine can be categorized into
(i) AC and (ii) DC types. AC arc welding is used for the
materials that oxidize easily, like aluminium [2]. In this
paper, only DC SMAW is considered. In SMAW, a CC
power source is used [1]. The characteristics of a CC arc
welding power supply and the arc characteristics for two
different arc lengths is shown in ﬁgure 1. Initially the load
is on open circuit and the voltage at the output terminal is
*For correspondence

the open-circuit voltage (OCV). An OCV of 50–100 V is
required to help the arc to start [3]. Whenever the electrode
touches the work-piece, a short-circuit current ﬂows and the
arc plasma is established (on very slightly withdrawing the
welding electrode), through which the current continues to
ﬂow. Soon after the arc is established, the load becomes
resistive and the value of the resistance depends on the
length of the arc. It can also be observed from ﬁgure 1 that
near the operating points (the points where the power
source characteristics and the arc characteristics intersect
(marked dotted)) the v–i characteristics of the arc are linear.
For welding with coated electrode, the characteristic of the
arc in the linear region may be approximately written as
v ¼ 20 þ 0:04i for i\600 A [3]. A power supply intended
for SMAW welding applications must be capable of
(i) limiting the short-circuit current, (ii) providing isolation
between input and output and (iii) maintaining a CC during
welding operation [3, 4].
In the past, the welding apparatus were mainly transformer (usually at power frequency) and generator based.
They were characterized by large weight and size, and low
efﬁciency (g). The main challenge of these apparatus was
poor dynamic response [5]. Due to the advancements in
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Figure 1. Power source characteristics of a CC arc welding
power source (for example, intended for SMAW applications) and
arc characteristics for two different arc lengths [1].

switched mode power conversion technologies, lighter and
smaller inverter-based welding machines are becoming a
preferred option. In [3], the performances of different isolated non-resonant DC–DC PWM converters (ﬂyback,
forward, push–pull, two-switch forward (2SWF), half
bridge and full bridge (FB)) as used for welding application
have been studied. It has been concluded that among all
DC–DC PWM converter conﬁgurations a 2SWF and an FB
are the most suitable. Again among these two, an FB
converter has added advantage over a 2SWF in terms of
reducing the transformer size and easy implementation of
resonant switching. Klumpner and Corbridge [6] proposed
a two-stage (a buck converter feeding an FB converter)
DC–DC converter where the output voltage and current of
the FB converter are controlled by controlling the output
voltage of the buck converter stage. Such a converter suffers from poor overall efﬁciency due to cascading of two
stages. A multi-functional phase-shifted zero-voltageswitching and zero-current switching (PS-ZVZCS) inverter
for arc welding/cutting applications has been proposed in
[7]. The power converter stage is a conventional phaseshifted full bridge (PS-FB) with a switch arrangement at the
secondary rectiﬁer side to change the output voltage ratio
during welding and cutting applications. However, this
circuit uses a saturable core inductor as a resonant element.
The drawback of using saturable core inductors is discussed
later in this section. Mnich [8] discussed about (i) a 2SWF
converter having different power ratings and (ii) an FB-PS
converter with two additional windings connected to the
transformer secondary and the output via two MOSFETs to
provide the required OCV during no load. The drawback of
the second conﬁguration is the presence of two active
switches on the secondary side. They need to be operated
with isolated gate drivers, which makes the overall system
bulky with lower reliability. A three-level, half-bridge ZVS
DC–DC converter with a current doubler rectiﬁer is proposed in [9]. The circuit uses a multi-level converter to
increase the input DC bus voltage. However, the circuit
utilizes additional components like two neutral clamp
diodes and one external resonant inductor. Load resonant
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converters are also widely being used in welding applications [10–12].
The switching frequency (fsw ) of the inverter-based
welding machines is increased to reduce the size of the
passive components (inductors, transformers, etc.). It is
well known that the highest frequency achievable is limited
by the feature of switching losses, which increase proportionally with fsw [13]. Two popular switching methods, viz.
zero-voltage switching (ZVS) and zero-current switching
(ZCS), are adopted to minimize switching losses. Research
is on in this direction to improve converter efﬁciency.
The circuit diagram of a conventional ZVS FB DC–DC
converter is shown in ﬁgure 2. For the leading leg [13] (left
hand leg in ﬁgure 2), ZVS can be achieved at light load, as
the ZVS operation is ensured by the energy stored in the
output ﬁlter inductor (L0 in ﬁgure 2). For the lagging leg
[13] (right hand leg in ﬁgure 2), the body capacitance Ct
(Ct ¼ C1 þ C4 ¼ C2 þ C3 ) and the leakage inductance of
the transformer (LLK ) are utilized as resonant elements to
achieve ZVS. The ZVS condition of the lagging leg devices
is dependent on the load current and the parameter value of
the resonant elements (LLK and Ct ) [14]. An additional
inductance may be introduced in series with the transformer
to achieve ZVS at light load condition. This, however,
reduces effective duty cycle, leading to a reduction in
transformer secondary side voltage, and it also increases
circulating current [15]. For ZVS operation over the entire
load range (no load to full load), the conduction loss
increases in the free-wheeling period.
Several research papers have been published on the
various ways to reduce switching loss. Many ZVZCS FB
DC–DC converters have been proposed by different
researchers [13, 16–24]. In [13], the ZVS of the leading leg
switches is achieved in a manner similar to that of a conventional FB ZVS DC–DC converter. ZCS of the lagging
leg devices is achieved by resetting the primary current of
the transformer. The primary current can be reset using an
auxiliary circuit either connected on the primary (primaryside-assisted) or on the secondary side (secondary-side-assisted) of the transformer. For the latter the transformer
primary current is reset to zero using a snubber circuit or an

Figure 2. Circuit conﬁguration of a conventional ZVS fullbridge DC–DC converter for welding applications.
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active clamp circuit, connected on the secondary side of the
transformer. A larger on-time is observed, which is
advantageous only when they operate at a ﬁxed duty cycle
but a drawback when they operate under short circuit [13].
In primary-side-assisted ZVZCS converters, ZCS of the
lagging leg switches is achieved by introducing a resetting
voltage in the primary side. A capacitor or a transformer
can be used as a resetting circuit [13, 18]. In [25, 26] the use
of a saturable core inductor is proposed. This causes low
converter efﬁciency due to losses in the inductor. Additionally, heating of the saturable core inductor is a challenge. In [27], the use of an auxiliary switch to achieve ZCS
of the top switches and ZVS of the bottom switches is
discussed. The complexity of control offsets the advantage
of this conﬁguration. In [22, 28, 29], use of passive auxiliary circuits to achieve soft switching of the primary side
switches is proposed. The main disadvantage of these circuits is the voltage overshoot caused in the secondary side
rectiﬁer diode. The approach in [30] uses an auxiliary circuit on the primary side to widen the ZVS range, and
achieve decreased conduction loss and reduction in
switching frequency. The penalty paid is in terms of the
increased component count.
Substantial research has also been conducted to
reduce the size of the output ﬁlter inductor. The hybrid
combination of an uncontrolled half-bridge section and
phase-shift controlled FB section has also been proposed in [32–34] but it requires an additional transformer. Also the combined VA rating of the two
transformers is more than that of the single transformer
of conventional FB converters, for variable-input
applications. In [35], an interleaved ZVS converter is
proposed. The circuit resets the magnetizing ﬂux using
an auxiliary snubber circuit. The ripple current cancellation of the output capacitor is achieved using a
current doubler circuit. Also, the interleaved PWM
scheme can reduce the ripple current at the output load
and achieve load current sharing. Lin et al have proposed ZVS converter [36] comprising a parallel half
bridge. Asymmetrical PWM is used to achieve the ZVS
turn-on of the power switches.
A review of the available literature, as before, indicates that to reduce the switching loss, various methods
are adopted to achieve ZVS and ZCS. All of these use
additional element(s). This has motivated the authors to
use two different frequencies in welding converters:
(i) an increased switching frequency to reduce the size of
the ﬁlter inductor during welding operation (on load) and
(ii) reduced switching frequency to achieve partial soft
switching (without using any additional components)
under no load.
This paper proposes a two-frequency, silicon carbide
(SiC)-MOSFET-based FB phase-modulated resonant transition converter (PMRTC) for arc welding applications at
1.3 kW peak power. Conventional silicon MOSFETs have
lower voltage blocking capability and have higher junction
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capacitances. Advantages of SiC MOSFETs are that they
can withstand higher breakdown voltage and can operate at
higher temperatures [37]. The switching loss is also lower
for SiC devices. The use of SiC devices for various
industrial applications is discussed in [38]. Here the
switching frequency(fsw ) of the converter is increased from
100 kHz at no load to 150 kHz (more precisely 153 kHz)
during welding operation. The on-load frequency is chosen
considering the lower limit of CISPR 22 class B conducted
EMI standard, i.e. 150 kHz [39]. The dynamic response of
the power converter (the speed at which the circuit responds
to the current and voltage ﬂuctuations) is also faster if the
switching frequency is raised [4]. The no-load frequency is
chosen to optimize the size of the transformer. At lower
frequencies, the size of the transformer would increase. The
size of the output ﬁlter inductor is reduced due to increase
in frequency on load but, interestingly, puts a length
restriction on the output ‘‘lead cable’’ length. This is a
salient ﬁnding of this work, which directly reﬂects on the
speciﬁcations of the entire apparatus in conjunction with
power converter ratings. At no load, the switching losses
and the EMI are lesser. In this regard the design of the high
frequency (HF) transformer is discussed. Since at HF the
traditional equivalent circuit of the transformer does not
hold, an FE analysis of the transformer is carried out to
estimate the parameters of the transformer. Loss calculations at two different frequencies are performed and the
results are also discussed. A detailed analysis of performance under transient conditions of the converter has been
carried out using standard software packages and the results
are presented. The entire converter has been fabricated in
the laboratory and experimented upon. Achievement of
partial ZVS without using any additional element is noteworthy. Works on converters for welding applications are
hardly reported in the published literature and are mostly
protected by patents. Therefore this work is also expected
to aid researchers to develop a laboratory prototype starting
from the scratch.

2. Operating principle of the PMRTC
The proposed converter operates in six distinct modes in
each half cycle. The details of these modes may be found in
[14, 40]. For the sake of ready reference, modes are presented here in brief.
The analytical waveforms of vpri , ipri , vsec and vG1 –vG4
are shown in ﬁgure 3 (the symbols being indicated in ﬁgure 2). The operation in each mode is as follows: the forward conduction drop of S1 to S4 and effect of the large
shunt magnetizing inductance of the transformer (Lm ) are
neglected in this analysis for the sake of simplicity.
Mode 1 (t0 to t1  )
In this mode, S1 and S2 are conducting. The primary
current ramps up with a slope
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transformer (vpri ) may be expressed as vpri ¼ vD3 . S3 can
now be switched on with negligible voltage across it. As
soon as the gate voltage of S3 (vG3 ) rises above the
threshold voltage of S3 , vD3 drops to a value ipri RDSON
where RDSON is the on-state resistance of the device. The
relationship between the drain to source voltage and drain
to source current of the selected device in 3rd quadrant may
be found in ([41], Figs. 13 and 15).
The secondary current (same as load current i0 ) freewheels through D5 and D6 with a slope
Di0 V0  vD5  vD6
¼
Dt
L0

ð4Þ

where Di0 ¼ nðIp2  IpM1 Þ and Dt ¼ ðt2   t1  Þ and n is
the turns ratio of the transformer T1 . Mode 3 ends when S1
is turned off.
In this mode
Figure 3. Representative waveforms of vpri , ipri , vsec and
vG1  vG4 .
0

Dipri Vdc  V0
¼ 0
Dt
L0 þ LLK

ð1Þ

where LLK is the total leakage inductance and is given by
0
LLK ¼ LLK1 þ LLK2 .
0
Here LLK1 and LLK2 are the primary and secondary
leakage inductances (reﬂected), respectively. Mode 2 starts
when S2 is turned off.
Mode 2 (t1  to t1 þ )
As soon as S2 is turned off, the transformer primary
current gets two paths to ﬂow. One is through C3 and the
other through C2 , thus charging C2 and discharging C3
0
linearly due to the presence of L0 . The fall time of vC3 (or
rise time of vC2 ) (tM2 ) can be expressed as
tM2 ¼

ðC2 þ C3 ÞVdc
IpM1

ð2Þ

where IpM1 is the value of the transformer primary current
at the end of mode 1. C2 and C3 may be assumed to be
similar and (2) simpliﬁed to
tM2

Ceq Vdc
¼
IpM1

ð3Þ

where Ceq ¼ C2 þ C3 . The value of ipri is the load current
reﬂected on the primary side. Mode 2 ends when VC3 falls
below vD3 (- 3.3 V for the body diode of C2M0160120D
[41]). At the end of this mode, vpri falls to vD3 , vsec falls
close to zero and ipri can be assumed to be almost constant
at IpM1 .
Mode 3 (t1 þ to t2  )
As soon as vC3 falls below vD3 , ipri starts free-wheeling
through D3 . The voltage across the primary winding of the

ipri ¼ IpM1 

V0 þ vD5 þ vD6
:
nL0

ð5Þ

Mode 4 (t2  to t2 þ )
When S1 is turned off, the current gets two paths to ﬂow.
One is through C1 and the another through C4 . The primary
current reduces rapidly, which causes secondary currents to
free-wheel through all the secondary rectiﬁer diodes (D5 
D8 ). The energy stored in LLK is available only to charge C1
and discharge C4 . In addition to C1 and C4 the transformer
winding capacitances also come into picture (CTr ), leading
to a total capacitance of
Ceq ¼ C1 þ C4 þ CTr :

ð6Þ

Resonance occurs between LLK and Ceq at a frequency
fr ¼

1
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ :
2p LLK Ceq

ð7Þ

Now, vC4 falls to vD4 within T4r (where Tr = f1r ). The minimum required dead time to achieve ZVS is given by
tDmin ¼

p pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
LLK Ceq :
2

ð8Þ

At the end of mode 4, vC4 reaches vD4 and D4 gets forward
biased.
Mode 5 (t2 þ to t3 )
When D4 gets forward biased, mode 5 starts. The pridc
mary current decreases rapidly with a slope of ðÞ LVLK
. S4
can now be turned on with negligible voltage across it.
Similarly, as in mode 2, vD4 drops to ipri RDSON as soon as
vG4 rises above the threshold voltage of S4 . The secondary
of the transformer is still shorted as all the secondary diodes
are conducting. This mode ends when the primary current
falls to zero.
Mode 6 (t3 þ to t4 )

Sådhanå (2021)46:75
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As soon as the primary current drops to zero, it starts to
increase in the negative direction through S3 and S4 and
reaches ðÞIP1 . The secondary of the transformer is still
shorted through D5  D8 . At this instant, D5 and D6 commutate and the next half cycle begins.

3. Proposed controller
In ﬁgure 4, the circuit schematic and the proposed control
logic of the FB PMRTC are shown. C1 –C4 are the output
capacitances (Coss ) of the devices. If the output DC If
(ﬁltered using FIR, as discussed later) is less than a speciﬁed value (Iset ), fsw is reduced to 100 kHz and the inverter
is operated under no-phase-shift mode while fsw is increased
to 153 kHz when If is more than Iset , and the output current,
i0 , is then compared to the reference value (I0  ). The error
is fed to a current compensator (GC ðsÞ), which decides the
required phase shift depending on the value of the output
current. A hysteresis band is provided to avoid chatter near

75

Iset . In addition, a low-pass FIR ﬁlter is required to eliminate the HF ripple in the measured output current (i0 ).

3.1 Design of the FIR ﬁlter
The output current will contain a ripple of twice the
switching frequency, i.e. 306 kHz. A 10th order (in order to
get a good ﬁltration without impairing the processing time
of the digital controller) discrete low-pass FIR ﬁlter has
been designed using the least-squared error method
described in [42]. The frequency response of the ﬁlter may
be expressed as
HðxÞ ¼

N 1
X

hðnÞejxn

ð9Þ

n¼0

where N is the order of the ﬁlter [42]. The pass band edge
frequency of the ﬁlter has been selected as 50 Hz in order to
limit the rapid oscillations in the two-frequency range
during arc strike. The ﬁlter coefﬁcients are given in table 1.

Figure 4. Proposed control logic of the variable-frequency full-bridge PMRTC.
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Table 1. Filter coefﬁcients of the FIR ﬁlter.
Filter coefﬁcients

Value

hð0Þ ¼ hð10Þ
hð1Þ ¼ hð9Þ
hð2Þ ¼ hð8Þ
hð3Þ ¼ hð7Þ
hð4Þ ¼ hð6Þ
h(5)

0.0086
0.0467
0.196
0.103
0.245
0.6421

Figure 6. Phase vs frequency response of the ﬁlter.

The magnitude and the phase vs frequency response of
the ﬁlter are shown in ﬁgures 5 and 6, respectively. From
the ﬁgures, it is observed that the response of the ﬁlter
resembles the characteristics of a low-pass ﬁlter with a
cutoff frequency of 50 Hz.

4. Design and selection of components
4.1 Selection of the resonant inductor
From the discussions included earlier in the text it can be
concluded that, to achieve ZVS of the lagging leg, energy
stored in the leakage inductance (ELK ) must be higher than
the energy stored in ECeq or
1
1
LLK ipri 2  Ceq Vdc 2 :
2
2

ð10Þ

From (6) and (10) it can be derived that the critical value of
the secondary current at the beginning of mode 4 is
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
ð11Þ
IP2cr ¼
ðC1 þ CTr ÞVdc 2
LLK
where C1 and C4 are assumed to be equal (60 pF) at 325 V
[41]), as same devices are used. The required value of LLK
can be calculated from (11). The value of CTr is 59 pF
(calculations given later in this section). For IP2cr ¼ 1 A,
the minimum required value of LLK is 18.8 lH. The design
parameters are tabulated in table 2. The design of a gate

Table 2. Design parameters of the converter.
Parameters
Input DC voltage
Open-circuit voltage
Operating voltage
Short-circuit current
Operating switching frequency
No-load switching frequency
Dead time (both legs)
SiC devices used
Output capacitances
Body diode voltage drop
Rectiﬁer diode used
Transformer rating
Turns ratio
Magnetizing inductance
Leakage inductance
Parasitic capacitance
Core material
Core geometry
Wire used for winding
Output ﬁlter inductance

Symbol
Vdc
V0
Vop
Isc
fsw ðopÞ
fsw ð0Þ
td
S1  S4
C1  C4
vD1  vD4
D5  D8
kVA
n:1
Lm
LLK
CTr
–
–
–
L0

Value
325 V
50 V
15–25 V
60 A
153 kHz
100 kHz
200 ns
C2M0160120D [41]
60 pF at 325 V [41]
3.3 V [41]
DSS2X101-02A
2.0
6:1
1.09 mH
10:64 lH at 153 kHz
59 pF
CF196 [44]
EE6527 [44]
SWG 24
20 lH, 60 A

driver for SiC devices is discussed in [37]. The leakage
inductance also includes those of the connecting wires and
leads on the secondary side. The inductance (in lH) of the
lead wires (stranded) may be estimated using the relation
#
"
2l
ð12Þ
L ¼ 0:002l loge  1
R
where l is the length of the conductor (in cm), R ¼
1

Figure 5. Magnitude vs frequency response of the ﬁlter. It is
seen from the response that the cut-off frequency is 50 Hz.

ðrnan1 Þn (r is the geometric mean distance (in cm), n is the
total number of strands and a is radius of the circle circumscribing the n number of strands) [43]. With 36 strands
of SWG, 24 wires connected in parallel having
length ¼ 18 cm, an approximate value of the inductance
(Lwire ) has been calculated as 310 nH. The transformer
design data are given in table 2. A precise estimate of these

Sådhanå (2021)46:75

Page 7 of 17

75

parameters in 100–150 kHz is crucial for appropriate
implementation of the control strategy(s). The same is done
using FE methods and standard commercial software
packages.

4.2 Design of the transformer and parameter
estimation
The relationship among output voltage (V0 ), input voltage
(Vdc ), turns ratio (n) and effective duty cycle (Deff (ﬁgure 3)) may be written as [40]
V0
Deff
:
¼
Vdc
n

ð13Þ

From table 2, the value of the OCV is 50 V (with no phase
shift). Since, during no-load condition, the loss of duty
cycle can be neglected, the inverter stage of the converter
can be viewed upon as a conventional single-phase inverter.
Here the value of Deff can be considered to be nearly unity.
From (13), with Vdc ¼ 325 V, the required value of n is
6.5. A 6:1 turns ratio is chosen to get a slightly higher OCV
and also to avoid fractional turns ratio. The required area
product for the transformer is [45],
AC AW ¼

VA
2fBm JKW

ð14Þ

where AC and AW are core and window areas, respectively.
With J ¼ 2:5 A=mm2 , f ¼ 100 kHz, Bm ¼ 0:15 T and
KW ¼ 0:2, the calculated value of the area product is
13:33 cm4 . A Cosmo ferrite EE6527 core [44] has been
selected, which has a area product of 29 cm4
(AC ¼ 5:32 mm2 and AW ¼ 5:45 mm2 [44]). A slightly
larger core was chosen to provide for adequate ventilation
in the lab prototype after a smaller core was found to heat
up more.
The primary number of turns
N1 ¼

Vdc
 11:
4Bm fAC

ð15Þ

The chosen value of N1 is 12 and N2 ¼ Nn1 ¼ 2. The magnetizing inductance
Lm ¼ AL N1 ¼ 1:12 mH
2

ð16Þ

where AL is the per turn inductance of the selected core (7.8
lH) [44]. An approximate equivalent circuit of the transformer is shown in ﬁgure 7. The calculated value of LLK2 0 is
As
described
earlier
LLK2 0 ¼ n2 Lwire ¼ 11:16 lH.
LLK ¼ LLK1 þ LLK2 0 ¼ 18:8 lH. Hence, the minimum
required value of LLK1 is 7:64 lH.
The transformer is modelled using ANSYS PEXprt,
Maxwell and Simplorer (discussed later in this paper).
The open-circuit simulations have been performed at
100 kHz. The estimated value of the magnetizing

Figure 7. An approximate equivalent circuit model of the
transformer at higher frequencies (100, 150 kHz) [46].

inductance from ﬁnite-element method (FEM) simulation is
1.09 mH. The simulated waveforms of the input voltage
and the input current at the primary winding are shown in
ﬁgure 8. The short-circuit simulations have also been performed at 100 and 153 kHz. The obtained values of the
leakage inductances are 9:96 lH at 100 kHz and 10:64 lH
at 153 kHz; the simulated waveforms under short circuit
have been shown in ﬁgures 9 and 10, respectively.
The transformer parasitic capacitances (ﬁgure 7) are also
estimated from the FEM simulation. The necessity of the
capacitance modelling arises from the mismatch between
the simulated (following conventional equivalent circuits)
and experimental results of vds , vgs and ipri during no-load
condition. In simulation (done without considering the
parasitic capacitances) vds of the device fell by 250 V,
whereas experimental results show that it has actually fallen by 130 V (ﬁgure 18b). The simulation results without
considering the transformer capacitances are shown in
ﬁgure 11.
The transformer 3D model used for FEM 3D electrostatic
simulation is shown in ﬁgure 12. The red coil is the primary
winding, while the yellow coil is the secondary winding.
The circuit shown in ﬁgure 7 has been simpliﬁed by
neglecting all the weak capacitances and tiny leakage
inductances. The simpliﬁed circuit is shown in ﬁgure 13.
This is a parallel L  C circuit having resonant frequency
fR ¼

1
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ :
2p Lm CTr

ð17Þ

The frequency of the transformer input voltage is varied
from 350 to 750 kHz while modelling using the chosen
software package and the input impedance is plotted
against frequency. It is found that the input impedance is
maximum at 635 kHz (ﬁgure 14). This corresponds to the
resonant frequency fR . From table 2, Lm ¼ 1:09 mH. Using
(17), the calculated value of the CTr is  57:63 pF.
It may be mentioned here that the transformer has been
designed for 100 kHz. A welding machine operates on no
load for a longer duration. If the transformer would have
been designed for 153 kHz then the core size could be
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Figure 8. Simulation waveforms of the open-circuit test at
100 kHz;
scale:
t ¼ 5 ls=div,
vpri ¼ 100 V=div,
ipri ¼ 50 mA=div.

Figure 12. A picture of the 3D model of the transformer, used
for electrostatic simulation for capacitance extraction. Red coil is
the primary winding and yellow coil is the secondary winding.
Figure 9. Simulation waveforms of the short-circuit test at
100 kHz; scale: t ¼ 5 ls=div, vpri ¼ 50 V=div, ipri ¼ 5 A=div.

Figure 10. Simulation waveforms of the short-circuit test at
153 kHz; scale: t ¼ 5 ls=div, vpri ¼ 50 V=div, ipri ¼ 5 A=div.

Figure 13. The equivalent circuit used for plotting input
impedance (Zi ) of the transformer. All the distributed capacitances
have been simpliﬁed and considered as a lumped capacitance CTr .

reduced, but the ﬂux density could also have increased.
This would lead to a higher core loss in the transformer at
no-load condition. Also, at 100 kHz, this might have led to
saturation of the transformer core.

4.3 Selection of the dead time td
Using (7), the value of resonant frequency fr ¼ 3:65 MHz.
Now from (8), the minimum required value of the dead
time td (for IP2cr ¼ 1 A) can be calculated as [14]
Figure 11. Simulated waveforms (magniﬁed) of vs1 , vgs1 and ipri
with Vdc ¼ 325 V, iload ¼ 0, fsw ¼ 100 kHz, without considering
the transformer parasitic capacitance. It is observed that vs1 has
fallen by 250 V. This shows a mismatch with the experimentally
obtained result (vs1 fall by 130 V, see ﬁgure 18b).

td  tDmin ¼

p pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
LLK Ceq ’ 69 ns:
2

ð18Þ

However, a much larger dead time has been chosen to
provide some extra time such that the drain to source
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Figure 14. A plot of the input impedance (Zi ) of the transformer
against frequency is shown. The impedance peaks at 635 kHz,
which is at the self-resonant frequency of the transformer
capacitance (CTr ) and the magnetizing inductance Lm .

voltage of S1  S4 (ﬁgure 2) gets reduced to as low a value
as possible under no load.

5. Simulated and experimental results
The circuit has been simulated using standard software
packages and the results are compared to the corresponding
experimental results. In ﬁgure 15a, the simulated waveforms of vpri , ipri and vD6 at 325 V input DC voltage and
58.2 A load current are shown. The corresponding experimental results are shown in ﬁgure 15b. The obtained value
of IP2 (ﬁgure 3) at the beginning of mode 4 is 9.6 A, which
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is much greater than the minimum required initial current to
satisfy ZVS in mode 4 (IP2cr ). In ﬁgure 16a, the falls of vpri
and ipri in mode 2 are shown; vpri falls to ðÞvD3 within
30 ns. In ﬁgure 16b, the corresponding experimental results
are shown. Experimental value of fall time in mode 2 is
33 ns. In ﬁgure 17a the waveforms of vpri and vD6 in mode
4 are shown; vpri falls to ðÞvD4 within 34 ns. From the
experimental waveforms (ﬁgure 17b), the value of the fall
time at mode 4 is 35 ns. There is an excellent agreement
between the two sets of results.
In ﬁgure 18a, the simulated waveforms are shown for the
voltage across switch S1 (vS1 ), diode D6 (vD6 ), gate to
source of S1 (vgs1 ) and ipri at fsw 100 kHz, 325 V DC input
and on no load (iload ¼ 0). It is seen from the waveforms
that vs1 falls to 195 V (falls by 130 V) within 170 ns; vgs1 is
made high at this instant. The corresponding value of the
magnetizing current is 250 mA. From the experimental
waveforms (ﬁgure 18b) it is seen that vs1 falls by 130 V
within 180 ns (ensuring partial ZVS), which is also in very
good agreement with the simulated waveforms.
The afore-mentioned no-load test is repeated at 153 kHz
with all other conditions unaltered. The simulated waveforms of vs1 , vgs1 , vD6 and ipri are shown in ﬁgure 19a and
the experimental waveforms are shown in ﬁgure 19b. It is
clear from the waveforms that, due to a decrease in the
magnetizing current at 153 kHz, the drain–source voltage
falls only by 60 V within 170 ns, which is 46% of 130 V
for the switching frequency 100 kHz. It implies that by
reducing the switching frequency, the switching loss has
been reduced at no load.
A photograph of the experimental set-up showing (1)
SiC power converter, (2) current sensor, (3) HF

Figure 15. (a) Simulated and (b) experimental waveforms of transformer primary voltage (vpri ), primary current (ipri ) and voltage
across diode D6 (vD6 ) with Vdc ¼ 325 V, iload ¼ 58:2 A, fsw ¼ 153 kHz. It can be seen that the simulation and experimental results match
in terms of their values and natures.
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Figure 16. (a) Simulated and (b) experimental magniﬁed waveforms of transformer primary voltage (vpri ) and primary current (ipri ) in
mode 2, Vdc ¼ 325 V, iload ¼ 58:2 A, fsw ¼ 153 kHz. It can be observed from the simulation result that the transformer primary voltage
falls near zero within 30 ns. In the experimental result the obtained fall time is 33 ns. However, there are some oscillations observed in
the vpri waveform. This is due to noise pickup by the oscilloscope probe.

transformer, (4) secondary side diode rectiﬁer and (5)
resistive load is shown in ﬁgure 20. A thermal image of
the SiC devices is shown in ﬁgure 21. The image was
captured after 30 min continuous run with 1.0 kW load.
The maximum temperature observed is 40 C at the body
of the devices. Welding operation has also been performed at peak power of 1.3 kW. A photo of the welding
operation is shown in ﬁgure 22. A waveform showing the

load voltage and current on larger time-scales is shown
in ﬁgure 23. There are four marked zones (1–4). Zone 1
represents initial jittering during an arc strike; zone 2 is
when the arc is steady and current is constant at 58.2 A;
zone 3 is during no-load condition where OCV is 50 V;
at the beginning of zone 4 the arc is re-struck and the
welding operation continues till the welding stick gets
exhausted at the end of zone 4.
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Figure 17. (a) Simulated and (b) experimental waveforms (magniﬁed) of transformer primary voltage (vpri ) and voltage across diode
D6 (vD6 ) zoomed at mode 4 with Vdc ¼ 325 V, iload ¼ 58:2 A, fsw ¼ 153 kHz. It can be observed from the simulated waveform that the
primary voltage falls near zero within 34 ns. However, in the practical result it is found to be 35 ns.

6. Discussions on the results
It is seen from the previous section that the developed
voltage across the switching devices is reduced to half if the
switching frequency is reduced at no-load condition. In
table 3, a comparison of the transformer core losses, the noload switching losses of the devices and the size of the
output inductor, at 100 and 153 kHz, are shown.

Transformer core losses at 100 and 153 kHz with Bm ¼
0:15 T and with Bm ¼ 0:1 T, respectively, may be found
from the core datasheet [44]. The loss decreases at 153 kHz
as Bm decreases.
The switching losses at no load during turn-on transient
Pturnon ¼ 12 Coss VDS 2 fsw . The turn-off switching loss shall
be negligibly small on no load. There is a net reduction in
switching loss at no load.
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Figure 18. (a) Simulated and (b) experimental waveforms (magniﬁed) of voltage across switch 1 (vs1 ), gate to source voltage of switch
S1 (vgs1 ), voltage across diode D5 (vD5 ) and primary current ipri with Vdc ¼ 325 V, iload ¼ 0, fsw ¼ 100 kHz. It can be pointed out from
the simulation result that vDS falls by 130 V within a dead time of 170 ns. This ensures partial soft switching of the device. From the
experimental result, the obtained value of the fall time is 180 ns.

Figure 19. (a) Simulated and (b) experimental waveforms of voltage across switch 1 (vs1 ), gate to source voltage of switch S1 (vgs1 ),
voltage across diode D6 (vD6 ) and primary current ipri with Vdc ¼ 325 V, iload ¼ 0, fsw ¼ 153 kHz. Compared with the results shown in
ﬁgure 18, the drain voltage falls here only by 60 V within the same dead time of 170 ns. This results in an increased switching loss.

By in-process increase of the switching frequency to
153 kHz on load, the effective size of the output ﬁlter
inductor has been reduced to two-third of the size used for
100 kHz. Alternatively, it can be said that with the same
size of the ﬁlter inductor, the current ripple will be reduced
by a factor of 1.5. This is known to improve arc stability
during the welding process [4].
A part of the total output inductance is contributed by the
output lead cables. An additional 15 lH inductor is

connected in series with the output cable to restrict the
cable length to some reasonable limit. A relationship
between the cable (made of round non-magnetic material,
like copper) length and the inductance (in lH) is expressed
as


2l 3
L ¼ 0:002l ln 
r 4

ð19Þ
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Figure 20. Experimental set-up showing (1) SiC power converter, (2) current sensor, (3) HF transformer, (4) secondary side diode
rectiﬁer and (5) output load.

Figure 21. A thermal image of the converter showing temperature of the SiC devices (image captured after 30 min continuous run with
1.0 kW load). The maximum temperature at the body of the devices has been found to be 40 C.

where l and r are the length and radius of the cable (in cm),
respectively [43]. The cable has been chosen for 60 A
current rating considering a current density of 6 A=mm2 .

Hence, the required cross section area is 10 mm2 corresponding to a radius of 1.82 mm. From table 2, the value of
the total inductance is 20 lH. Therefore, 5 lH inductance
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Figure 22. A photo of the welding operation is shown.

Figure 24. Simulated overlay plot showing the voltage across
diode D5 (vD5 ) with (dotted amber) and without (solid blue) RS1
where Vdc ¼ 325 V, iload ¼ 58:2 A and fsw ¼ 153 kHz.

has to be contributed by the output cables (go and return).
From (19), the total length of the cable has to be  3:05 m
(or  1:5 m go and another 1.5 m return). A higher cable
length can also be chosen to increase the inductance, but it
will lead to a higher I 2 R loss in the cable. It may be pointed
out here that this approach therefore deﬁnes a minimum
cable length of the welding torch. This has effect on the
speciﬁcations of the welding apparatus. This is another very
signiﬁcant contribution of this work towards practical
speciﬁcations of the welding apparatus.

7. Discussions on the voltage clamp snubber

Figure 23. A waveform showing the load voltage and load
current during welding operation is shown. There are four marked
zones (1–4). Zone 1 represents initial jittering during an arc strike,
zone 2 is when the arc is steady and current is constant at 58.2 A
and zone 3 is during no-load condition where OCV is 50 V; at the
beginning of zone 4 the arc is re-struck and the welding operation
continued till the welding stick gets exhausted at the end of zone
4.

Table 3. Comparison of loss at the transformer and the switches
and the size of the ﬁlter inductor at 100 and 153 kHz.
Item
Transformer core loss
No-load switching loss
Filter inductor size

100 kHz
31.28 W
0.45 W
1.5 p.u.

153 kHz
25.2 W
1.28 W
1.0 p.u.

The voltage clamp snubber shown in ﬁgure 4 is similar to a
conventional resistor–capacitor–diode (RCD) snubber
constituted by DS , CS and RS2 (have been marked in ﬁgure 4), which is used to damp out the parasitic oscillations
caused by the parasitic inductance and the diode junction
capacitance. However, in this circuit, an extra resistance
(RS1 ) across the diode DS is used to damp out the oscillations, particularly the initial overshoot, to some more
extent. Two separate simulations are performed, considering RS1 and without considering RS1 , to understand the
effect of RS1 . The following values of CS , RS1 and RS2 have
been considered for the simulation: CS ¼ 1:0 lF, RS1 ¼
4:7 kX and RS2 ¼ 4:7 kX.
Figure 24 shows the overlay plot of the simulated
voltage across the secondary side rectiﬁer diode D5
without (dotted amber) and with (solid blue) RS1 . They
have been validated through the experimental results,
which are shown in ﬁgure 25. It can be observed from
the simulation result as well as from the experimental
results that the damping has increased with RS1 ; the peak
overshoot decreases as well. Both from the simulated and
the experimental results, the value of the PIV of the
diode without RS1 is 105 V and with RS1 is 86 V. Such a
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Figure 25. Experimental waveforms showing the voltage across diode D5 (vD5 ) with and without RS1 where Vdc ¼ 325 V, iload ¼ 58:2
A and fsw ¼ 153 kHz.

type of snubber has some advantage where the PIV is
marginal.

8. Conclusions
In this paper a novel approach to implement partial soft
switching in a SiC-based PMRTC for welding applications
has been presented. Two frequencies are used at no-load/light-load and at loaded conditions. This is claimed as a
contribution of this work and the efﬁcacy of this approach
has been veriﬁed through practical tests. No additional
element has been used. This is noteworthy. The use of
transformer magnetizing current to achieve partial soft
switching is discussed.
A detailed FE-based modelling of the transformer has
been carried out using standard packages. No-load simulation has been carried out at 100 kHz and to evaluate the
magnetizing inductance. The short-circuit simulations of
the transformer have been carried out at 100 and 153 kHz
and the values of the leakage inductances have been estimated. As discussed in section 4.2, a different equivalent
circuit of the transformer has been proposed and duly justiﬁed. The transformer parasitic capacitance has been
obtained from the electrostatic simulation results using
ANSYS Maxwell. AC analyses of the transformer at 100
and 153 kHz have been done to verify the parameters. The
values of the capacitances obtained in two different simulations are compared to the theoretically obtained results
and are found to be in excellent correlation. This is a signiﬁcant contribution of this paper. Experiments have been
carried out with 1.0 kW load and the results are discussed.
Correlation between the simulation and the experimental
results upholds the accuracy of the analysis and precision of

the experimental work. Welding operation is also performed at a peak power of 1.0 kW.
Going by the size of the output ﬁlter inductor, at
153 kHz, the size of the output ﬁlter inductor can be
reduced due to increase in switching frequency. In other
words, for the same current ripple, the output current ripple
will be reduced at 153 kHz by a factor of 1.5, which, in
turn, increases the arc stability. However it puts a length
restriction on the output ‘‘lead cable’’ length. This therefore
decides the nominal ratings of the output cable that is to be
used in conjunction with the converter. This is another
salient practical contribution of this work towards deﬁnition
of the speciﬁcations of the welding apparatus output lead
cable. From the EMI, EMC point of view, the overall
radiated and conducted EMI are expected to reduce at noload condition. However, EMI/EMC-related issues have
not been studied in this study.
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