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ABSTRACT
A zero-voltage, zero-current switching (ZVZCS) PWM DC-DC power converter with secondary active rectifier tested as a dc
current source for arc welding is described in this paper. The soft switching DC-DC converter consists of high frequency inverter,
high frequency power transformer and controlled output rectifier with new secondary energy recovery turn-off snubber. Circulating
current in the converter is reduced by using active rectifier and rms value of the current in secondary switches is decreased by
utilizing a novel control algorithm. The experimental results of a 4.5 kW DC-DC converter working at switching frequency of 100

kHz are presented.
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1. INTRODUCTION

Generally, voltage-current characteristics of the arc
welder depend generally on the type of welding. Typical
rated voltage is about 50-80 V and the rated current falls
within the range 60A up to 1000 A.

Modern welders are required to have many features
like reliability, safety, lightness, robustness, flexibility of
operation, high efficiency, wide current control range,
good power factor, electrically isolated output, fast
response, fault tolerance, good price, adaptation to various
operating conditions and so on [1] - [2].

In the quest for smaller size and lighter weight of the
power source it is necessary to operate the inverter at as
high switching frequency as possible. This high frequency
allows considerably reducing the size and weight of the
transformer and it makes the filtering at the dc output of
the DC-DC converter easier and cheaper. Moreover, it
allows using a physically small inductor to reduce the
output current ripple to very low values. However, higher
switching frequency results in increased switching losses
in power semiconductor devices at turn-on and turn-off.

All these requirements can be easily met by welders
consisting of a high frequency transformer fed by high-
frequency soft-switching converter.

There are various types of dc-dc converters for arc
welders. All of the converters have certain pros and cons.
Resonant converters working below or above resonance
frequency are often used for construction of electronic
welders. Utilizing resonant components, however,
introduces additional circulating energy in the converter
circuits. This circulating energy increases voltage or
current stress of the semiconductor devices and converter
passive components often show increased conduction
losses [3] - [S]. Moreover, the switching frequency range
is often limited so that the converters would not lose the
soft switching. Almost the same holds for other types of
resonant converters e.g. quasi-resonant converters [6], [7],
multiresonant converters [8] - [9], and so on. Moreover,
the frequency modulation, mostly used for controlling
these converters, is disadvantageous due to EMI
suppressing.
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The other possibility is to use PWM converters. The
circulating energy is minimum compared with the
resonant converters resulting in minimum conduction
losses. These converters are controlled either by
traditional PWM or by phase shifted PWM method at
constant switching frequency. The semiconductor devices
in conventional PWM power converters suffer from high
switching losses. However, by introducing the auxiliary
circuits and proper control modes, zero—voltage and/or
zero—current switching can be achieved [10] - [12].
Several types of dissipative, non-dissipative and energy
recovery more or less complex snubbers, clamps and
auxiliary circuits were developed to resolve the problem
of reducing the switching losses [10] - [12] and circulating
currents [10] - [12].

Using an active output rectifier in the secondary side
of the converter is another very effective way, how to
decrease circulating currents in the PWM converters and,
at the time, to achieve reduction of switching losses [13] -
[19].

ZVZCS PWM DC-DC high power converter with
active rectifier on the secondary side used as a current
source is presented in this paper. The paper is linked to
article [19], where the principle of the converter working
as a voltage source is explained and basic equations for
rated load are derived. The application and control
features of the converter operating as a current source are
presented here. Moreover, the converter analysis,
presented in [19] for rated load, is extended also for light
load in this paper. This is important for the converters
operating at full load range - from no-load to short circuit,
e. g. at converters for arc welding.

2. CONVERTER OPERATION
2.1. Power circuits

Power circuit of the converter is shown in Fig. 1. The
input voltage is converted by a full-bridge high frequency
inverter (IGBT transistors T; — T, and freewheeling diodes
D; — Dy) to the high frequency alternating voltage across
primary winding of the high frequency step-down
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Fig. 1 ZVZCS PWM DC-DC power converter

Fig. 2 Converter waveforms for rated load (left side) and light
load (right side)
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transformer Tg. The secondary center-tapped winding of
this transformer is connected through an active rectifier
between the welding rod and the material to be welded.
The controlled rectifier consists of a series connection of
MOSFET transistors Ts, Tg and fast recovery diodes Ds,
De.

Behaviour of this type converter is the result of a new
way of controlling (Fig. 2, Fig. 3). Full-bridge inverter T,
— T, is controlled with constant switching frequency and
50% duty cycle. Value of the output current is controlled
via pulse-width modulation of the secondary switches Ts,
Te.

The commutation of the freewheeling diodes to
transistors in high frequency inverter is soft, without large
reverse recovery current spikes. So, there are not high
requirements on the freewheeling diode dynamic
properties. The transistors of the inverter are turned-on
under zero-voltage and zero-current, and so the turn-on
losses are negligible. Turn-off losses of the primary
transistors are negligible as well. They turn off only a
small magnetizing current of the power transformer.

To reduce turn-off losses of secondary switches Ts, T,
and accumulation of leakage energy of the power
transformer the new turn-off snubber was designed [17],
consisting of snubber capacitors Ccs, Ccg, snubber
inductors Lgs, and Lge and snubber diodes. From the point
of view of efficiency the non-dissipative snubbers are the
most promising ones. Therefore, in the suggested solution
used is this option — see Fig. 1.

Leakage inductance of the transformer acts as a turn
on snubber for secondary switches. Therefore, zero
current turn-on is achieved.

Snubber capacitors Ccs, and C¢g reduce the rate of rise
of the drain-source voltage of secondary transistors Ts,and
Te and thus zero voltage turn off is ensured [18], [19].

Beside reducing turn off losses in secondary switches
the snubber capacitors Ccs, Ccs ensure also accumulation
of the leakage inductance energy of the power transformer
and consequently its transfer through snubber inductors
Lss, Lsg and diodes Dss, Dsg to the load.
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2.2. Operation at light load

As was mentioned above, operation principle of this
converter at rated load (Fig. 2 - left side) is described in
detail in [19].

In this paper, the description of the proposed converter
is focused on conditions at light load.

Contrary to the rated load, discharging of the snubber
capacitor (voltage Uccs) at light load runs in two intervals:
ty -ty and t’3; — t'3 (right side of the Fig. 2),
respectively.

Operation of the proposed converter at light load is
analyzed in the below section. The basic light load
operation of the proposed soft switching converter has
four operating modes within each half cycle. Because of
the leg symmetry, the transistors Ty, T, and T3, T4 work
under the same operating conditions. Operation of the
secondary switches is also symmetrical. It is assumed that
all components and devices are ideal.

Interval (t'g - t'y):

Secondary transistor Ts is turned on at t’y half period
earlier then primary transistors T; and T,. Capacitor Ccs
starts discharging through Ts, Lo, Ro, Lss, and Dgs (Fig.
3a).

T4—| ZSDJ N4 D5 Lssé §Lss !!DE ZS D: }—Tz

LT

Fig. 3a Operation in interval t'y - t'

Current and voltage of capacitor Ccs can be, for the
discharging process, calculated from the following

equations
i (= [Ces(Yi_ in| b (1
ices (1) = L., [ n UCcsjsm[ ,—Lssccs ]
) U t-t
Uges(t) = —'J{UCcs ——'j cos| ———— 2
n n \ LssCes

where n = Up/us = ny/ns is transformer turns’ ratio.

If the initial voltage of snubber capacitor Ccs is
smaller than double rectified voltage

<2U_|
n

U 3)

Ccs
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then the snubber capacitor keeps discharging until
capacitor voltage uc.s (2) reaches minimum
U|

UI UI

ucCsni) =T+(U0cs_7j(_l)=27_um 4)
The discharging time is
Toesaen =t =T =77y LssCos )

Magnitude of the discharging current is derived from

(1
C.s (U ’C U
L_CS(_I_UCcsj = ﬁ(UCcs __Ij
ss \ N S5 n

Borderline between rated load and light load is
determined by the condition (3). Light load of the
converter starts when condition (3) is met.

(6)

ICchch =

Interval t,31 - t,32:

Total discharging of snubber capacitor C¢s occurs in
this interval if condition (3) is met.

In t’;; before secondary transistor Ty turning off,
commutation occurs and output freewheeling diode Do
starts to lead the current. Rectified voltage ud drops to
zero, and therefore total discharging of the snubber
capacitor Ccs is enabled.

At the same time the leakage inductance energy of the
transformer is absorbed by snubber capacitor Cg.

Fig. 3b Operation in interval t's; - t's;

Value of the snubber capacitor voltage at t's; is derived
from (4).

U |

2—-U 7
n ces (7

uc:cS(t;I) - uCcS(tl') -

Then snubber capacitor Ccs voltage and current time
waveforms are as follows
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. u C t—t,
i..(t)=|U..-2—L]| [=Ssin| —23L— (3
CCS( ) ( Ccs n ) LSS ( 'LSSCC5 ]
U t—t,
UCCS(t)Z(z—I—UCCSJCOS — ©)
n \/LSSCCS

Snubber capacitor discharging lasts a quarter period of
resonance between snubber capacitor Ccs and snubber
inductance Lgs i.e. until snubber capacitor voltage reaches
ZEero.

Capacitor discharging time can be derived from (9) as
follows

. , .
teosaon =t — G =2

LssCes (10)

The following equation holds for amplitude of the

capacitor current
%(UCcs_zi) = &(2&—&:05)
LSS n LSS n

(11

ICcsdch =

Interval t,32 - t,33:

At the beginning of this interval the current of snubber
capacitor Ccs commutates to snubber diode Dcs. At the
same time current of snubber inductor Lgs decays through
diode Dcs.

Since within this interval the rectified voltage is zero,
the snubber inductor current is maintained constant.
Simultaneously, the leakage inductance energy of the
transformer is stored in opposite snubber capacitor Ccg
during this interval.

Directions of the currents at the beginning of this
interval are shown in Fig. 3c.

T, D,

Fig. 3¢ Operation in interval t's; - t'33

Value of the inductor current i ¢ is equal amplitude of
the snubber capacitor C¢s discharging current

Eﬁ(sz—U@chmmt
LS 5

(12)

I|_55(t;2) — "Cc5dch —

ISSN 1335-8243 (print) © 2016 FEI TUKE

Interval t's3- t'34:

After turn on of inverter transistors Ty, T, the rectified
voltage Uy is increased to value of U/n and energy of
snubber inductor Lgs is transferred to the load.

At the same time the energy is transferred from
primary side through transistors Ty, T, Ts and diode Ds to
the load.

Simultaneously snubber capacitor Cgg is discharging in
a resonant way to the load through opposite secondary
transistor Tg (Fig. 3d).

il

Fig. 3d Operation in interval t'33 - t'34

Value of the rectified voltage is

U |

ud(t%;) = n (13)

Value of the snubber inductor current ijgs at the
beginning of this interval is given by

Ce, (zi—umJ (14)
L, n

IL55(t;3) - ILss(t_;z) = loesgen =

For time dependency of the snubber inductor current
irss the following expression holds

iLss(t) = h(z%_umsj_uﬁ%
S5

LSS
Decay time t"|ssqen of the snubber inductor current ips
can be determined from

s)

(16)

. _ o S5
thSdch - t34 _t33 - Lss

3. CONTROL CIRCUITS
The converter is controlled by novel pulse-width
modulation of secondary transistors. The pulse length is

changed from tox (viny t0 tonmax), Which means ca. from
T/2 to T, if disregarded are the dead time and capacitor
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charging time (precisely from (T/2 — t3) to (T - t4 — .| Cwn
teoschmax)) as shown in Fig. 4). Z K
T-td-th5{:h(MAX) ! e y
» W ) T | ®)
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TR | | } 1
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r Lonaum ! l S| Fig. 6 Discrete PI regulator
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T } i | [ i The control circuits are completely isolated from
T ' i power circuits. Arrangement of the basic control board is
T

Fig. 4 Control pulses for the converter

Digital signal controller TMS320F28335 was used for
controlling the converter. Control circuits have been
designed to attain operating conditions similar to those in
a conventional electric arc welder. It includes several
functions needed to ensure correct welder behaviour under
any operating conditions. Two discrete PI regulators R;
and Ry ensure controlling of output voltage Up and
smoothing inductor current | o and thus also output
current of the welder lo. The PI regulators are connected
in parallel (Fig. 5). The control logic selects the regulator
with a smaller regulating variable (shorter pulse width).
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Fig. 5 Block diagram of control structure

The block diagram of discrete PI regulator with limiter
is shown in Fig. 6.

The equation that expresses the output parameter of
regulator in step k is:

y(k)=[K+lee(k)—Ke(k—l)+ y(k-1) 17)

By varying the pulse width of the secondary
transistors, the conduction time of transistors is
accordingly increased or decreased and thus regulated is
the output current.
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displayed in Fig. 7.

Fig. 7 Basic control board with TMDSCNCD28335 card

4. EXPERIMENTAL RESULTS

After verification in simulation program OrCAD,
function of the PWM DC-DC converter as a current
source used for arc welding application was verified on a
laboratory model shown in Fig. 8.

Fig. 8 Laboratory model of the converter

The turn-off snubber described in the previous section
was implemented using the components outlined in Table
1.

Table 1 Snubber components

Lss, Lse 0.3 uH
Cs5, C56 220 nF
Lo 5.3 uH
Co 0.47yF
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In the inverter, four ultra-fast IGBTs were used.
Special high-frequency planar transformer with a very low
value of leakage inductance was designed and made using
EI ferrite cores. The transformer parameters are shown in
Table 2.

Table 2 Planar transformer parameters

Core 2xE64
Material 3C90
Turn’s ratio n = ny/ny/ny 5:1:1
Primary winding resistance R 6.5 mQ
Secondary winding resistance R, 0.75 mQ
Magnetizing inductance Ly 706 uH
Leakage 1nd}10tance referred 625 nH
to primary side Lg

Weight 0.52 kg

Arrangement of the high-frequency power planar
transformer is shown in Fig. 9.

Foil windings of the power planar transformer are
interleaved, and the primary is sandwiched closely
between a split secondary winding in order to achieve
tight coupling and thus very low leakage inductance.

CORE
PLTG4 —>

INSULATION
CASE

3 LAYERS
OF PRIMARY
WINDING

2 LAYERS OF ONF
SECONDARY WINDING

F‘(TURE
E6d

Fig. 9 Power planar transformer arrangement

In output rectifier, ultrafast soft recovery diodes were
used. Inductance of the smoothing choke for smoothing of
the output rectified current is Ls = 5 pH only as a result of
output rectified voltage frequency of 200 kHz. In practical
applications this value of smoothing inductance can be
partially achieved by utilizing parasitic inductances of the
connecting wires.

The measurements were made at nominal input
voltage of U, = 325V.

Tek Run

Trig'd

T z.00ms T Ts00Ms/s
“mk points

{ - 242'v‘
99.9844kH2 J

Fig. 10 Collector-emitter voltage ur; and collector current icr;
of primary transistor T,
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Properties of this laboratory model of the converter
working as a current source were verified for output
currents of up to 120 Amps.

The voltage and current of primary switch T, are
shown in Fig. 10. Transistor T; turns on under zero
voltage and zero current. Only small magnetizing current
is turned off and thus nearly zero current turn off is
achieved. Because of the inverter symmetry, the
waveforms for all primary switches Ty - T4 are identical.

Drain-source voltage and drain current of the secondary
MOSFET transistor Ts, (Tg) at turn-on and turn off are
shown in Fig. 11.

Rate of rise of the drain-source voltage urs at turn off is
limited by snubber capacitor Ccs and thus zero voltage
turn off of the secondary transistor is achieved.

At the turn on of transistor Ts, capacitor Ccs is
discharged through transistor and snubber inductance Lss
to the load in a resonant way. Therefore the rate of rise of
the discharging current is limited and zero current turn on
is reached.

Some waveforms at light load are shown in Fig. 12. At
low load current, snubber capacitor Ccs is discharged in
two intervals as it is seen in Fig. 12. This fact has no
influence on the soft switching and output parameters of
the converter.

Tek Stop
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Fig. 11 Drain-source voltage urs and drain current iprs of
secondary transistor Ts
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Fig. 12 Drain-source voltage urs, snubber capacitor voltage uc.s
and current ic.s and snubber inductor current i s at light load

Fig. 13 illustrates output voltage and output current
during welding process.
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At no-load the pulse width is pushed by control
circuits to the maximum value and no-load output voltage
achieves value of some 70V. When the electrode touches
the work piece, the output current is increased rapidly to
its predetermined value, while the load voltage drops to
zero. During the following welding process the average
arc voltage is approximately 24 V at welding current of
about 90A. When the distance between electrode and
work piece rises, the arc voltage is increased and
consequently the output current falls to zero. Afterwards
the output voltage returns to the no-load value.

The welder has very high dynamic properties.
Response to the current and voltage fluctuations is very
fast due to used high frequency of 200 kHz at the rectifier
output (voltage uq in Fig. 1).

Tekstop

(@ 25.0A Ov @

] [40oms Jlﬁokq/s

S 26.0A)
1M points_| | )

[ ]
< 10 H2

Fig. 13 Output voltage up and output current ip during welding
at output current of 90 A

Measured output characteristics of the DC-DC
converter connecting to the rectified voltage of the single-
phase grid are shown in Fig. 14. It can be seen that arc
welder behaves as a current source in arc voltage range —
that is approximately from 20 to 30V.

The efficiency was measured at conditions nearly
similar to those at welding process — at output voltage of
25 volts (Fig. 15). The efficiency is approximately 90 %.

U,.=20+0,041,

0 20 40 60 80 100 120 140
lo[A]

Fig. 14 Measured output characteristics of the welder
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Measurement was also performed for 45 V output only
for comparison with other ZVZCS systems. The
efficiency is about 94% under such conditions. This is
quite a high value for a converter with low output voltage
a high output current.

100
E ‘ ‘ ‘
= 95 | | t
Z
2
% g0 = " +
- {../
80 1
75 l
70
65
.
60
o 20 40 60 80 100 120
Ur=45v ——Ur=25v lo [A]

Fig. 15 Measured efficiency of the converter

5. CONCLUSION

Welding applications call for dc current sources with
small weight and size, good efficiency and acceptable
price. One of the options is to build the welders using high
frequency soft switching DC-DC converter, which has
been discussed in this paper.

The converter presented in this paper has very good
behaviour for wide range of the output current.

Soft switching is achieved for all power switches of
the converter. Especially primary IGBT transistors operate
at almost ideal switching conditions — at zero-voltage and
zero-current turn-on and zero-current turn-off.

The certain disadvantage of this topology is the fact
that additional switches in series with output rectifier add
supplemental conduction losses in the controlled rectifier.
In spite of this fact, the controlled rectifier has important,
hardly changeable function. As a result of the used active
rectifier, the circulating currents in primary switches and
power transformer are totally suppressed and thus
conduction losses in these devices are considerably
reduced. Moreover, by using of the active rectifier the
turn-off losses of the primary switches are also
substantially decreased.

In addition, main parasitics of the power transformer
are integrated into the converter topology.

The non-dissipative snubber consists of passive
components only. It is very small a so is additional cost.

Experimental tests on the laboratory model
demonstrated feasibility of the proposed converter at
operating as a current source e.g. for arc welding
applications.
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