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Abstract: Resistance welding in large-scale manufacturing is carried out with a significant number of disturbances,
the cumulative effect of which may exceed the capabilities of modern control equipment. Most resistance welding control
systems used in industry to compensate for existing disturbances provide welding current phase control depending on
the measured parameters characterizing the process of welded joint formation. The efficiency of such controllers is largely
determined by the accuracy of measuring and setting the phase control parameters, which include the opening and conduc-
tion angles of welding thyristors. The paper shows that when switching on a contact machine, a phase shift of the mains
voltage occurs in the load mode relative to the mains voltage in the idle mode. Using a simplified electric equivalent cir-
cuit of a contact welding machine, the paper describes the nature of the phase shift of the mains voltage. Circuit active
resistance and inductance are selected as parasitic parameters of the mains. The authors simulated the electrical processes
in the contact machine according to the three-loop equivalent circuit. The study shows the influence of mains parasitic
parameters on the phase regulation stability, the features of the obtained current and voltage oscillograms. Depending on
the mains and contact welding machine parameters, the phase shift magnitude ranges from fractions to units of an electri-
cal degree. With welding current parametric stabilization by the mains voltage, the influence of mains parasitic parameters
can be neglected. When the regulator operates in the mode of maintaining the secondary current numerical value, a de-
crease in the generated current relative to the specified one is observed. The authors proposed and tested a technique for
determining the parasitic parameters of the supply mains based on the results of a short circuit test.

Keywords: supply mains parameters; phase control during resistance welding; resistance welding; resistance welding
control under disturbances; resistance welding diagnostics; simulation of electric processes; phase control; welding current
measurement and control.
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machines is hindered by an increase in the purchase price

INTRODUCTION for equipment and components, insufficient funding for

The leading position of resistance welding, when manu-
facturing sheet parts in mass production is explained by
high technical and economic performance. As well as
a significant amount of accumulated positive experience, in
the field of application and expansion of the technology
options of this method. Every year, about 100,000 re-
sistance-welding machines are put into operation in
the world for a total amount of about 1.5 billion US dollars,
which is 30 % of the welding equipment market. The grow-
ing needs of the global industry allow predicting an in-
crease in sales of resistance-welding equipment up to
2 billion US dollars by 2025 [1; 2]. In the Russian Federa-
tion, 40 % of resistance-welding equipment has a service
life of more than 20 years; updating the stock of welding

research and development in the field of welding [3; 4].

In the current economic conditions, the task of improv-
ing the quality of welding work, and expanding technology
options, should be solved by the several-fold increase in
the efficiency of using the equipment already available at
the enterprise, without significant costs for its replacement
and total redesign. In this case, a significant role is assigned
to control systems and techniques of operational diagnostics
of the welding equipment state [5; 6].

The concept of welding process control, accepted by
most equipment manufacturers, considers the resistance-
welding controller as an independent product implementing
the preprogrammed control algorithm [7]. A significant
quality improvement of the joints, was achieved through
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the stabilisation and correction of welding modes, imple-
mented by modern equipment. In this area, such well-
known manufacturers of resistance-welding equipment as
CJSC Elektrik-MIKS (Russia), Selma (Russia), Bosch
Rexroth (Germany), ENTRON Controls (USA), Welding
Technology Corporation (USA), Spotron (Japan), Dengen-
sha (Japan), and Tecna (Italy) are developing. The opera-
tion of resistance welding machines, in mass production is
characterised by a number of disturbances (intensive wear
of welding electrodes, compression drive, current-carrying
elements, supply network instability). The cumulative ef-
fect of which cannot be compensated by modern control
systems [8—10]. The issue, of increasing the stability of the
resistance welding quality under various disturbances, can
be solved by a comprehensive solution of the problems of
operational diagnostics of the state of welding equipment,
and power supply network. Simulation of electrical pro-
cesses in the “machine — part” system, searching for feed-
back parameters, and synthesizing diagnostic and control
algorithms [11-13].

In the phase control systems with effective current stabi-
lisation based on negative feedback, the error reduction
relative to the set value is achieved by introducing an inte-
grating component into the control law. This provides ef-
fective compensation for fluctuations in the operating net-
work voltage relative to the nominal one [14; 15]. The low
quality of the supply networks, and their congestion with
other consumers distorts the shape of the mains voltage
signal. In this case, an error occurs in measuring and setting
the time parameters of the supply voltage and current,

which reduces the efficiency of phase control, and disrupts
the normal operation of resistance welding controllers.
The issue of resistance welding diagnostics and control,
taking into account the distortion of the mains voltage
shape, is not covered in the scientific literature.

The purpose of this study is to increase the reliability of
diagnostics and the efficiency of resistance welding control
systems, under the conditions of mains voltage fluctuations
by simulating electrical processes in the “machine — part”
system, and developing the techniques for diagnosing
the state of supply networks.

METHODS

Preliminary calculation of the resistance welding elec-
trical parameters, and construction of current and voltage
oscillograms were performed using a simplified equivalent
circuit shown in Fig. 1 a. The circuit includes series-
connected active resistances of the welding transformer
primary winding Ri, the secondary circuit R», and the load
Ryeq, as well as the secondary circuit inductance L, and
the transformer primary winding Ri. The operation of
the thyristor contactor is simulated by the K key position.
The supply network is modelled by an ideal voltage source
E(?) of a sinusoidal shape and parasitic resistance Rs and
network inductance Ls connected in series with it. At
the terminals “1” and “2”, the reference voltage Us is meas-
ured equal to Us,c at idle and Usweiq in the welding mode.
When the machine is running in idle mode, a deviation of
the mains voltage Uso. relative to the nominal mains

b

Fig. 1. A simplified electric equivalent circuit of the contact welding machine when connecting to a non-ideal circuit (a)
and oscillograms of the current and voltage (b). E(t) — ideal sinusoidal voltage source;
Rs and Lc — active resistance and inductance of the supply mains;
Rim and Lim — active resistance and inductance of the transformer primary winding;
R2 and L> — active resistance and inductance of the secondary circuit;
Ruweid — active load resistance (of welded parts);

Us,nom, Us,oc and Us, wela — mains voltage is nominal, idle, and under the load conditions;

11 — the current in the primary circuit of the contact welding machine
Puc. 1. Ynpowennas cxema 3ameweHuss KOHMAaKMHOU MAWUHbBL NPU NOOKIIOYEHUU K HeudealbHou cemu (a)
u ocyunnozpammel moka u Hanpsicenust (b).
E(t) — udeanvuwiil ucmouHux HanpafceHus: CUHYCOUOAIbHOU Popmbl;
Rs and L: — akmusHoe conpomuenenue u UHOYKMUSHOCMb NUMaroweli cemu;
Rim u Lim — axmugnoe conpomusnenue u uHOYKMuGHOCb NEPEULHOU 0OMOMKU Mpanchopmamopa;
R> u L2 — akmusnoe conpomuenenue u UHOYKMUBHOCMb 6MOPUYHO20 KOHMYPA,
Rweld — akmusHoe conpomuenenue Hazpy3ku (ceapusaemvix demaneii);
Us nom, Us,oc and Us, weld — Hanpsdicenue cemu HOMUHATLHOE, 8 pexcume X0I0CHOo20 X00d U 8 pexcume HAzPY3KuU,
11 — mok 6 nepeutHoM KOHMYpe KOHMAKMHOU MAWUHbL
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Fig. 2. Current and voltage oscillograms at full-phase switching-on.

Us,oc and Uy, wela — mains voltage in idle mode and in load mode,
11 — the current in the primary circuit of the contact welding machine;
AU — power failure; t« — commutation moment of the thyristor contactor;
dli/dt — primary current growth rate; ty1 — phase shift
Puc. 2. Ocyunnocpammsl moka u HanPadCeHUus npu NOTHOPA3HOM GKTIOUEHUL.
Us.oc and Us, weld — Hanpsidicenue cemu 6 pexcume Xonocmo2o Xo0a U 6 pexcume Hazpy3Ku,
11 — mok 6 nepsuuHOM KOHMYPEe KOHMAKMHOU CBAPOYHOU MAUIUHDL,
AU — npoean Hanpaxcenus,; tx — MOMeHM KOMMYMAayuu mupucmopHo2o KOHMakmopa,
dl1/dt — ckopocmv Hapacmanust nepeuyHO20 MOKaA; tpl — Paz06vill cOBuUe

voltage Usnom is observed, which is explained by the net-
work congestion by other electric energy consumers. When
the machine operates in the welding mode, an abrupt de-
crease in the mains voltage Usweia relative to the idle volt-
age Us,c is observed, which manifests itself both by a de-
crease in the voltage supplied to the contactor and by
a voltage phase lag Uswea relative to the voltage Uk,
which is shown in Fig. 1 b.

The authors proposed to calculate the parasitic parame-
ters of the supply network (resistance R and inductance Ls),
based on the results of a short circuit test in the full-phase
switching on of the welding machine. On the oscillogram of
currents and voltages, three characteristic regions can be
distinguished, which are shown in Fig. 2. The first one —
before switching the thyristor contactor, where the effective
mains voltage in the idle mode Uy, is measured. The se-
cond — after switching the thyristor contactor, when
the transient processes occur. This area lasts 2...3 half cy-
cles of mains voltage. At the switching moment # of
the thyristor contactor, the power failure AU and the rate of
the primary current rise dli/dt are measured. The third
area characterised by a sinusoidal form of voltage and
current is used to measure the effective voltage of
the network under load Usweld, the primary current /; and
the current-voltage lag angle ¢. It should be noted that
the short circuit mode is characterised by the largest phase
shift #¢1, which allows improving the accuracy of the cal-
culation of parasitic network parameters. The accuracy
increases as well with an increase in the primary current /i,
therefore, the maximum stage of the welding transformer
was taken for measurements. The maximum suppression
of transient processes when the thyristor contactor is

turned on is ensured when switching at the moment of
the maximum voltage Us ., therefore, the first switching
on of the thyristors was performed at an opening angle of
a=90° el.

Since at the switching moment the current /; is
equal to zero, the observed power failure AU is com-
pletely caused by the voltage drop on the parasitic in-
ductance of the network Ls and can be calculated ac-
cording to the formula (1) from the primary current
growth rate dI,/dt:

_AU
T
dt

L )

The active resistance Rs is calculated according to
the formula (2) taking into account the supply network fre-

quency f;:

R Us oc ? Us weld . +2 f L ?
= > - - sin T -
s [1 Il Py sHs

_ Us, weld

2

Cos @,

The supply network parasitic parameters were measured
in the resistance welding laboratory of Togliatti State Uni-
versity, using an MT-4019 resistance welding machine, an
RKDP-0401 welding process recorder, and an RMS-24
welding controller. The thyristor contactor was switched on
at the 8" stage of the transformer.

Frontier Materials & Technologies. 2023. Ne 3

55



Klimov A.S., Kudinov A.K., Klimov V.S. et al. “The influence of the supply mains parameters on the stability of phase control...”

RESULTS

The mains voltage measured at no load was Us =380 V.
At the time of switching the thyristor contactor, the power
failure was AU=39 V. The primary current growth rate was
dl/d=148 kA/s, the mains voltage measured in the load
mode was Uswea=343 V, and the primary current of full-
phase switching in the load mode was 7;=258 A. The lag
angle of the primary current from the voltage was @;=61°
el. When calculating according to formulas (1) and (2),
the supply network parasitic parameters R=0.14 Ohm
and Ls=0.26 mH were obtained.
Simulation of electrical processes in welding equipment,
taking into account the network parasitic parameters Rs and
Ls, was performed using a T-equivalent circuit and bringing
the parameters to the transformer primary winding [16].
The supply network is modelled by an ideal sinusoidal volt-
age source E. The on state of the thyristor contactor is mo-
delled by a jumper strap; the calculated equivalent circuit in
this case is shown in Fig.3a. The off state of
the thyristor contactor is modelled by an electrical circuit
break; the calculated equivalent circuit in this case is shown
in Fig. 3 b. The scheme additionally takes into account the
transformer core parameters Ry and Ly. The mathematical
description of electrical processes was performed using
the state-variable approach; the inductance currents L+Ls
(1y current), inductance L, (/> current), and inductance Lo
({o current) were chosen as state variables. The following
systems of differential equations of the first order for the
on (3) and off (4) thyristor contactor states are obtained:

L] |o 0 0 I
i 12 =10 RO + R2 + Rweld & x [2 (4)
0 0 RO RO 0
i Lo(Zy) Lo(ly)

Using (3) and (4), the transient process was calculated
when the MT-4019 machine was turned on at the thyristor
opening angle of a=60° el. for previously found network
parasitic parameters R=0.14 Ohm, Ls=0.26 mH. The calcu-
lated current and voltage curves shown in Fig. 4, have cha-
racteristic failures, at the moment of switching of the thyris-
tor contactor, the shape and size of which correspond to the
oscillograms obtained using the RKD-0401 recorder. Fig. 4
shows as well, that the zero crossing point of the mains
voltage in the idle mode Us,. does not coincide with
the zero-crossing point of the mains voltage in the welding
mode Usyeld, While the actual opening angle of the thyris-
tors a differs from the specified oer.

DISCUSSION

The analysis of the results of full-scale experiments and
mathematical modelling shows that under the conditions of
mass production, the supply network imperfection leads to
a disruption in the normal course of phase control during
resistance welding. The correct setting of the thyristor
opening angle a, measured from the zero-crossing point of

Ry+R,+R, R, R, the idle mains voltage Us,. is possible only in the first half-
It - L +1L, L, +L, L +1L, cycle of the welding current. On subsequent half-cycles,
a1 R, Ry+R,+R, R, the Usoc idle voltage signal is absent. Instead, there is
I I |= z _L—2 _L_2 % a phase-shifted Uswed voltage signal in the welding mode.
Iy R, R, R, Under the conditions of non-ideal supply network, the actu-
— -7 -——F al thyristor opening angle a differs from the as. value, spe-

L b (75) Ly(o) Lo(Iy )— cified by the regulator by the allowance value Aa::

1 3)

I L, +1L, o =0, —Aa. 5)

x| [+] 0 |E()

I, 0 The allowance value is calculated according to (3)—(5)
for predetermined supply network parasitic parameters, and
can be represented by a family of curves depending on
the actual thyristor, opening angle o, power factor coso,

Fig. 3. Calculated equivalent circuit of the contact welding machine with on (a) and off (b) thyristor contactor
Puc. 3. Pacuemnas cxema 3amewenusi KOHMAKMHOU CEAPOUHOU MAUUHBL NPU BKTIOYEHHOM (@)
U B8bIKJIDYEHHOM (b) MUupuCmopHom KOHmakmope
56 Frontier Materials & Technologies. 2023. Ne 3



Klimov A.S., Kudinov A.K., Klimov V.S. et al. “The influence o

f the supply mains parameters on the stability of phase control...”

and machine load Q, as shown in Fig. 5. Depending on
the parameters of the welding mode and phase control,
the allowance Aa ranges from tenths to units of an electrical
degree. It grows with a decrease in the power factor (coso),
and the phase regulation depth (angle o), an increase in
the load Q of the welding machine in terms of power.

When using welding regulators that implement paramet-
ric stabilisation of the welding current to the mains voltage
(RKM-803 and RKM-804 in the parametric stabilisation
mode, RVI-801), the influence of the network parasitic pa-
rameters on the quality of welding can be neglected. Thus,
for the parametric stabilisation algorithm [17] implemented
in the RKM-803 and RKM-804 controllers, the actual heat-
ing level N (the ratio of the effective current to the full-
phase current) differs slightly from the specified heating
level Ny, moreover upwards, as shown in Fig. 6 a. From
this, the authors can conclude that the phase shift of
the observed voltage Uswea relative to the idle voltage Us oc

does not violate the phase regulation when implementing
the parametric stabilisation algorithms.

The quantitative setting and maintenance of the welding
current value implemented in most modern resistance weld-
ing controllers, under the conditions of a phase shift in
the welding voltage Uswelq relative to the idle voltage Us o,
can take place with significant violations. When the con-
troller operates in the mode of maintaining the welding
current numerical value, the generated current /, is equal to
the specified current I, only at two key points o and
dset’’, which were used when constructing the regulation
characteristic. For intermediate values of the thyristor open-
ing angle as, the generated current >(ose—Aat), which cor-
responds to the actual thyristor opening angle according to
(5), is less than the set current Iy, The resulting error is
shown in Fig. 6 b. Thus, for the MT-3003 and MT-1933
stationary machines, the deviation of generated and set cur-
rents during welding of 08Yu steel samples with a thickness
of (1.5+1.5) mm was 1.5 and 0.5 kA, respectively.

Uv LA
500 1 2000
250 - 1000
0 0
-250 -1000
VeV
-500 | — -2000
| | | |
0 5 10 15 20 235 30 35 40 45 t, ms

Fig. 4. Calculated voltage and current curves built taking into account the supply mains parasitic parameters
Puc. 4. Pacuemnbie Kpueble HANPAXCeHUs U MOKA, NOCMPOEHHbLE C YHemOM NAPASUMHbLIX Napamempos numaroujeli cemu

Ao, %el. Q=100%
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Fig. 5. The dependence of the allowance Ao on the cont
and at 100 % load of

Puc. 5. 3asucumocmo nonpasku Ao. om yena pezyniuposanus
u npu 100 % 3azpysxe

Ao, %l cos@=08
L Q-100%
3
80% ~
-&0\ \
2| 60% N
a0 Y
1 | —
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0 |
50 70 90 110 o, °el.
b

rol angle a at different loads by power Q for cosp=0.8 (a)
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o npu pazauunoll 3azpyske no mowpocmu Q oaa cosp=0,8 (a)
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N
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Ao = 6 el
1.05
=
60 80 100 «, °el.

a

Fig. 6. The ratio of the actual heating level N to the set heating level Nset with parametric stabilization
at the parametric stabilization (a);
current setting error at the quantitative stabilization of welding current (b)
Puc. 6. Omuowenue oeticmeumenvnozo yposus nazpesa N k 3a0annomy yposnio nazpeda Nset
npu napamempuieckol cmaobunuzayuu (a);
nozpeutHoCcms 3a0aHus MoKa npu KoIudecmeeHHol cmabunusayuu céapouno2o moxa (b)

To diagnose resistance welding and predict the quality
of joints, an assessment of the time intervals of the thyris-
tor contactor operation is performed with the calculation
of the power factor cosq [18-20]. The error in setting
the opening angle of thyristors Aa ranging from fractions
to units of an electrical degree disrupts the normal opera-
tion of control and diagnostic algorithms. So, at Aa=1° el.,
the actual value of cos@ turns out to be more than calcu-
lated by 1 ... 10 %, and at Aa = 3° el., the error can reach
20 %. Reducing the phase regulation depth, and increasing
the value of the power factor cos¢ through optimising
the welding mode parameters and the design of the re-
sistance machine secondary circuit, can significantly re-
duce the influence of Ao on the accuracy of control and
diagnostics of resistance welding.

CONCLUSIONS

With a phase shift of the mains voltage in the load mode
relative to the mains voltage in the idle mode, an error in
setting the opening angle of the thyristors occurs, which
reaches several electrical degrees.

The study shows that in the case of parametric control
of the current by the network voltage, the influence of net-
work parasitic parameters can be neglected. With the se-
condary current numerical maintenance, the generated
current turns out to be less than the specified one due to the oc-
currence of an error in setting the thyristor opening angle o.

A technique for calculating the supply network parasitic
parameters, based on the results of a short circuit test in
the full-phase switching mode is proposed.
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Annomayus: KoHTaKTHasi cBapKa B YCJIOBHSIX MAacCOBOTO IPOM3BOJICTBA BBINOJIHACTCS NMPH 3HAYUTEIBHOM KOJIMYE-
CTBE BO3MYIICHHH, COBOKYITHOE JACHCTBHE KOTOPBIX MOXKET MPEBBIIATH BO3MOXKHOCTH COBPEMEHHOW armaparypsl yrpas-
JeHusl. BONBIIMHCTBO CHCTEM yNpaBlICHHS KOHTAKTHON CBApKOH, MPHMEHSIEMBIX B IPOMBIIIJICHHOCTH JUIsI KOMITCHCAIINN
JEWCTBYIOIIMX BO3MYIICHUH, IpeLycMaTpuBacT (ha30Boe PETYINPOBAHUE CBAPOYHOTO TOKA B 3aBHCUMOCTH OT M3MEpPEH-
HBIX TapaMeTPOB, XapaKTepU3YIOMHUX Mporiecc GOPMHUPOBAHUS CBAPHOTO coenuHEHHA. D(PGEKTUBHOCTh PabOTHI TaKMX
PETYIATOPOB B 3HAYNTEIHHON MEpEe ONPEAEISIETCS] TOYHOCTBIO H3MEPEHHS U 3aaHusI TapaMeTpoB (ha30BOTO PETYIMPOBa-
HUS, K KOTOPBIM OTHOCSIT YIJIbl OTKPBITHS U IPOBOJAIMMOCTH CBapOYHBIX THPHCTOPOB. B paboTe mokazaHo, 4TO MpU BKIIIO-
YEHHUHM KOHTAKTHOW MAIIVMHBI MPOUCXOAUT (Da30BBIi CABUT HAINPSIKEHUSI CETH B PEKHME HArPy3KH OTHOCHUTEIHHO HArpsi-
JKSHUSI CETH B PeXKUMe X0J10cToro xoaa. C MCIOoIb30BaHUEM YIIPOIIEHHOW dJIEKTPHUUYECKOM CXEMbI 3aMellleH s KOHTAKTHOW
CBapOYHOH MalInHBI B paboTe omnrcaHa npupojaa (azoBoro clBUra HarpspKEHUs CeTH. B kauecTBe mapa3uTHBIX IapaMeT-
POB CeTH BBIAEIECHBl AaKTUBHOE CONPOTHBICHHWE W WHIYKTUBHOCTH CeTH. MOZEIMPOBaHUE AIIEKTPHUYECKUX IPOIECCOB
B KOHTAKTHOM MaIlliHE BBINOJHEHO COTJIACHO TPEXKOHTYPHOH cxeme 3amelieHus. [loka3aHo BIMsSHME Mapa3UTHBIX Tapa-
METPOB CETH Ha CTaOMILHOCTH (Pa30BOTO PETYINPOBAHMUS, 0OCOOCHHOCTH MOJIY9aeMbIX OCHMIIIIOTPAMM TOKa 1 HATIPSDKEHMS.
B 3aBrcHMOCTH OT MapamMeTpoB CETH W KOHTAKTHOW CBapOYHON MAIMHBI, BEMWYMHA (a30BOT0O CABHUIA COCTABISIET OT JI0-
Jel 10 eAMHMII JIEKTPUYECKOro rpaayca. [Ipu mapamerpnieckol CTaOMIM3alK CBAPOYHOTO TOKA MO HANPSDKCHUIO CETH
BIIMSTHUEM Tapa3uTHBIX [TapaMETPOB CETH MOXKHO IpeHeOpeds. [Ipu pabote perynstopa B pexXuMe IMOAAEPKaHNS YHCIICH-
HOTO 3HaY€HMsI BTOPUYIHOTO TOKA HAOJIOAAETCsl yMEHBIICHUE CO3/1aBAEMOT0 TOKA OTHOCHTENBHO 3aaHHoTO0. [Ipemroxkena
7 anmpoOWpoBaHa METOJMKA OTPENCIICHNS Mapa3uTHBIX MapaMeTPOB MUTAIOMICH CETH 1O Pe3ybTaTaM OIBITa KOPOTKOTO
3aMBIKAHUSL.

Knroueswte cnosa: napamerpsl nuraromeil cety; $pa3oBoe peryJupoBaHUe IIPU KOHTAKTHON CBapKe; KOHTAKTHAs CBap-
Ka; YIIPABJICHUE KOHTAKTHOU CBAPKOH B YCIOBUSIX BO3MYIICHUN; JUaTHOCTUKA KOHTAKTHOU CBAPKU; MOJAEIUPOBAHUE DJIEK-
TPUUYECKUX MPOLECCOB; (pa30BOE YIPaBICHNUE; U3MEPEHHE U PETYJIUPOBAHUE CBAPOUHOTO TOKA.

Jna yumuposanua: Knumos A.C., Kynunos A.K., Kimumos B.C., Ensiios B.B., bonasipes [[.A. BiusHue napameTpos
MUTAIOMIEH CeTH Ha CTaOMIBHOCTH (ha30BOTO PEryJMpOBaHMs IPH KOHTAaKTHOW cBapke // Frontier Materials & Technolo-
gies. 2023. Ne 3. C. 53—60. DOI: 10.18323/2782-4039-2023-3-65-5.
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