Converting a -Weh dostick@adiderdordnylated DC

linheriteda L i n c o |-We | AdHstibkb@lder. It plugs into a normal 120V AC outlet. It has only
one contralanon-off switch. There is no way to adjust the flow of curtdmbugh the stick. The picture
on the leftshows the unitwith the cover removeldefore | begamvorking on it The picture on the right

is a detail of the front panel.
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The following picture is a view into the left side of the uniheWholewelder is not much more than a
big transformer. The two wires coming out at the bottom are the two ends of the secondary winding.
They exit through the front panel, with the ground clamp on one wire and the stick handle on the other.




The following schematic diagram shows tr@inal circuit. There are only three components inside the
metal case. The switch is an-off rocker switch with a builtn red light which glows when the unit is
switched on. 120V AC from theall socket is wired directly to the primary winding of the heduyy
transformer. In one of the primary leads, there is a small tempecatum®lled switch which opens if

the inside of the case gets too hot.
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The following picture is aiew into the right side of the unit. The AC power cord enters the unit through
the rear panel, on the righaind side of the photograph. Theaffiswitch ar pilot light are mounted
high on the front panel, on the ldfand side of the photograph. Tthermal switch is the cylindrical

component mounted low down on the primary coil.

A table on theront panekets outhe following specifications for the unit.

Input power:  current 0of200 at avoltageof 115w and a frequency @0"Gx

Outputpower: current of500 at a voltage 025w

The output power is the maximumgthunit can deliver. Power is the product of current and voltage

0 = 'O w, so the transformer can deliver up to
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Ogsp = 500 x 250 = 1,250 co 64
The input power is the maximum the unit should draw. The unit should draw a maximum of

Og = 200 x 1150 = 2,300 ¢ (B
The difference between the input and output pow#j0i50 w ¢d . This is potentially the amount of
heat the transimer could dissipate, which arises from inefficiency in its operafldwere is resistance in
the wires, eddy currents in the iron core, and so forth, all of which convert electrical energy into heat

inside the transformer.

Goals for conveting the welder

| wantedto make two types of modifications the welder

1. To change the output from AC (alternating current) to DC (direct current). In fact, | will go
further than usual, and regulate the output DC.

2. To provide a means for controlling the amountwfrent flowing through the circuit.

Rectified direct current

Most DC welders produce a very crude form of direct current. All they do is rectify the alternating
currentcoming out of the secondary coi\ single component is enough to do that. The following
schematic shows how a fibridge rectifierodo is wired

Transformer ————

. Stick

/\
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Clamp

A bridge rectifier is simply a set of four diodes arranged in a particularmpafRemember that a diode is
a twoterminal component which permits current to flow in one direction but not the other.

For half of each cycle of the alternating current, the top end of the transformer will be at a higher voltage
than the bottom end. he red arrow shows thpathof the current during this hatfycle. It flows from the

top end of the transformer, down through the upjggtt diode and through the stick into the workpiece.

It then flows back into this circuit, downwards through thedsotteft diode, from whence it returns to

the transformer, entering at the bottom end.



During the other half of each alternating current cycle, the bottom end of the transformer will be at a
higher voltage potential than the top end. The follovgitigemat shows the flow of current (in blue)
during these hail€ycles. This time, the current flows through the bottaght diode and the toleft

diode.

Transformer _——

Stick

It is important to note that the current flows in the same direction througtotkpiece qfrom the stick
to the clamp in both cases This is why it is called direct current, rather than alternating.

During each haltycle, two diodes conductHowever it is a different pair of diodeduringeach half

cycle. An ideal diodevould allow current to pass through without any voltage drop. Real diodes suffer
from a voltage drop. For headuty diodes like the ones required in this kind of application, the voltage
drop will be aboubne vdt per diode. Since the curresivaysflows through two diodes in series, the
peakvoltage applied to the workpiece will be abtwb volts less thathe peakunrectified AC voltage.

The following graph illustratethe waveforms of the voltage applied to the workpiece by theifQit

(in black) andby therectified DC circuit(in red)

A Voltage over loac
Rectified DC

time

AC

At every moment in time, the rectified voltage will be abeud volts less than the alternating voltage.
There will be a short perioaf time at the beginning and end of each +@l€le when the alternating
current has an amplitude less thaw volts, during which times no curreat allwill flow in the rectified
DC circuit. Each diode needs to be forwaidsed by aboud wlt before it will allow current to pass
through.
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Why is a rectified DC welder better than an AC welder?

DC welders produce better welds and better looking welds than simple AC Wwel@ensier the arc of
plasma between the tip of the stick and the workpiece. When using an AC welder, the current flows first
in one direction, theim the other direction, thein the first directioragain as so on. Each stestiop
cycleinterrupts the proddion of heat which meltghe stick and the pool. Sincectified DC currenthas

less variation than AC current, the heativiti be more uniform andhe resultingvelds more structurally
sound. Rectified DC current also reduces the strength ofaleetric and magnetic jolts which accompany
the sudden starting and stopping of current and which lead to splatter.

If rectification is good, is requlation even better?

The answer is: yes. i Re c t inbnlyore dileahm dt domenatmeant hat t
the current is constant, like thdelivered bya battery. Aperfectlyconstant current through the plasma
would indeed produce the best possible weld.

ARegul ationd is the process ofThefelowmngdgraplyshawktee var i a
same AC and rectified DC voltages as the previous graph, but also two more waveforms which show
different degrees of regulation.

A Voltage over loac

R B o e e A,

time

Perfect requlatior \

\C?)dregulation

With perfect regulation, the voltage (in blue) is absolutely constant. With good regulation (in green), the
variations in the voltagare reduced tesay,10%or 25% of the peak amplitude.

Let me mention the particular voltage | hdakeledwy, -« In a sense, it is the average voltage, where

faverageo is defined i n a-vdtprepcoveathe diodsghe electricdl we s et
power expended inside the diodes is converted into, tadlafpur voltage waveforswwill generate the

same amount of electrical power in a resistive (@&d the workpiecg Remember Ohmdés Lav
Power Law:

Ohmdés L= 60iiGox YA DiEWR
Power Law: U0€0'Q = w¥adMx 00iiE0
Theserelationships hold when the voltage is constant. So long as the resistance is a fixed value, the

current will also be &éixed value Since the voltage and current are both fixed values, the power being
consumed will also ba fixed value This is the cse with the perfectlyegulated waveform.

! But there are some high frequency AC welders in which the frequency plays an important part in their
operating principle.

~5~



However, Ohmbés L awlsodolddat evenyenstéhbintieng, evenamven the voldage

current change with timeSo long as the resistance is a fixed value, the current will change in exact

proportionto the voltage. What one does is multiply the instantaneous voltage by the instantaneous

current to calculate the instantaneous power being generated, and then addstpritemeoupower

over thedurationof one complete cycle of the AC waveform. €Bycycle is the same, sdhat happens

during one cycle is typical of what happens during all cyclégurns out that the average power

generated during the cyaterresponds exactly to the power generated by a constant voltageof
Thesubscript Iis ameanaquangm Bod Bouombri zes the mat he
an average of the power over one complete cycle.

Thewy; ~yvoltage is not ondalf of the peak voltage of the AC waveform. It is higher than thate
like 71% of the peak voltage.

I will implement the simplest possibieethod ofregulation. It involves the use of a capacitor, as shown

in the following schematic. The capacitor is wired across the output from the redifigrose times

when the insintaneousoltage supplied by theecondary windings greater than the RMS value, some

of the power will be used to charge up the capacitor, reducing the voltage drop across the wakkpiece.
other times, Wen theinstantaneousoltage supplied by theansformer isdssthan the RMS value, the
capacitor will start to discharge, adding to the current flowing through the workpiece. The capacitor
serves as a storage device for energy, keeping the power being dissipated in the workpiece more uniform
than oherwise. Despite its simplicity, this arrangement gives surprisingly good regulation.

Transformer
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~
Clamp

+
~
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To choose a capacitgrwe need to know the internal resistance of the transformer

The currents flowing through a welder are very large. Even small resistances have a significant effect on
performance. In many applications, the internal resistance of a transformer can be ignored, but not here.
Fortunately, there ia way toestimate e internal resistance of thiobbyWe | drdhsformer.

Using a voltmeter and some care, | measured the voltage drop between the stick and the clamp while the
unit was turned obut not connected to the workpiecemeasured a voltage 41®. This is alled the

flopen circuit voltagebecause it is measured while no current is flowing through the secondary winding

of the transformer. In other words, while the secondary circuit is open.

The table on the front panel of the urdlvgus one combination afoltage and current at which the
weldercanoperate.That is the design operating poiffo at 25%0. The opercircuit readinggives us
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another. | have plotted these two points on the followidgRaracteristic curve for the transformer.
Voltage ismeasured along the vertical axis. Current is measured along the horizontal axis.

A Voltage
/ Open circuit
41

/ Design operating poir

» s Electrode touches workpiec
L» Current

X !
00 500

1T IR

The welder is said "to operate" at points along the heavy blackitingll be a straight line if the "lossy"
components of the circuit can be modekatesistances.

| have shown a short dotted stub downwards from%08é,25w designoperating pmt. One goes
down this line, to zero voltd, the electrode touchesand then stickto the workpiece. The transformer is
not designed to operate here. Even though the voltage is zero, the transfomnudrandvill not

produce an infinite currentn fact, the current will not get much above thesign current d600. Since
there is nasignificantvoltage drop over the workpiedade power will not be dissipated inside the
workpiece, but inside the windings of the transformer, where it will beerted into heatlf the stick
remainsstuck tothe workpiece for very long, the thermal protectsavitch will openand the primary
currentcut off (if one is lucky) or the transformer will burn itself out (if one is not).

We can calculate two importargsistances from the graph.
1. The internal resistance of the transformer

When no current flows through the transformerftke i s no voltage drop ove
internal resistance. THEL.w voltage drod measured arises from tireductance of te windings,

not from then o r ma Ohmicoresistéince On the other hand, ven500 of current flows

through the secondary windimd the transformetthe voltage drop over the internal resistaisce

16w. The difference, beinglw 16w = 25w, is the voltage drop between thick andthe

clamp. The internal resistancan becalculated using Ohm’s Law:

B E "M DEWM 16w

Yoo = B e B G0 500

= 0320 i

? Inductance is the tendency of a coil to resist changes in current. Like a normal resistor, it resists current.
Unlike a normal resistor, this type of resistance is not permanent. Energy removed from the current flow
by the inductance is stored in a magia field. That energy will be returned to the current flow when the
magnetic field shrinks. This form of resistance, which only exists if the current changes, is called
Areactanceo.
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2. The designer's estimate of the resistance istibke and workpiece

The designers of the Hobheld assumathat, in the worst case, the electrical load, which is
comprised of the stick, the workpiece, the clamp and the connecting cable, wi@bavf

current wher25wis available. Thaeriesresistance of the stick, workpiece, clamp and cable can
be calculated using Ohm’s Lawice more

| NOONUERSE®R 256
e T mGeame 506 00V @l

The designers assumed this would be the worst case. Here, "worsheass'the case when the
current drawn is at its maximyrand the demands imposed on the transformanastextreme.
When the load resistance (that is, the series combination of the stick, workpiece, clamp and
cables) is greater th&l5Y , t h e awnwilfbe lass thab®d and the transformer will not
have to work as hard.

An LTSpice model for the secondary circuifi Rectification only

To understand in a little more detail how things will work, | constructed an LTSpice model. | constructed
themodel in two stages. In this section, | dealt with rectification only. In the next section, | will describe
regulation. The following LTSpice schematic shows the first stage. Let me explain the various
components which appear in the schematic.

Aran 00.050
.model Dbridge D(Vfwd=1.1 Ron=0 Roff=10Meg)
Rint
Vac1 »
0.32
D1 ~/ D2
Dbridge Dbridge
Vsec — . »—Vload
SINE(0 {41*sqrt(2)} 60)
N/ D3 AN D4
Dbridge Dbridge Rload
0.5
Vac2 ]

1

On the lefthand side is a source of voltage narveedc. It represents the voltage which is generdgd
the inductance of the secondary windirf@nce we know what comes out of the secondary winding, we
do not need to model thimary windng, the oroff switchor the thermal protector. The inductance of
the secondary winding generates a sine waveform witueRMS voltage at a frequency 60 Q). The
peak voltage of the sine waveform is a factoridf= 1.4 greater than the RMS voltagé.4 is the
reciprocal of the factor 71% | mentioned above.

The internalOhmicresistance of the secondary winding is represented i/3B¥ di scr et e r esi

namedRint.
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The bridge rectifier is representbyg four diodeswiredin the appropriate pattern. The bridge rectifier

used during construction is Digik&ypart # GBPC105BPMSND. Fromits datasheet, | see that the

forward voltage drop i$.loper @Al egd, meani ng per avesabioocking Thi s b
voltage of700ay ~ Which is vastly higher than this circuit requiréBut, it is rated up t&00 of current,

which is the important parameter for us.

| have combined the resistances of the stick, workpiece, clamp and cabtee®%Y r e Rlbas.t o r

The tran directive tells LTSpice to simulate the circuit f0d i , or 50 milliseconds. The length of each
cycle in the60 "Gx driving voltage isl/ 60 = 16.74 i. Therefore, the simulation will cover about
504i/16.74i e 3 complete cycles of the driving voltage.

The following graph shows the results of the simulatidine black trace is the driving voltage. The red
trace is the voltage drop over the lodfizerything looks good.
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Do not be surpriseth seghat the peak voltage applied to the workpiece is a lot more than twoesdts |

than the peak voltage coming from the secondary winding. The peak voltage of the secondary voltage is
V2 x 41 = 58.00. Two diodes reduce this 2, to55.8c. What is left is shared by the load
resistance (0.5Y) and the internal resistance of
voltage and power, and the load only d&fs (0.5 + 0.32) = 61.0% of it. 61.0% of 55.8wis 34.0w.

That is the peak voltage over therkpiece. Just because the HolWigld is rated t&00 does not mean
it is very efficient at that current.

An LTSpice model for the secondary circuiti Including regulation

In this section, | will add the regulating cafiar. The capacitor | used during construction is Digikey
part #3383470ND. It is a 31,000uF electrolytic capacitor. The ideal capacitance is shown in the

following LTSpice schematic as compon@1it | have also tried to account for tiernalresistance of
the capacitor by includin@.010L! resistorResr. Let me explain the origin of this resistance.



tran 00.050
.model Dbridge D(Vfwd=1.1 Ron=0 Roff=10Meg)

Rint
Vac1 -
0.32
D1 D2
Dbridge Dbridge
Vsec + - . Vlioad
SINE(0 {41*sqrt(2)} 60)". —
D3 D4 Resr
Dbridge Dbridge 0.01 Rload
0.5
Vac2 - C1
—F1000pF

<

Capacitors are not perfect. One of the flaws of a real capacitor is a small amount of Ohmic resistance.

Since it is wusually treated as being in series wi
flequivalent series resistaiice o r Th&ddRheet fothis capacitor does not quote an ESfRwever,
abigval ue el ectrolytic capacitor | ike this would ty
angle in range 0.1650.25 at120 QY0 . How i s totbdinterpreted? at e me nt

A capacitorés primary job is to r egdsistdncetsicadledf | ow o

reactanctand is usually represented by the symfil The reactance depends on the capacitance and on
the frequency of the alternating current being resisted. The formutagacitivereactance, and the
value at the specified test frequency, is:

L1 1
“ = 27% ~ 2 x 120 x 31,000

= 0.043L]

Consider a normaksistor. Current flows through it in direct proportion to the applied voltage. In a

sense, the current is fAparalleld to the voltage.
the applied voltage. Current has to flow into the capgaiharging it up, in order for there to be a
voltage drop. I n a sense, the currentshowingfiper pen

capacitive reactance and normal resistance, plotted on axes of current and voltage at right achles to ea
other,is used in whaits called a phasor analysis.

4 Current When the resistance being compared to the capacitive reactance is the
capacitorbés iYamterhaealiressétangke i s
1 shown in the figureThe loss angle can be used to compare the
1 strength, or length, of the resistance vector to the strength, or length,
0% of the capacitive reactance vector. From trigonometry, the tangent of
the Iass angle is defined as:
> » Voltage
Yai
]Li ke an inductor, a capacitor resists changes in

such changes are called reactances. In the case of a capacitor, the energy removed from the current flow
is stored in an electric field. The s¢d energy will be returned to the current flow when the electric field
shrinks.
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_ENNETNRQY . Yo

tan = oG %
O'YgiqujtanW
A capacitor 6s daalt, whichisthettangeft of éha losg anglee # probably will not be
greater than 0.25 (and will be quite a bit les§ifdr E#8 R0 capaci t ors) . Using thi
high) value, we can calculate our capacitorés int

Yg; = 0.043L1x 0.25 = 0.011L}
| have used a value 6f01L]1 in the LTSpice model.
The following graph shows the results of Hiulation with the circuit starting from rest at tinde= 0.

In addition to thesecondaryoltage (rendered in black) and the voltage drop over the load (in red), | have
also plotted the current flowing through the load (in bludgte the following paits.

1. It takes aboul¥zcycles for the capacitor to charge up after the power is turned on. This is
apparent from the upward trend in the output voltage and current at the beginning of the
simulation.

2. Once things settle dowthe voltage over the workpiece (in red) appears to be sinusoidal and

varies between abo@0wand26w. This is what one would expect for an applied sinusoidal
voltage withwy, ~v= 25w followed by twol.1w diode voltage drops.

3. The output current iapproximately sinusoidalyith abit of distortionin the troughs The current
flowing through the workpiece variégtweerabout410 and510.

V(vload)

V(vac1)-V(vac2) I(Rload)

60V
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-40V - BA

-50V - 0A

60V i i T T T i i i i -5A
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How did | pick the 31,000uFvaluefor the capacior?

Generally speaking, a bigger value of capacitance is better at regulating than a smaller value. But, there
are two qualifications. When the circuiffisst powered up, the capacitor will charge up to the average
voltage level. It is possible to pick@ua large capacitor that the inrush of current when the circuit is
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turned on will blow a fuse. Secondly, there is the issue of cost. Big capacitors are not cheap. The
31,000 F capacitor | used cost $40.56, in Canadian dollars. Bigger ones cost@een m

I started by figuring out how much work | wanted
physical work, measured in Joules.

When25w (all numbers here can be interpreted as being RMS values or DC values) is applied to the
workpiece and00 flows through it, the power being consumeal aonverted into heat, is:

0€0'Q = DEDMX I 1 E o= 250 % 500 = 1,250 ¢ ¢HA

A 1A Wat tconsuimgtiontohoae Joule of energy every second. So, at the design operating point, we
are laoking at providingl,250 Joules of energy to the workpiece every second.

Now, our source of energy is the secondary winding of the transformer, which generates alternating
current at a frequency 60 "Qy, or 60 cycles every second. After the brideetifier flips the negative
half-cycles into positive haitycles, there will be a train of 120 positive pulses every second. Each
positive pulse will last fot/ 120 = 0.0083 seconds.

If we are to delivef.,250 Joules of energy in one second, we musideli,250/ 120 = 10.4 Joules of
energy during each positive pulse.

Now, |l et6s | ook at how much el & dheeriemy®storedinside gy i s
a capacitor is proportional to its capacitance and to the squarewvalltdigeto which it is chargedThe
formula is this:

~_ Lu s
O= Eow2

It might not be obvious yet, but we now have all the tools we need to pick a capacitor. |thél set
following two design requirements

1. We need to sentl0.4 Joules of energy to the workpiecerithg every positive pulseTo smooth
out the extremes during the positive pulses, the capacitor must be able to absorb and release
energy in this order of magnitude. Suppose | say that the capacitor should be able to absorb and
releaseoneJoule of enerng which is about 10% of the energy flow

2. Suppose | also say that | want the voltage drop over the capacitor to change a maximum of 10%
when it absorbs or releases thigeJoule of energy.

Here is how we implement these design requirementsip.etbe the RMS voltagel will use the
symbolQyg; for the energy stored in the capacitor at this voltage. When wereddule of energy to
the capacitor, so that its total energfdig; + 1, we want the voltage to Helgyg; . Similarly, when we
removeoneJoule of energy from the capacitor, so that its total enef@yis 1, we want the voltage to
be0.9wyi . The energyoltage relationshiptthese two extreme conditions can be written as:

. 1e s
Qai +1=350 11y 2
. 1e s
Qai  1=350 094y 2

*The energy is stored in an electric field between the negative charge on one plate and the positive charge
on the other. The attraction actually causes the two plaids it capacitors to pull on each other.
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If we subtract the second equation from the first, we get:

2=28 11Qg 2 09Gg 2

o 4=08 121 081 6%
o g 10
@G i
Since our design output voltagess; = 25w, the equired capacitance is:
5= 0 0.016 Farad= 16,000' F
6=55=0 arad= 16,

Large capacitors are difficult to manufacture to an exact capacitarg is the typical uncertainty.
To be safer than sorrier, | looked for a capacitance a little bit biggefl612@0° F. The one | selected
from Digikeyd selectionor productdappened to bg1,000° F, but it had a couple of other things |
needed. It is rated 80w, so it can withstand the opeircuit voltage. And, it has screw terminals, so
the connecting cables do not need to be soldered.

Construction

I mounted the bridge rectifier and the capacitor on the outside of tHeatedtside of the unit, as viewed
from the front panel. The following picture shows the hole | cut in the left side to allow wiring and heat
to flow between the newkeernal compartment and the interior of the unit.

To make a box for the new components, | cut and bent some sheet metal into three pieces. | painted them
with red Tremclad paint, which seems to be a perfect match for Lincoln red.
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Top and sides

The following picture shows the left side with the capacitor and bridge rectifier now wired into position.

i

Holes in panel
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The bridge rectifier has a flat base and is bolted to the bottom of the new external enclosure. The top,
sides and cover of the new enclosure are not shown in the m@biove The bridge rectifier was
mountedon the bottom plate to be as cl@sepossible to the point where the wires of the secondary
winding exit from the transformer. The capacitor is mounted above the bridge rectifier and will be (not
shown here) secured to the left side of the unit using cable ties.

The cables to the stidlandle and the ground clamp are connected directly to the vertical wires from the
bridge rectifier to the capacitorés terminal s. @]
the bottom of the front panel. To cover these holes, Irjyeped an aluminum plate to the inside of the

front panel.

The following picture is a detail looking down onto the bridge rectifier before the capacitor was mounted

above it. Let me point out a couple of thing$he bridge rectifier is a relatively flat sgre box. Its four

terminals rise from the four corners. It is bolted to the bottom of the new external enclosure using a bolt
through the central axis. It is important that the rectifier be connected tightly to the metal bottom. This is

to improve thelow of heat from the rectifier into the surrounding metal case. When in ope&iiomf
current flow through two of 1tld, soeack diodd nfustdissipate di ode
500 x 1.1w= 55 Watts of power. In total, the bridge rectifier will be dissipatititD Watts of power.

Thatdés a | ot of power from a |ittle parallelepipe
from the device, it helps to remove the paint in the areaentherrectifier is mounted. The paint acts like

an insulator. It further improves the heat flow to place a bit of silicone compound between the rectifier

and the bottom. Silicone is a conductor of heat. It also fills some of the microscopic holesexigtich

because metallic surfaces are not truly flat, but only to the naked eye.

Loops for
capacitor
terminal screws

Secondary wires

Bridge rectifier

Unpainted area|
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