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ABSTRACT

A prototype infrared radiation (IR) feedback control system for the
microweld process has been developed at the Martin Marietta Corporation,
Orlando Division as a result of the work on this program. The feasibility
of applying feedback control to the microwelding process has been demon=
strated.

A laboratory model of the control system was breadboarded and numerous
welds were made. The system demonstrated that within its control range
wide fluctuations in power supply energy setting had small effects on the
pull strength of welds.

The system is pictured in Figure A. The modifications necessary to the
power supply are simple and can be built as a “*bolt=-on’’ unit at the rear
of the supply.

Figure A. Complete Feedback System



I. INTRODUCTION

In today’s missile systems, electronic circuits are required to with-
stand severe environmental exposure. In addition, these systems have to be
highly reliable. Component reliability can be achieved by 100 percent test-
ing if necessary or by selective purchasing, but component lead interconnec-
tions are another matter. In many cases the constraints imposed on these
interconnections by the environment necessitate their being joined by weld-
ing, a process in which reliability is assumed by correlation and verified
by destructive testing.

With the advent of quantum infrared detectors, it is possible to use
nondestructive testing (NDT) techniques for in-process monitoring (Refer=
ence 1). The next logical extension of these techniques is closed loop
feedback control of the weld process.

This study was designed to improve the reliability of microwelding by
demonstrating the effective use of feedback controls to remove the influ-
ence of the power supply from the weld process.






II. DEVELOPMENT

The system as developed is shown in diagram on Figure 1. The following
discussion will treat the various subsystems, that make up the total system,
separately.

f1
e
Weld | — Ratio Temp
Head | = ™ Unit
-

=
[v]
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[}
hod
2
ot

S
- 2
| * |
l { 1
Power Power | |
Suppl -r——4———— Supply Hr——f————'Controller et—}
PPLY | Modulator 1 ]
| I i
| I |
Figure 1. Block Diagram Complete System

A, THE SENSOR SUBSYSTEM

In any closed loop operation, the quantity being measured must truly be
representative of the physical process involved. In addition this measured
variable must be most affected by whatever control action is taken. In any
photoconductive device, the output varies proportionately to the radiant en-
ergy seen by the active element. A practical consequence of this situation
is that source area variations appear as changes in temperature. Clearly
this is umacceptable.

However, if two active elements were to be used, each looking at a dif-
ferent portion of the spectrum, then the ratio between the outputs would be
insensitive to variations in source area (see Equation 6 in Appendix I).
Furthermore, the actual value of this ratio is a measure of the temperature
of the device under observation. ’



A two wavelength sensor was developed (Figure 2) along'the line presented
above. It has been demonstrated in the laboratory that the ratio between the
detector outputs is independent of source area.

10 Volt

15V '~*——§ﬁF—7
Beam

Splitter and Filter O Y 22M
Objective LAAA S
Lens £ 100 pf
{\ #] Detector
£ X
Vit Hoo>4
Filter

Detector

Multiplier pe

Figure 2. Sensor Subsystem

The filters incorporated into the two wavelength sensor have band passes
of 2.84 to 2.97 micron and 2.02 to 2.13 micron (104 cm). A typical calibra-
tion chart is presented in Figure 3. These filters are of the reflecting
rather than the absorbing type, which allows the use of one of the filters
as a beam splitter (see Figure 2).

Figures 4 and 5 show the two wavelength sensor subsystem mounted and
viewing the weld process.,

In addition to designing a sensor system one must also determine where
the proper viewing point for the weld is. That is, the more IR energy that
can be collected on the active elements of the detectors, the less stringent
become the amplifier requirements.

A photo/optical technique was devised to fully see the radiation pat-
terns emitted during a weld. The system that emerged is shown in Figure 6
and typical results are shown in Figure 7. The technique involved building
a ‘‘birdcage’’ around the weld area. The cage was used to support IR sensi=
tive film. The film was exposed by the energy released during a weld,

The sinusoidal pattern shown is explained by the presence of shadows pro-
duced by the cross wires being welded.

The shape of the radiation pattern dictates the sensor position. That
is, the sensor should be so placed that it observes the area between two of
the shadows.

Once radiation patterns were known and the optimum sensor position deter-
mined the sensor could be installed on the weld supply.
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Figure 4., Two Wavelength Sensor

Figure 5. Overview of Two
Wavelength Sensor

>

.
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Figure 6. Photo/Optical
System Diagram
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Figure 7. Sinusoidal Pattern



The sensor subsystem electronics posed quite a problem. We deal with such
small signals from the detectors, that high gain amplifiers are necessary.

The above constraints require that the amplifiers be physically isolated
and enclosed each in its own mu-metal shield.

This approach yielded several significant benefits:

Noise was reduced to a tolerable level

| —

2 Cross-talk between sensor signals was all but eliminated.

The reader is referred to Appendix II, Part A for a detailed explanation
of the circuitry in the ratio unit. It suffices at this point to restate
equation 4 in Appendix II: ' '

s ]
Ratio = x =
S, * |—— s+1
2 g *
2

where T = time constant = 10 5s.

The above simply states that the ratio of the two sensor outputs is equal

to S1* divided by SZ* with some filtering.

B. CONTROL ELECTRONICS

For the purpose of demonstrating feasibility of this system a proportional
controller was build and is shown in Figure 8.

To
100k
Ratio Output¢—p A Power
VW Supply
5V Modulator

-15vs——os/o—Jw\,—

Figure 8. Control Electronics



The above device serves to provide a signal which is proportional to the
difference between an adjustable reference and the output of the ratio unit.

Two problems were encountered in the controller worthy of note:

1 The adjustable reference had to be switched in and out at the proper
times, since without switching the reference would Dc bias the con-
troller and not provide the desired error signal. See Figure 9 for a
graphical explanation which shows how these signals are time oriented.

. Case @
Set Point
Level [~ No Reference to Switching
— Consequently the set point
- signal sets as a dc bias
Time ——fpe
Added to
| Time ——g
Ratio |
Signal
Gives T
Biased
Output -
Time mmgp
Switched | Gase
Set R Reference Switching
Point | Generates required
Level signal
Time ——
Added to
Ratio Signal
| Time —
Gives t—
Required | Time ~———gs-
Output

Casegives the desired result.

Figure 9. Reference Switching



g Because of the basic duty cycle oscillator, it was found that the re-
lationship between controller output and duty cycle in the power sup-
ply was not a straight line function. (See Figure 10.) As a result
several diodes were added to the last stage in the controller. It was
felt that the diode nonlinearity would help. The linearity is better
with the diodes (see Figure 10) but clearly more work is needed in this
area.
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g 60 e
3 /
g‘ 50
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o 40
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A ///,

30 /<$//

20

10

0 50 100 150 200 250 300 350 400

Controller Output in MV

Figure 10, Controller Output With Duty Cycle

An overview of the breadboard controller is shown in Figure 12.
C. POWER SUPPLY MODULATOR

Before total closed loop operation could be achieved, some method for
modulating the energy available at the weld electrodes had to be devised.
Of the several methods considered it was decided to switch the power supply
capacitor bank in and out at a fixed frequency and to vary the duty cycle
(in time versus out time) of that frequency. TFigure 11 presents typical re=
sults, operating the power supply open loop.

The power supply monitor is shown in Figure 13. A detailed explanation
of the working of the modulator and the modification necessary to the power
supply is given in Appendix 3.



Channel 1 {(Upper Trace) Vertical Scale - 0.1 Volt/CM
Channel 2 (Lower Trace) Vertical Scale = 1.0 Volt/CM

The upper trace is taken across a shunt in the secondary of the weld trans-
former. Photo No. 1 shows the chopped weld pulse with no error signal. The
lower trace in Photos 2 and 3 is a simulated error signal demanding more or
less energy at the weld joint as determined by the ratio of change in signal
from the two IR sensors. Photo No. 4 shows the weld pulse modulated by a
100 Hz Sine wave error signal. The lower trace is the resultant duty cycle.
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Figure 11. Power Supply Operation

Figure 12. Breadboarded Controller ‘Figure 13. Breadboarded Modulator
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D. INVESTIGATION AND RESULTS

Once the control system had been developed, we could investigate the inter-
play between such parameters as modulation frequency, duty cycle, power supply
watt/second setting and pull strength of the weld.

Considerable system data was taken, both open loop and closed loop.

Open loop data was taken by fixing the duty cycle and the modulation fre-
quency and making welds at various power supply settings starting at 8 watt/
seconds and continuing until expulsion occurred. The pull strength of these

welds were recorded and plotted. Next the duty cycle was changed and the data
taken again. Table I presents the points at which data was taken.

TABLE 1

Open Loop Data Points

Duty Cycle Watt -

Frequency (Percent) Seconds
250 Hz 10 8 » 24
50 8 -~ 24

90 8 ~ 24

500 Hz 10 8 ~» 24
50 8 > 24

90 8 » 24

1 KHz 10 8 » 24
50 8 » 24

90 8 » 24

The data set taken for a typical case (250 Hz) is presented in Figures
14, 15, 16. It should be noted that at this frequency (250 Hz) a 10 percent
duty cycle produced a ratio which was a series of distinct pulses. It be~
comes open to question as to how to treat the data, although no adverse ef=-
fects on the sample welds were observed. A condensation of the typical case
plots is shown on Figure 17,

Closed loop data was taken by fixing the modulation frequency and zero
control duty cycle. Welds were made at several power supply settings and
various reference temperature settings. The pull strength of these welds
were recorded and plotted. Typical case data is presented in Figure 18.

The closed loop behavior of the system was recorded on a storage os-
cilloscope and pictures taken. (See Figure 19).

In order to demonstrate the temperature variations with energy dissipated
at the weld, the ratio unit output was recorded and photographed at 10, 15,
20 and 25 Ws setting on the power supply. Results of this experiment are
given in Figure 20.

11
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Upper Trace - Electrode Voltage
Lower Trace = Controller Output
1 Vertical Division Equals 0.5 Volts

Figure 19. Closed Loop Behavior
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Upper Trace - Senmsor 1
Lower Trace = Sensor 2 10~15-20-25 Watt-sec

Figure 20. Ratio Unit Output
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E. DISCUSSION

The feasibility of monitoring the infrared radiation from a weld and
using this information to effect closed loop control action has been clearly
demonstrated. Further the concept of monitoring two discreet portions of
the spectrum of radiated energy and inferring the actual temperature of the
weld has also been proven feasible. The range of power supply settings in
which it is possible to produce a satisfactory weld has been significantly
extended using this technique.

As with any feasibility study, the end product is not a finished device.
There are areas of concern and areas which have yet to be probed. Among
these are:

1 The control action with set point should be improved. It is felt
that several factors contribute to this state of affairs. The power
supply is not a constant energy source. So that even with -control,
the initial part of the discharge may be sufficient to establish a
weld. We have several ways out of this dilema. We can build tem-
perature profiling into the system in an effort to impose severe re-
strictions on the power supply during the early portion of the weld
cycle.  Alternatively we can use control on the supply itself to
make it a constant energy source. Under these conditions, it would
make sense to use a standard pulse height and width and vary the
rep-rate with the error signal.

Some sort of alignment aid whether mechanical, electrical or optical
should be included in the sensor subsystem. A cone, the focal length
of the lens, would seem to be the simplest solution. An alternative
would be to use a fibre optics probe to minimize position errors.
This would also alleviate electrical noise problems since cabling
from sensor to controller would be eliminated. Fibre optics have

the disadvantage that they cut-off energy transmission beyond 2.8 um.
However there should be sufficient energy in this region to effect a
temperature measurement.

| ™o

F. RECOMMENDATIONS

As a result of the work performed under the present contract it is recom-
mended that a production device, utilizing these techniques be designed and
fabricated. Such an instrument could remove from the weld process:

=

Power supply variations

2  Component lead material variations
3 Pull strength variations
4  Error in operator judgement.

In addition, such a device could bring to the microweld process the re-
liability which is inherent in its nature.

18



APPENDIX I
DERIVATION OF DETECTOR EQUATIONS

Consider the basic circuit shown below.

— R-AR

Chopper
Disk i
11t
E

We assume that the IR device will change its resistance from R to R-AR when
radiation impinges of the active area. So,

E = i(R+R1)

R1E
V=1R1=R+R]
N L
dR (R + R1)2
R1E AR R1
AV = = i AR = BiAR (M
2 R+ R
(R1 + R2> 1
where

B = bridge factor "X+ r

19



Now let the incident radiation be monochromatic and of frequency v.

Some definitions

b = Planck®’s constant
= quantum efficiency = that fraction of the quanta incident on the
detector that produce observable photo electric effects
= number of effective quanta per area per unit time
= power and corresponds to some constant source intensity.
Then,
n=3 . A is the active area
Ahy?® ‘

If N and P are the total number of electrons and holes in the detector
element then R varies as (bN + P)"1 where b is the mobility ratio. Since

AN = AP in general,

dR~ _b + 1

N by + p)?
or

AR M _ih;t_lli AN

(bN + P)

AR (b + 1)

R~ N+ By N
So,

Bi R(b + 1) AN

av (bN + P) ) 2)

Bi AR =

But AN is the change in the number of primary current carriers in the device.
So we may say AN varies as I. The intensity or,

AN = yT (1-e"F/T)
‘ _ | BR(M + 1)}, -t/
o o AV = {w} iy I(1 e ) (3)

or,

- BR(b + 1) qw
av = { (bN+P)} h (4)

20



Equation (3) points out that the signal output from the detector (AV) varies
with source intensity. Equation (4) states that the output varies with A,
the wavelength.

So,

the

and

or,

If the radiation is not monochromatic, we have for total power:

_ R + 1) 1 f a0) w,dv
VETEN T R f T ©)
o}

, 1
above since A =177.

Now if we consider two such detectors with ideal narrow bandpass filters,
ratio their outputs, we get:

x©

BR(b + 1) fq(\’) Wy, 4V

AV bN + P v
1 - [o)
AV - ®
2 BR(b + 1) q(v) wzvdv
bN + P v
o
AV w,(v,)
1 171
= = K (6)
AV2 wz(vz)

In reality, these filters have finite bandpass. So,

v+48
w o= w dv -
v
v=§

21



And,

1 _ 1
AVZ ' V2+6 dvz
“jfﬂ q(v2) Y2 2
V2-6

In the limit as § -~ 0, the above reduces to Equation (6),

22



APPENDIX II
DERIVATION OF CIRCUIT EQUATIONS

A. Consider the following part of the sensor subsystem (See Figure 2).

—»t

221

/\/

100 pf
g % 100K

4
oo
10K .

To‘Controller

T,
<

3-_2___-\ Multiplier

For the purpose of this discussion we can neglect the 22 meg resistor around
the 741, since its only function is to provide a DC gain limit and very high
frequency roll-off.

So
Z Z
Y e S S
X = (1001( 81 *ToR Sz) : 1)
Where
Z I = —1 = 1
F 'X<10 volts CS 10-10S
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Let

o = 100 x 105 x 10710 = 107>
T, = 10 x 105 x 10710 = 1076
S = Laplacian operator.
So
1 * 1 )
X = [r1s S *T8 Sz] : (2)
But
XS *
s = 2
2 10
So
= S I
X = "I7355 +tTX¥5 |- (3)
1 1
And
XS
2 1 *
X + = S
T1S T1S 1
S, 1
X = = = Ratio (4)
s.* 17
2 - S+1
)
With 81* = SZ* = unity the corner frequency should be about
T 10“5
f = 0.157 x 105 = 15.7 KHz.

However the 741 will roll off prior to that point,

24



B. Detector Impedance matching amplifier.
Consider the following:
+15V

— s b

— 138-1 2N 3278 o 4

— 2252 2N2222

S*
g 100K § 3.3K

& e

The 2N3278 is a p~channel junction FET used as a source follower. The
junction FET and transistor Qp used in cascade have an overall gain of slightly

less than one.

The circuitry around the 741 behaves as follows, consider the generalized

case

F20—— % ¢ B
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Now ideally

I, = 1

I, = I3

Eg = 0
So

Bo- 3 E (5)

f Z2 + Z3 2

L - E, - E; i B = E -

Z, Z,
=E = —EQ-(E E.) - E (7
o] Z1 1 f £
Z z Z

‘B, = z: B, - z? Ef - z1 Ef . (8)
Or

E =—-Z—9 E +—Z—°—+-—Z-]-Ef. (9)

oz, " Z,
Substitute for Ef

Z + 2 Z Z

E, = Oz1 : (Zz i 23) Ey ”E%E1 . (10)
But

Zo = 1M

z, = 1K

z, = 1K

Z3 B ZZMSM

B, = By
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1M _
_ IM+IK ) [ 22 S + 1 M
B 7 (1K ) S R T b
22 S+1
Or
E = 1™ +1§3 M . 1M R
0 1K ) \UM + 1K (22 S+1) 1K 1
at DC
LIMIT . _ (1M _IM _
S0 Fo (IK 1K) By = o
At high frequency
LIMIT ™
S>=E = - 7% Eq = ~1000 E,

Simplifying equation (11) we get

=225

B, = 0.022 s+1

Frequency response is given below

80

60

40 A

;,/’/r { 60 db = Gain of

1000

db e ’ L

-20

-40

- 60

27

(11)
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APPENDIX III

A, SOLID STATE WELD POWER SUPPLY
DESCRIPTION AND MODIFICATIONS

The weld power supply (See Figures 1 and 2 this appendix) consists of two
major assemblies; the power section and the control section. The power sec-
tion is made up of a charge level selecter which is essentially a variable
transformer driven by a step up transformer. This is connected to the 115VAC
line., A rectifier unit which is made up of a full wave bridge rectifier and
series SCR which is normally in a conducting state, and the energy storage
unit with the associated circuits to discharge the energy to the weld trans-
former upon receipt of a trigger signal from the control circuitry.

The control section is made up of three time delays and the trigger cir-
cuit for SCR 2. The time delays are started by a weld signal from the op-
erators foot switch. The first time delay determines the weld repetition
rate and is of sufficient length to allow complete discharge and recharge of
the energy storage bank before a second weld can be attempted. The second
delay prevents recharge of the energy bank until it is completely discharged.
This is accomplished by removing the gate signal from the SCR in the recti-
fierfier and series control unit (SCR1). The third timer delays the trigger
to SCR2 for a minimum time base of one-half cycle of line frequency. This
is in order to ensure that SCR1 has ceased to conduct before SCR2 is gated
into conduction.,

{

Foot
Sw

Charge Disc
Hold=0ff Delay

Rep Rate ——a Trigger

Y

Charge Rectifier
& and Energy Weld
Level . s
Series Storage Electrodes
Select

Control

Figure 1. Block Diagram Weld Supply
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The first two time delays are adjustable but it was necessary to increase
the times beyond their range by doubling the size of the timing capacitors
(C3 and C4). This was necessary because we have purposely lengthened the
weld current pulse in order to exercise better control. The third time de-
lay is fixed and no change in it was necessary.

The other modifications to the weld power supply included insertion of
resistance in the anode of SCR2. 1Its existing trigger circuit was disconnected.
SCR2 is now driven by the outboard control circuitry.

B. TFEEDBACK TRIGGER AND MODULATOR
The basic operation of the modulator is as follows:

Q101 (See Figure 3 this appendix) is a free running oscillator, the fre=
quency of which is adjustable from 150 Hz to 2K Hz. Pulses developed across
the base 1 resistor are coupled to signal conditioning transistor Q102, These
pulses appear at the collector as fast going square waves and are directly
coupled to IC1, a JK Flip=Flop. Without the inhibit signal at pin 13 the
flip=flop would operate as a ripple counter producing alternate square waves
at the two outputs, the pulse rate at either output being one-half the fre-
quency of Q101. This action is prevented, however, by the grounded input at
pin 12 and under quiescent conditions pin 4 of the FF is in a low state and
pin 9 is high. These signals are inverted by amplifiers Q103 and Q104 and
emitter follower Q110 prevents current flow to Q1171.

Q113 and Q114 make up a conventional monostable multivibrator, or one
shot, the time base of which is adjustable by R102, The oneshot is triggered
by a negative going signal from the weld power supply. The output is inverted
by Q115 which in turn controls the action of the flip=-flop.

Q112 is a keyed oscillator that is adjusted by R105 to operate at a fre-
quency twice that of Q101 for a 50 percent weld duty cycle. It is only allowed
to operate when current is supplied by Q110 and Q111 to the charge capacitor
connected to the emitter. This capacitor is initially charged to a level
slightly below the firing potential of Q112 by voltage divider R103 and R104,
This assures that the time duration between pulses developed across the Base
1 resistor are not effected by base two to emitter leakage of Q112. The out-
put signal from this oscillator is also fed to the input of the flip-flop.

Q111 acts as a variable resistor in series with the charge capacitor. This
resistance varies with the error signal from the controller.

When the operator initiates a weld signal a negative going pulse is gen-
erated by Q9 in the weld power supply. This signal triggers the one shot
made up of Q113 and Q114. This allows the flip flop to operate throughout the
time duration of the one shot. When the flip flop changes states SCR2 in the
weld power supply fires as a result of a signal through Q104, Q107 and Q108.
The conduction of SCR2 allows current to flow in the primary of the weld trans-
former and C1 charges to the level of the energy bank. This charge is held
by the reverse diodes across SCR 101. At the time the flip flop changed
states, Q104 drives Q110 into conduction and current is supplied to the charge
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capacitor at the emitter of Q112 via the series transistor Q111. Transistor
Q112 fires at some later time determined by the signal at the base of Q111.
The firing of Q112 causes the flip flop to revert to its original state and
SCR 101 is gated into conduction as a result of the signal through Q103, Q105
and Q106. The conduction of SCR 101 reverse biases SCR2 in the weld power
supply and it switches to a non conducting state. SCR 101 ceases to conduct
when the charge on C1 is depleted. This process continues for a time de-~
termined by the time base of Q113 and Q114, with Q101 turning the weld supply.
on at a fixed rate and Q112 turning it off at a time determined by the time
constant of Q111 and the charge capacitor. Since the resistance of Q111 is
varied by the signal at its base the duty cycle of the weld power supply may
be varied from 10 to 90 percent by the error signal.
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