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1.0 INTRODUCTION

This contract (NAS 9-3910) requires delivery of fifteen {15) sets of ééfety
instrumentation to be worn by personnel engaged iﬁ,WOrk inside space simulation
" chambers. One system may be conveniently divided into two subsystems: the
suit equipment called the SIP unit, and the terminal equipment called the
Termihal Unit. The SIP unit consists of a nylon uet ves., to be worn under
the space suit, an electrical hérness, and a number of types cf semsors and
signal conditioners. - The harness and signai cﬁnditioners are anchored to. the
. vest, while the sensors are located in apprépriate»regions in the suit or on
the body of the perscn wearing the equipment. Wiﬁh regard to the SIP unit,

this contract requires delivery of only the vest, the ccmplete suit electrical

harness, the pOp and pCOy sensors and suit signal conditioners plus intercon-

necting cabiéé, and é pressure transducer. A number of bioqedical sensors and
sigqal conditioners, a Baroswitch, and a suit inlet gas temperature probeAare
bei;g procure§ under separate contracts. The Terminal equipment required by
this contract consists of two racks (mounting -the Terminal units), the Terminal
units Cmounting po&er supplies for both SiP and‘bioinstrumentaiion, and signal

conditioners for p0s, pC0-, pressure traansducers, and for the suit imlet

temperature probe), and two compléte sets of calibration aund checkout equip-

ﬁent for use with the equipment delivered under this contract.

The purpose of this rather lengthy introduction is to sufficiently outline the

scope of the contract to make it clear that much of the equipment is essentially
modified off-the-shelf hérdware, while a small part of the equipment xequired.

new technological developments.
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2.0 SUMJARY AND CONCLUSTONS

Each spacesuit is instrumented independently of 211 others in the chamber.
Consequently, a failure in one cannot affect the performance of amny other
system. Similarly, each safety'instrumentatidn'package measures partial

pressure cf oxygen, partial pressure of C0,, and sult pressure essentially '

2
'independently. That is, the only common apparatqs involved in the three
measurements are the +12VDC and -6VDC power supplies. A failure of .either of
these supplies, ov failure of one chamnel which effects the output of these
supplies, will fesul;lin errors in all three measurements. Otherwise, these
measurements. are maée.independently,iand one may fail without affecting the

others.

All final calibrations are performed on the suit equipment, and all terminal
equipment is calibrated against a calibration and check-out unit which is in
effect a "dummy suit". Therefore, any sult equipment may be connected to

any terminal equipment at any time without loss of calibration.

The signal conditioners employed for pCOz, p02, temperature, and pressure
approach the limitations of the present statenof-tﬁé-att. In general, the
errors in votal system perfprpance which are contributed by the signal con-
ditioners amount to less than 1/10 of the total tolerance. Thus, the pre-

" cision of the measurements made depends almost entirely upon thg precision
with whicﬁ the measurement could be made by the given sensor under any given

set of environmental conditions.
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The suit portions of the equipment are essentially flight qualifiable by
design. This approach was ner_ssary in order to assure maximum reliability

for this critical application.

The terminal equipment design facilitates rapid interchahge of the eﬁtire
terminal units -and/or plug-in components. The terminal unit power supplies
are all current limited to preclude the pcssibilify’of a fire being initiated
within a spacesuit. In addition to the active componen; current limitation,
mosé power leads to the suit are equipped with series voltage-drnpping resis-
“tors which would limit the current in event of a total failure withir the
power. supply proper, ;The suit eq;ipment designs iqcluded consideration of
‘the effect of these current-limiting resistors and the resistance of long
céﬁles {up to’lSOb feéﬁjﬁgrom thz terminal eguipmgnt to the spacesuit.

It may be anticipated that seansor performance will bg impréﬁed in the future
duélto further development. The performance of the signal conditioning equip-
éent is sufficient to take:full advantage ofzapproximately a five-fold im-

provement in sensor performance. Consequently, it is believed that the

~equipment will be continually upgraded as the sensors are replaéed.
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3.0  DESIGN APPROACH

3.1 General

The basic approach in design was to utilize off-thg-ghelfrequipment and modified
off-the-shelf equipment wherever possible. In some cases ;his was attempted

in early breadboard work without success and new aplifisrs were develapgd,

For example, the suit signal conditioners for pCO2 required new approaches.

On the other hand, commercial power supplies were employed in the terminal

unit and modified only as necessary to meet the short circuit current limita-
tions. . The guide~lines followed in new development are detailed in the follow-.

ing paragraphs.

3.1.1 Reliability

Components were selected on the basis of rgliability. As soon as preliminary
design and breadboard tests were completed, a reliability.study was performed.
Some reliability datarwas necessarily arrived at by engineering judgment. In
" such cases, every effort was made to assure that the reliability estimates

were conservative and realistic.

3.1.2 Interchangeability

Prefetrence Waé given to design appfoaches which_would'affqrd the highest
degree of component and subsystem interchangeability” The final design pro-
vides complete interchangeability of gll‘suits wiéh all terminal equipment.

Final calibration is performed at the suit before closure, -All terminal

~
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equipment is standardized agaiust the calibration and check-out vnit which
provides dummy suit signals.A The importance of this interchangeability m;y
be realized when the effect upon system reliability of requiring mating of
specific suit equipment to specific terminal equipment is considered. The
unnecessary complexity of requiring mating of_spécifk:items would greatly

compromise overall system reliability.

3.1.3 Utilization of Common Components Where Possibl.

Once the design of the suit pOz and pCO2 signal conditioners had been estab-
lished it was found advantageous’ fo utilize the same operational amplifiers

thrgughout the entire system. Consequently, virtuaily all gain stages are the
same op-amp. The cost saving of purchasiég a relatively large number (aﬁou;
150) of opergtional amplifiers compared to the number required for the suit .
signal conditicners kabout 45) méde~it advantageous to utiliée these compon-
ents throughout. Similarly, quantity purchases of high-quality differential
amplifiers made it feasible to employ the highest quality throughout. A
large number of potentiometers were requi&ed for ;rimming zérg, etc,, in the

terminal unit amplifiers. Where possible, all potentiometers have the ‘same

value,

3.1.4 Serviceability

Ease of service and mainfénance of tbe equipment was-a primary consideration
in design. All terminal unit amplifier boards are pfbvi&ed with test points
facilitating~troubleshéoting; The cable from aﬁy suit may be quickly dis-
connected from a terminal unit and connected to anotﬁer términal unit. Each

terminal unit may be unlocked from the rack and drawn cut on rollers for
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access. The rollers are equipped with positive lock stops which must be re-

leased before closure. They are- also equipped with disconnects which must be

operated before the terminal unit may be completely withdrawn from the rack.
Any of these operatioﬁs may §é?performed in a mqttér of several seconds. Both
terminal ra:ks are fifﬁéd with 8 sets of slides. Since ng more than 6 will

; be in use in each terminal rack at any given time, this means that 2 terminal
:units may be on standby at all times. A total of 15 terminal units are avail-
able leaving one space for mounting one of two caliﬁration and check=-out units,
utilized to standardize all terminal units. In addition, there are two éuit
calibrator consoles ﬁhich include two completely standard terminal units.
The;e terminal units are stgndaréiged against either of the:gwo calibration
-and check-out units, ana then utiliéed in calibration of each set of suit
equipment. Each calibration and check-out unit contains a high-guality meter
which may be utilized for monitoring. the outputs of t@e terminal unit while
calibratiné. The suit calibrator console alsé provides a means of storing
,pCOZ sensors in a‘humid sample, and provides a sampie manifold for use in

and GO

" calibration of both 0 sensors. A flow,meter with throttling valve

2 2
is built in for convenience of use,

3.1.5 Applicability to Other Usage

An attempt WaS‘méde to select design approaches which providedhmaximum flexi- "
bility of the éﬁd product where cost and development time were not affected

} N , .

by such chdiie. For exaﬁple, an initial effort was made to eliminate thg
isolated Zdlvolt power sﬁppl@es required for the témpera£ure and pressure

signal conditioners{"while the results of this investigation were not en-

tirely negative, it bacame apparent that the freedom from pick-up in long

3.3



cables and the interchangeability of systems would be compromised by elimina-l
tion of the isolated power supply. Cdnseé%éhtly, the isolcﬁed power. supply
was utilized. The pressure gﬁplifier was tested wvith a gaiﬂ providing a 5-
volt output fof»lo-millivolt,iqput. Tts performance and iack.of dependence
~on environmental temperatdfe,were exceptionallyzgéod. The only limitation.
upon its usefulness arises from the necessity for uftilizing an isolated power
supply. The saﬁe is txue of the temperature signal conditiorer, but in this
case the input;voliage is relatively 1arge4(0.65 volts). As a further examplen,

the suit pU, ampiifier is capable oflpréviding a 0 to 5 volt output with high

2
§fecisiunJ For this applicétion;:however, the rangé resistor selected pro-
vides a nominal O to 3-volt output. This 3-volt output is attenuated in the
termiﬁaiAunit by .the range switching network, aﬁd further amplified to a
0 to S-DC;output fér all three ranges. For any similar application, requiring
\ aMO to 5-volt output, the suit amplifier may be modified b& changirg at most

three resistors. Similafly, the pC0, amplifier provides a O to 5-volt DC out-

2
pué for‘approximatéiy a 0.1 to 40 mm‘Hg'pCOZ.‘ However, suffic’ it zero con-
trol (calibration) is prcvided to permit operation on a 2 to 200 mm Hg pCO2

range if desired

© 3,1.6 Desirable Advances in the State-of-the-Art -,

The scope of this (\nt;act did not justify'all«ouﬁ efforts to-advance the
state»éf-tﬁé art. - Where reliaﬁility was noncerned, howeyér,‘such,;ffo;tsv
were justifiﬁﬁle; For examﬁie, an effort wz wmade to eliQinate the chopper
from tﬁevpcdz amplifiex becéuse prior eipériencelindicated fha§ the least

' ‘¥Yeliable component in such a system would be the chopper. Previous contracts

had investigated the use of semicondﬁctor‘choppera, but the high impedance
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requireé for a pGOZ amplifier (loll.ohms) made such prior efforts entirely

£ tile. Recent advances in the MOS-ERT (metal oxide silicon-field

made it advirable to investigate their use as a semiconductor chopper.

While results were not totally negative, the contract funding and delivery
schedule did not perm't vursuit of this investigatién. Similarly, ap:attempt
~ was made tc develop a MOS-FET chopperless DS amplifier. Several major prob-
lems were not solved, and it became necessary to freeie the design using tﬁe

_conventional mechanical chopper amplifier.

The ‘available pC{ , sensor at the start of the contract was both too large

2
and voo slow for this application. Conse@uéntly! a change in scope was made
and additional funding was secured for deveiopment of a miniaturized electro-
chemical pcsz seénsor. These efferts are described in detail in the following

section.



4.0 NEW_TECHNOLOGY REQUIRED FOR SIP UNIT

4.1 Miniature Electrochemical pGOz Sensor

. The Beckman pG0, sensor has, for several years, been employed for spacéboine
pC0s determination. Briefly, a glass pH =lectrode and a Ag/AgCl reference
electrode are immersed in am electrolyte, and covered by a gas petiieabls mem-
brane. Solution of €GO resuits in the formation of carbonic acid, éhanging
the pH of the elecﬁrolyte. The reaction is reversible, but respcnse is nor-
mally slow (about 2 to 3 minutes for 63 peécent response to a step funciion
increase of pG0z) because of the fima required for the O, to diffuse into
(or out of) the‘electroiyte. Furthermore, at the outset of this contract, the
smallest available pCO- seunsor was about 0.62 inches in diameter aﬁ&&about i.68
inches long. That model weighs about 1§ grams. ﬁhile no other;method of
measuring pCOz was feasiﬁie for this application,*a dec;easeAin sensor size
and éﬁ\increase in response rate were highly desirablé; Prior work at Beckman
Instrumeﬁts, inc. had demonstrated that bopth improvements could be made” at
reasonable cost. Consequenti&, an imp;9ved éensor was‘develop;d under this con-

tract.

~

The new sensor, Figure 4-1, has & maximum diameter of less than 0.50 inches, an-
installed length of 01675 inches,_énd it weighs about 6 grams. It has a
screw-base design (identical to that of the Beckman Hypoxia'sensor),\and must

be installed in a receptacle of comparable dimensions.
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Initial results with the new pCO: sensor indicate that the time constant is
well under the design goal of one miﬁute, and is typically as small as 30
seconds. The s. .sor output is Lore affected by relative hmﬁidity than were
previ:ously ~wmployed @esigns as an undesirable conseguence-sof the reduced time
constant, Specifically, in prder to speed up the responée it is necessary to
employ a membrane having murh greater pemaeability to gases. ‘Consequently,
when exposed to a dry sample, the loss ¢f water by diffusion tihmug't_l the
membrane resulis in a 'steéﬁy-statg condition, wherein the eleéﬁrol}rea Batween
the membrane and the glass pH electrede is more concentrated than in _the bulk
of the electrolyte. » Cn sample gasés at 100 I;ercent rs;,a.t.i{%e\:humidity, this con-
centration gradient would be slightly 3:;<3ve:cseds but negiigible. Preliminary-

results indicate that a maximum zero shift of 6 percént of scale will occur

in a-period’of time V.(begi-:nning in about 10 minutes and lasting about 4 hours)
after changing the sémple relative humidity from zero to 100 percent or vice
versa. The semsors produced under this contract may_{lso suffer a loss of sen-
sitivity when exposed to dry samples. Bofh eAffeci:s vary in magnitude from one

unit to another, and also are dependent upon the charging technique, as ‘explained

in move detail below:

4.1.1 Membrane Design Comsiderations

The membrane finally developed is approximately 0.0045-inches thick in the

S

critical diffusion areas. It is reinforced with monofilament nylon net about
0,0015-inches tkick, and it has five cjiindrical protxrusions about 0.003 inches

high and 0.028 inches in diameter on the surface in contact with the pH sensi-

tive glass bulb. The purpose of theser"feé,t“ iz to space the membrane away
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from the glass bulb in a reproducible manner, providing a layer of electrolyte
of pre-determined thicknéss between the membrane and the bulb. The thickness

of the electrolyte layer is critical with regard to both the speed of»rééponse
and the effect of dry samples. In connecfion with response rate, the ;ysﬁem is_
anaiogous to a;simple capacitance being charged and discharged through a
resistor. The capacitance is proéortional to the solubility of GOz in the
electrolyte (i~ .7uding that which hydrolyzes to.form HCO3-and GO3=$ and to

the volum:z2 ¢~ electrolyté in the critical region. (The volume and solublllty X
constant for GOz in the membrane constitute a capacltance which must be partlally
charged * before "current" flows into the capacitance of the electrolyte film.
This mechanism results in a totally dead iag tiwme between sample change and
initial response of the semsor). The resistance is proportional to the éer-

meability of the membrame (product of solubility constant- and diffusion con-

stant)"and inversely proport}onal to the thickness of the membrane. Cbﬂéeé .
quently, fast response requlres both a thin membrane and a thin layer of
electrolyte. Both of these conditions are<ﬁude51rable w1th regard to the effect
of dry sample gases upon the sensor. The rate of water loss by dlffu51on of
vapor through the memb;ane is inverseiy propcrtional to tgé memb*aﬁé thickn:ss.
The rate at which water can diffuse from the bﬁlk of tﬁe electrolyte into

the critical.thin film zone is direcply' pr@portional to the thickness of the
_electfblyte film. Consequently, a‘éﬁmpromise betweer response rate and sensor

aependence upon sémpie humidity is necessgry.

The initial deéign was satisfactoxy from the standpoint of response rate, and
initial-results indicated that dry-out effects would not cause excessive errors.

In subsequent testing, however, several undesirable characteristics were dis-



covered. The following paragraphs detail these specific problems and their

solutions.

4,1.1.1 Shifting of the Membrane with Pressure Variations

Using the original molded siiicone rubber membrané, the sensor dispiayed

erratic behavier when subjected o the pressure yariatioﬁs required for use

in-a space suit. The membrane was bulging under vacuum conditioné, and bind-

ing too tighfly when pressurizéd. Tﬁese Effect; were transient in nature, but

in extreme cases lasted up to several hours, and occasionall& caused errors

of up to 50 percené of full scale. As an interim solution a preformed cover of
-monofilament nylon net, 0.0035 inqh thick, was added. With>thisi;ginforcemen§

the effect ;;om 0-to 20 psia was made less than %3 percent of scale. (Dry-oug
effects,‘howe;er, continued to present a problem, especially at elevated pressure),
The final solution to this aspuct of the problem was achieved by molding a |
monofilament nylon net, abput(iOOlS-incﬁ thick, into the silicone rubber part.

The Type 287-S Ny-Tex nylon was obtained from Western Supply, 2525 Washington Blvd.,

Los Angeléé, California. The nylon reinforced rubber parts were molded by

Space Age Elastomefs, Inc., 154% Embassy St., Anaheim, California.

The use of monofilament net is advisable, and the nylon is preferaﬁly preformed,

but otherwise the process is apparently quite simple,

4.1.1.2 Wetting of the Giass pH Bulb and Silicome Rubber Membraue

As refinements of the sensor were made, the improvements in performance were
great enough to permit detection of secondary effects which escaped detection
initially. It was found that sensors very often lost vp to 20 percent of their

normal sensitivity in as little as four hours »f operation. Microscopic



-inspection revealed that the glass pH bulb was dry un&er some or all of the
five silicone rubﬁer "feet" used to maintain spacing_between the membrane and
the glass buldb. 1In addition other parts of the bulb were found to ke dry on
occasion, even though there was an ample supply of electrolyte in the sensor.
Obser?ationally, the silicone rubber does not wet, and neither does glass in a
reliable manner. Severai surfactants were teste& and found to be of little

benefit.

Previous sensors of this typs had employed an electrolyte ge: thickened with
CMC (carboxy methyl cellulose), but the size of the subject semsor made it
desirable to employ a iiqqid electrolyte for conveniencé of cleaning and
récharging. The gélled electrolyte appeared to have an advantage in that,
'while it did not trucy wet the~surfaces, it prevented the occurrance of spots
which were totaliy dévégd of electrolyte because of itg high viscosity. A
water soluble, non-ionic, resin, polyvinyl éyrolidong (PVP):wgs added to the
electrol&te (8 per;ent by weight), to érodu;e a tkuin but Ysticky" sclution.

This electfplyté appeared tc wet the glass, and to almost wet the silicone

rubber.

The addition of PVP to the eiectrolyte made a large improvement in performance,
priﬁa:ily'with regard to limiting the loss of semsitivity of the sensors to

about 5 percent. Further modifications to the membrame made additional im-

provements.,

4,1,1.5 Roughening of Membrane to Promote Wetiing

The membrane meld was sand blasted to produce a roughened surface on the liquid

side of the membrane, This modification, coupled with the addition of 8 percent

be



(wt) PVP, greatly reduced the tendency for zero shifts and loss of sensitcivity
to occur when opéréting on dry samples. Such effects were observed in accep-
tance testing of the final sensor, but errors in excess of 5 percent o£ scale
were very rare. It appears that tensioning of the membrane is a critic%l
factor in this regard; and that minor redesign of the membrane ané membrane

" clamping éap would almost eliminage the effegts still observed, and make the

recharging technique less critical.

4.1.1.4 Preservation of High Impedancé Insulation

The insulation resistance between glass pH and silver-silver chloridei
reference electrodes éus; exceed 101! ohms in order to meet performance
specifications of thié coutract. This was a problem of the first magnitude;
" Repeated failures of sensors d;e to loss of insulgtiqg'resistance greacly
complicated the problem of isolating and solviné the difficulﬁies discussed

above.

Tﬁe prototype senSo;s were fabricated using "black wax," a proprietory Beckman
broduct% which ﬁas been in use- for 30 years for the purpose of presérving

~ adequate inter-electrode insulation. It developed that,wﬂile the wax was
capable of providiﬁg the necessary insulation, it was Qery difficult to apply,
and could not be sealed into the unit against high temperature. Both of these
difficulties were a cbnsequenée of the vefy small dimensions of the new umit.
A_number-of alternatives were tried,-but none produced sensorsrwhich lastea'
more than one to three weeks, even at room temperature. At present'it appears
that a new Dow Cori._ng pfoduct kQ 96-005, conformal .coating) has solved this

problem co@pletely. At the time of this writing (October, 1966) approximately



forty -units 1ave been fabricated using this product to assure preservation of
insulation resisténce,‘and there have been no failures in over nine months.

The silicone rubber conformal coating is easy to appl&, a&hers to glass and

other substances well, has high electrical ;esistan;e'propefties, and effectively

blocks the diffusion of electrolyte.

4.1,1,5 Recommended Changes fqr’Furthér Refiﬁement

The use of five protrusions of 0.020 inch diameter on the glass electrode side
: I

éf the membrane {for spacing) leads to loss of sensitiviﬁy due to dry-out of

ﬁhe bulb under thése regions of relativeiy high‘pressﬁre contact; :This effect -~
has been observed even when using wet samples 5 wha§xthg'tension on the membrane
is excessive, Similarly, the mélded rub%er part does not conform t6 the shape
of the glass b@lb. This was déne to’facilitate machining of the mold, and it
caused no difficulty with the initial design, But‘it requires an undesirable
‘tension in order to make the nylon reinforced parts conform to the shape of

:the glass. A new monld should be‘fabricated with many more protrusions of

- smalier diameter (for exémple 80 yith 0.005 inch diameter), and which would
produce parts having an unstrained hemisp! erical form, rather than with a

right circular cylindrical ppnfiguiation. The glass bulb side should be

roughened by sand blasting the mold, as was the present mold.

4.2~ pCOs Sensor Amplifier

One of the difficulties associated with the measurement of pCOz with the

Beckman electrochemical pCOz sensor has been, and continues to bé; due to the



inherently high impedance of the glass pH electrode. At 40°F the sensor has an
output impedance of 107 ohms or higher, and it provides a signal of oﬁly about
55 mv per decac: change of pCQz (logaritﬁmic). For .one percent precision, the
amplifier must héve an input impedance‘of 101l ohms minimum. Such high imped-
_ance is normally achieved by proper feed-back and very high lo;p gain. At the
outset of this contract, it was believed that aAchopper stabilized amplifier
:Fpuld bg separated intc a suit preémplifier consisting of a miniature chopper
and the first stage (FET), or two stages, and a terminal unit amplifier con-
sisting of the gaiﬁ, power, and demodulator stages. It was found that ac
pickup in tﬁe long (up to 1,500 feet) intercoﬁnecting cable was too severe.
(Such a system had been used for Project Mercury, but the cable length was
only about 12 feet). It:was neceséary, therefore, to develop a suit amplifief_

which would provide ‘a 0-5vdc low impedance output. . _

4.2.1 _Finai Suit pCO. Amplifier

The SIP pCCz amplifier is a welded module containing a selgcted AIRPAX model
M=-40A chopper, two TO-18, and two low silhouette "0-5 cans. It has an input
impédance of about 101 ohms, an open loop gain greater than 105,}a closed

loop gain of 45,5, and an output of 0 to 5ydc at an output impedance of about
20 ohms; The output is clamped at ~.6 and +6.2v, and becomes current limited
~at about 3 milliamperes. ‘It>is probably capable of operating in the temperature
range of -40°F to +200°F, bpé it has been tested onlyrin the range of +40°F

to +120°F for purposes of this contract.



4.,2.1.1 General Knowledge Gained Which Is Potentially Useful in Design of

High Input Impedance Amplifiecrs

The maintenance of high insulation resistance for the input of the pCO

amplifier requires that the unit and input connector be dry, and hermetrically
sealed. Furthermore, the choppers must be selected for extra high insulatio:i
resistance becausertge glass heaée?s are essentially'thermistors with a very high
resistance. At 100°C the resistance of glass is about two ordgrs of ﬁagnitude
loéer than it is at,roomAtemperAture. - Other materials, éuch as epoxy, have
similar properties. In the SIP application, the senso: and amplifier are Both
exposed to essentially thersame temperature, and hence the output impedancerof
the giass electrode‘droﬁs correspondingly as temperature rises. :It must be
lborne ir mind that in general applications the amplifié: input impedance

decreases with amplifier temperature, and that this factor may limit the-

" practical working input impedance in any given application.

Ihe use of feedback to increase the apparent input impedance of an ;mplifier
has a practical limita.ion,which is not apparent frow a simplified circuit
analysis. While the effectivVe.input impedance, with regard'to loading, is
the actual impedance multiplied by the loop gain of the amplifier, as a
practical -ratter the zero stability is dependent upon the signal to noise
ratio, ‘Which is not <ceduced by loop gain. For example, Witﬁ~a 5000 megohm
source impeaénce,the SIP amplifier may éisplay very small loading e?fects,
indicating an apparent inpyt impedance greater than 108 megohms. Yet the
zero may shift up to 50 percent of full scale when the source impedance rises
from zero to 5000 megohms. This is primarily a comnsequence of ac pickup,

which is introduced into the input from a source impedance which is comparable
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to that of the signal source. The practical signal scurce impedance is,

therefore, limited by the stray pick-up source impedances.

The use of a synchpénous demodulator can theoreticelly completely eliminate
the .ffects of pick-up of second'and.higber even harmonidﬁ, regardless of
phase, but in practice<a~limitation arises when the magnifude of these com-~
ponents exceeds the dynamic range of any stage of the amplifier, whieh resu.ts
in blocking of the signal with consequent loss,df‘effective gain. -A synchroh-
‘ous demodu’ ator cannot discriminate against pick-up of tbe fuddamentel or of

~odd harmonlrs, exceapt at one partecular phase angle for each It is evsentlal

therefore, that sources of AG pick-up be ainimized to obtain’ the maximum allow-,
able source impedance. It is also undes;rable to increase loop ga-n‘beyond

- the level required to raise the effective input impedance to more than aqut
100. times the. permissable scﬁree impedance,yas this merely incréases the
tendency for amplified stray even harmonics to bleck the effective. amptlfler g

- gain, resulting in a "motor boating" type of oscillacion.

The SIP ampl:‘ier cﬁopper drive leads are twistel and shielded from ihevebn;
nector to the chopper driving terminals. The chop;er drivingﬂggrminals are
‘first insulated with high dmpedance epoiy, then shielded witch a;codductive
epoxy. The input leade are kept as short as possible anc, as fgg ee,possiBle,
- are isolated from all leads carrying Acrsignals.v.The AC gain is kept dowm

to about 1000, and the demodulated signal is amplified by about ‘000. The
net result is an open loep gain (after demodulator losses) of about 2 x 105

The actual input impedance‘is about 200 megohs, determlned.primarily by

inter-electrode capacitance of the chopper and field effect transistor. The

L
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closed loop gain is about 45.5 to provide a 0 to 5vdc output for 119 mv iaput.
The loop gain is about 4 x 103, which provides an effective input impedarce of
about 105 megohms. The shielding, isolation, use of minimum iead lengths,

and care in preserviné kigh insulation resistance resﬁlt in a practical source
impedance of between zero and 1000 to 5000 megonms, depending upon the condicion
of the chopper. The princ'nal reaéons for varisnces in chopper pérformance are

considered i1 detail belcew.

4.2.1.2 Limitations of Machanicél Choppers for High‘Source Impedance Appiiw

cations
Two sources of trouble ﬁith;mechapicalﬂchappers have bheen noted and studied
briefiy in the performance of the work required under this contract and under
several previous contracts perfoéme& for NASA., 3Since these problems are
relati#ely cbscure to those who have not encountered them previbusly, it appears
to be in keeping with the spirit of reporting the development effort to discuss _

them in some detail here.

4s the modulated contact of a chopper traverses from ;ne fixed contact to the
oiher,'there is a time period‘during which the amplifier input is "oéen," and
is deteémined by sources of stray pick-up. Inﬂéddition to tﬁe ordinary
pick-up prgblems, there is a»séurce‘of eﬁérgy é;g'to the‘f;ndamEntal ph_ys:(cai~
fégt'that all metals have an inherent potential called the “contact pofential‘“
if the three conf;cts are of exacﬁlx identical material, then no difference

of contact poiential exists, and no_"ﬁpikes" are generated. Every effort is

made by manufacturers of such devices to achieve this condition, but the

‘nature of the phenomena is such that only a few surface layers of moleculeé



determine the contact potential, and very minor contamination of the surface
of any material employed can change its contact potential significantly. The
formation of oxides, nitrides, etc., and even unrelieved stresses in the sur-

face; alter the contact potential.

The contact potential of a metal is equal to its elgciron "work function."

It was first measured by R. A, Millikan by utlllzing the fact that the poten-
tial between the two open ends of conductors 301ned at one end is the difference
of their respective contact potentials (or work functioms). By varying the
spacing between parallel plates of a capacitor formed of different materia;s;
a charge was made to floV in the circuit connecting them, in accordance with
the‘eqﬁdtiOn reiaﬁing potential, charge, and capacitance (q = cv). This, of
co;rse, is exactly what occurs in a mechanical chopper, wherein the capacitance
varies from near zero (2 o:r 3 pfd) to infinity (as the contactsvclose). If
any contact difference of potential exists the bhargg whichrflow; may bé quite
large, and the voltage spike generated ma& also be large, 0.5V‘being observed
in some cases. Furthexmoge, the stationary contacts are not normally at the
same potential in a practical application, and this fact alome is sufficiepF

té cause a current flow as ﬁhezcapacitance approaches infinity (just as the-

contact closes).

- The enérgy contained in sgch switchingASPikes is basically second harmonié in
nature, but any as;ymetry results in a component at the fundamental frequency
which is 90° out of phase with respect to the desirved signal. . When using a
p;operly phased synchronbus dgmodulator the fundamental coﬁponeﬁt which is 20° .

out of phase is negligibla, and even harmonics are canceléd regardless of phéée.
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However, in an extreme case the spikes may bdlock a stage of the amplifier, as
discussea in the prgceding section, and become troublesome. From this standpoint,
-it is preferable to integrate the spikes to lower the amplitude. 1n general,
however, this aiso shifts the phase of any compnnent at the fundamental fre-
quency, and a portion of it passes through £he demodulator as signal. Further-
more, the probability exists that a contact difference of potential within the
chopper will vary with time, due to vagiations in the condition uf the surfaces,
In view of the above discuésion, it should be apparent that the chopper con-~
tacts themselves must be viewed as one of the possible sources of stray AC
signals, in commnection with determining the maximum practical scurce impedance.

{Refer to paragraph &.2.1.1).

A second major problem area with mechanical choppers for high impedance imputs
atise; from the fact that the contacté may close mechanicallﬁ, but fail .to
close.electricaliy. Any practigal design must be a compromise between the
ideal of definitely “wiped contacts,” and fﬁe ideals of very long life and low
driving power. If.driven hard enough to wipe through surface layers upon e#ﬁh
closing of the éontacts, the parts will_wearAaﬁd fatigue rapidly. 1If a large
enough voltage is being chopped to break through suifaqg layers of oxidés
’(ﬁitrides, etc.) the chopper performs very sapisfactorily. But in the applica-_
tién of interest, the typical signal level (between stationery coatacts) is
the amplifier error éignal, which in this case is only 0.11V divided by tﬁe
loép gain (103), or about 1 microvolt. Since the s-urce impedance may be as
bigh as 2000 megohms, ié is apparent that very little can be done by way of

assisting the contacts to close until and unless the output drifts off enough
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to provide a larger error signal. This, of course, is a2 condition resulting
in abnormsally high noise. It may occur at any time in the life of a chopper,
but experiénce to date indicates that it most often cccurs within the first
few hungred hours of operation and that those which operate for several
huadrad ﬂours will probably continue to perform satisfactorily.- it is also
pessible that the age of the chopper is a factor, since the AIRPAX model
MA0-A is sealed containing dry No, atd leaks of atmosphetric oxygen into the
system could be a scurce of this tﬁpe of failuré; However, there is no direct

evidence that this is the case.

The chéppers used in SIP pC0, amplifiers were selected fof header insulation resis-
tance (1012 ohms minimum at room teﬁperature). They were also operated for‘a
minimum of three days in a breadboard circuit to verify that the signal did not
bacome roisy with a 1000 mggohm source. impedance. .It is possiﬁlé that the .
failu?e rate will still exceed 50 percéﬁt in the first 200 to 1000 ho;rs»of

operation. The manufacturer specifies a life of 1000 hours, and has indicated

verhally that greater than 2000 hours is fairly rare for the 400 cps model.

4.2.2 Investigation of a MOS FET Chopper

The MOS FET (metal oxide silicon field effect tranéistor) has a truly imsulated

gate, the dc resistance of which exceeds 1013 ohms. The units ée;ted were the
'Fairchild Fi-lﬂd, which operates in the énhancement mode. While the results
,di@»not jgétify further work under this contract, the primary reason was that
the delivery schejule démanded that the4desién be frozen before this«investih
gation could be cémpléﬁe&. The tesis were made using- the breadboacd model of

the mechanical chopper circuit. To avoid unnecessary detail the two choppers are

shown in Figure 4=2, with cofresponding parts identified. Either chopper may
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be inserted into the final amplifier, shown schematically in Beckman-drawing

D-142720.

The investigation of the field effect chopper waé hampered by lack of time in
which to acquirerspecial transformers, etc. A number of variations of the
_.configuration shown in Figure 4-2 were tried, but no significant improvements -
were achieved. The alternative coﬁnection of the trim pot to the feed-back
point aprz2ared to be preferable, but since the #ést transformer was not properly
>shieided3no conclusions of this sort are justified. An equivalent transistor
having a smaller maximum turn-on voltage was tested, but in order to achieve
éatisfactory switching a drive of about 20V rms was still reruired. While the
FET';'could be connected at (heir draims rather than their sources, the con- )

nection shown is‘preferred because the transistor housing provides electrostatic

shielding for the internal elements. o

In oxder to perfo:m satisfactorily, when in the Yofif" c#ndition, the FET must.
reach a source to drain impedance at least eépal to that of the §igna1 source,
- which is 1900 megobms in this case. For this appliéation the impedance when |
iﬁ‘the Yon" condition could bg‘as high as ten megohms,\without affecting the
perforﬁance as a chopper. With the deQices\tested about 100 kilohms should
have been the maximum equivalent resistance when in the "on" cbndﬁtion, and

a very large gate drive was required to produce the necessary high "off"

resistance.

The gate to source and gate to draiﬁ capacitance of the Fi-100 tramsistor are
both about 3 pfd.. At 400 cps this capaciténce amount. to about 130 megohms as

input source impedances from each gate to -the input of the amplifier. Since
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the gates are driven by a 20 v rms signal, a very small imbalance of the
gate-to-source impedance prcduces a large input signal. That is, in_this
respéct the chopper system is-a bridge circuit, the output sf which is applied
to the input of the aé@lifier. A change in balance of the trim pot, or of the
gate to source impedances, of only one part per million will apply a 20 micgo-
volt signal to the input. The nornal maxi@um error signal being chopped is
only fifty microvolts, Cousequently the trim adjustment is very critical, and
variations inﬂdriying amplitude andrwave fsrm can cause very large shifts

in output.

ﬂhile>all tests were perfermed without the benefit of adequate shielding for

the gate drive winding of the transformer, excellent results were gbtéiﬁed'

so long as a stable drive voltage was applied, and the laboratory temperature
‘was kept constant. One weekend run with 0-100 mv full scale sensitivity and

a 5000 megohm source impedance proved to have *3 percent stability, which
__compares favorably with the best results obtainable with the mechanical chopper.l
It must be remembered, however, that even a change for a few percent in dhg-

nitude or frequency of the driving source could produce full scale zZevo shifts,

Had'tﬂe work'upon>this device been continued, the apprcach would have been to
build an inverter into the suit amplifier to avoid cable noise and.distortion.
of the drive signal. The gate drive winding (or separate w;ndings) would have
been completely shielded, and the inverter design would have been such as to
provide stable amplitude, frequency and wave form, Othér modes of driving
would have been invesfigated, since a properiy sﬁielded’system would "have

provided more freedom of ghoicé. For example, separate coils connected

.-
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- .directly from gate to drain of each transistor (180° out of phase) could be

a preferable driving mode.

A final factor to be comsidered was that of mass and volume of the FET chopper
cémpared to that ~f the AIRPAX model M-40A. A tentative lay-out, making
éssumptioné with regard to. the required size of the transfér a2r, indicated that
-yery little more mass and volume migh; be required, but that about twice as
much should be tentatively allowed to permit redésign and refinement. ‘]Zhere-‘i
was, éf course, no certainty that rhe sysfem would meet séecifications in

any-evegt.

4.2.3 iﬁfggiigation of a MOS FET (Uhchopped) DC Amplifier

The desirability.of¢avbiding the use of a chopper stabilized amplifier is
obvious, but until the recent improvemeats in MOS FET techno{pgy there appé%red
to ﬁe no hope of accomplishing the necessary stabiligy. The gate-to-drain
voltage is larger and;is not as well defiped as the base-to-emmitter dropxof-a
convéntional transistor. Hence the excellent matching of characperistics:
_against variations in temperature, coliector curreni, etc, which can be

easily achieved with ordinary transistors is not yet possible with the FET.

;ﬂﬁe work performed umder this contract attempted to utiliée récént improvements
in product uniformity, which is said to have‘;esulted from imposing arrequiré-
ment for gnofher order of magnitude upon the purity ofithe silicon base. While’
early Mﬁé FETs were prone to acquire a éemi-ﬁermaﬁentish-ft:in,gate voltage

of several volts, thé‘Fi-lOO's investigated did not diééiay an effect'of this
type greater than about 5 mv (5 percent of scalé for the SIP pCOs amplifier):

In operatioh, the behavior was as if some source of tramnsient spike signals

— ~

-
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drove the gate (of one or the other) to a different operéting level, from which
it recovered in a period of several hours. Two breadboard units were fabricated
to aséure that ﬁo obscure circuit flaw was the source of this ervor. Each were
operated for many days, with the output being recorded continuously. ’The |
oécurances of such upsets'were‘appareﬁtly random, recurring within either

hoéré or days of operation.. In every case, a drift of.this sort was observed
when the power was applie& to a unit which had been off fo;_some time. .Little
effort was actually expended upon means of'eliminating this efféct, but it

is believed that if large transient gate signals are the cause, they could

be eliminated 5y inclusion of RC protection circuitry.

The second problem encountered was thar of thermal instability. The two Fi-lOQ's
were\selected on the basis of equnlit§ of source voltége when operated in the

" self biased mode in a circuit similar to that of Figure 4-3, In initial efforts .
drain resistors were provided for each FEI. The velative magnitude of these
components was varied in an attempt to bglance the thermaivshifts of the two
unitéi It appeared at first that this was an effective means of overcoming

this most serious problem, but after several days of investigation, it developed

~

that this was not a reproducible -condition.

The contract delivery schedule necessitated freezing of the design before this

work could be completed. Overall, the results were quite encouraging, but the

‘lack of certainty of meeting performance specifications made it necessary to

select the relatively proven design employing the mechanical chopper.

4.3 " DC Signal Conditioners Developed for the SIP

The p0z, suit preésuré; and suit inlet temperature signal conditioners are all.

o
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pure “glémplifiers, and are essentially conventional inm design. Several of
the opefaﬁional rejuirements made it necessary that gxceptionalrfreedom from
cable noise be achieved, and that the input and oﬁtput‘characteristics of the
signal conditioners make them completely interch;ngeable. All. of the ampli-
~fiers are exéeptionaliy stable thermally and have been folled off in frequency
response to make them almpsﬁ‘immune to fickup problems. The outputs are all
0-5véc at an outpu% impedance of 20 ohms or less (until they become current
‘limited at about 3 ma), and are clamped at -.6v and +6.2 vdc. The outputs are

short - circuit protected by the current limiting Fesistor.

4.3.1 Pressuve Transducer Signal Conditioner

The.pressuré transducer is a 500 ohm bridge, designed fof:operation from a
26vdce supply. Thé';ctual bridge voltége is of the order of 2v, the balance

of the voitage being dropped in aseries resistance netwdék which compensates
the transducer sensitivity against éemperature variations. The output is 0-100
mv dc (by adj;stment) for a prgssuré‘range of 0-20 psia, from a 500 ohm source.

The series dropping network is split symmetrically to ﬁfovi@e about 10V at each

bridge output tap.

In order tg ﬁérmit complete interbhangability of suit tranéducers>and terminal
s}gnal conditioners; the signal conditicuer has an input impedanée of over 100
kilohms. The input stage is a “differential amplifier (Amelco SA 2132) connected
as an emmitter ;ollower, operating frem. fhe‘zSOIated 26 vdc supply whlch powers
thewpressgre transducer, The laolateug doublewended, output‘of the preampllfler-
is applled 0 a low impedance operational ampllfler with an open loop gaxn of
about 106 (two Falrchild,pC3702Ah P/N 9571231, operatlonal amplifiers in cas-
cade). The closed loop gain is made either 200, 100 or 50 for 0-5, 0-10, and

0-20 psia full scale ranges, respectively, by switching the feedback ratio., The =
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feedback to the isolated, double-ended, preamplifier output 1 . sc cgynectedv
that the apparent amplifier input impedénce is the actual value nultiplied

by the loop gain of the amplifier. This would not be possible igiﬁi§ input |~

e

to the amplifier was not isolated. -

v

The thermal shifts of the two halvas of the differential prempii‘ﬁfaer ire

" s

matched by adjustment of one of the base impedances- The preampl ier output
is zeroed 1ndenendently, to assure 1nterchangeab111ty of systnms, bv adJustlng

the emitter resistances. The preampllfler is thus made stable to_within_t.OS mnv

. ’ ' 0 o, . N L
" for a temperature range of -40°F to +200°F under steady state conditions. Care
must be taken to_éssure absence of thermal gradients across the differé?iial;

amplifier can, since a gradient of 0.025°C will produce a 0.05 mv offéet; Dur-

1ng rapid thermal tran31ents errors of 0 25 or even 2.5 mv may occur, dependlng

: how symmetrlcally the dlfferentlal ampllfler is covzled to 1ts surroundlngs.

One of the 1nput re81stors o* the ;np\t operatLonal ampllfler is seIected to
4¥ * ‘l‘ ‘\l
minimize thermal aero shlfts, and the ampllfler is.inden endently zeroed‘to avoid
~ o]

~

apparent zero shifts when the rahge_is switched. In this manner tk= overgf;j\_
stability of the preamplifier znd amplifier is +.05 mv, referred to tne input.
- Experience to date indicates that all of the adjust@éﬁts could have been accom-"

\

plished by selection of one -omponent in place of‘gacthotentioméEer for greater -

51mp11c1ty and reliability. At the time the design was frozén, it was deemed

wise to prov1de tor field ad;ustment, in the event component. characterlstlcq

shquld drlft with tlme.

The preampllfier input is assymatrical. when the pressure t“ansducer is discon:

nected, This results i1 a negative output for all range pos1t10ns 1n the svent

of an accidental disconnection.



4,3.2 Temperature Probe Signal Conditionex

Th *+emperature probe selected was a Yellow Springs Instrxuments, Inc. Thermili-
neay thermistor network. These prohes reyuive a maximum“applied bridge voltage
of 4v (ac or dc) from 2 low impedance scurce (less than 10 ohms). The balancg
of the br‘dge components are specified, and so is the output detector impedance

(over 560 Rilohms), to assure conformance of the probes to linearity, sensi-

tivity and’intcrchangeablllty speclflcatlpns. While the probes were procured

" <-under a separate contract, Beckman provided the signal conditioner.

The features of this signal conditioner are similar to those of the pressure

signal conditiorer detailed above, except that the tewperature probe provides

-a relatively large signal,‘and careful balancing of components was not required.
An isolat ﬂé 20 vdc supply was emploved, using a differential amplifier emitter

follower to obtain a low impadance regulated bridge driving supply. The bridge
-utput is applied to a differential- amplifier eﬁitter follower for impedance
matchiag, and the_feedback to_the double-ended, isolated, signal from the'bre-
-amplifier is such that‘the amplifier input impedance is multiplied Ly the i op
gain of the amplific~. in this manner‘a iow impedance operationai amplifier .
may bé‘maﬁerhopmmdée very high effective i;put impédance. This is not possible
unless the signal source is isolated.

The'outpnt is negative G)vﬂc=35°?} in the event of an accid2ntail probe dis-

connection,

2

At

4.3.3 'pO Sigﬁ&i Coaditioner -

The pﬂ 8ensoy pravxﬁes a current cutput as if fxom a vpry h1gh dc 1mpedance

sanrce. Impedance mate 1ng is auhleved by employlng two differential ampllflevs
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in Darlington connection, driving an operational amplifier of low input im-
pedance. ‘the feedback loop is.closed at ;he input, to provide an effective
low impedance input for the pO2 sensor current. This appre~  provides an
extremely stablefcﬁrrent amplifier for a 0 to 2 wicroampere input. A brief
investigation indicated that excellent stability would be possibie with a 0 to
0.2 microampere input, with a OiS vde outpuit. Selection of the resistor con-

nected from reference base to the OV line ﬁrovides exceptional thermal stability.

Ths suit p0, amplifies provides a 0 to 3 vdc output for 0-8 microamperes irput

2
(adjustable), and an output impedance of less than 20 ohms, which is current
limited at about 3 milliamperes. This signal is attenuated selectively at the

input of the terminal unit pN, signal coaditioner tc provide an outpui of 0-5vdc

2
for each c¢f the required ranges of 0-5, 0-10, and 0-20 psia}pOé. The terminal
amplifier is conventional in all respects, but uses the same Fairchild opera-

tional amplifier used in all SIP cignal comditioners.

Temperature compensation is accemplished with a tﬁerﬁistor mounted in the
sensor receptacle, but connected in the suit ampli%ier feedback network. After

the amplifiers had been fabricated it was discoverad that thermal compensation |

was not optimum. The available improvement is only about 25 percent for the

temperature range of interest. Ccnsequently the amplifiers were not modified.
it is recommended, however, that any new units, such as spares or new systems,

be modified slightly to achieve optimum compensatiox-for any required temperature

range.

4.3.4 pCO, Inverter and Signal Conditioner

The p(}(i—2 invertsx is conventional in all respects. It is powered from the
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20v (isolated) power supply used for the temperature probe and preamplifier.
The output to the suit is current limited by series resistors. The U-5Svde suit
pC02 amplifier output is passed through the inverter board in oxrder to provide

a potentiometer for adjustment of the output applied to the terminal unit me -er.



