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appraisals based on the number and distribution of the
observations and the residual error obtained in fitting
them to the long arc.

The prediction errors for satellites 1965 89A and 1968
2A appear to be consistent with the error in the Baker-
Nunn field-reduced observations. Because these satel-
lites were tracked with a high priority, many Baker-
Nunn observations were obtained. It appears reason-
able to expect that high-priority tracking, increased
accuracy of field-reduced Baker-Nunn data, and larger
numbers of laser observations should reduce the predic-
tion error to less than 1 arcminute in the future.
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Absolute and Differential Temperature Monitors
Developed for Apollo Space Experiments

EARL E. SWARTZLANDER, JR., STUDENT MEMBER, IEEE

Abstract—Investigation of the key parameters of temperature
sensors suggests either platinum wire resistance sensors or thermis-
tors. Thermistors have higher sensitivity and generally adequate
stability, but have been scorned due to their nonlinear characteristics.
A simple monitor is developed to linearize these nonlinear char-
acteristics. A FORTRAN IV computer program is shown which opti-
mizes all circuit values. The general technique should be applicable
to other instrumentation problems.

INTRODUCTION

HE SCIENTIFIC instruments which comprise
T the Apollo Telescope Mount require temperature

monitors as part of the “housekeeping” require-
ments. The reason for this may be understood by realiz-
ing that these instruments are basically very high resolu-
tion telescopes. As an example, the ultraviolet scanning
spectroheliometer (ATM Experiment S 055 A) which is
being built for the Harvard College Observatory, Cam-
bridge, Mass., requires a pointing accuracy of +5
seconds of arc [1]. With an instrument that requires
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pointing to these accuracy levels, care mut be taken to
monitor the temperature of many points along the case.
In the event of a failure of the thermal control system,
such a network of temperature monitors can make pos-
sible correction of the data, as the bending and defocus-

. ing of the instrument can be calculated. The worth of

such a monitoring scheme is contingent upon the avail-
ability of low cost, high reliability temperature moni-
tors.

A brief survey indicated that commercial temperature
monitors were not available which would meet the re-
quirements. The prime requirements for the two basic
monitors are as follows.

Absolute Monitor:

Temperature Range 60 to 90°F
Voltage Output 0 to 5 volts
Accuracy +1°F
Differential Monitor:
Temperature Range —5 to +5°F
Common Mode Range 60 to 90°F
Voltage Output 0 to 5 volts
Accuracy +0.5°F

With the requirements thus defined, a brief summary of
temperature sensor characteristics will be presented.
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TABLE 1
TEMPERATURE SENSOR COMPARISON

Sensitivity Stability Merit

ense (per °C) (°C/yr) (yr/°C?)
Quartz crystal 0.0035 percent +0.01 .35 percent
Platinum resistance 0.39 percent +0.03 13 percent
Silicon bulk

resistance 0.7 percent +20 0.035 percent
Pt-PtgnRHw
thermocouple 0.004 percent es 0.003 percent
Thermistor 4 percent +0.05 80 percent
45
-
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Fig. 1. Comparison of resistance-temperature characteristics of

thermistors and platinum wire resistance sensors.

SENSORS

Five basic types of temperature sensors were con-
sidered: linear temperature coefficient quartz crystals,

platinum wire resistance sensors, silicon bulk resistance

sensors (i.e., Sensistors!), thermocouples, and thermis-
tors. The two most important characteristics of these
sensors are sensitivity and long term stability. Table I
compares these characteristics for each of the named
sensors. It should be emphasized that the stability
figures are for “off the shelf” commercial units. In most
cases these can be improved by about an order of mag-
nitude, if selection or special processing is used.

In addition, Table I shows a figure of merit for each of
the sensors. The figure of merit is calculated using

Sensitivity
Stability

Merit = (1)
As may be seen from Table I, the two sensors with the
highest figure of merit are the platinum wire resistance
sensor and the thermistor.

1Sensistor is a registered trademark of Texas Instruments,
Inc.
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Fig. 2. Photograph of Fenwal type GB42SMM1
subminiature thermistor.

Fig. 1 compares the resistance-temperature charac-
teristics for the platinum wire resistance sensor (nor-
malized to 10 kQ at 0°C) with the characteristics of the
thermistor. The thermistor is much more sensitive, but
also quite nonlinear (i.e., Rthzae—"‘):in comparison to
the platinum resistance sensor. The high sensitivity
means that the amplifier used to realize the monitor
operates with low closed loop gain and high stability.

Thus the decision was made to use thermistors as
temperature sensors for the Apollo monitors, contin-
gent upon the development of an electronic system
which will linearize the nonlinear characteristics of the
thermistor. The thermistor selected was Fenwal Elec-
tronics, Inc. type GB42SMM1 Oceanographic Iso-
Curve? thermistor. A photograph of this device is
shown on Fig. 2. The scale at the bottom of the photo-
graph has 1/32 inch graduations; thus the thermistor is
about 9/32 inch long exclusive of leads. As Fig. 2 indi-
cates the active elements of the thermistor are two
beads of sintered metallic oxides about 1/32 inch in
diameter, sealed in small glass tubes. The sensor has
very low thermal mass and a dissipation constant of
1.6 mW/°C in fast moving air [2].

ABSOLUTE TEMPERATURE MONITOR ELECTRONICS

A typical temperature monitor using a thermistor as
the sensor is shown on Fig. 3. The output of the monitor
is given by the equation

PR R
Eout i T e S T (2)
Rin + -Req Rl
where
R:-Rin
g e e (3)
R, + R

Conventional systems generally require that R;>>Ry,
and Riz>Ri. Thus (2) reduces to
R R
Eout R S G (4)
Rin'Rl

The relationship between Eou: (from (4)) and tempera-
ture is essentially similar in shape to the thermistor’s

2 [so-Curve is a registered trademark of Fenwal Electronics, Inc.
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Fig. 3. Basic schematic diagram of
absolute temperature monitor.
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Fig.4. Schematic diagram of absolute temperature monitor showing
the effect of source resistance on gain.

resistance—temperature curve. The conventional system
thus has a high degree of nonlinearity.

Reducing Ri, so that it is of the same order of magni-
tude as R, causes the first term of (2) to vary in such a
manner as to compensate for the varying thermal sensi-
tivity of the thermistor. Fig. 4 illustrates this concept.
The gain of the closed loop operational amplifier is given
by

- R

A=—"" 5
Rin+Req ()

where Req is the Thevenin equivalent source resistance
of Ry, and R;. Thus when Ry, is highest (and the sensi-
tivity is greatest), the amplifier gain is lowest, and vice
versa. Thus selection of the optimum value for Rj,
causes the gain of the amplifier to compensate for the
nonlinear thermistor, yielding a linear output. This
monitor retains the high sensitivity of the thermistor

while generating a nearly linear output voltage.
Authorized Ticensed use limited to: IEEE
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Fig. 5. Complete absolute temperature monitor schematic diagram

showing all components.

Selection of the optimum value (for best linearity of
the output voltage-temperature characteristics) of
resistor Ri, can be a difficult problem. The selection
may be done by using an empirical trial and error pro-
cedure with a breadboard of the monitor, or by writing
a computer program to select resistor values that will
yield optimum results the first time a monitor is built.
An advantage of the latter approach is that future
temperature monitors can be “designed” by punching
a data card and running the already developed com-
puter program.

A computer program was written to select all of the
resistor values for the monitor shown in Fig. 5. The
program is written in ASA basic FORTRAN 1V to provide
maximum “portability” from one computer to another.
A listing of the program is included in the Appendix.
The values of resistors R; through R; (in Fig. 5) are
selected to coincide with standard 1 percent resistor
values, while bracketing values are computed for Rs and
R; which are selected during calibration at final as-
sembly time to set the offset and gain of the individual
monitor. The two adjustable resistors permit a +4 per-
cent variation to make up for other component toler-
ances. An example of a typical computer printout is
shown in Fig. 6. The particular printout is for the 60 to
90°F absolute temperature monitor for the Apollo
Telescope Mount experiments. The nonlinearity is less
than =+0.050°F throughout the range, and is greatest
at the extremes; for most readings the error due to
nonlinearity is less than 4 0.025°F, which is less than
the error due to telemetry quantization. The linearity
improvement achieved with this monitor configuration
is shown as a function of monitor range in Fig. 7. One
reason for the reduced degree of improvement is that
at higher temperatures the thermistor deviates some-

plore. Downloaded on September 27,2024 at 01:58:00 UTC from IEEE Xplore. Restrictions apply.
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ABSOLUTE TEMPERATURE MONITOR

BRIDGE VOLTAGE 1040 VOLTS

TEMPERATURE RANGE 6040 TO 9040 DEGREES F
OUTPUT RANGE 040 TO 54C VOLTS
AMPLIFIER BIAS CURRENT 200« NAs

Rl = 0e4954E 05 OHMS PO = 04159E=03 WATTS
R2 = 0el47E 06 OHMS
R3 = 0¢261E 05 OHMS
R4 = 0e133E 05 OHMS
RS = 0e¢l154E 06 OHMS
R6 = 0¢119E 04 OHMS NOM RANGE 0e¢274E 03 TO 0e243E 04 OHMS
R7 = 0¢695E 04 OHMS NOM RANGE O0¢162E 04 TO 0e143E 05 OHMS
TEMPe (F) DESIRED ACTUAL VOLTAGE TEMP.
OUTPUT VOLTAGE DEVIATION
60400000 0400000 0400793 06400793 0404760
61400000 0616666 0e17132 0400465 002794
62400000 0433333 0e33528 0400195 001170
63400000 0450000 Cet9977 =0400022 =0400137
64400000 0466666 Qeb6474 =0e00192 =0401152
65400000 0483333 0483016 =040031¢ =0.01898
66400000 1400000 0499599 =0400400 =0402401
67400000 1l.16666 1.16219 =0¢00447 ~0¢02684
68400000 1433333 l.32871 =0400462 =0e02773
69400000 1450000 1449551 =0¢00448 =0e02693
70400000 1.66666 l.66255 =0e00411 =0e02467
71400000 1483333 1482979 =0400353 =0e02122
72400000 24000C0 1499719 -0400280 =0e01682
73400000 2416666 2416471 =0400195 =0401172
74400000 2433333 2433230 =0400102 =0e00616
75400000 2450000 2049993 =0400006 =0400039
76400000 2466666 2466755 0e00088 0400533
77400000 2483333 2483513 0400179 0401078
78400000 3400000 3400261 0400261 0401570
79400000 3416666 3416997 0400331 001987
80400200 3433333 3433717 0400384 0402305
81400000 3450000 3450416 0400416 0402499
82400000 3466666 3467091 0400424 0402548
83400000 3483333 3483738 0400404 0s02428
84400000 4400000 4400352 0400352 0402116
85400000 4016666 4016932 Ce00265 0e01592
86400000 4033333 4033472 0400139 0400834
€7.00000 4450000 “e49970 =0400029 =0400179
€8400000 4066666 4066421 =0¢00244 =0¢01469
89400000 4483333 4482824 =0.00509 =0¢03055
90400000 5400000 4499173 =0400826 =0404956

Fig. 6. Results of the computer program which has optimized
resistor values for the range of 60 to 90°F.

what from exponential characteristics which are so
amenable to linearization by this method. Even so, the
nonlinearity is less than 1 percent of the range for most
of the cases shown on the graph.

DIFFERENTIAL TEMPERATURE MONITOR ELECTRONICS

The second type of monitor required for the Apollo
experiments is a differential temperature monitor. The
output voltage from such a monitor should be a linear
function of the difference between two absolute tem-
peratures. Fig. 8 shows one method to measure tempera-
ture differences. This method uses an operational
amplifier to take the difference between two absolute
monitor outputs. The main drawback with this scheme
is that it uses a fairly large number of parts. The three
operational amplifiers use more power (about 90 to
120 mW) than is desirable, so a circuit was developed
to take the difference at the input to a single amplifier.
This circuit is shown on Fig. 9. It should be noted that
Ry, R,, and Ry, make up a network similar to Ry, Riy,
and R in Fig. 3; Rs;, R4, and R make up a similar
network. The currents 7; and 7, are the same nearly
linear function of temperature as Eo,,: for the absolute
temperature monitor. Thus in Fig. 9,

IEEE TRANSACTIONS ON GEOSCIENCE ELECTRONICS, OCTOBER 1969

10 ///

/ g /
— / . /
/ .

I

Non Linearity (in degrees Fahrenheit)

.01 T .
Monitor
Output
o
.001 T
//o
.0001 t t t t +

1 3 5 10 30 50 100

Range (in degrees Fahrenheit)

Graph comparing linearity of the temperature monitor

Fig. 7. 1 [ € T
output with the thermistor linearity.

(6)
Since 43 =1, —1s, the terms containing oy cancel leaving

1'3=0t2‘(T1— T2)- (7)

i;=a1+a2-T,- for i=10r2.

Analysis of the operational amplifier indicates that

Eous = Rs'az‘(Tl - T2) (8)

which is the exact relationship desired for the differen-
tial temperature monitor. The circuit for the complete
differential temperature monitor showing gain equaliza-
tion, output offset, and differential gain adjusting resis-
tors Ry, Rio, and Ry, respectively, is shown in Fig. 10.
Note that this circuit uses less than a dozen precision
resistors and a single operational amplifier to take high
accuracy measurements of temperature differentials.

As was the case with the absolute temperature moni-
tor, a computer program is used to determine the opti-
mum values of the resistors which comprise the circuit.
Resistors Ry through Rjg are selected to be standard 1
percent values while the adjustment resistors Ry through
Ry are bracketed to less than a decade to ease the pro-
curement task.

MONITOR PERFORMANCE

Accepting the thermistor manufacturer’s specifica-
tions for long term stability of +0.05°C per year, the
combined inaccuracy of the absolute temperature moni-
tors is about +0.13°F [2]. This figure includes the worst
case nonlinearity and sensor instability. Amplifier varia-
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Absolute
Monitor #1

Absolute
Monitor #2

Fig. 8. Differential temperature monitor built with two
absolute temperature monitors.

+V

Op Amp O Eout

-V

Fig. 9. Schematic of the basic differential temperature monitor
which uses a single operational amplifier.

tions and component instability have a negligible effect
on the output (as a result of low closed loop gain used).
Laboratory tests indicate that the thermistor stability
is generally better than about +0.02°F per year. Using
this figure results in an overall accuracy for the monitor
of 0.07°F. The accuracy of the differential tempera-
ture monitors is about +0.1°F if the thermistors are
assumed to age in the same manner.

As with most space equipment, power consumption is
a very important parameter. With these monitors the
operational amplifier uses most of the power. For ex-
ample, using a Fairchild Semiconductor type pA709A
operational amplifier with +10 volt supplies, the

+V

-V

Fig. 10. Complete differential temperature monitor schematic
diagram showing all components.

monitors each require about 30 to 40 mW [3]. If the
operational amplifier was replaced with a National
Semiconductor Corporation type NH0001 hybrid opera-
tional amplifier, the power consumption should drop to
about 4 mW for the absolute monitor and about 5 mW
for the differential monitor [4].

SUMMARY

Temperature monitors have been developed using
thermistors as the temperature sensors. Thermistors
are a nearly ideal choice for the application, since they
have high sensitivity and high stability, the only draw-
back is the need to linearize the exponential resistance—
temperature characteristics. Circuits have been devel-
oped which monitor absolute as well as differential
temperatures. These monitors are simple in concept.
Indeed, to reduce the effort required to change the
range, a computer program is used to optimize all
resistor values.

The linearization technique should be applicable to
many other resistive sensor instrumentation problems.

APPENDIX

The computer program and its three subroutines are
listed below. The three subroutines RsTD, RTH, and
SQFIT are listed after the listing of the main program.
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THE FORTRAN 1V PROGRAM AND SUBROUTINES

DIMENSION TH(42)s TCOM(6)s EOL6) TEMPR 1
COMMON RT(51)s Rls V TEMPR 2
READ (292) VoPsTMINITMAX9EMINIEMAX +BIAS 14 IDEGIDSPAN TEMPR 3
FORMAT (7F1040+119A19F840) TEMPR &
IF (V) 4edes TEMPR 5
STOP 7734 TEMPR &
BIASI=BIAS5#,000000001 TEMPR 7
STEP= (TMAX=TMIN) #,02 TEMPR &
DO 5 Jsly51 TEMPR 9
TaTMIN+STEPRFLOAT(J=1} TEMPR 10
RT(JI=RTHITI) TEMPR 11
R=VERT (1) TEMPR 12
R1=R=(P#(RT(1)#(RT(1)+R+R)+R#R)=1000+#RT(1)#V#V)/((P+PI#(RT(1)+R)ITEMPR 13
1F, ‘(AQS(Rl-R)-RIIIOOO.) 80707 TEMPR 14
R=R1 L TEMPR 15
GO TO & TEMPR 16
IF (R1=RT(1)) 9+10+10 TEMPR 17
R1sRT(1) TEMPR 18
R1=RSTD(R1) TEMPR 19
PaVeVERT(1)/((RTI1)+R1I®IRT(1I4R1)) TEMPR 20
R=RSTD(RT(25)) TEMPR 21
A=q39 TEMPR 22
RF=SQFIT(R) TEMPR 23
S*R#(1e+A) TEMPR 24
SFeSQFIT(S) TEMPR 25
IF (ABS{RF=SF)=ABS(RF#A)) 15,1512 TEMPR 26
1F (SF=RF) 13413414 TEMPR 27
R=R®(1445%A) TEMPR 28
Go TO 11 TEMPR 29
RR&(1=e5%A) TEMPR 30
GO To 11 TEMPR 31
Ru=eS5#(ReS) TEMPR 32
AsyS#A TEMPR 33
IF (A=e¢l) 16416011 TEMPR 34
RGsRSTD(R) TEMPR 35
IF (DSPAN) 37417417 TEMPR 36
WRITE (3918} VoTMINSTMAXsIDEGIEMINIEMAXIBIAS TEMPR 37

FORMAT (1M1918Xy28HABSOLUTE TEMPERATURE MONITOR//5Xs14HBRIDGE VOLTTEMPR 38
1AGEsF54196H VOLTS/5Xs1 THTEMPERATURE RANGEsF5e193H TOsFS5e149H4 DEGRETEMPR 39
2ES 1A1/5X+12HOUTPUT RANGE+F6e193H TOsF5e1946H VOLTS/5X922HAMPLIFIERTEMPR 40

3 BIAS CURRENT+F5.004H NAe//) TEMPR 41
R5=R1 TEMPR 42
R3=R] TEMPR 43
RTEMaR1 TEMPR 44
TE!SO'RYN(YNKN-EMINC(TMK-YHXNI/(EMX-EMIN)|I) TEMPR 45
NCOU==10 TEMPR 46
EQN22*RS*TEISO/(TEISO* (RI+R4+R5 ) +R1#(R4+R5) )} TEMPR &7
NCOUsNCOU+1 TEMPR 48
R30LO#RF TEMPR 49
EQN24= (RS®RT (261 #[R1I+R4)+R1#R4#R5) /(RT(26)# (R1+R4+R5 ) +R1# (R+R5)} TEMPR 50
RTEMP=RTEM TEMPR 51
RTEMsRS TEMPR 52
R2=RSTD(EQN24/EON22) YEHFR 53
R3=EQN24/1(14=EQN22) MPR 54
RSHAT'(EHAX-VORQI(RZOﬂJl)llll’lbokf(’ll’(ﬁl'ﬁﬁl)/(IIASI.(RIGRCOIT(TEMPR 55
151) #(R1eR4) 1oV ( (R1#RI=R2#RT(51)) /(R2+R3))) TEMPR 56
IF (ABS(R5=R5HAT)=¢01#R5HAT) 26120920 TEMPR 57
1F (NCOU) 22922421 TEMPR 58
R5=¢5% (RSHAT+RTEM) TEMPR 59
R3e,5#(RI+R30LD) TEMPR 60
GO TQ 26 TEMPR 61
IF (RS*RSHAT) 23,23424 TEMPR 62
R52R5=R5HAT TEMPR 63
GO TO 19 TEMPR 64
R5%45% (R5+RSHAT) TEMPR 65
IF (ABS(RTEMP=R5)=1000+) 19425019 TEMPR 66
R5a¢5#% (RTEM*RTEMP) TEMPR 67
GO TO 19 TEMPR 68
R6=R3 TEMPR 69
R6LOWSRSTD(¢O01#R3) TEMPR 70
RO6HI=RSTD(+09#R3) TEMPR 71
R3=RSTO(495#R3 ) TEMPR 72
R6=R6=R3 TEMPR 73
R7=RS TEMPR T4
R7TLOW=RSTO(+01#R5) TEMPR 75
RTHI=RSTD(+09#RS) TEMPR 76
R5=RSTD(495#RS) TEMPR 77
R7=R7=RS TEMPR T8
EREF= (VeR2#BIASI ) #(R3+R6)/(R2+RI*RE) TEMPR 79

1F (TMAX=TMIN=21¢) 28429429
STEP= ¢ 054 (TMAX=TMIN)

Ne2l

GO TO 3
STEPSFLOAT(IFIX(TMAX=TMIN} 721}
N=l+IFIX((TMAX=TMINI/STEP)

AS5=0,
A6=0,
AT=0,
AB=0, TEMPR 89
A9=04 TEMPR 90
00 31 =1oN TEMPR 91
T'TNINOSTEP’FLOAT(J‘H TEMPR 92
THIJ)I=RTH(T o) TEMPR 93
ENON-EREF&(ﬁ!olﬂ'(!lASlo(EKEF'(TN(J)ORI)-‘N‘HJ).V)/(Rl!("ﬂJIﬂMNTENPR 9%
1THIJ) #R4)) EMPR 95
AS=AS+l, TEMPR 9
AG=AL+T TEMPR 97
ATsAT4TeT TEMPR 98
AB=A8+EMON TEMPR 99
A9=A9+T#EMON TEMPR100
DENOM=AS#AT A TEMPR101
Al= (AT#A8=A6®AT) /DENOM TEMPR102
A2e (A58A9=A6®A8) /DENOM TEMPR103
A21m (EMAX=EMIN) /{ TMAX=TMIN) TEMPR10&
AllSEMIN=AZ18TMIN TEMPR10S
R7s (RSeR7)#A21/A2 TEMPR106
R7LOWSRSTD(+01#RT7) TEMPR1OT
RTHI=RSTD(+09#R7) TEMPR10S
R5=RSTD(+95#R7) TEMPR109
RT=R7=RS TEMPR110
R6=(RI+R6)#(1e+{A11~A1)/100¢) TEMPR111
R6LOWSRSTD(+01#R6) TEMPR112
R6HI=RSTO(+09#R6) TEMPR113
R3ISRSTD(e95%R6 ) TEMPR114
R6=R6=R3 TEMPR11S
IF (ABS(A11=A1)=e0002) 32127427 TEMPR116
IF (ABS(A2~A21)=¢0002) 33927427 TEMPRILT
WRITE (3+34) R1+PsR2+RIIR4 9IRS 1R6 +ROLOWIRSH] sRTsRTLOWIRTHE » IDEG TEMPR118

FORMAT (5X¢4HR1 ®9E106395H OMMS +12X95H PD = 4E1003+6H WATTS/5X+4HR2TEMPR1LY
1 #0E106345H ONMS/5Xe4HRI woEL10e3e5H OHMS/SX14HR4 =9¢E100395H ONMS/STEMPR120
2X24HRS 29E100395H OHMS/5Xe4NR6 =9E10e3915H OHMS NOM CEOEXO.)Q)HT(MPRIII
3 TOsE10¢30SH OMMS/S5X 14HRT =sE10¢3915H OHMS NOM RANGESELOe3+3H TOIETEMPRI22Z
41003+5H OHMS//5X e THTEMPe (9AL91H) oSX s THDESIRED 45X +GHACTUAL 65X s THVOTE '”lll)
SLTAGE 16X e SHTEMP /21X s 14HOUTPUT VOLTAGE 12X+ 9HDEVIATION) T

00 35 JslN TEMPR12S
TeTMINGSTEP#FLOAT(J=1) EMPR126
ECALCSEMING (EMAX=EMIN | 9STEP#FLOAT (J=1)/( THAX=TMIN) MPR12Y

o=

35
36

37
33

39

40

41

42

«3

o4
45

~-

rw

ve ~wow

~

EMON'EREFO(l50R1)!(SIASINEREF'(TH(J)ORIl-TH(J)OV)/(Rl'(TN(J)OﬁQNTEHPRllI

1TH(J)I#R4)) PR129
DEL TA=EMON=ECALC TENPII!O
ERTEMDELTA®(TMAX=TMIN) / {EMAX=EMIN) TEMPR131
WRITE (3936) ToECALCIEMONSDELTAIERTEM TEMPR132
FORMAT (1H »5F1245) TEMPR133
1F (DSPAN) 3741,38 TEMPR134
DSPAN==DSPAN TEMPR13S
DSPAM==DSPAN TEMPR136
WRITE (3439) VeDSPAMIDSPAN IDEGsTMINITMAX+IDEGEMINIEMAX9BIAS TEMPR137

FORMAT (33HIDIFFERENTIAL TEMPERATURE MONITOR//5X+14HBRIDGE VOLTAGETEMPR13E
1F5.196H VOLTS/5Xs18HOIFFERENTIAL RANGE+F5¢193H TOsF5.199H DEGREES TEMPR139
29A1/5X s 1 THCOMMON MODE RANGEsF5e193H TOsF54109H DEGREES »A1/5X912HOTEMPR140
3UTPUT RANGEsF6e193H TOsF50106H VOLTS/5X9122HAMPLIFIER BIAS CURRENTsTEMPR141

4F54004H NAe//) TEMPR142
DR1=R1 TEMPR143
DR2=495%DR1 TEMPR144
DRYLO=RSTD(+01#DR2) TEMPR145
DRIHI=RSTD(+09#DR2) TEMPR146
DR2=RSTD(DR2} TEMPR14T
DR9=DR1=DR2 TEMPR148
DR3=R4 TEMPR149
OR4=DR3 TEMPR150
RHO=RTH( s 5#{ TMAX+TMIN+DSPAN) o1} TEMPR1S1
CURA=RHO#V# (RHO+#DR3) /{ { (DR1+DR3 ) #RHO+DR1*DR3 ) #OR3 ) TEMPR152
RLO=RTH( 5% TMAX+TMIN+DSPAM} 4 1) TEMPR153
CURB=RLO#V# (RLO+DR3)/( ( (DR14DR3 ) *RLO+DR1#DR3 ) #DR3 ) TEMPR154
ORF=2¢5%(EMAX=EMIN}/ (CURB=CURA) TEMPR155
DR8=RSTD(«95%0RF) TEMPR156
OR11L=RSTD(+01#0ORF) TEMPR1ST
DR11HeRSTD(+09#DRF) TEMPR158
OR11=DRF~DR8 TEMPR159
DR5=DR1 TEMPR160
DR10=V#DR5#DRF/(V#DRF+¢ 54DR5# (EMAX+EMINI ) TEMPR161
OR6=RSTD(«95%*DR10} TEMPR162
DR10OL=RSTD(+01#DR10) TEMPR163
OR10MH=RSTD(+09#DR10) TEMPR164
DR10=DR10=DR6 TEMPR165
OR7=(RT(26)#DR1/(RT(26)+DR1)+DR3 ) #¢5 TEMPR166
OR7sDR5%DR7/(DR5+DR7) TEMPR167
ORT=DR7#(DR6+DR10)/(DR6+DRT+DR10) TEMPR168
DRT=DRF#DR7/(DRT+DRF) TEMPR169

WRITE (3+40) DR1+DR2+DR3IsDR4+DR5+DR6 +DR7+sORB1DRY sDRILOIDRIHI +OR10» TEMPRL 70
1DR10L*DR10OHsDR11sDR1IL . TEMPR171
FORMAT (5X+5HOR1 =9E104395H OHMS/5X95HDR2 =+E100395H OMMS/5X+5HORITEMPR172
1 =sE10e395H OHMS/5X»5HDR4 = 4E10e3+5H OHMS/5X95HDRS =yE104395H OHMSTEMPR173
2/5X+5HDR6 *3E1043 954 OHMS/5X95HDRT =9E10e345H OHMS/5X95HDR8 = E104TEMPR1T4
3345H OHMS/5X95HDR9 =+E10e399H OHMS NOMsIX s SHRANGE+E10e393H TOsELOCTEMPR1I?S
4395H OHMS/5X96HDR10 =9EL0e399H OHMS NOMsBXsSHRANGEIELOe3+3H TOsELOTEMPR1TE
543954 OHMS/5Xs6HDR11 =+E10e3+9H OMMS NOMs8X+5SHRANGEZE1O0e3+3H TO) TEMPRITT

DO 41 Jslyb TEMPR1TS
TCOM(J)=TMIN® o 2#FLOAT (J=1) # (TMAX=TMIN) TEMPR179
WRITE (3+42) DR11Hs TCOM TEMPR180

FORMAT (1H+955X9E10¢3 954 ONMS//17H COMMON MODE TEMP»3Xs6F1044+10Xe TEMPR16]

112HVOLTAGE DEVe/18H DIFFERENTIAL TEMP) TEMPR182
VREFR==BIASI#DR7 TEMPR183
CUR3= (VeVREFR) /DR5=(V4VREFR)/ (DR6+DR10) TEMPR184
DO 44 K=1s21 TEMPR18S
DEV=0e TEMPR186
TEMPB= 4 05#DSPANSFLOAT (K=11} TEMPR1ST
D0 43 Jsls6 TEMPR188
RT1=RTH{TCOM(J)+TEMPB]) TEMPR189
RT2eRTH(TCOM(J)=TEMPBs1) TEMPR190
CUR1® (V#RT1=VREFR#(DR14RT1)}/(RT1#(DR1+DR3)+DR1#DR3) TEMPR191
CUR2m= (V#RT24VREFR®*(DR1+RT2))/(RTZ#(OR1+0OR3)+DR1#DR3} TEMPR192
EO(J)=(BIASI=CUR1=CUR2=CUR3) *DRF+VREFR TEMPR193

DEVSDEV+(EQ(J)=EMIN=e05#FLOAT (K=1) #(EMAX=EMIN) ) # (EO(J)=EMIN=4s05#FLTEMPR194

10AT (K=1)#(EMAX=EMIN) ) TEMPR19S5
TEMP1=FLOAT(K=11)#,1#DSPAN TEMPR196
DEVeSQRT (4166666666 T*DEV) TEMPR197
WRITE (3445) TEMP1+EOsDEY TEMPR198
FORMAT (F10s1+10X+s6F1065+10X4F1046) TEMPR199

TEMPR200
END TEMPR201
FUNCTION RSTD iX) RSTD 1
Tax RSTO 2
1=0 RSTO 3
IF (X) 94991 RSTD &
IF (T=100¢) 20343 RSTD 5
TelOe®T RSTD 6
Ielel RSTO 7
GO T0 1 RSTD 8
IF (T=1000¢) Sebeé RSTD 9
TeoleT RSTO 10
Islel RSTO 11
GO T0 3 RSTD 12
RSTD=1004 RSTO 13
IF  (ABS(T=RSTD)=e01214#RSTD) 88,7 RSTD 14
RSTD=RSTO®1,02428 RSTD 15
GO TO & RSTO 16
RSTOSFLOAT(IFIX(RSTD+e5) 1810, 9%] RSTD 17
RETURN RSTD 18
END RSTO 19
FUNCTION RTH (Tol) RTH 1
Su7 RTH 2
IF (1) 14201 NTN 3
5245555555555%#5=17,77777777 “
RTHe226200%EXP(48115=4054188)=(((( (--0000!290757057'50000326.02!95&"‘ 5
1)05203744326363)25¢23075555491)#5=78641372458105475544602361) L]
RETURN ITN 7
END RTH ]
FUNCTION SOFIT (R} SQFIT 1
DIMENSION B(50) SQFIT 2
COMMON RT(51)s R1ly» V SQFIT 3
$=0. SQFIT &
55«0, SQFIT 5
SY=Q, SQFIT 6
SOFIT=0, SQFIT 7
00 1 1Is148 SQFIT 8
B(l)--VOII'RHH/(RNI)OlRl‘R)ORlOI) SQFIT 9
S=S5+B8(1) SQFIT 10
SSeSs+B(1)#B(]) SQFIT 11
SY®SY+B(1}#FLOAT(]) SQFIT 12
Ale(1275,855=5#S5Y)/(500#55=545) SQFIT 13
A20(50e88Y=12754%5)/(504#5S=5#S) SOFIT 1s
00 2 1lels50 SQFIT 15
SOFIT= (FLOAT(11=A1=A24B(1) )0 (FLOAT(]}=Al=A2¢8(1))+SOFIT SQFIT 16
SQF [ToSORTISOFIT#.02) SQFIT 17
RETURN SQFIT 18
END SQFIT 19
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The criteria for stopping the various iterative loops are
rather complex and will not be listed here [5].

Data input is by a single data card for each monitor.
The data format is as follows.

Columns Quantity Units  Symbol
1-10 Bridge voltage Volts V

11-20 Maximum thermistor power dissipation mW PD
21-30 Minimum temperature degrees* TMIN
3140 Maximum temperature degrees* TMAX
41-50 Minimum voltage output volts  EMIN
51-60 Maximum voltage output volts EMAX
61-70 Operational amplifier bias current nA IBIAS

71 If input temperatures * are in °F =1
If input temperatures * are in °C =0
72 If input temperatures * are in °F = “F”
7380 If input temperatures * are in °C =“C”
3-8

Differential temperature range degrees* DSPAN

If DSPAN <O only a differential monitor will be
“designed”; if DSPAN =0 only an absolute monitor
will be “designed”; and if DSPAN >0 both types will
be “designed.” For the differential monitors TMIN and
TMAX define the extremes of the common mode range,
and DSPAN is the differential range to be covered.
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