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ABSTRACT

The NASA Marshall Space Flight Center, in Huntsville
Al abama, decided in July 1986, to upgrade the devel opnment
flight instrunmentation (DFI) systemto nonitor the
performance of the redesigned solid rocket boosters. On
Sept enber 29, 1988 Space Shuttle Di scovery was successfully
| aunched from Kennedy Space Center, Florida with the
redesi gned solid rocket boosters carrying the upgraded DFI
system whi ch consists of 24 electronic black boxes, over 200
sensors, and 91 cable assenblies. Many contractors supplied
parts of the DRI systemto NASA Marshall, two thirds of the
bl ack boxes were designed and devel oped by the Aydin Vector
Di vi sion. The renai ni ng boxes were supplied by Kodak Data
Tape, in Pasadena, California and Tel edyne Brown
Engi neering, in Huntsville, Al abama. This paper will show
the entire DFI systemw th particul ar enphasis on the major
subsystens such as the PCM subsystem whi ch consi sted of one
Programmabl e Master Encoder and three Renote Sl ave Encoders,
the Frequency Division Miltiplexer and the W deband si gnal
condi tioner units. These units conditioned all of the
I nformation received fromthe sensors and nultiplexed this
data into one encoded PCM data stream and two i ndependent FM
conposi te outputs.

| NTRODUCTI ON

On January 28, 1986 the space shuttle program experienced
a maj or disaster. The Chal |l enger exploded during |liftoff
taking the |lives of seven astronauts and totally destroying
one of Anerica's Space Shuttle Systens. On this fateful day
the shuttle programcane to a tenporary halt. A full scale



I nvestigation to determ ne the cause of the accident was
I mredi ately started by the U S. Governnment and NASA.

The cause of this accident was discovered to be a faulty
solid rocket booster joint which allowed hot exhaust gases
to escape and ignite the external fuel tank. Scientists and
engi neers from NASA and the booster contractor began the
redesign effort of the solid rocket boosters. Many nont hs of
redesign and retesting foll owed. As the redesign and
retesting effort progressed, NASA began work on an i nproved
devel opnent flight instrunentation systemto nonitor the
effects of the redesi gned booster. The DFI system was
patterned after its predecessor utilizing the |atest state-
of -the-art technology in instrunentation systens. |ncreased
reliability, nmeasurenent capacity, accuracy, and safety of
flight were stressed by NASA and all associ ated contractors.
This paper will describe the DFlI instrunentation systemthat
was devel oped, manufactured, qualification tested, and
subsequently flown on STS-26 on Septenber 29, 1988.

DFI SYSTEM OVERVI EW

The DFI system consisted of 24 el ectronic black boxes,
over 200 sensors, and 91 cable assenblies. The system was
installed in each booster in the forward skirt area
(Figure 1). The quantity of neasurenents taken on STS-26 was
698. These neasurenents were |ocated throughout the boosters
as shown in Figure 1.

The DFI system consisted of one main power distributor,
two frequency division nmultiplexers, two wi deband si gnal
conditioners, one PCM subsystem whi ch consi sted of one
mast er encoder and three renote encoders, one chanber
pressure signal conditioner, one tape recorder, and one
battery. Each of these boxes were interconnected as shown in
Fi gure 2.

The DFI systemutilized on previous shuttle flights was

basically the sane as the present system Al data was

mul ti pl exed by two FDM units and one PCM unit, and recorded
on tape. During liftoff, one DFI output was recorded on the
orbiter tape recorder while all data fromthe other DFI

out puts was recorded on the DFlI recorder. After recovery of
the boosters the tapes were analyzed to determne the flight
test results.



The redesi gned system used the previous tape recording
concepts except that the PCM subsystem was i nproved for
speed, accuracy, and increased channel capacity. Two
wi deband signal conditioner units were added to the system
to replace the previous signal conditioners which were
scattered throughout the boosters and required external
adjustnent prior to each flight.

DFI DI STRI BUTOR

The DFI distributor provided the interface between the
DFI system operational flight instrunments, ground support
equi pnent, and the solid rocket notors. The isolation
bet ween t he operational equi pnent and the DFI system was the
mai n contribution of the distributor. Al power up
sequencing for the DFlI systemwas directed thru the
distributor via the calibration conmands, m ssion events,
and operate commands which were received from ground support
equi pnent and operational equi pnent. The distributor design,
devel opnent and manufacturing was the responsibility of
Tel edyne Brown Engineering in Huntsville, Al abama. Tel edyne
Brown al so had the DFlI system design responsibility.

DFI TAPE RECORDER

The recorder used on the present DFI systemis identical
to the one used on previous flights. The purpose of the
recorder is to store the nultiplexed outputs fromeach FDM
unit and the PCM subsystem The recorder contained 14 tracks
for recording 4 redundant outputs fromeach FDM unit and 3
outputs fromthe PCM nmaster encoder. The original DFI system
concept had 2 tape recorders, one for flight recording, and
one i npact recorder to prevent | oss of data at water |anding
I npact. During preflight qualification testing in the md
1970" s, NASA di scovered that the flight recorder was not
used any | onger. The DFlI tape recorder was supplied by Kodak
Dat a Tape, in Pasedena, CA under sub-contract from Tel edyne
Br own Engi neeri ng.

W DEBAND SI GNAL CONDI TI ONI NG UNI T (VWWBSC)

The WBSC units were connected to anal og data sensors for
accel eration, vibration, strain, and timng neasurenents.
The i nput frequency of the data was 250 Hz to 8000 Hz. Two
WBSC units were used in each booster. Each unit was
configured via plug-in signal conditioner nodul es to accept
the specified types of sensor outputs and condition them



into 0 to 5V signals for further processing by the FDM
units. The types of signal conditioners provided by the WBSC
units are voltage, full or quarter bridge conpletion/
anplification/filter circuits, charge anplifiers, and
constant current |ow i npedance voltage conditioners.

Each WBSC unit contained 28 charge anp type circuits, 2
auto bal ance bridge conditioners, 4 voltage conditioners,
and 4 bridge conpletion circuits. These 38 conditioners were
programed to 30 outputs via 2 plug-in program sel ection
cards. The m x and type of conditioners to be used for each
configuration was flexible for each unit. The WBSC unit
contained its own power supply nodul e which provided the
sensor excitation voltages, and the voltages required to
operate the unit. Two plug-in overhead cards were used for
the unit calibration and built-in test equi pnent (BITE)
status indicators.

The calibration circuit responded to the systemcalibrate
command fromthe distributor and swtched all bridge and
charge anplifier channels fromdata node to cal node. The
timng, voltage isolation, and therm sistor channels
remai ned in the data node at all tines.

The bite circuit provided two discrete outputs which
I ndi cated the WBSC power supply status for each of two
groups of 15 channels. The power voltages for each group of
15 outputs were sunmed into one discrete bite output which
I ndicated a logic one (1) if the group was operational, or a
| ogic zero (0) if the group failed. These bite indicators
were sent to the distributor for further processing to the
ground support equipnent. This output was used to nonitor
the WBSC health status prior to launch. For a detail ed bl ock
di agram of the WBSC unit see Figure 3. The WBSC were
supplied by Aydin Vector Division.

FREQUENCY DI VI SI ON MULTI PLEXER UNI T ( FDM

Two FDM units were used in each booster. Each unit
contai ned two i ndependent 15 Fm channel nulti pl exers which
accepted 30 inputs, fromeach WBSC unit. Each nulti pl exer
contai ned one crystal controlled oscillator for tape speed
conpensation and provided up to 4 nmultiplexed outputs, nux 1
contained 4 outputs and nmux 2 contained 3 outputs. Each
out put was provided by an individual driver anplifier
nodul e. Two out puts were connected to the tape recorder, the
third out put was connected to the distributor for ground



support, and the fourth output frommux 1 was forwarded to
the orbiter recorder via the distributor. The fourth out put
was used to verify event timng of each booster via the tine
code signals fromeach booster. The IRIG B tine code was
generated by the master PCM encoder, conditioned by the WBSC
unit, nultiplexed by the FDM and sent to the orbiter
recorder for right and | eft booster timng conparison.

Each FDM nul ti pl ex consisted of 3 plug-in cards which
contai ned 4 CBWVCO channels, 1 card which contained 3 CBW
VCO channel s and one crystal reference oscillator, and 2
cards which contained up to 4 mxer/driver anplifiers per
card. Each output was transformer coupled to provide the
required isolation fromthe distributor and tape recorder.

The FDM al so contained its own power supply which
converted the 28 Vdc i nput power to the required FDV
operating voltages and provided i nput power isolation. Five
pl ug-i n overhead cards provided the calibration circuits and
bite indicators.

The calibration circuit consisted of a set of 4 plug-in
cards, two of which provided the precision calibration
voltages of 0, 1.25, 2.5, 3.75, 5.0 Vdc, and a 50 Hz
oscillator. The other two cards contai ned the cal/data
swi tches, 15 inputs per card. The FDM cali brator has two
nodes of calibration, manual or automatic. In the manual
node the FDM coul d accept commands fromthe distributor and
switch fromdata to any one of the 5 dc calibration |evels
or the 50 Hz ac level. In the automati c node the FDM woul d
automatically step fromdata thru each of 5 dc cal |evels,
the 50 Hz ac | evel back to data node. Each |evel was hel d
for one second. The FDM cal conmmands were sent over 3
verification control |ines which provided | ogic 000 thru
| ogic 111 (decimal 7). Al zero, or open inputs provided the
data node. All other inputs |logic 001 thur logic 1l
commanded manual or autonmatic nodes.

The bite circuit provided three discrete outputs which
nonitored the nultiplexed conposite outputs and indicated a
drop in conposite level of 3 dB or nore. One bite output
summed the nux 1 tape recorder outputs, the second bite
out put summed the nmux 2 recorder outputs, and the third bite
out put reported the status of the fourth nux 1 output which
went to the orbiter recorder. One additional status bit was
used to determne if the FDMwas in the data or cal npde. A
logic 1 indicated data node and O indicated cal node.



The FDM units were supplied by Aydin vector Division. Al
FDM units functioned identical to previously supplied units
except that they incorporated the |atest state-of-the-art
parts, materials and processes. See Figure 4 for a bl ock
di agram of the FDM unit.

DFI PCM SUBSYSTEM

The PCM subsystem was a conpletely new design for this
application. It consisted of one programmabl e master unit
(PMJ) and three identical renote slave units (RSU). The PMJ
was the central controller for the PCM subsystem This unit
contained 5 plug-in signal conditioner cards, 2 discrete
digital multiplexer cards, a set of 2 cards which provided
the IRGB tinme code outputs, 1 card for progranm ng the PCM
subsystem a set of 2 cards for BITE outputs, and 11 cards
of overhead functions. Thru the 5 signal conditioner cards,
the PMJ could accept up to 80 differential inputs, and 32
t her nocoupl e neasurenents (16 type S and 16 type K). The
discrete digital nmultiplexers could accept up to 40 discrete
| nputs, 20 per card.

The PMJ communi cated to the RSU s by 5 differenti al
paired lines. The PMJ utilized 3 paired lines to send seri al
address data, word clock and bit clock information to the
RSU s. The RSU s utilized the remaining 2 pairs of lines to
send the data and returned bit clock to the PMJ. The PMJ had
the capability of communicating to up to 4 RSU s. Each PMJ
had 4 sets of 5 paired inputs. One set for each RSU. By
using this type of conmunication, if one RSU |lost a |line,
the other 3 units could still communicate to the PMJ.

Each of the 3 RSU s were identical in configuration. They
contai ned 3 overhead cards, 13 signal conditioner cards,
consi sting of one RTD conditioner, 3 each 350 ohm quarter
bri dge cards, 7 each 1000 ohm quarter bridge cards, and 2
full bridge cards. Six excitation cards provided the
excitation voltages for all of the bridges. This conpl enent
of cards allowed each RSU to accept 16 RTD i nputs, and 112
bridge inputs, for a total of 128 neasurenents. The total
PCM subsystem capability was 128 x 3 = 384 plus 80 PMJ
I nputs = 464 and 40 di scretes.

The PMJ was desi gned and devel oped simlar to Aydin
Vect or standard data acquisition systens utilized on many
previ ous aerospace prograns. Sone i nprovenents and program
uni que features were included in the design. One of the nost



flexible features was the external EE PROM progranm ng of
the systens. The entire flight format content was under
program control of the user, including the frame sync
patterns, word | ocations, bit rates, channel gains and
offsets, frame length’s etc. The system coul d be programed
by the user via an 8 wire interface utilizing RS 232
protocol. The programm ng interface was conpatible with a

| BM PC- AT, PC- XT or equival ent conputer. The EE PROM was
capable of storing up to 2 flight formats. In the DFI system
the bit rate was fixed at 384 K bits per second because of
the tape recorder frequency response. The PMJ was capabl e of
3-4 tinmes nore speed than required. The word size was fixed
at 10 bits per word, however the unit was designed for up to
12 bits per word.

In order to handle the large quantity of neasurenents, up
to 464, a track split circuit provided up to 4 PCM subset
outputs for tape recording. The contents of each subset
out put was al so under programcontrol so the user could
speci fy the neasurenents contained in each subset output.

For critical neasurenents sel ected words could be progranmed
into all four outputs for redundancy. The PCM subset outputs
were connected to the tape recorder and on PCM conposite

out put was provided for ground support.

The capability of programm ng the channel gains and
of fsets was used to preset the bridge bal ance during the
pre-launch testing. Up to 32 offsets and 8 gains from1X to
250X were provided by a programmabl e gain anplifier (PGA).
One PGA was contained in each PMJ and RSU in the PCM
subsystem The offsets and gains were programed on a
channel - by-channel basis. The gains were typically fixed by
the type of neasurenent and projected range. The offsets
were initially progranmmed to the nom nal offset for each
channel. Static neasurenents were taken after the system was
connected to the sensors. Data anal ysis determ ned the
requi red offset which was then reprogrammed into the EE PROV
prior to flight. This nethod all owed NASA to bal ance al
bri dges and sensors prior to flight and this enhanced the
data accuracy.

The PCM subsystemincluded a calibration circuit to
calibrate all bridge circuits. When a logic zero was applied
to the cal command input, for a tine duration of at |east
one major frame, the master unit would broadcast a cal
command instruction over the master/renote data bus. \Wen a
| ogic one (1) was applied to the cal command input, the



master woul d generate the cal instruction for up to one
addi tional major franme and cease broadcasting the cal

I nstruction until a logic zero was again applied to the cal
command i nput. When the cal instruction was bei ng broadcast
a fixed val ue shunt resistor was connected across al

bri dges. The output response was predeterm ned by the

resi stor value and the individual channel gain and offset.

The bite circuitry, contained in the PMJ on 2 plug-in
cards, was used to validate the health of the PCM subsystem
prior to launch and the accuracy of the data during flight.
The bite circuit has two nodes of operation, the absolute
node and range node. In the absol ute node data was conpared
to a bit pattern whose word size and format are identical to
the valid word.

In the range node, data was conpared to | ow and high
threshold limts pre-programed in the bite circuit. The
bite circuit provided seven flag outputs for evaluation. By
conparing a selected data word in the PCM steamto
predeterm ned paraneters the bite output flag indicated
pass, flag high, or fail, flag low For the DFI PCM
subsystemthe bite was programed to nonitor the major frane
sync pattern, mpjor frame word count, tinme code carrier
present, and anal og calibration of one channel in the nmaster
unit, and each renote unit. The absolute node was utilized
for all nonitors except the anal og calibration which used
the range node. In order to use the range node, a precision
voltage was injected into one pre-selected master unit
anal og channel, and a precision resistor was installed on
one sel ected RTD channel in each renote unit. These channel s
were pre-programed in the PCM steam and conpared to | ow and
high limts in the bite circuit which in turn set the
applicable flags to a pass/fail condition. This featur
all owed the user to evaluate the input to output condition
of each PCM box in the PCM subsystemin real tinme. By
I nclusion of the bite flags in the PCM out put streamthe
status of the systemwas verified during the flight. The
bite functions, limts, and nodes were al so programed via
the RS-232 interface.

The tinme code generator circuitry was contained in the
master unit utilizing two plug-in cards. The signal was
generated in a nodified IRRGB format. The signal was a
1 kHz sine wave, nodul ated by a serial nodified IRIGB
format, signal BCD was nodified to contain only seconds and
m nutes as BCD information and binary information for



mlliseconds. A reset |ine was provided such that the
generator could be reset to zero tinme, upon conmmand fromthe
distributor, and restart counting fromzero. The output from
the tinme code generator was included in the PCM data steam
and also inserted in the WBSC/ FDM units for tim ng

correl ation.

The PCM subsystem was desi gned, devel oped, and
qualification tested by Aydin Vector D vision under
subcontract with Tel edyne Brown Engi neering. See Figure 5
for a bl ock diagram of the programmabl e master unit and
Figure 6 for the renote slave unit.

CONCLUSI ON

The entire DFI system was delivered to Kennedy Space
Center in June 1988. The systemwas installed in the
boosters of STS-26 prior to roll out on 4 July 1988. The
system was checked out by NASA personnel prior to roll out
and again on the |launch pad. On Septenber 29, 1988, the DFI
system was powered up at T-9 mnutes in the | aunch count
down. All bite signals indicated that all DFlI boxes were
operating within acceptable limts. Nine (9) mnutes |ater
Space Shuttle D scovery, STS 26, was successfully | aunched
I nto space. The DFI equi pnent bite indicators were nonitored
via the orbiter during liftoff and boost phases. Al bite
I ndi cators renmained within the acceptable limts throughout
the flight.

After successful booster separation, and splash down,
bot h boosters were recovered and returned to the Kennedy
Space Center. The DFlI equi pnent was renoved fromthe
boosters and the tape recording was forwarded to Marshal
Space Center for evaluation. No external damage was found to
any DFI boxes.

I n Novenber 1988, Tel edyne Brown Engi neering, released a
SRB DFI performance report of STS-26. This report summari zed
how each neasurenent perforned. In summary, the DF
performance was highly successful. Al neasurenents
exhi bited high quality recordings. Over 94% of the
measur enents contai ned good data, 33 sensors provided no
data because they were damaged during liftoff. In general,
NASA was extrenely pleased with results obtained by the DFI
system
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DFt MEASUREMENTS ( LEFT/RIGHT)

ad 0d 0

MEAS

Lo, FWD  [FWD/MID| AFT/MID AFT AFT
ypE. . |MOSE FWD MOTOR | MOTOR | MOTOR | ETA | MOTOR | SKIRT &

MEAS. | CAP | FRUSTRUM |SKIRT [DOME [SEGMENT [SEGMENT | SEGHENT | RING [SEGMENT| NOZZLE | Y01AL
STRAIN 2/2 | 17/25 | 18718 | 34s/34 | 40 | 73/73 | 41741 (1897193
FORCE 6/6 6/6 6/6 2/2 | 20/20
ACCEL 2/2 212
VIBRATION 13/13| 3/6 212 3/3 | 3/3 | 6/6 10710 | 40743
PRESSURE 1/0 a/4 12/0 6/6 | 23710
TEMP. 170, 3/0 3/3 | 1N 373 3/3 21719 | 35729
HEAT FLUX| 170  2/0 2/0 12 | 1272
YOL TAGE 8/8 171 9/9
CURRENT 373 3/3
TIME 1”1 11
EVENTS 25/25 171 | 26/26
TOTAL | 2/0| 12/6 |65/65| 6/9 | 29/25 | 23/23 | 40/40 |16/10| 79779 | 88/81 |360/338
GRAND TOTALS: LEFT - 360 RIGHT - 338 LEFT AND RIGHT - 698

NOTE: THE DFI SYSTEM WAS MOUNTED I N THE FWD SKI RT
FI GURE 1



7O ORBITER

> CAMERA
DSC < * l
t BATTERY
DISTRIBUTOR |g
« —
4
6SE ?
(FWD SKIRT DOOR) ‘ l *
. . —i FDM* 1 FDM*2
PCM TAPE
—®  MASTER RECORDER N M1 | 12
IRIG-B ~® wBsc=1 WBSC* 1|
CPSC REMOTE REMOTE REMOTE 61|62 61|62
3 2 3
f 4 FORCE 'y ACCELRERATION
CURRENT CHAMBER STRAIN wsBTRALI:N
PRESSURE PRESSURE PRESSURE TIME
HEAT FLUX 320 5PS TEMP (RTD)
TEHP (T /c ) AL LLALLLLALLALL AL AR LR LY
VOLTAGE 10-160 5PS ANALOG DATA
TIME 250-8000 HZ
EVENTS FIGURE 2
10-320 SPS

DFI SYSTEM BLOCK DIAGRAM




. [ R — oo § _
CHARGE AMPLIFIER 2 CARD b—— 2 ! -1
INPUTS . ppa— Al 3
1
Hfj— —
6 CARD e
7 — Az A 7  FROM PROGRAM | outPUTS
§ — 8 OUTPUTS | OARD BROUP 1
L Al
9 — —— 9
19— CARD |—— 10
j1=—1] A3 T
| 2 ey r p— 12
13 —— 13 18 oy __’_’ -
14 == CARD |r=—e 14 I-1%
15—t A4 ——
16 16
19 :
1 T 2-1
|7 ed e 17
8 CARD p—— 18
19 =—— A5 p—19
20 — ] 20
21 ] . 2) PROGRAM
22 == CARD fem22 FROM CARD OUTPUTS
OUTPUTS
23 Ab premerrs 23 A2 BROUP 2
24— , L
' ] — pitie 7 5
CHARGE AMPLIFIER 26 =—— CARD |——26
INPUTS 27 w—ed AT l— 27
s e I N PO
YOL TAGE [50LAT0R 2 = CARD — ;?
INPUTS § ==t A8 — TOALL POWER
4 37 capps ] suppiy
BRIDOL SIONAL 1 — fosmm 33
CONDI I IONER INPUT# 2 ——— CARD  f——34
3 AS 35 PWR
4 . — 36 BITE CARD INPUT
5 Al4
BRIDOE SIONAL = | CARD 37
CONDITIONER INPUT® g =] AIO —
I_. BITE
4 QITPUTS
CAL COMMAND INPUT | CAL GARD
CAL COMMAND RETURN Al4



XFHRS
AND
b DRIVERS
o} 1A
DATA S
N MULTIPLEXER ——[——+tp 1B EM
INPUTS N SECTION ) > 1c OUTPUTS
\ b
=15 N MUX 1 5 i
o
N > . 4 T 2A M
DATA N MULTIPLEXER 25 N
\ | g
INPUTS N SECTION O » oC
1-15 S MUX 2 |
; Pt |
t ]
50 HZ >
INPOT SYSTEM » 50 HZ
OUTPUT
CALIBRATE R CALIBRATOR
LINES
3 \ A
INPUT >
POWER BITE
POVER P suepLy o—1 BITE OUTPUTS
28 VDC v
FI GURE 4

FDM BLOCK DI AGRAM



WYJaV 1A %3019 Nid

mo.:.
$®
-
Foer
; » —_—
e Al \/V JW\@
e = A&L- Zv-gv BOIT
d30d — ASIe oy ]
—e a5 133005
TSN Y grrn
2000 3L
vivauad T A IN0sL
Eud o vIvaRSd st
b
‘ouw
- . r
G0 WSd it (voad) T 0z | & 041 1
89 . - SILHIANDY L T JTEIT] S
ST NOLvaIN SO ynss200ud vi8iQ Lovl
ML 57 waov AT [ 1d
i1 0¥
hr 1B —
L fe— »| TPNWHI 0T )
== 570 300US 91N <
e FUITRUSTE ) 3
oL SELIN 1o/
gotr - davd
O.E 89V Aig |viva nad 12N 0 _—
5813 o TUNISL | 0w 01—
: faviEg| [ Tamw | Wimdd % W  Jdal =
— T e 3L n
4 1 1 gyt
un Soom ETRIEY
T BNNWO S —
veiss By M2 samao 2O
= & 20k 901w a
U HoP s Gavd s b1 L
a0ir wane FETRD =] e T T o
. L1905
L DU L ] o] TRNMOSE | o o) —
- & < [
LSS PETYTER K . Y o | . > S3dA <
+ F0avs " : TR
-1 MO 3L ow AR 5 -
AVIM, o e
4 9% TIIYHD 91 -
401 s . = Bl 4 13437 HOtH &
LTdSIIvU EvTRa P ZE 315 2 W SO TN 3
ML LB e > JEEN Lan
SN | oo i J-HEE -
¥ e LA 310m GV IHUIAOD 0O/}
o 2N p—af TIMNYHI S | o0t [
13431 MOY =
< AN ooy | T ¥
E JYIHH3IA0 HA1SYH ~, 327 IETING
PYIVGS T - |¥IVAGF M 0L
PATR™E - (A1J4 S mw»»ﬂ.“%
POOYSF - 100¥S W.\z@ v o._.__ SAyuvos /1
O E - oY Y

PADM 3 - 1AM F 2
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