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SERT II 1979 EXTERDED FLIGHT THRUSTER SYSTEM PERPORMANCE

W. R. Kerslake* and L, R. Ignaczak**
National A=ronnutics and Space Administration
Lewls Rezanrch Center
Clavelana, Ohio 44135

Abstract

The SERT IT spacceraft, launched in 1970, has
been maintained in an operational, but intermittent-
ly active status since 1971. Periodic thruster sta-
tus has been roported while wolting Eor normal orbit
precession to return the spacecrnft to continuous
sunlighe in 1979, Now, the thruster has been oper-
ated for 600 heurs in tha first quarter of 1979,
Thruster scartup and operation in 1979 is unchanged
after 9 years in space. The ion thruster was gim-
baled and used to maintain spin stabilization of the
spacecraft. Minor components of the spncecraft have
fuiled, but have not interferaed with the functional
status of the spocecraft.

Introduction

The Space Electric Rocket Test II {SERT II)
spacecraft was launched in February 1970 with a goal
of demonstrating long-term oparatien of an ion
thruster system in space. Thruster 1 was oporated
for 5~1/2 months and then thruster 2 waa operated
for 3 months. (1} Each thruster operation was term-
inated by a high-voltage grid short. 1In 1973, new
goals were added for the still Ffunctional SERT IT
spacecraft: (1) demonstratlon of thruster restart-
ability after long space atorage; (2) atudy of fac-
tors limiting thruster restarting: (3) demonatra-
tion of the space lifetime of thruster system com-
ponents, such as, propellant feed systems, cloged-
locp control asystems, insulator shields, and power
processor units; (4) measurement of main sclar array
degradation after years of space exposure; and
(5) verificotion of the compatibility of the space-
craft systems with sustained thruster efflux. Pro-
gress towards these goals was made in 1973 with the
demoneatration of over 112 rescarts of each thrus-
tar.

In 1974, the lhigh-voltage short of thruster 2
was cleared and full operation of thruster system 2
was restored when the spacecraft was placed into a
gpin-stabllized mode. In tho 1974 to 1478 peried,
testing to the 1973 goals was continued, and the ad-
ditional goal of psfiodic full operation of thrust-
er 2 was added.(S' Steady-state operation for
more than 1 hour per orbit during 1973 to 1978 was
prohibited by loss of solar array power due to o
shadow period occurring cach orbit revelution.

Natural precession of the SERT 1Y orbit has now
brought the spacecraft back into long periods of
continuous sunlight (1/79 to 4/79 and 8/79 to 8/80)
and steady-state testing is feasible. The 1979 test
goals include all those of 1973 and, in addition,
the following: (1) to demonstrate the steady-gtate
operation of an ion thruster system 9 years after
launch, (2) to measure and compare the performance
of this aged thruster with that of & new thruster,
and (3) long term operation of the ion thruster sys-
‘tem to determine its life-limiting factor. Im
meeting the 1979 gouls, the Iz. thruster was used to
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increase the spacecraft spin rate to maintain space~
eraft attitude stability, (Prior to 1979, spin rate
was maintained by cold gas jets.) At the same time,
a direct thrust measurement was obtained for the ion
thrus er.

This poper contains the results of the January
to April, 1979 stendy-state testing of thruster 2
for 599 hours, the continued restart tests of
thruster 1 (fts internal ghort remains), and a re-
port on the general status of all spacecraft sys-
tems including the main golar array. The results
of neutralizer cross-coupling and bias experiments
econcurrently conducted in 1979 are conteined in a
companion paper.

Apparatus and Procedure

SERT I1 Spacecraft

Figure 1{a) is an ortist's drawing of the
SERT II spar.ecvaft. A detni}ed description may be
found in the liteeature, (3, The spacccraft was
launched in 1970 into a 1000-lm, circular ncar-
polar (999 inclination) sun synchronous orbit, Ref-
erence 7 describes the spacecraft gravity gradient
orientation from launch to 1973, and the need to
spin stabilize after 1973, Watural orbit preces=
sion resulted in an initlal continucuas sun period,
lasting until the end of 1971, DPartial shadowing
of the orbit ocecurred from 1972 through 1978. Con-
tinuous sun again ocecurred from January 9, 19379 to
April 11, 1979, and is predicted at this writing
(June 1979) to cccur Erom August 1979 to August
J.980. The spacecraft battery reached end of life
»eforo 1973, and the wnly spacecraft power source
nw 1s the solar array.

The basic spacecraft structurc Is an Agena ve-
hicle with a fold-out solor array mounted off the
aft rack and two ion thrusters mounted on a forward
deck as sham in figure 1(h). Although never de-
deaigned to be spin stabllized, the spacecraft has
been spun sbout an axis perpendicular to the plane
of the solar arrays. Presently the spin axis is ap-
proximately perpendicular to the vrbit plane. A
mechanical analysis of the sclar array structure im-
dicates that buckling of molar array supporte may
cause uncontrolled distortion of array panels at a
spin rate in excess of 6 to 9 rpm. Therefore, the
spin rate of the spacecraft has been limited to
6 rpm or less. Stability ias been demonstrated at
spin rates of 0.3 rpm. Periodic apinup is required
to make up for natural damping forces which raesult
in a spin rate loss in the range of 1 to 6x10~3
rpm/day. The cousc of damping has not been ana-
lytically modeled, but the despin rate appears to be
a Function of the spin magnitude and the spin axile
direetion.

The attitude of the spacecraft has heen deter-
mined by the roll-offsaet of the Agena horizon scan—
ners. The spin rate has been measured by both the
piteh-horizon crossing of the sconner and by the
automatic gain control (AGC) signal level variations
from tracking statlon receivers.



The performance and degradation of the solar
array, as well as a suwatus of aspacecraft systems,
i presented in the Results and Discussion section.

SERT II Ion Thruster Systems

The two ldentical flight thruster systems have
been described in the literature(l) and enly that
doscriprion bearing on the results of this report
will be breifly ropeated. Figure 2 18 a cutawny
draving of one thruster. Each mercury fon bombaord-
ment thruster is 15 c¢m in diameter, operates at a
nominal 1 kW and produces 28 mN (6.3 mlb) of thrust
at 250 mA bexm of 4200 second specific impulse, In
addition to the 250 mA beam set point there are sct
points available for operation at 200 apd 85 mA
beam. The screen voltage is unregulated and is pro~
portional to solar array voltage. The nominal 4200
second specific ifmpulse is produced by 3000-volt
screen voltage at 60-volt aolar array voltage (See
solar array Appendix for cireuit diapgram.) Th=
scraan and accelerator supplies are prutected
against current overloads and briefly turn off (0.1
sec) if the sgreen (beam) current exceeds 300 mA or
if the acecelerator current exceeds 50 mA, This
amount of off time (0.1 see) is usually enough for
an arc to clear itself., The power processor unit
{called "power conditioner" on SERT I1} was designed
to operate with 2 winimum input voltage of 4B volts.
Input voltages below 48 volts cause avtowmatie turn
off of the power processor unit and requires ground
comminds to restart.

Results and Discussion

Thruster 2 Operation

Thruster 2 operated for 599 hours during the
period of January 22 to April 5, 1979, Table 1
llats each of the nine test segments and twelve
starts that were made in accumulating the total of
399 hours, The thruster was operated at a nominal
85 mA beam current except for 26 hours, during which
time it was operated at a beam current of 200 mA,
Operation was attempted geveral times at 250 mA beam
current, but Insufficlent power wus available from
the naturally degraded selar arvays to permit this
operation, Table 2 lists representative values for
thruster 2 operating parameters during preheat, pro=-
pellant and heam operation for periods from 1970 ro
1974,

Ag can boe seen from Table 2, thruster 2 elec-
trical performance is nearly identical after a
Y9-year time span for all operating ronges tested.
Minor differences fail within telemetry uncertainty
or are the results of known set point changes.

The gimbals on thruster 2 were positioned to
offeset the thrust vector from the apacecraft center
of gravity and produce & torque which increascd the
spacecraft span rate. Knowing the gimbal position
and megsuring the spin rate increase enabled a value
of thrust to be determined. Appendix A detives an
equation for this calculation and presents a discus—
sion of the gimbal oyatem.

Figure 3 15 a plot of the spacecraft spin rate
during the [irst part of 1979. The horizontal por-
tions of the data plot are periods when the ion
thruster war off. A slight loss of gpain rata dur-
ing these periods was due to natural damping forces.
Thrusting began on day 22 and was concluded on day
95. When the thruster was on, the spin rate shows

4 positive slope. This slope is proportional to

the thrust magnitude aud the sine of the gimbal
angle (appendix A). Sections of figure 3 with near-
1y vertical decreasing spin rate values correspond
to the use of on-board gas jets to reduce tho spin
rate. This was done to keep the spin rate below

6 rpm and provent structural dawage to the solar
arrav.

The slope of figute 3 f~r run 5 resulted in a
computed “hrust value of 10,0 millinewtons (mN) at
85 mA bean current. This volue was within tele-
wetry vneertainly (data accurncy) of the thrust
value caleulated from clectrical parameters of
9.8 mN. The thrust value measured in 1975, when
compared to the 1970 250-mA beam current daea,
agrecs within data accuracy of the thrust measure-
ments (+3%). Toble 1 gives individunl valuas of
beam current and voltage, test segment hours, and
gimbal angle far each of the nine thrust-producing
teat segments. The conclusion of the thruster per-
formance datsa of figure 3 and Table 1, is that there
has be¢n no change in thrust level or efficlency of
the thruster system in the 9 years since launch,

At the time of the SERT II launch, 1970, the
1ife~limiting factor of the thruster system was be-
licved to be erosion of the main cathode orifiee. (1)
Such erosilon enlarges the orifice and permits more
propellant to flow through the cathode. This in-
creased flow tends to inerease the digcharge cur-
rent. A life 1limit occurs when the discharge supply
current limie {s veached. In-flight cathode erosion
was less than experienced in ground tests and was
never a1 life~-limit factor in flight thruster opera-
tions.  This was one of the bagic results fround in
1970. ) Operation of thruster 2 for 599 hours in
early 1979, resulted in no change of the main dis-
charge current. Thus, the earlier result of low,
iw-flight, cathode orifice erosion is also true for
thruster operation at the throctled level of 85 mA
beam curreat.

Thruster 2 Searting

Thruster 2 was started succesafully 12 times
during the firat part of 1979 and never fniled to
start when attemptued, The starting times and heater
values are listed in Table 3 for the entire history
of the thruster from 1969 to 1979. As can be seen
in Table 3, the starting times in 1979 are nearly
identical with those of 1570. The longer storting
times between 1973 to 1977 are due to cooler initial
thruster temperatures caused by partial orbic eelip~
ses durlng that time period.

In addition to easy starting, the heater elec-
trical values show little or no deterforation after
230 restarts and 2930 hours ol vaporizev/cathoede op-
eration. PFor the first start attempt of 1979, start
number 219, the traditional starting procedure was
followed. That procedure consisted of one orbit
106 min) of preheat followed hy one orbit of propel-
lant (discharge only) before turning on the H.V.
beam. Bascd on the quick starts of 1973 to 1978
perious and on a practical deslire to reduce starting
eycie times, a shortened starting procedure was
adopted for the balance of the 1972 starts, This
shortened starting procedure called for 20 minutes
of preheat (to warm up propellant manifolds) fol-
lowed by 5 minutes of propellant (to stabilize the
vaporizer control loop) belore turning on che H.V.
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The SERT il thrustar system was designed to
tost the ateady-state llfarime capablliity of an lon
thrustor. Qulck otarting was not a requirement and
the thermal response of the propeliant foed aystom
is slow due to rolatively heavy metol parts and
stiall heators. Novorthoelose, the nodificd starting
proceduro eomas eloso to that deslired (15 min) for
present cyclic fon theuster systoms, and indicates
that with proper design thiz startup time should be
met. Minlwoumacartup time is desired for eyelic ion
thruster systoms to waximive . topellant officiency,
and mindmize electrical cnergy requirements,

The only starting difficulty occurred during
run 2 (Table 1) when the digcharges 1lic propecly,
but dup to a ground command problom, the W.V. boam~
on command was swut ot a non-optimum time, when the
vaperizers ware unstable. The resulting basm cur-
rent produced by the thruster exceeded the power
capability of the solsr arrvay. Apower condicioning
undervoltage turnoff then occurroed automatleally
when the array voltage dropped below 4B volts,

Thruster 2 Arcing

Table 1 glves the number of high-voltuge re-
cyclas or ateing that occurrad during the 599 hours
of early 1979 operation. A total of only eight arcs
wae logged; this rate is considerably lower than
That experienced in 1970. In 1970, the mean period
between arcs was 6 hours, with several perieds of 50
hours and one of 150 hours with no arcing. Thu prob-
abla cause of reduced arcing in 1979 was opaeration
at lower beam currents (85 varaus 250) with a cor-
responding lower bulldup of condunsad gputter mwatal
on the accelerator grids to Initiato arcs.

Runs 1, 3(b}, 5, and 9 were terminated when o
high-valcage are occurrad and the power condicioner
experienced an undervoltage shutdown. When an arc
occurs accelerator current reaches its trip level of
50 mA and lnitiates an arc recycle sequence. The
maln vaporlzer, screen (beam), and accelerator sup-
plies are turned off for 0.1 second. For a single
are event the thermal time constant of the vaporizer
is long enough to {gnore the effaoct of the vaporizer
supply turnoff, With the high-voltage suppliaes off
(V5 and V6}, fow lons are be.ng extracted from the
discharge chamber. When the high voltages are ro-
satablished at the end of the “"blink-off" cycle an
ovarshoot of boam current occurs sbove the desired
beam setpoint. This overshoot of beam current re-
turns to desired levels within 10 milliseconds as
the excess fons are depleted. Yo prevant the normal
beam overshoot at turnen from iniciacing anothar re-
eycle the trip is not enabled until 0.01 second af-
tor high voltages are turned on, this gllows suffi-
clent time for the overslioot condition to return ho
below rrip levels. The besm trlp set polnt is 300
mA, The degraded solar array Is 1lnecapable of supply-
ing sufficlent steady-state power to meet this de-
mand and will cause the solar array voltage to draop
below 48 velts tripoff point of tlie power conditioner.
The authors belleve that runs 1, 3(b), 5, and 9 were
shut down by overpower demand following an are and
subsequent beam overshoot upon recycling of the H.V.
powar supplies. If the besm overshoot 18 not too
high, the power supply input capacitance may supply
cnough temporary pewer to avold overloading the so-
lar array.

On tuns 1 and 8, Table 1, the arc c¢loaring ciz—
cult cycled without causing undervoltage shutdown.
On runs 4, 6, and 7, the power conditioner want

through an underveltage shutdown dup to intontional
test proceduros which placod an excessive load on
the aolar array. Yor tests 8, 10, end 12, tho test
was terminated by plannod ground command.

Test 11 was unique. One objective of test 11
wag o quiek H.V. tuwenon before discharge ignition to
mousure H.V. leckage current with no beam or dis-
charge on. No loakage was moasuted, thus conflrm-
ing the design of thruster {.V. lnsulators., How=
ovar, after 1-1/2 minutesn of this condition, o grid
short appeared, Ita characteristics werc conslstont
with and similar to those grid shorta fn 1970 that
terminated beom extraction. After continuous ovoer-
load rocycles for 2 mipnutes an oveyload integratar
shut the systum down. Prosumably a web of grid ma-
terinl had ghorted across the grida. A second at-
tempt to turn cn H.V, rvesulted in similor arvcing,
and this state wan permitted to continue (by disab-
ling the overload integrator) for 1 hour with no
change.

In an attempt to clear the short, the thruster
wig reatarted in a cold state, where thermal differ~
ential contraction might result in brealking of[l of
the shorted web Fragment. The attemph wag success-
ful and when H.V. was applied to a cold thruster,
the short wos cleared. Subscquently, thruster 2 ran
for 49 hours and was commandod off wich no problem.
Tt was turned off bocausne the spacecraft orbit wos
approaching the calendar tima of partial orbit sha-
dowing which wns the planned end of this test per-
iod,

Thruster ! Restorts

Thruster 1 was restartad 13 times betwoen Jan-
uvary 17 and May 22, 1979, Represcnting starting
times and lheater values nre listed in Table 3, The
game tarting results were found for thruster 1 as
for thruster 2, that ie, simllar starting times os a
functlon of the inicial tomporature state of the
thruster, and 1littlo or no changa In hester resis-
tances. On saeveral occaslens the H.V. was applied
to thruster 1 with no chunge in the existing grid
ghart., The discharges of thruster 1 were turned on
for 172 hours during the abtove period ro supply o
space plosma for performing crcnﬂ-nuutrnll%ing ex-
parimencs reparted in a companion pnper.(s

Neutralizer Propellant Tanks

Each neutralizer propallant tank was equipped
with a transducer to meassure the gus(ﬂOtNg.ZOZKr)
pressure in the bhlowdown volume, Knowing the gus
volume and temperatura, and measuring the prossere
rate of change, enables a calculation to be made of
the neutralizer mercury propellant flow rate. Fig-
ure 4 18 a plot of the prassure change with vapori-
zer operating hours for the noutralizor of aystem 2.
The pressure reading was consatant to 1570 hours be-
cause radiated thruster heat caused the gas pressure
risa bhayond the transducer mnximum ronge. At 1570
houra rhe preasure indicated a drop of one telemetry
count. Thereafter thers was a drop of one count ap-
proximntely every 110 hours until the grid short ve-
cutred at 2980 houra in 1970, From day 78, 1971 to
day 22, 1979 approximately 50 houra of vaporizer
flow occurred, but the progsure decayed 4.0 Nfem?
(5.8 psin). The excens decay, 4.0 N/em? was assumed
to ba n gas lcak to space. The pressure lost oycr 8
yeara correaponds to a low leak rate of 1.7x107%

e fhr (STR).
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In 1979, thruster ncutializer vaporlzer was op=
crated for 602 hours and the pressure decayed from
37.2 60 33,0 Nfem?, The calculaged flow rate For
1970 was 27 wA avorage cquivalent {low of mercury,
and for 1979 was 37 mA. The higher flow rate meas-
ured ln 1379 18 in agreement with laboratory tests
in which higher neutralizer flow rates were required
at the threttled beam (1979) as compared te fall
beann (1970). The es, loated pressure at which the
tank will be empty s 27.2 %fem? and will occcur af-
tor an additiranal operating cime of 1100200 hours.
Approximacely 35 percent of the original mercury
propellant remains. The leak rate ef gos is minor
and will not be a factor in lImieing the flow of
mercury. A surplus of gas of 22.2 N/ewm? will exist
i€ the propellant is exhausted in 1980 or garlier.
The integrity of the design ia presently verifled
for a »eriod of over 9 years in space.

The plot of neutralizer propellant tank pres—
sure for system 1 is similar to chat of figure 4 and
s not presented. The epparent leak rate of this
tank for the some period of 1971 to 1979 is 1,5%10-%
em”/fhr, and is also of no concern. Approximately 35
percent of the original mercury remoaips in the tank.

Solar Array Performance

Performance of t?ﬁ g?RT I1 solar arrny has been
reported in the past, M9 The data obtained during
continuous thruster vperation during the first quar—
ter of 1979 has provided an update of the array sta-
tus, Because operation was continuous, and not in-
tarmittent as during previous testing periods (1974
through 1978}, 4 higher degree of anccuracy exists
for the current data. F.gure 6 shows a plot of the
projected vadiation degradation and data points ob-
served during this and previous operating periods.
As shown, the degradation ls following the projected
trend, but 15 consistently a fow (2 to 5) percent
less than projected. Array degradatlion being less
than expected sadicates no significant contamination
from spacecraf+ sources Including ion thruster oper-
ation.

Additional detail on the solar array character—
isties can be found in appendix B.

Spacecraft Systemy Status

The extended operation of the SERT IT space-
craft has been possible beecause no critical space-
cruft fallures have occurred with an orbit operation
now in its 10th year. A brief summary of current
subsystem status follows:

Thermal - Passive, except for P/C heatarvs,
atill provides component temperatures wlthin
original limits.

Power ~ Battery falled only after it excecded
fes lifetime, all other power system compononts
(inverters, regulators...) performing normally.

Data - One subcommutator has failled resulting
in the loas of 60 out of the 1200 data chan-
nels. Seversl of the chanpnels affected were
redundant on other telemetry channels. One of
two tape recordera has fajiled.

Attltude Control System — Four control moment
gyros {CMG's) and horizon scanners fully func-

tional.

L emnmge AR o e
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Backup Attitude Control System = This cold gas
system is fully funrtional with sbout 50 per-
cont of the gas vemaining.

Sccondary Experimonts

-Beam probes — one fully functlonal, the
decond is partially functional

~Reflector erosion experiment = fully
functional

-Minlature electvostatic accelerometer =
not functional

=-RFI experiment - pot functional

Selected Component Operating Time

The operational hours on selected components
are piven in the table below. The total orbitnl
1ife of SERT II satellite to date 1s opproximately
83,000 hours. A history of SERT II operations is
given in figure 6.

Operational,
be Coupongnt,

64,000 Command system, switching
mode regulators, and com-
mand receivers

26,000 Datn system

25,000 Battery charger (turned off
when battery falled)

25,006 Transmitter 1

21,000 Main invercer

20,500 CMG's 3 and 4

14,000 Tronsmitter 2

10,000 Standby inverter

6,000 CMG's 1 and 2

4,100 Power conditioner 1

3,000 Power conditioner 2
650 Horizon scanners

Lonclusions

The SERT I1 spocecraft orbit has preceseed suf
ficlently, in 9 years since launch, that the space-
craft again s in contlnuous sunlight. This sun-
light provides continuous solar array power for
thruster operation. During the first quarter of
1979, thruster 2 was operated for nearly 600 hours
at B5 mA beam current. The performance of the
thruster was found to be unchanged in the 9 years
since launch. Restarting was also normal during 12
restarts. The thrust of the lfon thruster was used
to splonup the spaceccraft to maintain apacecraft at—
ticude control, and in deing so, an additlonal mea-
surcment of thrust wus achieved. This thrust mens—
urement showed no change from the values obtained
in 1970. The solar array degradation was measured
and Found to be slightly less than predicted, thus
indicating no additional degradation due to apace-



eraft sources or fon Lhruster efflux. The npace-
crofe remafps functional and has only experlonced
winur fallures of twe sucondery oxperiments, a bat-
tery, one sub commutator {60 of 1200 data channels)
in the celematry aystem, and the lops of one of two
tape recordere. Approximately 35 percent of the
neutraiizer propellant remolns ond additional test~
Ing of the thruster systems is planned when che
spacecruft regalns eontinuous sunlight In the Aug-
ust 1979 to August 1980 period.

Appendix A = Spucecroft Anpular Accaloration

and Thruster Gimbal System

Figure 7 {8 a line drawing of the SERT IL apace-
craft. The spacecrafl is spin-stabilized akout an
axis perpendicular to the paper and running through
the center of gravity. Both lfon thrusters are locu-
ted suck that their thrust vectoar noninally passes
through the apacezraft center of gravity. The
thrust vector can be gimballed, :10° about the nom-
inal thrust vertor. Referring to figure 7, the
clockwine angular accelerstion about the center of
gravity is given by the equation:

Force * distance * ain @
Spin axis moment of inertia

Angulayr
acceleration

whare
Force = thruat of ion thruster
- 2,04x2073 . (Ig) + ¢V ¥ 20 neweons
I5 is beam current, amperaos
Vs is screen (beam) voltage, volts

{bean divergence and multiple lon loss is
leas than 1% and is neglected)

Distance = distance from thruster gimbal mount to
spacecralt center of gravity, 3.04 meters

B = gimbal angle, degrees
Homent of inertia of spacecraft obout spin axis =
10,970 kg-metern®

For an 85-mA beam curvent at 3000 volts, the
thrust 1s 9.5%x10"3 newvtons. Using & gimbal angle of
+10% (as shown in tig. 7) results in a caleulated
angular accelevation of 4,6x10~7 radiane/sec? or
0.38 rpwm/day. The natural decay rate of the space-
craft varies with spin rate and 18 (2 to 8)x10~3
rpm/day. This decay tends to reduce the net spin
rate Increase and is subtracted as a correctfon te
the calculated valuc of angular acceleratien.

Thryster Gimbal System

Each {on thruster is mounted on two indepen-—
dently controlled gimbal actuators to allew vector—
ing of the thruster. One gimbal drive {shown in
tig. B) vectoras the thrust angle as shown in figure 7
and varies the magnitude and sign of the spacecraft
mngular acceleration. The other gimbal drive varies
the thrust vector in the cross direction. This gim
bal is noymally pouitioned In the center position,
but even if it were not, 1ts ponsition would have a
small effect on the average angular acceleration.

Ho telemetry readout of gimbal position 1s provided.

Pouition i8 deterzined or sat by commanding te

afcher limit of travel and then timing the travel
back ko tho dusired position, Additional detaile
of the gimbal aystem may be found in reference 8.

Buring gimbal operation in the first quarter of
1979, anomalous gimbal movement occurred. The mo-
tion appeared notmal in the direction to inercase 0
(ag shown In £ig. 7), but motion in the opposite di-
rection appeared to be retarded., This motion was
deduced by analysls of the data frow spacecraft
spinup by the ion thruster. The calculated augular
acceleration equation above has two unknowna, thrust
magnitude and gimbal position. By driving the gim-
bal iIn the Full pogitive 8 direction, (run 10,
Table 1) its position was known and the measured
angular azcceleration was used to calculate thrust.
The thrust value go measured was in exact sgreement
with the thrust values calculated from electrical
measurements and alse those thrust values measured
in 1970. For other gimbal positions, the thrust
value was assumed conatant and the gimbal position
wag calculated. Thege calculated gimbal positions
atre listed in Table 1. A gimbal & position of
15,59 gppeared to be the limit of gimbal travel in
the direction towvards negative © values. If the
glmbal travel had gone to negative ©§ values, the
ion thruster could have been used to despin (to avoid
pechanlcal damage to solar array) the spacecraft in-
atead of the cold gas system.

Appendix B - Solar Array Description

The SERT II solar array consits of 33,300
(N on P) 2x2 cm solar cells. The solar cells are
12-mil-thick soldered cells, with & base resistivity
of 1 to J obm-centimeters. Solar cell coveralides
are 20 mil fused silica. The performance data pre-
sented here 18 derived from f£1ight data on the 25,840
calls that make up the "thruster" section of the so-
lar array. The thruster section of the solar array
is configured as 1B parallel connected sections of 2
peries connected panels each. The 76 panels (2x38)
cach consist of 68 series connected submodulas. Each
submodule {8 monde up of 5 parallel connected solar
cells.  Submodule construction, panel layout, and
golar wing configuration is shown 1In figure 9. For
reference, the electrical configuration of the
SERT 11 solar array/power system is shown in fip-
ure 10.

Flight data (array voltage, current, and tem-
peratures) obtained during various load configura-
tion has been reduced and normalized to a4 common
baseline. Solar array characteristics for beginning
of 1ife (BOL) in 1970, and its status as observed in
the First quarter of 1979 are presented in figure 6.

En generating the data set to plot the present
array characteristies the bast probable sun angle
wis ggsumed In each case. Typleal sun angle uhcer—
taincy 18 +5 degrees or about 4 percent of the so-
lar flux intenaity. This gives a somewhat pessimis-
tiec result for comleulated solar array parameters.
The highest thruster array load observed during test-—
ing early in 1979 was 785 watte. This is just below
the predicted peak power of 814 watto. Additional
testing will pruvide data to further refine the pre-
sent array characteristics, however, the final re-
sulty are not likely te differ by more than a per—
cent or twn from the Following findings: (see
Fig. 11)



Degradation of opan clrcult voltage 11. 6%
Degradation of short cireuic current 19.5X
Dogradation of maximum power veltage 16.8%
Degradation of maximum power curreat 22,92
Degradation of maximum power 35.9%

Degradation of the maxinum power point {8 more than
would be expected from the open~circuit voltage and
short-clrecuit enrrent degrodatfon. This is because
the "£111 factor" or squarcness of the I-V curve has
decreased for che dograded array.

The predicted power degradation was 40.5 por-
cont for early in 1979. Sce figure 6 for a plet of
the projected radistion degradation. Less degrada-
tion than expected indicotes no significant contam-
Ination hus occurted from spacecraft sources ineclud-
ing lon thrustor operation.

Solar array temperatures in 1979 are comparable
to those observed in 1970, indicating the solar ar-
ray optleal and thermal properties have -emained
fairly constant., Six of the 90 solar ponels carry
temperature Instrumentation. These panels are loca-
ted symmetrically with three on cach wing (see
fig, 9). The temperature gradient cbserved along a
solsr array wing has been factored into the array
characteristies presented. Typlcally, the inboard
edge of the solar array wing i{s warmer than the out-
board edge with the midsection temperature a little
warmer than che average of the edge temperatures.
The magnitude of the temperature gradient (edge to
edge) is a funetion of sun angle but is typleally
6% C (11° F) to 99 € (16° F). The effect of the
nonuniform array temperature is that the cooler pan—
els set the array open—clrcuit voltage. As power io
drawn from the arroy the cooler panels (higler volt-
age panels) provide current first. This results in
a power mismateh due to unequal load sharing, that
13, all panels do not reach their peak power opera-
ting point simwltancously. The degradation data
presented accounts for the effects of the nonuniform
array temperatures. Aa an example, the observed so-
lar array cpen-cireuit voltage was used In caleula-
tions involving outboard panels only. For wammer
lvboard panels, the obgerved solar array open—cir~
cult voltage was adjusted (lowered) to account for
the known temperature gradient. The solar array
electrical charancteristies preseated in figure 11
represent array parameters adjuvated to a unilorm
tempergture.

As noted earlier, the resistivity of the SERT II
solar cell is nominally 2-ochm-cm. Many of the NASA
solsr arrays flown to date use 10 ohmcm resistivity
cells. However, with the higher power detands of
future satellites use of the more efficient 2 ohmwcm
(and lower) resistivity is planned. The baseline
SEP aivay employs a 2 ohmcm cell. With one excep—
tion {Skylab) the SERT LI solar urray is the largest
array flown by NASA. The SCRT II array data pro-
vides the future designer with o datn peint on how
these cells perform over a long period (years) in
space. Additional information on the development
and early Elight performance of the SERT I solar
array is covered in reference 9.
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TABLE 2. = PERFOERANCE OF FLICUT TURUSTER 2

Preheat Yropellant, no beam
Yoar 1970 | 1573 ] 1974|1975 (1976 1977 J19719 | 1970 } 1973 [ lev | 1975 |19% | 1977 | 1979
Day zfn 6/ W0/7 f127é [ 4f22 [31/29 Juiaz | 2. 6/14 8l 12/4 |9/22 | 11/29 | 122
Rearart 10 80 13 215 {216 | 218 | 19 1o 86 198 215 216 | 118 219
wuaber
uin vaporizer V2,v 4] 1] D 1] [ ] 0] BL6Y | 81.49 1.85 1.85 | {) L.75 1.63
heater 12,a 0 0 0 0 0 0 o) a4} a2t 1701 1.80 1.65 | 1.58
Kiln cathode Vi,v 16,0 { 15.6 | 15.6 [ 15.5 | 15.0 | 15.4 | 15.5 8.7 9.5 9.1 9.1 6.4 5.9
heater 1M4 2.86 | 2,80 | 2.8 ] 2.81 | 2.80 | 2.87 | 2.87 | 1.54| 1.57 ] L.%7§ 1.67 1,61 | 1.57
Hain diacharge Vi, v »50 >30 >50 *»50 »50 >50 *50 39.9 39.7 40.4 40.4 AR T 19.4
T8 0 0 0 0 0 [+ 0 2.0 2.3 1.7 1.7 1.8 1.9
Bean valtage V5, v ] o 0 o 0 1) [} 0 0 D 0 [+] 0
Besm cutrent IS,a [} L] 0 [} [} 0 [} 1] 0 0 [+] a 0
Aceclaratar Vo.v o 0 [ 0 L] 0 0 4] 1] [+] [+ 0 L]
grid 16,84 0 ] » 0 0 0 0 0 0 [+ 0 0 0
Neutealizer .
heates Vv 577 8.8 8.6 | 10,4 8,2] B.8) BO| Br7] a10.4 B.4 8.8 8.4 7.3
17,4 #2.3 2,6 .51 30 2.5{ 25| 23| s3] #np 2.4 2.4 2.5 2.3
Neutralirer VB,v 8.5 ) .57 27.8] 3.0 28.5| 28.5 | 28.5| 28.5] °32.2 | 28,5 28.5 28.5 | 28.1
keeprc 18,a [ 90.226 |do.383 Pdo, 19t [0.179 [0.189 |0.297 {0.197 [<0.199 [40.175 [do.179 {do.tn 0.181 | 0,179
Spacecraflt v -5 {n -3 (f) {0y (f) -9 -3 {f) -4 {f) () -9
voltage
Neutralizer a 4] 0 0 9 0 0 0 a 1] [} a 0 ¢}
omignicn
Hifn cathods v10,v dare | d3ea | dayrd dann | daes | dase | d3sa |l 12,3 9,99 10.8 | IL.3J 10.5§ 11.0
keeper Io,n 0 ] Q 0 [} 0 o fbo, 280 |bo.273 {bo.273 |bo.201 bo.279 | bo.272
Jolar array v 70 52 6% 17 63 67 61 k] 61 60 391 61 63 63
30 percent beanm 80 percent beam Telemtry
wr
Year 1970 | 1974 | 197s [ 1976 | 2977 | 197¢ | 1979 | 1979 | 1970 ] 1974 | 1975 | 1979 |certainty
Day 2710 |eno | otare | 9s22 [ug2e | w2 | wez | oars |z fwrm | a2 23 (run)
Restare 10 198 215 216 218 219 214 210 10 200 215 211
nuubgr
Main vaporizer | V2,v Bl.63 | 1.70| L0 }co.19 | %2674 t.720| 170} t.70| 20} 1.B5 | 1.85| 1.85| :0.07
heatet 12,a gL.51 | 1.77| .70 | 40,09 § o297 1.67] 1.67| 167 | .70 1.95 | 1.96 ) 1.85] :0.08
Main cathode Vi, v 7.9 8.7 8.7 (3] () 8.2 8.2 8.2 8.3 8.7 8,2 8.2| 20.35
heater 13,4 1.54 F L5770 L.S7 | 1.60 | 1460 | L.57 | 1.57 ) 1.57 ] Ll.54 | 1.57 | 1.57 ] 1.57| :0.93
Main discharge | V4,v 42,2 | 4z.4| 42,4 39.8 (£) | 42,3 =38.3| Az3 | a5 sns | sn.51 41.4{  spD.2
14,8 0.7 0.6 | 0.5 [ a2.47 () { 0.60} 0.56] 0.60 1.2 1.1 1.1 1.2| :0.05
Bean voltage Vs,v d3490 | d2960 { d2900 | 2500 | zado | 3030 | 23030 2060 | 43160 | dze30 [ d2s00 | Y2630 165
Beam cuttent t5,n | ¢0.088 |do.083 [dp,083 |a0.172 jdo.119 | 0.088 | 0.083 ] 0.083 |40.203 |de.198 [d0.198 | 0.199} #0.005
Accelerator ve,v | iz [d-agae (41430 [ 41100 () { -1530 | -1539 | -1480 |L-1640 [d-1330 [de1280 § L1240 150
grid 15,04 1.1 0.9 0.8 0.5 (3 1.1 1.1 1.1 1.4 1.4 1.3 1.5 0.1
Neutralirer Vi, B6.6 8.1 1.7 1.1 7.1 1.5 7.5 7.5 | Ba.4 7.5 7.0 6.7] $0.25
heater 17,a B2.0 2.3 1.9 a6 82,7 2.2 2.3 2.3 E1.9 2.2 2.1 2.0| #0.05
Neutraliger va,v 27.8 | 27,8 2181 28.5| 20.2) 28.5| e24.0| 28.1 | c24.0| e27.8 | 27.8| 28.1| 0.7
keepar 18,n | d0.235 |d0.175 |90,175 | 0.181 | 0.18 | 0.181 | o.18¢ | 0.185 |d0.206 |d0.167 | 0.163 | 0.174] to.004
Spncecraft v -17 By ] (£) [¢] (f) -9 =9 -9 -17 {r) (r) -9 t2
voltage
Neutrallzer a 0.087 | 0.080 | ©.080 (43 t¢) | 0.086 | 0.0863 0.080 | 0.201 § 0.195 | 0.195 } 0.197| +0.006
calssloy
Hain eathode v10,v 20,4 | 0.0 20,0 | 13.B ) 15.7| 18.3| 18.9| 19,8 [ I13.9 | 13.1 | 13.1 | 12.9] 0.5
keepor vio,a | bo.272 ]+ 264 YYo.260 [bo.257 |bo.256 |bo.259 |bo.2sB | bo.260 |be.272 |bo.260 |bo, 250 |bo.258[beo, 003
Solar array v 68 59 s6 | Pso] Mg 59 59 59 63 s2| s s3] 1o
vaoltage

;:anue changing in responsic to control slgnal.
110 value catimated {rom V10 value and power gupply response characteriatic curve.
Voluea duy to differont sot polpts.

fbiffnmncu in values dug to differcnt dolar array voltages input to pover processor.

Data unavailable.

h

BEFL

lenter power lower due to higher thermal background.
Value catimated [rom V5.

T




TABLE 3. ~ REPKESENTATIVE HEATER VALUES® A} CATHODE STARTING TINuS

Thruster | Start Date Haln vaporizer Hain cathods Nrutralizer cathode | Cathode atart cime Tatul Neutralizer
aushet cathode, regervolr
12, | v2, |v2/12, 13, [ ¥3, |¥v)/13. ] Yh {VI/I?  [Hourrelizer Haipn on tezprrature,
A v 9 4 v 0 A ¥ i cathede, |eathode, | tise,d oC
nin aln hr
1 1| 12/9/69 ] 2.80) () | () 2.80{>15 |»5.3 2I8] (m) | (o 85 0.1 — (8)
4 1 L2/28/69] 2.81 | (a) | (&) 2.92| 15.7] 5.4 2.19) 9.9] s 6.2 4 —_— {s)
5 | 2/14/70 | 2,81 2.74 | 0.98 | 2.8BB| 157 5.5 2,901 10,3 Mé L 1) 3 0 {a)
6 | Wefo ] 289 (a} | (a) 15.3| 5.3 10.6 | 37 4.2 A s08 a3
T s/2/10 | (a) | 2,871 (a) 15.3] 5.3 10.8| L7 4,3 .7 2281 18
14 | 10/26/70| 2.89{ 2,60 | .50 14.1] 4.9 10.8 | 27 4.2 by s 194 LY
0y 2/11/n }2.89) 2671 .93 13.7] 5.5 10,2} 3.6 4.2 3 1455 a3
32 1 ya/2 | (a) | (a) | (a} | 15.79 5.5 .79 10.1] 1.& 5.2 (2) 3858 29
13| s/zs/13 Lasrfpa. e | Lor | 2.82] 15.3] 5.4 2,90 10.6 , 4.7 < bs. 4 1869 {a)
145 | 8/19/74 | 2.89 "1 oLes 15.3] 5.4 B L7 6.3 1.4 IEBS
156 | tof9/74 | 2.81 Y8 15.7] 5.6 ma| e 6.3 9.5 3589
157 | 11/14/25] 2.89 .95 15.31 5.4 0.6 § 1.7 6.4 1.8 490
10 | 9/15/76 | 2.09 | 2.10 | 1.00 | | 16.5] 5.2 6.5 3.0 3891
162 | 12/14/76] 2.703 2.74 | 1.0 | 2.88( 18.7) s.5 5.8 7.2 1894
172 L MY | 219 278 ) .98 }zoez] {a) | (2 6.6 1.5 3896
176 | 11/22/77) 2.89{ 2.74 | .95 |z2.82] 14.9] 5.3 5.8 3.1 3897
177 | 2/14/78 .67 ¢ .92 |2.88 5.2 10.3 | 38 6.5 2.9 1898
1713 | 714al7e 2. | .9» |2.88 5.2 1.6 3.1 5.1 L5 3898
119 | 1213479 2621 92 |2.82 5.3 1.2 | 3.6 4.8 1.0 3904
18% | /179 2.67 W92 ] 2.82) 14.5) 5.2 10.3 ] 1.6 4.8 4.0 4046
191 5/ 2,67 .92 |2.48} l4.9| 5.2 10.3] 1.6 6.6 6.7 4085 {
F 1 | 11/29/69] 2.89 | (a) 1€)] 2.8 115 5.4 2.94 % (a) (a) 10.0 1.0 —— {a)
4 [ 12/21/60| 2.90| (o) | (a} 2.77] 16.0| 5.8 2.86| (a} | ta) 6.3 1.0 — (a2}
1w | 2110 | 288207 96 |z.86| 16.0| 5.8 2.97{10.2 ] 3.4 3.2 o4 Q 97
11} 24470 | 2.97 |2.70 } .91 | 2.86] 16.0 1.2 | 3.4 3.2 .9 38 97
12 | 92170 2.81 | 15.6 w.6{ 1.5 1.7 .4 934 65
53 | 11113770 2.81] 15.6 ! 2.8 9 | 20m 69
67 | 2726/ ] i 2.86| 16.0 2.7 A 2126 115
6} Y/ | ) | (a) | (a) 2.86) 6.0} 5.3 (a) 2149 33
126 Y 200/73 J2.97)2.70) .91 (2.8 16,0 5.7 5.2 by, 2 2162 22
189 | 8/19/74 15.6 ) 5.6 5.4 10.5 2166 43
203 | 9/12474 10.2] 3.4 6.1 2.5 2169 40
211 | w2 10.2] 3.4 6.8 12.7 2175 33
215 | 1274775 Y )4 3.5 7.4 29,3 2177 37
216 | 9s22/76 2.86¢ 15.0} 5.2 2,927 10,2 1 3.5 6.2 bi1.0 178 30
218 ) u/in 15.4] S.4 0.0 24 6.4 2.1 2279 33
219 | 122079 15.6 ] 5.3 10,21 A5 3.9 2.0 2342 62
226 | M9 ' ] ta.8] s.0 0.4 | 3.6 3.8 1.8 2152 62
230 | 4737719 2.63 ) .89 14,1) 4.8 8.2 | 4.5 3.2 6.7 2881 97

%pata pot taken or wnavni'sble.
Ne preheat uded.
Quantizing and calibratwn error, $31, root-sum-square,
includey heating tlme L4 space only; ground time, thiuster 1 - B3 hr, thruster 2 - 91 wr,
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Figure 9. - SERT II array configuration,
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ARRAY CHARACTERISTICS NORMALIZED TO:

135 mW/cm? SOLAR INPUT
AVG. ARRAY TEMP. 59° C (1389 F)
ZERO DEGREE SUN ANGLE

~12Z1N W
H— S MAX. 197C

S14W ,
- MAX. 1979~

S | S
10 2 30 X 50
X000

60 70

Fiqure 11. - SERT 1T solar array IV curves 1970, 1979,
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