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Abstract

The SERT I1 spacecraft, launched in 1970, has
been maintained in an operational, but intarmittent-
ly active states since 1971. Periodic thruster sta-
tus has been reported while waiting for normal orbit
precession to return Clio spacecraft to continuous
sunlight in 1979. Now, the thruster has been oper-
ated for 600 l:curs In the first quarter of 1979.
Thruster startup and operation In 1979 is unchanged
after 9 years in apace. The ion thruster was gim-
baled and used to maintain spin stabilization of the
spacecraft. Minor components of the spacecraft have
failed, but have not interfered with the functional
statue of the spacecraft.

Introduction

increase the spacecraft spin rate to maintain space-
craft attitude stability. (Prior to 1979, spin rate
wan maintained by cold gas jets.) At the some time,
a direct thrust measurement was obtained for the ion
thrus ter.

This paper contains the results of the January
to April, 1979 steady-state testing of thruster 2
for 599 hours, the continued restart tests of
thruster 1 (its internal short remains), and a re-
port on the general status of all spacecraft sys-
tems including the main solar array. The results
of neutralizer cross-coupling and bias experiments
concurrently conucted in 1979 are contained in a
companion Po1er115)

Apparatus and Procedure

The Space Electric Rocket Test II (SERT IT)
spacecraft was launched in February 1970 with a goal
of demonstrating long-term operation of an ion
thruster system in space. Thruster 1 was operated
for 5-1/2 months and then thruster 2 was operated
for 3 months.(l) Each thruster operation was term-
inated by a high-voltage grid short. In 1973, new
goals were added for the still functional SERT II
spacecraft: (I) demonstration of thruster restart-
ability after long apace storage; (2) study of fac-
tors limiting thruster restarting; (3) demonstra-
tion of the apace lifetime of thruster system com-
ponents, such as, propellant feed systems, closed-
loop control systems, insulator shields, and power
processor units; (4) measurement of main solar array
degradation after years of space exposure; and
(5) verification of the compatibility of the space-
craft systems with sustained thruster efflux. Pro-
gress towards these goals was nude in 1973 with the
demonstration of over 112 restarts of each thrus-
ter. (2)

In 1974, the bighrvoltage short of thruster 2
was cleared and full operation of thruster system 2
was restored when the spacecraft was placed into a
spin-stabilized mode. In the 1974 to 1978 period,
testing to the 1973 goals was continued, and the ad-
ditional goal of peyiodic full operation of thrust-
or 2 was added,	 41 Steady-state operation for
more than 1 hour per orbit during 1973 to 1978 was
prohibited by loss of solar array power due to a
shadow period occurring each brbit revolution.

Natural precession of the SERT II 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-state
operation of an ion thruster system 9 years after
launch, (2) to measure andcompare the performance
of this aged thruster with that of a new thruster,
and (3) long Corm operation of the ion thruster nys-

"^^"	 tem to determine its life-limiting factor. In
meeting the 1979 goals, the Is., thruster was used to

*Assoc. Fellow AIM, Aerospace Engineer, NASA.
**Aerospace Engineer, NASA.

SERT II Spacecraft

Figure 1(a) is an artists drawing of the
SERT II spacecraft. A detai ed description may be
found in tl:e literature.( 1 % The spacecraft was
launched in 1970 Into a 1000-1cm, circular near-
polar (990 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. Natural orbit preces-
sion resulted in an initial continuous sun period,
lastinS until the end of 1971. Partialshadowing
of the orbit occurred from 1972 through 1978. Con-
tinuous sun again occurred from January 9, 1979 to
April 11, 1979, and 1s predicted at this writing
(June 1979) to occur from AugusL 1979 to August
1.980. The spacecraft battery reached and of life
::afore 1973, and the !nly spacecraft power source
now is the solar array.

The basic spacecraft structure is an Agena ve-
hicle with a fuld-out solar array mounted off the
aft rack null two ion thrusters mounted on a forward
deck as sp awn in figure 1(b). Although never de-
designed to be spin stabilized, the spacecraft has
been spun about an axis perpendicular to the plane
of the solar arrays. Presently the spin axis is ap-
proximately perpendicular to the orbit plane. A
mechanical analysis of the solar array structure in-
dicates that buckling of solar array supporte my
cause uncontrolled distortion of array panels at a
spin rate in excess of 6 to 9 rpm. Therefore, the
spin rate of the spacecraft fins been limited to
6 rpm or less. Stability sas been demonstrated at
spin rates of 0.3 rpm. Periodic spinup is required
to make up for natural damping forces which result
in a spin rate loss in the range of 1 to 6x1013
rpm/day. The cause of damping has not been ana-
lytically modeled, but the despin rate appears to be
a function of the spin magnitude and the spin axis
direction.

The attitude of the spacecraft has been deter-
mined by the roll-offsat of the Agana horizon scan-
nors. The spin rate has been measured by both the
pitch-horizon crossing of the scanner and by the
automatic gain control (AGC) signal level variations
from tracking station receivers.
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The performance and degradation of the solar
array, as well an a suatus of spacecraft systems,
is presented in the Results and Discussion section.

BERT II Ion Thruster Systems

The two identical flight thruster systems have
teen described lit 	 literature(1) and only that
description bearing on the results of this report
will be broefly repeated. Figure 2 is a cutaway
drawing of one thruster. Each mercury ion bombard-
mant thruster is 15 cm lit diameter, operates at a
nominal 1 kW and produces 28 mN (6.3 mlb) of thrust
at 250 mA bezm of 4200 second specific impulse. In
addition to the 250 mA beam set point there are or
points available for operation at 200 and 85 mA
beam. The screen voltage is unregulated and is pro-
portional to solar array voltage. The nominal 4200
second specific Impulse is produced by 3000-volt
screen voltage at 6D-vult solar array voltage (See
solar array Appendix for circuit diagram.) Thu
screen and accelerator supplies are pr-tected
against current overloads and briefly turn off (0.1
sec) if the screen (beam) current exceeds 300 mA or
if the accelerator current exceeds 50 mA. This
amount of off time (0.1 sec) in usually enough for
an arc to clear itself. The power processor unit
(called "power conditioner" on BERT II) was designed
to operate with a minimum input voltage of 48 volts.
Input voltages below 48 volts cause automatic turn
off of the power processor unit and requires ground
commands 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 I
lists each of the nine test segments and twelve
starts that were made in accumulating the total. of
599 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 several times at 250 mA beam
current, but insufficient power was available from
the naturally degraded solar arrays to permit this
operation. Table 2 lists representative values for
thruster 2 operating parameters during preheat, pro-
pellant and beam operation for periods from 1970 to
1979.

As can be seen from Tabie 2, thruster 2 elec-
trical performance is nearly identical after a
9-year time span for all operating ranges tested.
Minor differences fail within r.elemetry uncertainty
or are the results of known set point changes.

The gimbals on thruster 2 were positioned to
offset the thrust vector from the spacecraft center
of gravity and produce a torque which increased the
spacecraft span rate. Knowing the gimbal position
and measuring tine 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 syntem.

Figure 3 is a plot of the spacecraft spin rate
during the first part of 1979. The horizontal por-
tiono of the data plot are periods when the Ion
thruster uns off. A slight loss of spain rate 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 allows

a positive slope. Title slope is proportional to
the threat magnitude slid the sine of the gimbal
angle (appendix A). Sections of figure 3 with near-
ly vertical decreasing spin rate values correspond
to the use of on-board gas jets to reduce the spin.
rate. This was done to keep the spin rate below
6 rpm and prevent structural datnage to the solar
arr,v.

The slope of figure 3 fir run 5 resulted in a
computed 'hrust value of 10.0 millinewtons (mN) at

85 mA best current. Thin value was within tele-
metry nneertalnly (date accuracy) of the thrust
value calculated from electrical parameters of
9.8 mN. The thrust value measured in 1979, when
compared to the 1970 250-mA beam current darn,
agrees within data accuracy of the thrust measure-
ments (137.). Table 1 gives individual values of
beam current and voltage, test segment hours, and
gimbal angle far ench of the nine thr.tst-producing
test segments. The conclusion of the thruster per-
formance data of figure 3 and Table 1, is that there
has been no change In thrust level or efficiency of
the thruster system in the 9 years since launch.

At the time of the SEAT II launch, 1970, the
life-limiting factor of the thruster system was be-
lieved to be erosion of the main cathode orifice.(I)
Such erosion enlarges the orifice and permits more
propellant to flow through the cathode. This in-
creased flow tends to increase the discharge cur-
rent. A life limit occurs when the discharge supply
current limit is reached. In-flight cathode erosion
was less than experienced in ground tests and was
never a life-limit factor In flight thruster opera-
tions. This was one of the basic results fround in
19701) Operation of thruster 2 for 599 hours in
early 1979, resulted lit 	 change of the main dis-
charge current. Thus, the earlier result of low,
in-flight, cathode orifice erosion is also true for
thruster operation at the throttled level of 85 mA
beam current.

Thruster 2 Starting

Thruster 2 was started successfully 12 times

during the first part of 1979 and never failed to
start when attempted. The starting times and heater
vnlucs 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 1970. The longer sterting
times between 1973 to 1977 are due to cooler initial
thruster temperatures caused by partial orbi^ eclip-
ses during that time period.

In addition to easy starting, the heater elec-
trical values show little or no deterioration after
230 restarts and 2930 hours of vaporizer/cathode op-
eration. For 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 by one orbit of propel-
lant (discharge only) before turning on the H.V.
beam, Based on tine quick starts of 1973 to 1978
potions and on a practical desire to reduce starting
cycle times, n shortened starting procedure was
adopted for the balance of the 1979 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) before turning on .he II.V.
beam.
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The SENT iI thruster system was designed to
test the steady-State lifetime capability of an ion
thruster. Quick starting was not a requirement and
the thermal response of the propellant food system
is slow due to ralativol y heavy aortal parts and
small heaters. Novartholono, the modified starting
procedure comes close to that dcairod (15 min) for
present cyclic ion thruster systems, and indicates
that with proper design Lida startup time should be
met. Hinimum startup time is desired for cyclic ion
thruster systems to maximise yropallant efficiency,
and minimiza electrical energy requirements.

Thu only starting difficulty occurred during
rue 2 (Table 1) when tie dlschargou lit proporly,
but due to a ground commune problem, the N.V. boam-
on command was sent at a non-aptimum time, when the
vaporizers were unstable. Tine resulting beam cur-
rent produced by the thruster exceeded the power
capability of the solar array. A power conditioning
undarvoltage turnoff then occurred automatically
when the array voltage dropped below 48 volts.

Thruster 2 Arcing

Table 1 given the number of high-voltage re-
cycles or arcing that occurred during the 599 hours
of early 1979 operation. A total of only eight area
was logged; this rate is considerably lower than
:bat experienced in 1970. In1970 0 the mean period
between arcs was 6 hours, with several periods of 50
hours and one of 150 hours with no arcing. Thu prob-
able cause of reduced arcing in 1979 was operation
at lower beam currents (85 versus 250) with a cor-
responding lower buildup of condunsod sputter vestal
on the accelerator grids to initiate arcs.

Runs 1, 3(b), 5, and 9 were terminated when a
high-voltage arc occurred and the power conditioner
experienced all shutdown. When ua arc
occurs accelerator current reaches its trip level of
50 mA and initiates an me recycle sequence. The
main vaporizer, 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 ignore the effect of the vaporizer
supply turnoff. With the high-voltugo supplies off
(V5 and 116), few ions are be.ng extracted from the
discharge chamber. Whon the high voltages are re-
ostabllxhed at the and of the "blink-off" cycle an
overshoot of beam currant occurs above the desired
beam setpoint. Thin overshoot of boom current re-
turns to desired levels within 10 milliseconds as
the exceas Sons are depleted. To prevent the normal
beam overshoot at turnon from initiating another re-
cycle the trip in not enabled until 0 . 01 second af-
ter high voltages are turned on, this allows suffi-
cient time for the overshoot condition to return to
below trill 	 The beam trill 	 point In 300
MA. Tie degraded solar array is incapable of aupply-
ing sufficient steady-state power to meet this de-
mand and will cause the solar array voltage to drop
below 48 volts tripoff point of the power conditioner.
Tine authors believe 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.
power supplies. If the beam overshoot is not too
high, the power supply input capacitance may supply
enough temporary power to avoid overloading the so-
lar array.

Oil 	 1 and 8, Table 1, the arc clearing cir-
cuit cycled without causing undarvoltage shutdown.
Oil 	 4, 6, and 7, the power conditioner went

through 
all

	 shutdown duo to intentional
test procedureu taUch placed an extensive load on
the .alar array. For tents 8, 10, and 12, the tact
was terminated by planned ground command.

Taut 11 wan unique. One objective of test 11
was a quick H.V. turnon Warn discharge ignition to
mounuro N.V. leckagu current with no beam or Us-
charge on. No leakage was measured, thus confirm-
ing the doaign of thruster H.V. insulators. How-
ever, after 1-1/2 minutes of thin condition, in grid
short appeared. Its characteristics were consistent
with and similar to those grid ahorta 

lit
	 that

terminated boom extraction. After continuous over-
load recycles for 2 minutes an overload integrator
abut the system down. Proaumobly n web of grid ma-
terial had shorted across the grids. A second at-
tempt to turn ca 11.11. resulted 

lit 	 arcing,
and this state wan permitted to continue (by dinab-
ling the overload integrator) for 1 hour with no
change.

In an attempt to clear the short, the thruster
was restarted in a cold state, where thermal differ-
ential contraction might result in breaking off of
the shorted web fragment. The attempt was success-
fill and when IL V. was applied to a cold thruster,
the short was cleared. Subsequently, thruster 2 ran
for 49 hours and was commandod off with no problem.
It wan turned off because the spacecraft orbit wan
approaching the calendar time of partial orbit sha-
dowing which wan the planned end of this test per-
iod.

Thruster 1 Restarts

Thruster 1 wan rentnrtad 13 times between Jan-
uary 17 and Hay 22, 1979. Rapresenting starting
times and henter values are listed in Table 3. The
same ,.tarting results were found for thruster 1 as
for thruster 2, that in, similar starting times as
function of the initial temperature state of the
thruster, and little or no change 

fit 	 rosls-
tances. On several occasions tine N.V. was applied
to thruster 1 with no change lit 	 existing grid
short. The discharges of thruster 1 were turned on
for 172 hours during the above period ro supply a
space plasma for performing crows-noutrnll ing ex-
parlmento reported in a companion paper. (5^

Neutralizer Propellant TntikH

pinch neutralizer propellant tank wall equipped
with a transducer to measure the gas (80S'N2, 20Z Kr)
pressure lit 	 b:lowdown volume. Knowing the gas
volume and tamperat'ura, and measuring the pressure
rate of chango, enables a calculation to be made of
the neutralizer mercury propellent flow rate. Fig-
ure 4 is a plot of the pressure change with vapori-
-or operating hours for the neutralizer of system 2.
Thu pressure reading was constant to 1570 hours be-
cause radiated thruster Lent caused the gas pressure
rise beyond the transducer maximum rnnge. At 1570
(tours the pressure indicated a drop of one telemetry
count. Thereafter titers was a drop of one count ap-
proximately every 110 hours until the grid short uc-
cutrad at 2980 hours in 1970. From day 78, 1971 to
day 22, 1979 approximately 50 hours of vaporizer
flow occurred, but the pressure decayed 4.0 N/cm2
(5.8 psia). The exeoun decay, 4.0 N/cm2 wall
to be a gas leak to space. The pressure lout a Yer 8

years corresponds to a low leak rate of 1.7x10-4
cm3/hr (STP).

iw



fl	 M

In 1979, thruster neutralizer vaporizer was op-
erated for 602 hours and Lila pressure decayed from
17.2 6o 33.0 N/cm 2. The calculated flow rate for
1970 was 27 uA average equivalent flow of mercury,
and for 1979 was 37 mA. The higher flow rate meas-
ured in 1979 Is in agreement with laboratory tests
In which higher neutralizer flow rates were required
at the throttled beam (1979) as compared to full

,lmbeam (1970). The enated pressure at which the
tank will be empty is 27.2 N/cm2 and will occur af-
ter an additional opetating time of 11001200 hours.
Approximately 35 percent of the original mercury
propellant remains. The leak rate of gas In minor
and will not be a factor in limiting Lin. flow of
mercury. A surplus of gas of 22 . 2 N/cm2 will exist
if the propellant is exhausted In 1980 or earlier.
The integrity of the design in presently verified
for a period 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
Is not presented. The apparent leak rate of this
tank for the same period of 1971 to 1979 is 1.5x10-4
cm3/hr, and is also of no concern. Approximately 35
percent of the original mercury remairs in the tank.

Solar Array Performance

Performance of On S p.RT I1 solar array has been
reported in the past. ^^,9) The data obtained during
continuous thruster operation during the first quar-
ter of 1979 has provided an update of the array sta-
tus. Because operation was continuous, and not in-
termittent as during previous testing periods (1974
through 1976), a higher degree of accuracy exists
for the current data. Figure 6 shows it 	 of the
projected radiation degradation and data points ob-
served during this and previous operating periods.
As shown, the degradation Is following the projected
trend, but is consistently a few (3 to 5) percent
less than projected. Array degradation being less
than expected .udicates no significant contamination
from spacecraf sources including ion thruster oper-
ation.

Additional detail on the solar array character-
istics can be found in appendix B.

Spacecraft Systems Status

The extended operation of the SERT II space-
craft has been possible because no critical space-
craft failures have occurred with an orbit operation
now in its 10th year. A brief summary of current
subsystem stores follows:

Thermal - Passive, except for P/C heaters,
still provides compunent temperatures within
original limits.

Power - Battery failed only after It exceeded
its lifetime, all other power system components
(inverters, regulators...) performing normally.

Data - One oubcommutator has failed resulting

in the loss of 60 out of the 1200 data chan-
nels. Several of the channels affected were
redundant on other telemetry channels. One of
two tape recorders has failed.

Attitude Control System - Four control moment
gyros (CMG's) and horizon acannere fully func-
tional.

Packuu Attitude Control System - This cold gas
system is fully functional with about 50 per-
cent of the gas remaining.

Secondary Experiments

-Beam probes - one fully functional, the
second in partially functional

-Reflector erosion experiment - fully
functional

-Miniature electrostatic accelerometer -
not functional

-RFI experiment - VOL functional

Selected Component Operating Time

The operational hours on selected components
are given in the table below. The total orbital
life of SERT II satellite to data is approximately
83,000 hours. A history of SEPT II operations is
given in figure 6.

Operational,
hr  Component

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

26,000 Data system

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

25,000 Transmitter 1

21,000 Main inverter

20,500 CMG's 3 and 4

14,000 Transmitter 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

Conclusions

The SERT I1 spacecraft orbit has processed suf-
ficiently, In 9 years since launch, that she space-
craft again in in continuous 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 85 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 ion thruster was used
to spinup the spacecraft to maintain spacecraft at-
titude control, and in doing so, sit additional men-
surement of thrust was achieved. This thrust mess-
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 space-
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craft sources or ton thruster afflux. The opens-
craft remains functional and has only experienced
miner failures of two s,mondery experiments, a hot-
fury, one sub commutator (60 of 1200 data channels)
In the telemetry system, and the loos of one of two
tape recorders. Approximately 35 percent of the
neutralizer propellant remiss and additional test-
ing of tho thruster syutnuts Is Planned when the
spacecraft regains contLnuous sunlight in the Aug-
net 1979 to August 1980 period.

9P +^endix A - SpacmrafC ,Annular Acceleration

and Thruster Global System

Figure 7 I a line drawing of the BERT II space-
craft. The spacecraft is spin-stabilized about an
axis perpendicular to the paper and running through
the center of gravity. Both Ion thrusters are loca-
ted such that their thrust vector nominally passes
through the spacecraft center of gravity. The
thrust vector can be gimballed, ilOo about the nom-
inal threat vector. Referring to figure 7, the
clockwise angular acceleration about the center of
gravity is given by the equation:

Angular	 _ Farce • distance • sin 0
acceleration Spin axis moment of inertia

whore

Force - threat of ion thruster

2.04x10 3 • (I 5 )	 VS _+20  newtons

I5 1s beam current, amperes

V5 is screen (beam) voltage, volts

(beam divergence and multiple Son lose is
lees than 1% and is neglected)

Distance - distance from thruster gimbal mount to
spacecraft center of gravity, 3.04 metera

0 - gimbal angle, degrees

!foment of inertia of spacecraft about spin axis e

10,970 kg-maters2

For an 85-mA beam current at 3000 volts, the
threat is 9.5x 10- 3 newtons. Using a gimbal angle of
+100 (as shown in fig. 7) results in a calculated
angular acceleration of 4.6x 10-7 radians/sac 2 or
0.38 rpm/day. The natural decay rate of the space-
craft varies with spin rate and is (2 to B)x10-3
rpm/day. This decay tends to reduce the net spin
pate increase and is subtracted as a correction to
the calculated value of angular acceleration.

Thruster Gimbal System

Each ion thruster is mounted on two indepen-
dently controlled gimbal actuators to allow vector-
fng of the thruster. One gimbal drive (show in
fig. 8) vectors the thrust angle an shown in figure 7
and varies the magnitude and sign of the spacecraft
angular acceleration. The other gimbal drive varies
the threat vector in the cross direction. This gim-
pal is normally positioned in the center position,
but even if it were not, its position would have a
Small affect on the average angular acceleration.
No telemetry readout of gimbal position is provided.

Position Is determined or set by eoimauding to
either limit of travel and then timing the travel
back to the desired position. Additional details
of the gimbal aystem my be found is reference B.

During gimbal operation In the first quarter of
1979, anomalous gimbal movement occurred. The m-
tlun appeared normal In the direction to increase 0
(as shown in fig. 7), but motion In the opposite di-
rection appeared to be retarded. This motion was
deduced by analysis of the data from spacecraft
&pinup by the ion thruster. The calculated angular
acceleration equation above has two unknowns, thrust
magnitude and gimbal position. By driving the gim-
bal in the full positive 0 direction, (run 10,
Table 1) its position was known and the measured
angular acceleration was used to calculate thrust.
The thrust value so measured was in exact agreement
with the thrust values calculated from electrical
measurements and also those thrust values measured
In 1970. For other gimbal positions, the threat
value was assumed constant and the gimbal position
was calculated. These calculated gimbal poeitionB
are listed in Table 1. A gimbal 0 position of
15.50 appeared to be the limit of gimbal travel in
the direction towards negative 0 values. If the
gimbal travel had gone to negative 0 values, the
ion thruster could have been used to despin (to avoid
mechanical damage to solar array) the spacecraft in-
stead of the cold gas system.

Appendix B - Solar Array Description

The BERT II solar array consits of 33,300
(N on P) 2x2 m solar cells. The solar cells are
12-mil-thick soldered cells, with a base resistivity
of 1 to 3 ohm-centimeters. Solar cell coverslides
are 20 mil fused silica. The performance data pre-
sented here is derived from flight 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 38 parallel connected sections of 2
series connected panels anch. The 76 panels (2x38)
each consist of 68 series connected submadules. Each
submodule is made up of 5 parallel connected solar
calla. Submodule construction, panel layout, and
solar wing configuration is shown in figure 9. For
referdiice, the electrical configuration of the
BERT lI solar array/power system is shown in fig-
ure 10•

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

In generating the data set to plot the present
array characteristics the best probable am angle
was assumed in each case. Typical sun angle uncer-
tainty is 15 degrees or about 14 percent of the so-
lar flux intensity. This gives a somewhat pessimis-
tic result for calculated solar array parameters.
The highest thruster array load observed during test-
ing early in 1979 was 785 watts. This is Just below
the predicted peak power of 814 watts. Additional
testing will pruvide data to further refine the pre-
sent array characteristics, however, the final re-
sults are not likely to differ by more than a per-
cant or two from the following findings: (see
fig. 11)

b
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Degradation of open circuit voltage	 11.6%
Degradation of short circuit current	 19.5%
Degradation of maximum power voltage	 16.8%
Degradation of maximum power current	 22.9%
Degradation of maximum power	 35.9%

Degradation of the maximum power point is more than
would be expected from the open-circuit voltage and
short-circuit current degradation. This is because
the "fill factor" or squareness of the I-V curve has
decreased for the degraded array.

The predicted power degradation was 40.5 par-
cant for early in 1979. See figure 6 for a plot of
the projected radiation degradation. Less degrada-
tion than expected indicates no significant contam-
ination has occurred from spacecraft sources includ-
ing ion thruster operation.

Solar array temperatures in 1979 are comparable
to those observed in 1970, indicating the solar ar-
ray optical and theroml properties have -emained
fairly constant. Six of the 90 solar panels carry
temperature instrumentation. These panels are loca-
ted symmetrically with three on each wing (see
fig. 9). The temperature gradient observed along a
solar array wing has been factored into the array
characteristics presented. Typically, the inboard
edge of the solar array wing is warmer than the out-
board edge with the midsection temperature a little
warmer than the average of the edge temperatures.
The magnitude of the temperature gradient (edge to
edge) is a function of sun angle but is typically
6 0 C (110 F) to 90 C (160 F). The effect of the
nonuniform array temperature is that the cooler pan-
elf] set the array open-circuit voltage. As power is
drawn from the array the cooler panels (higher volt-
age panels) provide current first. This results in
a power mismatch due to unequal load sharing, that
is, all panels do not reach their peak power opera-
ting point simrltaneously. The degradation data
presented accounts for the effects of the nonuniform
array temperatures. As an example, the observed so-
lar array open-circuit voltage was used in calcula-
tions involving outboard panels only. For warmer
inboard panels, the observed solar array open-cir-
cuit voltage was adjusted (lowered) to account for
the known temperature gradient. The solar array
electric yl characteristics presented in figure 11
represent array parameters adjusted to a uniform
temperature.
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As noted earlier, the resistivity of the SERT II
solar cell is nominally 2-ohm-cm. Many of the NASA
solar arrays flown to date use 10 ohm-cm resistivity
cells. However, with the higher power demands of
future satellites use of the more efficient 2 ohm-cm
(and lower) resistivity is planned. The baseline
SEP stray employs a 2 ohm-cm cell. With one excep-
tion (Skylab) the SERT II solar array is the largest
array flown by NASA. The SORT II array data pro-
vides the future designer with a data point on how
these cells perform over a long period (years) In
space. Additional information on the development
and early flight performance of the SERI II solar
array Is covered in reference 9.
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TABLE 2. - PCglO911Na Of PLIQR MUSTER 2

Pceheat Ptepallant. no bee.

Year 1970 1973 19A 1975 1976 1977 1979 1970 4973 1974 1975 1976 1917 1979

Day 2/11 6/1 10/7 12/4 4/22 11/29 1/72 2/'i 6/14 6/23 12/4 9122 11/29 1/22

USE." 10 80 213 215 216 218 219 t0 86 195 2L5 216 Zia 219
ft.b.r

Data vaporizer V2.v 0 0 0 0 0 0 0 81.63 -1.49 1,85 1.65 (L) 1.75 1.67
heater 12.4 0 0 0 0 0 0 0 81.41 41.32 1.70 1.80 1.65 1.$8

Wt. cathode V3,v 16.0 15.6 15.6 15.6 15.0 15.4 15.5 8.7 9.5 9.1 9.1 6.4 3.9
heater 13.a 2.86 2.81 2.81 2.81 2.81 2.87 2.57 1.54 1.57 1.57 1.67 1.61 1.57

Min dlacharge V4.v -50 .50 >50 >50 -50 >50 -50 39.9 39.7 40.4 40.4 40.7 39.4
14.4 0 0 0 0 0 0 0 2.0 2.3 1.7 1.7 1.8 1.9

U.. voltage VS.v 0 0 0 0 0 0 0 0 0 0 0 0 0
Me. current 15.4 0 0 0 0 0 0 0 0 0 0 0 0 0

Accelerator V6.v 0 0 0 0 9 0 0 0 0 0 0 0 0
grid 16.m 0 0 0 0 0 0 0 0 0 0 0 0 0

Neutralizer
heater V7.v 97.7 8.8 8.6 10.4 8.2 8.4 8.0 87.7 -10.4 8.4 8.8 8.4 7.5

17,4 92.3 2.6 2.5 3.0 2.5 2.5 2.3 82.3 43.0 2.4 2.4 2.5 2.3

Neutrallrar VB.v 28.5 28.5 27.8 38.0 28.5 28.5 28.5 28.5 432.3 28.5 28.5 28.5 28.1.
keapr, 18.- dO.226 d0.783 JOAV1 0.179 0.189 0.197 0.197 d0.199 40.175 d0.179 d0.171 0.181 0.179

Spacecraft v -6 (f) -3 (f) (f) (f) -9 -9 (f) -4 (f) (f) -9
"It's.

Neutralizer a 0 0 0 0 0 0 0 0 0 0 0 0 0
-.halt.

Win cathode V1O,v d 416 d363 d371 d411 d343 d386 d363 12.3 9.9 10.8 11.] 10.5 11.0
keeper 110,4 0 0 0 0 0 0 0 b0.28D b0.273 b0.273 60.271 60.279 60.272

Color array v 70 62 65 1 77 1 63 1 67 1	 61 JB fil 60 59 1 61 65 1 61

30 percent bea. 80 percent beam Telezutry
ur

Year 1970 1914 1975 1976 1977 1979 1979 1979 1970 1974 1975 1979 certainty

Day 2/11 9/10 12/4 9122 11/29 1/22 1/22 4/5 2/11 9111 12/4 215 (real

Neetart 10 198 215 216 218 219 219 230 10 200 215 211
..mbar

Wt. vaporizer V2.v 91.63 1.70 1.70 c0.19 42.67 1.70 1.70 1.70 1.70 1.85 1.85 1.85 10.07
beater 12,a 91.51 1.77 1.70 80.09 42.97 1.67 1.67 1.67 1.70 1.95 1.96 1..85 t0.08

Main cathode V3.v 7.9 8.7 8.7 (f) (f) 8.2 8.2 8.2 8.3 8.7 6.2 8.2 10.35
heater 13.4 1.54 1.57 1.57 1.61 1.61 1.57 1.57 1.57 1.54 1.57 1.57 1.57 10.05

Min dlachat,a V4.v 42.2 42.4 42.4 39.8 (f) 42.3 -38.3 42.1 41.5 41.4 41.5 41.4 50.2
14,a 0.7 O.6 0.56 x2.47 (f) 0.60 0.56 0.60 1.2 1.1 1.1 1.2 10.05

Be. voltage V5.v d3490 6 2960 d2900 2500 2440 3020 3030 2960 d3160 d2630 d2500 d2630 165
Dva. currant 15.4 d0.088 d0.083 d0.083 -0.172 d0.119 0.088 0.083 0.083 d0.203 d0.198 d0.198 0.199 10.005

Acecla ra ter V6.v d-1730 6-148, 4-1430 d110O (f) -1530 -L539 -1480 d-1640 '-1330 d-1280 d-1340 150
grid 15.mA 1.1 0.9 0.8 0.5 (1) 1.1 1.1 1.1 1.4 1.4 1.3 1.5 10.1

Neutrallzvr V7,v 96.6 8.1 7.7 7.1 7.1 7.5 7.5 7.5 96.4 7.5 7.0 6.7 10.25
heater 17M 82.0 2.3 1.9 -2.6 42.7 2.2 2..1 2.3 81.9 2.2 2.1 2.0 10.05

Neutr.11act VB.v 27.8 27.8 27.8 28.5 29.2 28.5 x24.0 28.1 -24.0 -27.8 27.8 28.1 10.7
keeper IB,. dO.215 d0.175 d0.175 0.181 0.18 0.181 0.189 0.185 d0.206 d0.167 0.163 0.174 10.004

Spacecraft v -17 -8 (f) (f) (f) -9 -9 -9 -17 (f) (f) -9 t2
voltage

Ncutra1lz.r v 0.007 0.080 0.080 (f) (f) 0.086 0.086 (	 0.080 0.201 0.195 0.195 0.197 10.006
cal4e ion

Hain cathode V10.v 20.4 20.0 20.0 13.8 15.7 18.9 18.9 19.8 13.9 13.1 13.1 12.9 10.5
keeper Vl0.A h0.272 -:.264 b0.260 bO.257 b0.256 60.259 b0.258 b0.260 b0.272 bg.260 60.259 b0.258 610.003

Solar array v 68 59 56 1,50 1,49 59 59 59 63 52 150 53 11.0
voltage

Seal.. changing 1. re.Psa.e to central Signal.
b 110 value catlmated free V10 valve and paver Supply renponme ehatacterl.tle curve.
dcV.luco duo to d(ffoc..L Sat p-inta.
fDlfference in value. due to dlfforent Solar array voltage. Input to power processor.
Data unavailable.

.11anter pover lower due to higher thermal background.
1,Value entlect d from V5.

f

a a	

d ^fiC	
'

9
... ......:..,..., ..	 7-..r>ald1N _a,	 .,.	 „.^,	 r.ir S-.	 ...	 ..., ..	 , .... r.	 ... -, 	 -... w-m'+^•)- ... 	 .................	 4kvt.



TABLE 3. - REPRESENTATIVE NEATER VALUTS C Min CATHODE STARTING TIN. S

Thruster Start Date Kiln vaparizar Naln cathode N, ULralltur cathode Cathode start ttm Total Neutraliser
nuebor cathode, reservoir

I2, V2, V2112. 13. V3. V3/13. 17. V7. V7117 Nctrr.11ter We, an teaporaturc,
A V 0 A V 0 A V 0 mgteda, cathode, [:sea l oO

min nln hr

1 1 12/9/69 2.80 (a) (a) 2.80 >15 >5.3 2.78 (a) (a) 6 5 0.3 --- (a)

4 L2/28169 2.81 (a) (a) 2.92 15.7 5.6 2.79 9.9 3.6 6.2 .4 -- (a)
5 2/14/70 2.81 2.74 0.98 2.88 15.7 5.5 2.90 10.3 3.6 3.3 .3 0 (4)

6 318170 2.89 (a) (a) 15.] 5.3 10.6 ].) 6.2 .3 SOtl 83
1 5/21/70 (a) 2.67 (a) 15.3 5.3

1

10.8 3.7 4.3 .7 2283 78

14 10/26170 2.89 2.60 .90

1

16.1 4.9 10.8 3.7 4.2 b4.4 3794 47

20 2/11/71 2.89 2.67 .93 15.7 5.5 10.3 3.6 6.2 .3 3855 83

32 1/21/72 (a) (a) (a) 15.7 5.5 2.79 10.1 3.6 6.2 (a) 3858 29

33 5125/73 2.31 2.74 .97 2.82 15.3 5.6 2.90 1.0.6 J.7 , b6.4 3869 (a)
145 8/19/74 2. tl9 .95 15.3 5.4 I ".d.8 3.7 6.3 7.4 3885

156 10/9174 2.81 .9B 15.7 5.6 10.3 3.6 6.3 9.5 3859

157 15/14/75 2.89 .95 15.3 5.4 10.6 3.7 6.4 3.8 3890

160 9/15/76 2.09 2. I0 1.00 14.5 5.2 6.5 3.0 3891

167 12/14/76 2.70 2.74 1.01 2.88 15.7 5.5 5.8 7.2 3894

172 7/2 1/77 2.79 2.74 .98 2.82 (a) (a) 6.6 7.5 3896

176 11/22/77 2.89 2.74 .95 2.82 14.9 5.3 5.8 3.1 3897

177 7/14/78 2.67 .92 2.88 5.2 10.3 3.6 6.5 2.9 ME
178 7114178 2.74 .95 2.88 5.2 10.6 3.1 5.1 1.5 3898

179 1/17/79 2.67 .92 2.82 5.3 10.3 3.6 4.8 1.0 3904

185 3/1 1/79 2.67 .92 2.82 14.5 5.2 10.3 3.6 4.8 4.0 4046

191 5/22/79 2.61 .92 2.88 14.9 5.2 10.7 1	 3.6 6.6 6.7 1	 4085

2 1 11/29/69 2.89 (a) (a) 2.78 -15 >5.4 2.94 (a) (o) 10.0 1.6 --- (a)

4 12/21/60 2.90 (o) (a) 2.77 16.0 5.8 2.86 (a) (a) 6.3 1.0 (a)

10 2/11/70 2.88 2.77 .96 2.tl6 16.0 5.6 2.97 10.2 3.6 3.2 .4 0 97

11 7/24/70 2.97 2.70 .91 2.86 16.0 10.2 3.4 3.2 .9 38 97

12 9/2/70 2.81 15.6 10.4 3.5 3.7 .9 934 65

53 11/13/70

i

2.81 15.6

1

2.8 .9 2094 69

67 2/26/71 2.86 16.0 2.7 .4 2126 115

76 1121/72 (n) (a) (a) 2.86 16.0 5.3 (a) 2149 33

126 7/17/73 2.97 2.70 .91 2.81 16.0 5.7 5.2 b8.2 2162 22

189 d/19/74 15.6 5.6 5.4 10.5 2166 43

203 9/12/74

I

10.2 3.4 6.1 22.5 2169 40

211 10/2/74 10.2 3.4 6.8 12.7 2175 35

211 12/4175 10.4 3.5 7.4 29.3 2177 37

216 9122/76 2.86 15.0 5.3 2.92 10.2 3.5 6.2 b41.0 2178 30

218 11/29/77 15.4 5.4 10.0 3.4 6.4 2.1 2279 33

219 1/22/79 15.6 5.3 I 10.2 3.5 3.9 2.0 2342 62

226 3/7/79 14.8 5.0 1 10.4 3.6 3.8 1.8 2757 62

230 4/3/79 2.63 .69 14.1 4.3 11	 ! 3.5 3.2 6.7 2881 97

.Data not taken or unavnVotble.
Na prnhont axed.

Cquantlzing and callbrnt'mn error, x32, coat-xucruquaru.
Includes heating time 6a space only; ground ttee, thruster 1 - 83 hr, thruxtet 2 - 91 hr.
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Figure 2.- SERTIrIon Thruster.
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Figure 3. - SERT 11 spacecraft spin rate.
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TANK INITIAL CONDITIONS

GAS PRESSURE L - 66.5 NIcm2
GAS VOt UME 68 Gm3
Hg volume - 67 cm

`NORMAL171D TO 1150 C

1 Nlcm 2 - 1.45 psia

- 25 mA OF Hg FLOW
,• 	 ,% 32 mA OF Hg FLOW

60 ^' 	 ,•^	 ,— DAY 306. 1970
,-DAY 44, 1971 
—DAY 78, 1971

DAY 35, 1972

o TELEMETRY	 '-' 	 DAY 231, 1974;'..'^
z ^, MAXIMUM	 ',;'	 (SHORT CLEARED)

DAY 2901
d	

r- 37 	 mA FLOW OF Hg
cr

L" w
197 0	 ^	 - 	 TANK ETY

tD	 222_"%
a z 30 1919

IIi. V.	 ;'
19

DAY 95	 1, ESTIMATE
of"E SHORT) 1979	 h----	 -a

z = DAY 157, 1973,-;	 (STOP)
20 ^_ ^_ - 1	 I	 I

1000 2000	 3000	 4000	 4500

VAPORIZER OPERATING HOURS

Figure 4. - SERT II neutralizer-2 tank pressure log.
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DEGRADATION IN MAX. POWER FOR 2 ohm-cm N/ P
SILICON SOLAR CELLS AS A FUNCTION OF TIME IN
600 n. mi. CIRCULAR POLAR ORBIT FOR 1970 LAUNCH

1.0 O O 00

9 O OBSERVEDO

POWER

.8 LEVEL,
1979

o^	 7 PREDICTED

CURVE, REF. 9
0

.6
X
Q

5 O	 REF. 9 DATA
q 	 REF. 4 DATA

g	 4
3 I	 1	 1	 1	 l	 l	 1	 1	 1 	 1	 1111^

1	 10	 100	 1000	 10 000

TIME IN ORBIT. DAYS

figure 5.	 - SERT I1 solar array radiation degradation.
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i LAUNCHED 2J4170

THRUSTER I OPERATED (3782 hr)
70

THRUSTER 2 OPERATED (2011 hr)

71 RESTARTATTEMPTS
AND MISC. TESTS

_ SIC INACTIVE

72 SIC OPERATED FOR STADAN

SIC INACTIVE

73 THRUSTER CATHODE TESTING

^— SPIN UP SIC

SIC INACTIVE

74 -0... THRUSTER 2 SHORT CLEARED
iHRUSTER TESTING

wIC INACTIVE

^ CHECK SIC STATUS
75

SIC INACTIVE

THRUSTER TESTING

Figure 6. - SERT II operational history.
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SIC ATTITUDE OBSERVED
STUDY HORIZON SCANNER

76	 AND THERMAL DATA

INITIAL MANEUVER TO SUN ORIENT SIC
CATHODE STARTS TH 1, OPERATE TH 2

i- TRIMMANEUVER TO DESIRED ORIENTATION
SPIN UP TO 1.0 rpm, OBSERVE ATTITUDE DATA

77	 SIC INACTIVE
— SIC ATTITUDE OBSERVED, TH 1 CATHODE STARTS

SIC INACTIVE
— SPIN UP TO 1.1 rpm, TH 1 AND TH 2 TESTING

SIC INACTIVE

78	 — SPIN UP TO 0.88 rpm, TH 1 CATHODE STARTS

SIC INACTIVE

CONTINUOUS SUNLIGHT TH-2 OPERATION 1599 hr)
SPIN UPTO5 rpm USING ION ENGINE

79	 ECLIPSE OPERATION, INTERMITTENTTH-1 TESTING
DESPIN FROM 5 TO 1 rpm USING COLD GAS SYSTEM

CONTINUOUS SUNLIGHT, OPERATIONS TBD

80

Figure 6. - Concluded.

I.



Wt

GNABAL ,r6^
ANGLE	 1\

THRUSTER 2 —^ •',
N,

,r THRUSTER I

^r SPACECRAFT CENTER
OF GRAVITY

`^— SPIN
DiRICTION

Figure T. - SERT II spacecraft showing ion thruster gimbal angle.



Figure 8.- SERTnIon thruster gimbal structure.

n R



. W_

PANELS HAVE + OUTPUT WIRED TO + POWER CONDITIONER INPUT
PANE1S HAVE - OUTPUT WIRED TO - POWER CONDIfK)N[R INPUT

19.1 ft	 \	 21.2 It

41*4610

"m);

(6.5 ml

+t

.

(a) 45 PANELS PER WING ARRANGED IN 15 BY 3 C(N t IGURATIOY

18 ;n.
(6.1c

I HRUSTER ARRAY:	 HOUSEKEEPING APRAY:
76 PANELS -

	
14 PANELS

68 SUBMODULES 14.3 in.	 74 SUBMODULUS
(363 cm)	 -

ib) ONE Of 90 PANEL S FOR SERT I1.

-4

1
COVER SLIDES

TERMINAL STRIP

2 x 2 cm PHOTOVOLTAIC
NIP CELL.	 i TUNNEL OVEN OPERATION

SOLDER PREFORM

TABBED BUS - KOVAR

SOLDER PREFORM-.-

BASE P!ATF	 GRID BASE -
INSULATING SHEET 	 MAGNESIUM CASTING

BACKSIDE - WHITE REFLECTIVE PAINT

(c) SUBMODUL"' ASSEMBLY.
Figure 9. - SLRT 11 array configuration.
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ARRAY CHARACTERISTICS NORMALIZED T0:

135 mW/cm 2 SOLAR INPUT
AVG. ARRAY TEMP. 590 C 11380 11
ZERO DEGREE SUN ANGLE

28

-1271 W
24
	

MAX. 1970
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Figure 11. - SERI 11 solar array IV curves 1970, 197Q.
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