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A design guidelines handbook i s  being prepared t o  provide c r i t e r i a  for 
assessing and minimizing spacecraft charging interactions. An evaluation 
philosophy o f  analyzing spec i f i c  s a t e l l i t e  designs i n  a substorm environment 
spec i f i ca t ion  w i th  NASCAP i s  proposed. C r i t e r i a  f o r  possible discharges are 
given and a technique f o r  computing the discharge t rans ients  i s  outl ined. The 
charging o f  a three-axis s tab i l i zed  s a t e l l i t e  i s  examined t o  i l l u s t r a t e  the 
philosoply. Possible discharge locations are found and t rans ients  computed. 
The e f f e c t  o f  charging selected surface coatings i s  evaluated and found t o  
subs tan t ia l l y  reduce changing levels. 

INTRODUCTION 

I n  the  ear ly  1970's i t  was pointed out  t h a t  the  seomagnetic substorm 
environment was charging geos c ronous s a t e l l i t e s  s t ron2ly  negative r e l a t i v e  
t o  the space plasma potent ia l .  q-9 Subsequent invest igat iocs have shown a 
cor re la t ion  between t h i s  charging and rev ious ly  unexplained anomalous elec- 
t r o n i c  switching o f  s a t e l l i t e  systems.! While moat of these awmalous 
events could be c l a s s i f i e d  as nuisances and were correctable, one was catas- 
t rophic  resu l t i ng  i n  the loss o f  the s a t e l l i t e .  The onset o f  these e lect ron ic  
anomalies seems t o  be corre la ted w i th  the t r a n s i t i o n  from la tch ing  r e l a y  l og i c  
t o  computer-level l og i c  i n  s a t e l l i t e  systems. 

These events indicated t h a t  there was an in te rac t ion  between a supposedly 
benign environment and s a t e l l i t e  systems t h a t  could inf luence mission l i f e .  
The in te rac t ion  involved a technology t h a t  was not understood. Therefore, 
an interde endent US A i r  Force - NASA spacecraft charging investigat.ion was 

l u t e  and d i f f e r e n t i a l  charging of s a t e l l i t e  surfaces. One of the p r inc ipa l  
outputs o f  t h i s  invest igat ion i s  d Design Guideline Handbook which w i l l  c o w  
p i l e  avai lable ground technology and f l i g h t  data i n t o  a form usable by 
des i gner s. 

The Handbook was f i r s t  formulated two years ago on the basis o f  reviews 
wi th  spacecraft contractors and from avai lable data.6 he Handbook was c i r -  
culated f w  a l im i ted  review and c o m n t s  incorporated.$ The p r in i cpa l  
fac to r  delaying the formal pub l i ca t ion  o f  t h i s  Handbook was the lack o f  a 
c lear  breakdown c r i t e r i o n  - a guidel ine t o  t e l l  designers when t o  expect 
problems Recent experimental data seems t o  support v iab le  discharge mech- 
anismsSiO which a1 low establishment o f  pre l iminary c r i t e r i a  f o r  breakdowns 
on s a t e l l i t e  surfaces. Hence, i t  i s  possible n3w t o  issue a prov is ional  
version o f  the Handbook which can be updated when addi t ional  information i s  
available. 
f i c  guidelines are discussed. As an i l l u s t r a t i v e  exa;nple o f  the use o f  these 
guidel ines, the charging - discharging character is t ics  o f  a 3-axis s tab i l i zed  
sate1 1 i t e  are evaluated. 

undertaken P t o  provide guidel ines and techniques f o r  cont ro l  1 ing the abso- 

I n  t h i s  paper, the content o f  the Handbook i s  described and speci- 



OESIGN GUIDELINE HANDBOOK 

Oescr i p t i on 
The oLjcctive of the Design Guideline Handbook is to provide cr'teria for 

satellite dezigner's considerations in assessing and controlling environmental 
charg' g effec+.s. It is intended to be analogous to thermal designer's hand- 
bookdf - to be informative, to provide a design philosophy and to illus- 
trate techniques :o reduce environmental interactions. Since the Handbook is 
intended for generc' considerations rather than specific designs, it does not 
treat unique conf igur stion dependent problems, e.g., discharge pulse coup1 ing 
into harnesses. 

In its present form the Handbook is divided into three main parts: 
guidel ines to assess charg4Pg interactions, guidel ines to minimize charging 
effects, and illustrative ei?mples. The guidelines to assess charging are 
based on the use of analytica! modeling techniques with a recomnentied environ- 
mental specification. Any material properties needed for t analysis can be 
obtained from simple charging tests in available facilites.!! The second 
part of the Handbook is subdivided into two sections: guidelines for overall 
satellite designs and subsystem guidel ines. The overall guidelines refer to 
such topics as filtering, shielding, materials selection and active charge 
control technlques. The subsystem guidelines are a series of detailed do's 
and don't's for each of the major spacecraft subsystems. The third part of 
the Handbook is devoted to examples illustrating design techniques for gen- 
eralized operational satellites (e.g., 3 axis stabilized, spinner, and spinner 
with despun antenna) and a specific scientific satellite (Galileo). 

The basic design philosophy p p ed in the Handbook is to use the NASA 
Charging Analyzer Program (NASCAP) 13-p2 to evaluate a given design. This is 
to be done in a preliminary fashion to isolate possible discharge sites by 
computing charging behavior for a few time steps (about half-dozen 100 second 
time steps should be sufficient). The illustrative example section has been 
incorporated to point out areas where discharges could occur. Surface 
charging can be minimiztd by materials selection and re-evaluation. 
choice of  exterior materials must be an iterative process since both thermal 
and electrostatic requirements must be considered. Qualification for elec- 
trostatic surface cleanliness should be conducted by analysis for both sub- 
st.orm conditions. Testing can be limited t o  the determination of any unknown 
paroperties of materials selected. As part of the charging analysis, the 
designer should evaluate the impact of possible surface discharges on systems 
performa e. This can be done with one of the avilable coupling codes (e.g., 

This philosophy considers only surface charging and possible discharges. 
There exists also the possibilit o f  discharges due to the high energy parti- 
cle charging of interior cables.I8 The only protection from this type of 
breakdown transient is heavier shielding or filtering. 

The final 

SEMCAP ) . T4 

Design Environment 

To assess spacecraft charging interactions, it is necessary to have a 
:oecification for the geomagnetic substorm environment in terms tnat are com- 
patible with available analytical tools. For this handbook a specification 
based on an ATS-516 statistical summary has been de~eloped.~ This specifi- 
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cat ion (see Fig. 1) does not have the character is t ics  o f  a r e a l  substorm b u t  
w i l l  produce a maximum stress within d ie lec t r i cs .  

The spec i f i ca t ion  i s  given i n  terms o f  a s ing le Maxwllian temperature 
for severe and moderate substorms. This temperature descr ipt ion was chosen 
because previous analysis o f  s a t e l l i t e  surface charging showed t h a t  s ing le  
Maxwellian en ronments, although not as r e a l i s t i c  as the double Maxwellian 

on'ly 4000 hours since beyond t h a t  t ime p a r t i c l e  temperatures drop below leve ls  
t h a t  produce charging. The ion temperature ( i n  kV) yas f m n d  t o  be numeri- 
c a l l y  equal t o  10 times the electron densi ty ( i n  an- ). To account f o r  the 
i o n  composition o f  the  substorm environment, which 'ndicates a substant ia l  
oxygen ion populat ion i n  addi t ion t o  hydrogen ions,lo the ion densi ty i s  se t  
t o  be one-third o f  the  electron density. 

From t h i s  spec i f i ca t ion  an environment f o r  evaluating sate l  l i t e  designs 
can be obtained (see Table 1). It i s  recomnended t h a t  both sunl ight  ( a t  an 
angle o f  incidence t o  maximize d i f f e r e n t i a l  charging) and ecl ipse charging be 
evaluated. Q u a l i f i c a t i o n  o f  a design should be conducted f o r  both moderate 
and severe substorm environments. I n i t i a l  assessment o f  a design can be o w  
with a s ing le environment t o  minimize computer time. 

descriptions, Y4 produced more severe charging. The tine curve runs out t o  

Assessment o f  Charging In teract ions 

Thz assecsment o f  charging behavior OT any s a t e l l i  s ign i s  t o  be con- 
ducted wi th  the NASA Charging Analyzer Program (NASCAP) kPg and the design 
substorm environment speci f icat ion.  The NASCAP code has the c a p a b i l i t y  g f  
t r e a t i n g  both three-dimensi na l  ef fects,  which are important i n  accurately 
predic t ing surface voltages31 and the t rans ient  e f f  t required by the 
environment speci f icat ion.  C i r c u i t  analysis models %-13 used i n  some 
studies cannot r e a t  surface charging i n  s u f f i c i e n t  d e t a i l  t o  i d e n t i f y  a l l  

I n  assessing the impact o f  environmental charging, the designer must con- 
s ider several factors. F i rs t ,  i s  the recogni t ion o f  the impo-tance o f  types 
o f  charging, absolute o r  d i f f e r e n t i a l .  For absolute charging, the sate l  1 i t e  
po ten t ia l  charges as a whole - the d i e l e c t r i c  surface voltages are "lockedtt t o  
the  ground voltage. This type o f  charging occurs very r a p i d l y  ( f rac t ions  
seconds) during ec l ipse charging events, but  slowly i n  sunl ight  charging. 
D i f f e r e n t i a l  charging usual ly occurs slowly (minutes) and r e s u l t s  i n  one p a r t  
o f  surface being charged t o  a po ten t ia l  d i f f e r e n t  from other parts o f  the 
s a t e l l i t e .  This d i f f e r e n t i a l  charging changes the absolute charging l eve l  o f  
the satel  1 i te. 

Second i s  the e f f e c t  o f  sate l  1 i t e  conf igurat ion on charging behav- 
ior .  A spinning s a t e l l i t e  usual ly has a low spacecraft ground po ten t ia ls  
( f e  hundred v o l t s )  i n  sunl ight  charging events w i th  the charging cont ro l led  
pr imar i l y  by the large areas o f  body mounted solar arrays, Any shaded dielec- 
t r i c  can have large d i f f e r e n t i a l  voltages induced. A three-axis s t a b i l i z e d  
s a t e l l i t e  can have large negative spacecraft ground potent ia ls  (few thousand 
v o l t s )  i n  sunl ight  charging environments. 
charging i n  t h i s  case are the backs o f  the solar array wings. For both con- 
f igu ra t '  ns d i f f e r e n t i a l  charging i s  1 imited by the three-dimensional b a r r i e r  
e f fect . jP I n  ec l ipse charging cases the voltage bui ldup i s  cont ro l led by 
the secondary y i e l d  o f  the d ie lec t r i cs .  
assumed iso t rop ic  environment. 
l y  being evaluated and these f luxes may inf luence charging concepts. 

problem areas. 24 

2 f f  

The dominant ares c o n t r o l l i n g  

This discussion i s  based on an 
The e f fec ts  o f  anisotropic f luxes are current- 
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Third i s  the inf luence of the mission of the s a t e l l i t e  on the extent t o  
which one must contro l  charging interactions. For a s c i e n t i f i c  s a t e l l i t e  
absolute charging i s  usual ly no t  cresired. Conductive coated d i e l e c t r i c s  are 
employed t o  minimize a l l  surface charging and act ive charpc contro l  devices 
must be incorporated t o  maintain the spacecraft c lose t o  the  space p l a s m  
potention. Nonscientif ic w t e l l f t a s ,  on the other hand, can funct ion whi le 
charged. Hence, d i f ferent181 r3arglng a f f e c t s  should be contro l  led. The 
extent t o  whlch charging cont rc l  techniques arc employed depends upon pro jec t  
trade-offs b 

Environmental ly-Induced Surface Breakdowns 

Under geomagnetic substorm condit ions sate1 1 i t e s  are charged t o  condi- 
t ions  where breakdowns occur. Based on the current s ta te  o f  knowledge provi-  
sional c r i t e r i a  f o r  breakdown condit ions can be postul&ted. These breakdowns 
are assumed t o  occur when e i ther :  

( a )  d i e l e c t r i c  s u r f a c ~ y 8 l t a g e s  are +SO0 v o l t s  r e l a t i v e  t o  an addacent 
exposed conductor . 

(b) a d ie lect r ic -expo ed conductg in ter face has an e l e c t r i c  f i e l d  
greater than 1x10 

Gaps, seams, edges, and imperfections enhance the existence o f  these con- 

For a complete evaluation G f  a design, discharge t rans ient  hazards t o  
d i  t ions and thereby increase the probabi 1 i t y  o f  breakdowns. 

spacecraft systems should be ascertained. This requires knowledge Gf a dis- 
charge process. The fo l lowing process i s  postulated t o  provide a calculable 
ind icat ion o f  such transients. These transients would be the impulses i n t o  a 
s a t e l l i t e  from a surface breakdown and can be used f o r  fu r ther  coupling 
computations. 

s a t e l l i t e  t o  space; i n  essence s a t e l l i t e  t o  space plasma ground i s  temporari ly 
shorted. (see Fig. 2 ( a ) ) .  I t  i s  assumed tha t  a breakdown continues u n t i l  the 
s a t e l l i t e  ground po ten t ia l  ap oaches space plasma poten t ia l  (as indicated by 

loca l  col lapse of d i f f e r e n t i a l  voltages a t  the discharge s i te .  harge i s  not 
drained o f f  o f  large areas of d i e l e c t r i c s  as previously assumedjg but some 
small f r a c t i o n  of  the t o t a l  stored charge i s  assumed t o  be l o s t  t o  space i n  
t h i s  d i f f e r e n t i a l  voltage collapse, 
the ground po ten t ia l  t o  r e t u r n  r a p i d l y  towards i t s  precharged value. 

The discharge process proposed i s  that  charge i s  t ransferred from the 

ground simulat ion experiments !Is ). Accompanying t h i s  voltage t rans ient  i s  a 

The remaining charged d i e l e c t r i c s  force 

Discharge transicnts can be computed as follows: 

(1) The square wave approximation o f  the voltage t rans ient  i s  assumed t o  
be the s a t e l l i t e  grand po ten t ia l  a t  the time of discharge over the 
discharge period. This per iod i s  calculated below (see item Zc). 

( 2 )  The square wave approximation f o r  the current t rans ient  i s  derived 
from the t o t a l  charge l o s t  over the same period. This charge l o s t  
is made up of  two par ts :  
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(a) The charge lost to space through the satellite to space capaci- 
tor 4s computed from (see Fig. 2(b)): 

= Csl”0 l  (C ou 1 ombs ) 

where C, is the satellite to space capacitor (typically 
1010 farads) and l V o l  is the absolute value of the satel- 
lite ground voltage at time of discharge. 

(b) In order to compute the charge lost in the dielectric differen- 
tial voltage collapse, one has to rely on laboratory results 
obtained from grounded substrate tests. These tests produced 
discharges which removed charge from large areas of the dielec- 
tric surface, but it is believed that the initiation of the 
transient is the same for floating substrate discharges. For 
the present, then, charge redistribution and time duration 
relationships from these tests will be used. Additional test- 
ing should be undertaken to obtain data on discharge character- 
istics with floating substrates. 

It is assumed that only 1 percent of the total charge stored on 
the dielectric surface is involved in this portion of the dis- 
charge process. This is 3n arbitrary assumption made to stress 
the fact that charge loss is limited to a small dielectric 
area. Of this one percent, only 113 is lost to space; the 
remaining 213 either tays on the dielectric or neutralizes the 
po 1 ar i za t i on charge: 38 

(Coulombs) 

where: 

K 
CD 
IbVol 

(c) Hence, the total charge lost is: 

is the fraction of total charge lost to space (0.003) 
is the dielectric capacitance (farads) 
is the absolute value of differential voltage across 
dielectric (volts) 

and the current pulse is: 

* =r AQL (Amps) 

The time duration of this pulse (At) is not known. The experimental data 
for grounded substrate tests indicate that the maximum uration is a functlorl 
of dielectric area from which charge has been removed.38 Using this rela- 
tionship, a time duration can be approximated as: 
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At - 0.02 (0.01 A ~ ) ~ * ~  ( rsec]  

where AD i s  the d i e l e c t r i c  area i n  cd. Again, i t  should be stressed 
t h a t  t h i s  approximation must be v e r i f i e d  o r  revised by conducting precise 
tests. 

A l l  o f  the voltage values and capacitance t o  space (C,) are avai lable 
from the NASCAP analysis. D i e l e c t r i c  capacitances can be computed from 
p a r a l l e l  p l a t e  formulas using values of d i e l e c t r i c  constant and dimensions 
used i n  the NBSCAP analysis. 

As a consequence o f  t h i s  discharge process, one would expect tha t  
sun1 i g h t  charglng events would produce less severe discharges than ecl ipse 
charging events, since the ground voltages are less. For the same reason, one 
would expect spin-stabi l i t e d  sate1 1 i t e s  would have less seve-s discharges than 
three-axis-stabi l ized s a t e l l i t e s  i n  sunl ight  charging conditions. These 
expectations must be evaluated by reviewing avai lable data and conducting 
addi t ional  studies. 

What has been presented here aust be considered a prel iminary attempt t o  
formulate a usable guide f o r  analyzing s a t e l l i t e  designs. I t  i s  based on the 
idea tha t  breakdowns occur ear ly  i n  the mission and does not consider any 
effects of d i e l e c t r i c  aging o r  ground break-up t h a t  may occur with time i n  
space. 

I: harg i fig Control Techniques 

There are various techniques t h a t  can be used t o  contro l  spacecraft 
charging interact ions.  I n  t h i s  section the choice o f  materials, grounding and 
f i 1 te r ing  are b r i e f l y  discussed. 

Choice o f  mater ia ls .  - Exter io r  surfaces on s a t e l l i t e s  are usual ly 
selected f o r  desired thermo-optical propert ies t o  contro l  component tempera- 
tures. This has l ed  t o  use o f  h igh r e s i s t i v i t y  d i e l e c t r i c s  (e.g., quartz, 
Kapton) which can be charged by substorm environments. This s i tua t ion  can be 
a l lev ia ted  by a few simple considerations ear ly  i n  the design phase. Charging 
can be substanti l y  reduced i f  the bulk conduct iv i ty  o f  the d '  l e c t r i c  can be 
increased t o  - l O f h  mholm o r  surface r e s i s t i v i t y  reduced t o  -loi5 ohms per 
square. Fcrthermore, i f  the charging o f  only the dominant d i e l e c t r i c  areas i s  
reduced, then overa l l  charging leve ls  can be lowered appreciably. 

o f  con t ro l l ing  charging. This pa int  can be used on the back (shaded) side of 
3-axis s tab i l i zed  solar arrays o r  on ex ter io r  covers o f  thermal blankets t o  
substant ia l ly  reduce absolute and d i f f e r e n t i a l  charging levels. 

The use of  h igh secondary y i e l d  coatings on metals i s  ao e f f e c t i v e  means 
of  r a i s i n g  ground surface voltages thereby c o n t r o l l i n g  char 'ng. This higher 
y i e l d  can be obtained by using surface coat.ings and alloys.Qi Increasing 
the secondary y ie lds  on d i e l e c t r i c s  (e.g., by use o f  an t i - re f lec t i ve  coatings 
on solar arrays) may not be advisable since i t  could increase d i f  r e n t i a l  
charging. D i e l e c t r i c  paints have voltage-dependent resistivitiesi5 and, i f  
used on m e t a l l i c  substrates, can not be charged t o  large negative potent ia ls .  
Thin, transparent conductive f i l m s  such as ind iumt in-ox ide can be used t o  
obtain a uniform conductive surface. There may be a high energy p a r t i c l e  
in teract ion tha t  m s t  be evaluated before recomnending these transparent con- 

The use of  conductive paint, grounded t o  the structure, i s  a good means 

d x t  i ve  coatings. 3!! 
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Changes t o  specif i c  mater ia ls should not  be made indescriminately. 
Design changes should be checked a n a l y t i c a l l y  t o  verify t h a t  the change d i d  
not introduce problems i n  other areas o f  the s a t e l l i t e .  

Groundin . - The basic guidel ine here i s  that a l l  surfaces Should be 

ungrounded surface responds r a p i d l y  t o  the environmental transients and can 
introduce 1 arger d i f f e r e n t  i a1 voltages . 

Die lec t r i c  booms should be avoided because they cannot be grounded. Such 
booms, protruding from the sate1 1 i t e  and charging r e l a t i v e l y  independently, 
are h igh l y  probable discharge s i tes.  

F i l t e r i n  - S a t e l l i t e  surfaces are charged by geomagnetic substorm en- 

be discharges. This p robab i l i t y  r i s e s  f o r  extended l i f e  missions. The usual 
guidel ine suggested for f i l t e r i n g  i s  t o  e l iminate noise w i th  less than a 
speci f ied duration. On the j o i n t  Canadian-American Communications Technology 
S a t e l l i t e  i n - l i n e  t ransmit ters and rece i  r s  were used tha t  e f f e c t i v e l y  e l im i -  
nated noise pulses less than 5 useconds.r5 Simi lar  f i l t e r i n g  concept have 
been proposed f o r  c i r c u i t s  t ha t  require protection.34 Hence, f i l t e r i n g  i s  
an e f fec t i ve  means o f  preventing c i r c u i t  d is rup t ion  and i s  recomnended for  
c r i t i c a l  c i r cu i t s ,  whose anomalous switching would d is rup t  o r  endanger satel-  
1 i t e  operations. 

we l l  + groun t o  the comnon e l e c t r i c a l  ground (usual ly the structure).  An 

vironmen 4 s an i f  charged, then there i s  a f i n i t e  p robab i l i t y  t ha t  there can 

APPLICATION OF DESIGN GUIDELINES 

I n  t h i s  section a generalized three-axis s t a b i l  i t e d  geosynchronous satel-  
l i t e  design i s  evaluated using the stated guidelines. The purpose o f  t h i s  
section i s  t o  use t h i s  example t o  i l l u s t r a t e  and expand on the techniques pro- 
posed. As a consequence the s a t e l l i t e  has some features t h a t  may not e x i s t  on 
r e a l  designs. 

S a t e l l i t e  Model Descript ion 

The s a t e l l i t e  modeled i n  the NASCAP code i s  shown i n  Fig. 3. I t  i s  a 
representation o f  a three-axis s tab i  1 ized, geosynchronous, comnunications 
s a t e l l i t e  consist ing o f  two, large, sun-tracking solar array wings and a cen- 
t r a l  spacecraft body. The overa l l  dimensions are 9 m across the wings by 
2.4 m across the body. The model has 470 exposed surfaces and each square i n  
the model i s  0.3 m by 0.3 m. 

The solar array wings are each 3 m by 1.8 m. They are modeled as thin, 
f l a t  p la tes w i th  0.015 cm (6 m i l )  s i f i c a  cover s l ides on the sun facing side 
and 0.010 m ( 4  m i l )  Kapton substrates. This represents a f l e x i b l e  substrate 
solar array system cap;tble o f  producing a t o t a l  power output o f  about 
1 k i lowat t .  This array i s  assumed t o  be operating such tha t  one wing i s  a t  
+25 vo l t s  wi th  respect t o  the spacecraft body while the other is.  a t  -25 v o l t s  
when the array i s  sun l i t .  I n  ec l ipse condit ions the array voltages a re  set  t o  
zero, The interconnects between the solar c e l l s  are modeled as s i l v e r  patches 
(minimum resolut ion i n  NASCAP i s  one surface c e l l ) .  These me ta l l i c  patches 
represent about 10 percent o f  the t o t a l  array area which i s  a reasonable 
approximation t o  the actual exposed metal 1 i c  area. 

The spacecraft body i s  modeled as an octagon 1.8 m by 1.5 m deep. 
earth-facing side are two antennas modeled as octagons 0.9 m by 0.3 m high. 
The sides o f  these antennas are covered by a grounded thermal blanket w i th  

On the 
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0.010 cm Kapton outer layer. the antenna cover i s  p l a i n  Kapton which can 
f l o a t  e l e c t r i c a l l y .  On the opposite end o f  the body i s  an apogee inser t ion  
motor enclosure modeled as an octagon 1.2 m by 0.6 m deep. The end i s  assumed 
covered by pure aluminum. The r e s t  o f  the exposed surfaces o f  the s acecraft 
body are covered by 0.010 cm Kapton, 0.015 an S i l i c a  (OSR simulat ion P or pure 
aluminum patches. 

d i e l e c t r i c  mater ia l  (hlgh r e s i s t i v i t y  but  low secondary y ie lds) .  A probe has 
alsc been added t o  the  body. This probe has an unspecif ied purpose and i s  
modeled as having an aluminum t i p  with the quasi -d ie lect r ic  body. Further- 
more, t h i s  probe i s  assumed t o  be very weakly capaci t ive ly  coupled t o  the body. 

Prel iminary Charging Study 

The s t r u t s  holding the  so lar  arrays t o  the body are modeled as a quasi- 

As stated i n  the guidelines, the  s a t e l l i t e  design i s  t o  be subjected t o  a 
prel iminary evalut ion using the design environment speci f icat ion.  For t h i s  
example the moderate substorm environment wts used. Twelve minutes o f  sun- 
l i g h t  charging w i th  sunl ight  inc ident  a t  27 r e l a t i v e  t o  the solar array 
normal were simulated. For ec l ipse charging, an addi t ional  12 minutes were 
calculated. This process assumes a substorm encounter of loca l  midnight and 
does not correct  f o r  spacecraft body r o t a t i o n  with time. The charging h i s to ry  
o f  selected surfaces I s  shown i n  Fig. 4. A t  f i r s t  glance, the charging 
resu l t s  do not appear t o  ba too damaging; the  antenna covers and probe seem t o  
stay locked a t  the ground po ten t ia l  i n  sunl ight  charging condi t ions but do 
deviate from ground voltages i n  eclipse. This f i gu re  i l l u s t r a t e s  the d i f f e r -  
ences between absolute and d i f f e r e n t i a l  charging mentioned previouslv. I n  
sunl ight  the absolute charging o f  the s a t e l l i t e  proceeds slowly w i tn  the 
d i f f e r e n t i a l  charging o f  shaded insulators  developing s l i g h t l y  faster.  When 
the s a t e l l i t e  enters an ec l ipse charging condit ion, the  absolute charging 
changes rap id l y  and any d i f f e r e n t i a l  voltages developed are maintalned. A f te r  
the absolute charging l eve l  i s  reached, addi t ional  d i f f e r e n t i a l  charging 
s tar ts .  

discharges may occur. The predicted voltage p r o f i l e s  around the s a t e l l i t e  are 
shown i n  Fig. 5 for sunl ight  charging a f t e r  12 minutes (720 sec). As shown i n  
the f ront  view the po ten t ia ls  tend t o  decay from the shaded Kapton (-5400 V ) .  
HOwever, there are i n f l e c t i o n  points  i n  the arrays and the center of each wing 
!s a t  a pos i t i ve  po ten t ia l  w i th  respect t o  ground (a condi t ion which promotes 
dischar es). The gradients from the array edges towards the center are also 
severe 9 as indicated by the r?umber o f  l i nes  grouped i n  a small area). These 
solar array d i f f e r e n t i a l  voltages can be more severe i f  i t  i s  assumed tha t  the 
cover s l ides  have a h i g  y i e l d  mangnesium f luor ide,  ant i - re f  l ec t i ng  coat ing 
instead of p l a i n  glass.Po There are also i n f l e c t i o n  points between Kapton 
surfaces and both s u n l i t  and shaded OSR's on the spacecraft body. 

The side view of t h l s  f i gu re  indicates a possible problem a t  the solar 
array outer ends. Strong gradfento e x i s t  and if there i s  an exposed m e t l l i c  
area, then breakdowns could occur there. On the spacecraft body there are 
strong gradients a t  the interface w i th  the apogee motor. However, unless 
there i s  a seam or  exposed metal edge i n  the region, the d i f f e r e n t i a l  voltages 
are not su f f i c i en t  t o  cause d i e l e c t r i c  punch-through breakdowns. It should be 
pointed out t ha t  computer graphics tends t o  average equipotent ia ls over the 
surface areas even when the surface i s  a grounded meta l l i c  area. This can 

A deta i led rev iew o f  the NASCAP graphics output indicates areas where 
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lead t o  overlooking possible problems. As shown i n  Fig. 6, the e n t i r e  end of 
the motor case i s  supposed t o  be a t  ground potent ia l .  Hence, a l l  voltage 
'lines should terminate on the d i e l e c t r i c  edge which produces a strong e l e c t r i c  
f i e l d  a t  t h i s  point .  This concentration i s  not apparent i n  the computer 
graphics (Fig. 5)  and i l l u s t r a t e s  the need f o r  care and d i l igence i n  in te r -  
pret  i ng computer outputs . 

For ec l ipse charging conditions, the computed voltage p r o f i l e s  a t  about 
800 seconds are shown i n  Fig. 7. The possible discharge areas are the solar 
array wing tips, a l l  Kapton-metal interfaces, probe t i p  - d i e l e c t r i c  boom 
interface and solar  array c e l l  - interconnect gaps. Breakdown character is t ics  
can be estimated f o r  both sunl ight  and ec l ipse charging condi t ions by fo l low-  
ing the procedure given i n  the discharge guideline. This procedure i s  appl ied 
t o  a possible discharge involv ing a s ing le  NASCAP c e l l  &rea on the solar array 
(pos i t ive d i f f e r e n t i a l  voltage breakdown c r i t e r i a )  and a t  a Kapton-metal 
interface (strong negative e l e c t r i c  f i e l d  c r i t e r i a ) .  These would be the 
transient character is t ics  a t  the discharge s i t e  and would serve as inputs t o  
another code t o  compute system response. 

Breakdown: The s a t e l l i t e  capacitance t o  space i s  com- 
puted t o  b@ 2 . 1 ~ 1 0 ~  farads. The ground po ten t ia ls  are about -3 kV i n  sun- 
l i g h t  charging cor,ditions and about -9 kV i n  ecl ipse charging conditions. 
This resu l ts  i n  charge losses o f  0.63 VC and 1.9 pC respectively. The capaci- 
tance o f  the block o f  solar c e l l s  i n  the 0.3 by 0.3 m NASCAP square i s  about 
2 ~ 1 0 ' ~  farads and the d i f f e r e n t i a l  voltage (maximum) i s  about 500 v o l t s  i n  
sunl ight  and about 1000 vo l ts  i n  eclipse. Under the c r i t e r i a  that  0.3 percent 
o f  the charge stored on the d i e l e c t r i c  i s  also lost ,  then an addi t ional  
0.03 :C should be added f o r  sunl ight  charging and 0.06 UC added for ec l ipse 
charg'ng. The r e s u l t i n g  t o t a l  charge l o s t  would be 0.66 IJC f o r  sun charging 
and 1.96 pC f o r  ecl ipse charging. 
voltage and current t ransients o f  t h i s  discharge source are shown i n  Fig. 8 
(based on a computed pulse duration o f  60 nsec f o r  the assumed one surface 
c e l l  breakdown) i n  both sunl ight  and ec l ipse conditions. 

breakdown o f  the s a t e l l i t e  t o  space capacitor i s  the same as above. 
f e r e n t i a l  voltage on the shaded Kaptc;; i s  about 2.5 kV f o r  both s u n l i t  and 
ec l ipse chargi g conditions. Since the Kapton capacitance per NASCAP square 
i s  about 2x10' farads, the t o t a l  charge l o s t  t o  space i s  0.78 IJC fo r  sun- 
l i g h t  charging and 2.0 IJC t o r  ecl ipse charging. 
t ransients f o r  t h i s  discharge are s imi la r  t o  those shown i n  F i g .  8. 

Solar Array G 

The square wave approxivtions for the 

Kapton-Metal In ter face Breakdow:?: The charge contr ibut ion from the 
The d i f -  

The voltage and current 

Design Modif icat ions 

The surface charging o f  t h i s  s a t e l l i t e  can be reduced substant ia l ly  by 

(1) Coat the back side of the solar arrays w i th  conductive pa in t  and 
ground pa in t  t o  structure. 

(2 )  Reduce the Kapton thermal blanket outer layer r e s i s t i v i t y  by a t  
least  three orders o f  magnitude. 
conductive paint .  The antenna covers were not  changed. 

making the fo l lowing changes: 

This could be done by use o f  is 
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(3)  Replace quasi -d ie lect r ic  mater ia l  used for  solar ar ray s t r u t s  and 
probe with metal surfaces urounded t o  structure, 

(4) Improve probe system coupling t o  structure. 

(5 )  Paint aluminum Inser t ion  motor sheet with d i e l e c t r i c  paint. 

The modified design was analyzed again fo r  sunl ight  charging i n  both 
moderate and severe substorm conditions. The po ten t i a l  d i s t l bu t i ons  around 
the s a t e l l i t e  f o r  the moderate substorm are shown i n  Fig. 9. As can be seen 
the e l e c t r i c a l  s t ress have been s i g n i f i c a n t l y  reduced. The s a t e l l i t e  ground 
i s  now only  -250 vo l t s  and the so lar  array voltage gradients have been sub- 
s t a n t i a l l y  reduced. There are s t i l l  voltage concentrations a t  the shaded 
OSZ's but these are on the order o f  on ly  700 vo l t s  - we l l  below the breakdown 
c r i t e r f a .  The use o f  a d i e l e c t r i c  pa in t  on the aluminum (change no. 5 )  
appeared t o  cause only  a 50-volt change. I n  the severe substom environment, 
the s a t e l l i t e  ground i s  predicted t o  be -380 vo l t s  and the  most severe s t ress 
i s  about -1.5 kV across the OSR's - s t i l l  less than breakdown potent ia ls .  

Hence, w i th  considerations f o r  surface charging and some addi t ional  
weight, environmental charging of s a t e l l i t e s  can be s i g n i f i c a n t l y  reduced. 
The trade-off i s  between added weight f o r  surface-charging cont ro l  techniques 
or  f i l t e r s  10 absorb noise and consequences of ignoring charging interac- 
t ions. The p r inc ipa l  hazard associated w i t h  charging i s  t rans ients  on command 
and telemetry 1 ines. These transients can cause e lect ron ic  switching anoma- 
l i e s  (which can cause serious problems i f  wrong systems are activated) and 
scrambled data. The longer range hazards have not ye t  been catalogued but  
could include increased contamination, component breakdowns or  coating 
degraaation. 

CONCLUDING REMARKS 

A Design Guidelines Handbook t o  provide c r i t e r i a  f o r  assessing and mini- 
mizing spacecraft charging effects i n  geosynchronous s a t e l l i t e s  i s  being 
formulated as a design too l .  Data used i n  t h i s  Handbook have been assembled 
from interviews w i th  spacecraft manufacturers, from resu l t s  o f  ground tech- 
nology programs and from avai lab le f l i g h t  resu l ts .  Since the technology 
invest igat ion i s  s t i l l  underway, the handbook w i l l  be issued i n  a pre l iminary 
version and upaated a t  a l a t e r  time. 

The Handbook recomnends a philosophy o f  assessing charging impact by 
analyzing a given s a t e l l i t e  design w i th  the NASA Charging h a l y z e r  Program 
(NASCAP). A design environment spec i f i ca t ion  based on actual substorm en- 
vironments monitored over the past several years i s  provided f o r  t h i s  analysis. 

A pre l iminary c r i t e r i o n  f o r  surface voltage discharges i s  provided. This 
c r i t e r i a ,  based on ground tests, proposes t h a t  these discharges are t r iggered 
a t  dielectric-exposed metal interfaces. The condit ions under which discharges 
can occur are pos i t i ve  d i f f e r e n t i a l  vo l  age greater than +500 vo l t s  or nega- 
t i v e  e l e c t r i c  f i e l d s  greater than 1 ~ 1 0 ' ~  Vlun. These surface discharges 
cause a small t rans ient  charge t ransfer  t o  space which resu l t s  i n  a voltage 
.transient i n  the sa te l l i t e .  A method of computing these t rans ients  i s  pre- 
sented based on the charge l o s t  through the capacitance t o  space and a 
f rac t i on  o f  charge stored i n  the d i e l e c t r i c  a t  the discharge source. 
conputation resu l t s  i n  an estimate of the discharge t rans ients  a t  the dis- 

This 
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charge s i t e  and can be used as inputs f o r  coupling code analysis o f  struc- 
ture/  system responses. 

With the proper choice o f  materials, surface charging can be minimized. 
As an al ternate t o  t h i s  approach, systems can be protected by f l l t e r i n g  out 
the t rans ient  pulses. 

An example of the charging of  a three-axis s tab i  l i t e d  geosynchronous 
s a t e l l i t e  I s  presented t o  i l l u s t r a t e  the use o f  the design guidelines. The 
analysis indicates that, under nominal choice o f  ex te r io r  surfaces, discharges 
are possible. The use of  conductive o r  quasi-conductive paints  on the major 
charging surfaces would r e s u l t  i n  a s- lbstant ia l  reduction i n  potent ja ls .  The 
r e s u l t i n  vo:tages are less than breakoown c r i t e r i a  speci f icat ion even thoilgh 

The guidel ines presented i n  the Handbook are recomnendations f o r  de- 
signers' use. The implementation o f  any o f  these guidel ines should be based 
on a comparison of  added weight required t o  minimize in teract ions against 
po ten t ia l  consequences o f  ignoring environmental charging. 
al lowing charging in teract ions are e lect ron ic  switching awmalies (which can 
be serious), noise on data l ines, reduction o f  s c i e n t i f i c  experimental r e s u l t s  
( p a r t i c l e  and f i e l d  data) and possible longer term hazards o f  enhanced con- 
tamination, component breakdown and coating degradation. 

some d ie  ? e c t r i c  surfaces were not changed. 

he hazards o f  

1. 

2. 

3 .  

4. 

5, 

6. 

7. 
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