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Abstract

Both the Viking and the P78-2 (SCATHA) vehicles must withstaid arcing.
This paper presents the design provisions of both vehiclés and a mathematical
analysis of the effect of arcing on typical intérfice circuits, Results of verifica- |
tion teisting of the analysis are presented as well as vehicle testing for tolerance
to arcing,

1. ELECTROSTATIC CHARGING DESIGNS

.1 Viking Electrostatic Charging Desig-

The Viking lander was desigried to survive éntry into the Martian atmosphere
and landing on Martian soil. Entry déceleration was controlled by aeroshell
dblation, followed by parachiute deployment énd controlled éngine flight to thé sur-
face. During eritry there wds d@ possibility of flight through carbon dioxide clouds,
dust devils, and encounter with unknown particlés. All of these, ds well as engine ‘
and parachite charging, could cause darcing ofi the external surfaces of the vehicle,
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Viking was designed to operaté with corona and survive any arcing that might T
occur. Preverition of corona and atéing was not cousidered practical, The design
ihcluded the following provisions:

(1) The vehicle body was an rf enclosure bonded together by joints having a
resistance of less than 10 m{:.

(2) All external conductiveé pieces were bonded to the vehicle structure,

(3) All wiring external to the vehicle body was shielded with the shield
grounded at both ends,

(4) The bioshield had a 4-in, grid of conductive paint to minimize chare -
buildup.

(5) The bioshield cap was supported so that the material could not drape down . .. .. . . .. .
onto vehicle comporénts,

(6) THhe anténnas werée of a dc short design (exposed metal on the antennas and
feeds had a direct de path to ground).

(7) Antennas were designed to operate without corona at aritical préssure,
with twice the expected rf power, Foaming and/or configuration of the ends of the
elements provided acceptable designs,

(8) Separation connectors had deeply recessed female contacts that remained
with thé landér. These connéstors could operate in 4 hot plasma without arcing. .

(8) Command and control interfaces were 50 ol differential circuits (Harris)
driven from a current sourcé (high impedarnce).

(10) Inteérfaces with components having voltages over 300 V were provided
with corona protection circuitry, where a failure could allow high voltage leakage
or cofona through the wiring to other components. Fail-short zener diodes pro-
vided the protection,

(11) Potting, pressurization, foaming, and vacuum deposited covering of
circuit boards weré used to allow all landéd componeénts to opératé at critical
préssure,

(12) Communication and radar receiver frequencies, bandwidths, and lock
circuits were designed to toleraté signal inputs from corona.
_ Otie of the design featurés that intrédsed the probability of corona and arcing
&y wias that the external surfacé of the lander had to bé covered with & rubbery non- |
$3 conductive substdrce to protect thé vehicle from windblown dust. A tape of thé |
fubbery materiil was wrappéd ovér all extérnal cable bundlés dnd other parts |
N were palted with the rubbery coating, The coatirigs were gocd insulators ahd
J" would certainly produce corona when exposed to 200 mph wind-blown dust at 5 torr 5
?-”:' piréssure as well as the entry environment.
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1.3 STP P78 2 Elacteastatie Charging Design

The F78-2 vehicle is being designed to measure plasma parametérs at and
niar synchronous earth orbits, It will be subject to éfiergetic particleé charging
and subséquent arciny, The design approach is to shield all wiring internal to the
lower half of the vehiclé (which is to be an rf shielded region) and to doublé shield
all wire external to the shielded region. The single shielding is done by using a
braided shielded and jacketed wire. The wire will bé the same type used on Viking,
which is insulated with 3 mils of Kapton. Theé sécond shield will bé a bundle shield,
achieved by wrapping thé bundlé with aluminum foil tape that has a conductive
adhesive. The outside of the foil will not be insulated or coated in any way, and
will bé grounded at each cable clamp, Braided shielding will be substituted for
the foil wrap where fléxibility is important,

The power subsystem is being designed to accept high voltage transients from
the solar array without transferring thém to the power bus..

The shielding and power subsystem transient suppression are the only désign
featurés of P78-2 for protection from arcing. The question, theén, is whether
these deésigns represent adequate protection to pass thé réquired testing necessary
to verify an interference margin,

2. DESIGN EVALUGATION

The design evaluation depends on how large a signal can bé coupled into a cir-
cuit from an drc discharge. This evaluation will treat only the circuit types and
configurations used for Viking and P78-2. Other circuits and configurations will
neécessarily provide different answers. Theé meéthod shown here is a genéral solu-
tion, but cdare must be taken in applying the résults, The solution should be
exercised completely before a final answe: is obtained. That is, the effect of each
assumption should be evaluated by vatrying the valué of the assumed parameter
over its maximum possible rangé and obsérving the variation in thé answer. After
a few times through the solution in this mdnner, one feels the effect of variations
and begins to understand the relationships béetween the physical parameters and
what is happening in the coupling process.

2.1 Defining the Soutce

First, consider the soufce characteristics. The arc voltage has been esti-
mated to be bétween 10 and 25 kV and the arc currént to be between 10 ahd 1000 A,
This would theh suggest that the source could be characterized as a 10- to 256-kV
volitage source with a source impedance of 2,5 to 1000 chms, This source niust
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be situlated during electromagnetic compatibility (EMC) testing to determine the
susceptibility of the velifcle and external components, MIL-STD-1541 has an
electrostatic sensitivity test that consists of a 10-kV arc containing 2.5 nu.
[.aboratory tests with a 3, 5-mJ, 10-kV source in air at Denver altitude hus shown
the sourcé impedance to be approximately 370 ohms and the pulse to havé a rise
timé of 3 nsec and an averagé duration of 7 nsec., Thé arc was formed by gradually
increasing the voltage of the source until arcing occurréd at a 60 Hz repétition
rate.

With a test arc established that is lairly réepresentative of a space arc, let us
analyze its elfect upon a circuit, Assume that there is an arc (o the center of a
5-ft shielded circuit, Since the rise time of the arc is less than the transmission
time down the shield and back, the shield acts like a long transinission line with
Z0 impedancé. The voltage on the shield is then a strong function of the shield
configuration with réspect to the g~ ad plane. Z0 can vary from approximately
11 to 181 ohms, this being one half of the chardcter.stic impedance of the trans-
mission line (because there are effectively two in paralle! at the point of the arc
discharge, see¢ Appendix A). Eleven ohms represents a kapton-covered shield
adjacent to the ground plane or adjacent to other shields in a bundle,_ and 181 ohms
represents a shield 10 in, above the ground plane. The above values are based
upon a twistéd shielded pair wire insulated with 3 mils f kapton, If the deésign
réstricts single shields to being neéxt to structuré, then the calcu.ateéd voltage on
the shield, dué to a 10 kV arc would bé 289 volts. The calculations aré shown in
Lippéndix A, The measuréd voltage on the shield was 256 volts, This répréseénts
approximately half the error of the meéasuring system (2 dB),

2.2 Electric Field Coupling

The task of detérmining how much of the voltage on the exterior surfdace of the
shield is coupled to the internal circuit wires requires the circuit model showr in
Figure 1 and its transient solution,

Notse Source Wire
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';:L_‘Cl

Receptor Wire
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Ris

i
-i b

Return Wire

Figure 1. Eléctric Coupling Model
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C, then represents the capacity between the outside of the shield and the ihternal
ctrcult wire, rnd C, represents the capacity between the {nternal ecircuitwire and
the internal return wire, The transient solution to this cireuit s

_E e [t
Vp -t B Cy [1 exp ( o o )] (1)
and -
EC,
Vomax ° C,+Cy (2)

where Ry = parallel resistance of R RS and RRL The maximum value of V_ occurs
when t = t ,» The complete definition of pararmeters appears in Appendix B.

Applying the solution to the circuits of Figures 2 and 3, ylelds the following
results for Tables 1 and 2:

Figure 2, Viking Interface Circuit
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Figure 3. P78-2 literfacé Circuit
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Tuable {. Viking Design

t, (e factor) Vp
ix108 4.5% 1072 13, 49
3x1079 1.3 x 107! 12.89

10 x 1078 0. 358 11,07

-9 L
100 X 10 0. 89 2,98
1x1078 1.0 0. 301

10 x 16”8 1.0 0.03
€, = 20.8X 10712
Cy = 415 X 16712 p
RT = 50 ohms

Table 2, P18-2 Design (Preliminary)

ty (e factor) vp
1x16°° 1.1x107% 13,79
3 x 1079 3.4 %1073 13,79
10 x 1079 1.1 %1073 13,79
100 x 107° 1,1x1072 13, 72 '»
1x 1678 1.1x107! 13, 04
10 x 1078 0. 6801 8. 23 ]

€, - 20.8X 10-12

€, = 415 X 10712
RT = 20. 13‘ Ohn”Q
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These data show that the electric field couplifig differs only as to rise timeé of
the interference pulse, The P78-2 deaign 13 susceptible to lofger rise time
pulsés than the Viking design, Since the arc rise time i= very short, the résponsé
to the arc i3 quite similar. The measuréd coupling to the Viking circult was
12, 4 volts and to the P18-2 circuit was 12, 0 volts,

The value of (i‘1 is obtained by multiplying thé capatity batwéen the wiré and
the internal susface of the shield (415 pF) by the luck of covérage of the shield
(95 percent coverage and therefore 0,05 lack of coverage) or by actual measure-
ment, The méasured value was 18 pF while the calculated value was 20. 8 pF,

2.3 Inductive Coupling

The previous analysis has defined the capacitive coupling to the circuits, The
inductive coupling must also be determined. This task required the following cir-
cuit (Figure 4) model and its transient solution:

\Ad 4
%,

AAA.
A A A
-
AAA

Figure 4, Inductive Coupling

LS is the inductance in the source circuit, LR is the inductance in the receptor

circuit, and M is the mutual inductance betweeh circuits. A more compléte

definition of parameters and the completé transient solution appear in Appendix B.
The simplified transient solution to this circuit is as follows:

E MR  tR_Ry
Vo © TR el R e (3)
r 'SR shs ot
and
v 7 EMR,, @)
pmax LS(R‘; + RR)
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where RS " Rygt RSL afnd Rp - RRS * Ryp.. Applying the solutions to the inter-
face circuits of Figures 2 and 3, ylélds the following résults for Tables 3 and 4;

Table 3, Viking Design
t. (e factor) vp
1x107° 4.7 %1072 0.28
3x10°9 1.3 x10°! 0.26
10 x 10°° 3.6 %70} 0. 22
100 x 1679 0.99 0.06
1x10°8 1.0 0. 006
10 x 1078 1.0 0. 0006
_ -8 " -6
M:12x10%H. L =0.23x10"0y
Rpy, = 500 - 25500 Rg - 110

Table 4. P78-2 Design (Preliminary)

t. (e factor) Vp
11079 4.7 x 1072 13,0
3 %1072 1.3x10°! 13.3
10 x 1079 3.8x10°} 11.3
100 x 1079 0.99 3.0
1 x10°% 1.0 0.3
10 x 1079 1.0 0.03
100 x 106 1.0 0. 003
M:=1.2x10"8%p Lg=0.23x107% g
Rgp 4,700 Rp - 4,7500 Ry - 1'0




The:e data show that the inductive coupling in the Viking désign is unimportant,
This {5 bécause the loop resistdnce {n thé receptor cifcult (2550 ohmas) i8 51 times
the résintance deross tho digital recelving circult (50 ohims), Conversely, the
P78-2 design has practicdlly all the resistance (24, 000 ohms) acrcss the digital
{hput, when the transistor is condueting,

21 P 2 Besign Modification

The P78-2 preliminary design shows that voltages greatér than the noise
rejection capability of normal digital circuitry (1 volt) can occur when thére is dan
arc discharge to the circult shield. The design must, thereforé, be modified to
reduce the voltage to below 1 volt, which is the digital noise réjection capability,
Adding a sécond braided shield was considered, but since it would only reduce the
coupled voltage slightly, it was rejected. The reduction is only slight, since the
shield voltage incredases from 256 V to a méasured 730 V, bécause of the increase
of Zo between the two configurations and the sécond shield only providés a shield-
ing increase of 20 dB. The configuration included having the overshield 0,37-in,
above the ground plane,

A solid overshield will reducé the coupled voltage better than a braided shield
and, thérefore, will be used in theé final space vehicle design, The aluniihum foil
overwrap was tested on the typical circuits with the following results as shown in
Tablé 5.

Table.5. Viking and P78-2 Deasign

S———

Viking Design
Electric coupling 0.45 V peak
Total couplihg 0.35 V peak

P78-2 Final Design
Electric coupling 3.5 V peak
Total coupling 4.0 V peak

3. SPACE VEHICLE VERIFICATION TESTING

3.1 Viking Tesvng

The Viking Lander was tested in an environment which simulated corona inter-
ference, The vehicle operated properly without degradation during this test, A
capacitor discharge test was performed to simulate arcing that could oceur during
parachute deployment by charging a 0,05 uF capacitor to 2000 V and discharging it
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through the vehiele structure to the parachute attach point and the foot pads,
L roapectively, This tost at firat caused the ground equipment ta malfuretion, After

- tht ground equipment was roconfigured to be less suspectible, the vehiele passod
2 tho test,

3.3 P78 2 Plasiied Testiing

The P78-2 vehicle will be tested by arcing direetly to the vehiele nt several
seleeted polnts where areing can possibly he expected, The arc source will be a
10 kV, 2,5-mJ source and the vehicle must operate without degradation of
performance.
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Appendix A

Colculation of the Voltage on d Shield Due to an Arc Discharge
to the Shield

Consider the following configuration, Figure Au:

;’Axc Soutce
2 zo afnmnin  E— Zo 4
- Shield
Grounded
Figure Al at Each End
B 4h ., 10 in, o .
Zo = 138 log10 3 ¢ 138 log, ¢ 4 0096 im, 361, 53 ohrrs . (Al)
Impedance at arc point is then
361:53 . 180,77 ohms . (A2)

Voltage on shield = ar= current X 180, 77. If shield wire is in a bundle of shielded
wires (see Figure A2 and equations A3-A4)

b d /I Arc Soutrce

Shiclds
Grouwnded
at Each End
Figure A2
63

o m—— e




(A3)

(A4)

then
120 . .1 D _ _120 ~1_0.10
z, = 12 cosh™ ¥ = —2=—cosh
N LI 0. 004
z, = 32.07X0.345 - 11,06 chms .
(;' N 764
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Appendix B

Nethod for Coléulating Electromagnetic Interference Coupled into o Circuit
From an Adjacent Circuit (Time Domain Method)

. ELECTRIC FIELD COUPLING
The eléctric field intérference is capacitively coupled from an interference

sourcé wire into the receptor circuit, The model circuit (see Figure Bl) to be
used for this coupling is as follows:

Ititerference Scurce Wire

T
%Dn.si-lﬁ 4:% . n;

Interference Receptor Circuit

(13
t

Ry T,

it

Figure Bl
where:
E - interference source voltage, in volts.
C].‘ = maximum coupling capacity between souirce and réceptor cireuit, in
farads.
RRS = maxirhum sourcé résistance of signil in receptor circuit, in ohms.
c, = maximum capacity of signal source circuit in the receptor circuit, in
farads.
Cp - maximuni distributed capacity in the recéptor ¢ircult, in farads.
CL = maximum capaeity of load circuit in receptor circuit, in farads.
Rpy, * maximuni load resistance in receptor circuit, in ohis,
Vp = peak nolse voltage indicéd i the receptor circuit, in volts.
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~ BRrg XRpy, ,
Rt * "Rpg Rpp (B1)
RS "RL

C, = CS +CD+CL (B2)

Assuming that t is the minimum rise time or fall time of the interference
-
source voltage E, in secondb the solution to the model circuit equations is as

follows (see Equation B2):

t
|

E - —_r_
Ve = RTCI 1 - exp R(C. CL) (B3)
T 1 2 !
{
5
<
VPMAX = B E___l T C, (B4)
where rise-timeé of E is véry short. a
The area of the interferénce pulse in the réceptor circuit is ERTcl:
(B5)

INPUT COUPLED PULSE

Figure B2 j

Thé coupling capacity dand the distributed capacity for unshielded wires ¢an be .
caleulated with the following formulas (seé Figure B3): ‘

12.052 X 10 i—faiads (B6)

bgl{ J—__
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' A
wheré?
C - capacity betwcen wires of @ "go and return” circuit, in farads.
] maximum length of wire, in méters,
S - séparation between wires (in same units as d and h).
dy - minimum diameter of the wire including insulation (in same units as
S, d, and h), 1f unshiclded wires are in the ~ame bundle, then 5 d,.
d - maximum diameter of the wire conductor (in the same units as S and h).
- minimum average height above the ground plane (in the same units as d,
and S).
‘.__s_.l Conductor
L
: T T parthe
) hl. hz Insulation 2 (B7)
. ! <—Ground Plané
Figure B3
The capacity from a wire to the ground plane is as follows (see Figure B4):
-12
o 24,1214 xhlo farads (BS)
4
10,0 ()
—1-©‘L-,—
' 4
Figure B4
I‘ Capacities for shielded wires can bé calculated as follows:
- 24. 1 Er £
- C = ) picofarads (B
logjoq
o 767
|
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C - capacity between inner coniductor and inside of shield, in picofarads.

relative dielectric tonstant of the inper wire jacket (relative to air - 1.0,

¢ - length of the coax, in meters,

D - maximum instde diameter of the shield (i1 the same units as d),

d = minimum outside diameter of the irner conductor (in the same units as D),

Capacity bétween thé irner conductor and the outside of the shield is the
capacity calculatéd above times the 'ack of.shielding coverage (that is, C 0,05
for a shield coverage of 95 percent),

The capacity ketween two wires, with.a shield between the w
capacity between the wires without the shield times the lack of shielding coverage
for the shield. If there are two shields between the wires, the capacity is reduced
by the product of the lack of shield coverage ¢that is, 0.05 X 0.05 X C).

Note that twisted shielded pair wire should be meéasured. The formulas do
Viking wire meas-

ires, is the

not provide accuraté answers where insulation is very thin.
ured 415 pF for 5 ft (capatity between oné wire and the shield with other wire

terminated in 5k ohm to ground).

2. MAGNETIC FilLD COUPLING

The magnetic field interference is magnetically coupled from ah interferencée

source cireuit into a receptor circuit. The model to be used for this coupling is

as follows (see Figure B5):

e
]
R..
ss et V ¥V ¥
Le
1L e <L R
3 Rus SR 3hsL
W Receptor Circuit W T

Ihtet%éfehéé Sbufce éirt;;i:t

Figure B5
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whére:

E voltage versus time is as foliows (ste Figure B6):

e e

Figure B6

and Vp is as follows (seée Figure B7):

(B10)

Figure B7

Assuming that t. is the minimum rise
source voltage E, in seconds,
shown in Eqs.

~time or falltinme of the interfereénce
the solution to the model circuit (see Figure B8) ig
(B12)-(B17), and with simplification is as follows:

EMR t Ry R
RL |, r "R s ;
= 1 -exp [~ ] (B11)
P tr RS RR LS?RR + R55
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L
Dl
R
§s Lp 1
$ Ras oy s
i
Figure B8. Magnetic Field Coupling Circuit
2 Rg Ry t - ]
EMR - Q - Z(Ls - M)
vV, = _t—R_i;LI: 1+ e - 2 5 + e ) - (B12)
P r's R 4 Rg Ry(L; - M%) Q -
SR s -1 5 5 -1
where
Q- LR+ Ry ¢ YLARg+Ry? - 4.2 - M) RgR (B13)
sTs R s S R s SR
Rgg+ Ry = Rg (B14)
Rps * Rpy, * Br (B15)
Vp = me when t = t, (B16)
EMRp;
VpMAX © WS’ if rise-time of E is very short. B(17)
Retardation is not tonsidered.
where:
E - interférénce source voltage, in volts,
Rgg - minivatim intéfferénce source circuit résistance, in ohms.
Rg;, - minimiim interferenceé source circuit load resistance, in ohms,
70
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Ry Ry * Ry s

RRq = maximum source resistance of signal in receptor circuit, in ohms,

Rp, = maximum load resistance in réeeptor cireuit, in olims,

Rp " Rpg * Ry

Ls = maximum inductance of the interference source circuit, in henries.

Lg = maximum inductance of the interference recéptor circuit, in
Kenries,

M = maximum possible mutual inductance between the interféerence
source tircuit, in henries,

VBMAX = maximum peak noisé voltage induced in the receptor circuit load

due to E, volts, with a very rapid rise in E,

L in a go and return cirecuit (see Figuré B9) can be computed as follows:

L.s.0,921 X 1076 x 4 X logl,\ ? 1 henries (B18)
. 2 2
S
L 1+ (Zh)
| }.-i-.l
i (B19)
§ lh Ih: ¥ b+
dl 110, dz h ——=
Figure B9
where:
L

= inductance of a go and return circuit above a ground plane, in henries.
£ = maximum length of cable, in meters,

S = maximum average separation between wire centérs in the cable bundie
(in the same units as dg ahd h). s - d; if twisted,

9 = minimiim diameter of the wire conductor (ifi the same units &s S and h),

minidm;xm dverage helght above the ground plane (ifi the same units as S
afid dg).

=~
" n
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The inductance of a- single ended clreuit (see Figure B10) (ground plane
return) is as follows:

L=.0,460 X 1 x 10”8 x log, g 4?2'1 henrles (1320)

4
0 S

d, r

Figure B10.

M in a normal digital cable bundle, where all circuits use a common return
wire, is.as follows:

M= Lg - L (B21)

where LL = leéakage inductance between the source circuit and the receptor cireuit
Then:

-6 2d
_ 2 X10 1
M - LS Rl e— In d, (B22)

where d, = minimum diameter of the wire in¢luding insulation (in the same units
as dz) and 62 = minimum diameter of wire conductor {in same units as 4).

It = log,

(B23)
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