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AN ELECTRICAL SURGE ARRESTOR (ESA) MODEL FOR
ELECTROMAGNETIC PULSE ANALYBIS*

C. T. Kleiner, E. D, Johnson, L, R, MoMurray and F. T, Suzuki
Rockwell International Electronics Operations, Anaheim, CA 92808

I. SUMMARY

Electrical SBurge Arreators (ESA's) hav«‘)Zm/ used
extensively for lighthing and EMP proteotion, I These com-~
ponents are characterized by (a) presenting an open cirouit
(high impedance) below the gap breakdown potential, (b)
becoming & virtual short-oirouit above the gap breakdown
and (o) displaying a significantly higher level of apparent
gap bre, for very fast input voltage rise-timea
(dv/dt), #““Thia paper describes a mathemetical model for a
apark gap surge arrestor which has been uwsd successfully
to characterize ESA responde to the following astimulumy

|

1, Below DC Gap Breakdown \
2. At or above Gap Breakdova

3. At high apparent Gap Breakdown voltage as s
function of increused rise~time

4. Damped Sinewave Input (helow and at Gap
Breakdown)

8. Exposed to prompt gamma radiation using a Flash
X-Ray souroe and an eleotrioal input

II. MODEL PARAMETERS AND EQUATIONS

Figure 1 illustrates the equlvalent cirouit for the
Eleotrioal S8urge Arrestor model, The linear portion of the
model i defined by the L, Rpoy, Cg and Cg elements, The
ponlineax characteristios of axe model in ﬂlultrated in
Figure 2, and basically represents the complex reastion
of initial streamer/arc formation followed by plasma
formation and includes the Thermionic potential observed
during the ON or conduction phase of E8A operation. The
various model parameters, nonlinear equations which utilize
the parameters will be defined and illustrated by model
application and comparison to test results, The various test
eirouits axre also shown for the beneflt of other inveustigatora
wishing to characterize ESA's in a mamner described herein,

Definition of Model Parameters and Equations
1, Linear Seotion

L = Lead Inductance (usually in nano henries)

Ry ™ Flux loss ('Q') assoofated with L
P (usually in K ohms)

Cq = Btray Capacitance (reflected oapitanoce at
the ESA terminals from all other sources,
leads, eto,)

Cy = QGap Capacitance (measured or caloulated
for the Gap)

*This work was performed on the Wing VI In-Place EMP
Program, Alr Force Contraot F04704-78-C <0008 under
the direction of SAMSO (MNNH) Project Otf{cer
Captain R, 1. Lawrence,
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Flgure 1. - Electrioal Surge Arrestor (ESA) Model
2. Monlinear Section
(8) R = A nonlinear resistor dspendent on the

suergy being dissipated within the gap and
transforred to the surrounding medium

Equationm
K
1
W o= Win = Wour @
LRI
Wo, = +| |V, et |dt (9)
IN R -1 8| Y
- W
Wour f 7 dtor [P ay “
{whichever is lesn)
where;
L]
R‘ = Instantaneous Reaistance of the gap (ohm)
v = Instantaneous Voltage acroas the gap
€ (volts)
1 = Instantaneous Current through the gap
' (@mps)
w = Instantancous Energy in the gap (joules)

w!N = Instantaneous Energy generated as input
to the gap (Joulew)
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wOUT = Instuntaneous Energy removed from the
gap to the surrounding medium (joules)

Kl = Sonle factor relating Bg to W ( -joules)

p = Maximum instantaneous power lost to the
surrounding medium (watts)

d = Diasipation time constant (an average
tharmal time conatant for eatablishing
the rate at which heat energy (joules) 1s
dissipated to the surrounding medium)

{8e0)
R‘mu = Maximum resistance of the air gap (ohms)
Rmm = Minimum resistance of the air gap (ohma)

Wmm = Minimum energy in the air gap (joules)
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Figure 2. Non=Linear Seotion and DC Charaoteristics

v = Gap breakdown threshold voltage (volts)

VoB 100K V/inch in air at STP

Tap = Time for Streamer Formation (r SF
inoreases with gap width)

DB

i = Current generated aorcss the gapas a
function of ;, (y=generation rate and
Ag = effoctive aren)

I in = Instantaneous value of aroc current below

gm which the arc extinguiahes,

The following controlsr are employed:

No. 1 IfVgz V- W 2 0, then initiate timer at
to (me a :b the condition for streamer
formation has been achieved)

No, 2 Att=ty+ gy initlate computation of W and
subsequent modification of Rg (see Figure 2
characterlatic ourve)

No, 3 Continue to monitor W until W= wmln‘ Also
monitor Rg and limit Rg toR
paring R‘(W) to Rgmln

No. 4 Return R‘ to R ax when gap is fully

extinguished I‘ s Ig'mln

(b) Thermioni¢ Effect = The phenomenon that accounts
for the high ON voltages observed in ESA's (over
100 volts), whercby the emitting ESA blook
effectively becomes a oold cathode, while the
colleoting ESA block becomes the plate, in what 1a
is easentially Thermionic reaction, namely, the
plasma oreutes a junction which is represented
mathematically by the following equationa:

gmin by com-~

Inr - 151 (exp VR/MIO) -1 (8)
IRF'). = ISz (exp-VR/Mza) -1 {6)
where:
VR = Thermionic junotion potential (volts)

ISI I82 = A psoudo-saturation current for the
' Thermionio Reoctifier /and are also
functions of temperature and effective
plasma area)

Mg M, = Multiplier for empirical fit (M has # range
of 50 to 500 depending on the particular
E8A) (non-dimensional)

In addition, there is u slight tendenoy for these
"Thermionic Rectifiers" to "stora' charge similar to a
semioconduotor rectifier, hence, the net current in each
Thermlonlo Reoctifier {3 formulatad as follows:3

s

Ini "Izt rlrm m

Inp " Igpe* grippe ®
wheret

TR = Thermionic electron recombination time

{(whioh s believed to be on the order of a
fow nanoseconds)

0

KT/q = .028 @ 27°C (T {s set at 300°K)(9)

A set of typloal ESA model data (Antenna ESA) i
shown in Table L,

Although the model accounts for numsrous nonlinear
effoots, it nevertheloas is n very simple conceptual repre-
senataion of the phenomenon that can ro attributed to apark
gap ignition and plasma's {n general. * The next section will
show how a particular Eleatrioal Burge Arreator was
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characterized and tested to validate the subject
model,

111, ESA CHARACTERIZATION

Although several types of ESA's were modeled and
characterized (Audio, Power and Antenna ESA's), the
lower powerx device (Joslyn Part No, 27-10425-11) was

* selected for presentation here since it was also charucter-
{red for the effects of a prompt gamma pulae produced by a
2-MEV Flzah X-ray. This teat was performed to determine

, if the presence of a prompt gamna pulse would effactively

{] aid ESA firing and hence, tend to loway the effeat of high
oolncident dv/dt inputs (or ESG overshoot) without lowering
the ON voltage. This was found to be the case and is
believed to be the firat published data on this effect. The
device wan characterized lor both the linear and nonlinear
oomponents of the model.

Table I. Typical ESA Data
Paramoter Veluas Unite

L 130 nh
Linear 'pl. 2300 ohmy
Bestion

c‘ 118 pid

<, 1 i

Ky 13 eshm-Joules

'nl 1800 Watts

'P‘ J [111]

"qmu |"2 ohmi
Ry II',M,| R ohms

Wain 110 Juules

V“ 186 Vaits

'l'" 1 (111

'|mln [ me

I 1 "
Tharmlania M 100 -

Th A (1113

The linear oharacteristios oan be obtained quite readily
by using a network analyzer and solving for the values of
L, Cgr Cg. and RpL' The result {s shown in Figure 3

The nonlinear characteristics are considerably more
difficult to obtain,

The following tests were conducted to obtain the non-
linear characteristios:

1, Sawtooth Oscillator Teat

The firat test that can be performed is shown in
Figure 4 where the ESA {is used aa the nonlinear element
which produces a sawtooth osoillation. Resistor, Ry, must
be sufficiently large so that the 'holding current' will not
sustaip & very low electron leakage and prevent oscillation,
This determinaa one of the oritioal parameters, namely,
the minimum power to sustain the arc, This may not be the
minimum power required to completely describe the inter~
action of the plasma with the surrounding medium however.
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Figure 3. Linear Charaoterization of the Low Power ESa

The dynamic resiatance of the arc oan appear quite high even
though the capaocitor, Cj is a very low impedance source at
the awitch point and hence, would be expeoted to discharge
rapidly giving rise to a high ourrent pulse through the ESA;
this 18 not the came for this or other ESA's, The reason for
thim apparent high discharge impedance in this sawtooth
osoillatoxr oonfiguration ia poatulated to be due to the
relatively high resistance of R and the relatively Wh

impedance of the onaut of the Thermionic conduction i_L'
gup

2, Fast Rise Time Test

when the EBA {8 subject to a high voltage, fast rise~
time input, two characteriatics become npparent. Firat, v
the firing potential Inocreases und second, the ON voltage is
only somewhat higher than during the sawtooth operation.
The dynamlic resistance becomes much lower which satisfics
the funotiona) relationship between R . and MB/1___ (both

resistors belng inverse to aro current density)s The high
dv/dt input results in a voitage breakdown ve rise-time
charactaristios as shown in Figure 3. There are two regions
of the ourve which are worthy of discussion. Region I shows
a fairly gradual inorease in apparent gup breakdown with
inoreasing dv/dt. This increase ia attributable to the inter-
action of the ure formation and energy dissipation coupled
with the effect of the reactive linear elements (L'n and C's)
of the ESA. In Region II the apparent breakdown of the ESA
va dv/dt inoreased more rapldly, This {a attributed to the
time required for streamer formation. This occours prior

to arc formation, The net effect of this ESA response to i
very high values of dv/dt (or high frequency) reduces ESA |
effectiveness for the high frequency components of EMP, !
As a rosult, most ESA's {inolude limiters and low bandpass ;
filtsrs (as shown in Figure 8).
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Figure 4, Sawtooth Oscillator Test Results and
Comparison to Computer Model Response
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Figure 8, Charaoterization of Inorease in Apparent Voltage
Breakdown (or Overshoot) va Rise Time Test Cirouit,
Results and Plot of Vg vs dv/dt
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Figure 6, ESA Assembly Including Limiter
and Low-Paas Filter

3. Damped Sins Wave Test

In practice a damped einewave 1a frequently used to
characterize component and/or subaystem response to EMP,
As a ragult, the ESA and corresponding model were alao
characterized using various damped sinewave input stimulus,
The reault of this teat and model simulation {s illustrated in
Figurs 7. Note that the ESA's can open after the initial
ghorting if the sustaining energy s insufficient to oause the
arc to sustain, This ia partioularly true for lower fre-
quencies (~1 MHz and below) and "'soft!'* EMP sources, *

R oapswien Ry

18,7

{a) DAMPED COS INE TEST CIRCUIT (R >Ry R by 00,
fo 12wy LGy Qa1 = 2ulglyit} + Ryl

1 KviDIV
300 VIDIY
{b) TEST RESULTS TAY, b etoe b

10 110 MHZ (IIQ\&D&M“ v -

DAMPED WAVE (INCLIIDES

Q4 RINGING
DUETOL, VA 1
Cq+Cy

100 NSE CIDIV 200 NSE C/DIV

Figure 7, Damped Cosine Wuve Test and Comparison

4. Jonization from 2 MEV FXR

In & situation where an antenna ESA can be simultane-
ourly exposed to u high dv/dt pulse and a high Y pulae,
there is u distinot poasibility that the ESA may, in fact, be
triggered by the ¥ pulse (provided of course, that this
ocours virtually simultaneously with the EMP pulse), In
view of the diffloulty associated with synchronizing two mhort
pulses (~20--30 nsec) enci: from a different source of high
intensity EMI, an Indirect but correlatable experiment was
performed, The npproauch which was taken utilizes the saw-
tooth oscillator circuit (shown in Figure 8)am a self-
oontaincd EMP source and exposes the ESA unit to Y using a
2 MEV FXR, Thia teat configuration is shown in Figure &
with the attendant curves showing decreasing firing potsntial
va doge rate, From this experiment, it has been poasible to
characterize the ESA model with the following simple
assumption,

w doea not necessarily mean "Soft" to EMP or having
a low energy content,

T
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The streumor formation is overridden by a minimum
energy contributed by the lonizing pulse, Thls enexgy was
obtained experimentally on two samples and hus not been
caloulnted extensively for large sumple alze types of EBA's,
When this energy 18 exceeded, the conditions for asc for-
mation are enabled and the results for u combined high dv/dt
and suffiotently high ¥ are shown in Figure 9 for cogmnrison.
Of the two samples, one would trtgger ne low us 10° R/seo
(81) while the other required 3 x 10° R/Sec (81)s The exaoct
oause for this wide dispersion 1s unknow. und certainly is
indloatad worthy of additional investigation, The most
aignificant observation however, indloated that the Ther-
mionic ON voltage seemed virtually unuffected by ¥ which is
to be expected.

IV, CONCLUSIONS

The EB8A model presented in this papor i8 relatively
eusy to use (In an appropriate computer program) and per-
mits a detailed evuluation of ESA, Limiter and Filter

through 1010 R/mse0 (81))
.TN.- -¥ PULSE S mals s R
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L DIVE- WITH ¢
- n

TIME RONSEC/DIVI

Figure 9. ESA Model Slgmulatlon of Comblned Fast Rise
Time Input and ¥ (>10" R/sec) Comparison

assemblics to u variety of EMP stimulus. The model
nooounts for the extremely nonlinear behavior of the ESA gap
inoluding intermittant firing, variation in ON impedance and
other related phenomenon, The model hus been more than
adequute for EMP assessment and together with other EMP
reluted models permits nonlinear trunsient responme evalua~
tion with miniinal run time (on the order of $10 to $20 per
run using 8 GFE CDC 7600 computor),
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At present, the model does not provide a readily
traceable path between ESA device deaign parametera and
the response observed in teat or associated with parameter
viriations. Some of the more subtle parameters of the
model appear to have a fairly wide dispersion, Most of
these offocts are expacted to influence the higher frequency
components of EMP and ahould not be significant for well-
limfted/filtered ussambiles uning ESA's, Where ESA's
stand alons (as proteoction against lightning), these parame-
ters can be extremely critical; and one could expect to see a
wide variation in high frequency reaponas sven among the
aame type and series of ESA's,

At present, the ESA model has been implemented using
the SECURE code5 which is the baseline software EMP
simulation package used for the In~Place EMP program,
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