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Figure 3: Battery Compartment
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Figure 6: Fence Wring and Ph»yical Barrier
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Abstract
We teqwd five Advanced Perimeter Systems EF170, EF17), FF 172, EF173.4and EF174

Tlectrofenc.e ecantrollers (RFCs) 16 determine the1r current-versus-fime wa\:ef orms, The RICs
EF170 dnd 1 hid one.cortrol uiit gach, while EFl?Z EF173 and EF174 had twg eontrol
tinits each. We nigagired their safety charactaristics using the existing TRC ~7i_-"i standard.
We Lound fhat all the electric fence controllers passed the [EC 60335-2-76 standa

1. Introduction

Theé vait nm)or(ty of wotlk pit glestric safety has been done using poer line frequencies.sucli as
60 [z, Thys most'standards for lectric safety apply 16 continuous 60 [z current applied hand 1o
hand. A scpara‘& elass of clootric davises apply clectric current as single ora tinin-of short
pulses, siich 45 are fourid Tiv electric fenge controflers (FFCs). The:standard that appliss ta FFCs
15 (JEC. 60335-3:76, 2006) To sstimate e ventriculdr [ibrillation (VE) risk of EFCs, we use the
excitation behavior of oxeitable gells. Geddes and Balker L9ROY prosentod the eell mgmbz_'ul\,
excitation model (Analytical Strength Duration Curve model) by a lumped parallsl resistatice
capacitance (RC) cireuit. ‘Lhis model determines the ocll ¢xcitation threshelds for varving
rectangular, puke durations by assigning the strength—duration rhebbase currents, chronaxie,-and
time constants (Geddes and Daker, 1989) Though this model was originally developed based on
th\. uqaul:mwn’ml 1csult\ of 1cc’t'u1gula1 pu]ﬂcs the effedtivencss of applymg this inodel for oth-,r
discussed (TFC 1987. T(meq and (Teddes 1977) The Lharoe—durmon eurve,

» ular waxef‘onnq Thli pemms Cﬂ.lclllﬂf.l ng the \_F e‘mtmon
rous fonreclangafar waveloms:
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Figure 1. Normalized analytical strength—duration curve for current /, charge (2; and energy U.
The x axis shows the normalized duration of d/z. Note that for d << s, (is constant and the most
appropriate variable for estimating cell excitation. (from Geddes and Baker, 1989).

The equation for the strength-duration curve is (Geddes and Baker, 1989),

H
Av=IR(l-¢ T) (1

where 7is a step current intensity, R is the shunt resistance, Av is the depolarization potential
threshold which is about 20 mV for myocardial cells, 7 is the RC time constant, and f is the time 7
is applied.

If we let the stimulation duration go to infinity, the threshold current is defined as the
theobase current (7= &), If we substitute  in equation (1) by & and define the threshold current 7
=AwR for the stimulation with duration 4. Equation (1) becomes,

5 :
Id= d ' (2)
l-e 7

We can calculate the threshold charge (Q4) by integrating equation (2) and it becomes,

Qa=1qd= bdd, 3)

l-e T
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For short duration stimulation (¢ << t) with duration shorter than 0.1 times the RC time
constant, equation (3) can be approximated by equation (4) and it vields equation (5),

~ e

14

l-e

LR
™
R

Qa=bht &)

Equation (5) suggests that the charge excitation threshold for short duration stimulation is
constant and equals the product of the RC time constant T and the rheobase b, Geddes and
Bourland (1985) showed that the charge—duration curve for single rectangular, trapezoidal, half
sinusoid and critically damped waveforms had a good agreement for short duration stinmlations.
Therefore we used the same model to estimate thresholds for stimulation sources where  was not
constanl, under the same stimuldlion selting.

Cardiac cell excitation has been intensively studied at the 60 Hz power line frequency
because most accidental electrocutions occur with 60 Iz current, which has a longer duration
relative to the cardiac cell time constant of about 2 ms. However, EFCs operate with pulse

durations much shorter than the lime constant,
3. Tist of lquipment used and Validation of the Test Set-up

Figure 2 shows our experimental test sel-up. The EFCs under test consist of Advanced Perimeter
System Electro-Fence Controller: Model No. EF170-50373-1 (EFC1), Model No. EF171-8S0394-
1 (EFC2), Model No. EF172-S0142-2 (EFC3), Model No. EF172-80142-3 (EFC4), Model No.
EF173-80416-2 (EFC5), Model No. EF173-80416-3 (EFC6), Model No. EF174-80428-2
(EFCT7) and Model No. EF174-S0428-3 (EFCS). A 12 V battery was used as a power source for
the EFCs. The short duration clectrical pulscs from these ECFs passed through a scrics of five
100 Q (NIT030100ROTLEQ2 50 W 100 Q 1% Vishay Wirewound resistors — Chassis Mount)
noninductive resistors which measure 497.4 Q, which represents approximately the internal
resistancs of the human body, Pulses passed {hrough five 50 € (NHOS050R00FEO2 50 W 50 Q
1% Vishay Wirewound resistors — Chassis Mount) noninductive resistors connected in parallel
which measure 10.07 Q. The oscilloscope measured the output voltage across these sensing
resistors. For these very short pulses it is important to use high voltage noninductive resistors
beeause the same current [lowing through a rosistor that has substanilial inductance will measure
a larger current than a résistor that is noninductive. The data were collected in EXCEL format
from a disk in the Agilent 54621 oscilloscope. Figure 3 was plotted using MATLAB.
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Figure 2. The switch 81 is closed to Lest the EFC according (o IEC-60335-2-76 standard. The
current flows through a string of 100 Q resistors Ry Rs (total 497.4 Q) which approximates the
internal body resistance of 500 . The resistors i¢—Ryq in parallel {total 10.07 Q) vields a low

voltage that is measured by the oscilloscope. '

EFCs are used for arca security. We tested eight TI'Cs control units (EFC1-EFCS) of the
five APS Elcctrofence ¢ontrollers using thé experimental sct-up in Figure 2, In Figure 2 the

switeh 81 is closed to test the EFC according to the IEC 60335-2-76 standard.

Wo tested Advancad Perimeter Systems EF152 using the test set up shown in Figure 2.
Figure 3 shows the shows the output current waveform for EF 152. This waveform resembles the
output current wavetorm for-electric fence controller TI'132 from previous testing, which
confirms that our testing set up is connected correctly.
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Figure 3. The output current waveform for electric fence controller EF152. This waveform
resembles the output current waveform for electric fence controller EF152 from previous testing,

which confirms that our testing set up is connected cotrectly.
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4. Photos of the APS units tested

The ligures below are the photographs of [ive Advanced Perimeter Sysfems L1170, Lil'171,
L1172, 1ik173 and 1317174 Liectrolence corfrollers lested.

Figure 4. APS Eleciro-lence ontmlle' Model No. EF170,
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Figure §, APSElectio-fence controller Model No. EF170, Ser No.'S 0373, Tt has one control

unit.
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Figure 6. APS Elcetro-feiice controller Model No. EF171.
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-tence controller Model No. EFl

 Ser No. S 0394, It has-one control
" unit, '

Figure 7. APS E_éfro
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" Figure 8. ADS Elcctro-fonce controller Model No. BF172.
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10

PS Electro-tence contioller Model No. EF172,
. ’ ‘ units.

‘Fgure. A
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Figure 10, APS Lilectro-lence controller Model No. Ll'173.
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Figure 11. APS Electro-fence controller Model No. EF173, Ser No. § 0416, It has two conirol
: ' units, C
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c ontrc')llr' Odi:lNo. EF 174,

Fir 12. S' Tl cotrcn
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Figur 13. APS Electro-fence controller Model No. EF174, Ser No S 0428. 1 has two control
units.
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Safety of Advanced Perimeter Systems EF170, EF171, EF172, EF173 and EF174 Electrofenice
controllers using IEC 60333-2-76 standard
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Madison, WI 53706 USA.
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Abstract

We tested five Advanced Perimeter Systems EF170, EF171, EF172, EF173 and EF174
Electrofence controllers (EFCs) to determune their carrent-versus-time waveforms. The EFCs
EF171 and EF 172 had one control unit each, while EF172, EF173 and EF174 had two control
units gach, We measured their safety characteristics using the existing IEC 603335-2-76 standard.
We found that all the electric fence controllers passed the IEC 60335-2-76 standard.

1. Introduction

The vast majority of work on electric safety has been done using power line frequencies such as
60 Hz. Thus most standards for electric safety apply to continuous 60 Hz current applied hand to
hand. A separate class of electric devices applv electric current as single or 4 frain of short
pulses, such as are found in electric fence controllers (EFCs). The standard that appliés to EFCs
is (TEC 60335-2-76, 2006). To estimate the ventricular fibrillation (VF) risk of EFCs, we use the
excitation behavior of excitable cells. Geddes and Baker (1989) presented the cell membrane
excitation model {Analytical Strength-Duration Curve inodel) bya lumped parallel resistance—
capacitance (RC) circuit. This model determines the cell excitation thresholds for varying
rectangular pulse durations by assigning the strength~duration theobase currents, ¢chronaxie, and
time constants (Geddes aud Baker, 1989). Though this model was ofiginally devéloped based on
the experimental results of rectangular pulses, the effectiveness of applying this model for other
waveforiis has béen discussed (IEC 1987, Jones and Geddes 1977). The charge—duration curve,
derived from the strength-duration curve, has been shown in sound agreement with various
experiiental results for irregular waveforms. This permits calculating the VF excitation
threshold of EFCs with vario’us nonrectangular waveforms.

2. Mathematical backgi‘(}und and calculation procedures

Based on the cell membrane excitafion model (Weiss—Lapique model), Geddes and Baker (1989)
developed a lumped RC model (analytical strength—duration curve) to desciibe the membrane
excitation behavior. This model has been widely used in various fields in electrophysiology to
calculate the excitation threshold. Figure 1 shows the normalized strength-duration curve for
currént (J), charge (O) and énergy (U/). The expression of charge is also kriown as the char ge—
duration curve which 1s important for short duration stimulations.

MET Laboratories inc.
901 Sheldon Drive . Caty, North Carolina 27513 - Phone (919) 481-93189 or (800) 321-4655. Fax (919) 481-6716
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Figure 1. Normalized analytical strength-duration curve for current /, charge Q, and energy U.
The x ax1s shows the norinalized dura_tion of dir. Note that ford<<q, o 1S constant and the most
appropriate variable for estinating cell excitafion. (from Geddes and Baker, 1989).

The equation for the streigth—duration ctirve is (Geddes and Baker, 1989),

t

Av=IR(l-e T), [€8)

where I1s a step current inferisity, R is the shunt resistance, Ay 1s the depolarization potential
thresheld which 1s about 20 mV for inyocardial célls, tisthe RC time ¢onstant, and 7 fs the time J
is applied. » 7

¥ we let the stimulation duration go to infinity, the threshold current 1s defined as the
theobase current (1= ). If we substitute { in equation (1) by & and define the threshold curfert Jg
= Aw/R for the stimulation with duration d. Equation (1) becomes,

Ij=—"—r. @

We can calcuilate the threshold charge (Qq) by integrating equation (2) and it becomnes,

Oq=Td =20 3

l-e *
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For ghort cheation stinmlation {d << 1 with duration shorter than 6.1 fimes the B tims
constant, equation (3] can be spproximated by egaation (4 and # jields squation (33,

o,
te Ted, )

T
Gi=5r (3

Enpiation {7) snggests that the charge excitation threshold for short duration stimulation iz
constant and equals fhe product of the B tinse constant T and the thecbase b Gaddes and
Bourland (1985) showerd that the charge-duration curve for simgle rectangular, trapezoidal, half
sinusgoid md eritically damped waveforms had 2 good agreement for short duration stmulations.
‘Therefore we used the szme model to esfimate thresholds for stimmlation soimees where Jwas not
constant, tinder the saé stinsalation seiting. _

Cardiae cell excitation hag been intensively studisd at fhe 60 Hz power line frequency
becatse wost accidental elactroontions scoter with 50 Hz curvent, which haz 4 Ionger diation
zelative to the cardiac cell Hme constant of about 2 ms. Howsver EFCs operate with pulse
darations much shorter than the time constant.

3. Metheds

Fignre 3 shows o experiments] test getup. The EFCs under est consist of Advanced Perimater
System Electro-Fence Controller: Model Mo, EF170-50373-1 (EFC1), Model Mo, EF171-S0354-
1 (EFC2}, Model No. EF172-30142-2 (EBC3). Model No. EF172.50142 -3 (EFCA) Model No.
EF173-50416-2 (EFCT), Model No. EF173-80416-3 (EFCE), Mode] No. EF174-50428-2
(EFCT} and ¥odel Mo, EF174-50428-3 (EFCE). The short duration electrical pilses from these
ELCFs passed through a series of five 100 £2 QUHOF0100ROFEQZ 50 W 100 & 1% Vishay
Wirewinind résistors — Chassis Mount) noninductive resistors which measire 497.4 &, which
‘zeprisents approximately the internal resistance of the human body. Pulsss passed through five
50 Q QFHOSO30ROUFED2 50 W 30 © 1% Vishay Wirewound regisiors — Chagess Mownt)
monindactive resistors commecied in parallel which megsure 10.07 ©. The ascsﬁoscepe inzasured
the output valage across these sensing resistors. For fhese very short pulses it &5 mmportant to use
high voltage noninductive resistors because the same current flowing ﬂn'mtgh a teststor that s
mibstantial [ dnctance will measurs 2 larger currenst than a resistor that is neninducfive. The data
were collected in EXCEL format from a disk in the Agilent 54621 oscilloscope. The calculations
for different parametsts presented in Table I and the Figures 311 were plotted using MATLAR.
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Figare 2. The switch 51 i5 closad fo fest the EFC according to TEC 60535-2-76 standaed. The
curent ffows through a siring of 1400 & resistors Ki—Rs (otal 497 4 ) which approximates the
mternd body resistance of 500 . The resistors He-Ryo 1 paralled (fotal 10.07 £2) yields a low

voltage that is measured by the sszilloscope.

EFCs are used for res secumity. We tested eight EFCs (EFCI-EFCB} using the
experimental sef-up in Figure 2 and chtained the outpuf currents shown in Fignres 3— 1. In
Figure 2 the switch 51 is closed to fest the EE(Z’ aecording to the TEC §0333-3-76 standard. We
tested Advanced Perimeter Systems EF132 using the test sef up shown in Figure 2. Figure 3
showsz the shows the entpit current watveform for EF152. This waveform re:sen_ﬁ:fle., the opiput
cunent wavefors for slectric fescs controller EF15) Fom pravinus testing, which ponfirms that
ouf testing et up is connected comectly.

¥lw =
b,
et

Current (A%

i
et
o]

1 3
[ 28 44 i1 & i1Y] ;12& 144 h[1] 180 2{HN
Time {us}

Figure 3. The onfput current waveform for eleciric fanee rontvoller EF137. This wavefomm
regembles the output current waveform for slectric fimce controlter EF132 from previous testing,
which confirms that owr festing zetup is connected correctly.
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Figure 4. The oufput erarent waveform for electric fence confroller EFCE (EF170-50373-1). The
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Fizure 10. The ontput current waveform for electric fence controller EFCT (EF174-50428-2).
The Fo: aceording to IEC 60335-0-76 standard for EFCT 15000 A,
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Figure 11. The ouiput éuvrent wavedorm for electric fence controBer EFCE (EF174-50423-3).
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The Few acording to TEC 60335276 standard for EFCBis 24 A,

4. Resplts

Table 1 shows the approximate results for the nns covent, power, duration, Iupulse repetifion

wite angd snsrgy/inpulse for all the EFCs.

Table I Approximate rezults for all EFCs.

160

80

200

EFCs EFCi EFCE EFCZ EFCA ErFcs EFCE EFCF  EFCE
Paramesars Lnits.

Tovtal Energy 2%ms 274 473 236 a7z 4 5 447 455 381
¥5% Enengy Duration ys £3 53 &3 53 HE 54 53 53
fez ’ A 822 817 82D 8.18 5.88 583 2.0 8.24
IEC Bandard ez A 157 157 8.7 5.7 157 157 87 15.7
Impidee repatiton rate {75 Hz D&z 0.82 082 OBZ .81 .81 fu82 o.82
EC Standard 1RF = 0 1.00 .00 .00 1.08 106 1.06 1.0
Enerqgyilmplies J 180 2434 180 1838 230 237 231 1.8%
IEC Standard Enargyflmpidse J £ & 5 5 5 5 & 5
Pass IEC Standard fesiMn Ves Yes fes fes Fes Yes Yas ‘fes

EC {794}6} defines in 3.114 “impulse durationr duration of Huat part of the im@tﬂ&& fhat
contains 9% of tle overall emergy and is the shortest interval of integration of FIf) fhat gives
95% of the integration of ) over fhe total Enmulse. K07 is the impwilse civent 32 2 function af

MET Laboratories Inc.
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7 3117 it defiwes “output current- 1.1 5. valus of the rutpat coment per impalse
calmﬂdted gver the impulze dnation.™ In 3.118 it definez “standard load: foad consisting ofa
wom-indnctive resistor of 500 Q= 2.5 ¥ and a variable resistor that is adjmsted so as to maximize
fhe energy per impuise oF owlput curvent in the 300 £¥ resistor, as applicable.™ In 22.198,

“Erergizer outptt characteristics shall be such that —fhe impulse repetition rate shall not sxcesd
1 Hz; — the impulse darafien of fhe impulse fn the 508 & component of the standard load shall
not exceed 30 ms; — for enerpy limited enersizers the energy/impualse i the 500 £ component of
the standard 1oad shall not excesd 5 J. The ene:r@ynmgnﬂse is the energy mieasirred in fhe mpﬁhe
over the impulse duration. — for cusrent limited energizers the oufput corrent m the 30053
compozient of the standard load shall not exceed for an impulse duration of preater than 0.1 ms,
the value specified by the characteristic limit line detailed in Figure 102; an impulse durstion of
not greater than 0.1 ms, 13 700 mA. The eguation of the line re}atmg nnpulse dhuration {us) to
cutpid curent {mA) for 1 000 mA = owiput current = 13 700 mé, is given by impulse duration. =
41883 = 107 » (output currenty > *** We used these definitions snd calenlated the total énergy,
the shortast duration where 05% of the total snsrgy ocours, the ms cuend for that doration from
Figures 4-11 for the EFCs (EFC1-EFCH). Tabls 1 lists fhe results. Table 1 shows that all the
EFCg pass the IEC 60335-2-76 standard. For il EFCs, the impulse repetition rate is abont .82
Hzand less than the recommended moaxinumm { Hz repetition rate; the impulse duration of the
impulse in the 500 £ component of the standazd Ioad iz about €. 033 ms and less than the
repommended muxinmmn 10 ms duration and the ensrgy/inapulse in the 500 £ componext of the
standard load is about 2 7 and Jees tham the recommended maximum walue of 3 1. Example
celoulation of enersyfingulse for EFCT is shavin below:

Energyfimpulse = | F{ Rdi =455 A%ms » 50747 52=231].

5, Discussion

IEC (2006) integrates (), which isron Ly equeal o JO). Their Figuze 102 roughly
follows charge. The 300 £ resistor closely approzimates the resistance of the body and
determings the cument that fows throngh the body. We found the Advanced Perimeter Systems
EF 170, EFi 71, EF172, EF173 and EF174 Electrofimce controllers passed the IEC 60335.2-76

etandard.
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Conclusion

The products covered by this Report have been found to be operational and the construction
complies with the applicable requirements outlined in referenced Standard(s). The equipment
was field labeled. Final approval of the equipment shall be determined by the authority having

jurisdiction.
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