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ABSTRACT

This thesis proposes a design of surge protection system for using with telephone
exchange system. The surge may damage the telephone exchange system, so the MOV surge
position installation from the subscriber until the exchange is important to get rid of the surge.
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2.3.3.3 Fast Transient
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USRUITAIADT Vo (DC)=(3V)n (3.2)
AMUNUSAIADT D=(n+1d
V,xd
~ (3.3)
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{3061 (field lower barrier) HOQUNQNNINNUYTEU™ 25 °C

711 3.5 upundenudmiunTuYes Zno NilveIvARasBUAB Zno
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Ui 3.5 uaewEUNEUAMSUIATHYE.ZnO NTVBLIVARANYTBEAD ZnO INTU
¥
. 14 Y a  a

N1931070 forward bias (V,) HATNIYIAD reverse bias (V) ANMNTIVRITUANGATURD X,
10 X, MANNGUUISHAD ¢ UBT §, HDZAIAIWGI Zero bias UUISERAD ¢, BT TuLDT
4 4 ' A 4 2 . rY] s A °
LAY ¢, vzanauiaze ¢, wimuiudahlfuuSslineaawesiumanmi indh

' oy a o o o o o o a

AnNguise ¢, vesnsmaesituseiu Infhdgniaduiladduvewsduliih
afloulduanaiagui 3.6 myaansetsiad lunuiSonus i IdihqeuaaanisGuniindh

a1 luFudu

&
& 10
)
0.8 "\\
2 \
® 06
¥
o° 04

NORMALIZED THERMAL BARRIER ¢

VOLTAGE (V)

511 3.6 uuSuFenudeuduilenduveseiuihidenld

#91500381929 high current upturn Tuz1fl 3.9 sznuimmdNRUTYes V-T 921
1 4
sy y ' 1 o ] é 4
Indquantiaves ohmic marmdmmmuduegiunmaiiidihveunsuves zao Fadinnw

' L} M é o J 0‘ 4
wuuiuszylugae 107 84 10° de cm® Fevir I zoo S uniudind: 0.3 Qem

3.2.5 In3993 1998315 01M05 (Varistor construction)
nszuaumsad I amesianstagil 3.7 qudnvuzvesgUnsafvzdmuaiimssa
(pressing operation) Tatnantls (powder) vzgndaasluuuufindiismuaanunuuiteW1d
usagu Iihideanss  AusisidnInsauasuiavesgunssiasimuisuuauite114sms
nszuagegauazanuannselumsiundany  Taoia lldnseaduiuguinaisvesaia

wosndludanianail 3, 5,7, 10, 14, 20, 32, 40 a2 62 mm

43254
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Zn0 ADDITIVE OXIDES
(MAINLY BL,0,)
POWDER
MIXING PREPARATION
POWDER
| LY .
PRESS
SINTER FORMB ggsAMIC
ELECTRODE
| _._._._._._‘% ......
MECHANICAL
ASSEMBLY
I PACKAGE
ENCAPSULATE REQUIRED
FINAL PRODUCT TO ¥

ELECTRICAL TEST

5171 3.7 AszuaumsHnveInIanes

9) =Y oY a b4 ] é ar 1] ) )
msldmatinmsndaveassiinaunsoldlumsadieglineug  dredusu  ung

a ) Y o A Y 4y " <
nienasagnadilasnsdueen (extrude) uazdaio 1 lAn1meMABIMT ndnnMITY
9 1 d'u 9 [ d' o) ci ' @ a o
suds dauidelrldmnszgnanlumumdguosiniigumgiigegahininnd 1200 °C AL
aeenledvznasuazaeiigungiininndt 825 °C miviianunuIiuYes polycrystalline
ceramic  hguugigei iiansuuaz Inssadniignaugulasvinaveunsy  jinseves

N3e1ABT (package) HaRdfagy 3.8
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511 3.8 gUnsevesniaaes

3.2.6 qmanﬂ’?mn"lﬂ% (Electrical Characterization)
1) Radinye V-1 vesai3anes
audnyueni ifwesnsamesinuaaslugiues loglog iilenaaseniuves
ns M V-1 gauanyaizvensvl V-1 uaauSiaal (region) msaLfuandeiuR 3 $20v8e

a o = & ' s oal o
Miamnsaeg il 3.9 Fwaaaraandevesnseuauinndiuaaalu data sheet Taonae Ty

LEAKAGE_. NORMAL VARISTOR UPTURN
REGION OPERATION REG'Q&

1000 /
500 5 T
SLOPE= 1
] o .A-/—'," )
]
e 2rar 1] ~ g
w - '/’ — 1= kv® v
2 100} ny
= "y / wy
par o o
O 50
> 1 ]
/ (TYPICAL V430LA20A)
20
10
108  10® 104 102 10° 102 104

CURRENT (A)

31U 3.9 gudnyuzvens v v-1 lugduasidiuves log-log

2.) 2993ladieu (Equivalent Circuit Model)
upusriaeamaihvesnimaefaunsouans Tavaesiaioudagalii 3.10
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L
(Lead Inductance)

c ;; R ROFF
(0.002 pF) (Oto =) (1000 M)

ON
43¢

514 3.10 uuusasanmieIithweansmnes

3.) 929031204 leakage YDINITINNH
- [ a0 . ¥ Yo ) 9 h [y

fszAunszuaiiam ns V-1 sz inddnuaiziBudu (ohmic) uazuaasdnyuens

¥

Fufugagll MnSmeesziimanudumiugs (led. 10" Q) ussuerasdnyuzimiley

Waes manumunuuuu liFadu ®,) aunsoas 1Ailiesnn R ., Adeuvuvuiuiions

ket 3
WANINNIITIWNG R, anseas ldileifioudu R

Cc ‘L
f[ s Rorr

3Uf 3.1 2esiaileunsedunszualiaig

Ay ihdmiuglassinsamesianlszununsfinneariussduuazaiud

¥ ¢ [) 1 v
Tufud leakage region snmy IWihiianasszlisufivudnisuilefouiuussduii lfius
Mmaed  luvnziidenussiudlnddmssiunsamesiszymnaug thezasaniud

sy Itheslinn)ssinuasidiesnrdinlaouly 100 kiz
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\

o /;/

" £/

w1 A /1
/ SPECIMEN V130LA10A
)3

|

{zyso 75 /100 125°C

10 l | l

109 108 107  10€ 105 10% 10?102
VARISTOR CURRENT (Apc)

\ N N

VARISTOR VOLTAGE IN PERCENT OF
Vnom VALUE AT 25°C (%)

JUn .12 wamzwmmemmﬂuwuw leakage

» [ v
ransenuveguuniiuens I V-1 udnvusTuiui leakage iaasdegUi 3.12

ANUFURUT TN INIZUA leakage (I) uazgunil (T) Aiv
A SH 5" (3.5)

Tag 1,=fAdn ,
K = 117971994 Boltzmann !

V,=09eV

a a (Y 4 1 g [V
mslAouiamugamgiedeandesrumadasundaciu R, 86101508 R, 80

a ] dl = 1 - 1 I i d’ ~
fisnudumugauldngumgiige 1wy nmav“lu‘ma 10 MQ §3 100 MQ figangi 125 °C

faniin Ry,  seilsmnudumuguianey, nmxﬂauuuﬂmmnmmn Famm

L AR 4

v
uwusanassnadaduindseafufunnug

1 |
ROFF ~ 7 (3.6)

!
!

* = o ¢ & A { i
g lsfiAmITIuiuULIIITeY Ry 1y C doziudianug Ifhiinandh

a o & 4 ' ’ a ! Y
finsan fetliioannmnauy fheeliaszanandadudy VR

3
s SR

finszuaganhuazdawinnhdaduend msudounlamegungiivsliadiga

' | U o Q( o i k- d’ A g 3 J
mswisansMszninmdudseinigungdl (dvidy pansdsglf 3.13 Fevzdunglddem

L

=y Q’ ) 4 A' 4 L o )
fmﬂszawﬁqmﬂgmmﬂuauuazaﬂmzﬁanszuamu% °lwmausaﬂuuﬂauﬂﬂwmﬂsa
t

wes (1> 1 A) Agamglszlandnlng o !
i
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-—
LEAKAGE REGION I opP

e
-

T T
SAMPLE TYPE
|.V130LA10A

»
| ///VZZZIA:!
'/ |
/ f

/

(-]

s
&
-

USSP S

.
e
w

.
e
P

TEMPERATURE COEFFICIENT (%/°C)
-3
N

y
o
o

104 103 10? 10 10 | 10! 102 10

CURRENT (A)

-
o
]

(L)

{

{

d' @ a o ' i

319 3.13 Fuilszanguugil (dv/dT) ABnTSIA i

|
4) humsihanudnfivesnsanes ;

o a o ] { '
AUANYUZUBINTAADTUARINNANNTT I=k\} Tas k AemiAsiuazdIUYed o

1 a ' ' \ ’ o
ueraanu liiduFadu i1 o Aof figure of merit taztiand lAvinAnuFUvDINT W V-I 30

AUIUINTUNIT

o log(I, /1,)
log(V, /V})
1 ]

=— 7
log(V,/V,),

e

1,/1) =1 X))

|
1

a 4 o o ° { ' g
TuSnaiinsmmesesinuuay R, swlinmiandl Ry, Ry, iag C @9 R, 9z

yu1Atfoundn Ry, uAvzlifuinnaiR,, -

IS' -3 d' o a o
3% 3.14 2vesialeunmahvesniames |

1] [ L] [ =y . ] H o ar 4
ﬂaﬂﬂ‘lf’Nﬂ’IS‘VI'N'l'uﬂ’uﬁQﬂﬂ?WSﬁlﬂﬂ§%$§ﬂ1f]Qﬁ dwsunmsuavundasnssue

' d <
HAWIUUA mmmsf’fmmu Ry %ztﬂﬁﬂummwlmm'smnﬁuawmﬂszuﬁ PITIWITD
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cirees e e,

s 1 é < as t
Funa 1AomsasI9doUAINNUEIUNIY static 1aE dynamic FuduilanFuvsanseua mauy

AUNTU static 93110 1A 1Ay

(3.8

HAZAININAIUNIY dynamic

Zx=%\i—/=V/aI=Rx’/a (3.9)

A5 INSTNINMIAWATUMUADATZUT udAAIgUN 3.15 Lag 3.16

500
e
A '
W5 N
Z% 10 - s
b o 5 N
® 2 N
[ -1 a \ s
BE os <
b \
o g4 N
g 005 N
0.04 :
0.01 0.1 1 10 100
PEAK CURRENT (A}
1
- ' Y o, o
§1J°n 3.15 ANIUATUNIU static (K() NUASSUE ¢
5
JEAN
8k os
25
b 2
g2 00 N
o2 T
35 \
28 0.01 N
28 o005 il
g e
0.001 .
0.01 0.1 1.0 10 100
PEAK CURRENT (A)

5171 3.16 MAIWAMIY dynamic (Z,) Aunszue
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5.) ¥29U34I8¢ upturn YBININIU
c; é 9/ Yt aw Y] o -4 a o 9 Y]
ANTLUAPFUN INAAANAIGA A3 A9DIILUTTNYAAINAIAIIAAINDT (short
. . [} 1 a 9 9/ Y1 9 o/ Y
circuit) ﬂﬂw%zzwnaamJw1mm'llmmmuuazwﬂnammmmumuﬂmnﬁﬂnanﬂszmm
=S a a ] Y a v Y 9 & 9 :iy <
1 D910 Q NUTIU upturn ILNBINAAT R, 1971nEA1 Ry, FIAANNAIUNIY R, HUAAIDS
9 ]
mﬂ'Jmé’fmmuwﬁﬂmmmiwm ZnO mmmé’fmmuu%zumv‘fmL%’uuazsﬁﬂﬁns:uﬂ 50 A

¥
£14 50,000 A YuagHUVUIAVBINTHIADS

on

=i 4 :i a .4
g'ﬂ‘ﬂ 3.17 NITIFUDUNNIT upturn VBINTAIADT

33 mﬂaaﬂgﬂﬂauﬂﬂa"a‘u (Selection of waveform)
IEEE C62.41-1991 Tduuzihgiadunaeuiidludunuveaussdusasnszualvih
b4
o o Qo s (] A a
wuUBUWad (Impulse) emua 5 wila Taouisesnidiugindunaaevunasigiu 2 silauazgl

ABUNATBULASY 3 LA A9ATTN

1 » 1 ¢ ¥
M9 3.3 gUnduNATeUIATIgIUIa FRRUNAdR LIS Nd S UA MR q

AMUUS 100 kHz Combination 5/50 ns 10/100 ps 5 kHz
‘7;9:1"0 Ring Wave‘ ‘ Wave EFT Burst Wave Ring Wave

A WA IFIN T ERY GERY GERY

B WA | Wangu GEY 13y GEPY

C Taii W19 T 1su Y

3.3.1. JUATUNATOUINNIIFIH (Standard Waveforms)

1) ;ﬂﬂé‘u 0:5 pus-100 kHz Ring Wave

o 4 @ ) a { [y Y
Wugdaiuvowssiudlnaes (Open-circuit voltage) insiiimesndnayaail
td
- IANF98UU (Rise time) : 0.5 ps +0.15 ps

- ADveINITAU (Ringing frequency) : 100 kHz + 20 kHz

[
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¥ ¥
N A

uendgavesgiladuiilidaeaufor mudasdiuveuennigaszninglaaug

] 1 4
o @ A

qafugladugnasdwiiegiafudsl  SandiuvesgUndugegagnitcresiugnusniia

' = s o ' A a4 w A A ' <
TENIN4003 110 Lﬂ'ﬂimﬂlﬂ @ﬂiTﬁ?ﬂﬂl@QgﬂﬂﬁﬂgﬂQ’ﬂQﬂﬂ 4 ﬂUQle 3 UATTEHIN 40 D43 80

wlosiFud uaasfagii 3.18

vQiNp
e e L e |
0.8

. /\ RN -

-0.2

RISE TIME = 0.5 p8

-0.6 L
-0.8
-0.84

-3.0

-t1.2

] 10 F. ] TI“E.F. 30

gﬂﬁ 3.18 Llﬂﬂﬂgﬂﬂau 0.5 ps-100 kHz Ring wave

Y da v o y A 44 oo a /d ¢
NANTU A namlddmsumhadunyunnganliueunage 10 wesirud sude
- 4 c\; 9 & v a @ A = o
90 1o sIFUA VBBV UMNARY dIUANNBVRINTTUYBIFATY WNTIINgAdaINY
- | Q’l‘ 3 LY A
X @andlugud) aseii 1 84 3 WuningUadugegasn
4 v
ANIBUNAATITAUTAVOMTIANTANT (V) uasnszuadnnes (1) uew
AnrsanvInas N 1 Taeliaudemiiny + 10%

kel
Y

o e Dad . y:
A19197 3.4 UTIAUUASATSUAMTTINNANTSIONAN VBI7UNAUBIATIFIU 0.5 ps -100 kHz

Yizim | in3eaviedu MgIga Adufinauy
fida YoI5TVY 139U (kV) nszua lvivh (kA) 19)}
Al ﬁo;'l 2 0.07 30
A2 Ahunan 4 0.13 30
A3 o 6 0.20 30
Bl 9‘%1 2 0.17 12
B2 thunan 4 0.33 12
B3 e 6 0.50 12
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AduRuaudunaeiulianie V1 Fmdumsiaewaluiidasznn B oty 12.Q
+3 Quardmunisiassmalutszamiing A Wiy 30 Q £ 8 Q deusedudalesgegad
mlndifes 6 kv mwesnszuadnleesgagansziiniszuin 500 A dwduiieadszion B uaz
wiiy 200 A dwsuiiaaszan A

dm¥ugadumasIgu 0.5 ps 100 kHz Ring wave 92 Wiiigiaauvosnszuadniees

¢

4
tar Ao

] (] =1 ' N Y 4 [ 3
Tumsnagey uastelsinu musnszuadaesgegaiuegiunaszinnaieg Heann
¥ .
Saquszassus Ring wave Hivz 1 ld Idwdsnugedugynsaiildnaaey
) » ¥ v
({18991 Ring wave Hiaa3afiduminiy 0.5 ps vesvouudu dszneudunszuagegn
' . o J Y a - o o A ' o

waym di/de Asnnneszne linanansenuvssmsmilonifyaousovsglnsei iy
MINAABY  FISATIFIUVBIAMTIAURUAIeBURUAUTVRILNE IR U uazBuRiuaus
¥9991/n5aiMARBUIYssINAMALANTSHATAT IR

| v b4
dmSuzUnau 0.5 ps-100 kHz Ring wave aqunisnnadamednialdsassguaduil

¥ ’ ]
sanﬁammmmnmuﬁm'lé’fmﬁnmsﬁ 3.10

V(t)= AV, (1-exp —_—t) exp(:—t-) cos(art) (3.10)
% 2}
Tauil
7, =0.533 ps
7, =9.788 us

@ =2710° fadss
A = 1:560

2) gﬂﬂﬁmmmgﬂwau (Combination Wave) 1.2/50 ps - 8/20 ps
tﬂ' dy ° o & o = d’l L
sUnduuuuganauiigniuiannnsesiuliagUaauusduidaiees 1.2/50 ps uag
sUnAunsEUAdA299T 820 ps Fegilndufigndesszinrsannnundeduilauasadufiuaud
ad o a cg :
oudsaMANYU
JUATULS TR0 (Open-circuit voltage) 1.2/50 ps HnsuTAIRIUN 2 wazlim
[ i 4
wininesAdAgaadl
- AMINAAY (front time) : 1.2 ps £0.36 ps

- AN INSINA (Duration) : 50 us 10 ps
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1.0

v(tivp

0.8

o6 ] FRISETIME = 1258

1-at——DURATION = 50 us

0.4

[ 20 a0 [13 80 TIME, us 100

3171 3.19 uerasgiadus BT IAUAD99T 1.2/50 ps

rmmﬁ'm?iuf?m%”ugﬂﬂ?iuuiﬁufrwhﬁv 167 (tog —tz0) 1007 toq Uz 150 iifu
nafiueundgadi 90 % 1oL 30 % ypaweuvITunThAdy F'l¥gniowey IEC 60-2
(1973) [8] ita IEEE std.4-1978 [9]

dumunaImsiin A $1aRassngacuAuTut s funmiigaiitiuoundga 50
% voswevIaHEwRAN Fugasuduiiieieie adavedunseiidouseningaditiuen

- : & o
WAgA 30 % 1Ay 90 % vesveuVIWUMAdUAUFUNIIN V=0

sUnAUNTZUATAII9T (Short-circuit current) 8/20 ps UNTNLARIAIZUN 3.20 tazdin
o it 0w o dy
WML sNdAgYAl
- paminau (front time) : 8 us (+1.0 = 2.5) us

- UaINISAA (Duration) : 20 ps (+8 - 4) ps

° 1o Lo » 40 TIME ps 30

517 3.20 uerAIgURAUTINVBINTUTEAINNT 8/20 ps



28

9/ A o A =: 1w ~ [
namihaaudmsugiadunssuailimniy 125 (fgg —to) 1080 1oy Uag 1 1y
a a a s 3 i & o
nafiueunagaiiil 90 % uaz 10 % veweuwwunthadu ¥ lagnilemwam IEC 60-2

(1973) uag IEEE std.4-1978

]
a1

= oy r v a { a o { a
munmmsiie  Wugnszeznatseningasuauiutesunanganliaweuna-
AU 50 % VBB UVIAIMAWRAUFIATNAUTILNTY e yadaveudunsiiiFonsTHIN

¥ ' ]
HBNNAAITIIAL 10 % 1Az 90 % veveuvAunThaduiuduns M 1=0 wrasdagili 3.21

CURRENT

/1 tio
,
- (1}

31 321 uansdnpuzveszlnduy 820 us amhadu yasuAURIIT WAz ZIAT)

7

k4 L4
AWBUNAPATIGAVBINUTIAUITATS Vp) uagnsTuaanes (7 p) Huee
#9159 INA15199 3.5 TasTAuABININY £ 10 %
H T 4 ]
M319fl 3.5 uanR s IUazNsTuAES siRalszinne1en Yo7 UAAULIATIFIU 1.2/50 ps

- 8/20 ps Combination wave

dszion | inSeariodn MYIGR mduRuauy
fis VoIITUY usau kv) | nszuainih ka) (®)
B1 Gé'l 2 1 2
B2 1hunan 4 2 2
B3 49 6 3 2
Cl Gi'l 6 3 2
C2 1hunan 10 5 2
Cc3 qq 20 10 2
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1 L] 3 o) o [ [ L] o 1 k.Y é
mzmaqmmﬂﬂnﬁuﬂu‘ﬁﬂ?aamwmuszmw Vp ny 7/ p MmNy 2.0 Q +0.25 Q 43
ldy ] 2 a 45 d' 3 1 o ] a [ LY ad Y
mu%zmvaﬂqumiswmgﬂﬂau Wieae 1Mana199 iy 15U qﬂﬂsmﬂmﬂuusmums%m
fusrastuila
= cs'l 4'1 .Y 9 o [ LYY Y] de
1NDAANHIUNN gﬂﬂauusmu 1.2/50 ps gﬂ“lfmmsumsmﬁamzﬂmnwaawu
& o o 1
gmﬂmmstfluamumwmaﬂﬂUmﬁ*nﬂﬂamﬂmq%ﬁmnizmmmmtfluﬂmuwm"hJ
dmiugindunszua 820 ps vxgnldmanengnsaiflestudseTasmsdlounszuageq wie
v a o @ 4'4 ::'l ar & < Qs 1
LmﬂunlﬂNﬂsuaznmmamq%maﬂyngﬂﬂauﬂmaﬂu‘luﬂimgmsmmmnu WY Mg
a VA o & a S g A A A o
(@ Overstress 9IAHINT Nummwﬂumzmumﬂwﬁugﬂﬂaumﬂaaugﬂﬂaummﬂu
g o 4 a s 9o A dy 3 ] a
dwmsugdaau 1.2/50 ps fmﬂ15'vmﬂmﬂmamwhmamgﬂﬂauusmmmmmm

nawaas ldaaaunisn 3.11

V(t) = AV, (1— exp—) exp(—) 3.11)
7, 7,
Taofi
7, =0.4074 ps
7, =6822us
A =1037

) v . L 4 i 4 »
dmfuglndu 820 ps aumsnuadamaaiigsmesglatuilsammniive

nawaas ldaagunIsh 3.12
~t
I(fy= ALt exp(—) (3.12)
T

Taoh
7 =30911ps
A =0.01243 (us)”
numa 7 e MAIRYeIM
&~
t flo
v, fio ussiuilaleesgega

I, Ao NITUATADIDIGIGA



30

3.3.2. jUnadunaaeUEIN (Additional Waveform)
] 3/ 3 )
sunduasuditszneudis guatwidsad EFT juaduiiemiaufed (Unidirectional)
10/1000 ps UazgUAAL 5 kHz Ring Wave Sausazgnaauniidnyasiinunmaitouuyuns
Fouraovesneuinnined mvhavesihad uasmsainFavesduiullszy awdidy
1) undubsas EFT (Electrical Fast Transient)
A4 4 Y a s o A ' & oo da a o
sinduildszneudiomsdsadnais  afdusazaineinadismufouanza?
3 1 4
sUdutiumumsszdunnunmuvesgnsalnnmssuniu - seAuueuwaARMuTUBINY
[ ¥
FANTUTULT AL DINAIAT UATURATUDI
o o A o = o = a P o ar [ dy
dmSugdnduaSuiisas EFT imsilineshdvasi
1 4
- 1IAF9WU (Rise time) : Sns+ 1.5ns
- MUNAINSIAA (Duration) : 50 ns + 1.5 s
4 oa dq¥e  a y A AL da a ¢d o -
Nna199lY Ae nanlsdmsunmhndunvunnganiineundya 10 wesisua suds
sd4 o & y A H a oA t ' o a
90 1WesiFud vesauMIUMIIAGY AIUMUNAINIIAA AT FAIMTTNINIAliLeuNAYA
b 4 [ [ . »
50% YDIBLVITUNTIAULASHAIRAURMITUAASIAATUTING _
k4
IEC 801- 4 (1988) [10] Amuagnszrznmdmiuiadunasgniudsadiu J9e
b L d
2O UMY 15 ms + 3 ms HazdasMIiadveniadnwlundaziisamiu szgnimua
s o o :
Tuilanduvsussauiiaieesgegna Al
- AMTVLTIAUYIYA < 2kV 1 5kHz+1kHz
- AMTUUTIRUIRA > 2kV 2.5 kHz+0.5kHz

(4

v » v
ATUVBIMINAIDS ARG AUTINY 300 ms % 60 ms JUATUAEIVOY EFT Laaazll

=2n.
W
)
N

) 20 o [ 0 TIME. ns 190

514 3.22 uamsnduilised EFT
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G}

o i = 4 ° + y
dmiuueundgavesginau EFT lagndmualufeulumsdasesawi ldseylu

b4
S 1oa

IEC 801-4 (1988) LaAdfamIsNd 3.6 uazgdduilagUaauiilisdufiuaudiutiaminy 5o Q

1 4
A A

¥ T
faud 1 D9 100 MHz gaszasnasantsnageudsglaauilinensdssiiunnseauniun

nuaeMsTUAINANY llgmsnagouauaso lumsazaunaany

M35197 3.6 sEavuATITaA EFT

SYHUANNAINY SEALNTUGIFA(IAIIDT)
1 1kV
It 2kV
I 4kV

o [ A a o o Idq Yo A dy n’: 1 P
mmugﬂﬂawmﬁﬂ EFT ﬁumimaﬂmﬂmﬁmﬂ‘mmmgﬂﬂauunummmmm

nauaae ldaaaun1sn 3.13

V(t)= AV, (1-exp ”71’) exp(—“rz—’) (3.13)
Taodi
7, =3.5ns
7, =55.6ns
A =1270

2) 3R 1071000 ps

a
B

(%]
=
Do

[ ] 1 4
dmFuguadu 1071000 ps linsudafagyh 3.23 waslimmalimesidgaall

< o

Nuserulanees

y & .
- RAMNINAY (front time) = 10 ps (+0,-5) s
- MUNAMSINA (Duration) = 1000 ps (+1000,0) ps
¥ ' 1 d ]
pnamthadudmiugaduussduiiiinty 1.67 (fog —t39) Taoft 19y uaz £39 1

’ [ 4 []
naueNnagaiin 90 % uaz 30 % vesweuviiuninadu daumunanmain Wugaessee
naseniegasuAuiuieiiunaigaiiifueundganiiiy 50 % vesveuvIRMTIAAY

A A { o o <4 ! = ' o
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4 269.60 100.70 0.448 14.90 0.266
5 280.50 54.40 0.434 14.10 0.452
6 245.20 30.50 0.422 13.60 0.695
B40K130 1 329.90 | 2430.0 | 0549 | 18.06 | 0.013
2 296.08 | 736.50 0.493 16.55 0.048
3 27639 | 245.88 0.461 15.29 0.126
4 264.98 105.09 0.442 14.44 0.257
5 257.58 53.93 0.429 14.06 0.448
6 252.03 30.48 0.420 13.48 0.689
B60K 130 1 311.65 | 2,440.0 0.519 17.69 0.012
2 284.58 737.21 0.474 15.88 0.046
3 268.84 | 250.67 0.448 14.99 0.123
4 25875 | 102.66 | 0431 | 1428 | 0252
5 25245 | 53.04 | 0421 | 1381 | 0437
6 247.78 | 3073 | 0413 | 1328 | 0.671
B80K130 1 299.68 | 2,410.0 0.499 16.65 0.011
2 268.55 | 74347 | 0448 | 1532 | 0.043
3 25229 |257.721 | 0421 | 1471 | 0.114
4 24232 | 0252 | 0404 | 1342 | 0232
5 236.72 | 5294 | 0395 | 1297 | 0389
6 232.85 | 3097 | 0388 | 1255 | 0.614
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] ' ¥
aswdanuazaudIougUniy 820 453 kA fiszozmsfana 1 Alawas B9 6

Alawas TnoldaeInsfnyiaiia AP-FSF

yiiame | viiegunsel | szeems | usedu nszualuih WA
a5 fada | lidh qagn (A) azau ()
(km) V) MOV | 600Q | MOV | 600Q
AP-FSF B32K130 1 32487 | 1,380.0 | 0541 | 17.88 | 0.025
2 283.34 264.41 0.472 15.96 0.127
3 265.29 80.58 0.442 14.61 0.329
4 254.99 32.85 0.425 13.67 0.659
5 24839 | 1661 | 0414 | 1275 | 1.100
6 243.56 9.52 0.406 11.89 1.640
B40K 130 1 311.64 | 1,410.0 | 0519 | 17.50 | 0.024
2 277.40 262.76 0.462 15.46 0.119
3 261.81 79.95 0.436 14.51 0.329
4 252.77 33.00 0.421 13.59 0.656
5 246.72 16.61 0.411 12.74 1.090
6 242.23 448 0.404 11.85 1.640
B60K130 1 297.29 | 1,390.0 0.495 16.62 0.023
2 269.58 266.23 0.449 1499 | 0.115
3 255.87 76.75 0.426 14.08 0.322
4 248.24 32.52 0.41 13.35 0.641
5 242.97 16.63 0.405 12.56 1.070
6 238.82 9.40 0.398 11.69 1.600
B80K130 1 28345 | 1,4200 | 0472 | 1581 | 0.021
2 252.56 | 263.06 | 0.421 | 1414 | 0.107
3 239.98 | 7898 | 0399 | 1331 | 0.294
4 23324 | 3280 | 038 | 1258 | 0.583
5 22892 | 161.61 | 0381 | 11.89 | 0.986
6 22577 | 946 | 0376 | 11.17 | 1.480
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MR 57 wans@ouuvuvinaglnsaiviadsalugtves ussiuith nszualiihigega
[ Y A P a o’: a <
asnaaaudwUFURAY 10/1000 25 1 kA fiszozmsand 1 Hlawns 096

Alawas Taoldaro Inssmyiatia DW

AN ¥iingUnsel | szoems | UTIAU aszud T NAIY
Y3 AIS9 dawe | Wth q9ga (A) azan )

(km) (V) MOV | 600Q | MOV | 600Q

DW B32K130 1 31450 | 998.10 | 0.524 | 41823 | 1.27
2 311.49 | 90424 | 0519 | 417.99 | 1.28

3 306.94 | 76501 | 0511 | 41638 | 1.29

4 30091 607.16 0.502 414.98 1.33

5 295.40 | 479.79 0.492 409.02 1.42

6 299.96 | 372.22 0.480 400.25 1.66

B40K130 1 30322 | 1,000.0 | 0.505 | 407.92 | 124

2 300.83 905.46 0.501 407.28 1.25

3 297.18 | 771.14 0.495 406.72 1.26

4 291.86 | 598.65 0.486 402.39 1.30

5 287.67 | 483.23 0.479 399.51 1.39

6 280.24 | 376.45 0.472 390.69 1.62

B60K130 1 290.52 | 1,020.0 0.484 394.23 1.19

2 288.59 | 918.09 0.481 393.65 1.20

T 3 285.61 778.09 0.476 390.18 1.21
4 281.39 | 605.43 0.469 392.30 1.25

5 277.95 | 485.89 0.463 388.18 134

6 27420 | 375.32 0.457 382.96 1.56

B80K130 1 275.15 | 1,030.0 0.459 371.10 1.07

2 272.70 | 907.69 0.455 371.06 1.08

3 269.18 | 759.77 | 0449 | 37035 | 1.09

4 26522 | 61249 | 0442 | 369.16 | 1.3

5 26122 | 48233 | 0435 | 36334 | 120

6 249.43 | 377.90 | 0429 | 36248 | 1.40
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MR 58 wams@ounuvnnagunssivdadsalugves usaduldih nssua’liihqega
] ] b4
azndanuazaudasugUnau 10/1000 z 1 kA fiszoznisaane 1 Alamwas Ba 6

Alawas Taoldme Insdwnaiia AP-FSF

FHAMY siingunsel 20215 | WSIRY nszualiih NAINU
YA dasa | ifh 299 (A) azaw (1)
(km) V) MOV | 600Q | MOV | 600Q
AP-FSF B32K130 1 313.28 961.72 0.522 425.64 1.27
2 307.89 795.49 0.513 421.54 1.30
3 299.03 | 581.51 | 0498 | 411.54 | 135"
4 290.03 373.49 0.483 404.00 1.59
5 281.39 | 236.85 0.469 391.38 2.67
6 277.36 196.37 0.462 386.33 3.51
B40K 130 1 302.91 | 989.21 | 0.505 | 41439 | 1.24
2 297.21 772.07 0.495 408.34 1.26
3 290.54 | 580.28 0.484 406.20 133
4 28342 | 390.57 0.472 403.96 1.58
5 277.70 | 269.11 0.463 393.28 2.30
6 272.53 188.59 0.454 387.37 3.46
B60K130 1 29948 | 961.75 0.482 400.96 1.19
2 296.04 | 796.78 0.477 395.97 1.21
3 290.16 | 580.68 0.467 395.20 1.27
4 274.66 | 388.03 0.458 392.54 1.51
é 5 269.69 | 289.28 0.449 390.73 222
6 269.48 196.13 0.442 373.41 3.35
B80K130 1 273.94 | 962.92 0.457 370.79 1.07
2 26947 | 711.97 0.449 370.44 1.09
3 26326 | 546.83 | 0.439 | 36517 | 1.14
4 257.88 | 387.78 | 0429 | 36445 | 135
5 253.02 | 27243 | 0422 | 35945 | 2.00
6 24831 | 196.07 | 0414 | 34720 | 3.02
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1. Tsunsudraeanadmmislunsaans uasszosviafimuizay Aleguadu 8/20 s 3kA

~ a o v o ¢ o ad ' a
fiszozmsaane 1 Km. Iaely B32K130 ihuginsaludaidss uazaodewila AP-FSF

11

10

+EXP 0 3.04k 0 3usec 14usec 7.88usec

Tl 230 TLUMPS PARAMS: LEN=1000 R=90.2 L=750u G=0 C=56p
NLUMP=10

RI 122

R2 451u

R3 30600

Cl  404400p

Ll 3420n

MOV 50 B32K130 PARAMS:TOL=-10

_TRAN 20ns 30000us

PROBE

.END
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2. Tsunsudraesmadumslumsdnds uazszozvieiminzay Adsguadu 8/20 ps 3kA

P a z 9 [~ d @ ad ' a
Aszozmsanns 6 Km. Tagld B32K130 1lugunsalvdadse uazaeaasia AP-FSF

11

10

+EXP 0 3.04k 0 3usec 14usec 7.88usec

T1 23 0 TLUMP8 PARAMS: LEN=6000 R=541.2 L=750u G=0 C=56p
NLUMP=10

R1 122

R2 451u

R3 30600

Cl 4 0 4400p

L1 3420n

MOV 50 B32K130 PARAMS:TOL=-10

.TRAN 20ns 30000us

.PROBE

.END
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3. Tolsunsushaemadumislunisdnds uazszozvinfimnzan Aaeguadu 10/1000 s

1kA fiszozmsanns 1 Km. Taold B32K 130 Wugunseludaidss uazmuodesiia AP-FSF

I1

10

+EXP 0 1019 0 3.827usec 0 1404usec

Tl 23 0 TLUMP8 PARAMS: LEN=1000 R=90.2 L=750u G=0 C=56p
NLUMP=10

Rl 122

R2 45 1u

R3 30600

Cl 4 0 4400p

L1 3420n

MOV 5 0B32K130 PARAMS:TOL=-10

.TRAN 20ns 30000us

PROBE

.END
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’ 1 4
1kA Niszozmsandd 6 Km. Tnold B32K 130 fugilnssiadadss uazawdeviin AP-FSF

Il

10

+EXP 0 1019 0 3.827usec 0 1404usec

T1 2 3 0 TLUMP8 PARAMS: LEN=6000 R=541.2 L=750u G=0 C=56p
NLUMP=10

R1 122

R2 451u

R3 30600

C1 40 4400p

L1 3420n

MOV 50B32K130 PARAMS:TOL=-10

.TRAN 20ns 30000us

.PROBE

.END
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5. Tosunsudraesnadumialunsdnds uagszosvinfiminzay droguadiu 101000 s

] k4
1kA fiszoensands 1 Km. Taold B60K130 Wuginseladadss uazavassia DW.

I1 10
+EXP 0 1019 0 3.827usec 0 1404usec
T1 2 3 0 TLUMP8 PARAMS: LEN=1000 R=28.5 L=750u G=0 C=56p

NLUMP=10
Rl 122
R2 451u
R3 30600

C1 4 0 15000p

Ll ~ 3427n

MOV 5 0B60K130 PARAMS:TOL=-10
.TRAN 20ns 30000us

.PROBE

.END
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1kA fiszuznsAnna 6 Km. Inold B6ok130 Wugilnsaiusadss uazaiodesiia DW.

Il 10
+EXP 0 1019 0 3.827usec 0 1404usec
T1 2 3 0 TLUMP8 PARAMS: LEN=6000 R=171 L=750u G=0 C=56p

NLUMP=10
R1 122
R2 451u
R3 30600

C1 4.0 15000p

L1 3427n

MOV 50B60K130 PARAMS:TOL=-10
.TRAN 20ns 30000us

.PROBE

.END
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1kA fiszoznisdnda 1 Km. 1aold B60K130 dluginsalviadss uazmudayiia AP-FSF

I1

10

+EXP 01019 0 3.827usec 0 1404usec

T1 230 TLUMPS PARAMS: LEN=1000 R=90.2 L=750u G=0 C=56p
NLUMP=10

RI 122

R2  451u

R3 30600

Cl  4015000p

Ll 3427

MOV 5 0B60K130 PARAMS:TOL=-10

.TRAN 20ns 30000us

.PROBE

.END
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1KA fiszozmsanga 6 Km. 1aeld B60K 130 ilugunsaludaidss uazeudayiin AP-FSF

Il

10

+EXP 0 1019 0 3.827usec 0 1404usec

Tl 23 0 TLUMP8 PARAMS: LEN=6000 R=541.2 L=750u G=0 C=56p
NLUMP=10

R1 122

R2 45 1u

R3 30600

C1 4.0 15000p

L1 3427n

MOV 50 B60K130 PARAMS:TOL=-10

.TRAN 20ns 30000us

.PROBE

.END
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NOTE: Upper limits of the rate of change ahown in this
figure were added to the original dsta from Coedbloed
{B14.. The recorder did not always messure the maximum
value of dv/dL.

Fig5
Statistical Evaluation of Recorded dvidt Data,
as a Function of the Maximum Transient
Amplitude

This approach is justifisble for a resistive
load, where the power dissipated in the resistor
is VZ/R. For a nonlinear surge-protective
device, tho relationship is not so simple. Fur-
thermore, the concept of recording the “energy
measure” may promote the arbitrary reporting
of “surge energy” by assuming a value for the
impedance and then quoting results in joules.

While there is definite merit in an attempt to
describe the capability of a surge for deliver-
ing energy to circuit components, readers
should realize that “energy” reports have to be
evaluated with a clear understanding of the
underlying assumptions. The “energy in the
surge” cannot be determined from measure.
munts of voltage alone (Standler, 1959 [B8311.

Aa progress continues in the development of

power-system disturbance meanitors, the data
base could be expanded by making appropriate

IEEE RECOMMENDED PRACTICE ON SURCE VOLTACGES IN

measurcments of the surge current diverted by
generic surge-protective devices installed at
the point of monitoring (Martzloff, 1985 in
discussion of {B29); Standler, 1987 [B85]).

A distinction should be made between surges
of high amplitude with short duration and
surges of high amplitude with long duration.
The first have the potential of upsetting equip-
ment operation but involve little energy, while
the second of these have the potential for high
levels of energy deposition.

6.5.6 Effccts of Location, Loads, and Mode of
Coupling. Disturbance recording results are
not very sensitive to the location of the distur-
bance monitor within a building, with the
oxception of the fast transients (Martzloff, 1990
|B48}). However, the changes in the loads will
affect the response of a system to impinging
surges. The mode of coupling is important and
has not been well defined in the earlier sur-
veys (Martzloff and Gruzs, 1988 {B611). In ad-
dition to the issue of citing results as L-1., L-N,
L.G, or N-.G voltage measurements, another
issue that has not been addressed is Lhal of
voltage differences appearing between the
power-system conductors and conductors from
other systems, such as a communication sys-
tem, a control system, or even building steel.
Voltage differences between systems can oe-
cur during power-system faults and lightning
discharges; the present data base does not rec-
ognize these. See utilities interconnections
and interactions in Appendix B23 for 8 more
comprehensive discussion.

7. Recommended Selection of
Representative Surges

7.1 General. The data base summarized in
Section 6, along with anecdotal information,
illustrates the wide variety of surges that can
be expected to occur in low-voltage ac power
systems. Evaluation of the ability of equip-
ment to withstand these surges, or of the per-
formance of surge-protective devices, con be
facilitated by a reduction of the data base.

It i3 unnecessary to subject ¢cquipment to
surges that would duplicate field-measured
surges, since these measurements are site de-
pendent (Martzloff and Gruzs, 1988 [B61)) and
are hkely to change with time.
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The reduction process leads to selocting a
few reprosentative surges that will make sub-
sequent laboratory tests uniform, meaningful,
and reproducible. Since the environment is
suhject to change both for the better and the
worse, it would be prudent to use these repre-
sentative surges as a baseline cnvironment.
Howover, this simplification should not bar
any user from performing ovaluations for dif-
feront surge-environment conditions if
knowledge is available for a particular
environment (over a sufficient period of timo,
such as one or more ycars) and the
requirements warrant the cost and effart of
additional tests.

To assist cquipment designers and user in
making appropriate choices, this recom-
mended practice outlines several expasure
levels among several location categories that
will be defined further in this section. A com-
bination in the selection of location category
and exposure level will then provide the appro-
priate degree of compromisa between a conser-
vative overdesign and a cost-conscious
reduction of margins.

The objective of this recommended practice
is to lead to an appropriate choice among the
levels cited on the basis of the rationale pre-
sented here. However, the goal is not to assign
arbitrarily any given level to a generi¢ class
of ecquipment. This assignment remains the
prerogative and the rosponsibility of the users
and the manufacturers of specific equipment
classes.

7.2 Simplification of the Data Base. This rec.
ommended practice provides a matrix from
which a selection can be made and thorefore a
common base of reference for specifying
equipment porformance requirements. Note
that the spacification of these individual
equipment requirements is outside of the scope
of this document. However, s first and neces-
3ary step in the process of addressing concerns
of surpe effects on equipment is to determine.
by design review or by tests, the susceptibility
or vulnerability of the equipment to impinging
surges.

The process of simplifying the complex
environment involves three further steps:

(1) ldentify the environment (outside or
inside building) and operating condi-
tions in unprotected circuits.

IEEE
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(2) Select a minimum number of surge
wavefarms that are representative of the
postulated environment. This recom.
mended practice provides the basis for
this selection.

(3) The last step will depend on the point of
view of the designer or the user of the
equipment of interest. Two cases should
be considered:

Case 1: When the equipment is sensitive
to voltage or current peaks and dura-
tions {equipment upsat or damage is the
concern here), the significant parame-
tors are primarily the amplitude and
duration of the surge.

Cuse 2: When the equipment is sensitive
to the rate of change in the voltage of the
mains (equipment upset is the major
concern here), the significant parame-
ter is primarily the rate of change. Rate-
of-change effects ean cause cquipment
upsct for surge amplitudes far below
those involved in hardware damage,
even for amplitudes that do not exceed
the envelope of the power frequency sine
wave.

Fig 1 presents a schematic and simplified
view of relationships betweoen time, voltage,
curront, and the rates of change. An addi-
tional concern is the number of occurrences.
The rate of occurrences is a significant
parameter when the equipment is sensitive to
the number of surges oceurring in a given
time period. Some equipment or its protective
circuits may eventually fail as a result of
being degraded by multiple surges that, indi-
vidually, would not cause failure.

The three steps of the simplification process
are discussed in detail in 7.3, 7.4, and 7.5.
These selections will ultimately be used as the
basis for spccifying surge tests. Therefore,
they should be limited 1o a reasonable number
to avoid impractical test requiremonts.

7.3 Rate of Occurrence and Voltage Levels in
Unprotocted Circuits

7.3.1 General. The rate of occurrence of
surges varies over wide limits, depending
upon the particular power system. Prediction
of the rate for a particular system is always
difficuit and frequently impossible, The rate
is related to the level of the surges; low-level
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surges are morc prevslent than high-level
surges.

It is essential to recognize that a surge volt-
age observed in a power system can bo cither
the original surge or the remnant resulting
from the sparkover of seme clearance or the
operation of a protective device in the system.
Hence, the term “unprotected circuit® should be
understood to be a circuit in which no known
low-voltage protective device hasz been in-
stalled, but in which the sparkover of clear-
ances will eventually limit tha mazimum
voltage of the surges.

The distribution of surge levels, therefore, is
influenced by the surge-producing mecha-
nisms as well as by the sparkover level of
clearances {(between energized parts, as well
as between energized parts and ground) and
the operation of unidentified protective de-
vices. It is important to recognize the effect of
the increasing number of surge-protective de-
vices installed in and around equipment (see
changes in the environment in Appendix B3).

This distinetion between actual driving
voltage and voltage limited by sparkover is
particularly important at the interface between
outdoor equipment and indoor equipment.
Outdoor equipment may have bigher clear-
ances, hence higher sparkover lovels; 10 kV
may be typical, but 20 kV is possible (paak val-
ues for & i.2/50 us wave). At the scrvice
entrance, watt-hour meters may include pro-
tective gaps between phase conductors and
ground with sparkover levels in the range of
8 kV. In contrast, most indoor wiring devices
used in 120 V, 240 V, and 480 V systems have
sparkover lcvels between phases or between
phase and ground of about 6 kV. Therefore,
this 6 kV level can be selected as a typical but
not a guaranteed limit for the magnitude of
surges in an indoor power system.

NOTE: This 6 kV limit {s statcd as an upper limit that is
unlikely Lo be exceeded in typical Jow.voltage, induor cn-
vironments, for the roasons atsatad. It is nct 20 be canstrued

as a mandatory surge withstand requirement for ofl load
cquIpmont.

7.3.2 Rate of Occurrence Versus Voltage
Level. Data collected from many sources (sce
the data base in Appendix A) have led to the
log-log plot shown in Fig 6. This plot shows the
crest values of surges, regardless of their
waveform and location of recording, from a
composite of all recordings reported in the lit-
erature, as indicated in Fig A9 of Appendix A.

[EEE RECOMMENDED PRACTICE ON SURGE VOLTACES IN

The data reported by many observers at the
sites they monitored show decreasing num-
bers of occurrence for higher crests, with a
slope that is independent from the site. The
absolute number of occurrences, however,
varies from site to site, Thus, if a limited set of
recordings can establish the rate of occur-
rences for the more probable events at low am-
plitudes, then the events of higher amplitude
that are less likely to occur might be extrapo-
lated or estimated from the general slope
(Goldstein and Speranza, 1982 [BL5I).

The three regions shown in Fig 6 and
labeled low, medium, and high exposure pre-
sent the data in empirical form that is appli-
cuble, if some knowledge is available or if
some sssumption i3 made on the “exposure
level” of the site, as defined below,

7.3.3 Exposure Levels. The exposure level of
the environment can be rolated to exposure of
the power system to induced surges. The fol-
lowing descriptions are offered on the expo-
sure levels:

(1) Low Exposure. Systems in geographical
areas known for low lightning activity,
with littlo load or capacitor switching
activity.

(2) Medium Exposure. Systems in geo-

graphical areas known for medium to
high lightning activity, or with signifi-
cant switching transients.
Both or only one of these causes may be
present, as it is difficult to separate them
in reviewing the results of monitoring
disturbances.

(3) High Exposure. Those rare installa-
tions that have greater surge exposures
than those defined by Low Exposure and
Medium Exposure. The smore severc
conditions result from extensive expo-
sure to lightning or unusually severe
switching surges.

The high-cxposure level needs to be recog-
nized, but it should not be indiscriminately
applied o all systems, Such general applica-
tion would penalize the majority of installa-
tions, where the exposure is lower (see
amplitudes of strikes in Appendix Bl).

Several major sources of surges have been
identified: the definition of “exposure”
depends on which source is involved. The fre-
quency of occurrence and level of lightning
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NOTES: (1) In some locationa. sparkaver of clearances may lisut the overvoliages,
2) This figure shows one measure of surge severity, Otker possible measnres include peak current, rise time, and encrgy
transier.
Fig6
Rate of Surge Occurrences Versus Voltage Lovel at Unprotected Locations
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surges arc influenced by isokeraunic levels
{Figs 7 and 8) and flash densities.? The nature
of the power distribution system f{overhead
open lines, overhead twisted lines, cables) and
grounding practices will also influence the
level of these surges,

The frequency of occurrence and level of
power-system switching surges depend on the
mode of operation of the utility supplying the
user. For instance, the presence of switched
capacitor banks is likely to affect the level of
surges impinging at the service entrance.

The frequency of occurrence and level of
load-switching surges depend on the nature
and impedeance of the adjacent loads being
switched, as well as their electrical distance
(see surge impedance and source impedance
in Appendix B19) from the point of interest,
rather than the geographic situation or the
utility practice.

Thus, the exposure levels shown in Fig 6
cover a wide range of situations and represent
relative rather than absolule levels. The
sparkover of wiring devices indicates that
while a 6 kV withstand capability may be
enough to ensure device survival indoors, a
withstand capability of 10 kV or groater may
be required outdoors. This practical approach
has been applied in proposing the matrix of
levels in Section 9 for standard waveforms
and in Section 10 for additional waveforms.

74 Recommended Waveforms

7.4.1 General. Progress hos been made in
tachniques for the recording of surges since
the 1960s; the greater availability and
improvements of waveform-recording instru-
ments will further enhance the data base in the
future. At the presant time, however, the wide
variety of ovents reported in the data base may
be simplified into three types of surges. These
three types will be described in detail in the
following subscctions; briefly, they are cate-
gorized as follows:

(1) Oscillatory surges of rclatively high
frequency. generally labeled “Ring
Wave.” Those at the higher end of the
frequency range have limited energy
deposition capability, but may hawve high
peok voltages. Those at the lower end of

?See expected occurrence of Hghining in Appendix B for
a discuszion of Nash Qeasity and isokeravnic levols,

IEEE RECOMMENDED PRACTICE ON SURCE VOLTACES IN

the frequency range may have higher
energy deposition capability but lower
peak voltnges.

{2) High-energy surges of various wave-
forms generally accepted as represent-
ing appropriate stress levels associated
with nearby direct lightning dis-
charges, fuse operution, or capacitor
switching.

{3) Bursts of very fast surges, associated
with local load switching, with little en.
ergy but capable of producing scrious
interference or upset.

In this section, a qualitative description and
justification is presented for these three types
of surges. Section 8 provides recommenda-
tions on the planning for surge immunity;
Sections 9 and 10 provide precise numerical
definitions and waveforms intended for
planning surge tests or compuler simulations
of systems performance under surge
conditions.

7.4.2 Ring Waves. Measurements in the
field and in the laboratory indicate that most
surge voltages propagating in indoor low-
voltage systems have oscillatory waveforms
(Martzloff and Hahn, 1970 (B22]; Allen and
Scgall, 1974 (B2); Wemnstrom et al., 1984 [B34];
Goedbloed, 1987 {B14]). A surge impinging on
the system, even if initially unidirectional,
excites the natural resonance frequencies of
the system (Martzloff, 1990) (B48). As a result,
not only are the surges typically oscillatory,
but surges may have different amplitudes and
waveforms at differcnt places in the system.
The frequency of oscillation of these surges
ranges from less than 1 kHz (primarily
capacitor switching) to more than 500 kHz
(primarily local oscillations).

Thus, more than one ring wave may be nec-
essary to represent this type of surge. In the
1980 edition of this document, a "Ring Wave"
was defined with a 0.5 us rise time and decay-
ing oscillation at 100 kHz, each peak being
60% of the amplitude of the preceding peak of
the opposite polarity. A ring wave with a lower
frequency is also proposcd as an additional
waveform in Section 10,

The fast rate of change of the front of the ring
wave can produce the effects associated with
nonlincar voltage distribution in windings.
Some semiconductors are nlso sensitive to
dv/dt effects, in particvlar when they are
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LOW-VOLTAGE AC POWER CIRCUITS

forced into or out of conducting states, or when
a transient is applied during a particular por-
tion of the power frequency supply cycle (see
timing of surges in Appendix B22).

Shorter rise times are found in many tran-
sients, but as they propagate into the wiring or
are reflected from discontinuitics in the
wiring, the rise times become longer
(Martzlofl and Leedy, 1990 [B461; Martzloff,
1990 [B48]).

The peak voltage can produce insulation
breakdown in connected components and
equipment, even if the energy involved in the
100 kllz Ring Wave is small. Surges with
higher energy deposition capability will be
represented by other waveforms.

7.4.3 High-Encrgy Surges. Although the
data base on energy is limited, there is a need
to acknowledge the occurrence of high-energy
surges capable of depositing more energy than
that associated with the 100 kHz Ring Wave.

Anccdotal field experience shows that surge-
protective devices with limited current han-
dling capability installed at the service
entrance have a significant failure history,
while applications of the same device further
inside a building are generally succesaful.
From the energy and source impedance fac-
tors discussed under 7.5, it becomes apparent
that the 100 kHz Ring Wave will not. deposit
enough energy in surge-protective devices to
produce the observed failures.

Several types of events can be the origin of
high-energy surges capable of delivering sig-
nificantly more damaging energy:

(1) Lightning surges on overhead distribu-
tion systems (A)

(2) Lightning surges originating on over-
head lines and traveling in cables (B)

(3) Surges gencrated by fuse operation
involving trapped energy in the powor
system inductance (C)

(4) Surges generated by power-factor cor-
rection capacitor switching (D)

{A) Lightning surges on overhead lines
have long been represented by a voltage surge
of 1.2/50 us and a current surge of 8/20 us
{(IEEE C62.1-1984, (71}, which is described as
“impulse” in IEC Document 99 [B97}, and as
the Combination Wave in the present docu-
meant. These two waveforms have long been
used, are readily generated in many laborato-
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ries, and are an appropriate simplification of
the environment near the service entrance of a
building connected to an overhead distribution
system. They also have substantial energy
deposition capability, when applied from a
generator with inherent capability to supply a
voltage as well as » current waveform (IEEE
C62.45-1987 [81), to provide representative
stress to connected equipment.

Because of the relatively short front time of
8 uts, such a postulated current surge would not
propagate very far into a building. The voltage
drop associated with the propagation of a high-
amplitude current surge front (thus high dvdt)
in the inductive impedance of Lhe wiring
would require a driving voltage at the service
entrance high enough to cause sparkover of Lhe
clearances (Martzloff, 1983 {B43)). This limi-
tation sets the basis of the selection of wave-
forms associated with the location categories
discuzsed in 7.7 and makes their maximum
amplitude less dependent on the system volt-
age than on the acltual clearances.

(B) Lightning surges traveling in under-
ground systems involve longer durations.
Lightning surges that have traveled along a
long cable have wave fronts with a slope less
steep than that of the initiating wave, as a
result of the propagation characteristics of the
cable. The peak of the initiating surge is
Jikely to reflect the operation of a surge
arrester at the interface of the overhead system
angd the cable.

(C) Surges generated by fusc operation in-
volving long cables are unidirectional surges
lasting several hundred microseconds,
depending on the inductance of the cable and
the transformer feeding the fault being
cleared by the fuse (Meissen, 1983 [B25D.

(D) Capacitor swiltching surges and some
other switching surges involve damped oscil-
lations at low frequency (a few hundred hertz
to a few kilohert2) lasting for a few millisec-
onds at most (Boehne and Low, 1969 (B5):
Wiitanen ct al., 1971 |B35); Martzloff, 1986
[B22). From the point of view of cnergy
exchange, such a long oscillation could be
simplified as the envelope of the oscillation.
Such an envelope would have a duration in the
same order of magnitude as the surges gener-
ated by fuse operation.

These last three types of surges, (B}, (C), and
(D), hove maximum amplitudes reflecting the
system voliage rather than clearances, in
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contrast to the (A) surges. A simplified com-
mon representation might be adequate for
these three phenomena.

For instance, the 1071000 us unidirectional
waveform has long been specified for surge
protection requirements in the communica-
tions and process control industries (IEEE Std
518-1982, (10)), and a 1001300 s waveform has
been recommended in several IEC draft doc-
uments on olectromagnetic compatibility.
Thus, the present recommended practice
added two additional waveforms of longer
duration: a unidirectional surge (10/1000 us)
and a low-frequency 5 kHz Ring Wave if the
application warrants such waveforms.

It is not uncommon for the frequency of a ca-
pacitor switching surge to be much less than
5 kHz, as low as 300 Hz. The lower the fre-
quency, the greater the available energy. This
energy may be too great for a surge-protective
device attempting to clamp that surge, particu-
larly if the switching device should restrike
during opening and little impedance exists
between the switching device and the protective
device.

The difficulty, however, is that the data base
on these longer waveforms i3 limited concern-
ing representative source impedances or
available currents for these long-duration
surges. Meaningful testing can be achieved
only if source impedance or short-circuit cur-
rent are defined in addition to a voltage
waveform.

Therefore, at the present state of knowledge.
this recommended practice can only urge
designers and users to consider the specific
application environment and call for addi-
tional waveforms if their knowledge of the
environment justifies the added complication
of testing for these additional waveforms.

In the absence of measurements on actual
occurrences, some theoretical considerations
on surge impedance and source impedance
provide guidance on what the appropriate val-
ucs may be for the source impedance or the
avnilable current.

For long waves in power-system cables, with
travel times longer than the front time of the
surge, the source impedannce would be the
characteristic impedance of the cable, typi-
cally 10 Q to 100 Q for power-system cables, as
opposed to higher values for overhead open-
wire lines. However, if the travel timeos ure
shorter than the front time of the surge, then the
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inductive impedance would prevail, and its
value mhay be as low as a fraction of an ohm at
the lower frequencies implied by such long
waves.

For surges generated by fuse operation, the
maximum fault current involved in the
trapped energy (1/2 Li2) hus the value corre-
sponding to the let-through current of the fuse
in question {not the available fault current}, as
well as the system inductance, including the
cable and the transformer feeding the fuult,
The let-through current is typically between
100 and 1000 A in residential or commercial
circuits and possibly higher in industrinl
circuits,

For capacitor switching surges, the
impedance of the complete circuit would be the
combined impedance of the capacitor bank
{source) and the series impedance between the
point of switching und the point of interest (not
the characteristic impedance). A few exam-
ples of this situation may be found in the
literature.

7.4.4 Fast Transients. Circuit opening by
air-gap switches (relays and contactors) has
long been recognized as producing a succes-
sion of clearings and reignitions that gener-
ate bursts of fast-ringing surges in the circuits
being switched (Mellitt, 1974 {B26]; Minegishi
et al., 1983 [B27]). These transients have
sometimes been associated with arcing phe-
nomena under the label of “showering arc.”
Under the name of “Electrical Fast Tran-
sients (EFT),” IEC 801-4 (1988) [5] requires a
test involving bursts of surges with 5 ns rise
time and 50 ns duration at various severity
levels.

The new version of surge withstand capa-
bility (SWC) tests (IEEE C37.90.1-1989 (6],
intended for protective relays and relay sys-
tems, alsv includes a fast transient specifica-
tion. The waveform for the SWC test calls for o
rise time of less than 10 ns and a duration of
150 ns, not very different from the 5 ns and 50
ns of the EFT. (The upset aspects are primar-
ily associated with the rise time, so that the dif-
ference between a duration of 50 ns and 150 ns
should not be a significant difference.)

Furthermore, the SWC test is primarily
intended for the high-voltage substation cnvi-
ronment, while the EFT test is intended for
general industrial equipment. Therefore, this
recommended practice encourages the use of
the EFT test over the SWC test. Actually, when
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tolerances are taken into consideration, dif-
ferences in the effect of one waveform versus
the other may not be very significant. Adopt-
ing the EFT waveform to represaent the envi-
ronment next to switching devices appears to
be a reasonable choice of selection, in har-
mony with internationa) standards, for
equipment subjected to that environment.

In contrast to the other waveforms discussed
previously, the duration of these fast tran-
sients is short compared to the travel time in
huilding wiring systems (50 ns is the time
required to travel 10 m). Therefore, transmis-
sion line concepts are applicable to describo the
propagetion of these transients in building
wiring and large equipment. This fact has two
implications in including these fast tran-
sients in the description of the surge
environments:

(1) The characteristic impedance of low-
voltage wiring systems inside a build-
ing is typically 100 £2 to 300 Q for L-N or
L..L configurations, and typieally 25 Q
to 75 0 for LL-G or LN-G configurations
{see Appendix BS for a discussion of the
terms differential mode and common
mode in the context of this document).
This impedance will limit the current
associated with these fast transients.
Afler only a chort distance traveling in
the wiring, the amplitude, as wel) as the
rate of rise, of these fast transients is
attenuated (Martzloff and Wilson 1987
[B45); Martzloff and Leedy, 1990 [B47)).
Furthermore, even a small resistive or
capacitive load at the end of the trans-
migsion line can reduce the arriving
surge (Martzloff, 1890 [B48)). Thus, the
design of the equipment and its method-
of connection to the mains, as well as the
internal capacitance to ground, has a
greater effect on the equipment with-
stand capability than changes in the
waveform and amplitude of the imping-
ing fast transients.

(2)

Therefore, fine detail in the specification of
a last transient waveform is not significant to
the actual performance of the equipment; the
only justification for a specific deseription of
the waveform is the acknowledged need for
uniformity in test procedures. The EFT sceks
to emulate a phenomenon that occurs in
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repeated groups of pulses that may vary in
amplitude and duration over an indefinite
period of time. It is not an attempt to reproduce
the surges as they appear on the mains inter-
face, a3 othor surges waveforms do; it is a
practical compromise for evaluating equip-
ment immunity to fast transients.

This recommended practice emphasizes the
importance of maintaining a clear distinction
between the concepts of a description of a surge
occurrence and a fest specification. The pre-
veding discussion of how the EFT test relates to
the environment but is not to be taken as
“representing” the environment is a good ex-
ample of the need to maintain this distinction.

NOTE: Erdursing the EFT tost procedure sheuld nat land
ta the misinterpretation that there nre such frequent and
wideaproad fast transients with 4 XV peaks in law.voltage
nc power circuits.

The only provailing consideration is that
passing the EFT test, when required for
equipment acceptance, seems to resull in im-.
proved equipment reliability. A good example
for the necd to consider fast transients is the
case of two pieces of electronic equipment op-
erating from the same receptacle, thus closely
coupled. Disconnecting power from one while
maintaining power to the other can subject the
powered equipment to high-frequency tran-
sients such as the EFT (see description versus
specification in Appendix B4),

Thus, a recommendation for considering
the EFT as an additional waveform is directly
related to a test demonstrating equipment
immunity to upset by fast transients, rather
than an inference that this specific waveform
can be found in the environment. Fast tran-
sients do occur during contact arcing, and
digital circuits are fast enough to respond (in
an unwanted manner) to these fast transients.
Detailed specifications on the test procedure
are given in IEC 801-4 (1938) [5). Waveforms
are described in Sections 8 and 10; some im-
plications of the test procedure are discussed
under EFT test in Appendix B6.

7.5 Amplitude, Energy, and Source
Impedance. For cach waveform sclected as
one of the possible representations of the surge
environment, the peak open-circuit voltage
and the peak short-circuit current should be
stated to provide a complete and meaningful
description.
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Occasionally, attempts will be made to
describe surges in terms of “energy” to help
select the rating of a candidate surge-protec-
tive device. However, this concept can be a
misleading oversimplification because the
enerpy distribution among the circuit cle-
ments involved in a surge event depends on
the impedance of the source (including the ac
mains) as well as on the impedance of the
surge-protective device called upon to divert
the surge (Standler, 1989 (B83)). There is no
mdependent, meaningful, and self-contained
description of a surge in terms of energy
alone. The energy delivered to the end-equip-
ment is the significant factor, but it depends on
the distribution between the source and the load
(equipment or surge-diverting protective
device, or both).

In a gap-type protective device, the low
impedance of the arc after sparkover forces
most of the surge energy to be dissipated else-
where. In a clamping proteclive device, by its
very nature, a substantial share of the surge
energy is dissipated in the protective device. It
is therefore essential to the effective use of sup-
pression devices that a realistic assumption be
maode on the source impedance of the surge
whose effects are to he evaluated or duplicated
by tests.

Note that the voltage waveforms proposed in
this section are intended to represent the wave-
form that a surge source would produce across
an open circuit. The waveform will change
when the source is connected to a finite
impedance load, and the degree to which it is
lower is a function of the source impedance
(see surge impedance and source impedance
in Appendix B).

The devices should be able to withstand the
current injected through them by the surge
source. A test generator of too high an
impedance may not subject the device under
test to sufficient stress, while a generator of too
low an impedance may subject protective
devices to unrealistically severe stress. A test
voltage wave specified without reference to
source impedance could imply zero source
impedance—one capable of producing that
voltage across any impedance, oven a short
circuit. That would imply an infinite surge

current, clearly a situation as unrealistic as *

un excessively high generator impedance.
The amplitude of o surge, as recorded in site
surveys, is often cited in volts and is a signifi-
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cant parameter for high-impedance equip-
ment exposed to the surge at that site. However,
the voltage amplitude of a surge obscrved at a
specific site is dependent on the interaction of
the source and the load connected at that time,
because the series impedance upstream from
the point of observution and the shunt
impedance downatream from the point of ob-
servation act as a voltage divider. Unfortu-
nately, there is very little data on actual surge
currents.

The capability of a surge event to deliver a
surge current to a device connected in shunt
across tho line at a specific paint of the instal-
Jation is the significant concern for low-
impedance equipment exposed to that surge
event. The interaction of source, mains, and
load is relevant to this issue because of the cur-
rent-limiting action of the source and mains
impedances. The effective resistance of surge-
protective dcvices, V/1, is typically less than
1 Q. The effective source impedance (defined
as the ratio of open-circuit voltage and short-
circuit current) is typically larger than that of
the protective device, ranging from a few chms
to a fow tens of ohms. ’

One approach to providing meaningful
description of the surges is to cite an open-cir-
cuit voltage, applicable to high-impedance cir-
cuits, and a short-circuit current, applicabls to
low-impedance circuits, as discussed in 7.7.

7.6 Rate of Voltage Change. As indicated by
the schematic representation of Fig 1, the rate
of change of a transient voltage is a signifi-
cant parameter for equipment susceptible to
upset caused by the coupling of fast transients
into logic cireuits.

The available data base on this aspect of
surges is still scant, but some recent surveys
include this parameter in their results (Fig 5).
The preceding discussion of the EFT test con.
cept also gives perspective on the issue. Rec-
ommending consideration of this EFT test,
when appropriate, will also focus on suscepti-
bility to rate of change.

7.7 Location Categories. Becnuse of the wide
range of possible source impedances and the
difficulty of selecting a specific value, three
broad categories of circuit locations have been
defined in this document. These categories
represent the vast majority of locations, from
those near the service entrance to those remote
from it.
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For surges impinging the building and
originating in the utility supply, the sourco
impedance may be considered constant, while
the series impedance of the mains increases
from the outside to locations well within the
building. Open-circnit voltages (load
impedance of high values) for surges other
than the fast transients show little variation
within a building because simple wiring pro-
vides little attenuation (Martzloff, 1990 [B48).

The increasing mains impedance betweon
tho sarvice antranee and the point of connee-
tion to a piece of equipment will have an effect
on the surge current. This impedance places a
limit on the maximum rate of current change
that can oceur in the wiring because rapid
changes of current ruquire a driving voltage
that would result in wiring sparkover at the
source, thus cutting off the surge before it can
travel further into the building.

Fig 9 illustrates the application of three loca-
tion categories to the wiring of a power system.
These three location categories may appear
similar to three of the four overvoltage cate-
gories defined in 1EC 664 (1980) [4). However,
the categories of JEC 664 (1980} [4] are voltage
categories, while the location categories
defined here are impedance {or current} cate-
gories. (Sec installation categories in
Appendix B10 for the differences and similor-
ities of the voltage and current staircases
according to the two concepts.)

Location Category C is likely to be exposed to
substantially higher voltages than Location
Category B because the limiting sparkover
oceurs at higher values. In particular, the
limiting effect of spark gaps or other ¢lamps
that might exist in the watthour meter or fur-
ther downstream is not available in Location
Category C. The high-exposure rates of Fig 6
could apply, with open-circuit voltages in
excess of 10 kV and discharge currents of 10
kA or more. Field axparience provides some
information: secondary arresters having a 10
kA, 4710 s rating (Section 8.6.1 of IEEE C62.1-
1984 [71) have been applied for many years in
Location Category C and have demonstrated
their capabhility for effectively diverting most
surge currents associnted with that onviron-
ment. This observation provides a reasonable
upper boundary to the levels of surpes expected
in typical Location Category C environments.
Of course, direct lightniny strikes at the pomnt
of interest would produce larger voltages and
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currents (Cianos and Pierce, 1972 [B9); Mart-
zloff, 1980 [B42); Chowdhuri, 1989 (BS)).

In tho tables of Sections 9 and 10, three Loca-
tion Categories, A, B, and C, are considered.
Although a Location Category C device could
be used in place of Location Category A or B
devices, this is generally not necessary. The
mujority of applications involve indoor envi-
ronments downstream from & service
entrance connection, remote from the stress
levels involved in Location Category C. Thus,
the description of the Location Category G
environment should not be indiscriminately
turned into a required performance specifica-
tion for all equipment, just for the sake of con-
servative design. For a given exposure level,
voltages are the same in Location Categories A
and B; only the current levels change,
decreasing from Location Category B to
Location Category A.

8. Recommended Planning for Surge
Immunity

8.1 General. This section presents recom-
mendations on steps to be token to achieve
surge immunity for equipment connected to
low-voltage ac power circuits (mains). This
approach implies recognition of the relation of
equipment susceptibility, environment hostil-
ity, and degree of reliability required for the
equipment.

The typical waveforms discussed in Section
7 will be used as specific recommendations for
a representation of the basic environment with
two standard waveforms (Section 9) and three
additional waveforms (Section 10).

It should be noted that recommendation of
test waveforms alone is not an equipment per-
formance specificution. Other documents,
based on the waveforms recommended herein,
have been or will be devaloped to describe the
performance of equipment or protective
devices in low-voltage ac power circuits, Test
procedures for the standard waveforms are
described in detail in IEEE C62.45-1987 [8).

8.2 Reconciling Equipment Susceptibility and
Environment Hostility. Survival or undis-
turbed operation of equipment in the surge en-
vironment that has been- described (and
simplified) in Section 7 presents a techuical as
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well as an cconomic challenge. An approach
that would attempt to provide sufficient surge
withstand capability of all equipment for the
worst possible environment may be uneco-
nomica) and perhaps not Lechnically feasible.

Depending on the operational requirements
of the equipment on the one hand, and the type
of environment in which the equipment will be
used on the other hand, a designer can make
an effective protection match. Two steps are
necessary in achieving the match. The first
slep is 1o recognize the type of environment in
which the equipment will be installed. The
next step is 1o select the appropriate character-
istics for the interface: surge-protection levels
matched to the needs of the equipment. and
surge handling capability matched to the
severity of the environment.

Immunity of equipment against surges
impinging on the mains interface can be eco-
nomically achieved by designing the equip-
ment on Lhe basis of a realistic description of
the surge environment. The design activity
includes coordination of the inherent surge
withstand capability of the internal circuit
components of the equipment, as required by
the cquipment funetion, with the surge
response voltage of any front-end protective
devices, with all of this done for a set of
specific environments.

For very simple systems, it may be suffi-
cient to compare the performance of the protec-
tive dovice to the withstand capability of the
functional component. For more complex or
nonlinear systems, and for surge-protective
circuits, lesting is always necessary. The
behavior of nonlinear circuits is difficult to
predict, and their interaction with surges on
the one hand and complex electronic equip-
ment on the other hand is even more so. Con-
sequently, verification by test is unawvoidable.
To assist in this process, Sections 9 and 10 pro-
vide procise definitions (waveforms, toler-
ances, equations for modeling) of the various
reprosentative waveforms that have been
identified in Section 7.

8.3 Worst-Case Design and Economic Trade-
Off. Surge testing on the mains interface of
equipment is generally performed to deter-
mine the surge withstand capability of the
equipment that will bo exposed to the surge
environment expected at that interface. From
the wide variety of field experiences described
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in Section 6, ropresentative waveforms have

been recommended in Section 7 in order to

reduce the test program to a manageable
number of test requirements.

Excessively conservative planning will
drive the requirements toward specifying the
largest number of possible Lypes of surge wave-
forms and the highest levels of stress, presum-
ably to achieve maximum reliability of the
equipment. Such overdesign of equipment
surge protection may result in poor economny
and a false sensc of security.

Specifying only the maximum stress in a
test program based on the most severe envi-
ronment level specification may not provide
complete protection and should be avoided for
two reasons:

(1) Failure may occur at levels lower than
that of a single test at maximum stress,
therefore incomplete information would
be cbtained on the lovel at which failures
start occurring. *

{2) Worst yet, blind spots may exist in the
performance of the equipment, wherae the
test outcome is a success at the highest
stress level, but a lower stress lovel
would produce a failure or upset. There
is a tendency to believe that more cur-
rent or voltage will produce the more
devastating results. This is not neces-
sarily true. Frequently, a high-energy
surge can cause a protective device to
react more quickly than a low-energy
surge.

In general, a trade-off based on risk analy-
3is i3 an inescapable element of cquipment
design and specification., Furthermore, the
level of immunity of any specific equipment
within a particular design (catalog number
and vintage) is not a single-value paraméter,
but is represenied by some statistical distribu.
tion. In addition, the amplitude of the surges
that can be expected on the mains is also a sta-
tistical distribution. Therefore, reconciling
the equipment susceptibility with the surge
environment level involves the probabilistic
intorsection of two distributions, as illustrated
by Fig 10

The range of electromagnctic environments
in which a particular piece of equipment will
be called to operate can vary widely. Some
equipment is intended for a specific environ-
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mont while other equipment can be applied in
a variety of environments. In sddition, the
particular environment may in fact change
over time, as a function of a number of fnctors,
including geographic, seasonal, and- annual
changes in local lightning incidence.

Another change over time concerns the-

existing comploment of nearby electric and
electronic equipment that may penerate
interfering or damaging surges.

For industrial equipment, industry groups
and various standardizing bodies often pro-
vide guidance in the selection of EMI severity
levels that the equipment has to endure, of
which the surge environment discussed here
is a subset. In both areas of commercial and
consumer goods, however, manufacturcrs
often make their own trade-offs between
excessive malfunctions or damage on the one
hand and excessive costs on the other. One

solution to Lhis ongoing dilemma is to design
products whose basi¢c surge immunity is coor-
dinated with low or medium expasure levels,
while offering options, upgrades, or additional
protection for more hostile environments.

Independent of the immunity level built in
or supplied optionally to provide performance
without upset or damage, protection of some
kind is often included to guard against so-
called consequential damage, such as fires or
explosions, while novertheless allowing the
victim equipment itseli’ to fail.

It is to ussist making evaluations among
these and other alternatives, for equipment of
all types, that this section on planning for
surge immunity has been prepared.

8.4 Surge Effects. The nature and functional
purpose of the cquipment influence the judg-
ment of what will be considered an acceptable
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or unacceptable effect of n surge. When the
consequences of a failure are not safety
related but only represent an cconomic loss, it
may be appropriate to trade off the cost of pro-
tection against the likelihood of a failure
caused by a high-energy, but rarely encoun-

tered, surge. This rarity can take two different-

aspects "when?”, or “where?”

— During operation of the vast majority of
equipment in service, surges with rela-
tively high levels of veltage or current
can occur on rare occasions, such as that
caused by lightning or multiple
restrikes during de-energization of
capacitor banks—the question is when?

— Among all equipment in service, a fow
rare installation sites are frequently
and consistently afflicted by surges like
locul switching surges, for instance,
power-factor correction capacitor
banks—the question is where?

The consequences of a surge impinging on
the mains interface can be classified in four
broad categories, as discussed in the following
list, each having scveral aspects.

{1) No observed change. This absence of
visible change would demonstrate that
tho eguipment is actually immune to the
surge level in gquestion; however,
appearances can be deceiving. The
equipment can continue normal per-
formance within specified limits, thus
meeting the criterion of *No loss of
function or performance.” Yet signifi-
cant consequences are possible; degra-
dation of porformance still within
Jimits but foreboding larger degrada-
tion, latent failure of a camponent, or an

unforeseen consequence elsewhere in*

the ocquipment environment (IEEE
C62.45-1987 (8.

(2) Upset. This consoquence can be o self-
recoverable upset by design of the soft-
ware and therefore not immediately
apparent, or may be n permanent upset
requiring operator intervention
or programmed automatie action
occurring after some time delay. Many
documents on test mothods suggest three
classes for this type of consequence, as
follows:

EEE
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{a) Minor: Acceptable temporary loss of
function, but no faulty operation.

{b) Major: Temporary faulty operalion
or performance {(which is self-
recoverable)

(¢) Critical: Faulty operation or per-
formance that requires opcrator in-
tervention or system reset. Another
consequence that may be classified
in this category is an upset caused
by sparkover of air clearances
without pormanent degradation of
adjacent  solid insulation.

{3) Damage. This consequence includes
the subtle ns well as the obvious. As dis-
cussed under (1) above, damage may
occur without being detected unless
special assessment of the equipment
condition is performed. One of the most
vexing problems in insulation testing is
the risk of creating an incipient defect
by applying a surge test.

(4) Consequential Damage. This conse-
quence includes the possibility that
cquipment subjected to a surge may
cause damage to its surroundings well
beyond the importance of the damage or
upset done to the equipment itself. Igni-
tion of a fire or an cxplosion could
occur. Damage may result from unseen
hardware upset, during which data
become corrupted data that may subtly
degrade other elements in the data base,
with the user left unaware of the
situation.

Criteria for acceptance or rejection have to
take into consideration these different conse-
quences. For instance, upset may be ruled out
until a specified level of severity is reached,
above which occurrence of an upset is declared
acceptable; at some higher severity level,
damage may be ruled acceptable, provided that
safety not be jeapardized and no consequential
damage occurs. In any event, it is imperative
that data validity, where applicable, be veri-
fied following each test to ensure that data base
damage has not eccurred.

Furthermore, the level at which an upset or
damage occurs depends on the mission of the
equipment. For this reason, universal Jevels
of withstand should not be assigned Lo all
equipment. Hence, the values of environment
levels proposed in the next sections should not
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be blindly construed as test saverity levels
requirements.

8.5 Selection of Waveforms. Five types of
surge waveforms are described in general
terms in 7.4. Two of these are recommended
as standard waveforms and three as addi-
tional waveforms. Table 2 presents a sum.
mary of these waveforms, showing in which
Location Catogories they are applicable. Fur:
ther information on the standard waveforms
is presented in Section 9, and on the additional
waveforms in Section 10. These two sections
provide precise definitions, including toler-
ances on the performance of test equipment
and equations for the nominal waveforms.
The tolerances are intended to help assure
reproducible waveforms among different lab-
oratories and to provide a realistic perspective
on the limitations of generation and mea-
surement of test surges. The equations are
intended for computer simulations of surge
protection cirenits and for design of surge
generators. The history of the definitions of

P i) -«
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these waveforms is discussed in Standler, 1989
IB68).

NOTE: The [uct that five wavoiorms are listed in this doc-
ument should oot be canstrued as o requirement that all
equipment be subjectod to all five typea of surges. The
100 kilz Ring Wave and the Comblnation Wave ure
recommonded as basic design and test surges. The
ndditional waveforms (the EPT, the 10/1000 us Wave, and
the B kHz Ring Wave} nced only be included when
sufficient evideace s available Lo warraot their use.

In this manner, a transition is made be-
tween the description of the surge environ-
ment, which was the first objective stated in the
scope of this recommended practice, and the
recommendation of specific test waveforms,
which is the second objective. The amplitude of
tha test surges is still a characteristic selected
by the parties involved, taking into considera-
tion the environment exposures listed in the
tables of Sections 9 and 10. In the selection of
these lavels, the concept of Transient Control
Level (Fisher and Martzloff, 1976 [B53]) could
provide guidance on the determination of the
design margins and test procedures.

Table 2
Summary of Applicable Standard® and Additional Waveforms}
for Location Categories A, B, and C

Location Category 100 kHz Ring Wave Combination Wave &/50 ns EFT Burst
(1]

1071000 g Wave 5 kifz Ring Wave

3 {Tnble 3} (Table &) (Table 71 {Table 8) (Table 8)

A Standard Noae Additional Additional Additional
B Standard Standerd Additional Additional Additional
[+ Nons Standard None Additioaal Additsonal

* Refer 1o Tubles S, 4. and 5 for details on the standard wavelorms (Section 9.
¥ Refer to Tables 7, 8, and 9 for dotalls on the sdditional wavelormsr (Séction 10).

The 1980 edition of this document, as a
guide, provided some schematic diagrams of
pulse-shaping networks for surge generators
that provided the three waveforms specified in
that edition.

Experience has shown that improvised surge
gonerators, while they can produce stresses
useful for in-house immunity evaluation
(Buschke, 1988 {B7L]), can also produce wave-
forms Lhat moy not be easily reproduced in
other laboratories. The output waveforms of
generators built from a published circuit are
often dominated by parasitic components and
do not produce the desired waveforms. Impro-
vised generators may also lack critical safety

features. Therefore, this revised document
provides precise information on desired wave-
forms, but no longer provides deseriptions of
circuits for surge generators.

9. Definition of Standard Surge-Testing
Waveforms

9.1 General. The two recommended standard
waveforms are the 100 kHz Ring Wave and
the 1.2/50 us—8/20 us Combination Wave. The
parometers of theso two standard waveforms
are summarized in 9.1.1 and 9.1.2. Plots of the
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three nominal waveforms (one for the Ring
Wave, two for the Combination Wave) are
shown in Figs 11-13. Criteria for selection of
the peak voltages and currents that correspond
to various environmental exposures are dis-
cussed in 9.2 with reference to Tables 3, 4, and
5. The implications for test conditions are dis-
cussed in 9.3. A detailed description, includ-
ing tolerances, of these two standard
wavelorms is given in 9.4. Equations describ-
ing the waveforms are given in 9.5.

9.1.1 100 kHz Ring Wave. A plot of the nom-
ina) Ring Wave is shown in Fig 11, and fur-
ther details are given in 9.4.1. No short-circuit
current waveform is specified for the 100 kHz
Ring Wave. A peak short-circuit current,
however, is proposed in 9.2, according to the lo-
cation category. The nominal ratio of peak
open-circuit voltage to peak short-circuit cur-
rent (cffective impedance) is specified to be
12 0 for simulation of Location Category B
snvironments or 30 22 for simulation of Loca-
tion Category A environments. The nominal
amplitude of the first peak of either the open-
circuit voltage or the short-circuit current is
selected by the parties involved (sce 9.2),
according to the severity desired.

Do e e N
% 0 e w s % v
PR SRREMISN Sy Y

Figll
100 kHz Ring Wave

9.1.2 Combination Wave, The Combination
Wave involves two waveforms, an open-cir-
cuit voltuge and a short-circuit current, shown
in Figs 12 and 13 respectively. Further details
are given in 9.4.2. The Combination Wave 1s
delivered by a generator thal applies a
1.2/50 us voltage wave across an open circuit
and an 8/20 us current wave into a short cir-
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cuit. The exact waveform that is delivered is
determined by the generator and the
impedance to which the surge is applicd.

The value of either the peak open-circuit
voltage or the peak short-circuit current is to be
selected by the parties involved (see 8.2), ac-
cording to the severity desired. The nominal
ratio of peak open-circuit voltage to peak short-
circuit current is 2 Q for all severity lovels.
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Fig12
Combination Wave, Open-Circuit Voltage
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Fig13
Combination Wave, Short-Circuit Current

8.2 Selection of Peak Values of Standard
Waveforms. Tables 3, 4, and 5 includo a mul.
tilevel matrix of location categories, types of
surges, and peak voltages and currents pro-
vided as a guide toward the scleclion of an
appropriate set of design parameters or tests. It
is emphasized that Tables 3, 4, and 5 can only
provide a menu. They are not intended to be
mandatory requirements.
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Table 3
Standard 0.5 us-100 kHz Ring Wave
Valtages and Current Surges Expected in Location Categories’ Aand B'
Low, Mcdium, and High Exposures?
Single-Phuse Modes:} L-N, L-G, and [LEN}-G
Polyphase Modes: L-L, L-G, and [L's}-G
{Sce Table 5 for N-G Mode)
Peak Values ™
Locution Catogory” System E; ' Yolt Current Effective Im ace
°n s System Exposure :"ks'?c (XA} -:m"Pcdn
Al Low 2 0 n
A2 Medium 4q 013 kK o
A3 Higk 6 02 EY
n Low 2 al7 12
):43 Medium q (<) 12
B High 3 05 12

* See 7.7 for definition and discussion of Lecatin n Categoriva

! No provision is made for » 100 kElz Ring Wave in Category C.

i Se0 7.3.3 fur definition and discussion of syntem cxposura.

¥ See TEEE C52.45-1967 |B) for discussion of coupling modes.

°® The three values shown for each lacation categnry, for the throe system axpasnres within the localion category. have
been sot by to provide guid a0d unbformity in test procedures. Other levels mnuy be negutiated between the
porties invoived.

In oaking slmulation Lests, use the voltage valcs shown for the opoa-circuit voltage of the 1eet generstor or the current
valien shown for Lhe shortcircuit current of the teat gonerator Lwith coupling network and baek filter in pluce).

¥ The offoctive impedance of the surge ssurce, enulnted by the test generator, is definod an the razio af the peak voltage to
the peak current. It hes the dimension of & resistance, but is not a pure resistance (see 9.4.1),

" Tubles
Standard 1.2/50 18-8720 8 Combination Wave

Voltages and Current Surges Expected in Location Categories’ Band C!
Low, Medium, and High Exposures®
Single-Phase Modes:! L-N, L-G, and (L&N)-G-
Polyphase Modes: L-L, L-N, L-G, and [L’s)-G

({See-Table 5 for N-G Mode)
Posk Values *°
Location Categary” System Exposure Valtage Current Effective Impednnce
¥V {kA) o
m Low 2 1 2
R Medinm 4 2 2
mn High G 3 2
a low 8 3 2
Q Medivm 10 5 2
a High » 18 2
Sea 7.7 Jor definition and discusslon of Location Cateyories.

'No provision is made for a Combination Wave in Coicgury A; however, equipmont connected to short branch circuits

may ba axposed 10 & moderate level of Cambinotion Wave surges (UL 1449-1988 | B6D.
See 7.3.3 for definition and diseussion of system exposure.

$See IEEE C62.45-1987 (8] for discussion of coupling modes.

**The throe values shows for each location cstegory, for the three system exposures within the location eategory, have
been sct by consensus Lo provide guidance and uni formity in 1est procedures. Other levels may be negotinted beewoen the
parties involved.

In making simulation tests, use Lhe vohage values shown lor the apen-cirvult voltnge of the test generator or the current
values shawn for the short.arcuit current of the test gonorator fwith coupling network and back filtor in place).

elfective impedanco of the surge source, emulated by the test generator, is deflned as the mtio of the posk voltage ta
the peak current. It has the dimension of a resistance, bot iv st » pure resistance (sec 9.4.2).
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Table 5
Neutral-Ground Mode

Standard Representative Waveforms and Levels for Maximum Voltage and Current Surges
Inside Buildings for N-G Mode, Depending on Applicable Neutral Earthing

or Bonding Practice™?
Applicable Surge
0.5 p5-100 kHz 1.2/50 ps-8/20 us
Neutral Distance From System Peak Voltage Effective Peak Voltage Effective
Grounding Entrance or Expasure® tkV} Impcd.n.nce tkV Impedarce

Practice Surge Souree [£¢}) %))
Neutral carthad Close Al Noae None None None
nt service Noarby All i 3¢ Nane Noac
entrance Yar Ah 3 in None Nona
Nreutral not A Low 2 2 2 2
varthed st All Medivm L) 2 *£ 2
scrvice eatrapee All High & 2 E] 2

“The values for peak voltage and effective impedance have been sat in italic type ta emphasize thst therv Is no data base to
support these values, lastelg,' these numbers and waveforms have been selectod by consensus to provide uniformity in teet
P res. Those values are nct intended to be mandatory requiroments.

Bonding the neulrul to the equipment graunding conducior (protectivo carth) and to the building grovad at the service
entranco, or At o separately derived ac power source, offectively preveats the propagstion of external surges in N.G mode.
This situstlon, including that of tha separately derived sc power saurce, corresponds to the requirement of ANSIUNFPA
70.1990 [2]. In such instsllations, N-C aurges may still he genernted by 1ntoma] load awitching or by made conversion
when surge currents flow in the inductance of the neutral ar grounding conductars, or both (sce differential mode and
common mode in Appendix B3). The 100 kliz Ring Wave Is an appropriate representation of inductive voltsgoes in the
wiring.

'When the nautral is nat banded to the equipment grounding conductor (pratoctive earth) nor 1o the bullding grovnd st the
service vntrance, N-G srges can be expected in a manner similar 1o thoso dofined for the L-1, L.N, or L.G modes, as
shawn in Tables 3 and 4. This more severe situalion will be encountered in inatallations pot subject to ANSINFPA 0-1990
:2]. v is standard prartice in same Exnropenn countrios (sce differential mode and common mode to Appendix BS).

$3ce 7.3.3 for dofinition and di lon of syst P e.

**The cffective impedance of the surge source, entulsted by the test gencrator, is defined as the rtio of the peak veltage Lo
the peak curreat. It has the dimension of & resistance, but is not » pure resistance

The recommendations of the present docu- location calcgories. Furthermore, the conse-
ment address the need to make a delibernte quence of a failure, and thus the selection of n
choice, but leave the choice to the parties inter- degree of margin, are related to the mission of
ested in the issues, who are presumed to have the equipment.
the best available knowledge of the particular On the other hand, when dealing with mass-

situation. Because the system exposure levels produced equipment, it would be impractica) or
may be different with respect to the source of unrealistic to tailor the equipment surge with-

the surges nnd hence the waveform, soparate stand specifications to a specific environment
tables are provided for the Ring Wave and for exposure and location category. In such cases,
the Combination Wave. For instance, an in- a selection must be made to cover the typical
stallation may be located in an area of high situation, not the extreme—unless life-support
lightning activity but little switching activity or similar stringent requirements mandsate a
{giving more weight to the Combination conservative design.

Wave), or vice versa.
Making such a choice. however. may be dif- 9.3 Test Conditions

ficult. On the one hand, the nature and mis- 9.3.1 Powercd Testing. During powered test-
sion of the equipment have a strong influence ing of equipment that i3 connected to the
on the choice. Some equipment is likely to be mains, it is necessary to interpose a back filter
operated in a well-defined environment expo- between the Equipment Under Test (EUT) and
sure and location calegory; others may be the mains and to use a covpling network

operated in a broad variety of exposures and between the surge generator and the EUT, as
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described in IEEE C62.45-1987 [8]. The pres-
.ence of the back filter and the coupling net-
work, and the low impedance of the mains will
alter the surge wave shape compared to that
observed at the output terminals of the surge
gencrator alone (Richman, 1985 (B78]).

When the intent of surge testing is to apply
surges to the mains connection of the EUT
while the equipment is operating. the e¢fTect of
the back filter and the coupling network on the
surge waveform have to be included when
determining the surge wave shape. That is, the
expression “open-tircuit voltage” means that
the EUT is not connected, but the surge coupler
and back filter have to be. They are clearly
parts of the surge generator, since they moy
affect the wave applied to the EUT.

9.3.2 Verification of the Test Generator, As
a result of these effects, it is necessary that the
surge wavclorm specifications for both the
0.5 us—-100 kHz Ring Wave and the 1.2/50 us—
8/20 us Combination Wave be satisfied accord-
ingly. An initial verification should be made
of the following conditions:

{1) The surge gonerator is connected to the
back filter via the coupling network in
the relevant coupling mode, and /

(2) All of the conductors of the mains con-
nection that supply the back filter,
including protective ground, are dis-
connected from the mains and shorted
together at a point upstrenm from the
buck filter.

By shorting the mains upstream from the
back filter (prior to the actual powered test), the
effects caused by differing impedances of the
mains from one laboratory to another are
avoided. Allowing the ac supply mains to be
disconnected and simulating the low
impedance of the mains by shorting the con-
ductors together is the recommended procedure
to determine peak voltage and current. The
available short-circuit surge current and the
open-circuit surge voltage (as defined above)
at the EUT power line interface can be readily
verified. Note, however, that thia procedure
establishes the voltage peak of the surge alone.

During testing of powered egquipment or
components, the surge waveform may be
applied at any specified phase angle of the nor-
mal mains waveform, as described in IEKE
C62.45-1987 18]. The timing of the surge appli-
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cation with respect to the power-frequency sine
wave will then determine the peak of the total
surge. Because this total surge is the signifi-
cant parameter in the response and stress of a
clamping type of surge-protective device, this
effect must be recognized in setting the surge
amplitudes for low-level surge testing. With
surge levels in the kilovolt range, the varia-
tion introduced by the value of the sine-wave
voltage at the instunt of the surge application is
less significant.

In tests wherg the value of diidt is large
{such as the 8720 ps current waveform or the
100 kHz Ring Wave with its relatively short
rise time), it is particularly important to use
short lengths of conductors und maintain
minimum conductor loop area between the
surge generator and the device under test.

9.3.3 Tolerances on the Most Important
Paramctcr. The combination of practical
tolerances on the surge generator internal
components, operator settings, and instrument
calibration uncertninties may produce signif-
icant variations in the results of tests per-
formed at difTerent sites. To reduce the effect
of these unavoidable differences, the purpose of
the test should be recognized when specifying
the most important test parameter:

(1) When testing insulation, the peak open-
circuit voltage is the most important pa-
rameter, Therefore, the voltage should
be adjusted to the desired level before
connecting the EUT to the generator.

(2) When testing energy-absorbing non-
linear surpge-protective devices, the
short-circuit current peak is the most
important parameter. However, the cur-
rent flowing in the EUT shonld NOT be
adjusted during the test to obtain a
desired level.

The reason for point (2) i3 that the test should
be performed using a generator with specified
open-circuit voltage and specified short-cir-
cuil current waveforms. For the specific EUT
being subjected to the specific surge environ-
ment test, the peak values of both the EUT volt-
age and EUT curront during the test should be
allowed to remain whatever they are. This
matter is oflen misunderstoad and, therefore,
it cannot be averemphasized.

9.3.4 Unpowered Testing. When the
1.2/50 us—8720 us Combinntion Wave is used to
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test unenergized components, the same gen-
erator, with back filter in place, may still be
used. However, the mains should be discon-
nected upstream from the back filter and nll of
the input power conductors shorted together
and to ground.

Alternatively, the back filter and the cou-
pling nectwork may be removed from a surge
generator that has an internal circuit to
determine the presence or absence of a back
filterfcoupling network and to make the
approprinte adjustments in the waveferm.
Such circuits are included in many commer-
cially available surge gencrators.

9.4 Detailed Specifications of Waveforms

9.4.1 0.5 us5-100 kHz Ring Wave. The open-
circuit voltage waveform is defined by the fol-
lowing parameters:

Rise time: 0.5 s 2 0.15 us
Ringing frequency: 100 kHz ¢+ 20 kHz

The amplitude will decay so that the ampli-
tude ratio of adjacent peaks of opposite polarity
is as follows: the ratio of the second peak to the
first peak is between 40 and 110%. The ratio of
the third peak to the sccond peak and of the
fourth peak to the third peak is between 40 and
80%. A plot of the nominal 100 kHz Ring Wave
is shown in Fig 11.

The rise time is defined as the time diffor-
ence between the 10% and 90% amplitude
points on the leading edge of the waveform.
The frequency is calculated from the first and
third zero-crossing after the initial penk.

The nominal amplitude of the first peak of
either the open-circuit voltuge, V,,, or the short-
circuit current, Jp, is to be selected by the
parties involved (see 9.2), according-to the
severity desired, with a tolerance of +1 0%.

The ratio V /I, is specified as 12 Q = 3 Q for
simulation of Location Category B environ-
ments or 30 Q = 8 Q for simulation of Location
Category A onvironments. When the peak
open-circuit voltage is adjusted to he exactly
5 kV, the nominal peak short-circuit current
will be 500 A for Lacation Category B envi-
ronments and 200 A for Location Category A
environments. For lower peak voltages, the
peak short-circuit current will be proportion-
ately lower, so that the nominal ratio Vi1,
remains either 12 Qor 30 Q2.

No short-circust current waveform is speci-
fied for the 100 kHz Ring Wave. A peak short-
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circuit current, however, is proposed in 9.2,
according to the location category, Because the
purpose of this Ring Wave is not to provide
high-energy stress to the equipment under test,
the precise specification of the current wave-
form is unnecessary.

The short 0.5 us rise time of the leading edge
of the waveform, together with a large peak
current, corresponds to a large value of di/dt,
which will produce significant inductive ef-
fects in the conncctions of the devices under
test. The voltage divider action of the
surge generator impedance and the EUT
impedance is likely to be significant: it iz
addressed by specifying the peak short-circuit
current.

The first edition of this document specified a
nominal rate of decay of amplitude of 60%
between adjacent peaks of opposite polarity, but
no tolerances were specified. It i3 not possible
to obtain the 60% ratio of amplitude of the sec-
ond to the first peak while also obtaining the
60% ratio between subzequent peaks with a
simple damped cosine waveform (Standler,
1988 [B84)). As a rosult, the wave shape of the
first cycle of the Ring Wave varied dramati.
cally among different models of commer-
vially available surge penerators (Standler,
1989 (B86)) because different circuit designs of
the wave-shaping network were used in an
attempt to meet the specifications for the nomi-
nal waveform. When tolcrances were added to
this document, large tolerances were applied to
the ratio of the first and second peaks so that o
cosine waveform with an exponentially
decaying amplitude would meet the require-
ments for the Ring Wave. Although existing
generators are acceptable, it is recommended
that new designs for 100 kHz Ring Wave gen-
erators use the domped cosine wavelform
described in 9.5. A plot of the nominal damped
cosine waveform is shown in Fig 11.

There is no requirement set on the ampli-
tude of the Ring Wave beyond the fourth peak.
The amplitude of the fifth and following peaks
i3 so much smaller than the initial peak that
they should have little effect on even the most
vulnerable or susceptible equipment.

The frequency of oscillation of this wuve-
form may excile resonances in the EUT, How-
ever, this effect cannot be positively identified
with the fixed-frequency Ring Wave: a swept-
frequency test would be necessary for that
purpose,
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9.4.2 1,2/60-8/20 us Combination Wave.
The Combination Wave is delivered by a gen-
erator that can apply a 1.2/50 us voltage wave
across an open circuit and an 820 us current
wave into a short circuit. The exact waveform
that is delivered is determined by the genera-
tor and the impedance to which the surge is
applied. A plot of the nominal open-circuit vol-
tage is shown in Fig 12 and a plot of the nomi-
nal short-circuit current is shown in Fig 13.

Open-circuit voltage waveform:
Front time: 1.2 us + 0.36 us
Duration: 50 y3 + 10 p15

The front time for voltage waveforms is
dufined {IEC 60-2 (1973) [B92]; IEEE 5td 4-1978
(B88]) as:

1.67 {too — L30) (Eq 1)
where
topand t3g= The times of the 90% and 30%

amplitude points on the leading
edge of the waveform
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The duration is defined as the time between
virtual origin and the time of the 50% point on
the tail. The virtual origin is the point where a
straight line between the 30% and 50% points
on the leading edge of the waveform intersects
the V = 0 line.

Short-circuit current waveform:

Front time: B us {«1.0, -2,5) us
Duration: 20 us (+8, -4) us

The front time for currenl waveforms is
defined {IEC 60-2 (1973) (B92]; IEEE Std 4-1978
[B38]) as:

1.25 450 = 1) {Eq 2}

where

too and to= The times of the 90% and 10%
amplitude points on the leading
cdge of the waveform

CURRENT

TINE

Fig 14
Features of the Nominal 820 ;s Waveform: Front Time, Virtual Origin, and Duration
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Duration is defined as the time between
virtual origin and the time of the 50% ampli-
tude point on the tail. The virtual origin is the
time thot a straight line between the 10% and
90% amplitude points on the leading edge of the
waveform intersects the I = 0 line. Fig 14
shows these features of the nominal 820 us
waveform.

The value of either the peak open-circuit
voltage, Vy, or the peak short-circuil current,
I, is to be selected by the parties involved,
neeording to the severity desired, with a taler-
ance of *1U0%.

The effective source impudance, the ratio
Vi, is specified u3 2.0 2 £ 0.25 2. This ratio
determines the behavior of the waveform when
various loads, such as surge-protective
dovices, are connected to the generator.

Traditionally, the 1.250 ps voltage wave-
form was used for testing the basic impulse
level (BIL) of insulation, which is approxi-
mately an open circuit until the insulation
fails. The 8/20 us current waveform was used
to inject large currents into surge-protective
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dovices. Since both the open-circuit voltage
and short-circuit current are different aspects
of the same phenomenon, such as an over-
stress caused by lightning, it is necessary to
combine them into a single waveform when
the load is not known in advance (Richman,
1983 [B80L; Wiesinger, 1983 (BB7)).

The tolerances for the 8/20 pus current wave-
form are broader than those in IEC 60-2 (1973)
{B92} and IEEE Std 4-1978 | B88]. The tolerances
in those standnrds are for an 8/20 us current
waveform without specifying the open-circuit
voltage. These other standards also do not
include the effects of a hack filter and a coup-
ling network, as required here.

9.5 Equations for Standard Waveforms.
Mathematical representations of the nominal
waveforms are given in Table 6. These equa-
tions, and the value of the time constants, are
useful for designing surge generators and for
simulations of surge performance on digital
computers (Standler, 1988 [B84]).

Table 8
Equations for Standard Surge-Test Waveforms

0.5 us-100 kHz Ring Wave

WN=AV, (l-c:p i) up(i) coniaf}
t ”

where
0533,
9788

2 2107 radfs
1.290

> 6 2

B20 ps Waveform
AnmAl, Pexp (f)

where
* =

A =3

39118
0.01243 {usi®

250 ps Waveform

1
2 2
Win=AV, (l -axp :') "p('_a:)
)

whete
I' -

n =
A s

0407 1
A2 e
1537

NOTE: In all the equations above:
¢ = Time
Vp =
I, » DPeakvalve of the short-cwreuit currant

Maximum ar prak value of the open-ctircuit vultage
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A test waveform in the laboratory will, of
course, not exactly match the waveform given
by the equations for the nominal waveform
due to the tolerances of compenents in pulse
forming networks and parasitic inductances
and capacitances in the components of both
generntors and test fixtures,

The loading by the EUT may cause appre-
ciable discrepancy between the preset nominal
open-circuit voltage or short-circuit current
and the actual voltage across or current in the
load.

This effect is the reason why surpge wave-
form parameters are not specified with the
EUT connected. In computer simulations,
some of the loading efTects can be taken into
account by including the effective output
smpedance, Vp/l,, with the ideal voltage or
current sourcy.

10. Definition of Additional Surge-Testing
Waveforms

The three additional waveforms are the EFF"

burst, the unidirectional 10/1000 us wave, and
the 5§ kHz Ring Wave. Each of these wave-
forms has a unique domain of application
(contactor interference, fuse operation, and
capacitor switching). Consequently, the wave-
form definition, the amplitude selection, and
the test procedures are discussed separately for
each waveform in 10.1, 10.2, and 10.3. Plots of
the nominal waveforms are shown in
Figs 15-18. The suggested peak voltages and
source impedances that correspond to various
environmental exposures are shown in Tables
7.8,and 9.

10.1 The Electrical Fast Transient (EFT).
This waveform consists of repetitive bursts,
with each burst contnining individual unidi-
rectional pulses. As discussed in 7.4.4, this
waveform has been proposed as a method for
evaluating the immunity of equipment
against interference: it is not a “represen-
tation” of the surge environment. The amp-
litude levels proposed for the various degrees
of severity have boen set by consensus as rep-
resenting a realistic stress for the typical
equipment exposed to the test. They should not
be construed as actual voltage Jevels occurring
in the mains,

The characteristics of this waveform and the
corresponding test procedures are summa-
rized in the following paragraphs, based on the

" emm——
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specifications of IEC 801-4 (1988) I5) (sce EFT
Test in Appendix B6 for details). However,
readers are cautioned that IEC documents are
subject to periodic revision. Thercfore, any
detailed plan for specific tests calling for the
EFT should be based on the current version of
the IEC document, not on the description pro-
vided herein.

10.1.1 Waveform Definition. The individ-
ual EFT pulses in a burst are defined ns

Rize time: 5 ns £ 1.5n3
Duration: 50 ns = 15 ns

The rise time is defined az the time
differance between the 10% and 90% amplitude
points on the leading edge of the waveform,

The duration is defined as the full width at
half-maximum (FWHD), that is, the time dif
ference between the 50% amplitude points on
the leading and trailing edge of each individ-
ual pulse.

Individusl pulses occur in bursts with o
duration of 15 ms + 3 ms. Within each burst,
the repetition rate of pulses is specified as a
function of the peak open-circuit voltage:

For peaks <2 kV: 5 kHz ¢ ) kHz
For peaks > 2 kV: 2.5 kHz + 0.5 kHz

(These twovalues of the repetition rate are
specified in IEC 801-4 (1988) (5] and only
reflect limitations in inherent performance of
pulse generators, not characteristics of the
environment.)

The period of the repeated bursts is 300 ms ¢
60 ms. A plot of a single pulse ia shown in
Fig 15 and the burst pattern is shown in Fig 16.

: '\.u R - 5oy

© r——PIBATIC™ - 90 -

’- o 2

Fig15
Wavceform of the EFT Pulse
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Fig 16
Pattern of EFT Bursts

10.1.2 Amplitude. The amplitude of the EFT
pulscs is specified by IEC 801-4 (1988) [5) as an
open-circuit test voltoge, while the waveform
is defined when the generator is connected to
a 50 Q load. The generator is also defined as
having a 50 Q source impedance between
1 MHz and 100 MHz.

The resulting current, when the pulses are
applied to the EUT according to the methods
described in 10.1.3, is not defined since it will
depend on the impedance exhibited by the EUT
at the frequencies associated with the EFT
waveform, Because the purpose of the test is to
evaluale interference immunity, not energy
capability, the specification of a current
amplitude is not ecssential. Given this defini-
tion of the test level, the specific value should
selected by the parties involved, according to
the severity desired, with a tolerance of £10%.

In IEC 801-4 (1988) (5], five test-severily
levels are specified, from 0.5 kV to 4 kV open
circuit, with provision of an additional, spe-
cial level open to negotiations. In keeping with
the approach taken in the present recom-
mended practice, only three levels, I, I, and
111, are shown in Table 7. Because the addi-
tiona! waveforms described in the present
document are only suggestions, there is
always the implicit provision that other levels
may be negotiated.

10.1.3 Test Procedures. The coupling meth-
ods for the EFT test are specified in IEC 801-4
(1988) [5), from which-the essential character-
istics are cited in the following. Two coupling
methods are specified, depending on the
nature of the EUT interface cable. (See EFT
Test in Appendix B6 for more details).

IEEE
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Table 7
Levels for EFT Burst

Tast Severity Peak Voltage

{Open-Circuit)

1 1kV
)i 2kV
m 4kV

One method in particular, for single and
polyphuse ac interface, uses direct couphng ‘o
euch of the cable conductors selected by dis-
crete capacitors. The other mothod uses a
*coupling clamp” that in fact also produces ca-
pacitive coupling to the interface cable on
which tho clamp is installed, in a glohal cou-
pling made.

Thus, both coupling methods result in hav-
ing a capacitive divider (coupling capacitar
and interna) capacitance of the EUT) that ap-
plies the pulses at the port of the EUT (Martzloff
and Leedy, 1990 [B471). The actual value of the
pulse applied at the EUT port is influenced by
the internal design of the EUT; it is not a fixed
parameter imposed on the EUT. Even the ex-
terna! arrangement of the EUT, including ca-
ble dressing and enclosure position with
respect to the reference ground plane, will af-
fect the capacitive coupling. The configuration
of the test set-up, therefore, has to be clearly
specified and documented.

10.2 The 10/1000 i3 Wave

10.2.1 Waveform Definition. The front time .

and duration, as defined in 9.4.2, are the
following:

Open-circuit voltage:

Front time: 10 s (+0, -5) us

Duration: 1000 pa (+1000, -0) us

Short-circuit current:
Front time: 10 s (+0, -5) us
Duration: 1000 zs + 200 us

Some ambiguity exists in the definitions of
this waveform given in other references,
dependiog on the interpretation of the 10 us
“front” specification (Standler, 1988 [B84)).
Because the major purpose of this waveform,
in the present context, is to provide an energy
stress, the difference botween the rise time,
time Lo pcak, or front time is negligible. A plot
of the nominal current is shown in Fig 17,
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Waveform for the 101000 ;s Current Surge

10.2.2 Amplitude. There is a major differ-
ence in the application of this waveform com-
pared to that of the two standard waveforms:
the concept of Location Categories that was
used for the standard waveforms is no longer
applicable. (That concept is based on the limit-
ing effect of the inductance of branch circuits
at the frequencies associated with the two stan-
dard pulses, presumed to have a decreasing
severity as distance from the service entrance
increnses.)

The long duration of the 10/1000 us wave-
form reduces the effect of inductance. How-
ever, depending on the environment exposure
of the site, there is still a range of levels to be
considered. Therefore, the values shown in

- Table 8 for the three system-exposure levels
are applicable to all location categories.

The amplitude of the peak open-circuit volt-
ago i5 to be selected by the parties involved
according to the severity desired, with a toler-
ance of *10%.

The corresponding ratios of the penk open-
circuit voltage to the peak short-cirenit cur-
rent, V/fp, are shown in Table 8.

10.2.3 Test Procedures, IEEE (C62.45-1987 {8)
advises that powered testing of equipment is
preferred, a method that is further recom-
mended in the present document for the stan.
dard waveforms. However, the 10/1000 us test
wavelorm is suggested primarily for its high-
energy charaeteristic, stressing any surge-
protective device that an EUT may contain.

1EEE RECOMMENDED PRACTICE ON SURCE VOLTAGES IN

The Jong duration of the wave makes a con-
ventional back filter difficult to implement.

Three strategies may be applied to resolve
this difficulty. The first would be to perform
tests on unpowered equipment for the sole pur-
pose of assessing the capability of the EUT for
handling the energy associated with this
waveform. If such a strategy were adopted, the
amplitude of the applied surge should be that
defined as Va1 in the first footnote of Table 8,
not the value of surge alone, in order to raise
the voltage level to the equivalent stress,

However, the outcome of such a test does not
address the concerns, discussed in l1EEE
C62.45-1987 [8], such as pre-surge stress, fail-
ure modes, or the need to have the EUT opera-
tional. Therefore, except when tusting simple
components—and fully recognizing the limi-
tations—it i3 not the recommended approach.

Tho second strategy is based on the test
method that has been proposed in a VDE
standard [B94] that calls for application of a
surge obtained by discharging a large capaci-
tor into the EUT at the peak of the mains volt-
age. The exact parameters of the test circuit
have been modified since the first publication
of the VDE standard and moy be modified
again. Therefore, in spite of the strong desir-
ability of harmonization, firm specifications
for this approach cannot be defined in the pre-
sent context. A brief overview and discussion
of this procedure is provided under VDE 0160
high-energy test in Appendix B24.,

The third strategy is to obtain the complete
waveform (power frequency before and after
the surge. as well as total surge) from a digital
waveform genevator, with amplification by a
high-power linear amplifier. This method
requires that the amplifier be capable of deliv-
ering either voltage or current peaks during
the surge (depending upon the EUT
impedance, in 8 manner similar to the stan.
dard Combination Wave), as well as the nor-
mal Joud current of the EUT. This strategy
would be a radical depurture from the classi-
cal method of using the discharge of stored
energy. It would offer the advantage, once the
resource of such a system becomes available to
a user, of making other test waveforms easy to
implement.

1OVDE » Verband Devtacher Elektrotechnikor e V. IEC
recummendations for immunity tests, still under
development, may tacorporate this procedure in future
documents (Maztzlofl. 1990 [ B730).
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Table 8
" Levels for the Additional 107100 18 Waveform
Exposure Surge Voltage Peak® Souree Impedance’?
Low (residential} None
Medium (commerciall 10U, 1090
High (industrial? 13U, 0.250

*The sorge voltage peak is proportional 1 the system peak voltege, Upy. The values shown in this column are those of the
surges alone, to be ndded W whatever the value of the taina voltage is for the phasc angle at which the surge is applied

For instaoce, the peak total voltage applied to a picce of equipment at the end of a lony cahle, upon dearing of s fault by
fuza and ocrurring nesr tho poak of the pawer-freguency sine wave, would be, for a 122 ¥ rma -N system and for the high

cxposure fevel:

Vo =170V i iy LI X170V g iy * 1R Y

1The data base does ant provide sufficiant information o wt an impedanse value. The values shown tn this tabla have

Yeen met by ¢

ble vilue 1o provide guidance uad waifermity ia test procedures.

$The cffective impedance of tho surge source, cmulsted by tha teat gencrator, iv defined ax the ratio of the penk voltage ta
she peak current. It has the dimension of n rveistance, hizt is act a purs reaiatance.

10.3 The 5 kHz Ring Wave

10.3.1 Waveform Definition. This wave-
form is defined only by its open-circuit voltage
parameters:

Rise time: 1.5 us = 0.5 s

Ringing frequency: 5 kHz + 1 kHz

Ratio of adjacent peaks of opposite polarity:
60% to 80%

The rise time is defined as the time differ-
ence belween the 10% and 90% amplitude
points on the leading edge of the first peak of
the waveform. The frequency is to be calcu-
lated from the first and third zero crossing
after the initin] peak. A plot of the nominal
waveform is shown in Fig 18.

L FAONTNUE ¢ L e
] B
, - St . Vl

\
Y 4
H 1

" 'sl )
- { o\ [N
— \ P AN k
‘. ": \\ /" =
..‘. .I...
"\./
o
Fig18

Waveform for § kHz Ring Wave

10.3.2 Amplitude. There is a major differ-

ence in the application of this waveform com-
pared to that of the two standard waveforms:
the concept of Location Categories that was
used for the standard waveforms is no longer
applicable. (That concept is based on the limit-
ing effect of the inductance of branch circuits
at the frequencies associated with the two stan-
dard surge test wavas, which causes the ampli-
tude of the current to decrease as distance from
the source of the surge increasos.)
The branch circuit inductance has a negli-
gible effoct on the propagation of this 5 kHz
Ring Wave. However, therc is still a range of
exposure levels to be considered, depending on
the system exposure of the site. Therefore, the
values shown in Table 9 are applicable to all
locations categories.

The effactive source impedance for the test
generator—the ratio of the peak open-circuit
voltage to short-circuit current, V/l,—is spec-
Miedas SN +20Q,

The nominal amplitude of the first peak of
the open-circuit voltage is to be selected by the
parties involved, nccording to the severity
desired, with o tolerance of =10%. This peak
surge voltage is propartional to the peak of the
mains voltage. The source impedance, how-
ever, should take into consideration the rating
of the system elements involved in generating
the switching transient. Each particular case
of installation will have its own characteris-
ties: type of switching device, system induc-
tance, grounding, kVAR size of the bank, and
how often this bank is switched.
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Table9
Levels for the Additional 5 kHz Ring Wave
Expasure Surge Volusge Posk® Source Impedance’
Low (far from switched banks) Nane
Medium 10U, 150
High (near large switched banks) 18U, 05wl

*The surge voltage penk is proportional to the sywtem peak voltage, Up,. The values shown in Lhis column are those of the
surges alooe, to be added to whatever the value of tho mains voltage is for the phase angle at which the aurge is applied.

For instaoce, the peak total voltage wpplicd Lo a piece of equipment in the case of s restrike occurring near the poak of the
power-lrequency sine wave during a capacitor switching operation would be, for n 120 V rmx wystem and for the high expo.

sure level

Vit =170V e # 1B X1TOV, = 276 Y

TThe data base dovs not provide suflicicat infermation to sel an impedarce value. Tho values ahown 10 this table have
been sct by consensuy as a reasonable value to provide yuidance and upiformity in test procedures. Sce under switching

suryes in Appendix B for further discussior of the paramotars

10.3.3 Test Procedures. The 5 kHz Ring
Wave is defined so that it can be applied to the
mains conneoction of the equipment while the
equipment is operating. For this type of test, it
is necessary to interpose a back filter between
the EUT and the mains, and to use a coupling
network between the surge gencrntor and the
EUT, as described in IEEE C62.45-1987 [81.

The presonce of the back filter and the con-
pling network, and the low impedance of the
mains, may alter the surge wave shape com.
pared to that observed at the output terminals of
the surge generator alone.

When the intent of surge testing is to apply
surges to the mains connection of the EUT
while the cquipment is operating, the effect of
the back filter and the conpling network on the
surge waveform must be included when
determining the surge wave shape. That is, the
expression “open-circuit voltage” means that
the EUT is not connected, but the surge coupler
and back filter have to be connected. These two
clements are parts of the surge generator sys-
tem, since they may affect the wave applied to
the EUT.

It is therefore recommended that the surge
wavoform specificalions for the 5 kHz Ring
Wave be satisfied prior to the test of the EUT
when:

(1) The surge generator is connected to the
back filter via Lhe coupling network n
the relovant coupling mode, and

{2) All of the conductors of the mains con-
nection, including protective ground,

are temporarily disconnected from the
mains and shorted together at a point
upstrcam from the back filter,

By shorting the mains upstream from the
back filter (prior to the actual powered test), the
effects caused by differing impedances of the
mains from one laboratory to another are
avoided. Allowing the ac supply mains to be
disconnected and simulating the low
impedance of the mains by shorting the con-
ductors together is the recommended procedure
to determine peak voltage and current. In this

119

manner, the available short-circuit surge cur- -

rent and the open-circuit surge voltage (as
defined above) at the EUT power line interface
can be readily verified. Note, however, that
this procedure establishes the voltage peak of
the surge alone. The timing of the surge appli-
cation with respect to the power-frequency sine
wave will then determine the peak of the total
surge, which is the significant parameter in
the response and stress of a clamping surge.
protective device.

10.4 Equations for Additional Waveforms.
Mathemalical representations of the nominal
waveforms are given in Table 10. These
equations, and the value of the time constants,
are useful for designing surge generators and
for simulations of surge performance on digi-
tal computers (Standler, 1988 [BB41).

A test waveform in the laboratory will, of
course, not exactly match the waveform given
by the equations for the nominal waveform
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due to the tolerances of components in pulse-
forming networks and parasitic inductances
and capacitances in the components of both
generators and test fixtures.

The Joading by the EUT may cause appre-
ciable discrepancy botween the preset nominal
open-circuit voltage or short-circuit current
and the actual voltage across or current in

IEEE
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the load.

This effect is the reason why surge wavo-
form parameters are not specified with the
EUT connocted. In computer simulations,
some of the loading effects can be taken into
account by including the effective output
impedance, Vp/lp, with the ideal voltage or
current source.

Table 10
Equations for Additional Surge-Test Waveforms

11000 s Wavelorm

Fu=aAl, (l -vap

where

5 = 382w
= lidwe

]
A+ 1018

2 =(2)

5 hHr Riog Wave

Vin=AV, (1-cxp f) exp(i) oo (1}
+ %

where

v 07355 m

s W04

e x10%ruds!
= 1027

>»¢ &2

EFT Weveform

V=AY, (l -exp 'i) cxp(i)
v %

where

1.5ns

55.6 0y
t.270

4 =
% =
A =

NOTE: In all the equations shove:

I = Time
V, = Maximum or peak value of the open-aircuit voltape

»
I, = Pesk value of the nominal shart-circuit eurrent
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