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Abstruct

Electrical and electronic equipment have widely used in various fields, and these
equipment are essential for our life. These equipment will make our life better by evolution
such as, for example, networking, loT(Internet of Things) and so on. However, insulation
level or withstand level against the surge voltage or the noise can be lower as these
equipment advance. The surge voltage or current might cause damage not only the
equipment on vicinity of the surge source but also the equipment on the point far from this
source. By installing SPD (Surge Protective Device) and grounding wires, the protection
for high voltage system against the surge voltage or current is advancing. On the other
hands, the protection for low voltage system is not sufficient, yet. In addition, propagation,
reflection, and penetration phenomenon of electrical magnetic waves can make the surge
phenomena more complex.

Therefore, for establishment of protection method against surge voltage or current, the
some analyses and investigations were carried out in this research.

The simulation regarding the surge phenomenon induced on electrical distribution lines in
a house were carried out by using VSTL rev (Virtual Surge Test Lab. rev) which is surge
analysis program based on FDTD (Finite Different Time Domain) method. In these
simulations, it is assumed that the lightning strikes on ground surface near by a house.
Over voltages and currents which are induced by an electro-magnetic wave which are
emitted from a lightning point, and propagation/reflection phenomenon of these voltages or
currents, in addition, protection effect of SPD were analyzed and investigated. From these
results, following things are cleared; 1.over voltages and currents which might cause severe
damages are induced on wires in a house, even if a lightning does not strike directly on an
electrical line/apparatus but strike near by a house, 2.in order to protect electrical
equipment connected to distribution lines, to install SPD on not only distribution board but
also on electrical equipment side is needed.

An EMTP model of a co-axial cable which is arranged vertically to ground was proposed.
In EMTP, a vertical co-axial cable can be treated by connecting some horizontal co-axial
cables in series, which have same characteristic impedance, however, whose each length
and each surge impedance are different. In addition, it is cleared that the surge
phenomenon arising on a power cable used in a transmission tower can be simulated in
EMTP by combining the above mentioned vertical cable model with the IEEJ (Institute of
Electric Engineers of Japan ) multi-story transmission tower model.

Ryoji Oshiro
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Fig. 2.10 Measurement method of voltage at top of conductor
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Fig. 2.11 loop voltage method
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Fig. 2.12 Concept of electro magnetic theory
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Fig. 2.13 Investigation regarding proximity effect by Doshisha University®®
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Fig. 2.14 Investigation regarding proximity effect by CRIEPI in Japan®?
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Fig. 3.1 Generation of thunder cloud®
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Fig. 3.2 Difference between summer and winter thunder clouds®®
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Fig. 3.4 Definition of lightning impulse current waveform®®
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Fig. 3.5 Actual lightning current including pulse currents®
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Fig. 3.6 Cumulative frequency distribution of lightning current amplitude

344 WHEE, BEE

WEHERELIE, O D ERVIFREL TERIN, X 3.4 O Ty CRIND, IR,
WO OBE R XY, 2<% 2us 2> 10us OFPHIZH D, LIRS, T4, 1us LA
TOWHEZA T HEBROBIHGERLHMESN TS, M 3.7 IFEHOUEHF LD
R O#HIBZHE LR EBEREX M TRV ELDIT =2 Thd, MEHEZT LITIT
EOXEHDHLDOD, 2 us N5 6us OFBALNILBL TWDR DD, IHIZ, RN,
lus LN OIEFIZBIR72 82 A T 5 E BIRH AT DI EN 00D,

[Measurer]

Mc Eachron

Stekolnikov

Wagner HV ®

Hylten Cavalius

o
Ikeda P *

Clommqn par;[

| | | 1 _1 i |

0 2 4 6 8 10 12 14 16 18 20
Front time[ps]
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Table 3.1 Lightning current parameters™®

Cumulative frequency value
Parameter 95% 50% 50 Type of stroke
4(98%) 20(80%) 90 First negative short
I[KA] 4.9 11.8 28.6 Subsc_equent l:le-gatl\r/]e short
46 35 250 First po_smve short
(single)
1.8 55 18 First negative short
Front 0.22 1.1 4.5 Subsequent negative short
time[us i i
ime[us] 35 29 200 First negative short
(single)
30 75 200 First negative short
Stroke 6.5 32 140 Subsequent negative short
duration[us i iti
uration[us] 95 930 2000 First po§|t|ve short
(single)
0.15 13 1100 Negative flash (all)
Total flash 31 180 900 Negative flash (without
duration[ms] single)
14 85 500 Positive flash
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DBRNALDSED, Bl T, RHIEAKEIZELE ST B BRI RE A T2 E B E O Bf%R
%X 3.9 IZ/R7,

VS = iL X ZS (31)
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Fig. 3.9 Direct stroke surge
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Fig. 3.11 Observation setup of voltage induced by lightning stroke™®
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Fig. 3.12 Measuring result of voltage induced by lightning stroke®
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Fig. 3.13 Entering paths of lightning surge
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B REIALAL A A2 72 2004-05 4EF5 K08 06 45T, 7L EOHE LR LR, /<
VAL DR ENERE L CWNDIENS D,
Table 3.2 Transition of lightning damage”®

1987-91 1996-97 2004-05 2006
1 Television Telephone/Fax Telephone/Fax | PC/PC accessory
2 Telephone Television PC/PC accessory | Telephone/Fax
3 VTR Water-heater Television Television
4 | Water-heater VTR Water-heater Air-conditioner
5 | Air-conditioner | PC/PC accessory | Air-conditioner Water-heater

HEASs: Household electric appliances
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Fig. 3.14 Number of damaged HEAs(1987-91/Winter)"®
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Fig. 3.15 Number of damaged HEAs(1987-91/Summer)"®
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4.1 FZHRE

IKE LR E RGBT DHE P —I %KL, 16k, e FURCEIRMTZ T O X R A
L ChoT, LinL, MEs7e =1L — f%ﬁﬁéﬁ“éﬂ%%’% v, R DOIIRBE R
WX =T R OBROEENGR#ET D701, #EROIH 3K TIEA -+ THY,
[ SANI AL (=Y Wil Vs %VXTA&LTTE?EL?’_J:T, Hh—TOXRE
a3 o RETHD, LTeR-> T, BUTOH — IR0l FiEE Mo Z LI FEF ICH
EThD,

T, KETH, FV—IMRiEDOLARMN2E 2 7 ChH% LP(Lightning Protection)%
L, HEILLDNGE DO EES 2D ORI, BT RET 5720 D%t
RIZOWTRRD, Fiz, BUEY—Y OMEil 2 EBR T HICHTVMLE R R THD, i
TEX vy 7L SN SR 172 X @ SPD(Surge Protective Device)7z & 0 35 AR 3E E O Ky
PEIZDOWNTIR RS,

42 BEXEOEADE

ARETIEEESROERICOWTIERD, RICHOWTHE, K 4.1 17T 8T
FALICERE AT A(LP) DD, ZI0b, LEEY S NmatriE 3 5 a5 fF@
D ELRFHE AT A(LPS: Lightning Protectlon System), %*Kﬁf%u%/XTAiinlﬂiﬁ
HIRTES AT L) |& 2 BEFEMNEOES BT EELHE Y —YhbiR#ETLIEXE
FZEDOFE Y — B AT 2 (LPMS: LEMP Protection Measures System) | &1Z47 %8
D, ZIZT, LEMP &l Lightning Electro Magnetic Impulse ORSFRTH 5,

Earth-termination

External LPS

Protection for structures
and human being
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JIS A4201:2003
Equipotential bonding |
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'8 m‘ng Insulation of external LPS |
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Surge reduction measures

LPMS
JIS Z 9290-4:2009

Earthing,
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Limiting overvoltage
by using SPDs

Fig. 4.1 Construction of standards relevant to lightning protection
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F7Z, LPS X2 LPMS O FALICH ZEORRBFEL, B IRGE L AT AP ST
Do EDOHT, ZO DDV AT LOBNIXFEMR T 107 LT 3@ L Tk
Y, SRAVLEERRORINNL, B HAEO B R TIIRNBZLL, EHRE
RS AT LOWENEHE THD,

4.2.1 ERH#E AT A(LPS)

ERE L AT A(LPS)IL, EEICLLAEEMBIVOARCEE R EDA M ~DEE
WELZBT-OITHERINLIRELOTHLY, LPS 1, 4 LPS ENEE LPS & CHEK
XN THY, 4.2.1 HTHEE LPS IO\ TR,

4.2.1.1 NEERES AT L(FME LPS)

MR LPS @ HE, #:2B 22 B AT L CTHERICHIEL, TOEBREF &
T ER AT LR T, ZRPOMGHITEEHIS 2T 206 KM~ T2 Th s,
ZOHMZEZERT D70, SR LPS 1, 1.2 E (Air termination)> A7 A, 2.5 & N
H{K(Down-conductor)> A7 A, LT 3.4Z2Hli(Earth-termination) > A7 AL THERL S 4L
%( 4.2).

Air termination N

Down-conductor —
(Including iron flame of C T 10T 101 1

Earth-termination C T I T I 1T 1

7SS S 7SS

Release current

Fig. 4.2 External LPS

LR AT LATOE MBI I DRERPZ, 7 IS OLRGEMEZIE(X 4.3(a)) T
[T 60° (KEE, ATRMEME 2L DIERM 2480 I HOWTIIEIL TE 45° )ITHL
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ESNTW =z, LL, BUTO JIS TiX, EREL ~ WL Uz BIERER IR IE 2 W 5
EETLL, SBITAHEE, Ay aiEREBBML TS, X 4.3(b)IX[EIERER A5 DA A
— VX EIRL TS, [BHEERIRIETIX, — oLl EOZEE, F13—o2l Loz EiE
KL R ICRET AL ICER R A PR S 5 &, BRI SR 1f O B4 1 2> O R A% 2E W R
R LT HIETHD, K 4.3(0)T O Ny F U7 EHIL, T OM#ERIHEZRL TWD,

usual situation

dangerous objects inside
(a) previous JIS®

_______
- -

* .o =" ~
-
--"'L__‘—""_-..'_“'-. .-—"-’ !
- ' gty !
- A - \ ]
e v I R ’
- -
-7 - -7 \\ !
- - == “ A 1
- g - ~ N i
- * - - ~ ~ 1
Cemme NN )
AN -7 R ¥ N =
- | NN

he 'IQ Protection object
Teel_ —a\i\

R: Radius of rolling sphere A: Lightning reception point
G: Point where lightning touches to ground
(b) Present JIS®
Fig. 4.3 Concept of External LPS

AEELFELUEVECIX, R TH 5 129 550 14 [2B W TIHE 33 SO EIZ L AHEE & E
%, BEHORmS 20m 22 52 BRPLRE T DI T bz, |
LHESN TG, LIZ- T, B EAEE 1T 20m &8 X HE 4y O H % Bz kT
EEVESH TV, # 3 BETIRA-EIID, AT v T N —F RS —r 2k —2 ~BfT
TAHERIC, 1 EWENSAECHAaaF ESRARN —~L, ATy AN —XIZ L Ah R
FOBROBSICIVIRELLEN TV D, FBREHEHIZOWTIZOWER R HY, —
EECIER (4. 1) TR NS,

48



R =kI" (4.1)

ZZC, RITEHEEEREIm], NIFERK SEIKA]L L TkEnITEHTHD,
FHFRFITLD k=0 n D52 HFIXE72 503, IEC Hiks i (4.2) a3 FiEnsW,

R = 107°65 (4.2)

AP OEEERIIX 4.3b0)FD RIZ—HT 5, EEBIA/NIWVIEE, BIHZERIAD P28
1T/ NEL2 B8, INEBROBE ETHNR—TLHZLITIEFICH LS E 25,

4212 WNEERERTL(NE LPS)

B LPS I3 1.5 %A 7 27 (Equipotential bonding)® 2.4M5% LPS 75 Diffhifx
(Insulation of external LPS)& THERk S5, AMEE LPS (LY, EE BB N L AT K HIIZ H
MSNDD, S LPS LM OO & & 75 LOMICEEBEN AL, LR KAE
HEDOFRAENTEIND, ZOIIRE T, @YK KRR DT CE F i
EDERDIEAET LA REMEDHY, ZNOEBIETHZEDNE LPS O B THS, Lo
35T, NER LPS T ROLNDZEENMNA L T 4o 71%, BN DOER B e RED
T2 DOEDTIXZRNN, EA B TR OIREICH R ICBRL T D,

4.2.2 B —VRESE(LPMS)

B — VR R (LPMS) D AR D — D1, EEIICL > TEEIICT —7 VNIC
ENESIND =M 528, HDHWITT— 7 IV ET LN Jx]\b“(bio
7oA, Bas DEEL 2 WL S ETRESEHZETH D, 4.2.2 #iTlE LPMS
&L C, LPZ( Lightning Protection Zone)<°m E Xibk#n % 55 BT IZ LV LT HBEZ DB D
W, BXOWEM LS EBNIR T A IO WTHEI T 5,

4221 BER#ES— (LPZ) ORE

JIS CTIXEHERE — 2 (LPZ2)ZE AL TEY, LPZ OB AT RERI G AT L i e %
G AT M BRERBE D IR DB T Loy BT 528 THhD, LPZ D& EK 4.4 12
BIOFORNEFEEE 4.1 17T, LPZg=® LPZ1, LPZ,, *++LPZ, 2\ ) L5 B AR 4L
THZET, SR AT LRI EDLETIS, FICLDEMASLT BRI BRI
RSN D, BV —V 2R 5 5L T, ol - S EBR T 407, B
WEfK, SPD DR E B L ONERIL DD,
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Lightning

LPZOA e,
....................................... e ermal
LPZ0g
Electro-magnetic shield
LPZ1 e.g. wall and ceiling of room
Boundary between| Boundary between
57 LPZ1 and LP LPZ0 and LPZ1

Ex. Source line, Cable
Computer room

'\ Electro-magnetic shield e Earthing
e.g. iron frame of

Fig. 4.4 Concept of LPZ®

Table 4.1 Classification and content of LPZ®

ES) NA

BICRDEMA DR LRWEI, 2R ESND VAT LR T RE BN, 2

LPZ0 | 2 p— iz ko fapricips h o,
ERFET AT L(LPS)DEREFIFHAN CTHY, HEEE LJHEL TWOVRWE LB A DG
LPZ0A
FRICERI LD,
LP70 LPS DG FANTHY, HEFICH L UIMREINLTWED, B THAT-0, BEL
Bl TCWARWEDEMADERITIESILD,
Lp71 FHEIRITER TOHTR, SPD IZEVEIREESN S, EEMFIIEY 2SI ERSH, K

HEh o,

LPZ2 | BESCERE L7 SPD, ZEMIERDIBINCE - T, FER - EBEANIDIEE SN,

LPZ3 Al L

4.2.2.2 BWRIERLEFBEN—TEHREDOIER (Shielding)

EEIICIDBAET WA O L EL B T 720120, WA IEfRDA N7 FERTH D,
Y ORI E OREREZFIALT, %%/\ﬁtit TSR & & 22 MW R 95
ERO(X 4.5(a)), EBRGER—7 VO, HONITEXELAREL R OERE
r—TNE NN T 572 8L, r—T7 VD R ERRER T DT IER S D,
EVVIZEREIIVTWDZELD LPS O%A, MEIROSK T 08 iz o & T EAREL T
FERT 5720, FEEIRO —MPEYOECEEmIZHNDLZ LD, ZDEBIZLF
BT HET—OMENIE, 7 — 7 NV TIARSNAFHE /L — 7 mEO/ MBS ZE TS
N5 (X 4.5(0)),
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Lightning

Structure

_________
- =4
______________

Magnetic field

N Sﬁielding

[

Equipment

(a)shielding against magnetic field due to
lightning current
Fig. 4.5 Electro-magnetic shields and reduction of induction loop-area®

Service entran%
A\

Lightning

Current

%

Telecommunication line

Reduce loop-area

al=

Power line

Equipment

(b)reducing the loop-area

4.2.2.3 BEWLEBN R T 127 (Earthing and equipotential bonding)®

B — VRN KR T 72D, BITOIAIVAFIIK L, B LA EZTEXH7E0T
KL< T H_ETHSD, LTen-> T, HEMETUEIXTREZRRVIRWZ &N EREND, £
7o, Y—VBEREROEARIS, ERMOBMNEL H/NETDDITIE, FhEND
Weas O 2 LB o EE T A E R DD, L LN, BARTIIKED
Bty 2T ADELEL, EANCEEHIEN TWDZENZ W, FHIREDB EHIIE 21T
4.6 DIHIZ, EHEMAEE OTEEBMNA L T4 7 MWEEL,

Power line Structure
I 71 ]
SPD Grounded Equipment
equipment which has no
grounding
AnpTance Wit Telecommunication
ppliance line and antenna line
Grounded an antennq anc_j I
equipment telecom_munlcatlon
equipment
SPD
- *

Equipotential bonding in housing

Fig. 4.6 Equipotential bonding in structure®
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43 YP—UB5#T SAZ(SPD)DOD

mEEHRE IO LT D8 ME G OIKNEIERIEE IS, V—U PR as L L CEE F#E 1
RMEE A HVSND, BEE R 1L, BEEICLVEMET DL T, BT L TR
BrH 29, MEBEDORIKL THERIET 2N ROLN, LERFMFELTLELTDSR
ERZFons,

1. W AEKICBWCERE EESBEBEEL LRI, @EEICL TCOREET D
z

2. b —UINCI DM BEIMAMEIRIZT — A, EEL Ho0RWEEICH A,
AR A RGET DL,

. HEESNAMAY —VEIICHKL, ot —UERMEEZS 7528,

4, WMEEZLHL-0b, BEIRIZEIRL, RO EE DR NI 25 R %2 FF

DT,

F7, WEE R T IITOBHEFESCREND, Ty 7SRRI REGEHIND,
4.3 HiTIEF vy 7 AR R T LR GRE T R ORI, BB, 2RoTNS
LI ERFOEECOW T2,

431 XXM ERF

Xyro 7 NMER T, B EBEL EOEBEENHIMSN- X, Z2F B TAIEIK
BaELLBREFIHLI-E - THY, —RNICHEE ST AT 2—T T L AZ(GDT) &
XN, BEEO—FIELT, K 4.7()iC, EICREIN TWDREEE O %,
4.6(b)Ic, BEEFEEOWH X Z T, BEEEIL @BREMEEIIvIICIVERINTRE
IS, TN T AR E D AEMET A B AT AEE ThH D, Fio, ZDFReEm EoTe
O, EARE EIIXEER OB, BI7Iv7ENE N T —FOMR5 Z 78 O
fESILTUND,

HEEEIT, BERED/NIWIZOE B OE SIS L0372, BEERART
38 GHz A —# — DO THEH A RE CTh 5D, o KIEEHZ OHIREEIX, 7—
JEIEDIEIR DT OO TEL, MA T — VBRI ESRKEINEWVI R ER D, L
DU, RIS L D3 B AR S, BRI EEDIXD D E MR IR
W R R TS,
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Activating compound
Ignition aid Ceramic insulator

= ),

N\
L

\
o

NN

y

. Y
Electrode Discharge gap

(a) appearance® (b) cross section®
Fig. 4.7 Ceramic type GDT(Gas Discharge Tube)

Xy NMEE R T OBEEREEL T, BEAERRMG B R A L AT B bf
BIERMENETOND, EIRBHMEKEBEIL, vy 7SR T ORI T,
B L2 FNUZB O BB AR B E DL TH D, EF L ERMGELEOWEL, Fv
» 7B R 712, K 100V/s OFIE TSN EAT 2B EZEIINT 52 T{Toh
Do WHEAEHIIN TNDF vy 7S F O E R MG EE OHIFHIX, DCIOV 7>
HEVEOT DC1000V ThHd, K 4.81F, Fvoy 7/ At E R T ORBREIEO—FZ2/RL
TWb, Xy Ao ER I, BHIKELEEZR LI EAIE2B5HINT 5, EmEO
BIEN BB IZZELZ%D, é% BIREEE EA-SE, BB R RO R E
EHER TR ThD, K 4.9 13, HEBLELBIROFELZRL TS, BB I
ru—EE T, BIRELEDO LA (UEBRO LA)ITEL2-T, 7‘—7755("%7@3%5&
WVIORRGRERE R TH D, e —HEOIRETIL, vy XlEE R T oOu +EE I
EDTa—E L2 RT N, SOIZERNEINT 5L, EIXT —27I281TL, Jﬁ'ﬁ%
10 735 20V FREE &7 D,

Resistance

Adjustable

DC source
= GDT C—) [ ==
— NeoCo
|

Oscilloscope for
Y 1§ observing voltage

I
% ==
MNooco
| — |

Oscilloscope for observing

Fig. 4.8 Voltage and current characteristic of GDT measurement circuit®
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1 000 , :
Glow discharge ! o
2 100 e 1 |
= i1 1 i L Unstable region demdd L
S e e e S S S i
1= —
0.001 0.01 0.1 1 10 100 1 000

Current [A]
Fig. 4.9 V-I characteristics of GDT®

Xy 7B ER T O 7 NV ASERGETL, B AERGERIZHE X TEWD
ERFSNTHAY, 74— L RIZBWT, EEICHESRICMADND BEEEIT 7L
AW THLN, vy 7 NMEER TORMEEL CE, b <E BB ELE T
ETHETLIENERIND, o, BMFENREMIT—E T, FUNEESEmL<72
HIFEFL 2D, K 4.10 1%, A2 SNV AEEEX vy 7 NBEE R ICHILEZEEO, KE
BERIEDAA—TThHDH, Fvy 7 NbEERTFDELHGL, AV ZERDPE A
PLEIZ7e5l, BCERRBIZE HIZT — 7 EICBATL, b7 FICIZIRE L O BB ke
IND, T —VE~BATER, BEEBIWNSED 57 0—E~BITL, SHIZEIH
BT 252 THRENFH TERLRY, MEEIEICED, Fyvy VN ERFE2HEHT
BRI, BRSO BIRDEEL TODLEMTIE, Fry 7 EER R REET
ICEoTHEL, BFHEBENES RSB EIRNOOEBRPDIEAFTOHEDRHY, =
FUTFER EMFIE D, Felii N AELDMEINIE, BEEE D V-1 FiElck > TR ED, D
7o, AN, Xy 7 NNERFHALERFIRICEAT5Z80%, ##iTH5X&ThH
%o

¢~ € Applied impulse
I
i A Y
) . Impulse sparkover
1 ~
I
A
=3 I ~
= : AN
o o
> N
\\
~
. \\
Glow discharge S
/ h
\\ -
~._ Discharge
Arc discharge S~ ¥
Time

Fig. 4.10 Impulse sparkover voltage waveform of GDT™
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432 FEERERT

PEARKNOME R 1L, PEROEABEESLVITEIIVvIORFIZEBNWT, H5
BIECELRENRRNAECDLIZEEF A LS R - ThD, EARNORBIE, —
BN v 7 DL 72 KA SCRE T O D BL A 2N o8, B RBEE A VW -5
BB DY — 5 RIZIAS AW HALTWD, BUE, BEHFE L L TEIRD ZnO NUAZ (2
fLHEN NYRZ [T L 22 1, B ERICE A< A5 T U LT AN & Nz TEssE L,
AR R LR LB A i L 7 2 CHER S LD, X 4.11 12, ZnO 1D —fl, ZnO &
T OGS G E, £ LT Zn0 £ O E T 7 VA RS, Zn0 #EE FE 11X, Wi
ELTUINVARZRT L AKX EMEX D, ZnO /NYRZ [T LV AHZI, X 4.11(a) DAk 3 1M
[ZEMAE RO, X 4.11(0b)D L7 Tl L TE HEND, ZnO NYRZ[T L A
IZI%, SRR EYA T 0X TN, BB D, EELE B L OVEE R A
DODHLDOETHY, A2 HTCICHINNTWAR - Thbd, Zn0 NYRZZIL, IRIVED
DSV, HIBREBIEIMEW, ZL T —VERIMMENDRENEWDI LR EA S D,

OQO (]— ZnO grain
crai OOO &\Gra;n r
ey OO0

! SR/
\ /7).
T o
Electrode
10 pm
(c) electron microscopic photograph® (d) microstructure model®

Fig. 4.11 ZnO varistor
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ZnO 7L AZ XY 22T FUINEE IS U CHRPUEN A LT 2 IFERIETUATHY, +
D V-1 FerElX, — iz N@4.3) Tl iz RkREns, £z, ZnO 7L AZ [N RZ D Rk
T, [ 4.12 DXHIC 3 SO EFHEBIZSTHLD,

| =KU® (4.3)

| : ZnONNY R X IZHNDER, U: ZnON U A X OWjiEE,
K: T8, a: BEIFEREK

oa=11F 8 H OWPUTH L T D23, ZnON U 2 X Daldb0 & FEH I & W IR &2 R
T ZO@EOIEE TS alX, T O 2RI S D0 TR, /N BRI
KEVEEEL TIZZnOKI R, HDOWITK A D RO M EAE Z iRk < ITIK T 9%, /NVE
AR Gt bz R oD B HR 1012~ 10 QemI SR 17 9~ B EIR) Tk, — R AL, i A (A1 3%
JEREIINIS IV CWDIRBEICBIT DI IVEIR DL SNV EHNDHZENTED, ZOMHEBITA D
BEKRGMEEZD D, IVIRWVEIREIRIEE Z OERFMEITI R EL 2D, KE Tk (5 diohz
RO HEHILI~10QemITK (T D HEE) TlE, Y — BRI &I W ERE BT 5]
FREEND, ZOHBFLOZENBLN TLHEKTHH D, K4.120260058912, —
VEIIEEF DOZNOT L AZ [NV AL O E X, FEERETUIC I ImEIEi, ZoEE
(i SR EEE (clamping voltage) EFEIE NS, Hl[REEOFEEEEL T, K4.12F DOV imad il
FAEND0, 2R EEVAZNOT LA [N ZZZHIINES N B, EEBERAImMAL
RHEFEAERL TS,

103
p=10"2"13 Qcm
Vo, :
VV1mA __________________
_ Voima Freisimimmi=iz
2.
S 10?2 | p=1~10 Qcm
S
>
. — —. l_ ...... o —p o — — —
: : ,
Low current region (I) :Middle current region (I) ~ High current region (III)
101 | | | 1 L lI 1 | | X 1 | 1 | -
10# 106 104 102 102 100 102 104

Current [A]

Fig. 4.12 V-1 characteristics of ZnO varistor at each current region
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ZnO N RZ DOEENMEZ X 4.13 W CHH T %, X 4.13(@) DI —V&EE e,
N, HH =V A —F A ZELODBRBMREITL, ZnO NYRZIZEINS =T 5,
ZONYREZD V-1 FetEz R 3.13(b)DH R TRLTWVD, FT2, H AR, NUAZOIK

PIDRIE CHOELT-RE DR EZ/RL TS, ZORIBEIZIHEWNT, — U8 e, ZnO N
YARZ DR EE Vo, T L THEE ia D BEFREL TH(4.4) DKV D,

v, = —liZ +e, (4.4)

(4.4) &Y, ZnO NVAZ ORI EEL, BEEIIZK L TH TRV DORMEEZ R ZED
DD, K 4.13(0)F O y il EIRSINTWD S —UEEMED, R EEHIZ es D e~
EERLTYH, BEEBOIFEMILIUCLY ZnO NYARZBEEED _EFIE, vamnd vy D
E% Z, EFWINSINEDERD, — 0, NIAXOWPLEBRILELT=HE DO RMICBWT

ﬂf}‘@i;ﬁf VRN V3D vy, vk, FERTERRIERRICEE R, IO EH N
b\’%:75> D, BB EEHIZY — U BIE NS, BEMIC ¢ 2, HOREET
AL, NURZASOHNEEN LD R ETE () IZRDHE, ZnO SURZ DB FAE T
Hll ZA0(ia), FEVEDTEINS LD,
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—_
Surge current

Surge impedance

Surge voltage e,

| | Varistor Varistor
voltage v,

(a) test circuit

4 Voltage
Over voltage which are — _7
higher Vg = —Llg t €q
than clamping\voltage
€1
Liner
A characteristics
€2 vy’
Characteristics of ZnO varistor
-e3 V2 ’
The surge voltage is N LN ____> v
suppressed to around { L= === |
the clamping voltage vy, Nz !
1
€4 1 1
_ _V4 : 1
| ! !
: ' : i
N :
iy is i) i Current

The higher the surge voltage become,
the higher the surge current become
rapidly

(b) relationship between ZnO voltage and surge voltage
Fig.4.13 Operation characteristics of ZnO varistor assembled in circuit!”
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4.4 F£L¥

ARECTITRELERLES AT LB ITLIEFENROERNEZ T THDH LPS X
LPMS, &51Z, BIEZ OO E N —URIREL THEHAIN TV AEF vy 7 HlEE 7
AN RRETE T DRFVE ROV TR T2, BRI LPS & LPMS SicdbEL ¢
MSNDENDEEBNAR LT 470 SPD OHEENE— 2+ 58 Ra2F ol
FEMWIoTe, BV —V OO, 5%IFINOOHEE LI L7 FRECEY Y
Z2HEEZEZOLND, £z, SPD L THEHAINDEEE B - I2 20 Thialk <7z, #EEE 11T,
ZDORHING, Ty 7 NEPERKNETRBISI, ZOEEFRBECIERIE Rk, EE
JEOIH B SO W CTEfREEZ IR D T-, KFE TR 7= LPMS RBEE R ORIt E2 I E X,
55 B CIIHEENMNA L TA T EMLTEFEENICRAETHFHEE B ITDH, SPD DA
IZED B OV TR 21T,

BAE BER

(1) #EENEN BRI TS [EX - E a0 ER#E -ICT 24233 25-], F—4
£ (2011)

() IKERL R AT AEENRHELZ ES  MREALE AT LB ITLEERSE],
[FERFMHRE, 1354 5(2015)

Q) Rl ¥: [, =mF4E(1997)

(4) #FHEN BRI T TEFEMEDOERE Q&A -JIS A 4201:2003 *fii-|, A —

A0

i
i

241(2005)
) fEEEN BARBH LXMW TEV—V#E AT LAOMEFEE |, 4 — Ltk
(2005)

(6) thHIVEN BRI TELmERRbths ), BRBRMEF= (1995)

(7) BEIL % TR O T EXHK ), 4 —541(2005)
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BSE KERILEOFRENEIERICIRETS

5.1 Fx &

EE TR AV s 0)1%'%/\7 AR N T, BRI OE Lo Ry N — bt — 73“(
s DM BIETEREDO M LICIV Y — VR BORBLZTOTVEVOREN DD, T
m@@m& ’A:of WLV —VBRD—DIZE S —V0HD, & 3 ®ICT
Jrf\tcto RN EEE S LB OBHECE B LWV o T F XY AR5, K

Jﬁuﬁéhéﬁﬁ'i‘émkﬁ;i&%&# ZEVAEULBEMEMN O LA P EERITH—TThH
5@&1@3 WERFICAELLIRBREMRA AR SR TFHFEHE T — J:é%ﬂif—%y
BomEsn TV aO0 REIERE R BITHE M EL O KL %Lzﬂz i, F
BERFICHE AT DR JE B 252 1T AR E D O, IKEEALE R M COY— U BLG 2 MEt
THMERDD,

A LB RAGEFT TR SN Y — VM 7 e 72 4 VSTL rev(Virtual
Surge Test Lab. rev)z vy, KHI~OERFZIIT 5% 5 U E D OREEE ) R Hi
~ELDFHEEHGI OV T B L ORF L7, VSTL rev 1%, Maxwell J7 2%
ZEOY IR TV Y5 TH S FDTD(Finite Difference Time Domain) iz z&-3<H—
UM T a5 A THHWO FDTD B, MK A RERICESESHET LA
EMTP(Electro-Magnetic Transient Program)ZE & X 8720, B H R TITEO KA

R 72 AT 3 G D AT LR T IEEE D EFEEETEXD, D728, EERFO WL ER
RIAIC I DY — VBB EFHET DI L= F ikl 2 500

LLHT, Fo2 135 SLE)ICHWT, BEM AT IR T 5FEHE I —UBRICHOVTKR
FLTz, LaL72 3, AR BEO BN OFZ BENELRR, FHPEEIRPIICIVEEL -2
JE#RC, MR R E TR L 1A 2 ToIc e 8 FoT,

AlENE, AiRIORFHIINZ, )zié%@@aﬁ ki{ﬁ@?ﬁ&#%%%ﬁﬁb, Tt R 3T 5 0D R M T
FIZAEUTEER, BPNOBREARI FTRBIZOWTIRIT LTz, AFETIE, &
W@a&%azﬁiﬁéﬁﬁ%ﬂ.#H/&j(ﬂﬁ?fw“fﬁé:@l%é{ﬁooto SPD B St L DBIFRIC
DWTHRFI LR RAZ DWW THE T %,

5.2 BT VIR

VSTL rev 1%, AT 22OV A XE48EL, ZOZEMPICET VEIERL, it 527k
ThD, KN TIX, T2 %, 205.4m*196.0mx123.0m DE FIAEL TWD, £z, &
Wroefiizmie 6 SOBERET XTI, 2 RD Liao OWILEEREHEOOOL 4528
T, BRI EEL BRI DS S, FRATHRE R B A AT S 72N DI B L T
%, F12, Z=0m O X—Y Vi (RIS R ) E, Z=10m £TO X—Y FHlc P Ei - 22z
KL U7z, fENTEEIE 0.6us &L, MEATRER] DX AT Courant Sz & 358912
9.52ps &, BHENAYIZ VSTL rev W CIRIESND, MEHT 22 M A LV MDAy 2 TR T2 &
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T, TOMATRE X LR/ 320, HHERMBE RIS, L3> T, EEREAREILSCFH
BJED 7282, AR WZI A A L, £ OMOENL TIXLE I TV H % 1
THIET, R OEMZ X DM ENHD, LT2h > T, KRN CIIMATZZ R OSETIC
FoT, T ERIOAN B A RGBT HAE—ANAET VEBEHAL TS, £ 5.1 124
I OZE A AEE (NX, NY, NZ) 522 A HOH A X (DX, DY, DZ) Z#£&HTE
D, RNOBED O SSINTNLIIF R DPBLES IV TODNEZRL TS, f/N 0.005m 7>
SR 1m &Y AT 200 f5HDEWRH DD, FHE TIT B/ YA X0E N LD HE
RENTHINL TN LR L TV,

Table 5.1 Parameter of simulation space

INX|DX[m]|[|NY | DY[m]|| NZ | DZ[m]
77] 1.000 76 | 1.000 8 1.000
1 0.800 13 0.500 18 | 0O.100
10| 0.020 10 | 0.200 20 | 0.005
3 1.000 10 | 0.100 6 1.000
4 | 0.500 ||291| 0.020 80 | 0.005
14| 0.200 16 | 0.005 o 0.100
4 | 0.100 8 0.100 60 | 0.005
40| 0.005 40 | 0.005 1 0.100
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Fig. 5.1 Arrangement of analysis model
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Fig. 5.2 Arrangement of inner distribution line at vicinity of distribution board
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Fig. 5.3 Distribution board model ®
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(a)varistor (b) discharge gap
Fig. 5.4 Characteristic of SPD for distribution board®""
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Fig. 5.5 Outdoor distribution line model
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Fig. 5.6 Lightning current waveform
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Var.L-L: Varistor for line to line
Var.L-E: Varistor for line to earthing line

- Distribution line
1
I Y
. R=0.01Q
l VTH -------
. _
1
1
1 Rt
I Var. L-E Var. L-E
I w L
1 1 I
| 1 1
1 1 [ |
B = -. = = E = = E E = = "
Earthing line
(a)SPD circuit at each outlet (b) varistor’s characteristic

Fig. 5.7 SPD model for electrical device®!?
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5.3.1 SPD FEEFREFICBIIAY —VEHR
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Fig. 5.8 Voltage between line and earth line at outlet “a”
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Fig. 5.9 Voltage between line and earth line at outlet “b”

68



200000

150000 |

100000 |

50000

0

Voltage[V]

-50000 f

-100000

-150000 |

-200000

it
st
g L .
J 13 ;’
J 13 s
J t H
-oo-oo-o—o."l ‘ !
t :
t !
[} 4
- = =N Y 't
lesooee L2 k)
'}}.’l
0 01 02 03 04 05 o0
Times[us]
10"°Qm

200000

150000 |

100000 |

50000

0

-50000 |

-100000 |

-150000 f

-200000
6

ooooo

0

01 02 03 04 05 06
Times[us]

100Q2m

200000

150000

100000

50000

0

-50000 |

-100000

-150000

-200000

oooooo

0 01 02 03 04 05 06
Times[ps]

1000Q2m

Fig. 5.10 Voltage between line and earth line at outlet “c”
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Voltage[V]

R 7 BT BIEN DD, ZORETAE, RHHEHH D E U NEL IHIRD DD
HHARLTOBD TR, WTHOEFRIZHBNTY, £ 52 IORUBEEIFEES

2 AT HE

PERBHDHENYFAEIRL TV,

Table 5.2 Surge voltage between line and earth line at each outlet without SPD

Resistivity Voltage between line to earth lne
of ground [Qum] outlet a outlet b outlet c
L1 N L1 L2 N L2
1x1071° 143000 | 124000 | 160000 | 156000 | 147000 | 161000
100 116000 97400 127000 | 121000 | 113000 | 125000
1000 100000 83100 108000 99400 94000 102000

X 5.11 12, & RHHEHLER
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UZBWT, Far MBS BECRRFIC I A LToEEE
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WO R HLRIZB VT, % AUZ

Ebitvar b al

CCRRIB NI E
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Fig. 5.11 Voltage between lines
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Voltage[V]
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Table 5.3 Surge voltage between lines at each outlet without SPD

Resistivity Voltage between lines
of ground [Om] outlet a(L1-N) outlet b(L1-L2) outlet c(L2-N)
1x107° 28000 22100 14500
100 19500 9630 12300
1000 17200 8680 11300

KR — VB E B L ORI — VB EOfEIX, SPD TSN A NZHEIEEa#EZ,
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I L DXI R DI CHHI LA RL TS,
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Fig. 5.12 Voltage between line and earth line at outlet “a”
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Fig. 5.13 Voltage between line and earth line at outlet “b”
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Fig. 5.14 Voltage between line and earth line at outlet
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Voltage[V]
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Table 5.4 Surge voltage between line and earth line at each outlet with SPD

Resistivity Voltage between line to earth hine [V]
of ground outlet a outlet b outlet ¢
[©m] L1 N L1 L2 N L2
1=107° 14600 19300 13400 16600 18700 18400
100 12700 15400 14500 18600 16800 15900
1000 6680 8510 1900 9540 12300 10400
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Fig. 5.15 Voltage between lines
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Table 5.5 Surge voltage between lines at each outlet with SPD

Resistivity Woltage between lines [V]
f ground
? [g;;l] outlet a(L1-N) outlet b(L1-L2) outlet c{L2-N)
11070 5540 3620 3370
100 4410 3800 2170
1000 3040 2640 3180
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Fig. 5.16 Current wave form and position of current probes
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Fig. 5.19 Voltage between lines
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(a) cross section in radius direction (b) model arrangement

Fig. 6.5 Analysis model in VSTL rev.

VSTL rev OFHJFFCTHD FDTD {£E1E, Maxwell HFEROER B I ORISR EE I 5[E]
DA ZE R B L OREICBI L CEMMET A FIEDT D, MEHTZER A% 7 I DU Thy
T LUENRDD, & 6.2 (TN ZEM DL A EENX, NY, NZ2)E4 %A X (DX, DY,
DZ)ZHOWTEEDT=RETRT,

Table 6.2 Size of analysis space

NX | DX[m] [ NY | DY) | NZ | DEm]
s0 | no7soo | so | oo7so00 | 10 | 000050
20 | n.osooo | 20 | oosooo | 10 | o.00250
12 | oo1000 | 12 | o01000 | 10 | 000500
10 | 0.00500 | 10 | 000500 | 12 | 0.01000
10 | ooo2so | 10 | ooo2so | 12 | 005000
10 | o.000s0 | 10 | ooooso | 12 | o.01000
101 | coocoos | 101 | ooooos | 10 | o.oos00
10 | owoooso | 10 | ooooso | 10 | 000250
10 | ooo2so | 10 | oo02s50 | 10 | 000050
10 | 0.00500 | 10 | 000500 | 10 | 000050
12 | oo1ooo | 12 | ootooo | 10 | 000250
26 | 0.osooo | 26 | oosooo | 10 | 000500
so | oo7sco | so | oo7soo | 12 | 001000

40 | 0.05000

S0 | 0.07500
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Fig. 6.6 Voltage across gap and input current
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Fig 6.7 Voltage between inner and outer conductors and input current
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Fig. 6.8 Surge impedance
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G%, VSTL rev TIERKL, fEMTZ ML 72, [X] 7.1(a)lX VSTL rev TYER LT —7 L D%
J7 W 4, (b IERHT R ORLE M2 Rm L TN D, 77— L OEARER IR E T (R 52 2 A
THEL, Mo BB ILIE 7 ARG B AR TR L 72, T 4211 C, 77kV 1000mm* & CV 47
— I NEFRALED, K 7.1) FOFSTA—=Z 5L FITRT,

HREARSNAE Dy - 38mm

« RIS Diins: 68mm, B R grine: 3.0, TR prins: 1.0x10'°Qm
HEARANAE D, : 72mm

SR HEIE I Dyoin: 83.4mm, HEFEER g, 3.7, HEHIR prins: 1.0x10"°Qm

91



A
rd
A

a
r,-‘Ir : Voltage probe
! i

|
Current injection cundu::tc-r
i
!
Current source i

Zero Voltage line Inner conductor

Inner insulator

0.1[m] - Outer conductor
i e = —— Outer 1nsu}awr

' i
i
[
i i

- Voltage probe

X[m] =3: Current probe
|
i i
!
I
i
i

/ Perfectly conductive ground /¢

(a) radius direction (b) arrangement
Fig. 7.1 Simulation model in VSTL
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Table 7.1 Number and cell size of simulation space in VSTL rev

5m 10m 30m

NX [ DX[m] | NY | DY[m] NZ DZ[m] NZ DZ[m] NZ DZ[m]
15 2.000 15 2.000 10 0.100 10 0.100 10 0.100
25 0.040 25 0.040 20 0.200 45 0.200 48 0.500
200 | 0.001 200 0.001 150 0.001 150 0.001 25 0.200
25 0.040 25 0.040 75 0.200 10 0.200 150 0.001
15 2.000 15 2.000 75 0.500 10 0.200

140 0.500

7.2.2 FDTD BIZLAEHTRE R

712127 —7 )V iEES% 5m, 10m, 30m EEALSEZFED, VSTL rev ([ZX A NHRTE EE
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B — AR RN FAE T DB BN T OB ERE KT 5, X 7.4 1%, EHTBALARE
FRND 13ns FEICHIT S, 7F—7 VESH ROWmEWNIZEBITHE N oME2 L TN\,
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Fig. 7.2 Gap voltages in each height and applied current
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Fig. 7.3 Voltages between inner and outer conductors in each height

and applied current
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Table 7.2 Surge impedance and propagation velocity in each part

Across gap Between inner conductor
and outer one
Height [m] 5 10 30 5 10 30
Surge impedance [Q] 312 373 433 20.0 20.0 20.0
Propagation velocity [m/ns] 0.28 0.29 0.30 0.16 0.17 0.17

Current
source

D: Electric field of 200V/m
between inner and outer

conductors

@: 200V/m of electric field
on outer conductor

[V/m]

(a) overall view

(b) expanded figure

Inner conductor

Outer conductor

Fig. 7.4 Electric field distribution of cable
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Fig. 7.5 Surge impedance across gap versus each height
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AL —F UABIORIDERDEI DK —7 VA BHN R T HT KD, 2Ok
WAEHHL, X 7.6 17 —7 VK Sm 28115 EMTP ©5 L%, £ 73 KK Er—7
NDY =V A =L AR =T NV ER 2R BRI OV TR 7.6 F1olr
HEEZ AL TR, 8, BER, EERIL 72 Hi Tl ~7= VSTL rev ERIEROMEE W
TWD, LTEDoT, =7 NVOFREA e —H AT 20Q ThD,

=7 NV OINRER — KM O — T A v —& A, BIHIIE CTRHIELS, Kk
(SESUZONELK 2D, FTo, Hi&B (5 TH DT —7 /T, B L OB R ITHE
SN TS, 5B 6 EOFER, IO 7.2 OFEMNTHERNLHLN RIS, $—T A B —
Z AL, FTEROBLRIZULIZNWAIRIE(LL, PIBEI TR KEE TR IZE LT
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HEM D DD, ZNERKB T DD INTER — KM OV — T A B — 4 AT R
W22 5 TR A ICREST DU ENRHT-, SNBSS —7 V% EMTP (2 TRV F
EEEDT-8, VSTL rev ICL DR I EMTP OB RA T 40T 4 T EEDHIET,
EMTP D/r—7 )W/ T A—H58E LTz, EMTP Ti%, A7 v 7 &t 1A ZHIINLZBEDE
FEEIN A O EEHE(VSTL rev fI#ATIZH 1T 5% v 7 TH BT DUV THENT L 7=,

Inner conductor

Outer conductor
Current source

o1
N

4 ZS

[

Cross section of each cable

Fig.7.6 Simulation model in EMTP

Table.7.3 Surge impedance and cable length

Number | Length[m] Surge impedance between outer Qharacteristic
conductor and ground[Q] impedance[Q]
1 0.3333 91.9 (Zy)
2 1.5113 239.7 (Z,)
3 1.5113 281.3 (Zs3) 20.2
4 1.5113 305.6 (Zs)
5 0.3333 336.2 (Zs)

7.24 EMTP ZHAW-EERE7r—7 VIR

7712, =7 VES Sm DEMHITITH EMTP #2R8 T3 LU VSTL rev &0, ¥
> 7 B EDORNTHER DA R T, BB, KT —T Ve — KRV, EES—7
WL T-E T L (BUF, —ARET LT D) TOMTHERLRL TS, —AET /LD
P DA —F U R TEE L RO DTS, RIS RETIE — I EIENR,
VSTL rev OffAT#ERE BT DI LIz, —AFTT V& HIWTCBROMRTHE R, FI
IR DL ERITHHIEL TRKREASTET LA L, HALHI K250 KU O E
EIZ X0 L TEY, VSTL rev OFER LT —F L Qe ZHUCx LT, 2T 1% A
WS, EORFIIIERICES L TOBIENI DD, LEA-T EMTP IZHBV\ TR
BIOD/ ST A= PELL, SHRE R — KDY — P A= AB L ORSD 57
DI DK —T N EIN 9528 C, 8 5 I TR EALE SV Rl — 7 v o
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OB FRE THDHZEN 3D T,

350 Only horizontal - 14

300 | A 1 1.2

250 | B S e B - TEn 1
s !

200 [ it/ VSTL —
> S/ / EMTP <
o 150 =
2 s ]
£ 100 | ¢ =
S |/ 3

50 ——— VSTL rev. ©

0 £ EMTP
------- Only horizontal
-50 - = = Current
-100
0 10 20 30 40 50 60

Time[ns]
Fig. 7.7 Comparison result among VSTL rev., EMTP proposal model,
and only one horizontal cable model

S5 —T7 N 10m BLO 30m I2OWTHRHL-ERE T, F 7.4 BLOFE
7501 10m BEL O 30M IZB1T5H EMTP 5 /L2 F IR TEY, iR/l 5m £
T INZES BRI — 7 W R B AN T D2 & TR L Tnd,

Table 7.4 Each horizontal cable’s parameter in condition of the length of 10m

Number | Length[m] Surge impedance between outer Characteristic
g conductor and ground[Q] impedance[Q]
1
2 .
3 Same value shown in Table 7.3
4 20.2
5 2.5 336.2
6 2.5 358.0
7 0.3333 375.0
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Table 7.5 Each horizontal cable’s parameter in condition of the length of 30m

Number | Length[m] Surge impedance between outer Characteristic
g conductor and ground[Q] impedance[Q]
1
2
j Same value shown in Table 7.3and Table 7.4
5
20.2
6
7 5 375.0
8 5 399.0
9 10 417.0
10 0.3333 444.0
7.8 127 —7 LK 10m XL 30m KD VSLT rev & EMTP L bl oa R 7,

WS B WD TH AR RIS~ L DI ENG1D, 10m OLRMHETiX 79ns DL,
30m DOFERTIX 210ns BABEND, $ERET /L E VSTL rev OFENTHRE RIZT LT
W5, VSTL rev IZEWTEEBHBEEOGIRICIV AL EN BRI TWD, —H,
EMTP 2B AE KT —7 IiE, ANSNTZEBIRCEIEHEEZ, K O i
k/f~7/v§75>%*iéﬁ#ﬁaﬁ%f& [CH IS B T2 T NV ThHDHT, Bk
ICEDWEITIFEAEZE RSN TRV, HEET LA NHILET, j:tm%@&%ﬂﬂz
MERRTLETOMIL, FMFER— KRR O A& —F L ADiE W I 3R
BESIV TSNS, RO E A DL TIEZ R TE TRV, ?“?mb:éuié:%z
HIvb, BEITIZHLN, 738 T —T7 NV DOEELZRETHFIEIZ OV THEIT T 5,
FERELTC, BETT MIEHATLIr —T VL RICADbEAVE—F 2518452k
CHEEICEESNIZr—7 V% EMTP THOHEHZENA[RETHH I EERLTND,
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300 \
200 /
100

Voltage[v]

-100
o 20 40 80 80 100 120
Time[ns]
(a) condition of 10m
500
———_ Vst
400

) 50 100 150 200 250 300 350
Time[ns]

(b) condition of 30m
Fig. 7.8 Comparison result between VSTL rev and EMTP proposal model

7.3 SBICHRINIBEKRABT =T NTRIT DY — VT

7.3.1 VSTL rev @7 /v

7.9 12, VSTL rev ([ZTERRLTBRBICOFRES NI — T VOV — VIR T V2 7R
7 ﬁﬂﬁ%T}l/ (XEIHTr—7 v, r—7 v~y R, BRZE LR, SR B IOV ERIE H
DEBNGOERENTND, FEIT 22O A X% 64.72m X 52.43m X 60.00m &L, iz
Mrze@ oz &L, £ 7.6 17T X912 0.002m 2>5 2.0m DAY —t 12 V=R s L
TWB, F-RAT 22T 6 SOOI, 2 kD Liao ORI R % 3 52& T,
KR EIZB W CEREE DS L2 WIDITEEE L T D, 77— VB KUV ZE LR
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WZOWTIE—FHDO B DFERNTEL TS,

Fig. 7.9 Analysis model

Table 7.6 Parameter of analysis space
NX DX[m] NY DY[m] NZ DZ[m]
5 2.000 5 2.000 10 1.000
6 1.000 6 1.000 2 0.100
8
60

0.500 B 0.500 77 0.200
0.100 33 0.100 o1 0.100
500 0.002 260 0.002 1 0.050
55 0.100 1 0.080 225 0.002
8 0.500 24 0.100 16 0.100
6 1.000 150 0.002 150 0.002
4 2.000 26 0.100 20 0.100
4 0.400 215 0.002 10 0.002
1

4

4

0.200 28 0.100 1 0.080

0.040 g 0.500 19 0.200
0.010 6 1.000 34 0.500
10 0.002 5 2.000
10 0.020
10 0.200

5 2.000
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T, X 710 IZFRNTE T L OFEMZ T,

: 44m i

e

(a) arrangement of analysis model (b) cross section of power cable

Current source
26.0m :

n N + Voltage reference line +: Voltage probe
Cable -
head Transmission

line Cable head

Inner conductor
of cable head

Insulator of cable head

Current probe
Iron frame

\

Power cable
Iron frame -

of tower
—y
~= -
Connection point \
between tower and Power cable
= outer conductor
Ground surface |:|:|

(c) vicinity of cable head (Z-X plane) (d) vicinity of cable head (Y-Z plane)
Fig. 7.10 Detail diagram of analysis model
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710(@)IFERE OEEB L OV —7 VOREZRL TOD, BB ITES 29.2m T, KE:
OT —LMHEHEEHE 4m L CWD, Fio, 77— 7 WEERESIZIND KO E L TR, KHu
ICB W TR SR E AR R LB SN C0A, X 7.10(b)1%E ) 7 —7 )L O HE X %
ARLUTHY, BREITE G RE SRR LAY, M IXE 5 R E RS D
HHIETHREL QD 7 —T VB DT A2 5 LU FITRT,

CBBRIME D 10mm

« NERHE IR AN Diins: 38mm, LB erin 3.0, TR piins: 1.0x10'°Qm

< ANEEARSNME D, 1 46mm

I HEIFIDINEE D eing: 100mm, FEFHEE R gouns: 3.0, HFLR prins: 1.0x10'°Qm

7.10(c)l%, 77— N~y RITEED Z2-X iHZ R TCND, 77— b~y R)vb 26m B
NTLEIZEBIRIRAZ RS, BItREr —7 L~y RTE OV — L RERIE, ZEZ2 5/ T
B S v D, RFENTCIE, BRGNS EIRDS, R s EREemikL, 7—7
NANZALTEL RO —VBRIZOWTHITL T D, > — /W RERE, 7 —7 ~y RN
DERZIT LT, B —T VOIS T\ D, v — /L REREEREE LAk 35
BAEELT, FEAET LML, ZOEPIEEZ 1.0X10"°0m, LFEERE 6 LL T
%o X 710027 —T N~y RILED Y-Z Wiz d, KM IR L TR, R2E5%
AR L ORI T U CHRE R ALE &7 D 8018, WINEE R )b E BN R EBLEL, 77—
TNy R — )L RERE DN EBERIEH OX vy 7 Z7% 1T D,

ARIENT T T )L DML, Intel(R) Xeon(R) CPU E5-2680 v3, 24 =27, AEY
63.9GB #HW\ T, 1 7—447=h 15 HRETH S, 7272L, ET VOIERRRIZE
O TR,

7.3.2 EMTP fHrEe7 /v

EMTP (2C, TEICAE SN -G O — D BL5 O Bl \ 78 K 8T 3 5 3 1370
L72EBNTHD, EHIZ, SENITEFr —T O R TIE7eL, SRS O &b kR
THVERSHD, £Z T, VSTL rev THERRKL7ZET V(X 7.9)%, EMTP ([ZTHEW#HSIZ
bH1-v, 7.2 HiTREL-EEREr — 7L L, BRFPETRESNHE 4 B2
EHWHZETHREET DL LT, BRTFRERE 4 Bre7 /1 81E, EMTP IRV TEEE
DY — B E TR =D IR RENTZETF L THHPO0 1 711 1%, 4 BET L%
RLTEY, FHAL 2 — Y OElZERBLT 57250 LINE 7V, BiEESERitE
KOA 0B ZADWHNA = A TRETHET L THH®, LINE 701, B
#E (Line length), ¥+ — A B — & L A (Zs), & 1% O 1x i 3 B (Propoagation
velocity)z /T A= L5, 7.12 \Z/RTEDIZ, Line B7 /UL, A& =B E
%, NSRS DARHGE FE LR E TR SNA R 2212 12 135 EMTP H
DIEHTET NV THHO),
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kLg
K - N
J 4m armi
N\ /_____A _______ h
$ 4m
$ 4m
N\ )y R
arm2
17.2m
arm3
V

arm4

Fig. 7.11 Transmission tower 4 story model

i(ty) or v(ty) i(t2) or v(t)
— —_—
In ! ; out
! Z S
t=t, t=t,=t; + (Line length) /
L (Propagation velocity)
il
In it ®) oyt
v(tl)I Z, i(t) it Z IV(tz)
J:_ * >

Fig. 7.12 Diagram of Line model

D7 —LMDOY —D A =2 A Zn D ZrslE 2209, Zald 150Q 23— 73
EELTHWHNE®, RN OB SISOV ORISR T X Zn 75 Zrs @ LINE &
TIL dm, Z74 13 17.2m LT, SREEOEE A EFLNRESEL TWD, BRI IE
LINE €7 /L E%, K (300m/us) Tl 728912 L Tns, JEEHIZ BBl 2 B
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WHT=D, BREEET VATINZ T — DAL OB HITVY, 7 —LEO Y —T B —H A
ITZNENEIEALDOY —V A= AL LLL, BESEZNLZEN 2m ELTWD,
BEED TG A—Z OB L ORI EEZ U TIORT®),
DY —T A —F R

BREE BB Z71=Z7,=Z73=220Q (85 -358), Z14=150Q(ELEE T )
2)— T DA R

R FE v=c (. 300m/ps)
J)IRFEH(L/R)

L/R= ¢ (BREENIEEAB IR =2H/V (72721 H X8 & X)
A) R E K

R ER p1 & TR EE 2% LS, DO RKOBEER y & 0895, T
bbby =y, Xy, =085V, y; =y, = 0.8944
SREBLNLOEMH

EEHOBNE Y70 OEIUE ry
_2210r20r31nyl

hy + hy + hs

(72720 hj 1257 — LM ERE[m] TH D)

Nor2or3 =

TS DAL R L 720 OIRHUE ry
—22411’1]/2
.

(72720 hylddx TEET — 20 b K ETO HEE[m] TH D)
ZHWT,
Ri=rih1,  Rz=rihy, Rsz=rihs, Rs=rshs
Li=Riz (i=1,2,3,4)

XKD, BEHALOBEPLB IO HE I X A%

R1:R2:R3:1 6.4Q, L1:L2:L3:3.0}LH
Rs=33.5Q, Ls=6.2pH

ERELTZ, S RIOMHTIZHE W TUIFZERER KA W TWaH72®, SEHTEKHT Reld 0Q
LLTWA,
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fe T, X 7.13 12 EMTP ICBITATET V&R T, VSTL rev ODET /L TIXr—7
IVOINREARITr— 7 NVl I TS LB STV D78, EMTP E7 LI
THOTr—7 Vi EONGTEIREERE DT — A 2 R H EA 8L QWb T, F—7 b
HOY—DRRE BT D720, ik FEICTr—7 Ve RO R/ H o2
A(Lp:35puH) LT (Rp:183Q) &l Fll e L 7= A L B — 4 L A%, R — AN SRR 5%
¥RV H L A(Cpi0.TuF) 2t L T D,

arm2

Fig. 7.13 Analysis model in EMTP

[

B —TNDIRTA=B%F7 1.7 RS, HTr—T IO B —X A K 7.10
R LT —T VDR B L OGS ER NS 46.5Q # RO, KL OEIB IO
K — KH O — A —F AR 7.3, R TABIOR 1510859/ FA—F%
BHLZ,

Table 7.7 Each horizontal cable’s parameter for simulation of vertical cable

Number | Length[m] Surge impedance between outer pharacteristic
conductor and ground[Q] impedance[Q]
1 0.3333 88.0
2 1.5113 239.7
3 1.5113 281.3
4 1.5513 305.6
5 2.5000 336.0
6 2.5000 358.0 46.5
7 5.0000 375.0
8 5.0000 399.0
9 7.4000 417.0
10 0.3333 444.0
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%] 7.14 (2 VSTL rev AT I L OV EMTP fENTIC TRE R L7 B A2 7~ 3, ANfEHT C
1%, Y —UBIRE A 1, BEONLE BRSO Tia /T A—=2LL T, I, & T DA
HSOEIILL T =@ Ths,

(I,=1KA, Tr=1ps), (1,=10kA, Ti=1ps), (I,=1KA, Tr=0.5ps)

IplZDWTC, BHEICEVIAET HEBIRD 95%0° 10KA THHIZHBIRL 72, BEIREIC
LBV —VBIEDOEALEHND DT, 10KA L0H EHEE THRALID 1KA 2RV T
RLUT=,

THZOWT, B TERSND L.2us IZIVMEEL T, 1ps 2RI T-, F7o, Trlld&D
WP —UEIEDORELZ X D720, lus O HETHS 0.5us iR L7,

Current [A]

Time[s]
Fig. 7.14 Applied surge current

EMTP (2 L AT HERE, Intel(R) Core(TM) i5-3470 CPU, 4 =7, A&V 19.9GB % >
TR DRREECTHD, 72720, BT /VOERFEITE D TR,

7.3.3 fREWTHRER

EMTP DR EET /VEBLW VSTL rev VY, 77— by Ry — LR B R L FE BN
DOELE(LLTF, Fyy 7 HELEMES) B O —7 LV TE EOWNERER — S 5RE R O
Eé‘»%%iu%:o 7.14 X EMTP 331 OY VSTL rev DX % 7 [ & £ O FRAT #&5 F D Ll %,
7.15 1ZPEREAR — ST AR B DA 75 R D2 7R L CTnd, [} 7.15 BRUK
7.16 D(a), (DNILH ENVIRER] T2 1.0ps L, —V B0 &E 1, #F 1 1KA,
10kA L7256 COMMTRE R, () Tr% 0.5ps, [, % 1kA ELTZSAFICRT DTS T
LTS, B RAE DL, EMTP 3L VSTL rev OfFFTIEIFIE T I —EL
TWAZEDRTIND,

Xy 7 BIBEICBELT, BENYD E2NIICD, K 7.15 FOREION E TR/ 234
FoTWD, ZAUTEIEFERGEDR 0.2us % THD, 77— 7 /VIH EGHIIIS BT
(EBRGED, T —T NP HDNNIEREE EAEMHRL, BETE EETEETHE, 20T
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Voltage[kV]

55.6m (7r—7 V2R 27.8m) THho, B OEHEHEIZEE 300m/ps SIETHE, &
Wl N — 7 VBRI AL 0.185us &705, £72, 77— 7 L O NIRRT ¢
SEREARKHNIC B SN TWNDT20, BIEITADOKIRE TSNS, LIZn-> T, X
I EER, H EEERITRDOLED S, —JF, BIRIEANZ W T, B s MR
FEALTWAIEND, EEITEDORKIMRECRIFNSN, BESr—7 VOTH Eaifd
%o ZOWE, BIRIRIZ TS SN EEOmMEL, BRI RS sl 2B E O
EEELWND, r—TVTE BICEL THX Yy 7 EBE TR LT D,

D%, BRI TN SNIZEBIEIL, 77— 7 VET U TRMIAMEIRL, B, Kz T
FEEND, ORI 5T 5, LT THE RIS CRESNZEBIEN, 7r—7
VI BICRNGELBRICIE, vy MEERIX ERT5, 2070, vy MEEIXX
TAS VR T IORIRENE D L7025,

100 1000
[Cl 750
50 | i 500
T
D
8
25 g 250
0 0
----- EMTP ———VSTL rev eeeeeEMTP —VSTL rev
_25 1 1 1 1 _250 | | | 1
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Time[ps] Time[ps]
(a) T=1.0ps, [,=1kA (b) Te=1.0ps, I,=10kA

200

Voltage[kV]

----- EMTP —— VSTL rev
-50
0 0.2 0.4 0.6 0.8 1
Time[ps]

(c) T=0.5ps, I,=1kA
Fig. 7.15 Analysis result of voltage across the gap in EMTP and VSTL rev
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o — AT BRI BB R IR L C, BIEANLS ERDIIL®, 7.16 HORHIDONALE T
HEBLEN EHLCQODIENGDD, Fiz, BERENLHE EFEZTOHMITH 0.3us T
bb, r—7 VAR 55.6m &, 03us RO TRIGEE 25358, £ 1853m/us L7320,
Xy 7 BEDAGIR R T T L 72> TS, 2T 7.22 BiCilBAL - BE D X1,
ONRR — AMERER I OB, [RIEALCAAAE T DE RO ET, [alE AT~
BNDHT-DTHD,

100 1000
[EH 750
_>ﬁ 50 —i‘ 500
[<5) (<5
g g
S 25 S 250
0 ceeesEMTP —— VSTL rev 0
eeeee EMTP = VSTL rev
25 - - L L _250 | | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time|[ps] Time|[ps]
(a) T=1.0ps, I,=1kA (b) T=1.0ps, I,=10kA
100
75
> 50
‘T
[@)]
8
;3 25
eeooee EMTP —— VSTL rev
0
-25
0 0.2 0.4 0.6 0.8 1
Time[ps]

(c) T=0.5ps, I,=1kA
Fig. 7.15 Analysis result of voltage between inner and outer conductors
in EMTP and VSTL rev

% 7.8 12 EMTP X VSTL rev OfifbT#E HAIC 1T 5, vy 7 MEE :Footom\ﬁ %
OB AR EE DR RAE, ZL T VSTL rev OfEMTiE A2 TEL LT D EMTP fi#ic
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BIE R KRAOBREZRL TND, BRIFIZEB W T, W RO KIEORRZEIL 6%LL
TTholz, ZORBELRLNIWEIED 0.65us LAFE—EL TRV, VSTL rev HMuil
IZ LD BRI DWW E AR CEDHZEITHL, EMTP O —7 LVET LR NNITAET
LTI, BEREETIEEE TERWIEITREKL WD, A, 7r—T7 VT VO FED
2, WEALE =X AR A L0, BN ELTEB ZOND, LU, I
DEETHXAILTR, XXy 7 BT T, B8R — SN0 AR 0O FEE O AS s &
DIEST2 DT L7 L, MRREATHE R ITDHEIL, I<—L T D,

Table 7.8 Maximum surge voltage in each condition

Surge voltage and error
Between inner and outer
Te[us] | Ip[KA] Across the gap conductors

EMTP VSTL rev | Error EMTP VSTL rev | Error

[kV] [kV] [%] [kV] [kV] [%]

1 1 97.2 94.9 2.42 66.7 66.4 0.453

1 10 972 949 2.42 674 664 1.51
0.5 1 157 149 5.37 86.1 82.2 4.74

7.4 F—TNVDOBEFEITONT

RHUT 6L TR BB SN Rl — 7 L 2 B9 2%, K — 28k j o3
— VA= H AN R DO NTA—EPNELN T — T NV EEINC T DD
ECHBERE CH DI EE /R LI, LU0, A RO EETH1E, VSTL rev OfERIC
RLT, EMTP ET NET 40T AL T THIETHLNFERTHY, K — 5L AR ]
DY =V A E—Z L ADEDOPTEIELRLNG, KK —T NV EOREEICETIEE
STV, & 7.9 1% 27.5m OTEEFE S17—7 V%, EMTP (S THEH#HL 72RO, &K
r—7 v ®ORE(Length of each part), £-#3{ZD & F& (Total length)7ZenH NS A HALD
KHl— SEREAR DY —D A —F L AT DONWTEED TS, F7-, X 7.16 1XKEB
NMOGFHELRE, — A B —F o2&t L= Th 5,

TNHDORERIY, BENLOY =V AL —F L ADMENL, K ENLOA RO EE
HBIBARIZEH D LN 53035, INZ T, MEERDO Y =D AE—H (X, TEEKRD
m S h[m]F LUNEARER r[m] OO R EAEI B35, Zhid, BES—7 /11D
WThilHSNDEEZ DB, ZORERIL, SEERALDO/NRTA—ZEZWRET HTc O DEE
MR THHEEZ LD,
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Table 7.9 Relationship between each cable and surge impdance

Length of each Total Surge impedance between outer
part[m] length[m] and inner conductors[Q]
0.333 0.333 88.0
1.5113 1.8443 240
15113 3.3556 281
15113 4.86673 306
2.5 7.36673 336
2.5 9.86673 358
5 14.86673 375
5 19.86673 399
7.6 27.46673 417
500
450 *
400 4
S 350
2 300
'g 250
§ 200 /
g 150
100 S
50
0 | ‘
0.1 1 10 100

Total length[m]
Fig.7.16 Relationship between cable length and surge impdance

75 Fi®

KUK LT, BEICKE SN A XDES7r—7 V%, EMTP [ZTHY #
I PFIBICOWVWTIRE LT, F— 7 VO RETr — 7 VRN E T MG OFHERR E
DEFMDNT A—=2PEL L, MR- KRy — o/ B =2 U 2B LW,
REOBRDEHOKEr—TNET N BN T 2 FIETENNERTE S
ZlERARE, InEAAL, BEEEINTZET— 7 IVERO Y — DT R X
W, SRR ENT-E 17— VOV — T2 EMTP IZTHY 5 FiEOH#
RIZEH L THF L 7=,

TMEE T — 7 VHERZ, EMTP I TERO 5 12iE, P — VB RICE L TEERHEAL
T D AR 2 U R L (RN Tl Sm £ TOEML), B|E7— 7 LEITS T T
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