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SUMMARY OF Ph.D. DISSERTATION

Advanced Modeling of aDistribution Line and
Its Experimental Evaluation for Lightning Overvoltage Studies

As the information society progresses, a variety of electronic appliances have come into
wide use in common houses, factories, and buildings. If a lightning stroke causes faults or
incorrect operations of these electronic appliances, a social economic loss is considered to be
large. In order to prevent these lightning damages, lightning protection measures of a
distribution system which connect the high-voltage distribution line to the consumers must be
established based on lightning surge characteristics of the distribution system.

This dissertation presents lightning surge characteristics and modeling methodologies of
components of the distribution system, which are an overhead distribution line, a service-drop
wire, a watt-hour meter, a current limiter, and an interior-wiring cable. Finally, the distribution
system is modeled for accurate lightning overvoltage simulations.

The contents of this dissertation are summarized as follows.

Chapter 1 describes the background, purpose, and contents of this studly.

Chapter 2 presents lightning surge characteristics of a distribution line obtained by
experiments using a reduced-scale distribution line model and an actual-scale distribution
line. The surge impedance of areinforced concrete pole is measured considering the effects of
aground wire, phase wires, and alightning channel.

In Chapter 3, the experiments of Chapter 2 are smulated using the FDTD (Finite
Difference Time Domain) method which is one of the numerical electromagnetic field
computation methods and comparisons are shown to validate the application of the FDTD
method. Secondly, the differences between calculated results by the EM TP (Electro-Magnetic
Transients Program) and the FDTD lightning overvoltage simulations are clarified.

In Chapter 4, new EMTP models of the distribution pole and wires are proposed from the
test results obtained in Chapter 2. The proposed models can reproduce the transient
overvoltages at the insulators.

Chapter 5 presents test results of fundamental surge characteristics of service-drop wires
and interior-wiring cables. A new modeling methodology of these wires and cables for
accurate EMTP simulations is proposed through the obtained test results.

Chapter 6 presents lightning surge characteristics of a mechanical watt-hour meter and a
current limiter obtained by field tests. Most of the lightning overvoltages at the consumer side
are not affected by the electric characteristics of these appliances.

Chapter 7 proposes a new model of the distribution system based on the studies discussed
in Chapter 4 to Chapter 6. The proposed model is evaluated by experiments using an
actual-scale distribution line with a service-drop wire and an interior-wiring cable.

Finally, Chapter 8 describes the conclusions of this study.
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Fig. 1-1. Lightning overvoltages due to direct lightning stroke to a distribution line.
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Fig. 1-2. Lightning overvoltages induced by a nearby lightning stroke.
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Fig. 1-3. Backflow lightning current flowing from a customer facility into a
distribution line.
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Fig. 1-4. Outage rates of distribution lines caused by lightning.
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Fig. 1-5. Outage rates of distribution equipments caused by lightning.
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Fig. 2-1. Reduced-scale model of a distribution line.
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Table 2-1.  Specifications of the reduced-scale model.

] Actual distribution line Reduced-scale model
Equipment
Material Size Material Size
round galvanized d =6.0 mm
& stranded ) bare wire d =1.0 mm
wire . (22mm”)
steel wire
phase 6 kV XLPE d=11.6 mm polyvmyl
. . . 5 chloride d =1.8 mm
wires insulated wire (80 mm")

insulated wire

grounding | 600V polyvinyl d =3.0 mm polyvinyl
lead chloride s s T chloride d =0.5 mm
conductor | insulated wire (5.5 mm") insulated wire

galvanized steel | 75 mm X 75 mm d =10 mm

crossarm ( square pipe ) | x 1,500 mm steel pipe length = 238 mm

d : diameter

FTCIE, BHEZEEE L7727 V2 3o T OTEE & A7 — 7 /LB O I 540 Q OHL
ZEINHRAN LTz, 7V AFEAZTHRA L2 ERR (o) 1XFEE 7 — 7 /L 00—
GlE Y — AR ek L, HEEETRET DL EZ0 - (+H) NEFEICEASN, FHE
WD BT (1) BNEeE Y — AN EF LT, -, Ffilir—7 1048
V—ANEBEOHEEE 72D, BEREEOV VA U E—Z 2 AT 400~500 Q FREET
THY, AR E R —7 OV =4 o E—=F 2 250Q & HbET, BN
SR EBROY—V A o E—=F 0 ATFIFE1KQ 272D, ZofElE, ITE, WG S
NTWHEEA L E—F L 2L IFERICETH D [2-6],

EIERE IR T 2 FEMRO T ML, B X O R - & EERO it
L CEREREE L, fHEOEMFEEZmS) /NS Uiz, £72, 2221, mEERIT,
EAED S 4 m ONLE CEHE T I % 2 2 SR BEke L7,

TEEAEE L CEBRALVEEICLD EIFREROY— A v E—F R IZONWTE, Z
NETITHELOLBHR RSN TO RN, KIS, BRALDARCER LS EE2HE L
SR, TOV—U A E—F AT 450 Q LD 2 Linh, BESBEEED T —T A~
E— X AT 400~500 QFEE LB X HILD, 0B, Rk T HE 4 HOFHEICEB W TIL 450 Q
ZRHWTUWA,
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Fig. 2-2. Experimental setup.
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2213 BIEAE

ARFEBRIZ 2R ELEE O 2L % Table 2-2 12”9, 2k, HIERITE ns DT
L ERY 2D EMICHETCE LD THD EEX D, BEEERERBHIHE L
Yity, BIEOHTHE L7-HE L0 bHEMBK 6% KT L7z, £ 2T, KEERTIT,
BMERR O B YR 5720, 1 DOF v o RILDI TEFCELEDHIE %
1Tote, BlzIE, BiREET 256, AEERDHELEAEHO FET V'rn—7 L3558
MRz B AL LTz, 7ods, Bt & BIEOREEZ &b 5 BT, Zhd & [FEIFCH
E LT =2 G L TR\, KRERCTRTER, BEEFIL 1 F xRV HEM
W EDWTE % [FIRFRIE DT — Z 12 L0 FEff# 2 i 2 THRAR L T D, RIEROERICIE
WA ER 72— VBB ORE T, B A AORBIC L HMENE LT NI &
5, 1 ODWEBIZHOWT 3 BIOHIEEITY, 209 bixbEW /) A ARSI/ S N e
EZONDLOEREREE UCERA Lz, HIERICE £ 5853 EREEE L
FRIRPIRRETNT DDA, Z OBRIEIZ L 0 ER ) A XAOMBRIERZEITEN 2 b D &
720, WEKRBICE EN LR ETRERENTEIIRD B2 N5,

A a R a—7OMER, PIEMSHIOERRAZILIRNEIICT570,82m
DESETHEL LT, BEMBOTH~T0—7 ORI OFFTRRYBEEL THRE Lz,

2214 ZEEBRHI4—X

Table 2-3 |[CFEBR 7y —AD—E & R"d, 7—A 1 TIE, &1, BROTEATT mNERE
DY —T A B —F L A HZ BB OV THYRE T 5, A G N [2-1], [2-2]
DEBFTIETH D [KETM) EARERGETH D SEF] OFK % OEEIZHB D
T, BREMRCEEERD R VERBEARORETCOY—T AV E—X U 2R E R ET D,
WRIZ, BHEEAOBES —VRELH LN E T 5700, EAER I OWMHE T ((Hék A

Table 2-2. Measurement instruments.

Instrument Manufacturer Model Bandwidth
Oscilloscope TDS784D DCto 1 GHz
Current probe Tektronix CT-1 25 kHz to 1 GHz
Voltage probe DCto 1.5 GHz
P6245
(FET) (C<1.0pF*)

* C: input capacitance
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Table 2-3.

List of test cases.

Case 1: Stand-alone pole.

Case 2: Pole equipped with three phase
wires and without a ground wire.

point of lightning stroke

— vertical
I T direction
—o
/ i R
horizontal Vi
direction
concrete |
pole
Rg

WEW_Y

point of lightning stroke

I v,

‘o5
63|V,
LZ

N\ phase

wires

[/

concrete |
pole

Rg

WJ

Case 3a: Pole equipped with three phase
wires and a ground wire.

Case 3b: Pole equipped with three phase
wires, a ground wire, and a grounding lead
conductor.

point of lightning stroke

concrete |
pole

R

g

I

point of lightning stroke

ground A
wire o5
W
NI phase
wires
concrete |
pole
grounding lead
R, || conductor

M
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222 BREADET—OHMN

ZZTE, BREHEAORRE, Thbb, A—A 1 OWREBICBW T — VA IE
L72fE R HOW TR 5,

2221 HY—SA4VE—4 X

RgZ0Q &L, A7 v 7EREFEALIL L EOFETEEN E— 7 EH) B EEDO Y —

94V5~§72®ﬁ%ﬁ®koiﬁ[lu[%ﬂ@%%?i VL DVEAN T [
WXt L CAERmTH D, L, REBRO X 5 ITEE~OERE ZEET D55,
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WEZIT T, WEDKER, KEROEBHFET LV THHES 2m, BEAE3Smm DT /L
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p

2:6Qm@JﬂVQ—@ (2-1)

7220, h: BIRRE, r: gkt
Fig. 2-3 OfERIZ (2-1) X&MD&, hEHF M Tm=1.1&720, KEHmMTm=1.7
LD, AEFmERWLTWLDICHR [2-11 TIE, m=1.7 &9 2-1) RUTSEERER
R HETHERESNTEY, KERERLGET 5,

400 equation (2-1) (m=1.1)

)

g 350 ~<_ _

= . concrete pole

g 300 . -

E B A\ -

‘o 250 L equation (2-1) (m=1.7) =~

%D . @ . O vertical direction . 1

“ 200 A , A horizontal direction S~ -
1 | 1 1 1 1 1 | | 1 | <

4 10 20 40

radius [mm]

Fig. 2-3. Relationship between the radius and the surge impedance of a stand-alone
vertical conductor.
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(b) Pole-top voltage

Fig. 2-4. Measured injected currents and pole-top voltages (stand-alone pole).
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P—TA = F U ADBTRED U= % L 2, Ty BNR < 72510 THER
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S 7 O]
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E | -

2 oL 1
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wavefront duration [ns]

Fig. 2-5. Relationship between the wavefront duration and the maximum pole-top
voltage (stand-alone pole).
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Fig. 2-6. Pole-top voltages with respect to the grounding resistance (stand-alone pole).
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(b) Pole-top voltage
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Measured insulator voltages (with phase wires, without a ground wire).
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Fig. 2-9. Maximum pole-top voltage and maximum insulator voltage with respect to
the wavefront duration (with phase wires, without a ground wire).
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Fig. 2-10. Insulator voltages with respect to the grounding resistance (with phase
wires, without a ground wire).
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Fig. 2-11. Currents at various positions (with phase wires and a ground wire).
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(b) Pole-top voltage

Fig. 2-12. Measured injected currents and pole-top voltages (with phase wires and a
ground wire).
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Fig. 2-13. Measured insulator voltages (with phase wires and a ground wire).
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Fig. 2-14. Maximum pole-top voltage, maximum insulator voltage, and voltage
suppression effect of the insulator with respect to the wavefront duration (with phase
wires and a ground wire).
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Fig. 2-16. Measured pole-top voltages (with phase wires, a ground wire, and a
grounding lead conductor).
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Fig. 2-17. Measured insulator voltages (with phase wires, a ground wire, and a
grounding lead conductor).
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Fig. 2-18. Currents at various positions (with phase wires, a ground wire and a
grounding lead conductor).
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Fig. 2-19. Measured injected current, ground wire voltage, and phase wire voltage
(phase wires and a ground wire only).
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Fig. 2-20. Time variation of the coupling factor.
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Fig. 2-21. Test distribution line.
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Fig. 2-22. Arrangement of pole No. 6.
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Fig. 2-23. Experimental setup.
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Fig. 2-24. Photograph of pole No. 6.
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Fig. 2-25. Equivalent circuit of pulse generator.
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VA E—=F R ZOVWTHEIET S,

r— A 3T, BRI 1 R mEEM 3 A4 L, R H HELE
O — D2 ST 5, 7 —R 2 LR, T 228k S8 & & OFETEEN,
DWW LHEEBEB I OEEOY—V A v E—F U AE W ET D, 12, Kr—A T
FENEIRDZRZEM AR & BT DI THAILD Z &, AT v TEREAROS (/luﬁ%
HIZOWTHHEET 5,

23.1.3 BIEAE

ARFEBRIZ AT B E OB % Table 2-5 128k d, 2k v, HERITE T ns D
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Table 2-4. Test cases.

Case 1: Stand-alone pole.

point of lightning stroke

reinforced |
concrete pole

\J

Case 2: Pole equipped with three phase wires and without a ground wire.

point of lightning stroke

WV

N phase wires

1//

reinforced |
concrete pole

./

Case 3: Pole equipped with three phase wires and a ground wire.

point of lightning stroke

v

N phase wires

1//

reinforced |
concrete pole
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Table 2-5. Measurement instruments.

Instrument Manufacturer Model Bandwidth
Current probe Pearson 2877 300 Hz to 200 MHz
Voltage probe P5100 DC 10250 MHz

(C< 2.75pF *)

Oscilloscope Tektronix TDS784D | DCto 1 GHz

Optical isolation
system

A6906AS DC to 100 MHz

* C: input capacitance

L&, BHFTESIEXREZEHLTHEN 11 mOEITEHYr XA a—7 2 8ET
HZ LT D, ZOB, ®SITEEEOETIC X W ETEMEOEBANELL SN DD
REZENE L D, AFEBRTIE, HEREOEPFMEEEOMHEHZRET 5729, HETEIZ
EMAEH CTBXOEERERH e —70OEXESZEFITELL, %ﬂ%j’bﬁ[ﬁ
r—7 N L CRBABLER O ol - iR E T8 X, BFUONMERZERGES
WERLTHhLA Y Ra—THIE LT,

232 EREBEBREROTU— I8N
2321 BREEXDODY—DAVE—FUR

=1, $7bb, ZRZEHROEEERN R WERERORIEIZ BT 2 EAER
ERETHEN OJIEW T % Fig. 2-26 (2739, AT v /& m%&ﬂbtk%@ﬁﬁﬁut
— N SROTZEEOY—V AV E—F AL 255Q LD,

2322 ZEEHMBALIVVEESHEOST Y — N

M EEMROFEZE T 2720, JREH U CHEEER 3 REBM LI —R 2
DOYPEZEAT- T2, EABIROWHEE Ty 2B S8 L EOEANERR, FIEENM, 28
W LHEEORIERIEA Fig. 2-27 (R, AT v TEREEANLTZ & & OFETEENM B
— 7 ENORDIZEREDOY—V A L E—=F U XT226Q 720, F—A 1 OWRERR
IV H29Q (B 11%) KT LA, ZAUL, SEER 3ROSR L D ETAMTORE
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(b) Pole-top voltage
Fig. 2-26. Measured waveforms of Case 1 (Stand alone pole).
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Fig. 2-27. Measured waveforms of Case 2 (with phase wires, without a ground wire).
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Fig. 2-28. Currents at various positions for step-current injection (with phase wires
and a ground wire).
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Fig. 2-29. Measured waveforms of Case 3 (with phase wires and a ground wire).
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HKHUZITEIE L TR0, BAEZ AR EERREE & LT 9 OIZLEE R ES
AVETHARKHHIF ¥ X U RBITEHEICERTERWZ LIk D, /E-T, B
2 EORIRFRIBEIIC I 1T HREMR O — VBIR 2 EMEICHIRT 2121%, ERRGE LR
TRl 32~ 27 27 = LD SRR IS < B 2 BT N LB L 22 D [3-2],

A, ERBIEGRIC IS < FHENEH TE 20 ke Ew OV — VB LT,
~ 7 AT x VO H R A EEBERC G < BEER T FENA N FBE LT
Anens ko> TE WD [3-3], TNE TS, FEERBFN TR D %
AR R A S E 2 AT L eI S < G STV 508, BlEREREICD
WTIEIRE STV [3-3],

ARFETIE, &7, REmCTHOW L BEER T FED 1 D Th S FDTD JEIZDW
Tk % [3-4][3-8], I, &2 EOM/NETLER (EEBROM/NET L% T
EBIHEREEPETE L T 2E Y —VFER) [2-3] 2 FDTD JEIC L W HH L, FHERBR
& FERFEROLEEH S, FDTD {EDOBLEM S — VAT~ i Al et 2 MGk %,
%72, FDTD {E&EHWT, EEEOFBIZIT IR 245 U725 — D 2170, 3£
HEELEAROE T — VR 2829 % & & $1Z, FDTD 15 & EMTP OFHHEAE R OE N
ZH S ET D [3-9][3-10], FDTD 42 AWM Clik, hE CoORERSEV—
ST CIT L B 2 WXL ST T=OEAESCEM O, O KHHREIE, O
ORI 1/3 L VWb D ImiEEBOERERE, 2FELT\5D,
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3.2 FDTDEMDEEIRIE

FDTD k1%, fEMTHRISR & 72 B 2 & SL T IRO| M GEIL, BAOKDIZH-> TE
o, B OEOF IR ZERT D, ZHICHIELT, v27 AT /L0 A
(B D 223 KOS T M 2 20 ICEE X 5 2 LIk Y, {EisklT
HEABIOMAZEENE T RIETHD, INEHDFHERRZAZ L ITHEY K
T ET, MTERTOMEBMALHET LN TE S, ZOFEFEIZED,
FDTD k1%, ERBIEmICHES< EMTP &38R, = kockE&Em O %0~k %
ZTOFEEEETDHZ LN TE D, LT, FDTD EOFEMIZ OV T2 [3-4]-[3-8],

3.2.1 HEARHK

ENTZE R TP BGE « D EEEEE DN GFE LW ERET D &, FDTD {EDREAR & 72
L7 AT 2 VO HFREAIRATEZ NS,

VXHLU:—Q%%Q (3-1)
VxHaJ):ﬂ%%9+JUJ) (3-2)
VeD(r,t) = p(r,t) (3-3)
VeB(r,t)=0 (3-4)

72720, E[V/m]: &R, H[A/m]: R, D [C/m’]: BFREE, BI[T]: HK
B, p[C/m’] . BWEE, J[A/M’]: BIREE, r=(xy,2) : G
3-1) Xix7 7 77 —miERI, (3-2) RuI 7 X7 BRI (3-3), (3-4) XUIAH T AD
ERITH D, (3-3), 3-4) RiFMr7eXTix/e <, 3-1), (3-2) XOMLDOFREHE &V,

AU EM R OER E VIS (=0) #RAT D Z L2k > TE)PND, FDTD ik
DEREIZIE, (3-1), 3-2) XnHVWLND,

FDTD 75 ClZ, 222 % Fig. 3-1 IR T L 92— DE S As DB /L THE
%o RN RT L HIE, BVEERT 2 LOHRNIERE, V2R T 2 mEOF 0
ICBER ZBLE LT, (3-1), (3-2) XN DZEMI K ORI B3 20y & 22 Tt X L
z2% L, FDTD IEOHAXE L TkXEED [3-4][3-5],
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| e :
A 1 1 1
 EA_ . A I A
i //E/? HX/i-
Hy Ly | e x y
As |- E E E position of P
R S X=iAs
A y=jAs
EXA/_Z _Ey ______ //' z=kAs
As
v LZ o /
< As >

Fig. 3-1. Configuration of electric and magnetic fields in cell.

Eg(i+l,j,kj:KlEQ—l(Hl,j,kj
2 2
1 1
+K, H, 2 Ry ~H, 2(i+l,j—l,k]
2’72 2’7 2

_H“i(Hl j k+1]+H”3(i+l j k—lJ (3-5)
y 2 2 y ]

1 1
—H,? i+l,j+l,kj+ H, 2[i—l,j+l,kj (3-6)
277 2 277 2
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E;‘[i,j,k+1j KE”l(l jk+— j
K Hn_;(i+l j k+1j—H"‘§(i—l j k+1j
2 y 2’ 5 2 y 2’ 5 2
-t n-t 1 1
-H [ + Jk+— i, j——k+—= 3-7
ST T RS TR B
1 nl
HY 2(i,j+l,k+1):Hx 2(i,j+l,k+lj
2 2 2 2
N
{ Lj+LKk+— j—kEz(l,j,k—i-—]
2 2
] ofi il
+E, —-E, I,j+5, (3-8)
L 1
Hy2(i+§,jk+ j ( —, J,k+ j
{ ,j k+1j+E”(|+ o s k]
N |
(|+1 j,K+—= j EZ(I,j,k+§]} (3-9)

N|~

+E)

+E; i+%,j+1,kj—E”( — kj} (3-10)
1 oAt
¢ At 1 At
==& = = 3-11
: 1+LAt ? 8AS]+LAt } MAS ( )
2¢ 2¢

72720, w: BB, e FEE, o BEF, As: X, Y, z FDOZLERA A,
At : FHERFE ) 2
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(3-5)~(3-10) XHFDER E BLOBER H IZBWT, EZOIRAZTIIRE %2, T
XDOWRZTIEIT M %, FEINO RN ZE M O 4 F LT\ 5, Fig. 3-1, Fig. 3-21Z
AT LI, (3-5)~(3-10) RiZHE- T, B E LA H OZERIY 7% ASR 72
ﬁf%t,it,%ﬁE&wﬁH@ﬁ%#/7wﬁ%mnti¢%Lf FTLTE

FICHLEZERND Z 12X, AV2 BIOBF H hBEME 2, A2 BIOER E
MOERHZ, EWVWH XOICERE LA HEZRAICEET 2 & CilajEER N &5
BT 5 [3-4][3-5],

322 EHEBEMZIA

(3-5)~(3-10) A%, &R L ORFE O I3 U CRIAERFZ A 2 & I ERE o &
ITH95RTHDZ LD, ZEHZAN I As & RFHZAIZ At 23 ENTERE S 78\ & EERYIC
%ﬁ#émhmhéo_@%ﬂﬁ REMAEG-2 5 DN, Courant DZEFESAE [3-5] T

v, ®WATHALND,

ﬁ%s%% (3-12)

72770, 3-12) RIIBRESRME2HE 257200 Th > T O EIIRGE L2V, HBE
B LTI, 3-12) ROMINELL ol X127V v ROoBIC X Dz [3-5] 2
w/NTT2 D, ATETIE, (M) B RAFFEHT ChJE S #u7z FDTD JAICHES I
— UfENT 7 1 777 2 VSTL REV 2.2 (Virtual Surge Test Lab. Restructured and Extended
Version 2.2) ZHWTHT 24T 92, 2O 7 a7 T AT, BT NZERA A As & 5

En—l En En+ 1

(n-1/2) At (n+1/2) At
(1) At nAt (n+1)At t

Hn—1/2 Hn+1/2

Fig. 3-2. Arrangements of electromagnetic fields in time dimension.
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2T, WAL VIFMAA A EZRETH LI LT D,
At=As “?8(1—05) (3-13)

72120, a I E N5 2 5/hNSBRIEOETH Y, (3-5)~(3-10) KOFEITIHBVTIH
BT DENRBAERRZZIC LV Courant DFRMENH T SN2 705 2 &< [3-6]
[3'7]0

323 RIEREH

VSTL REV 2.2 [3-6][3-7] TiX, fEMTZERIZ T 6 DD % ILE I 2 AL IZFERER
mH L <IFRINBEREICRET D2 ENTE D, BREEREICOVTIE, Eom E#E
A OBRZREIAINC 02T 5 2 & CRIBICEBLTE 5, WIUERE 2 EBRT HH
EE LT, BB LT AFEEEN V72, DO, BEDOE W 2 IRO Liao D ik [3-11]
AL TS, RIS RE ISR E SN EE, AS U7 BRI A S8 3 I R &
D DT, RABRICBRZEM & AR LICEHREZITO 22 TE D,

3.2.4 HEEEK

BLFERR D E I — UM CTlE, REHHRSEmEBREOETT U N ATH D,
W, ZIUOITHIRGER (BRI A As K0 /X WRE B OMER) L LTET Y v
T EIND, ASERIRERDO AR LY b/ &< T5 2 EnTENIL, TORKEIE
MEICRELTE 578, BUROFREEEIR CIIIFBRENTH 5,

VSTL REV 2.2 [3-6][3-7] T, f#EAR D H OISR - TEROMEZ5EH A0 & L,
HIRREIRJE B OB & R O BT % & OERITIG U CTHRHIET 2 ik (DARE, TEfhE
BERE) LS I XD MIRREREREREE L TV D, RRUTE Y, BEE - EMEREO
HIERE mAZFHE L TR X, (3-5)~(3-10) XOHFEIBEICBW T, MFREARIZH - T
JEAE 4 >OBEREFET D EXITHEERE mEL, 72, AE 4 OOBRAEFET S
EXTEREE UmET 5 2 & T, IR r OMIFREREZ KI5 [3-8],

me 1.471 (3-14)

In(As/r)
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33 BMEHEESH— CHEMIZT S FDTD ENBEHRTEEM
DY H

33.1 fEHrAE

AFETIE, VSTLREV 2.2 [3-6][3-7] #H\T, 2 ZmDOME/NET VFEER [2-3] 2
B2, KENTICEBIT 2 ECEROWEE % Fig. 3-3 (21, FKIZIE xy, y-z zx
DAy V2 RWMBR LTS, EITZEMIE, X, Yy, z FHZIEI 6.589 m, 8.429 m,
5414 m & L7, fRtrZ=flosE fRmiE, KimaseS8ikme L, Tnbshzd 2 ko
Liao OWLINEES i [3-11] & L7z, BL@EAIE, BB E B0, AT T
JRER OV A AR/ NS N2, ZBRIA A2/ NS SRET HHENRD DD, sHEAMHN
RO THINT D L W) BENE L D, & 2 ORI CIX, BCEMRITEEDZEMA A% /s
L, ZOMERELSEHET DI EICED, FHEAMN KR Lo oElEROEE 27
KT 5 Z & & L7e, Fig. 3-3 I3 L 912, i, 2E25Hify, RIEER, HiE,
FEENBODDOZEMA I As % 45 mm & L, T OMOZER % 10 mm 7> 5 40 mm D
AR¥J— A v ok Uiz, FEfZ A At 1%, Courant DZZESRM: [3-5] LV IRESIND 8.0

wire representing
lightning channel

zero-potential wire

phase wires

~ concrete pole &

10~40 mm |

1 As = 10~40 mm

—

Fig. 3-3. Structure of a distribution line in the simulation.
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ps & L7z, BAEBIOEERSIL, MAEOW A PEBSIEl U2 B8R o LT, 28
ZEHIRR, R, EE, FEMAMOMBEMRIZ, ST [3-8]) TRE I - S Mg
EBUEIC LD ZOYREBE LT, 728, @ EEROMGEE IS L TV 7220, Fig.
2-2(b) |28 L= ERIEABATX, Fig. 3-4(a) OEMEIE CREIT LN TE S, =
ALY, FX (b) IR T LI ICHEAERZEBHTATIC z FROERESFET S H
DL LTHEHL, ZOWNEHEL, ARSI 540Q L[FE —7 L0 —U A B —
H A 50 QEHFDHLET, 590 Q& Lz, EEIZHOWTIE, R —71voeEy —

A & LWEREZRFFOMBRER TRR L7z, £72, BENEEAME, BEEICH

___cable metallic
shield

50 Q

voltage source

540 Q
— concrete pole

(a) Equivalent circuit

___ wire representing
@ lightning channel

current source 590 Q

Q— concrete pole

(b) Represented circuit

Fig. 3-4. Representation of the current-injection point.

T — UL, REGRICE Y, EEROREITER L TRND Z &b, HEEED Y —
VREIIPAREAR TR T2 Z &N TE Do AR LTI, BRI o PSR AR T M R SR
DFEFEFS & OV i 4 2 e L 72
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W2 FET 70 —7 O A58 1 pF T EBHE FET M IV B L7 [3-12],
332 fEWT—XR

Table 3-1 (Zfftr r — A O—FE 4 R"¥, KN TIE, 4 DO — R DWW TR 21T
>77,

r— A1 TIE, ZRZEHRR & mEERN R W BRI W T, EAERI &
FETHEEAL V) Z51HHE LT,

Ir— A2 TIE, ZRZEHiiR7e U CREEMR 3 S B ICAMR L7IRiE (B2 iy 7
WELERR) I2BW T, yY—A 1 OHEAIZIMZ T, ZWLEEE VL, Z3HE Lz,
Ir—A 3 T, FEER3 5 &2 R | 52 BARICLRR L7IRie (ZRZE i’ &
HBELEM) ITBWT, F—R2 ERERRREIRZITo 7o, R —ATiX, HEAEBRIE
FE & BRZEHI A LTIV D Z & D, TS DGOV THEHRE L,
r—A 4T, 7F—A3ORENSEEZIY BRE, ZEZEHfR & &EBRO O
RE& L THT 21T o 72, TEAEEDE | 38 K OVE B RIS T D282 AL Vs & BB AE
TR 2 @ EERENMN Vo 25 H LT,

333 fEHTHER

Ir— A 1~4 OFRERER L ERFE R % i Fig. 3-5~Fig. 3-8 127”7, Fig. 3-8 (¢)
21, EEEMREN Vy 2 282N V5 TERT 25 Z LI L D RO TAMEGRORFMA
fbZRd, AETIE, DD, URIORTER, BALNEZENERIRIE 1 A
W=D T L THRIRT D,

BTOr—AIZHB VT, FDTD EDOFEFERITFERNRFE R OWEE2EZ R HFH LT
BY, BLEMRORESEZ MBS T 5 2 LIk 0 AT 206 2 A9 5 s
ARETHDL Z DR TE D, 2, R~ A v ol LIEASRIOMRITIL, $H—A v
Vo b LTI CHEAR A 1/150 IR L TR v, FHEAmE2IEKE L >
Bl EEAR 2 SRR B T 2 FIE DO EMME S RIRFCHEET 2 Z E N TE T,

U EOFRER I Y, Bl EMRERE Y — OMATIC FDTD 2 mE M 5 2 L IXEMIC+
TARETHD EWVZ D,

7d, FHEAER & FERPEERICTAE UM 2 RIZ o T, (1) 7YV AFEAEZGRDON
PR — 7 VO =V = A —EE L BT UTEE L TV D,
(i) FET 7’ —7 O ANFEEUNOHESR (AvrRa—7, Fu—7%) O,
(i) FHERRE, LOHENEZ LN D,
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Table 3-1.

Simulation cases.

Case 1: Stand-alone pole.

Case 2: Pole equipped with three phase
wires and without a ground wire.

point of lightning stroke

| TAH

concrete pole —

it

point of lightning stroke

IV,

S\ phase wires

[/ \

concrete pole —

it

Case 3: Pole equipped with three phase
wires and a ground wire.

Case 4: Three phase wires and a ground wire
only.

point of lightning stroke

ground wire
IV

SN phase wires

[//\

concrete pole —

a8

point of lightning stroke

Iy

ground wire ‘o—_/gg_E

35k
Vv,

phase wires
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—
(9]
I
|

—_
(e

current [A]
S
()]

o

| — measured |
o5 calculated _|
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15 20 25
time [ns]
(a) Injected current
I T T T T T T T T T T T T T T T T I T T T T I T
30 iz — measured |
— r ez calculated
< 200
2,
o 100
an
8
S 0
-100 =
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15 20 25
time [ns]

(b) Pole-top voltage

Fig. 3-5. Measured and calculated results of Case 1 (stand-alone pole).
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—_
(e

current [A]
=]
()]

0

i — measured |
o5 T calculated _|

I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1

0 5 10 15 20 25

time [ns]
(a) Injected current

I T T T T I T T T T I T T T T I T T T T I T T T T I T

300 - _==Ts — measured |

—_ ez N calculated
< 200 \
2,
o 100
an
3
e 0
-100 -
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15 20 25
time [ns]
(b) Pole-top voltage
I T T T T T T T T T T T T T T T T I T T T T I T
300 |

- — measured |
calculated T

0 5 10 15 20 25
time [ns]

(c) Insulator voltage

Fig. 3-6. Measured and calculated results of Case 2 (with phase wires and without a
ground wire).
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—
9]

- — measured injected current
ity calculated

—
()

current [A]
S
()]

0
. current flowing into one current flowing |
0.5 side of the ground wire into the pole
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15 20 25
time [ns]
(a) Currents at various positions
I T T T T I T T T T I T T T T I T T T T I T T T T I T
150 — measured |
—  r __z= N\ " calculated
< 100
T 4 v L
o 50
&
S 0
.50 -
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15 20 25
time [ns]
(b) Pole-top voltage
I T T T T T T T T T T T T T T T T I T T T T I T
150 - — measured |
— e it calculated 7
<100 TSR
2,
o SOF TSI
& A
8
g 0
.50 - i
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15 20 25

time [ns]
(c) Insulator voltage

Fig. 3-7. Measured and calculated results of Case 3 (with phase wires and a ground
wire).
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1.5 —
<
=
0]
=
=]
°© 0
N — measured |
o5 T calculated |
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15 20 25
time [ns]
(a) Injected current
I T T T T I T T T T I T T T T I T T T T I T T T T I T
300 - —— measured ground wire voltage
S calculated /
= [ T e
= 200 -
o _
g’ 100 phase wire voltage
S e g
0 -
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15 20 25

time [ns]

(b) Ground wire and phase wire voltages

40 _I T T T T T T T T T T T T T T T T T T T T I_
S30F 0 eomesaca
8
?, 20
[

210
% 0 — measured
o F -
1oL calculated ]
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15 20 25

time [ns]
(c) Time variation of the coupling factor

Fig. 3-8. Measured and calculated results of Case 4 (phase wires and a ground wire
only).
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334 FET 7O0—TDANBEDEZEN TS EDETER

FERTIX, Ay Ra—77 o —T%0ERDEELRIT D ENTE 20,
Z ZTlE, FDTD #EH#HAWT FET 7 —7 O ATIEED N2 WA OFETE BN
Vi EDWLEIEE WV ZRDLH, 7—A2BIRNTFr—RA 312250, FET 7 —7 0
AN B EZEY B3 E RS B2 45 4 Fig. 3-9, Fig. 3-10 [Z5=1, MhEH, ANE
B LOHBERERIIANERED  OFTEMERICHT, b ERVESB L0 —2
DIENKE L, LB FRVEDOMEN/NEL Ieotz, BE— 7 HOERITHRKTH 2%
THY, F—A2 X0 —RA3DHFMN/NEL, FEEBAM LD 30 LIEED A/ S
ootz LEDORFRE LY, FET e —7 D AN B BITEFERFICEELY 52560
D, FOREITNHIZINENZ D,

300 - —
g 200
>,
o 100
en
8
S 0 . .
> — w/o the input capacitance
qook T with the input capacitance i
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15 20 25
time [ns]

(a) Pole-top voltage

300 —
g 200
2,
o 100
en
8
S 0 . .
> i — w/o the input capacitance J
qoo b T with the input capacitance i
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15 20 25
time [ns]

(b) Insulator voltage

Fig. 3-9. Calculated results without the input capacitance of the FET voltage probe
in Case 2 (with phase wires and without a ground wire).
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I T T T T T T T T T T T T T T T T T T T T T
<
2
0]
en
3
S 0 . .
> I — w/o the input capacitance |
S0l T with the input capacitance i
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15 20 25
time [ns]
(a) Pole-top voltage
I T T T T T T T T T T T T T T T T T T T T T
150 —
g 100
2,
o 50
en
S
S 0 . .
> i — w/o the input capacitance |
S0k T with the input capacitance i
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
0 5 10 15 20 25
time [ns]

(b) Insulator voltage

Fig. 3-10. Calculated results without the input capacitance of the FET voltage probe
in Case 3 (with phase wires and a ground wire).

335 BERHOY—CAE—FUR

AT TR OERZIEN LTz & ZOFETHEN O v — 7 5% % ORI BT
NOEROMECTHRL TEHEOY—V A =X AL ERL, ANBERL, AE
B OHEEEBIOEIERNLROT-ELOY -V B — X A% Table
3-2 (Z"Y, FDTD {EIC X DRFEMERIE, ML, 7r—R 2 (BRZEHifRn /e
M) OV —I A o E—=H AN — 21 (BFERE) OfELY b/hE<, 77— 3 (B8
ZEHRRIN S DECFEMR) OV —V A LV E—HL AR —ZA 1 DALY L REL o TWY
Do TNHDOY—T A B —F U ZAOEHEIE, FRITRTEAFEROZER L ITIF
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Table 3-2. Surge impedances of a concrete pole [€2].

Calculated results
Case No. Measured results

w/o the input capacitance | with the input capacitance
(stand(-::li;:: pole) 302 296 283
(w/o a (;j(?ﬁnzd wire) 291 286 267
(“dﬂlaigjiid\whe) 333 330 302

—HLTWA, —FH, Y =AU E—X U ZADEFDOEDIZHONWTIE, ANMEEHY
DFFBFEENFERFER LIV S, 77— 1, 2, 3 DIET, 5%, 7%, 9% KZWFEHE L
VARV

3.4 FDTD EIC K HEERE Y — URFMEDORKRE

AHiTIE, FDTD %2 W CEMMECEROE S — UM 217 9, RNy A X
DOELER~DOEEE %2 BRI VIR TR L, SEMOBEEZ (LS L&D
DN LUEEOHEEZTT O,

3.4.1 $RERIERK

AIEAT I N T2 R AR DR & Fig. 3-11 1T, 7 KD B & EER 3 &,
ZRre i 1 RNERESNTZEE 301 m OBELOEREINTEBY, BEEIX 40 m
Thb, 7B, EADOREERIZOWTIE, BE®RT305m £ TE2HEL WD, K
FRNTCIE, BLEROPRIINLET HEE #H4) ~OFREZETE L, KEMLEOLEFL
Bl FERROFAEL [ % Fig. 3-12 (29, 72, BLEMRDEILE Table 3-3 (279, 22K 14
m DFEIICEEZ 15m OEEME EE S 0.75m OZEZEHREY NI (1T 5N TEH
D, mIEEHRICIE OC 80 mm?®, ZEZZHIHRIC 1T X v B 22 mm® AAEE L7z,
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relative permittivity 1.0

/
absorbing boundary
lightning-channel model —| 81.25 m
. current source representin
ground wire a return stroke P s
phase wires
#1\ #2 \ #3 #4%} #5  #6  #7
T I I I I I
\\
12.25
| 40m |, o
| |
V7777777777 Q77777777777 7Y 7777777777777 //)W77777T77777777///// 7777777777777 777 N T IY77 777777777377 477777777777
2.5m
. T . — o 10 O o T o o _
resistivity 100 Qm Om | 150.5m —————|

Fig. 3-11.

Configuration of an actual-scale distribution line.
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Fig. 3-12. Arrangement of the distribution wires and the pole.
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Table 3-3. Specifications of the distribution wires and the pole.

Item Specifications
[Distribution wires]
. Galvanized stranded steel wire 22mm’
Ground wire -
Diameter 6.0 mm
. 6.6-kV XLPE insulated copper wire 80 mm’
Phase wires
Diameter 11.6 mm
[Distribution pole]
Length 14.0 m
Concrete pole -
Diameter 250 mm
Hardware for supporting | Length 0.75 m
the ground wire Diameter 100 mm
Length 1.50 m
Crossarm
Diameter 100 mm
342 JREFEBBEORE
ﬁ%m@Jﬁ“%Tﬁ, S DO EREETHES CIE A MR O SR e A AL, —

FFHE WoTLEFHIZ, b9 —HFRFEITIN > TFHIUBHET 2 &) FERESIEE
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%@k%i, INEFEET 5 - OB TEMICERIRZ & X, FETT /0L ETEL
2o TR EE 1 A OB A FEA LTz, AT TIX, EEIRO SR 2 et o
KRETHZ N0, BRIEROWEIE () 2k TEH X, £OWKHE Tt % 0.03 us, 0.3 us,
0.5us, 1.0us &2 S E7= (LI, Tr=0.03 us OFEIREIE &2 AT v 7Et & FES),

i(t)=i,{I—exp(-t/7,)} (3-15)
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EHAE, SCHR [3-13] TRESNCEEET VA ES, MEEBEEHEOKN 1/3 T
BT5L91C LT, ZOFBEETNML, A X7 X ZADETEREFET LA ES
P95 2 L CIEEROBEFHEEZHL Y LESHI#ET L0 TH D, AN T
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Fig. 3-13.  Waveforms of the current propagating along the lightning channel model.
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300m £V HESHEELTNDD, TR 2 +0ilr L TIT o 72 AT v 7EIRIEA
REDFHRAERICL Y, SEIOMHTZEM O EN NV LEERFEICE 2 58I/ E
<, E—ZHEIZOWTIIAREFEL 2R L AR LTV D,

FDTD £# X OV EMTP % Hl W 2 Bl AR — VT O W 2 i35 729, EMTP

—72 —



¥ 3F FDIDAZAV-BREREY—UFM

current source representing
a return stroke

lightningcannel model '

phase wires

Fig. 3-14.  Structure of an actual-scale distribution line in the simulation.
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(b) Insulator voltages at Poles # 4, 5, 6, and 7 obtained by the FDTD method

100

50

voltage [V/A]

time [Us]
(c) Insulator voltages at Poles # 4, 5, 6, and 7 obtained by the EMTP

Fig. 3-15. Calculated results for the step-current injection.
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(b) Insulator voltages obtained by the FDTD method
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(c) Insulator voltages obtained by the EMTP
Fig. 3-16. Calculated results at the struck pole (Pole # 4).
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Fig. 3-17. Relationship between the wavefront duration and the maximum insulator
voltage.
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Fig. 3-18. Calculated insulator voltages at the struck pole (Pole # 4) with respect to
the propagation speed of the lightning return stroke.
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Fig. 3-19. Calculated insulator voltages at the struck pole (Pole # 4) with respect to
the relative permittivity of the space assigned to be ground soil.
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EMTP Works [4-3] ZfEtTY — & LTHEAL TV,

42 WEETILDERE

ERET vV [1-17] % Fig. 4-1 1R T, (ERET IV TIE, mEERE L ORI %
ZFA D53 EEGRIE T T VT THREE L TR Y, B %2 B O ®IE 0 E gt
JLTEHEL TWS, ZOFETAZHANWEZEMIP VI 2 b— g 02k, 62 ZOHE

YEMTP O3 AR BRI T T MZIX, B DEMEE TOERRNIEDO % FHL$ 5 CP-LINE £
F IV & F BN R 0 JEW B E A2 BB 5 FD-LINE BT L3 6 5, 8 — UffHr TI, 910 kHz
DL SRR BRI A ATk e e LT Y, O CIEE ERNFIE - EEICIRT 5 2
EMD, JERERFE OB I EE CIIR, RFETIE, FHEFEEE H CE7e CP-LINE £
FIEHNTWS,
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(b) Distribution line with a ground wire

Conventional EMTP models of a distribution line.
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INETIVEBRZFB LR RIS OV TR RS, Table4-112, E72dtREM279, &
OV =V &= F A Zpa, ZplZlE, ME/NETVEREIVGONTE [2-3] & H
WTEY, BEAERITKRATEZ5ER () OBMREEEA LV —F U A2 BT
HIEFLOWHNEIFIZ L 0 B L T\ 5,

i(t)=i,{1-exp(-t/7)} (4-1)

72720, o ri(ty OUWRIE, 7 :i(t) ORFERK
&ﬁﬁﬁ3mT4EL#5XT/7 ERATALIZE ZON W LREIEE Vi O EHIR
& BHERE R % Fig. 4-2 1R T, B (a) ([SIFZRZEHERN 22 W ECERROFE R %, (b) I

(FZRZEHR N S HELEROBERE R L TND, 2B, HALZAT v 7EIREE %/
B32 61311 ns &725, KETIE, iD=, LIBEIORTELL X OEREE

Table 4-1. Calculation conditions.

Item Conditions

[Distribution line]

Copper wire

Diameter 1.8 mm
Height 1.875m

Conductor spacing | 70 mm, 148 mm

Phase wires

Copper wire

Ground wire Diameter 1.0 mm
Height 2.0m
Line model Lossless CP-LINE model
[Concrete pole]
7 267 Q
) P21 (Distribution line without a ground wire)
Surge impedance
7 302 Q
pb (Distribution line with a ground wire)
Propagation speed 300 m/pus
Grounding resistance | Rt | 0 Q
Line model Lossless CP-LINE model
[Lightning current]
Current waveform io{l—-exp(-t/z;)}, 7; = 1.1 ns
nghtnlng channel 1040 Q
impedance
Ground resistivity 1.69x10™®* Om
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Fig. 4-2(a) TI%, E—27fIZIFT L T30, E—ZEA%OKIEN—E L T
WV, B — 7 fERT T ,ﬁ*#%i@%%ﬂ#%@ﬁﬁﬁ%b CEHRLTWE, =
ik, BB OBRBRNEREIRICIE L T Z &2k Y, HETEEMNFENERO
J%Lﬁbib%ﬁ%ﬂ Lﬁbfw<t®?%5 —F, H—WY—U A =K
A DATELBIRIEET M L0 BAHEZ B L T\ 5 EMTP f# T CiE, IEAEBRDIL S
Lﬁ@ﬁ%%bf@ﬁ@hiiﬂTé E— 7 E#% TIE, FHEMAR LD S ERFE RO
75733‘%%%37%6:?@2’) LTCW5, ZHud, aiaROEM BRI L TV BRI x

, BIEICEA SN2 — VBN K T T 25 & AT LW sT

/Tﬁ“t&bf% 0, K3 2 E NS & R CHEE CTh D 5 EmHE OV — Uk

I T T T T T T T T T T T T T T T T I T T T T I T
_________________ — measured |
----- calculated

—_

S

(e

L T T T
S d L0 Ly L

)
S
S
T
|

0 5 10 15 20 25
time [ns]
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(b) Distribution line with a ground wire

Fig. 4-2. Comparison between measured insulator voltages and calculated ones
obtained by the conventional EMTP model.
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HERD, ZHICKH LT, EEONW LEEE irﬁ‘@ﬁ%&rﬁﬂﬁéﬁﬁ® ELETHY,
SEHIHE BT EAFTERD & & B4 OAIRFEFFRY 0.5 ns 23588 L7221 h B2y D

43 F-LHEERSEY—UBITETILDRE

4.2 Fi T~ @R 2R BB SIE RIS 5 O~@DIRIE, ERIIR 2 RPAAYICTD
B H~7 A0 2 VHERBRATRASNLHARTHD, LrLoedb, £HZ b
IREHSNER A B E L 2 VWERE K TIIO~@DBER 2 WHEICEKI T 5 Z LA
T&ERW, TIT, KEITIE, WEMEESETER L BT, mEHE R EREL 2
D030 LHEEZ FE T 2 EXAREMIET VOMEZIT ), v~ 7 AU = VRN
METHLZLNDO~@IEIFEOBIG TH Y, ZiL b DR A MY O EAE 3 2 H]
WTHHET 2 Z &Ik D, DV LHEEEZEXEEmOMREN THE T %,
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431 BEETILOHME

42 HiCHEHE L7k ET NV OMEE B E 2, Hii- /il &R EMTP i1 €7 L & 42
ET 5, Fig 43 IZIREETT NV EZRT, IBETT VI, BV LREEE VI, Vi, Vi a T
XL EMICHERT 2 L) ITBEIND, MPTlE, EFEOLAGRICEESND
Rz, mEERE £ EOTHMANIR L TWD, RimSCTIE, ZRZEHRMA 72 W ELE
MOFHAEEZITHT2DD ERET VA LBRZEHBRN S DEEROFREZITHT2DO
(FERET/VB) O2HHEERET D, EETT/VTIE, EBIETER JOZRZEHIfRIC
Xy /U B AERMNINT S 2 ETA2 HOBGO%, B OEFH BT & EHIZ RL
WH AR 235 Z & TBIROQ@ %, ZR72ifk & @ EERRORE &3 O IWRF R REE: 2 FH R
THEERZMAINT 22 ETHELOEZEZEEB L C0D, ETTILONRT A—H T, B
RO — U RBRAE R & TR ET D,

UIF, fi/hETVEREZFICED, BHEFA L GHLETET Y V7 FIRZ RS, LR
D 432~434FITRTET NNNT A= IHME/NET KT HHIETH 5,

432 BHOETIL

EAEDET T, ﬁﬁ%\%%%®$m@ﬁ@%Aﬁmﬁﬁ%%7w3Lfk@
FUCAREI TR R D F 22BN IS T b, 7ok, EETT VA, BIZBITD
RO EBRBEET VO — A VB —F VA Zay Zpld, 5%, mwmﬁ#@
WELEERR B L OB N S HERO—VER I VELNDEREOY—T 1 v
=X AEET D,

4321 BHRHOBREROEKRIE

BEAETHER OEALIE, FER OB E > TR EA 5, ZOREZERIEICE
BT o7, F¥ /XU F X Co BT ST 5 [4-1], Cp DI, ZRZ2H
BRI T2VELERRIC AT » T B EEAN LT & & OTEEBEMNORIERE N GRET D,
i/ NET VEBRAFNZE VD, CoDUTEFIEIZ DN TR D, ZRZZHIFRE AN 72 BRI
AT TERAEEN LT & X ORETEBEMORIENE % Fig. 4-4 (779, 22T, EA
Bing (4-1) ReTHLE, BBRSMESRKET L EX Y /XU F A Cy, DFHA
BbETET Y U ENEBREORTEEN wt) 1%, k"X TEz26ns ((H8k B 2%
R)

o

va)=n@{1— i exp[_{j+ fa exp(_{)} 4-2)
T, —1, 7 Ti— 7, Ty

72720, Vo vty OIURIE, 7a: TF VOREE
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Fig. 4-3. Proposed EMTP models of a distribution line.
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Fig. 4-4. Approximation of the pole-top voltage waveform by equation (4-2)
(without a ground wire).

HEALTEAT vy 7TEREEZ (4-1) NCx/h il 358, 6=13ns £KED, 5
%\ C, Fig. 4-4 OFETEHENMNE — 7 HE TONLH EN VL% (4-2) TN T3
T D E, m=3.6ns G015, 728, Vo DIEIFZRZEHERN 72 W ECER O SEERIC
THROLNEEBREOY =V AV E—F U A Zy (5267Q) [2-3] £ LTS (RETI,
2 TOWKEAENEBRINAE 1A M7= 0 ICHB L L TWATD, F—I A v E—a
ZNENZ D E BN EFEIC/2 D), Fig 44121, ZOREEELALE TR, &
IS, CoIIRNTIRETE 5,

q:;aﬂ3ﬁ (4-3)

pa

ST, 2O XD RENM EFWRIEOEBENEET D5 HIEXINE TITH W D0
IINTWD, BIZIE, SCHR [4-6] TIiE, JEMEFRMEL 7o 7oRIC L D RELT 58
WBUEAESEISET ADBEREIN TS, ZOFTFIVIERIES 75 A L /) —RlE
ICE AR AEE L-FETH Y, BFAT A—F OPREIEFENIER I\ HEME L 72 5,
— 5, BT TI/VIZEMZ: RCWAHIRIFKIZ L W #HT D5 THETH DN, Fig 4-4 (-7
LI DOEEE +DICHERSHBEL WD, £/, TN/ T A—F(ZHON
THHIEREN S BEEMICIRETE S, Lo T, EETT WVITENRERTFSEET v
FOLEHANICEHTODL LV Z D,

4322 ¥ E—FRADOEKRR

EAEIZEA SN —VERNS KME T 5 & &, AT EEnEEsyiE 2
R, BRRETIICIE, TOBREEET S TEE LT, XESEOBEMEM 1 v
— B ABRERET DT DB R INT-TE [2-12][2-13] WS, ER LA %
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“ﬂﬁﬁak,ﬁ%ﬁﬁ%ﬁ@%ﬂﬁi@%W%%ﬁﬁ@%ﬁT#6% Ry, & A&
7 5[ VA Ly OIHNEFRIC , FAEORA ‘/1:“—5"“/70% PEA T D, s

, EEREOPEHIRIL, ﬁ%mﬁ_rfmw@%mﬁf =R+R, D, WD
ﬁu_ﬁoTRflm%LTb< ik [2-12] T, mw%ﬁ%ﬁﬁé%@%@%%
BIEIZ AT v B EIEA L E X OSBEITMATAEREE LY Z Z2RDBH%A
DRI ITND,

Zf—th_(l_z -Z

es tw (4_4)
Z,+Z; Z,+ 72y

712U, A o KHUE D 5 O N BIE T 2 RO BT G, 1y 0 KHm )
O ORFHE D ETATRE LT OB EE, Zw: $EOY—T A v B—H
VR, Zes: SREEMNOHRTZEEA L E— X R ERTEHBOY—V A =
v ADFEMBI R G A = A
PRIEABHEICE SR, 4-4) RE2RERICEHAT 2, fNETVEREZAFICLEY
Z®@%kwéomg¢sm,mﬁmﬁﬂ%5mﬁﬁ ATy TEIREFEA LT & &
DEIERAT D ERBE 27T, FEY, 1h=045A, =074 A B 5F6N05 (In
DAL, BFFH) 15 ns~17.5 ns DESy & BiZl 17.5 ns~25 ns DE4y Z BRI The/N il
L, ZDORRELVRKRDT), Zyw OIEIT, ﬁnﬁi&ﬁﬁ)%éﬁﬂﬁn‘?@%% ZTHELNT
BREOP—VA L E—F A Zy (=302Q) [2-3] £T 5, , AN D BT EE
M@%VE—ﬁyxa(:mmg)&%%i@ﬁ%htmﬁﬁﬁ@#~y4/t~&
YA Zy (=495Q) 23] EFHWTKRKELVKE D,
— leg/2
® Z+Z,)2

-

=200 Q (4-5)
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time [ns]

Fig. 4-5. Waveform of the current flowing into the pole.

— 89 —



F4E EEROBY—CHEFTETI

BAEHI, K% @-4) RITRAT D &, =91 Q ERkFE D, Mi/hETNVERTIE
RKHENZHRPLZ I S TICEEER L TV D 2 &b, Q=0Q'C%éo\j%iD,F%
RO E 72 D,

R =Z,-R =91Q (4-6)

Lo DI, Bk & EHENOY—VElREHE p=1/c (I : M EEHDOEHES, ¢
) AHWT, RATHRETE S,
L, =k, R, (4-7)

k DRDIFTIZHONTIE, 434 HiTib~ND, 22d, M EHSOEHRS | TgIlEEN
DT EDD, KIZINICEDRWREE RS,

4323 EEHEEMDORIA

MW LMEEE, @EReEMN (Thbb, JEReOT Y (T rEick ﬁﬁ
DEN) & mEEBREMNDAETHD, - T, ﬁmb%%i%mﬁmﬁﬁﬁét
1%, @EBSEN 2 EMREICEET 2 0NERH D, :ﬁﬁ%i@%ﬁwﬁ%’mbﬁ
BTV EERADOEAMIL, FHEEEMEY I TFT 5, 2, EFETLY LF
BILOBRA I, KME2 O ORKGEDOBEPRA R 25 Z &IZIZ T, 42 HiTlk
N2 X 9T, BAETEERSCE LR 4 O BN BRI ORI E > TR NI EF LT
K ZEITERNT D, —Mxp972mE 1 BIRROECERR T, SEATEE & &Lk oo MbEix
1 m AR THhY, HEIEEME SERSEMNOZR I »THLT, 2Ly, HIEE
AL & B EBIA BN &% LM & 772 LC, Fig. 4-6(a) (" T K D IZEME 1 BEO M
Ko MELMEEET )V L BHEOENM EFORMFELRET 5F v /S Z 2 C, D
ﬁﬁAbﬁ(u%,iz(l&%rwJ&@&)f@ftf%%biz@wo—ﬁ,
Bl DN I3~ 5 OB L v, EATEH & @ ERSOMES Im K bR
ﬁu,ﬁﬁﬁukmFMé%u@%ﬁik%<ﬁéo_®t@,1&%?»%%mk
MU LTI E O RAERITFERFE R L —B L <2 b, £ T, Fig. 4-6(b) IZ~T X
IR R M EEARIEET V% 2 DI L, FETHEN & & ERie BN D 7R 2 5%
BT RREA LV HE T Z VA LyOWSIRIEEINAT 12 BET V) ICXY, EiE
GRS 5, 7P, Fig. 46 FOT v aNIiL, EETNVBICKTHNNTA—FEEK
LTW5, EET /AT, EFEHE SEREeOREL =1mAZHZE LT, 1B
BTN E2BRETNEMEN DT L E LT 5, 2BEET VTR, BT VOBARERN
ZNEWVNIT ATy BB, AT, 1EET VLD LRFZIADMNL 72 D720,

T2.2 BioHE/ e T NV EER [2-3] T, ZRZEHERA WL EROFETEEN & 23 LIEEED
%Eﬁ%ﬂ?%okomﬁﬁﬁﬂﬁwm@ﬁfi,E%m XD @EERENO EHITIFE
WNERNWEEBZLNDT-0, BV LEIELE=ESEReENE T s,
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fa
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R, Ly
Ry
(a) Single story model (b) Two story model

Fig. 4-6. Proposed models of a distribution pole.

RHAEEM SIS D, #Eo T, BARE L CIEETAEHRET S, 1 BTV ClE
PLTERWEEDR, 2 BRETNAVEMWD, 2 BBET VDT X —Z OYGE N 1% L
TERTS
REETT NV AICBIT D ROEIE, RN WELERIC AT v T EBIRATEAL
kk%@ﬁﬁ%ﬂt—?ﬁw(=49&ﬂwh%%ﬁt—ﬁmwi@,WﬁT&E
T2 (M, Vild, HEAERDRME 1A M7 0 A L7 fH) .
R =V,-V, (4-8)
La DfEIE, Fifi& R, k &2 TR TIRIETE D, Zod, AKRHio RL WF[HE]
s & piE T 7B RL SEAIEIEEIE, W3S RER ORGRIZ o> TEATEOE
BERDBIERR L T Z EICRET 5B 2T 2K TH L Z &b, [ URFERK
L L7,

L, =k7,R, (4-9)
2 BE O RSHEBREET NOY—I A L E—F VR Zy, Zpld, WKLV KD
2

2,=2p, Z,=2,-R, (4-10)

F7o, W EERSOEERS | EEmERe LT OERRS L, LI, =L+ @
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BER® 5,

— 7, ZRZEHIIRIN B HELERR T, 2SR & mEBERORAIC L I EBEREN
NEASTLZ &ﬂ%@wt% B+ mERSEMN 72D, Z D), (4-8) LD
EETIVBI ﬂfﬂg@ﬁ%*@é EINTERR, %_T,%%%?wAaﬂ%
CRREET VA, Bl DBIEDY =V =R Zay Z ZFANT, AL
DIRET D,

’ Razpb
"=

pa

T2, MEETTNABIIBITAEOMDONRT A—=421%, WXL VRD S,

(4-11)

’

La :kTpRi ’ Zpl :Zpb’ sz :Zpb_Ri (4—12)

433 ZETHhER, BEEHEOETIL

ZRZEWHRL, SIEEROET IV E LT, I#RET /LB OAITAIINT B EIEEIZ OV TR
RD, B, ETT /AR DEEEROTT MINEKR LBV LM O 5010 EER
KETNDOIHRTIU,

4331 ZEZEHBEOEBHRLEFEORE

ZRZEHIR DAL, FEM ORI EE > T EFH3 28R A2 Ty D TEM JRE Dl
IR LTV, #BEET VB TlE, BREEHICHERT 5 C IR T, ZofktEx
ﬁﬂMﬁ:ﬁﬁﬁéﬁﬂw\/&/xtz%%M®%ﬁkjﬁuéﬁmﬁé ZRZEHHR DN 8> D
BLEERRIC AT v T EBRAIEA LT & E OHTHEM OB ERE G C, & Cy DERKF
¥NVHUAC (=C+Cy ZKRW, ZIEV Cg DEERET D, M/NET VIR
ZHNZE D, Cq DWESTFIEIZONWTIRAR S, BEZEMBRN H HECEMRIC AT v 7 Et
AL & & OFTEBEN O EWRE % Fig. 4-7 779, HEALTEAT v 7 EREE
% (4-1) R TR/N I 5L, 6=14ns &EREDH, 22T, 4-2) XDz g il
BEE#z TEZ, 57 ZH\T Fig. 4-7 OFEEEMNME—ZEETOSLH B #5 %
(4-2) X TR LT D E, B=29ns NHEHND, Fig 47120, Z OUTElE 5
bEDYETRT, RIS, RZEMBNH DELEROBILEDOY —T A L E—F R Zy &
WIEMBR DY — VA V= R g DERA v E—F R Z X, FEREVELNT
if (Zp=302Q, Zg=495Q) [2-3] ZHWTKALVKRED,

Z.,Z2./2
) :Pb—9/2136 Q (4-13)
Zpb+Zg/2
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Fig. 4-7. Approximation of the pole-top voltage waveform by equation (4-2) (with a
ground wire).

INEY, GIFRATRETE D,

C =17,/Z =21 pF (4-14)
BASEINZ, 43218 CRE LT Co=13pF Z VT, CoidkDfEE 725,
C,=C,—C, =8 pF (4-15)

4332 AW LEEEFHWHET HETIR

ZRIEHIHR N 8 D BLEEAR D3\ LIEIE ZWERET MK W EE T 5 &, Fig. 4-2(b)
_mfioﬁﬁ A & FRFEROERNETC D, Tk, 42 BTk X 91,
EMTP (ZB) 2 54 @ HHRIE T T /L CTIRZEZe fifR & & E B O & N B Ik &
hé@ﬁﬁbf,%ﬁ%fiﬁ%@@u_&ofﬁ%ﬁ_ﬁéWRmLfm<kwf
Hb, ZTONPNLIBEEDOEREZMET L7720, F%%?»Bf@,mg¢mnmﬁ
TEIICELER e, &, 6 2 FHOEEEROImICERT 5 [4-1], b OEER
OfEIE, ZRZEHFRIZETR RN LT & BRI T 5 TEM IIREDFRE S T HIE L
T,ﬁmﬁ%f%ﬁ_ﬁéﬁﬂﬁﬁéio CRET D, Fig. 4-3(b) (T X, &
FH O B EBRRFENT Vor, Voo, Vs AT E LT, OB ER . & b DfmizEREk Gs) @
INEERD, T EWNVHDOELEZ e, &, & LTHESHS,

G(s)=1- I _ %S (4-16)
l+z,s I1+7.s

ZRZEHIR N B HELFEMR T, FEEIRTH 2 EAE & KRR TH 520221 & & E
BEIROBRMEMEL TSN D Z L b, BERO T — VR R 2 W T 2 H
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7~ KDOPREFELEEDLYET4348iThR5,

434 k& DREARE
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HMENREH D) ELTHWDZ ENAREETHY, 4k, AITHROBRERTICE
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DOWT, FREEREFEAREROESEZROT2EL, TORMEZFNEE T 5, Ml
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¥, Ay ANTERBIHE LCRBR OB TH 5, k B b ST & & OFHmfE
DOEAL% Fig. 4-8 \Z-T, ZHED, k=09 LRFE D,

WIZ, BRZEHIR N & HELEMR O FERFER LIREET VL B ZHWEHERB RO &
DiEZE RO D, 728, KIZRHRTRD-HEH NS, 22T, EMTP a2l —3 9
YOREEAE DI T HTD, BRZEMKE & mIEERO R OIRIES T 5 & EEREA D

FHFER NS, BREERDIGEES L 2RO 5, Fig 2-2(a) DFEBREEICBWT, EFE
IO BRELREHIR & mIEEROLOIRIEL U, RZEHIRICAT v TEREEA L
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DAEEREET L EF v /XU H VA Cqg DFAB DR TET Y 7 ST 4R2E 1k
EOFRERIT L VAU D EIEBBREN vt (X, KX THZONRD ((H8k B 22),
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? —t 7’ —t
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S exp(‘—f]} (4-17)
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72720, Voo & Vpn(t) DICRAE, 7y (= CyZy) : ZEZEHKRE T /L DIRFEEL
HEALTEAT v 7ERKEEZ (4-1) N TR/ TFIBITSE, 5=15ns EKFD, 5
%\ C, Fig. 4-9 OEEEMRENMNZ 4-17) XN TR/ ZFEBT D E, & =6.1ns
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Fig. 4-8.

Relationship between k and performance index.
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Fig. 4-9. Approximation of the phase wire voltage waveform by equation (4-17)

(without a pole).
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Relationship between 7 and performance index.
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Fig. 4-11. Measured results of the Fig. 4-12.  Calculated results using
distribution line without a ground wire. Model A (without a ground wire).
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Fig. 4-13. Measured results of the

distribution line with a ground wire.
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Fig. 4-14. Calculated results using

Model B (with a ground wire).
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lightning channel
impedance

Zy |l
R L .
TV-I TV'z TV‘3 | distributed-
|2 sz | I ' 1 parameter
o—|—————
Rp Lp o—{|———
R E (phase wires)

(a) Model A (without a ground wire)

lightning channel i L
impedance distributed-
1 parameter
i line model

___________ ' (ground wire)

-

:

\Y/

o3 | (phase wires)

R Ly T

e 7T 7777

(b) Model B (with a ground wire)

Fig. 4-15. Proposed distribution line models.
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Table 4-2. Model parameters.

Item Conditions

Z,1=226Q,Z,,=205Q
Concrete pole | R, =21 Q,L, =0.803 uH

Model A Cp =102 pF
Grounding Rp =67€Q, L, =2.56uH
resistance R =36 Q, (Z; =103 Q)

Zyy' =263Q,Z,, =239Q
Concrete pole | Ry' =24 Q,L,"' =0.918 uH
C, =102 pF

Cgy =57 pF

Model B | Ground wire (C, = 159 pF, Z, = 126 Q)

Phase wires 7. =38 ns

Grounding Rp =67Q,L,=2.56uH
resistance R =36 Q, (Z; =103 Q)

L L AL L B L BN B LI
<200 N N double exponential”
Z,
o, 100
S
S 0 measured
-I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
0 0.05 0.10 0.15 0.20
time [Us]
(a) Case 2 (without a ground wire)

ISOET T T T T T T T
< 0l et N double exponential |
Z. 100 | (7,=20ns) |
gu 50
g 0 measured

-I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 I-

0 0.05 0.10 0.15 0.20
time [Us]

(b) Case 3 (with a ground wire)

Fig. 4-16. Approximations of the pole-top voltage waveforms by double exponential
functions.
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HERFONW LIMEEZIE LV THIT D Z ERRD LD, Fig. 4-18, Fig.
4-20 1L & H1Z Fig. 4-17, Fig. 4-19 |28 L7 BHBACERICBIT 2 AR 2 B < B
LTWb, Zh&V, #ETT VL, BIREOY—VIRENME L 72 5 2087 BB
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7o Z FEHERERICHND Z R EHNTH DL Z L bR TE T,
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= =
G G
step current - - T;=05us | step current ——— - Tf=0.5us -
0.5} e T=03ps —— Ty= 1.0 us - 0.5} - T=03ps —— T;=1.0ps A
Ly by by b by T YT [N TN T T T T ST ST ST SN T T SO SO WA AT ST S
0 0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20
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(a) Injected current (a) Injected current
rTrTT T T T T T T T T T T rOTrTr T T T T
step current - step current 1
200 200
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> >
& 100 & 100
s £
S E
0 0
'''' - Tf: 1.0 us
c.+ . oy I Y T W N (N SN TN SN S AN SN ST T T TSN T T N MY ST S S
0 0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20
time [Us] time [us]
(b) Insulator voltage (b) Insulator voltage

Fig. 4-17. Measured results of the Fig. 4-18.  Calculated results using
distribution line without a ground wire. Model A (without a ground wire).
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Fig. 4-19. Measured results of the
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Fig. 4-20.  Calculated results using
Model B (with a ground wire).
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THAELZ2EIEEREZ 2kQ OEIiZN L CHRERICEA LT, 2k, fEER
DXFFHIFIAM ZHND Z & T, EXRWFHEICREZ 5 220K 51T Lz, Table 5-1
12, RFEBRTHOWZHEEE OB E 23, fElERICIE, B<MEH I TV 5 Table
5-2 OEME T2, SHABICOWTIE, #0333 THEKEL 3.2 mm, EREHFE 38
mm?, 100 mm* @ 3 O DV E#E (LUK, %% DV 3.2mmJ, [DV 38 mm?|, TDV 100
mm?| EPFESR) RV, BRI OWTIE, #HO%k 3 TEMAREL 2.0 mm DI
D VVR 7 —7 VB L OO VVE r—7 L0 2 fiE (LA, 4% [VVR 2.0 mm],
[VVF 2.0 mm] &MES) ZHW -, DV &#t, VVR 7 —7 /L, VVF 7 — 7 /L OKrik
% Fig. 5-2 13", DV EMEE VVR 7 — 7 /I3 KOMLEIR Y BoXT-#HETH Y,
VVF 77— 7 VOO0 372 <, 3 RKOBLPKECEE SN TS, WTINDE
MY, MDA MEERMEENES L TWD,
SlLARR, EWNERRO LR 2 — VR 2 O E 5720, REBRTIE, R
ﬁ’ﬁwf%m@@i VLA (EAH, WA, A L TE 2 D MREEETE & [ U
, FMOBEIE, EREZS 1REEE— R, F2REKE—F, KHFEE—F
_QMLT%zé%—kﬁm(%~b@ HOTERIZ OV TIE, STk [5-2] 2Bz
&) ZBEALT, T— FERICBIT A2V —I A v E—F 0 R L EIGEE 2 JIE LTz,

current
2kQ  \_ | 9m .
JW nod |
vt /
@ Ig)lelilseeirator voltage festwire 0.5m

777777777777777777777777777777777777777777777777777777777777777777777777777777

copper sheet
Fig. 5-1. Experimental setup.

Table 5-1. Measurement instruments.

Instrument Manufacturer Model Bandwidth
Oscilloscope TDS784D DCto 1 GHz
Current probe Tektronix CT-1 25 kHz to 1 GHz

DC to 500 MHz
Voltage probe P6139A (C =8.0pF*)

* C: input capacitance
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Table 5-2. Types of test wires.

Test wire

Type

Service-drop wire

DV 3.2 mm, DV 38 mm’, DV 100 mm’

Interior-wiring cable

VVR 2.0 mm, VVF 2.0 mm

COIldLlCtOI‘ COl’ldllCtOI‘ . . conductor
insulation ) )
insulation
insulation
sheath sheath
(a) DV wire (b) VVR cable (c) VVF cable

Fig. 5-2. Cross-sectional views of a DV wire, a VVR cable, and a VVF cable.

2kQ
— a
o o
pulse v o °
generator
(a) First aerial mode
2kQ
pulse v b o
generator
C
(b) Second aerial mode
2kQ
— a
b
pulse Vv
generator c
7T
(c) Ground return mode
Fig. 5-3. Measurement circuits.
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(a, b, ¢ FHZTEE, KHZIFHEKE T LEMRMT) ORERK THY, 3 FH—FETE
MEEANLT & & OXHELEEZRAET 5,

522 SRERMER

HEM AR ZE LT, DV 3.2 mm ([ZT 5 #ER 4071 5, Fig. 5-4~Fig. 5-6 13,
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R, %2 SEgEE—F, KHFRE— ROV —UA U E—F X Zy), Zn), Zo 13,
ISR T 2 ECEE T EEEEEE AN T, WLV EHTE 5,

\% 2V 3v

T Z<2>—§’ Z<0>_i (5>-1)

Z

Fig. 5-4, Fig.5-5 TILHEEZK 90 ns LAKEIZ, Fig. 5-6 TIZHFZIK) 65 ns LAKEICE T D
BOEEBED EERROINE, 2L, K)o DN RN EmIZREE L7720 Th
%, AHITIX, Fig. 5-4~Fig. 5-6 OE/EHEIZIE T, Kimh B O SFHE H bhm 12 E)
FET AR Z LY, FRED 2522 Z O THRT 5 Z 212k '— FEkOx
MR E 2R HT DT

2TOHRERICHOWVWT, FEROFIEIZLVRDI-F— FEBEOYV—T A v E—4
A CAGHE E Ofi 2 45 % Table 5-3, Table 5-4 [C”3, #RVFRD DV B & VVR 7
— 7 NZOWTIE, R E— NEF 2 H/MHEE—Foy—v /o v—F 2t
CIEEEOENRE L —H L TEBY, BIEA v —& v A0 LTV D 52 PRIEHE

P, U U E—H U R Z, CREINAN, AETE, BEO-D Z TERT
Do 0B, IATD (1), 2), (0) 1%, H4H1HMEEE—F, F2HREEE—F, KHUFE
F—REERHFLTEY, UKL ZoERLE2AND,

TR RO, BREIIBREELV LELS 2D, AHiTIL, BEEORBICHREE %
AWDZ & T, ZORELED-GIEEZRD T\ 5, 728, DV EMHfE VVR ¥ —7LZ
LT, BMELMEEDL k=V {1+Qrre/p)’} (27201, re: B, p: R0 Abt
EyF) ZRHDHE, £41.001, 1.005 THY, BEREOMEIMENTH D,
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Fig. 5-4. Measured waveforms of the first aerial mode of a DV 3.2 mm wire.
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Fig. 5-5. Measured waveforms of the second aerial mode of a DV 3.2 mm wire.
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Fig. 5-6. Measured waveforms of the ground return mode of a DV 3.2 mm wire.
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Table 5-3. Measured results of modal surge impedances.

First aerial Second aerial | Ground return
mode [Q] mode [Q2] mode [Q]

DV 3.2 mm 45 43 971

DV 38 mm’ 40 39 828

DV 100 mm’ 39 39 752

VVR 2.0 mm 37 37 1011

VVF 2.0 mm 61 31 992

Table 5-4. Measured results of modal propagation velocities.

First aerial Second aerial | Ground return
mode [m/us] | mode [m/us] mode [m/us]
DV 3.2 mm 207 204 276
DV 38 mm’ 230 233 278
DV 100 mm” 233 232 283
VVR 2.0 mm 187 186 276
VVF 2.0 mm 199 182 276

ERIMLTET VT THIENARREEZ LD, BT — ROBHEEIZ OV
TiE, e e (=300m/us) £V HH22~39% L RESIETFLTWD, ik, HRHE
WE— RO TN EICHFER & (B 2~3) OiEHEY 2 EIRT27-20Th
% (561 Hi&MR), —JF, KMIFKEET— FOLWEEICOWTIE, ETEA TS
EBR 1 OELXT 2T 5720, BEHE— FOBRE LT g ICHVVEE 25T
Wb, 7ok, KHUFEE— FOGHGEE T ¢ LV HHRKT8% BEMXTF LTS,

53 5lARR, EBREHEDET ' 2T DEE

AEITIE, 1ERNPOHOVOLN TV ABIEEROFHEFIEIZESNT, SHARB LD
EANBRROE — RO —T A =X A ZEFE L, BHERELE 522 #HioFER
FEROLE N OET ) UV OREEEIT 5, 72720, Y=V A v E—F U ADOFHE
\ZF W DT OASHHE (2D TS, Table 5-4 O ERNEZ WD Z & T, DA
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EEET D, T, BROBOGE LR MOLGEIT0 T TIERDFHAEFIEEZ T,
531 RYKRDIGEE

PROBLITH D DV EFLLE VVR 7 —T 2 HONWTIE, 528 IRE LT E 51T
Vo BFEROBHCA VHE IR ALy EAHEA VU E T XA Ly IR TH 2 b5,
2h 2h

L=top=2, | =Fop=t (5-2)
2n T 2 d

72720, h: BROH B, r B RRER, d YA S 2 ROEERO LR

BE, o ELZEHREH
SEEPRIETCITMEA v =X U A L TR Y, 1 AREERE— N &5 2 A
T ROA LSS A Ly, Lo BEL 2D ZORMEE—FOA w7 5%
Loy (Lo BECKHIRET— FOA 227 220 A Lo KR THA B,

Ly =Li=Lm Lo =Ls+2L, (5-3)

ZHED, BT — N & RMYFRE— FOEWEE cu), co) ZHWT, £E—F
DY —VA L E—F R 2y, Zoy 1ITRKEVRE D,
Zyy =CyL-

Z) =Co)L4

) (5-4)

(OR

532 FRYRDIGE

FERVBRD VVF r—7 /I HONWTIE, BEA V=X AR TH D720,
BRI 2@ LeHEEZIT ) FEEROBACA VX 7 2 A Ls BLOER T L&
KjOMEA L HZ 7 2 A L%, "R TEZLNS,

LMo 2 Moy 20 (5-5)
*2n 'o2m
=77 L, dij DK kjﬂ:%;‘,ﬁgj O HM ] PR

ACEZBLE SN T8RO FuinHER 1, 2, 3 LfET DL, Fig 5-2(c) 1R T X
T, AR 138K 2 B X ONER 22— (K 3 OFULMEEBEZZE LWy, 2hb &EK ]
—BR3 OPLHERHIR D, &Y, Lp Ely=Ls=Lyn) &L =Ly @
EiIxER s bD ey, A F 7 %2475 [L] 1Tk THE 2D,

L I‘l 2 I‘l 3

S

[L]: L, L Ly (5-6)

S

I‘1 3 I‘1 2 L

S

= OATFNTH L CEA T 2 L Ok d 5 2 Lok, ZoEAMmE LTH
1 B E— R, 5 2 BT — K, KHIRKE—ROAL 227 %2 A Lay, Ly, Loy,
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EA X7 b L CEREBITING LN,
INEY, FE— FOBMEE cuy, Co) Co ZHNT, HFE—FOY—TA L E—
XA Ly, Zoyy Zoy IFIRAELVKRE S,

Zyy =Chlay» £y =Sl o) =Colo (53-7)

533 RBHERIHAEHROLRK

53.1, 532 HioOHEFEICLVEH L-E— FEROY— A v E—F v ik
Table 5-5 (Z/k9°, F£7=, Table 5-5 DF+HAE % Table 5-3 O SEHIE & tblk L CHl#E D7
B (=|[HEME]-[ERME] 1/ [5ERNE]) 2 FH5E L 7oA R % Table 5-6 (2R, KHURE

Table 5-5. Calculated results of modal surge impedances.

First aerial Second aerial | Ground return
mode [€2] mode [€2] mode [€2]
DV 3.2 mm 52 52 928
DV 38 mm’ 49 49 806
DV 100 mm® 45 45 746
VVR 2.0 mm 48 48 1003
VVF 2.0 mm 79 38 977

Table 5-6. Difference between measured surge impedances and calculated ones.

First aerial Second aerial | Ground return
mode [%] mode [%] mode [%]
DV 3.2 mm 16 21 4.4
DV 38 mm’ 23 26 2.7
DV 100 mm” 15 15 0.8
VVR 2.0 mm 30 30 0.8
VVF 2.0 mm 30 23 1.5

VEMERATING, A RBREY A B — & ZLTH ERREHN T RS Z o 24T OFE & %)
ﬁaﬂ:?‘é EMBRDOLIND, LLAEND, SHARSCENESROMEE ST I ¥ o A 1T
X, FHEFRORL HESEE T OBREMEIRTIL, ?k&bé EINTERY, ZDEH
e ﬁg¢@ EREMLS 2 EITEE L <, BURCIEEB R ELEOBMELRFEIKDL S
e, —J7, VVE7r—7 UL, RO BETIEH D %@@ KHUZXF U CHKERDONLE D
FRERIC & Rt b7, EEABATH E EMABATIINZER U EE 2 N5, LLEXD,
KRETIX, A Z 7 H 2 AT 6 EBREBITH Z RO TN D
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T— ROV, FEHE L RO ZER N R K 4% BE L /NS WD, BREKEE— R
IZOWVWTIE, WTINHERENRKEL, 30% OEBREZATTWHIERD H D,

52 HiOEBRFERB L OAHORFHER LV, 51HARKR, BNEMROTT U > 712,
WIZRTO, OQDEFZEEBETHLERD D,

O BLHARB L OBRANEARO SR ITIEIR S — A Z2H LRWEKRER THHT2D,
AT MG E L FR E VI FEROB R HIEAEE T 2 kT 5, ZhiZ
L0, BEEE—FE KRHMIGKT— FOBHEEICIZIZENE L 5,

O (5-2), (5-5) RPOMEA &7 %o 2% b2 580%, BRI~ TEEKRM
BEEEDN o REVEVWHIREDOEIZEH N TS, LL, SHARBLUORE
R, BED & O MR EMMEANES LIBETHY, ZoFM2mEL T
WV, D78, HEROFRETIETIE, BEET—-RFoVy—Y 1 -
A FHIZHET S Z LN TE R,

54 BlARR, ERNERBROETVIFEDRE

53 MiTHRELEZET Y L/ OBBERE X, JIARE X ORNEMROHT-/RET
Uy PEERET D, ETHET Y V7 TETIE, £— FEERICEL Y, o
WET BT 52E— FERICELXT A2 ERT 2T — NI L T, %F— RO
WEICEMEZ WD Z L TO%, HEEE— RO —2 4/ v —F o A EE %
AN ZETQEBET S, ZNCEY, MEEE— FOERENIFH X, ok
R, MEEEEZ EMICHET LN TE D, B, AROMHRERIZIT, BMHEH
ENTVBREMRDZRE LI L b, O — 2B THEE 4 LR
N, BRI K > TUIRAR 2P A XAOEREER T 256655, 2T, FHMHE
MBI WERERLS O ERIZ OV T, BE, ERECET U > 7T 5 Fik% 5.6 Hi
Tk 5,

LLF, #R0BOGE EIFRVBOGEZ T THlzET ) v VB EE TR T,

541 BUYEBDOETILINS A—4A

5.3.1 i L [FIRR, BREEEIUET D, 77205, & 1 RMEEE— N L5 2 KT
— ROV = A U E—H R Zy), Zoy BIEEHGEE ¢y, ¢ DA ELWERET
a3

BT — RO =V A B —F U R 2y (=2p) BIMBIHIEE ¢y (=cp) 129
Wi, £ E Table 5-3, Table 5-4 DFERIEZZDEEH D, RFmLTix, #HHE
WE— RO E UTH | SEKE— FOFERAEELHWD, 7ok, HHEEE— FOET
WIXBRM 2 BT D720, TOHV—VA L E—F 0 A XEROM EEic Lo 2L

1
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720N,

RKHUFHEE— ROV —T A U E—F U R Zp) IZOWTIE, BROM EFEIC L0 &1k
T L5, BHlEE OERN NS Do RO AETEEZAVWTCENT S, 72,
KR T — R OEHGEE co) (2D TIE, Table 5-4 OFERNEE AV S,

W, RO BOBEDEIREHITINC OV TR S, BRFETIE, Fig. 5-3 D%
T— ROBEIE, B & BMHOEE, BIRAHAICEKROT HEHITIELT, 77—
7 DEHATH [5-3] AT D, 2k, ROBOGEOBRERATY] [T] 13X
ATHIOND,

1 B2 12
[T]=1/31 0o =2 (5-8)
1 =BB/\2 12

542 FERVEEDETILING A—A

BRERT— FEE 2R T — ROV =20 v E—F R 2y, Zoy B X MG
HEE ¢y, Coy IZDWTIE, RV BROGE & [FER, i E 4 Table 5-3, Table 5-4 O 32
EExZD0EEHND,

RKHIFIEE— ROP—T A U E—F R Z) IZOWTIE, FHHME L DR/ S
ST EMD, EROEAMMETZEA LHEE21T9, 5-6) XA &7 %2R
TN L CREGMEMT 2 AT 2 2 &I2 k0, £E— RO X7 XA Lay, Le,
Loy B L OEREBITINGEOND, ZD9H, Lo ZHANWT (5-7) XLV, Zg 2K
D%, £z, RHIFEEE— FOGIRIEE ¢o) (22T, Table 5-4 DFEHMEZ AV 5,

RIS, FER O BROBE DBREBATINC OV TR D, LD L ) @RISR E L
TR e — R & RHUREE— ROV —2 A v =X U 2 E W56, UG
TOHBMAEBITINESD Z LIIES TlERV, T74bb, KIBKE— RicHist 5
FRATIE DN TR, BESR D [E A EMAT T35 TR D B A THI D sy 2 15 2 MBELH
HD, —J7, BEPET— RICRHST D e VT, 5.6.2 8 CHIRT 2 8RR £ —
ROV =T A o B—=F U AOFEMEZ T T D X 5 ICH I L2 EREHATS DSy
EEOMENRDD, TOXIIEMERTET Y U FEICE VRO IZEREITH &
(5-8) ROEBEIREHATH [T] ZHET DL, TNOLORKRYDAERIT 2% BETHD
ZEND, KX T, HHEOZOIFRVBOLGEIZBNTY [T] 25L& L
T 5,
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543 HBEETI

EMTP-RV [4-3] D53AT EEMRIETT VI, & 5 ERE TOREBED % FET
% CP-LINE &7 /L & REZD RO JE W EFEEZ FBLT 5 FD-LINE €7 V23 5, HY
— VAT TTIE, 9 10 kHz DL EO SR BEB A x5 & L TR Y, Z Ok Tk
BEBMEEEMICIRT 2 2 0D, BEEREOEBEIIEE IRy, iz,
FHARRE L OBRABROMEERIT@FENZ LD, BRE2EETHIHE TR, #f
ST, KWL TIE, MHEK CP-LINE E7 /L& AV CHLEARRE X OVRNEHR 2 15 3
%, CP-LINE E7 /VITFHREIFEENHE TR B, 54.1, 542 §iOETNINT A —
B (=T A E—F R, GHGEE, BREEITY)) EEETOEFEANNTDHILET
ETNVEETE D,

55 BEETILEHW-=EMTPIalL—>3Y

54 HiOWMBET N EHWT, 52OV —UEREFHT 5, MREREZRE LT,
DV 3.2 mm |29 2 3 ERE R % Fig. 5-7~Fig. 5-9 (TR d, D=, RXIZIE, 5.3
HOWRFIECEIVET Y 7 LESGEOHERELADLE ORT, B, WERFE
WZEBETV I TIE, FF— FOGIEHEZ o & LT,

Fig. 5-4~Fig. 5-6 OEWFER LRBET N ERAWTFHER R L KT 5 &, FHERE
RITENFEREZ B HH LTS, —J, Fig. 5-4~Fig. 5-6 OFEHIFEE L 1tkeT L
RO HEERIC i%iﬁ%%m ¥#lZ, Fig. 5-7, Fig. 5-8 DMEET— FOFHE
FERICBIT HERIIREN, ZLV, AETRELIZET U V7 FEICHESGHA
R, BNERROMHTET L, ERMIC D RITREEZ A L Tnd EnR 5,

56 EAENGWVEROETY VT FiE

54 FiClE, FERMEIZESWEET Y 7 RIEICOWTHl A, 22T, FEHIE
N7 WHERER S OERZ TR ET Y > 725 FEICO W GRRS, BT, £
— R OMEHEE LR T — RO —V A v =X U A EFHEIC LD EHT 5
FEETRT,

Y53 HOFETIE, AEOETV U OMETH D [MEROFETETITREEE— Ko
=T A VE—H U RAEEMICFHE TE W &) 2R T 2D, %Hﬁ@h%@f%
FOEEFHNTWD, T72bb, 53 HOHREIL, ARKOUERFIETITARL, —HFENMIC
6wt$%&&ofwéo$%®%%$%m,%%ﬁﬁé<ﬁﬁb@w%%?waﬁf@5
D, S5HITIE, KT— ROBHREEZ Y ¢ & LTz,
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LN B B L T T T 7 T
80 - 7 i .-'
g - T ';' 10 -_ /____________________"
= 40 1 @
3 1= L -
0 — proposed model i 0 — proposed model _
L conventional model { L - conventional model |
| T Y U AN TN SN SR (T ST SO S T SN S S N SR’ | T YN SR T SN SR NN TR TR SO NN TR TR S N T S
0 20 40 60 80 100 0 20 40 60 80 100
time [ns] time [ns]
(a) Current (b) Voltage
Fig. 5-7. Calculated waveforms of the first aerial mode of a DV 3.2 mm wire.
T T T T T T T T LI T
80 - . /
=t ] S ,’ 1
= 40 . Y | I ]
0 — proposed model | 0 — proposed model _
------ conventional model | ------ conventional model |
| T YN SR T SN SR NN TR TR SO NN TR TR S N T S | T YN SR T SN SR NN TR TR SO NN TR TR S N T S
0 20 40 60 80 100 0 20 40 60 80 100
time [ns] time [ns]
(a) Current (b) Voltage
Fig. 5-8. Calculated waveforms of the second aerial mode of a DV 3.2 mm wire.
T T T T T T T T T T Toq o=
80 |- .
I 40 +
: B =
|:| . (&)
5 g 20
5 [
— proposed model | 0 I
------ conventional model | |
| T YN SR T SN SR NN TR TR SO NN TR TR S N T S | T YN SR T SN SR NN TR TR SO NN TR TR S N T S
0 20 40 60 80 100 0 20 40 60 80 100
time [ns] time [ns]
(b) Voltage

(a) Current
Fig. 5-9. Calculated waveforms of the ground return mode of a DV 3.2 mm wire.
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5.6.1 E— FEEOIGHHEE

T— REIROMEHGEE IZ W T, ENRLEESE (LK, [EEEER) &
FESY) ZHWTEIR T2 FEZRET 5, &I, HBER & OEEZ R 21
TR OIEIEE clX c=coV & (72721, co: ) &7 2 &b, £E— NOBHk
WA cy (i=1,2,0)0 1%, wTHZLND,

Ciy = o
7272l & (i=1,2,0) 1 H%E— FOFELFER
(5-9) RUTHEH T 2 IR HFFER e OEIZ DOV TIE, Table 5-4 1T L2 &R O
RGEE O FERIED RO T B % HLITRET D,
G, EERD &6 2RkD D, (5-9) XELEET DL, KANELND,

2
CO
g = L 5-10
(i) [C(J (5-10)

(5-10) D ¢y I Table 5-4 DFT— FOFRMEZRAT L2 LIZLD, ThLIUK
8T 5 & LT ENTE D,

2 TOMHRBERIZONVT, (5-10) REVEH LTz &g OfE% Table 5-7 1287, #
EE— FOEHFER ey, e 13, TR EREBOLFERTH LD,
EAROREAZ L ITEVMEE 725 T b, DV &R 2, VWVR 7 —7 /L& VVF /-
— TN (&) 1IR3 TH D, 72721, IRV RO VVF 7 =T LD ) [N TI,
FeDE(L (b AH) 2BAMODIREE T Z & A THEIAIOERRM (a tH—c 4HH]) IZEE
DI S T2 G B WD THER T 2R LEEERTH Y, &p £V /NI DOfEL
8%, Fiz, KHMIREE— FOENLFHFER e (IR 12 TH D,

(5-9)

Table 5-7. Effective relative permittivity.

&) & 2 & (0)
DV 3.2 mm 2.1 2.2 1.2
DV 38 mm’ 1.7 1.7 1.2
DV 100 mm® 1.7 1.7 1.1
VVR 2.0 mm 2.6 2.6 1.2
VVF 2.0 mm 2.3 2.7 1.2
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VIERY, BRI OBEROELN LA ER e OIEIZIT, EROFEIIIS T T
FROMREMEZERET D Z L2 RET D,

562 WMEEE—FOY—SAVE—45UX

(5-2), (5-5) RHFOHEA v X7 2 A% b2 5%, BHRERIC A TEKME
BEN T RENVEWVWIREDIKIZEH I TS, Thabb, ERN/FEROH.LE
WALD EAEL TS, Lo, SHASLENERRE O X 5 18RRI EERE VWS &I
TR L0 EIITEERF 2R > T b 2 L0 b, ZEEADEENR 2
FRPCED D = S TEEL <, BUR CIIATRERIELEORMEHEICKS S5 %
B [5-4], F 2T, FEA VX7 X ZADFHERIT SN 72 8 A B T 4 8 1 4
HZZLI2XY, BERE— ROV — A v —F U AL REERLEHET A FIELERR
T 5, SR 2B R FEEE OISOV Tid, Table 5-3 O EMR OB T — KoV
— VA = F A EEFET S L OISR IEE BRICRET D, LT, OB
Ba LRV ROGE T CTHETIEEZ R,

562.1 RYBRDIEE

BEEROHACA VX I X AL X, ek ELY (5-2) Kb oHAEXTEA BN,
FHEA V27 2 RO, ROFTREXNTEZ LD,
L =t 2r,1

2n  d
2L, d R A D 2 AROEROZAMN 7 o R

RETHHETETIE, BEEE— RS ¥ 7 2R Lgy (=Lp)) %, (5-11) K

DL ZAWTKRAELVRD S,

(5-11)

Ly =L -L (5-12)

LY, BEEE— ROV =V = F R 2 1TRKEVRE D,

’

Zyy = Coy L) (5-13)

728, (5-13) KD ¢y 121, 5.6.1 8D (5-9) XLV ELNLMEEHVD,
5622 FERUBRDIEZE

5.3.2 Hi & [FEE, EAMANZEHA L35 2175, FEROBCA LV H 7 XA
Ls 1%, Wk EBD (5-5) RPOHHEXNTEZ BN D, IR 8K OMEA L F
BRI HONWTIE, ROFT=RAEATEX 65,
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2h

’

[T
- =—1]n
L” 2n (.

1]
iU, dy AR LR | O 7 v R
RETHHEFETIE, BEEE— RO Z 720X Ly, Lo &, (5-14) Ao
L' HWEIROA o H T B AT [L'] & DRD 5,

(5-14)

L, L, L
[L]=L, L L, (5-15)
L, L, L

ZOATHNIR L CEA AT 2 L Oa b5 2 L2k, ZoEAEE LTH
EF—RDOA U H 72 A Ly, Loy Lo, BEAENT MrE U TEREBITIING S
5, ZTDIH, Loy, Lo ZAWT, H 1 REEE—FEFE 2 RHEE—Fo—
AV E—H ALy, Zoy FRKRLVRE S,

’

7 =—c. L.’ (5-16)

Z (2) (2) =2

L

Coylay »

O I 0))

¥, (5-16) D ¢y, cp 2%, 5.6.1 8D (5-9) XLV GELNLEEZHWD,
5.6.2.3 i) 7R B RGE PR B

(5-11), (5-14) U3 5 A B AR EEREC SN TR~ 5, 6, HEER
DEAT 70 KR BB A R 0 B, = OfEIE, Table 5-3 OELERBHR ORI T — ROV
— VA F U AEEBRT 5 L5 IcE A b,

PO ROBA, (5-12) RELH L TRAZH 5.

’

L =L -L

m S (1)

(5-17) iz (5-11), (5-13) KEMRALTEBIZER T L, kKANXHGELND,

(5-17)

d’= 2h (5-18)

exp 2n { L, — ZU)}
Lo Coy
(5-18) D Ls 1T (5-2) ROFHEAE, Zy), cuy [ZEHE 4 Table 5-3, Table 5-4 OFEHI
EEMRATDIZ LIk, BEEE— ROV —T A v E—F U ZANEREE T D

A BRI A 2SS 2 LN TE B,
IRV BOGE, EAMEMET OBEN D D720, ROBROLGED (5-18) XD L9
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IZFRATII 72 N EH T2 2 E R TE R, (5-15) XA o H 7 & 2 21T % [E A fEfiE
Bric L v stk d 2R s kTR TT,

[T7[L] [T]=diag(L,, Ly, L)) (5-19)

X5\, HREERHE dy (=dy), ds 2Z2%E LT, (5-19) RUTHEHSWTE 1 B
T— REFE2HEEET—RFROA U F 7 2 A FHET AR EERICRATET,

L(l), = fl(du: d13,) (5-20)
L(z) =f,(d,.d;)

(5-20) XEERT L L, RADELND,
fi (dlz”dl.’),)_ I‘(l)’= 0 (5-21)
fz(dn ,d13 )— I—(z) =0

(5-21) ROESTIERIE H R 2 BUER 72 RAGFHR FIEIC L VR 2 & T, HRkE—
ROV —T A B —F 2 ANERNE & — BT 5 S Mp0 7038 R FEEE dy', ds' 2455
ZENTED, B, (5-21) ROFETIE, ROEEHND,

*Ls : (5-5) OFHRE

L' : (5-14) Kz dyy, dis' 2UA L 7EFHEE

* Loy, Lo @ (5-16) KD Zy), Zoy BE D ¢y, Cp) ITENEI Table 5-3, Table 5-4

D FEREZ A L TRD A
A TEICIE, Bl20E, MATLAB [5-5] (2R84 fsolve & L TEEINTWDH HD
WD L, AERBEONERATHRESGL Z LN TE D,

2 TOHREBRICOWNWT, ERROFIEIC X 0 RO 722000 72 B8 (R R iHEf 4 Table 5-8
(R, [FIFERICIE, EER OB AR W R RS I OV 72 38 (A R & SRR o0 AR [ e
DZEDETRLTWS, Flf 728K E R, EROY A B L Y 24
RIpoTTWD DD, EEEOERMEEREOMNSFIREDOR I LR > TS, 12k,
IRV RO VVF r—7 0V TlX, 3 KOFLBKFECEE SN TEY, ds'=2dy &7
ORT VTR FIN T JEEZE T D Z LI 508, Table 5-8 IZRT L 912 dis'=2dy
EIELTWRY, 77205, BEKEE— RO —I A =& 22 50IE & —2
SEL0, AR 3 ATRIROBLE L 272 LTS Z LIl D,

PLEX Y, BRI OB O FEMA) 72 B8R M FERE ORI 1E, SRR OB R R
DYFHNDEIAERETDHI LERET D,

PIEPR VU BRD VVE 77— 7 /UL 3 ROFLLBSAKEICEE TR Y, (5-15) RrTL91g,

A H 7 H 2 ALTE) L] IERATAE e D, T KDY, TOBEHEE LTH LD Ly, Lo,
Loy (X538 E725, 7ok, MPMTHIOERMNEL TH D Z LI, HFEMITEH Sh T\ 5,
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Table 5-8. Comparison between equivalent distance between conductors and actual ones.
Equivalent distance | Actual distance Equivalent distance
between conductors | between conductors | / Actual distance
[mm] [mm] [%o]

DV 3.2 mm 4.74 5.60 85
DV 38 mm’ 9.30 11.4 82
DV 100 mm’ 15.0 17.0 88
VVR 2.0 mm 2.69 3.60 75
VVF 2.0 mm 2.79/4.63 * 3.60/7.20 * 78 /64 *
* Line 1to line 2 / Line 1to Line 3
563 ETE#ER

5.6.1, 5.6.2 i CTIRE LLEMENRWIGEDET Y 7 FELZHWT, 52HioY
—UEBAFBL, 5.5 HiOEREIZESNZET U >V FIEIC L B EERER L
T 5, EERELREL T, DV32mm (BT 5EHEMER % Fig. 5.10~Fig. 5.12 |/~
o FHNED & 5556 OFIHERR & FZHER 2 W5GE OFHRE R OZRIENTH Y,
FHER 72 WG EDOET Y U T RIERFSERANTH D Z EBHRTE 5,

57 F&EH

AT, Jod, RENRIAREB LOBNERRICOWT, £— RERO»—T A
VB H R EHRE OWEEITY, N0V —URHEAIALNE LT, 72,
Y=g = RO FERE & GER ORI EBGHE TR X DR RO ) 5,
PERFIETITMMEELEOFHBEREMITN T2 2 L 2E L7,

WA, FRUEIZ LS W25 AREB K OBENER O 72727 U v 7 RIEERE LT,
RETHETV U7 FIETIHE, OEITERSHEIEE & ER L W) EEE T 26
5L LRSS B0, — REGmIC XL Y, BiSiEBE 2 e 5T — R & i
TR BRI T D — FICOfEL, KT — ROMRIEHEEICHEIEZEH L, OKT
LTI E— ROV —V A U E—F U RAEEMICHETE 202 LITin T2
7o, EEE ERILMEEE— ROV —V A o =X AEE#EHA LT\ 5, ek,
FEHME R 7 NRER R BRI O ERIZHOWNT Y, PN ET U 732 FEORK
NEITS T, BT T /UL, B E— ROV —VIRE 2 ERECHETE, Z0OME,
PRIEJEEE 2 EfEICRHE T 5 Z &N TX 5,
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0 AK— with measured values

------ w/o measured values
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(b) Voltage

Fig. 5-10. Calculated waveforms of the first aerial mode of a DV 3.2 mm wire.
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Fig. 5-11. Calculated waveforms of the second aerial mode of a DV 3.2 mm wire.
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(b) Voltage

Fig. 5-12. Calculated waveforms of the ground return mode of a DV 3.2 mm wire.
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6.

1
AR, & EE R A OERICHEWVIRTEL L CTO D IRERI O G E 2T 5729
1%, ®IERLEMROH 722 O PIRERERSCTFEFTRM b B OB AT A2k E L
DEERNBEAT) ZEDEE LD, FEETIE, HELEROAMMICER S
5%Lﬁki0ﬁ%% IZHiEE SN D ENERROV—VREEET Y > ZIzon
THEH L7z, EEORE /XTATm,@ﬁ,%ﬁﬁk@ﬁ%ﬁ@%ﬂ%ﬁ%ﬂk%
TihlfReEs (7o X7 T L—h— L BRI D) BER SN DD, ThbOEF— Tk
PEIZ DWW TIE A R RES 23 e STV Ry,
AKETIE, BEERERESICLIVEYN—UNEEFMBEAL TEEE, EHEH &
EILH REF D ERPIFFENFEZANCRET 2 HEBRE/LICH L TCED XS s
FKAET M HOW TR 5 [6-1].

6.2 EAHEE, BRFIRB[OEERELBE

wakde L OVENHIRAR X, FREEEMEICEY 11T b 5 HoRbm O & )R T
%5 *ﬁ A, %@%Wﬁﬁ@gw#%wmﬁ i EE L EE N &R
INDH, AETIE, BUE, R —INTE L L TV A AE I &t mstoxtg &
T 5, Fiz, PEHERICIE, BECE ) &R, EIRHIIREE & ISR OZ THFE
3MA30A] ObLDEHWS,

B D BRI, ERAEIC LV EEEERORREEIISCTCT A=y 280
Mg % mlls S, ZohEs%Z, L AV CFRRER ITET 5, HE D&
%, ZOX) REERBICEKSX, %WM’ﬁﬁﬁﬁ%ﬁ% FrRTLHHLDOTH D,
—J7, EIRHIRERL, EREO—KFERIZHIT 2EHEROEEMEN LTINS b
DT, THERL EOBRNIND &, A NVOEMKS|I IERIZ LY nfEhEk 23,
TEL CHEREMKT 5,

e D BEE & BIRHIRAS O ML L[ IX & Fig. 6-1 1251, FRES 2 13k
MTHY, Bk 1-2 [#, ﬁ%s 2 W23 100V, #RE1-3 23200V L7825,
B &R & B HI R I, HgGluT?iD Z, NYRZEQEY— UL
TR EZ N TR, Hgam»@%mﬁﬁ =it T, 7wi:¢A@@WW%@%é
BDHIOOERTA NN 1S—1L B LN 3S-3L w1, BEZA LN 1S-2S B L O
%-5%%%L%Aém1méf@&ﬂm@@mﬂm%fiJS4kaO%—m
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voltage coil
e .
current coil
Jaurrent coil
power
supply Lol &k load
i ) ) ( i
sie 15[ 25 35 3L ToL ToL S9€
2 .
3
(a) Mechanical watt-hour meter
power
supply |oad
side 1’\ S 11_ side
1 2\ % \N\/ \9,
28 WAVAV oL
2 O o
3S 3L

(b) Current limiter

Fig. 6-1. Circuit diagrams of the apparatuses.

TERBIRLENEET S X1, ZNED A T EWITRE TR LTV D
R, RO 2S, 2L ITWTNHEFELORETH 5,

6.3 MIFEADET T

AV —H AT T IAFEHNT, HNE S &5 & BIHIIRE O E I E R
ZRT D JEBE R A RE Lz, WIEHEBIL, MBOBHCA v E—X 2 R LR O
HAEA L E—HX U ABXOT RIZ Rl Lz, KHEB IR T 2 HE R O —fF] %
Fig. 6-2 IZ7~7,
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impedance analyzer _ :
Hc : high-current terminal
Hp : high-potential terminal
—OlLe 5] A Lp : low-potential terminal
00J0/0) Lc : low-current terminal
1L 1S
o— 2L 2S—o
o—3L 3S—o
apparatus

(a) Self impedance (Line 1)

impedance analyzer impedance analyzer
LcLp HpHc LcLp HpHc
S— 1L 1S —9 o— 1L 1S —9
2L 2S o—{ 2L 2S
o— 3L 3S—o o—{ 3L 3S—o
apparatus apparatus
(b) Mutual impedance (Line 1to Line 2) (c) Admittance (Line 1 to Line 2)

Fig. 6-2. Measurement circuits.
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HERRZMAER LT, ENEFHCB T M LOACA v B —F v X LK
1-2 o7 FI & o 2O EEFERER R4 Fg. 6-3 129, £z, EiidillRaE
2OV b [FIREZR B e B M e s 3R % Fig. 6-4 1233, Fig. 6-3(a), Fig. 6-4(@) ®H
A VE—F A, WIRSIAWEEBICE D AEZ 90 © 12, fifie 1 o4
IR ALERRLTHEREWIZ ERbD, 72, Fig. 6-3(b), Fig.6-4b) »7 KI ¥

ZAZDWT B [FERROFHEDS R O A, MR v "X Z X E Rt 2 b,
I HORHEE, B0 TORERRICB O CRRICHER S,

BB D — DT T, BAE O — DI & 7 2 R S & 6h B &
42 0.1~10 ps O RE[E FEIR DN IFEHT TR T o D, IE[H] & B BT DO BAfR & 72 D72,
AT % G2 DO BFE I IX 100 kHz ~10 MHz O A fEkic T2 EE 2 b5, =
NEY, IMHZ IZBI 2 EAEZ WA VX7 2 AB LS vy /"X o A&
T2, %%“@4/&7&/2%i0%kﬂ/&/2%1MHz:%Té%@ﬁ;@
B LA A Table6-1 12”4, £7-, Fig.6-3, Fig. 6-4 OffascHiE M1, 1 MHz
@%ﬂ1iU%ﬁbt%/575/2%i0%¥ﬂ/&/2@%r%ébﬁfmb

10° : : : : : 180 . . : : :
2 | —— measured 1 = [
319 [---- 092 uH (1 MH2) 8 wof |
< 10" F 1= _ ———
S10°} 12 0
£ i
10 -
10'3 l l l l l Q-_18O i 2 l 3 l 4 l 5 l 6 l 7 ] 8
10> 10®° 10* 10° 10° 10" 10° 10° 10° 10" 10° 10° 10" 10
frequency [HZ] frequency [HZ]
(a) Self-impedance (Line 1)
10-2 T T T T T 180 T i i I I
108 measured . | = i
@ | 77" BPF (LMHD) g oo} -
= i i
2 10° - % of
%’ 10°%t - % -
= 107 - {4 < -90-_ |
108 - '

| | | | | _180 [ | | | | ]
10> 10° 10 10° 10®° 10" 108 10> 10° 10* 10° 10®° 10" 108
frequency [HZ] frequency [HZ]

(b) Admittance (Line 1 to Line 2)

Fig. 6-3. Measured frequency characteristics of the mechanical watt-hour meter.
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103 I I I I I 180 T I I I I
102 L measured B I
S|l 0.48 uH (1 MHz) 8 ool ]
3 0 I | E : M//—
210°} 12 0
510" 1 8 00|
€ 102} - | &9 ]
R S [
0'3 > 1 1 - I I I > _180 1 1 1 1 1
10> 10® 10* 10° 10° 10" 10® 10> 10®* 10* 10° 10° 10" 10®
frequency [Hz] frequency [Hz]
(a) Self-impedance (Line 1)
10_2 | | | | I 180 T T T I I
10—3 | meaSlJI’ed ] § i
?10_4_---- 14 pF (1 MHz) | & 9 i
S .5 Q@ -
2 107 - c%? 0
g 10°F 1 8 -9}
Ei107ft = 1< !
0-82 P Y - S 8_180.2 ' PV — ' pe -
10> 10° 10* 10° 10° 10" 10 10? 10° 10* 10° 10° 10" 10°
frequency [HZ] frequency [HZ]
(b) Admittance (Line 1 to Line 2)
Fig. 6-4. Measured frequency characteristics of the current limiter.
Table 6-1. Inductance and capacitance values of the apparatuses (1 MHz).
[tem Line | Mechanical watt-hour meter Current limiter
1 0.92 0.48
Self-inductance [uH] 2 0.054 0.13
3 0.81 0.45
1-2 N/A N/A
Mutual inductance [uH] | 2-3 N/A N/A
31 N/A -0.26
1-2 25 14
Capacitance [pF] 2-3 24 14
3-1 14 69
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TW5, Table6-1 L v, #AEHEIEB LOERKREGRZ, BEIOL X T H A
EWHNDF v RN HZ A EFLTNDD, WTiLh 1uH L/LT B pF AT & Aled T
INSVMETH D Z ERbnd, £z, B L ERE 3INEKMITIZIENF2MEE TH
HZELMERTE D, 2B, HEA VX7 X AZOWVWTIE, WINLIEFIT/NE 72
ETHY, BIRHIRBOBE 1-3 OB D (BRRIED 2 A VD& FHNRITH
He, vATADEERD) ZERWTHIERE TH -T2,

6.4 BEEATLPOEY— N

AHEITIX, 6.3 HiCTHIE L7-HmE ) &it & B R O BEXBRRED, Bl
AT AHICHAA ENTREEIZRBW T, BRELICG 2 BRI 5, (M) &
JIH SRR SEET R SRS OB BLEMR A VT, BB R AR L 7 EHRLORD
ER—TREZF G AR OE Y — VU ERR A FEhE L7,

6.41 ZEERAX

R BRI OB HBCEAR L, 23 10D Fig. 2-2L1Z/Rk L=k 91is, M ADa AEL
m%ﬁm%%@%%ﬁéMTk@ HRIZ430m TH D, AFEBRTIE, OC60mm* D
LB 3ENEMENTEY, KD 1 5L 11 SHTIEKNRAECRNE I
A %éﬂfbé PRISECSNIE 3 MRS CTH 0, EREIRIZ 80em TH D, A
FEBRTIE, ZORBRARERODRIAIEST D 6 SAE~DOHFERLEE L, 6 51T
B2 moa gt RBANVK2m THY, o EEICE, BREAOZOIZHEH
U 7o BRZEHIR B S (HF BT b, a0 RE & SEHOA 7V ATEE I
A~5KV FE L WHOWENRH D [2-14 Z End, KEBRTlIa U HoFm & 8k o A
W= F = EBEL, 2 AEOTER, £ EEEIROID 175, HEREo 3 &
T A BN S, TNENRZEMGEY), £ EEIEROBEMIR, #i (6 SHE W
R EL R LT 6 > O HRR) 1o LT,

FEBR[A] I O BRELE B L OEEZEZ T SO 2% < Fig. 6-5, Fig. 6-6 [~k 7, &
B S5KVA O EZEJERR % 6 S AEICRRE L, i b s 6 m OALE 2> 503D DV 3.2 mm
DEAREGIEH LT, 6 5F2 5 20 m BN/ AU IIFREFE S T e it L7-AK
ez, i Em3mof@ECERLVSIEH LEsIAREZ -, S5, ZOK
75 20 m BfEAL 72 ST B N BLRR O R 2 B L 7o AR 250 T, #0348 3 D VVF 2.0
mm O = NECHR A BLD 3T 08 & 2m T4 ﬁbto%mﬁﬁﬁgdkio 5 i il PR
I%, Fig.6-5, Fig.6-6 (2”7 &L 912, FTFEZFZIT R ZHHE Lo ARSI AR Rz
i L7z, 72k, 5liAft & BB O G X, @IEERO T W ﬂbf (B AT
L L7,
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wire representing

R ea/ lightning channel
phase wires | |: ,
pulse A
generator
36m \
T

L d

Cd L

and current limiter
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— / .
T interior-wiring cable

500Q | 10.75m pole-mounted ™~
% / / transformer mechanical watt-hour meter

interior-wiring
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20m
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No. 6 consumer end of interior
entrance wiring

Fig. 6-5. Experimental setup.

service-drop wire

mechanical
watt-hour meter

current limiter

Fig. 6-6. Photograph of the consumer entrance.
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BAEDTEENZ, 23HOEY— U FEER [2-4 THWEZPGA#KEL, PG L X 5T
SRiE E 7 IR0 U 7o BB 1 > O AR TESIC M CEIMZ A L, S EICIRE
B 2mm O = WEERE AW TEY, Fig.6-512737 X 912, PGB EE LG~
#1366 mMOBEEETYL B, ZIMOHAKEHAICHE 24 2 TEHH 10 m OALE
FECHML, ZD%g& TP CHi bl T 500 Q OIFPTTEAKI Lz, 238D Fig.
2-25 TR L7 PGICHBWT, BHEEEROMIIAER T 2l 5720 a 703 G o
% 1500 pF, 700pF, 50pF L &b &¥ 52 & T, T 2 10us, 05us, A7 v 7k
b SH7z, Table6-212, AEBROKMPEFITIZI T 2HEER 277,

6.42 BlIFEAE

RGBT T2 E B OB & Table 6-3 IR, BFEFZ T A8 L ORAERD
KIZBWTIE, BEEY 7 —7 P5100 |2 L 0 xf it %4, Z#~7 v—>7 P5205 2LV
MEEEAZRE LTz, 6 FHEICBIT DIEABIRICOWTIE, 2.3 HORIESE & [FER,
W —TnENLTHE L, Zd b, HERITEL ns OLH B30 Z2+43 Effe
ICHIETEX 2D THDLENR D,

6.43 XEERFER

AREETIE, 5lHARRE BAERR ORI ) &5 & BIRHl R 2 H L= 7 — A
1L, 20 E2HH LW THIEARR E BNBRR 2 B L2 7 — R 2 D %179,
ZAUC LY, U ) & & EBIRHIRER S TR EFE M AT HERELICG 2L
AT D, BEEEEROKIEE T, 2 10us, 05us, A7 v ke Lzt EnE
HEER (K oEL - EREIE) 2N Fig. 6-7, Fig.6-8, Fig.6-9 (/"7 , Z D
fERE LD &, HME T &Rt & BIHIRIS N AT HEYA VX7 X A LW v
WRUB U ADEEZLY, r—2 1 (BeA ) OFREIT —X 2 (HEaiEL)

Table 6-2. Measured quantities.

Measurement point Measured quantities
Pole No. 6 - Injected current
- Line current
Consumer entrance - Voltage to ground

- Line-to-line voltage

- VVoltage to ground

End of interior wiring | Line-to-line voltage
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Table 6-3. Measurement instruments.

Instrument Manufacturer Model Bandwidth

Current probe Pearson 2877 300 Hz to 200 MHz

DC to 250 MHz
Voltage probe P5100 (C <2.75pF*)
Differential probe P5205 E)g tf?log 'Y')HZ

Tektronix P

Oscilloscope TDS784D | DCto1GHz
Optical isolation AB90BAS | DC to 100 MHz
system

* C: input capacitance

DERPETAHE AN TREIME T L, £OIERFZNENLD, LLRNRNL, Zhbo
ERITVWThbENTHY, FHEEETEIRETHD,

CLEX Y, #NENEH L EBIRAIRIRIXES A X7 X AL W F v v H
A THHETEX DM ZA L TWAER, ZOEAKIIMD T/hEL, ZNHEEH LT
B — VT 21T CHFEM EEBEN WX 5,

65 F&H

ARETIE, TFEFFM I S5 E ) &R L OVETHIREF O HE Y — VR
WCHRET 21T o T2, JA < — BRI K LT % BAR 3 ot EE ) &tk L OVE
TREIRSR A Mat SR e LT, £, A v =X AT FIA4WFITLV, FnFhs
HAROEKFREZHE U, BalE &5 & BIRHIRERIXES A X7 2R L
WANF ¥ X Z 2L TNDLN, THEIN LuH LT, £+ pF & T/hS 72l
Th o7,

RIZ, BB AT LI T 28 aNE &5 & Bl Reas 05— VR 2 e
T 5120, BHEEALAE L ERBEORER —FEXIARDE N —VEREIT-
2o ZORER, BLEMREBREICIVEN—URTFEFMRA L T, S
JiEEHR L OVEHIRE: O EKPFHE N R EFANC R AT HHEIRELICE 2 D2
TG CEORETHLZ LWL E LT,

- 133 -



(c) Line-to-line voltage at the consumer
entrance (Line—to Line 0)

¥6E BHAEHSIUERFIRFOETY— N
1'0_|""|""|""'|"_ I""I""I"'.'I"
— Case 1 (withapp.) | 20} — Case 1 (with app.) -
— Case 2 (w/o app.) —— Case 2 (w/o app.)
< e S 0 i}
= [«B)
3 g 20) 1
40 _
0 1.0 2.0 3.0 0 10 2.0 3.0
time [ug] time [ug|
(@) Injected current (d) Voltage to ground at the consumer
entrance (Line 0)
I —— Casel (with app.) | 20t —— Case1 (withapp.) -
10 - — Case2 (w/oapp.) ] —— Case 2 (w/o app.)
> I > 0 i
[«) 0 [ [«B)
g O g -
© - S -2+t E
> L >
10} . | 1
L 40 _
S S R S AN SN N TN SR AN S SN TR S N N | PR | SR N ST S SR S N Y
0 10 20 3.0 0 10 2.0 3.0
time [ug] time [l
(b) Line-to-line voltage at the consumer (e) Voltage to ground at the consumer
entrance (Line+to Line 0) entrance (Line+)
L A L B 1T
. — Case 1 (withapp.) 20+ — Case 1 (withapp.) -
10 B — Case2 (w/oapp.) ] —— Case 2 (w/o app.)
E I E 0 i
] 0 M ]
g Of ¥ -
S - S -20f s
> L >
10} . ' |
L 40 _
0 1.0 20 3.0 0 10 2.0 30
time [usg] time [us]

(f) Voltage to ground at the consumer
entrance (Line-)

Fig. 6-7. Measured waveforms of the field test (T; = 1.0 us).
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0.02 —— Case 1 (withapp.) I —— Case 1 (with app.)
I — Case 2 (w/o app.) 10} — Case2 (w/oapp.) ]
— 0.01 —_
< - 2
§ 0 2
5 i S
©-0.01 >
-0.02 - i
0 1.0 2.0 3.0 0 10 2.0 3.0
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(Line0) interior wiring (Line + to Line 0)
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— 0.01 1 — L
< - =
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5 i 1 ©
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(h) Line current at the consumer entrance (K) Line-to-line voltage at the end of
(Line+) interior wiring (Line — to Line 0)
1 1T 1T
0.02}- —— Case 1 (with app.) 20} —— Case 1 (with app.)
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— 001} 1 _
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Fig. 6-7. Measured waveforms of the field test (T; = 1.0 ws). [Continuation]
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20} —— Case 1 (withapp)) - 1or —— Case 1 (withapp.) |
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= I
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(c) Line-to-line voltage at the consumer
entrance (Line—to Line 0)

Fig. 6-7. Measured waveforms of the Fig. 6-8. Measured waveforms of the
field test (Ty = 1.0 us). [Continuation] field test (T; = 0.5 us).
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Fig. 6-8. Measured waveforms of the field test (T; = 0.5 us). [Continuation]

~137-



B6E BARMHBIVERGRBOEYT— U8

voltage [V]

voltage [V]

voltage [V]

20+ — Case 1 (withapp.) 20+ — Case 1 (with app.)
I — Case2 (w/oapp.) | —— Case 2 (w/o app.)
>,
[«B)
g
IS
>
0 1.0 2.0 3.0 0 10 2.0 3.0
time [ug] time [ug|
() Line-to-line voltage at the end of (m)Voltage to ground at the end of
interior wiring (Line+to Line 0) interior wiring (Line+)
20 —— Case 1 (with app.) 20} —— Case 1 (with app.)
i — Case2 (w/oapp.) | —— Case 2 (w/o app.)
>,
[«B)
g
S
>
S S R S AN SN N TN SR AN S SN TR S N N T Y ST SR AN SN N TR SR NN ST TR ST S N S
0 10 20 3.0 0 10 2.0 3.0
time [ug] time [l
(k) Line-to-line voltage at the end of (n) Voltage to ground at the end of
interior wiring (Line — to Line 0) interior wiring (Line-)
L L L
20+ — Case 1 (withapp.) -
—— Case 2 (w/o app.)
0
-20
-40
0 10 2.0 3.0
time [us]

(I) Voltageto ground at the end of
interior wiring (Line 0)

Fig. 6-8. Measured waveforms of the field test (T = 0.5 us). [Continuation]
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Fig. 6-9. Measured waveforms of the field test (step current).
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Fig. 6-9. Measured waveforms of the field test (step current). [Continuation]
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Fig. 6-9. Measured waveforms of the field test (step current). [Continuation]
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Fig. 7-1.  Simulation model of pole No. 6.
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Fig. 7-2.  Measured voltage waveforms at the pole-top and the current-splitting points.
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6600 : 105

6600 : 105
Equivalent circuit of the original transformer model.
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Fig. 7-4. Equivalent circuit of the modified transformer model.
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Table 7-1. Transformer model parameters.

Item Conditions

Cs C =63.22 pF R =366.0 Q L =51.51 uH

Css C =127.7pF R=1813Q L =25.51 uH

Can C =101.7 pF R =227.6 Q L =32.03 uH

Z gin Ro=217.0 Q R;=53.67kQ | L,=344.7mH
Y, (model) | R=947.3Q L =0.502 mH C =23.77pF
Y, (mode2) | R =13.25kQ L =36.32 mH C =23.94 pF
Y (mode3) | R =7.671kQ L =5.042 mH C =14.81 pF

Zm Rmi=94.16 mQ L =37.75uH

Zm> Rm,=61.55Q Ln,=61.22 uH

Z, R;1=59.81 mQ L,,=4.173 uH

Z, R/, =1435Q L,,=28.888 uH

C, C, =501.5 pF

Table 7-2.  Model parameters of a DV 3.2 mm wire and a VVF 2.0 mm cable.

Ground return

First aerial

Second aerial

It
em mode mode mode
Impedance [€2] 1292 45
DV 32 mm
Velocity [m/ps] 276 207
Impedance [€2] 1173 61 31
Velocity [m/us] 276 199 182
VVF 2.0 mm
Current 0.577 0.707 0.408
transformation 0.577 0 -0.816
matrix 0.577 -0.707 0.408
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Measured waveforms of the field test (Tf = 1.0 us). [again]
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Fig. 7-5. Calculated waveforms using the proposed model (T; = 1.0 us).
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Fig. 6-8. Measured waveforms of the field test (Tf = 0.5 us). [again]
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Fig. 7-6. Calculated waveforms using the proposed model (T; = 0.5 us).
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Fig. 6-9. Measured waveforms of the field test (step current). [again]
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Fig. 7-7. Calculated waveforms using the proposed model (step current).
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Table 7-3. Estimated model parameters of an actual-scale distribution line.

Item Conditions
Zpa 267 Q
Concrete pole
Cp 82 pF
Model A
Grounding Rp 91 Q
resistance L, 3.4 uH
Zyy 302 Q
Concrete pole
Cp 82 pF
Ground wire Cq 50 pF
Model B
Phase wires T, 44 ns
Grounding Ry 91 Q
resistance L, 3.4 uH

NTHHN, DOLDOV—tFEEZETHZ LN TER,

—J7, SCHER [7-6] TIE, FEOVE [7-7] 1D A= F—nE5 L (DIK, [
%&%?wjkwg>_;bﬁﬁmﬁmbwv t FREEZ BT 5 Z G S
TW5, 2T, AHiTlE, BEHANNLD R =7 F—REF)LE LT, XHER [7-7]

OFEMEETVER WS, 22T, MOEET VvOBEIIRATEZ NS,

DE:jjwo—%kn (7-3)

72720, vty FVINEEIE, to: FUINEEEDS vo 28 2 5 RER, ty : ke, DE,
: B

5 /i*::E—T/l/Ti Vo Z i 2. 5 HIINE R ORFFE 3B 2% DE (223 5 S HEA A » F
WEMET D, ARHEITIX, TR [7-6] OEAFRE L L L2 ERER L VAN EE
HENWNLDOET N/NT A —2fEH (DE=0.0246 Vs, Vo =190 kV) ZHW5, FEHoikE
BT NVEHANTENWD LEEERE & 230 LD V-t Kt O FHAE F%%%bmg7smg
7-9 12”9, Fig. 7-9 121, V-t FetEDERIFR [7-6] b HOET/RT, Fig. 7-9 DFf
FAER L FPFERITRS —ELTHY, MOEETVICL BN LD V-t Rk
FTETWDHZERDND

- 156 —



£78 REVATLOES—IBFETI

_100 | 1 | 1 | 1 | 1 | 1 |
0 1.0 2.0 3.0 4.0 5.0

time [s]

Fig. 7-8. Calculated insulator voltage waveforms obtained by the integration
sparkover model.
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Fig. 7-9. Comparison between the measured breakdown voltage-time characteristics
and the calculated ones.

733 EEEH

AT T2 Bl BB AR DA RS L OMEBLE % 45 4 Fig. 7-10, Fig. 7-11 12739, 25 K
DFEAEICEEERR 3 4 & 822 B | RPN E R 1040 m OFREED HAER S
NTEY, BHEZ 40m TH D, HEERICITOC 80 mm?®, ZRZE I ITM & v
22 mm® ZHELTEY, MEORMEBAETHRIEL T\ D, AT CIX, ALE
RO PR BT D EIEOTHR 2 E8,A L LT,

Table 7-4 12, E/pitHSGM2RT, BIEERE L OBRZE ISR AR A B E ORI &
L C EMTP @ FD-LINE €7 V& W THESE L, ZOMBEEBGEHE D72 O KHkHT
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1000 Q
ground wire
matching phase wires \

resistance \ lightning current

ElT=E=

R=R=R=R=R=R=R

nr

matching
resistance

l¢— 520m | 50m —————>|

R: : grounding resistance

Fig. 7-10. Configuration of a distribution line used in this study.

ground wire /%
0.8 m

N2
@) @)

(0]
/ 0.7m7 0.7 m
phase wires

11.8 m

1177771771777 7717777

Fig. 7-11. Arrangement of distribution wires.
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T, T MRS RBRDITONTIpIIRELS DD, TIN 1.0 us BELVES 2D L —
EIZIN KT DB 2R LTV D, 2L, T BAEL 5 & EBIEOBEESIOA T
WEDBMEBENECHT2DTH D, —J5, Fig. 7-13(b) DIRZEHFR I & 5 B EMR TIZ,
T NELRDIZONT I, bRELS 2D, 2, Tt BNEL 2D LSO BFEOREHII
PLORBENRELICEENTLL 272D TH D,

WIZ, _FET NV EBMET VOFRERER L T 5, Fig. 7-13(a), (b) 1L & b1,
T NELSRDIZONTIRETT NV EHMET VO 1, OERNRKE 0D, 2L, T
WL 70D EREBEET NV EHMET VOBM EFA LV E—F U ARRR ST ST
DTHDH, ZIT, BREMBEND HEERICINT, EETIVNANR—T F—(Z
DI & LI EDOEETNVONRW LMELEE % Fig. 7-14 \Z7~ 7, Fig. 7-14(a), (b)
FENENT=03ps, Tr=2.0us OFFREEREZTL TS, Tr=03us DHE, =%
EF L TIEREZRBBIENTEAE L TANN—T F—RNICESTWEHR, BT /LTl
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BETNVOWBITIIRE 22BN L LNT, ZORKRIDOOBELDBELREET
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DRFAMBENRKEZ < 72 5) LEFEOY —VINEIC L DWELED AL, ARX—T F—
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Table 7-4. Calculation conditions.

[tem

Conditions

[Distribution line]

Ground wire

Galvanized stranded steel wire 22mm?>

Diameter 6.0 mm

Phase wires

6.6-kV XLPE insulated copper wire 80 mm”

Diameter 11.6 mm
Line model FD-LINE model
Ground resistivity 100 Qm
[Distribution pole]
Span between poles 40m

Grounding resistance

10, 30, 60, 100 Q

[Lightning current]

Waveform

Ramp wave with two straight sections

Wavefront duration

0.1,0.2,0.3,0.5,0.7, 1.0, 2.0, 5.0 us

Wavetail duration

70 us

Lightning channel impedance

1000 Q

|, peak value of lightning current

T; wavefront duration

70
time [us]

Fig. 7-12. Lightning current used in this study.
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S [ —e— proposed model ]
2 oL -O - simple model ]
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E O i | ] 1 ] Lol ] 1 ] L1 i
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(a) Distribution line without a ground wire
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g ]
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E O L | ] 1 ] TR | ] 1 ] 1 ]
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(b) Distribution line with a ground wire

Fig. 7-13. Relationship between the minimum crest value of a lightning current for
the insulator sparkover and the wavefront duration of a lightning current (R =30 Q).

NEFAETHARERES 2D EVWR D, —F, Tink<kd (T72bb, HEERD
WHAIREE 23/ NS < 72 %) L ELERICITITITHEHIRTI T E 2 BBIENRET S,

ST, MEETNVEHMET LD 1, DAERIX, Fig. 7-13(a) DIRZEHIHR 72\ BB
BRCIE T =0.7 us A3 £ TR B, Fig. 7-13(b) OZRZEHIER A & 2 Bl AR TIE Tr= 2.0 us
fEETOIRWVEIR TR OND, 2LV, BEEROEEMNROBRTFICE N T, B
4 FEOREZET N & AW TR EERICKTT 5 EFEDO Y — VIRE DL BB I
ZOMENDD WA D,
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300 - — proposed model ]
= -/ simple model ]
22 200 - 3
o i i
[ i
=100 - [ /| TTheeeeL. 3
[) A e 4
> R T :

0 :
i I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I ]
0 1.0 2.0 3.0
time [Us]

(@) 1,=8.3kA, Ti=0.3 s

| T T T T I T T T T T T T T ]

300 F — proposed model N
= ot simple model .
2 200 e ]
) i e 1
2 ook
= 100 | ]
14 i -
> B .
C | 1 1 1 1 ] 1 1 1 1 ] 1 1 1 L | ]

0 1.0 2.0 3.0
time [Us]

(b) 1,=21.7kA, Tr=2.0ps

Fig. 7-14. Calculated insulator voltage waveforms.
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L2 /NS S LTH, IiZZFUEE EFH LTy, —J, Fig. 7-15(c) @ Tr=0.5 us
P LU Fig. 7-15(d) @ Ti=1.0 us TiX, HEHEIIZ /NS T 5 &, LIEFRE EFHLT
WD, ZEY, R 0.5 us A X 0 W RIE R BRIk LTI, BERERHTE
DRI & D AR—=7 A= SOMFDRP/N SN ENWR D,
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Fig. 7-15. Relationship between the minimum crest value of a lightning current and
the grounding resistance (proposed model).
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Fig. A-1. Injected current for C; = 400 pF.

-171-



153

18 B BRSLIUVEEEHEDY—UILBDIEE
B.l BJ|ARADY—TILBDIEEE

BABOREBET VLTI, BHEOY—VIRE % RCIFIEFKIC L VL TRV,
RC W AR IC I AT 5 EENBREBET VOFTEEMITHY T 5, (4-1) RTEZ R
% RCWHIEIRIZIEANSNDEBRAE T 77 AL, =RC &35 LHAEELEL LT
RAEED,

1 Ti L )
VO {E_ (i —7.)(s+17) " (7, —7.)(s +]7/Ta)} .

(B-1) RAEWT 7T ALEWHTHZ LIk, (4-2) XnBEbND,
B2 SEEBHROY—IICEDEE

FAEDREET VB (FREHIREH V) TIL, EEE R, ZRZEMBRO Y —VIRE
t, RC WAIEIFKIZ & 0 i LT 5, RC itﬁlJIElFt%%: Fig. B-1 1T~ 7, #BRET VB
DZEZEHIRZ AL D B, KF D i) [THET 5, ZLEHR & mIEERORBEIC
X0, ZOi(t) DEEEROENMEZFFD BT 5 Z L1275, RCWHIEIFIZIEAN ST
LW W) & 4-1) XTERX, g=RC & LTit) 7 77 ALWT 5 L kA& 5,

| _
)= e es) (B2

(B-2) T Zn/(l+z's) ZR U DHZ LIZE D, KEM e TS LN HEEEMREN & L
TR EHD,

iy (1)

(0|
R§ C

Fig. B-1. RC parallel circuit.

—172 -



4%

V
Vi (8) = ;
s(1+7,8)1+78)(1+7, 9)
v, 1 7° 7’
S (1,-7,)(z - T)(S+]/T) (r.—7,)(z, ~ 7, )(s+1T,)

—_ > TC 2 y y } (B_S)
(7, -7,)(z, -7, )(s+V 7))

72120, Voo=Znlo (Zm: ZRZEHR & BIEBROME Y — A L E—F LX)
BASHINT, (B-3) R&WiT FI7AEMT HZ LTk, 4-17) AnfHFEoh b,

18k C RKMmEEROZE

5 ABDOREET VA2 AW FERBRERFEROFIICI N T, KRN FHE
FERICE 2 DB L BHT 5720, EMTP L TR R B S CHEEIT- 7,
AS1HICEHMLET VB BREHMKHY) ZHWT, A7 v FEREFEALL L X

OPN LB ZFE Lz, KGR L STk [3-15] 12 THIE S - &K fEo 700
Qm & A ED 2400 Om & L7256 OFREER A Fig. C-1 127, FIICIE, KK
P4 1000 Qm & L7z 452 HiDFHAF R b EOETORY, ZORRLY, KH#h
FERFHRAERICE 2 228D T”hE L, BT T VO RMBHERICITHEME TH
% 700~2400 QM OWTNEZHNTHRBWZ L35,

I T T T T I T T T T I T T T T I T T T T I T T T
100 - —— 700Qm A

R O 1000 Qm |
----- - 2400 Qm |

voltage [V/A]
(o)
o

0 005 010 015 0.0
time [us]

Fig. C-1. Insulator voltages with respect to the ground resistivity (Model B).
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(c) Calculated waveforms by the modified transformer model

Fig. D-1. Line currents at the consumer entrance.
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Fig. D-2. Line-to-line voltages at the consumer entrance.
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