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Lightning Surge Response of Concrete Pole due to Effect
of the Electrical Properties of Concrete based
on the Electromagnetic Field Method

Samroeng Hintamai and Jamnarn Hokierti

ABSTRACT

Lightning performance of overhead distribution line affects the cost of line construction. For
economical insulation coordination in distribution line design, it is necessary to accurately predict the
lightning surge overvoltage that occursin the electric power system. In particularly, tower or pole surge
impedanceisoneof the most important parametersfor lightning surge analysisof distributionlines. This
paper presentsthelightning surge response of reinforced concrete pole dueto the el ectrical properties of
concrete based on the electromagnetic field theory, which has never been considered in the previous
lightning surgeanalysis. Theelectrical propertiesof concrete were measured over thefrequency of range
from 100 Hz to 40 MHz during 86 days after pouring. The concrete sample was mixed according to a
construction standard of the electrical distribution pole of Provincial Electricity Authority (PEA). The
cement/sand/aggregate ratio was about 1:1.5:3 and water/cement ratio was approximately 0.3. It was
found that the electrical properties of concrete varied significantly over the frequencies and time after
pouring. Therefore, lightning surge response of reinforced concrete pole depended on the electrical
properties of concrete. The results showed that surge impedance calculated by the proposed formula
agreed well with the other measured value obtained from reduced- scale test.

Key words: concrete pole, electromagnetic field method, electrical properties of concrete, lightning
surge response, surge impedance

INTRODUCTION

Thailand isin atropical zone and has the
highest number of thunderstorm daysinthiszone,
about 50-120 days per year. For protection of
equipmentsintheel ectricpower system, alightning
overvoltageisasignificant factor. Thus, lightning
surge analysisisessential for insulation design of
theelectricpower system. Particularly, tower surge
impedance is an important factor in theinsulation
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coordination design for transmission/distribution
lines. A number of experimental and theoretical
studiesontower surgeimpedancehavebeen carried
out (Motoyama and Matsubara, 2000). However,
surge impedance of concrete pole has not been
studied enough for lightning surge analysis.
Representative methods to investigate the
tower surge characteristics include measurement
on rea towers, measurement on reduced-scale
models, analytical study on simplified geometry
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and numerical analysis based on the
€electromagnetic theory.

The first theoretical formulation of tower
surge impedance was proposed by Jordan (1934).
In this formulation, based on Neumann's
inductanceformul a, it wasassumedthat thecurrent
distributioninsidethetower wasuniformfromthe
tower bottom.

Theoretical formulations of tower surge
impedance based on the electromagnetic field
theory were proposed by Lundholm et al.(1958),
Wagner and Hileman(1959), Sargent and
Darveniza(1969) and OkumuraandKijima(1985),
considering effectsof thevector potential generated
by the injection current into the tower only.
Propagationvelocity insidethetower wasassumed
at the speed of light to the top of the tower.
However, the effect of return stroke current was
neglected. Thetower wasapproximated asavertical
cylinder having aheight equal to the tower, and a
radius equal to the mean equivalent radius of the
tower. Propagation velocity inside the tower was
assumed at the speed of light.

Measurements of the surge impedance of
actual transmissiontowerswerereported by Breuer
et al.(1958) and Caswell et al. (1958). In both
cases, a reflection method was used, and similar
impedance values of 165 ohms were obtained at
thetower top. Measured propagationvel ocity inside
the tower was amost the speed of light.

Another experimental value for actual
transmissiontowerswasreported by Kawai (1964).
He used a direct method to measure tower surge
impedance, and obtained an impedance value of
100 ohms at the tower top. His experimental
resultsshowed that thetower responsetoavertical
currentisdifferent fromtheresponsetoahorizontal
current. M easured propagation vel ocity insidethe
tower was 70-80% of the speed of light.

Scale-model measurements were reported
by Chisholm (1983) and Wahab et al.(1987).
Chisholm used the time-domain reflectometry
(TDR) method to measuretower surgeimpedance.

These measurements were performed using both
horizontal and vertical currentinjection. Measured
propagation velocity inside the tower was the
speed of light. Wahab et al.(1987) used the direct
method to measure tower surge impedance for
various angles of current injection. Measured
propagationvel ocity insidethetower was80-90%
of the speed of light. Theseresults showed that the
tower surge impedance was strongly influenced
by the angle of current injection.

Field measurements of full-scale tower
impedance using the direct method were reported
by Ishii et al.(1991) and Yamada et al.(1995).
These measurements were performed using
inclined and horizontal current injection. Both
papers proposed a surge impedance of the tower
based on the Electromagnetic Transient
Program(EMTP). Propagation velocity inside the
tower was assumed at the speed of light.

Measurements of surge response of a
transmissiontower toactual lightningwerereported
by Matsumoto et al.(1995), Shinjo et al.(1997)
and Motoyamaet al.(1997). All of them estimated
the surge impedance of the tower based on the
measurements, and proposed amodel of thetower
based onthe EM TP. Theresultsshowed that surge
response and surge impedance of the tower
depended onthelightningdischargepathdirection.

Theoretical work wasreported by Ishii and
Baba(1997). They estimated the surge response of
atower by numerical e ectromagneticfieldanalyss.
The calculated results were compared with field
test results (Yamada et al., 1995). The analysis
showed that surge response and surge impedance
of the tower depended on the arrangement of the
current lead.

Theoretical formulation of tower surge
impedance based on the electromagnetic field
theory was proposed by Motoyama and
Matsubara(2000). The analysis showed that the
tower surge impedance depended on the direction
and velocity of return stroke current.

Recently, theoretical formulation of pole
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surge impedance of concrete pole based on the
electromagnetic field theory, including the effect
of directionandvel ocity of thereturnstrokecurrent
and the electrical properties of concrete, was
proposed by Hintamai and Hokierti(2003). The
calculated result showed that surge impedance of
concretepol edepended ontheel ectrical properties
of concrete.

In this paper, a new formula of surge
impedance of reinforced concrete pole based on
the electromagnetic field theory by taking the
effect of the electrical properties of concrete is
proposed. The electrical properties of concrete
weremeasured over thefrequency rangefrom 100
Hz to 40 MHz during 86 days after pouring.

MATERIALSAND METHODS

1. Model of lightning return stroke current

In this model, as the downward leader
nears the earth, an upward leader (or the return
stroke) is initiated progresses upwards with a
velocity vg neutralizing thechargelowered by the
preceding steeped | eader (Chowdhuri et al ., 2001).
The lightning channel then consists of a vertical
column; the lower part, containing current, is
rapidly expanding upwards, and the upper part,
containing the residual charge of the proceeding
steeped leader, isdiminishing rapidly, asshownin
Figure 1.

Thesurgeimpedanceof thereturn strokeis
a function of the height and the velocity of the
return stroke. However, the conservative

] residual
charge

return
stroke

earth

Figurel Model of lightning return stroke.

assumption that the stroke is a constant current
source is amost universally used, i.e., the surge
impedance of the strokeisinfinite.

2. Electric field produced by a step current

The geometry adopted for the calculation
of electromagneticfiledisshowninFigure2. This
configuration is a crude approximation to the
lightning return stroke which travel up with a
propagation vel ocity vginlossy dielectric medium
from the earth while removing negative charge
fromthechannel previously formed by adownward
moving, negativecharged, cloud-to-groundleader.

From the electromagnetic field theory, the
general solution for electric fields in cylindrical
coordination at any point (r,¢,2) is defined as
(Rubinstein and Uman, 1989),

0A

E=—¢—E,

@

where

E : electric field intensity, V/m,

¢ :scalar electric potential, V and

A : vector magnetic potential, Wb/m .
From the Lorentz condition,

(r. ¢.2)
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Figure2 Geometry of avertical conductor above
a perfectly conducting ground.
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where

u : permeability of medium, H/m and

& :complex permittivity of medium, F/m.
It can be shown that the inhomogeneous sol utions
are

_ Z\(r"t-R/
Ar)=1 | r tR Yo, @
0
Zo(r't—R/
q>(r,t)=4—7lep(r == VYoo, @
where °

Z’ : traveling distance of the current, m,
r’ : observation coordinates,
r : source coordinates,

R=|r —r’| : distance between and , m,

c : propagation velocity of the current in
medium, m/s,

p :linecharge density, C/m and

| current distribution, A.

Themedium of thevertical structurebeing
considered here have conductivity o, adielectric
constant egrand permeability u. Thus, thecomplex
permittivity is defined as (Plonus, 1988),

e=¢gper-jolm. (5)

The dipole technique uses infinitesimal

time-varying as the source of the electric and

magnetic fields. Sincethevector potential A, can
be found from the current alone, expression ¢in

termsof A alows usto write (1) in terms of the
current distribution alone. By solving the Lorentz
condition, we obtain,

o(r,1) =—EJVAdt+¢( w). (6)

Substituting (6) into (1), we obtain

- 1] oA
E(r,t)=E {) V(V.A)dt- == (7)

where ¢(t=—) since the current and charge
distributions are zerosfor timeslessthan acertain
timety.

Inthisanalysis, astep current of magnitude
lg istraveling up in the positive direction inside
the concrete pole at velocity vg. Itisconvenient to
useamathematical expression describing boththe
real current distribution and itsimage at the same
time as (Rubinstein and Uman, 1989),

i(Z,t) = lou(t—[z]/ vg) - (8)
The function u(&) is called the Heaviside
function and is defined as,

0, &(<0
1,¢é>1
Weallowfor thepresenceof theconducting
plane by using the method of images. The vector

potential A in cylindrical coordination at any
point (r,¢, Z) can be integrated to yield,

— ulg (h—z)+ql(h—z)2+r2
A="In . (9
4 (—z+\/22+r2)

The heightcan be found by setting the
argument of theHeavisidefunctiontozero. Solving

for and inserting into (9), the vector potential A
can be obtained as,

5 _ Mo, (vRt—z)+ (vRt—z)2+r2

Y )

Meanwhile, we can calculate vector
potential at thesamepoint fromtheimagechannel.
Since to change the actual channel to the image
channel all wecan changezto—z, itisreadily seen
that

.(10)

R=ﬁ (Vrt+2)+ (vRt+z)2+r2' (1)
ar (z+\/22+r2)
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Thesign of thevector potential fromimage
isthesameasfromthesourcebecausethedirections
of current are the same for both. The total vector
potential isthen given by,

A(2)=A(D)+A(-2). (12)

Substituting (12) into (7), we obtain the
total electric field intensity in cylindrical
coordination at any (r,¢, Z) point as,

E,-—— %l 21 _ | (13)
\/8R‘JO'/80‘0 \/z +r

3. Surge impedance of concr ete pole

3.1 Single conductor model

If thelightning stroke startsfrom thetop of
thepoleat, t=0thepol etopvoltage Viqpisobtained

by,

h
Vtop = _J E,dz. (14
0
For O<t<(r/c), the wave front of the
electromagnetic wave does not pass the point.
Therefore,

Viop =0 (15
For (r/c) <t<(h/vg+ ric), thewavefront of

electromagnetic wave passes through the point
(r,¢,2). Therefore,

601,

I
Jer—iolgqw

Vtop =

n[h+\/r:2+r2]. (16)

For, t > h/vg + rlc the electromagnetic
wave reflected on the ground surface reaches the
poletop. Therefore,

Viop(t) = Viop(h/ VR + T/ C) . (17)

Since the voltage Viop is produced by the
vertical return stroke current Ig, the pole surge
impedance Zp)e is defined as,

Mo
_ _top
Zpole = |

0

0, 0<t<(r/c)

60 In[h+\/h2+r2]

=l Jer—joleqw r

(ricy<st<(h/vg+ric)
t<(h/vg+ric)
(18)
Finally, the surge impedance of concrete
pole Zyo1e Can be obtained as,

2 .2
60 n{h+ hr+r }’(19)

Viop(N/ v +T1/c),

Zoole = I
pole Jer—io g

where histhe height of the pole.

3.2 Multiconductor model

An actual concrete pole is composed of
multiconductor as shown in Figure 3. The five
conductors being short-circuited at its boundary
(topand/or bottom), thetotal impedance seenfrom
thetopisgiven consideringthemutual impedances
between the conductors by

Zpole = (Z11+ 2Z1p + Z13 + Zs5)

d d
5 In[@]m[erMR’g]
\/(er —joleqw) In[ d® ]

16\/§|'GM Rt ré
60 In[ 2&h]
)

+
\/(er —joleqm d

(21)

2 2
where Tourg = 4\1/ rg e, O, (05, + G, )

If itistediousto cal culate each component
of theabove equation, thetotal surgeimpedanceis
easily evaluated astheimpedance of an equivalent
circular single conductor with the following
geometrical mean radius
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Figure 3 Multiconductor model of concretepole.

7 60 In h+1/h2+R(2;,MR

pOIezx/SR—J'G/SOCU Romr ’

(22)

where RGMR = %/(rg)lls(rGMR’st)ll5d4 .

RESULTSAND DISCUSSION

1. Electrical properties of concrete

The electrical properties of concrete were
measured over thefrequency rangefrom 100Hzto
40 MHz during 86 days after pouring, using
Impedance/Gain-Phase Analyzer Hewl ett Packard
4164A with an accuracy of 0.17 percent as shown

Figure4 Measurement of the electrical proper-
ties of concrete.

in Figure 3. The concrete sample was formed by
placing aluminum plate electrode about 1 cm in
thickness. The cement/sand/aggregate ratio in
preparing theconcretespecimenwasabout 1:1.5:3
and the water/cement ratio was near 0.3.
Capacitanceand dissi pation factor were measured
by impedance analyzer. Dielectric constant and
electrical conductivity were calculated from the
measured val ues. Changeof thediel ectric constant
and the electrical conductivity with the curing
time and frequency are shown in Figures 5 and 6.

In the first 3 days, dielectric constant and
electrical conductivity decreased rapidly. After 10
days, their changes become very slow. These
changes show good consistency with the chemical
change and water content in the hardening period
of concrete. Therefore, frequency of lightning
current of the first strokesis 25 kHz (10/350 us),
dielectric constant of concrete is about 16 and
electrical conductivity isabout 0.01mS/m. Another
frequency of lightning current of the subsequent
strokesis1MHz(0.25/100 us), dielectric constant
of concreteisabout 8and electrical conductivity is
about 0.122 mS/m.

2. Propagation velocity of wave

The propagation velocity of return stroke
current inside amedium of complex permittivity &
isvariedinversely tothesquareroot of thecomplex
permittivity as (Morshedy, 2000),
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Figure6 Change of electrical conductivity of concrete.

3x 108
Jer—iolepw
The propagation velocity of return stroke

current insidethe concrete poleisshownin Figure
7.

velocity = (23)

In Figure 7, the propagation velocity of
waveinsidethe concrete poleisabout 70 to 103.6
m/us as the frequency of lightning current is
between 25 kHz to 1 MHz.

3. Comparison between calculated result and
measured result

Toclarify theeffectivenessof theproposed
formula, we show the comparison of surge
impedance of reinforced concrete pol e calculated
by the proposed formulawith the measured result
(Yamamoto et al., 1997). The surgeimpedance of
reinforced concrete pole was measured by scale
model technique. Theheight of reinforced concrete
poleis 14 m and aradius of 0.377 m. The hollow



326 Kasetsart J. (Nat. Sci.) 39 (2)

140

—e—1stday

120 A

100 A

80

60 A

40 -

propagation velocity(m/ps)

20 ¥

0 T T T

—=a—3rd day

—a—6thday

— = 10thday

—a—15thday

—e—20thday

—+—28thday

freq.(kHz2) 0.1 0.6 4.0 25.1

fr(us) 2500 416.6 62.5 10

1585 1000.0

—o—>55th day
6309.6 39810.7

157 025 004 0006 ., gy

Figure 7 Propagation velocity of return stroke current inside the concrete pole.

steel reinforced concrete pole was composed of
two parts; iron cage and concrete part of about 2
mm in thickness. The surge impedance was
measured about 242 ohms, whereas calculated
result from this configuration by the proposed
formulais about 258 ohms. Therefore, it showed
that calculated value is different from measured
value about 6.8%.

4. Model of concrete pole

This study deals with 22 m in height of
concretepol ethatimbedded agrounding lead wire
of 35 mm? at the center of the pole from top to
bottomand supplemental steel reinforced at square
inside of solid taper pole, as shown in Figure 8.

5. Surge impedance of concr ete pole

Figure 9 shows the calculation of surge
impedance of concrete pole by equation (22) due
totheeffect of theel ectrical propertiesof concrete.
The frequency of lightning current is between 25
kHz to 1 MHz, surge impedance of concrete pole
is about 80 to 119 ohms.

CONCLUSIONS

In this paper, the formulation of lightning

T ]

L
EEoE W
"o
CRCRC R |

%
ey
L L
R
LR ]
LR

——

Figure8 Configuration of the reinforced con-
crete pole.

surge response of reinforced concrete pole based
ontheelectromagnetic field by taking the effect of
the electrical properties of concrete was obtained.
The results showed that surge impedance of
reinforce concrete pol e depended onthe geometry
of pole, the dielectric constant and the electrical
conductivity of concrete.
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of the concrete electrical properties of
measurement.

LITERATURE CITED

Jordan, C.A. 1934. Lightning computations for
transmissionlineswith overhead groundwires
Part 11. General Electric Review 34: 180-
185.

Lundholm, R.,R.B.Finn, Jr.andW.S. Price. 1958.
Calculation of transmission line lightning
voltage by field concepts. AIEE Trans. PT.
77:1271-1283.

Wagner, C.F. and A.R. Hileman. 1960. A new
approach to calculation of lightning
performance of transmission lines. AIEE
Trans. PT. 79: 589-603.

Sargent, A. and M. Darveniza. 1969. Tower surge
impedance. |EEE Trans. PAS. 88: 680-687

Okumura, K. and A. Kijima. 1985. A method for
computing surge impedance of transmission
line tower by electromagnetic field theory.
| EE of Japan Trans. B. 105: 733-740.

Breuer,G.D., A.J. Schultz, R.H. Schlomann and
W. S. Price. 1958. Field studies of the surge
response of a345-kV transmission tower and
ground wire. AIEE Trans. PT. 77:
1392-1396.

1585 1000.0 6309.6 39810.7 —o— S5thday

157 0.25 0.04 0.006

<-.a-- 86thday

Caswell, R.W., |.B. Johnson, E.F. Koncel, Jr. and
N. R. Schultz. 1958. Lightning performance
of 138-kV twin-circuit transmission lines of
Commonweal th Edi son company—operating
experience and field studies. IEEE Trans.
PT. 77: 1480-1491.

Kawai, M. 1964. Studies of the surge response on
atransmissionlinetower. | EEE Trans. PAS.
83: 30-34.

Chisholm,W.A., Y .L. Chow and K.D. Srivastava.
1983. Lightning surge response of
transmissiontowers.|EEE Trans. PAS. 102:
3232-3242.

ChisholmW.A.andY .L.Chow. 1985. Travel time
of transmission towers. |IEEE Trans. PAS.
104: 2922-2928.

Wahab, M.A.A., |. Matsubara and H. Kinoshita
1987. An experimental evaluation of some
factorsaffecting tower surgeimpedance. | EE
of Japan Trans. 107: 171-177.

Ishii M., T. Kawamura, T. Kouno, E. Ohsaki, K.
Murotani and T. Higuchi. 1991. Multistory
transmission tower model for lightning surge
anadysis.|EEE Trans.PWRD. 6: 1327-1335.

YamadaT., A. Mochizuki, J. Sawada, E. Zaima,
T. Kawamura, A. Ametani, M. Ishii and S.
Kato. 1995. Experimental evaluation of a
UHYV tower model for lightning surgeanalysis.



328 Kasetsart J. (Nat. Sci.) 39 (2)

|[EEE Trans. PWRD. 10: 393-402.

MatsumotoY ., O. Sakuma, K. Shinjo, M. Saiki, T.
Wakai, T. Sakai, N.Nagasaka, H. Motoyama
and M. Ishii. 1995. Measuring of lightning
surgesontest transmissionlineequippedwith
arresters struck by natural and triggered
lightning. IEEE Trans. PWRD. 11:
996-1002.

Shinjo K., Y. Matsumoto, O. Sakuma, T. Wakali,
T. Sakai, M. Ishii and H. Motoyama. 1997.
Characteristics of transient response of
okushishiku test transmission line struck by
natural andtriggered lightning. | EE of Japan
Trans. 117-B: 478-487.

Motoyama H., K. Shinjo, Y. Matsumoto and N.
Itamoto. 1998. Observation and analysis of
multiphaseback flashover onthe okushishiku
test transmission line caused by winter
lightning. |IEEE Trans. PWRD. 13: 1319-
1398.

Ishii M. and Y. Baba. 1997. Numerical
electromagnetic field analysis of tower surge
response. | EEE Trans. PWRD. 12: 483-488.

Motoyama, H. and H.Matsubara. 2000. Analytical
and experimental study on surge response of
transmission tower. IEEE Trans. Power
Delivery 15: 812-8109.

Hintamai, S. and J. Hokierti. 2003. Lightning
surgeresponseanal ysisof concretepoleusing
the electromagnetic field method, pp. 568-
573. In Transmission and Distribution
Conference and Exposition. Dallas Texas.

Chowdhuri, P. S. Li and P. Yan. 2001. Review of
research on lightning-induced voltages on an
overhead line. IEE Proc.-Gener. Transm.
Distrib. 148: 91-95.

Rubinstein, M. and M.A.Uman. 1989. Methods
for calculatingtheel ectromagneticfieldsfrom
a known source distribution: application to
lightning. |[EEE Trans. Electromag.
Compat. 31: 183-189.

Plonus, M.A. 1988. Applied Electromagnetics.
International Editions. New Y ork: McGraw-
Hill.

Morshedy, A.El. 2000. High-VoltageEngineerng
Theory and Practice. New York: Marcel
Dekker, Inc.

Yamamoto, K., Z. Kawasaki, K. Matsuura, S.
Sekioka and S. Yokoyama. 1997. Study on
surge impedance of reinforced concrete pole
and grounding lead wire on distribution line
by experimental on reduced scale model, pp.
209-212. In Proc. 10" Int. Symp. High
Voltage Eng.





