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New Algorithm for Evaluation of Electric Fields due to
Indirect Lightning Strike

Mahdi Izadi' and Mohd Zainal Abidin Ab. Kadir!

Abstract: Evaluation of electric field due to indirect lightning strike is an inter-
esting subject. Calculation of electric and magnetic fields in time domain with
the consideration of ground conductivity effect in the shortest possible time is an
important objective. In this paper, using dipole method, Maxwell’s equation and
Cooray-Rubinstein formula, a new method for calculation of electric field in time
domain is proposed. In addition, this proposed algorithm can also be used to evalu-
ate the effect at the far distance cases of observation point from lightning channel.
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1 Introduction

Lightning is an important natural phenomena that can produce electric and mag-
netic fields. For evaluation of electric and magnetic fields, various methods are
presented but each of them have advantages and disadvantages that can affect on
time of process and accuracy of analyzes. Dipole and finite difference time do-
main (FDTD) method are two common methods used for evaluation of electric
and magnetic fields due to lightning channel for perfect ground conductivity case.
Horizontal electric fields have more influences, considering on finite or non-perfect
ground conductivity case (Nucci 1995). Cooray-Rubinstein formula, as discussed
in (Nucci 1995) and FDTD method (Yang and Zhou 2004) are two famous meth-
ods used for evaluation of ground conductivity effect on electric fields. In the
FDTD method, information on lightning current are used for calculating the ef-
fect at the observation point (layer by layer process) from the lightning channel
position. Whilst the same goes for the other part of calculation i.e. ground conduc-
tivity effect from underground position. These processes are time consuming and
large memory is needed for data processing. In addition, it can only be validated
for a close distance from lightning channel (Liu, Chen et al. 2009). In contrast,
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the Cooray-Rubinstein formula, which is in Fourier domain, applied for only hor-
izontal electric field. This paper proposes the use of dipole method, Maxwell’s
(Namburu, Mark et al. 2004) equations and Cooray-Rubinstein formula in the de-
velopment of a new algorithm for evaluation electric fields in time domain. Using
proposed method, electric fields which can be calculated directly in time domain,
offers low memory and short processing time. Furthermore, it can also be applied
for the case of far distances effect from lightning channel. The paper is organized
as follow. Section 2 presents the realistic model for lightning return stroke current
at ground surface and along channel, while Section 3 presents the magnetic and
geometry of problem. Section 4 proposes the new algorithm for the problem dis-
cussed and subsequently followed with the results and discussion. Finally, Section
5 concludes the finding of the work.

2 Return Stroke Current

Lightning return stroke current at channel base can be predicted using the Heidler
model, which has later been improved by Diendorfer and Uman (Diendorfer and
Uman 1990; Nucci 1995). This model is presented as in Eq.1.
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Where:

io1, 102 are the amplitude of the channel base current,

I'11,T1; are the front time constant,

I';1,1%, are the decay- time constant,

ny,ny are exponent (2710),

M1, M2 are the amplitude correction factor.

Alternatively, this model is illustrated in Fig.1 with initial parameters that are tabu-
lated in Tab.1.

Table 1: Typical values for Diendorfer and Uman channel base current (Nucci
1995; Rachidi, Janischewskyj et al. 2001)

ny | np | Iy | oy | T2 | Ty | iz | don

(us)| (us)| (us)| (us)| (kA) (kA)
2 |2 [230]21[25]025 65107

On the other hand, Modified Transmission Line Exponential decay model (MTLE)
is used for estimation of current along lightning channel (Nucci 1995; Rakov and
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Figure 1: Improvement of Diendorfer and Uman on the Hiedler model for channel
base current

Uman 1998; Djalel, Ali et al. 2007). This model is expressed by Eqs. 2 and 3.

i(y',t) =i(0,t —y' /v)exp(=Z /1) y <t (2)
i(y',t) =0y > vt (3)
Where:

A is the decay constant which allows the current to reduce its amplitude with height,
v is the lightning return stroke wave-front velocity,
y' is the vertical space variable.

3 Magnetic field

Magnetic field is evaluated by dipole method (Nucci 1995). This method is pre-
sented by Eq. 4.

1 HU v () R r (9i(yl,t—§) ,
Hy(r,z,t) = (471:) /_H1(R3l<y’t_c> +C?T)dy 4)

Where:
y is height of observation point,
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c is light speed in free space,

R=\/(y —y)+r?

H1 = By* {~ (Bz—cr) AL}

Fig. 2 illustrates the geometry of problem. Lightning channel is along y-axis with
the observation point P at X, z position. The radial distance from lightning channel
to observation point is equal to r.

RSC

R.S.C: Return Stroke Channel

Figure 2: Geometry of problem

On the other hand, magnetic flux density can be expressed by Eq. 5 (Soares Jr,
Vinagre et al. 2008).

Where:

Uo=4m x 1077
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4 Electric fields

According to Maxwell’s equations, relation between electric and magnetic fields
can be expressed by Egs. 6 to 8 (Yee 1966; Sartori and Cardoso 2000; Jose, Kana-
pady et al. 2004; Johnson, Owen et al. 2007; Soares Jr, Vinagre et al. 2008).

oD

VxH:J—y ©6)
D=¢E )
J=oF ®)

Where:

D is the electric flux density,

J is the current density vector,

o is the conductivity (conductivity in free space is equal to zero),

€ is the permittivity (€ = & €, and permittivity in free space is equal togy= 8.85 X
10712).

So, by solving Eq. 6 using Eqgs. 5, 7 and 8 and FDTD method, electric fields for
an observation point in the free space can be expressed by Egs. 9, 10 and 11 for an
observation point overhead ground and perfect ground conductivity case (Sartori
and Cardoso 2000; M’ziou, Mokhnache et al. 2009).
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Note that, the observation point is at (mAx,nAy, pAz) and k is training time (¢t =
kAr). Also, by assuming Ax = Ay = Ay then d/ =2 x x and Ar should be less than
al

TC .

On the other hand, for this problem, relation between By and By, By, B; can be
expressed by Egs. 12, 13 and 14.

B, = —siny By (12)
B, =cosy By (13)
B,=0 (14)
Where:
siny = pl—

’
cosy = S

Whilst for evaluation of ground conductivity effect on the electric field by using
Cooray-Rubinstein formula (Nucci 1995; Rubinstein 1996) as in Eq.15, it is nec-
essary to convert and solve the problem in time domain (Caligaris, Delfino et al.
2008). This can be done using Eqs. 16, 17, 18 and 19.

Vi - (15)
Erg+ 0g/(JO)

o= [ B L0 () -((Z) )

EI’F (r’yvt) :/0 H(Dil (I’,O,T) [S(tir)]dT+ErP (l",y,l‘) - \/?H(P (I’,O,t) (17)

ErF(ra))7jw) :Erp(l",y,j(ﬂ)—H(p(r,y:(),j(!)).

t k

/ Hy (,0,7)[S(t —7)]d7 :/ hiSk—i1 (18)

0 i=1
So

g [ o
Ep (r,z,kAt) = / hiSk—i+1+ Erp (r,z,kAt) — ?Hq, (r,0,kAt) (19)
i=1

Where:
Sk is S(kA?)

hi — H(p (r707 lAt)
E,r is the horizontal electric field at finite ground conductivity,
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ip, i1 are modified Bessel functions,

€ is the relative ground permittivity,

E,p is the horizontal electric field at perfectly ground conductivity,
Hy, is the magnetic field,

o is the ground conductivity.

The relation between horizontal electric field and electric fields along x, z axis is
given by Egs. 20 and 21, respectively.

E,=E, xcosa (20)
E,=E, xsina 21
Where:

o= arccos((x_xo)
.

So, using Egs. 9, 10, 16, 19, 20 and 21, electric field values along x, z axis, con-
sidering on finite ground conductivity case, can be expressed by Eqgs. 22 and 23,
respectively.

k+1 k—1L
E. "2 (m,n,p)=E; *(m,n,p)+

k+1 k—1
/1 h"Sk%fH%*/l hiSk7%7i+% X sino
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ANt
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(22)
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_ \/§ |:H(p (r,O, (k—|—;)At> —H, (r,O,(k— ;)At)] X COS O
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2
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(23)
Where:
ris equal to \/(mAx)2 + (pAz)*

mAx
/ (max)? + (paz)?

)

o = arccos A(
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5 Result and Discussion

Figs. 3, 4 and 5 show magnetic field E, and E, due to the lightning channel, respec-
tively. Initial parameters are tabulated in Table 1 and with other parameters of the
return stroke velocity that is equal to 1.9 x 108 m/s and A=2000 m, 6=0.001S/m
and & = 10. Note that, lightning channel is at y-axis.

Figure 3: Magnetic field due to lightning channel for an observation point at posi-
tion x=50m, z=55m, y=10m

Horizontal electric field can be evaluated by E; or E; as per Eqs 20 and 21, respec-
tively. Fig. 6 illustrates comparison between horizontal electric fields for perfect
and finite ground conductivity cases.

Whilst Fig. 7 shows the vertical electric field obtained under the same condition
highlighted previously.

Using Eqs. 4, 5, 12, 13, 16, 22 and 23, electric field values can be calculated
directly in time domain, making use of the low memory and short processing time.
In addition, the proposed model offers evaluation for the far distance from lightning
channel because of the use of this model, which is based on magnetic fields that is
evaluated by dipole method and Maxwell’s equation. Good results obtained using
this method for a far lateral distances from lightning channel, in contrast to the
FDTD method, which was only validated for close distances from lightning channel
(less than100m) (Yang and Zhou 2004; Liu, Chen et al. 2009).
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Figure 4: Ex values due to lightning channel for different observation points at
position z=55m, y=10m
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Figure 5: E, values due to lightning channel for different observation points at
position z=55m, y=10m



10 Copyright © 2010 Tech Science Press CMES, vol.67, no.1, pp.1-12, 2010

6000 T T g T
—- —Finete ground Conductivity

— Perfect ground Conductivity

Er(v/m)

Figure 6: Horizontal electric field in finite ground conductivity case in compari-
son with the perfect ground conductivity case for an observation point at position
x=50m, z=55m, y=10m
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Figure 7: Vertical electric field due to lightning channel for the observation point
at position x=55m, z=50m, y=10m
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6 Conclusion

In this study, electric fields due to lightning channel is calculated by other method

using dipole method, Maxwell’s equation and also ground conductivity effect, which
is predicted in this method using Cooray-Rubinstein formula. There are two equa-

tions proposed for calculating of electric fields with the consideration of ground

conductivity effect.
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