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Abstract— In this paper, Intelligent water drop algorithm (IWD) is used
to analyze single overhead line connected to grid-grounded arrester. In
this approach, at first Norton’s equivalent circuit of the overhead line
over lossy soil is computed by method of moments (MoM) and then for
the problem under consideration, a nonlinear equivalent circuit in the
frequency domain is proposed. Finally applying intelligent water drop
algorithm (IWD), nonlinear analysis is efficiently analyzed and transient
voltage across the arrester is easily computed. Comparison of the
achieved voltage with transient solvers shows good agreement as well as
fast run-time.
Index Terms— IWD, arrester, lossy soil.

I.

INTRODUCTION

As known, to protect power systems against lightning strikes, surge arresters are used. The optimum
number and place of them along the overhead line are strictly dependent upon accurate evaluation of
transient voltage across them (peak value and rise time of the voltage). To this aim, transient solvers
such as Electro-Magnetic Transient Program (EMTP) [1, 2], is used. But in this solver, frequency
response of each sub-system is first computed by accurate method for instance applying method of
moments (MoM) [3] on the Maxwell’s equations, or approximate methods such as transmission line
method (TLM) [4]. Then through vector fitting method (VF) [5-7] or matrix pencil method (MPM)
[8] each sub-system is converted to equivalent circuit or state space equations. Finally these are
imported to transient solvers.
In order to evaluate transient voltage directly, Sheshyekani et al [9], proposed a hybrid model
based on combining the TLM and arithmetic operator method (AOM) [10]. Fig. 1(a) shows schematic
diagram of an overhead line terminated to the arrester above lossy ground. In this figure, the
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(a)

(b)

(c)
Fig 1. (a). Schematic diagram of an overhead line terminated to grounded arrester. (b), Transmission line representation of
1(a). (c), Nonlinear equivalent circuit of 1(b). Adopted from [11].

grounding system is an equally spaced d1 × d 2 grounding grid buried in depth of d 3 inside a lossy soil
of conductivity σ and dielectric constant ε .
In the proposed method, as shown in the Fig. 1(b), Fig. 1(a) is first substituted by transmission line
of length L and characteristic impedance Z c such that it is matched at left side and terminated to the
nonlinear load namely arrester at right side. Also, the grounding grid is represented by the linear
impedance Z g (f ) in the frequency domain.
Finally for nonlinear analysis, the Norton’s equivalent circuit viewed across arrester and grounding
grid is computed by the TLM and then using the nonlinear technique of the AOM, the nonlinear
equivalent circuit as shown in Fig. 1(c) is analyzed.
As explained in the previous studies [11, 12], this approach has a few drawbacks. To remove them,
the hybrid model based on combining method of fuzzy (MoF) [11] and genetic algorithm (GA) [12]
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was proposed. Although the GA is mostly efficient, in some cases it is sensitive to initial solutions and
the run-time is thus expensive. To improve the proposed method, intelligent water drop algorithm
(IWD) is introduced.
The IWD which is based on nature of water drops in rivers is a new and efficient optimization
algorithm. It was initially proposed by Shahhosseini et al [13-18] and recently modified as improved
IWD [19, 20], modified IWD [21] and adaptive IWD [22]. Up to now, this approach has been used as
an optimization technique in engineering applications [23-25].
To the best our knowledge, there is no research by this algorithm in electromagnetic applications.
Hence in this article, the IWD algorithm is used in transient analysis of overhead lines terminated to
arresters. The achieved results show that firstly good agreement in comparison with EMTP, secondly
in comparison with the the previous ones run-time is reduced.
This paper is organized as follows. In the section II, basic principles of the IWD is explained. In the
section III, the IWD is used for nonlinear analysis of the problem under consideration and compared
to the EMTP and GA. Finally conclusion is given in section IV.
II.

BASIC PRINCIPLES OF THE IWD

The basic idea of IWD is based upon the observation of flow of water in rivers. Imagine a water
drop is going to move from a point of river (node) to the next point in the front. It is assumed that
each water drop flowing in a river can carry an amount of soil. The amount of soil of the water drop
increases as it reaches to the right point while the soil of the river bed decreases. In fact, amount of
soil of the river bed is removed by the water drop and is added to the soil of the water drop. This
property is embedded in the IWDs so that each IWD holds soil in itself and removes soil from its path
during movement in the environment.
A water drop has also a velocity and this velocity plays an important role in the removing soil from
the beds of rivers. Let two water drops having the same amount of soil move from a point of a river to
the next point. When both water drops arrive at the next point on the right, the faster water drop is
assumed to gather more soil that the other one. The mentioned property of soil removing which is
dependent on the velocity of the water drop is embedded in each water drop of the IWD algorithm.
It was stated above that the velocity of an IWD flowing over a path determines the amount of soil
that is removed from the path. In contrast, the velocity of the IWD is also changed by the path such
that a path with little amount of soil increases the velocity of the IWD more than a path with a
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Fig. 2. Flowchart of IWD as step by step.

considerable amount of soil. The path with little soil lets the flowing water drop gather more soil and
gain more speed whereas the path with large soil resists more against the flowing water drop such that
it lets the flowing water drop gather less soil and gain less speed.
Obviously, a water drop prefers an easier path to a harder one when it has to choose between
several branches that exist in the path from the source to the destination. In summury, the algorithm of
IWD as step by step is shown in Fig. 2. Further information about this algorothm is found in [14].
III.

TRANSIENT ANALYSIS OF OVERHEAD LINES TERMINATED TO ARRESTER BY IWD

In this section, the vertical rod of length l = 3m and buried in lossy soil with relative dielectric
constant ε r = 10 and conductivity σ is considered. As explained in [12], for the trnsient analysis, at
first the Fig. 1c is simplified as shown in Fig. 3.
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Fig. 3. Simplified model of the Fig. 1c.

In Fig. (3), I′sc and Yin′ are computed as following
I ′sc =

I sc
1 + Z g Yin

(15)

Yin
(16)
1 + Z g Yin
Also in this Fig., the arrester is represented as a nonlinear load as shown in Fig. 3. Assuming the
Yin′ =

arrester voltage as following
N

v r ( t ) = V0 + ∑ Vj sin(ω j t + φ j )

(17)

j=1

Where N is the number of frequencies in spectral content of the arrester voltage. Since the arrester
and Yin′ are in parallel, the current following into Yin′ is expressed as:
N

i ′in ( t ) = ∑ G ′in (ω j )Vj sin(ω j t + φ j )

(18)

j=1

N

+ ∑ B′in (ω j )Vj cos(ω j t + φ j )
j=1

Where G ′in and B′in are real and imaginary parts of Yin′ . Through applying Kirchhoff’s current low
(KCL) at node (a) yields a cost function as following:

M

∑I
i =1

sc ,i

cos(ωi t + φ i )

N

− ∑ G ′in (ω j )Vj cos(ω j t + φ j )
j=1

(19)

N

ε( t ) = + ∑ B′in (ω j )Vj sin(ω j t + φ j )

→0

j=1

N


 v 0 + ∑ Vj cos(ω j t + φ j ) 
j=1

− p

v ref





q

In (5), there are 2 N + 1 unknown variables. To find them, the cost function in (19) is discretized at
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Fig. 4. Input impedance of grounding grid computed by MoM for two values of soil conductivity.

t = k∆t , k = 0,1,..2 N and ∆t = 1µs and finally the achieved equations are solved by the proposed

optimization algorithm, i.e., IWD. Note that Δt=1µs is chosen to cover at least one period of the signal
with sampling interval Δt satisfying the Nyquist criterion for the highest harmonic frequency of
lightning current (see table I in [12]).
This algorithm is run for two values of soil conductivity, i.e. σ = 0.01,0.001S / m . The input
impedance of the grounding grid for these cases are computed and shown in Fig. 4. The line height is
h = 10m and the lightning current in the Fig. 1(b) is the same as previous study [12].

The mean square error (MSE) for the problem under consideration is shown in Fig. 5. Also for
comparison, the mean square error by the GA is shown in the same figure. As seen, the IWD is faster
converged than the GA which is in agreement with [13-25]. Finally after converging the two
algorithms, the voltage across arrester for two values of conductivities are computed via (١٧).
In this study, all results achieved by the proposed approach, are compared with well-known
software (EMTP). Hence, in this software, the overhead line is substituted by frequency dependent
line (FD line), and the grounding grid is imported into EMTP by an equivalent circuit extracted by the
VF. In extracting equivalent circuits by VF, at first the frequency responses in Fig. 4 are converted to
rational functions and then each of functions are easily represented as parallel braches of lumped
elements as shown in Figs. 6 and 7. In these figures, all resistors, inductors, capacitances are in Ω ,
H and F respectively.

As known, in desighning arresters, the maximum ( Vmax )and rise time ( t r ) of the transient
voltage across them are of importance [26]. Comparion of the two parameters computed by three
approaches
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Fig. 5. Mean square error versus iteration for IWD and GA.

Fig. 6. equivalent circuit of grounding grid extracted by VF for σ = 0.01S / m .

Fig. 7. equivalent circuit of grounding grid extracted by VF for σ = 0.001S / m .
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Fig. 8. Transient voltage across the arrester computed by the three approaches for σ = 0.01S / m .
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Fig. 9. Transient voltage across the arrester computed by the three approaches for σ = 0.001S / m .

in Figs. 8 and 9 shows that the IWD approach is in excellent agreement with EMTP whereas the ones
computed by GA are different. This makes the IWD efficient in transient analysis of power systems.
Meanwhile according to IWD indespite of EMTP based on only frequency response, transient voltage
is easily computed. As a result, the run time for the IWD is reduced. It should be noted that as seen in
Figs. 8 and 9, in the interval of [0 − 5]µs difference between the IWD and EMTP is observed. This may
be owing to the EMTP solves transmission line equations which are based on quasi-static assumptions
[4] whereas frequency content of the lightning current is from dc to 10MHz. Table 1 and 2 compare
the rise time and maximum of transient voltage computed by the three approaches.
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Table 1. Comparison of computed early parameters of transient voltage by the three approaches for σ = 0.01S / m .
Method

GA

EMTP

IWD

t r (µs)

≈7

≈8

≈8

Vmax( kV )

1100

1050

≈ 1050

Parameter

Table 2. Comparison of computed early parameters of transient voltage by the three approaches for σ = 0.001S / m .
Method

GA

EMTP

IWD

t r (µs)

≈7

≈8

≈8

Vmax( kV )

2050

1950

≈ 1950

Parameter

IV.

CONCLUSION

In this paper, an intelligent method namely IWD was used in transient analysis of single conductor
overhead line terminated to grid-grounded arrester. In this approach which is based upon behavior of
water drops in rivers in despite of conventional optimization techniques such as GA is more efficient
in finding nearly global minimum. Comprehensive analysis of multi-conductor overhead line
terminated to grounded arresters over lossy soil is another study that is in progress.
REFERENCES
[1]

“Alternative transient program (ATP) rule book,” Can/EMTP, user group, Leuven EMTP center, Belgium, 1987.

[2]

J. Mahseredjian, S. Dennetiere, L. Dube, B. Khodabakhchian, and L. Gerin-Lajoie, “On a new approach for the
simulation of transients in power systems,” Elect. Power Syst. Res., vol. 77, no. 11, pp. 1514–1514, September
2007.

[3]
[4]

R.F. Harrington, Field Computation by Moment Methods, Macmillan, New York, 1968.
F. Rachidi, “A Review of Field-to-transmission line coupling models with special emphasis to lightning-induced
voltages on overhead lines,” IEEE Trans. on Electromagn. Compat, vol. 54, no. 4, pp. 898–911, August 2012.

[5]

Bjorn Gustavsen, and Adam Semlyen, “Rational Approximation of Frequency Domain Responses By Vector
Fitting,” IEEE Transaction on Power Delivery, vol. 14, no. 3, pp. 517-524, 1999.

[6]

Bjorn Gustavsen, and Adam Semlyen, “Enforce Passivity for Admittance Matrices Approximated By Rational
Functions,” IEEE Transaction on Power Delivery, vol. 16, no. 1, 2001.

[7]

Bjorn Gustavsen, “Improving the Pole Relocating Properties of Vector Fitting,” IEEE Transaction on Power
Delivery, vol. 21, no. 3, 2006.

59

IWD-Based transient analysis of overhead lines
[8]

Keyhan Sheshyekani et al, “Wide-Band Modeling of Tower-Footing Grounding Systems for the Evaluation of
Lightning Performance of Transmission Lines,” IEEE Transaction on Power Delivery, vol. 29, no. 4, 2015.

[9]

K. Sheshyekani, S.H. Hesamedin Sadeghi, R. Moini, F. Rachidi, M. Paolone, “Analysis of transmission lines with
arrester termination, considering the frequency-dependence of grounding systems,” IEEE Trans. on Electromagn.
Compat, vol. 51, no. 4, pp. 986-994, November 2009.

[10] K. Sheshyekani, S. H. Sadeghi, and R. Moini, “A combined MoM-AOM approach for frequency domain analysis
of nonlinearly loaded antennas in the presence of a lossy ground,” IEEE Trans. Antennas Propagat, vol. 56, pp.
1717–1724, 2008.
[11] S. M. Taghavi, S. R. Ostadzadeh, “High frequency analysis of single overhead line terminated to grounding
arrester using fuzzy inference models”, Journal of Communication Engineering, vol. 2, no. 3, pp. 208-221,
Summer, 2013.
[12]

F. Taheri, S. R. Ostadzadeh, “Transient Analysis of the Single-Conductor Overhead Lines Connected to GridGrounded Arrester under Direct Lightning by Means of GA,” Journal of Communication Engineering, vol. 3, no.
1, pp. 45-54, 2014.

[13] H. Shah-Hosseini, “Problem solving by intelligent water drops,” In IEEE Congress on evolutionary computation,
CEC 2007.
[14] H. Shah-Hosseini, “Intelligent water drops algorithm: A new optimization method for solving the multiple
knapsack problem,” International Journal of Intelligent Computing and Cybernetics, vol. 1, no. 2, pp. 193–212,
2008.
[15] H. Shah-Hosseini, “Optimization with the nature-inspired intelligent water drops algorithm”, In Tech, pp. 297–
320, 2009.
[16] H. Shah-Hosseini, “Intelligent water drops algorithm for automatic multilevel thresholding of grey-level images
using a modified Otsu’s criterion,” International Journal of Modelling, Identification and Control, vol. 15, no. 4,
pp. 241–249, 2-12.
[17] H. Shah-Hosseini, “An approach to continuous optimization by the intelligent water drops algorithm,” ProcediaSocial and Behavioral Sciences, vol. 32, pp. 224–229, 2012.
[18] S.H. Niu, S.K. Ong, and A.Y.C. Nee, “An improved intelligent water drops algorithm for achieving optimal job
shop scheduling solutions,” International Journal of Production Research, vol. 50, no. 15, pp. 4192–4205, 2012.
[19] S.H. Niu, S.K. Ong, and A.Y.C. Nee, “An improved intelligent water drops algorithm for solving multi-objective
job shop scheduling,” Engineering Applications of Artificial Intelligence, vol. 26, pp. 2431–2442, 2013.
[20] B.O. Alijla, L.-P. Wong, C.P. Lim, A.T. Khader, and M.A. Al-Betar, “A modified intelligent water drops
algorithm and its application to optimization problems,” Expert Systems with Applications, vol. 41, pp. 6555–
6569, 2014.
[21] C. Sur, S. Sharma, and A. Shukla, “Multi-objective adaptive intelligent water drops algorithm for optimization &
vehicle guidance in road graph network,” Int. Conf. on Informatics, Electronics & Vision (ICIEV) , pp. 1–6, 2013.
[22] B. Dariane and S. Sarani, “Application of Intelligent Water Drops Algorithm in Reservoir Operation,” Water
Resource Manage, vol. 27, pp. 4827–4843, 2013.
[23] I. Kamkar, M.-R. Akbarzadeh-T, and M. Yaghoobi, “Intelligent water drops a new optimization algorithm for
solving the vehicle routing problem,” Proc. of the 2010 IEEE Conf. on System, Man and Cybernetics, pp. 4142–
4146, 2010.
[24] T.A. Khaleel, and M.Y. Ahmed, “Using intelligent water drops algorithm for optimization routing protocol in
mobile ad–hoc networks,” International Journal of Reasoning-Based Intell. Sys. vol. 4, no. 4, pp. 227–234, 2012.
[25] K. Lenin and M.S. Kalavathi, “An intelligent water drop algorithm for solving optimal reactive power dispatch
problem,” International Journal on Electrical Engineering and Informatics, vol. 4, no. 3, pp. 450–462, 2012.

