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Abstract

High voltage A.C. transmission is the common mode adopted in transmitting bulk electrical
power from one station to the other all over the world. Associated with these overhead
transmission lines are the electric and magnetic fields emanating from these which could have a
coupling influence on devices in its proximity. Detonator is one such electro explosive device
(EED) that is susceptible to electromagnetic coupling when placed in proximity to the

transmission lines which in turn could cause inadvertent misfires.

This report focuses on the computational modeling of electric and magnetic fields around
overhead high voltage transmission lines at various voltage levels and line configurations starting
from fundamental electromagnetic principles and the verification of those models by field
measurements. MATLAB software was used in modeling the field profiles and the model is
capable of accommodating any configuration with any number combination of conductors. The

overhead transmission line parameters used in this report are from the present line configurations

in practice in Sri Lar The measured values of el > apd magnetic s are compared with
the modeled A%L@“'s*’gfu: e verification -of modelsz, The possibility, of ding these extra low
frequency electremagnetic fields arg-also-discusse

Electrical detonator is one type of Electro Explosive Devices (EEDs) that is used to initiate blast
sequences. the susceptibility of these devices to the electric and magnetic fields emanating from
nearby high voltage transmission lines are comprehensively examined under scenarios of
nominal rated loads, infrequent high loads, emergency short-time loads, faults, lightning and
switching surges. Investigating the impacts of field couplings and possible unintentional misfires
under different scenarios, safe distance levels for operation of detonators in the proximity of

transmission lines are proposed for different voltages and line configurations.
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Chapter 1

Introduction

1.1 General and Background

Over the last few decades, electricity has become a vital commodity in our day today life and it
is increasingly proving to be an integral part of our modern life. The increase in power demand
has increased the need for transmitting huge amount of power over long distances. Large
transmission line configurations with high voltage and current levels generate large values of low
frequency electromagnetic field stresses which in turn have significant interference on electrical
and electronic equipment, accessories, circuits and other conducting bodies mainly operating in
frequency range below UHF. This research mainly focuses on the fields emanating from high
voltage transmission lines and their electromagnetic coupling effects on Electro Explosive Devices
(EEDSs) and their firing circuits.

The Sri Lankan commercial electric power system operates at a frequency of 50 Hz, or cycles per

second, meaning that the field increases and decreases its intensity 50 times per second. The

interactions ( he same frequency. The
electromagnetic digtd levels'in the  proximity of a'high voltage transmission line depends on a
number of varlegss/including hut not limited to the voltages, c yverall geometry of the
structures holding t g and earth wires used.

Hence, in the modeling and calculation process, each voltage level of the transmission lines has
been considered separately and calculated independently for the specific structure geometry and

conductor type used.

The strength of an EMF increases significantly with decreasing distance from the source. The
strength of an electric field is proportional to the voltage of the source. Thus, the electric fields
beneath high voltage transmission lines far exceed those below the lower voltage distribution
lines at the same distance. The magnetic field strength, by contrast, is proportional to the current
in the lines, so that a relatively low voltage line with a high current load may produce a magnetic

field that is as high as those produced by some higher voltage transmission lines.

With the rapid development impetus in progress in the country, the need for enhancing the
infrastructure to cater to that requirement is indispensable and a prerequisite. The development of
road network, electricity, water and sanitation, housing and transportation are essentials in this
respect. The construction of these facilities, sometimes, involves blasting of ground rocks in

order to level and pave the right of way. Further, processed rock and rock metal are imperative
1



raw materials that contribute towards the construction industry. This essential raw material is
produced through the explosive blasting industry which is a prime industry in our modern
society. It plays some part-direct or indirect- in practically everything we build, make, use and
enjoy. Without explosives and blasting industry, available where and when they are needed,
public works and private enterprises would be badly hampered. Therefore, facilitating proper
handling, use, transportation and storage of explosive materials in blasting industry while

providing safeguards for life and property are in the interest of the whole community.

The interference and coupling of electromagnetic fields emanating from transmission line
becomes an issue when the explosive blasting activities are performed in the vicinity of these.
Since, the electrical detonator (one kind of electro explosive devices) and associated circuits are
used as the means of initiating explosions, these electromagnetic fields could cause inductive
coupling with the circuitry. The main research issue in concern is that whether there a possibility
that these coupling would induce significant voltages and threshold level currents that could
initiate premature or unintentional explosions and if so what are the safe distances for operation

from transmission lines.

1.2 Research.

-
The Geological Si]w | Mines B GSMB) | | request to investigate
the possibil of 1ators due to induced

electricity (or extraneous electricity) from high voltage transmission lines in sites and mines
where explosive blasting are carried out. This endangers human lives and property. Therefore, it
is essential avoiding such unanticipated situations through careful study and provide guidelines
of safe distances ensuring safe operations in explosive blastings. Hence, a study is to be carried
out for investigating the electromagnetic fields emanating from different voltage levels and
circuit configurations of high voltage transmission lines present in Sri Lanka and determine safe

distances for operation. The request letter tendered by GSMB is attached as Annex 1.
1.3 Objectives

e To investigate the electromagnetic fields around high voltage transmissions lines of
220kV, 132kV and 33kV and thereby, analyze the sensitivity over detonator firing
circuits and make recommendations for safe feasible operations.

e To prepare a statement of safe distances of operation for these firing circuits in order to

avoid inappropriate triggering.



1.4 Methodology

Vi.

Vil.

Study of detonators, circuit arrangements and explosives
Visit detonator blasting sites and study specification of detonators, different circuit
configurations, types of detonators and explosive materials used in Sri Lanka and

different conditions under which explosions are carried out.

Literature survey

Do a literature survey on the Electro Explosive Devices(EEDs), the theories behind
joule heating of bridge wire due to electromagnetic radiation [1],[3],[5] susceptibility
of EEDs to electric and magnetic fields [3],[4],[19] modelling approaches of fields
around transmission lines [2],[6],[11],[13],[14] and shielding of electric and magnetic
fields [6],[17].

Modeling the electromagnetic field

Modeling the electric and magnetic fields under transmission lines for different
voltage and circuit configurations starting from basic principles of electromagnetic
tl

n

S Tate model using standard field profiles and their
magnitudes around the transmission lines and investigate the field variation profiles
with distance.

Taking physical measurements
Measure the electric and magnetic fields physically under the transmission lines using

standard measuring meters with real time voltage and current values.

Comparison of the model and measured values
Compare the simulated values with the measured values in the field and finding

actual reasons for deviations.

Investigate the induced currents due to electric fields
Study the induced currents in conductors and detonators in the presence of electric
fields.



viii. Investigate the induced currents due to magnetic field variations
Investigate the impact and inducements on the detonator circuits due to magnetic
fields emanated by rated nominal loads, infrequent high loadings, emergency short

term loads, line faults, switching currents and travelling lightning waves.

ix. Safe Distances for operation
Prepare a statement of safe distance levels for operations of detonator blasting circuits
for different voltages and transmission line configurations taking the results obtained

from vi and vii into account.

X. Shielding arrangement
Study and design a suitable shielding arrangement to mitigate the electric field and to
investigate the possibility of shielding the magnetic fields or else to find alternative

solutions.
1.5 Results & Dissemination

o Elegr%magnetic flaldiintensitysprofiles anddmpacts due to different configurations
of ﬁéﬁsmission [ines antt thefr'interferences.

e Statement of safe distance levels for operation of Electro Explosive Devices (EEDS)
for firing explosives for different overhead transmission line configurations and

voltages.



Chapter 2

Electro Explosive Devices and Detonator Firing

Circuits
2.1 Electrical Detonator

Electrical detonator is one type of Electro Explosive Devices (EEDs) that is used to initiate blast
sequences. Electrical detonators are compact devices that are designed to safely initiate and
control the performance of larger explosive charges. They contain relatively sensitive high
explosives which can be initiated by electrical or shock energy from an external source. All
electrical detonators contain components that can be initiated by sufficient impact of electrical
energy. These characteristics make them the most dangerous explosive products in industrial
application and they must be stored, transported, handled and used according to set procedures

and regulations.

The commercially available electric detonator in Sri Lanka is called a match-type blasting cap. In

this type, the bridge is usually surroynded by a proprietary pyrot € mix or coating which
is in turn su uﬁaéc aprimary, explesive, whichis. in.contact w 2 main charge [3]. The
principle of operafion ofthis typs)of eteetrid e <a is that, when a high
enough electric current is passed through its lead wires, a bridge wire is heated in the fuse head

to the ignition temperature providing the initial activation energy, which then ignites the ignition
charge (similar to a match) which in turn initiates the explosive in bottom of the detonator after a
time determined by the length and content of the delay element. The type of detonators used in
Sri Lanka is match-type detonators with bridge wire and in this type, ignition charge is closely
bonded with the bridge wire. The match-type EEDs have been found to be susceptible to such
low levels of energy (4-6 mJ) and the safe operation of these EEDs is vital when in use near
sources that emits electromagnetic radiation [8] such as high voltage transmission lines. The
normal operation current profiles, both constant current and pulsed excitation, are well known, as
is the ignition temperature. However, as safety and reliability are of great concern, both in the
operation and storage of EEDs, the susceptibility of these devices to transient or spurious fields

is also of interest.

Under normal explosive operations, electrical energy is introduced into the detonator from the
exploder (hand-driven magneto or charged capacitor) via a primary circuit wire (shot-firing

cable) and detonator leads.



Figure 2.1 : Electrical Detonator with lead wires

The only type of detonators used in Sri Lanka are called ‘short-delay’ detonators because the
delay times vary in increments of 25ms and the longest delays found are 500ms and 1 second.

The timing of the pyrotechnic delay element is accurate to within 8ms.

WSS, mrt ac. 1k
Charge

Primary Explosive
Bridgewire

Insulating
Header

Figure 2.2: Schematic cross-section of an electrical detonator

Since electric detonators are designed to fire when electrical energy is supplied to them, any
extraneous source of electric current represents a potential source for initiation. Sources such as
lightning, high voltage power lines, radio transmitters, and static electricity must be avoided.
There are also occurrences where the energy from lightning has traveled several miles along
transmission lines, pipes or cables into an underground mine and can represent an unsuspected

source for initiation of electric detonators.



When using electric detonators, the continuity and resistance of the individual detonator as well
as the entire circuit needs to be tested with a blasting galvanometer. A blasting galvanometer is
used to check the individual detonators prior to making the primer and again prior to stemming
the borehole. Care should be taken when stemming a borehole to prevent any possible damage to
the detonator leg wires. Once the circuit is completely wired, it should be checked again. When
the blast line is connected to the circuit, the resistance needs to be checked prior to connecting the
blasting unit.

Electronic detonator systems are new technology advancements for the initiation of blasts in
mining operations. Several advantages for electronic detonators are precise timing, reduced
vibrations, a reduced sensitivity to stray electrical currents and radio frequencies, and a great

reduction in misfires through more precise circuit testing.

Electronic detonators have been designed to eliminate the pyrotechnic fuse train that is a

component of electric detonators, thus improving timing accuracy and safety. For the electronic

detonators, typically an integrated circuit and & 1 internal to each detonator
separate the leg \QE/%L mithe Daselshargey Thelciteuitry-donsists 6fla microchip, PLC logic and
delay circuit D%pgz"nc J-on'the'destgn feattires of the'electronic det r, the safety and timing
accuracy can he gre . The elect a more complex design

compared to an electric detonator. A specially designed blast controller unique to each
manufactured system transmits a selectable digital signal to each wired electronic detonator. The
signal is identified by each electronic detonator and the detonation firing sequence is accurately
assigned. The manufacturer’s control unit used in accordance with the unit’s specified operating
procedures will show any incomplete circuits during hookup prior to initiation of the explosive
round. The wired round won’t fire until all detonators in the circuit are properly accounted for

with respect to the current blasting plan layout.

2.2 Blasting Explosives

Blasting explosives are agents that:

« Comprises ingredients that by themselves are non-explosive.

« Can only be detonated by a high explosive charge placed within it. The explosive charge
comprises of a detonator inserted inside gelignite (water-gel) capsules. All blasting agents

contain the following essential components:



- A chemical that provides oxygen for the reaction. Typical oxidizers are
Oxidizer . . . .
ammonium nitrate and calcium nitrate.
Fuel A chemical that reacts with oxygen to produce heat. Common fuel used is diesel
fuel oil.
Sensitizer Provides the heat source (‘hot spot’) to drive the chemical reaction of oxidizer
and fuel. Sensitizers are entrapped air bubbles or pockets within the explosive.

Table 2.1 : Ingredients of blasting explosives
The most common explosive used in Sri Lanka is Ammonium Nitrate Fuel Oil (ANFO) consists

of small granules of ammonium nitrate (AN) coated with a special grade of fuel oil (FO).

2.3 Blasting Geometry

The explosive blasting using electrical detonators have to be carefully planned so as to achieve
the desired results. Number of bore holes, their diameter and depth, spacing between the bore
holes will be decided by the size of the burden and the final rock metal sizes to be achieved as a
result of the blasting. Therefore, the blasting geometry has to be carefully planned by

experienced and skilled persons in the industry.

oo

AT
oeis, 7T
}

ar of the bore hole

L = Depth of the bore hole
H = Bench Height

T = Stemming

B = Burden

S = Spacing

J = Sub Drilling

Figure 2.3: Blasting geometry

A typical example of three explosive blasting done at the Arangala blasting site by W.A. Perera
& Company is given below. The drilling of bore hole details and the corresponding explosive

charging are also given.



Blast Blast Blast
DRILLING PARAMETERS

Number 01 | Number 02 | Number 03
Diameter of a bore hole 64mm 64mm 64mm
Depth of a bore hole 03m (10ft) 03m (10ft) 6m (20ft)
Burden 1.45m (4.8ft) | 1.45m (4.8ft) | 1.83m (6ft)
Spacing 1.52m (5.0ft) | 1.52m (5.0ft) | 2.2m (7ft)
No. of bore holes 10 15 03

Table 2.2 Drilling Parameters

Charging Parameters Blast Number 01 | Blast Number 02 | Blast Number 03
Detonators 01 Nos. 01 Nos. 01No
Charge per hole Gelignite 1309 130g 390g
NH,NO; 1700g 1700g 6000g
Detonators 10 Nos. 15 Nos. O3Nos.
Charge per blast Gelignite 1.3Kg 1.95Kg 1.17Kg
NH;NO; 17Kg 25.5Kg 18Kg

Tdble 213 €hargingParaméters

&)
Detonating ——
wire $ ~
§ Stemming
N
()
T -_l”“
|} = Main Charge
b (ANFO)
‘ 0_')‘..:. '_
Bore Hole —F??Z,:fg“,.
.z:_ . ’_‘
Ny 15
A
,’;’:.4‘(
il Primer Charge (Gelignite &
Electric : Electric Detonator)
Detonator i

Figure 2.4: Charged Bore Hole
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2.4 Detonator Circuit Arrangements

The simplest and most convenient way to connect electric detonators is in series. If one or more
detonator connections are faulty then the entire circuit will not fire, eliminating the possibility of
having explosive in the broken rock after firing. Connection in series allows the entire circuit to
be tested for continuity and resistance from a safe place. In a parallel circuit, in which each
detonator is connected across two common wires, each detonator or set of detonators is
independent of the others. The circuit resistance is lower but even if one of the connections is
faulty the remainder will fire, resulting in unexploded charges in the muck pile. In general,

detonator circuits are connected in a combination of series and parallel loops.

QU= AT

Figure 2.5: Series connected detonator circuits

Figure 2.6: Forward and reverse parallel detonator circuits

SR

Figure 2.7: Forward and reverse parallel closed loop detonator circuits

Since electrical detonators are designed to fire when electrical energy is supplied to them, any
extraneous source of electrical current represents a potential source and a threat for initiation.
Sources such as lightning, high voltage transmission power lines, radio transmitters and static

electricity carries severe threats in unintentional and unanticipated firing and should be avoided.
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There are also occurrences where the energy from lightening travels several miles as travelling
waves along the power transmission lines and this too can represent an unsuspected source for
initiation of electric detonators. Direct and indirect lightening strokes could initiate the entire
detonator circuit of a part of the circuit to fire. If there is any sign of thunder storms approaching or

any probability of occurrence lightening, all electric detonation activities should be suspended.

2.5 Literature Survey on different modeling methods
There were three algorithms | analyzed in the modeling of electromagnetic fields around
transmission lines. The features of the three algorithms | found in the literature survey are as

follows.

2.5.1. Particle Swarm Optimization (PSO)

In this algorithm, the intelligence of the swarm is used to find the optimal arrangement of
conductors that would produce minimum magnetic field near high voltage overhead power
transmission lines. The PSO is a robust stochastic nonlinear evolutionary computation technique
based on the movement and intelligence of swarms. PSO depends on the social interaction
between ind | ' lled icles, during thei h for the optimum solution
using the cc g;,%, 1ess. The Titness defines how well' the'posttion vector of each particle

1) frirvioatf1AR AraRIarA T T T

satisfies the nq%]’ﬁnv softhe op

It is noted that most buildings represent good conductors at 50/60 Hz frequency, and thus can
shield the electric field. On the contrary, these buildings are almost transparent to magnetic
fields. Based on that, only the magnetic field is minimized here, i.e., the magnetic field value is
the fitness function. In fact, when we included both the magnetic and electric fields in the
fitness function, we obtained essentially similar results to that when only the magnetic field is
considered.

The x and y components of the velocity and the position represented by the x, y coordinates, for

each particle m, are updated by the following equations[7].

<
[

mn,X - ertn_n%X + C1 U‘rcll(PrEm,X - Xgr}) + Ca U;CIZ (gfl,X - XH&

X ¥nn,y X gnl + At (Vrgln,X )

Vrtnn,y = WVIFn_nl,y + ClU;l(PI"Em,y - y;cn_nl) + C; ng (g;,y - y;cn_nl)
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YItnn,y = y;cn_n1 + At (VrEm,y)

where superscripts t and t-1 are time indices of the current and the previous iterations, U,; and
U,, are two different uniformly distributed random numbers in the interval {0,1}, w is the
“inertial weight” in the range {0,1}, and p,,, g, are the personal and global best positions (the
subscripts x, y refer to the x and y components), respectively. The parameters ¢, and c, are
scaling factors of local and global bests; a value of 2 is a good choice for both parameters [7].

The subscript m is the particle number in the swarm while n indicates the parameter to be

optimized, and the time-step At is usually chosen to be one.

2.5.1.1 Solution Algorithm

The following algorithm minimizes the magnetic field under overhead transmission lines.

I. Specify the constraints of the problem: minimum spacing between conductors, and
limits of the region in which the particles will search for suitable arrangement of

conductors (see Fig. 1).

Il.  Distribute the particles (different. arrangements of conductors) in the selected region,
specify a@?e step {for,particle-movement (Rere. unity), initialize the population with a
random Velacity (v)vectar, (here :zerpcinitial velocity), and initialize the stop criterion
with a value much smaller than 4.0 pT. Specify the maximum number of iterations that
should not be exceeded.

I1l.  Evaluate the fitness function (here the magnetic field value) for each particle.

IV. If the magnetic field value < the personal best value, then replace the personal best value
by the new magnetic field value.

V. If the magnetic field value < the global best value, then replace the global best value by

the new magnetic field value.
VI. If the fitness is < the stop criterion or maximum number of iterations is reached, then

stop; a solution is found. Otherwise, update position and velocity of particles according to

(1) (c1=c2=2 and w=0.7), and go to step 3.

12



2.5.2 Finite Element Method

In this method, a two-dimensional finite element model is built lateral to the transmission
line. The potential distribution over each element is approximated by a polynomial. Instead of
solving the field equations directly, the principle of minimum potential energy is used to obtain
the potential distribution over the whole model.

The ratio of the largest size to the smallest size in a finite element model of a transmission
line is about 10,000. The circular boundary of the model has a radius of about 100 m, while
the radius of the conductors is a few centimeters. Therefore, special attention must be paid to
obtain a regular mesh with well-formed elements. This ensures an accurate solution of the field
problem. Figure 1.3 shows part of the finite element model around a set of the phase

conductors [12].

A mathematical model of electric fields (E) radiating around a transmission line is usually

expressed in the wave equation (Helmholtz’s equation) as derived from Faraday’s law[1].

z 5 :'_ E {_ ; E =
&V EMwgrsty ol viorall 1)
] T Of o O
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Figure 2.8 Discretization of the System[12]
A mathematical model of magnetic fields (B) for transmission lines is performed in
form of the magnetic field intensity (H), which related to the equation, B = uH . This model can
be characterized by using the wave equation (Helmholtz’s equation) derived from the
Ampere’s law[1].
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Due to the similarity between (1) and (2), formulation of the FEM used for the magnetic field
problems is mathematically the same. One can point out this similarity by replacing the electric
field (E) with the magnetic field intensity (H). This paper has considered the system governing
by using the time harmonic mode and representing the electric field in complex form, E = Ee !,

therefore,

cE 0’E )
= jwE and —=—w E
ot or”

employing the complex form of the electric fields and assuming that the system is excited with a

single frequency source, Equation (1) can be transformed to an alternative form as follows.
V?E — jootE + @’ guE =0

The overhead transmission lines are essentially unbounded. Applying Dirichlet constraints at an
outer circular boundary surface at a finite distance from the transmission lines, the potential
distribution will not correspond to the real distribution and will be somewhat compressed.
The earth is supposed to have an infinite conductivity vielding the electric field lines to be
perpendicular to stirface.lt/has to-be mentioned that the ufkounded system may be avoided using
a special techméﬁé dealmgCwithithe opeasesundaryl problemsil2]. The accuracy of the finite
element solutioft depends ' not onty-of the elefent distribution, but also on the order of the finite

element approach.
2.5.3. Analytical Method

This is the method that is used in modeling the electric and magnetic fields around the
transmission lines in this research paper. The models are derived from fundamental principles of
electromagnetism and possess high accuracy when compared with the field measuring values
also. The electric field is modeled assuming the line conductors to be equivalent charges and the

magnetic field is represented in the vectorial form in the analysis.

2.6 Specification of a typical detonator

The specification for Supreme short delay detonators used in Sri Lanka is given as Annex 2.
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Chapter 3
MODELING THE ELECTROMAGNETIC FIELD AROUND

3.1 Electric Field Modeling

TRANSMISSION LINE
3.1.1 Assumptions;

1. The conductors are infinitely long and straight.
2. The earth is a perfect conductor.

3. The permittivity of air is independent of weather and equal to the permittivity of free
space.

4. Shielding effects from structures at ground potential are ignored.

From Cuolomb’s Law, for charges of Q1 & Q; , it is empirically derived that,

F= Q1_sz in Newtons
4meoR

Electric field intensity E is the vector force on a unit positive charge

F
E ==
Q
E = aR ol E, = ——
él‘[%; Ve 1=
(3
— dQ=q. dL
\_|
/9
, R
L R
r P dE,
y
\
dE, dE
X

Figure 3.1 Field of a line charge (for an infinitely long conductor)
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In a cylindrical coordinate system, as shown in the figure 3.1, the electrical field intensity, E
at any and every point resulting from a uniform line charge density g; could be determined

as follows. Incremental field at P due to incremental charge

dQ = q.du we have
qLdL
~ 4meoR?
q,dL sin @ q,dL Y _ qpdLr
dEr = = L - —3
4TEOR? 4meoR? R 4meoR

Replacing R?= L? + r? and summing the contributors from every element of charge

_ [ qrr dL
B = f—oo 4mey (L2+12)3/2
(0]
S T .
(3.1)
LTEQGT

3.1.2 Electric field and electric potential

By definition of Potential difference, over a small length of &1 if the potential drop is dv,

then é6v = —E. 6l
E - ov
- a1
Components in x, y, z direction
av ov ov
EX: - & y Ey = - & EZ = -

ady 0z
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Atanypoint E =i,Ex + i, Ey +i,E;

= —{i |3 + o 3] + &[5

E =—gradV = -VV (3.2)
v B
5l grad V
A
[%]dl =dV = (grad V) . dl
Va-Vg = ff(grad V) . dl
Z components cancels off . Hence,

E(X,Y) = —V.V(X,Y) (33)
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For any infinitely long straight line charge

g. C/unit length

Figure 3.3 Cylindrical Gaussian Surface

For a suitable Gaussian Surface of concentric cylinder of radians r,

qL/I:
2TEGT

For evaluation of the potential (work done in bringing a unit charge from infinity)

.ar';; 4 f L ,/ 1 1§ AW |
\ —j \2nE0/

3-1-3 Addition AV A | 1 A AV RN AT N SN LR AVERV] N L*N | 3\1\) ]

ra

P
q1 f
rs
q92
q3
1 1 rn
dn

Figure 3.4 Group of line charges

For a group of line conductors, by using the principle of superposition,

1
2TEO

Vp — [ ](qlm (r))+ gaIn(ra) + .o anln (rn) )

Considering the special case of when there are two line charges and they are equal and
opposite,

Vo = [EL] () - n@) (3.4)

2TEO
18



3.1.4 Modeling the line charges

nn.d
w0 D

_ S _ N-1y 1/N
D= S/ req = (N.r.RY™)

D — Bundle Diameter

d — sub conductor diameter
r —sub conductor radius
N, n — no. of sub conductor

S — sub conductor spacing

VAV AV VS

O

/7

%

Figure 3.5 Multi-conductor line for calculation of Maxwell’s potential coefficients

Starting from Gauss’s Law and from equation 3.3, it can be derived that the potential of
conductor 1 due to its own charge and its image charge with respective to ground,

Vig = (L)m(ﬁ)

2TEO a/2
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_ ( q1 ) Distance of cond.from negative charge
2 distance of cond.from positive charge

- (21611(150) P1g

2y1

Py = In (d—/2 ) — Maxwell’s self-potential coefficient
Similarly.
_ q- Distance of cond.from—-q, _ q2
V1,2 - (21‘[60) In distance of cond.from +q2 - (Zneo) In( 112/L12 )

- (zzéo) Prz

For a system of n conductors ( or phases) above ground, the potentials of conductors will be,

vV, - Q1 ;. (2Y1), Q2 , _ [(I12) , Qn ;. /I1n)
e

< 4 it <~ 4 Lit ~ it {
Vo= In KLM) + = In \L—Zn o+ In( rl")

In Matrix form  [V], = [P]lnn [Q]n

Vo] = [Vi, Vo, .Vl n - Potentials with respect to ground
[Q]n = [Q1 Qz....Qn]t - Conductor charges

[P]nn - Maxwell’s Potential Matrix

1 4y; L
Pii:ﬁ ln(dli‘) for i = j

Considering X,y co-ordinate system,
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1
2

li=|(x = x)" + (Yi+ Y;)° F and Lij=|(x - x)" + (Yi— Y;)° |

1
3 _1_ (Xi_Xj)2+(Yi+Yj)2 2 . .
Py =5 In PR e for i # j
And,
Array of phase — earth voltage (kV)
) &
[Q1 = [F17[V]
A S~ -
Line Charge Inverse of Maxwell Potential Matrix (?)

The capacitance matrix of the n-conductor system is;

[Clm = 2me. [P]Hﬁ = 2me [M]yn

P11 P21 P31 --eeee- Pi1  —memee- Pni1 Pn1
o=t P22 £32 :
Ewﬁlg PHg Ps :
P e e
Plj--mmmmmmmmmm oo Pij
Pin-1 |
Pin ----------mm Pnn
_JInxn

Once the Potential Matrix is known, the inverse of the matrix, [P]* could be determined.
since, [P]" is known,

[Q] = [P] * [V] could be determined .
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3.1.5 Representation of line voltage in phasor form

Vi =(Vph-pnrms ) £ phase angle @;

Vi — Vpp rms

V3

[V] n ~ (Vi)nxl

vl =

Considering the realand imagifeary componerits;
[Qln = (@idnx1 = (qi(re) + Cli(im))nxl

= [Qre] + ][le]

[Qre] = [P]-l [Vee]

V31
Vbl
Vcl

cos (@) + ]

sin (0;)
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and  [Qml = [PI" [Vim]
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Qb,
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3.1.6 Electrical field at a point in space

For a line charge of Conductor i with its mirror image,

Y

EV /I
P/
o:\% Ex
Point of Interest | (Xy, Yn)

Figure 3.6 Eiectric fieid at a point in space due to charge g and its mirror image

Ve = L mZ2- Lo 2=y,

2TE Y; 2TE Y;

no= J&x—xn2+ - YW? , o= J&x—-x0?+ Y+ Yy)?
q JXi—- Xn)% + (Yi— Yn)2 J&i— XN)2 + (Yi+ Yn)?
Vnii = ——In —In
2TEO Y; Yj

For the total charge in the i™ conductor g;

qi = qri + JQm,i
g _ 2 _ 2 _ 2 ) 2
Vi = (Qr,l‘;:[;llm,l) {ln <\/(X1 XN) ;‘ (Yi— Yn) ) —In (\/(X1 XN) ;' (Yi+ Yn) )} (34)
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VrN + jVimN

W

= (VrZN + Vlan) 12

From equation 3.2, we have

VN1 + Vn2 + Vn 3+

(3.5)

E(Xy) ==YV (xy)
Therefore,
E. . = (qr,i+iQim,i){ Xn—Xi) _ (Xn— Xi) }
aE 2meo Xi— X2+ (Yi-YN)?2  (Xi— Xn)2 + (Yi+ YN)?
E . - @i+ Qim.i){ @ Vi 1., (MY i)
! RN PHe 4 X DDisscttong + (YitYn)?

_'Qé":’é:"ZHEO

}

Horizontal components and vertical components of E,, E, are calculated for all the conductors,

1,2,3....... n
Ex = Ex, 1, + Ex, 2, +
Ex = Exre + ] Exim
Ee = Exre . Oy + Ey, re - 1Aly
Eim = EX, im - ﬁX + ny im - ﬁy

+ EX, n = ZEx.i
=
n
+Ey = ZEW.
i=1
Ey = Ey,re + jEy,im

Gy, Gy —Unit vectors in the directions of x &y
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3.1.7 Magnitude of E

Ez\] |EZ, | + |EZ, |

= \]Ea%,re + Ey?,im + EB%.TG + EJ%.im

E.
Phase 4 : 6, = tan'l( ‘m)
Ere

3.1.8 Calculation of potential

From equations 3.5 & 3.4.

_ @rit]dimi) {ln (\/(Xi— Xn)% + (Yi— YN)2> }

V .
N'I /'7\21'[6 Yl

(hrti H ik i) { In (J(xi— X2+ (Yi+ YN)2>}

. 2TE Y;
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3.1.9 Flow chart for modeling & simulation of electric field around transmission line

Selection of the Transmission Line

Formulate Theoretical Basis &
Background

Determine the Voltage & line
Configurations

Data Available:

e structure geometry

e conductor parameters

e earthwire parameters

e stringing data

¢ design minimum ground clearance

Determine Design Details

Determine Average Ground Clearance From the line profile if at a
particular point otherwise use an

average figure as for new lines

‘ j}depart from-flat-ground Fox Hregulas derrain or other
2’ case? considerations in profile

No Yes

Adjust

Calculate the Maxwell’s Potential
Equation

Calculate the Line Change for each

Conductor
Calculate and Plot the Electric Field For this particular condition
Profile MATLAB software is used
Calculate and Plot the Space Potential Figure 3.7 Flow diagram for electric
Profile 26 field modeling and simulation




3.1.10 Transmission line data

Transmission line data, like the minimum clearance from ground, height of conductors at the
tower level, the length of the basic span, distance of conductors from the tower center,
number of conductors, conductor spacing in the bundle and the conductor diameter were
considered in developing the model. Data for Three tower types, TDL, TDL+6 and TDL+12
used in Sri Lanka are given in Table 3.1 and 3.2 for 132kV and 220kV lines.

Figure 3.8 Transmission line parameters

measurement .
height
dimegistgh, cpde on tower type :
conductor \Shybctibh diagrary (Y MBS 0 5 T TpL+12 | UM
horizental from'tower Double 290K\ 6720 5720 6720 mm
) centre EW
earth wire vertical above bottom
ey 19925 | 19925 19925 mm
phase
horizontal from tower tx 6720 6720 6720 mm
top phase - centre
vertical above bottom ty 11375 | 11375 11375 mm
phase
_ horizontal from tower mx 6900 6900 6900 mm
middle centre
phase vertical above bottom my 5800 5800 5800 mm
phase
horizontal from tower bx 7800 2800 2800 mm
centre
b;;t;;r: Ground to Bottom Phase - 17710 | 23710 29710 mm
Minimum Ground 7010 | 13010 | 19010 | mm
Clearance
Number of conductors 2 2
conductor -
bundle Spacing 200 200 200 mm
Diameter 28.62 (ACSR, Zebra) mm

Table 3.1 220kV double circuit transmission line data




Dimensions Code on tower type .
— . Voltage units
Conductor Direction diagram TDL | TDL+6 | TDL+12
horizontal from tower Double 139KV 3660 3660 3660 mm
; centre EW
Earth wire vertical above bottom
ey 14290 | 14290 14290 mm
phase
horizontal from tower tx 3660 3660 3660 mm
Top phase cent_re
vertical above bottom ty 8530 8530 8530 mm
phase
_ horizontal from tower mx 3705 3705 3705 mm
Middle centre
phase vertical above bottom my 4230 4230 4230 mm
phase
horizontal from tower bx 4010 4010 4010 mm
centre
Bottom Ground to Bottom i 15235 | 21235 97935 mm
phase Phase
Minimum Ground 6700 | 12700 | 18700 | mm
Clearance
number of conductors 2 2 2
Conductor .
in bundle Spacing 200 200 200 mm
Digmeter 28.62 (ACSR, Zebra) mm

Table 3.2 132kv double cireuit transmission line data

33kV Vertical Double Circuit
Dimensions Max. | Min. | units
Conductor Direction
horizontal from tower centre 3.0 2.5 m
Top phase vertical to bottom 3.0 2.4 m
_ horizontal from tower centre 3 25 m
middle phase vertical to bottom 1.5 1.2 m
horizontal from tower centre 32 2.1 m
Bottom phase vertical to ground 13 6.5 m
number of conductors 1 1
conductor diameter 12.3/19.6 mm
vertical to ground 13 6.5 m

Table 3.3 33kV Double circuit transmission line data
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Dimensions for
Horizontal Formation
Max. Min. Units
Conductor Direction
horizontal from tower centre 0.95 0.95 m
Right phase - o
vertical to ground 13 5
horizontal from tower centre 0 0 m
middle phase - m
vertical to ground 13 5
horizontal from tower centre 0.95 0.95 m
Left phase o
vertical to ground 13 5
number of conductors 1 1
conductor
diameter 12.3 mm
Table 3.4 33kV horizontal configuration line data
Triangular Formation
Dimensions Max. Min. Units
Congleigior Direttion
=)
horjzontal from tower centre 0 0 m
Topphese
vertical to lower phase 2.0 2.0 m
horizontal from tower centre 1.6 1.6 m
Lower left phase
vertical to ground 13 6.5 m
horizontal from tower centre 1.6 1.6 m
Lower right phase
vertical to ground 13 6.5 m
number of conductors 1 1
conductor
diameter 12.3 mm

Table 3.5 33kV triangular configuration line data

3.1.11 Average conductor height above ground

The input for field calculation requires an “average conductor height” - which is determined
by ground clearance (at certain load conditions) and sag (at the same set of conditions).It is
assumed that the ground is flat unless there is sufficient information available to make an
assessment for the case being considered.
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It can be shown (using parabolic equations) that the average conductor sag is 2/3 of overall
sag when measured from the points of attachment. Alternatively, the average conductor
height is equal to ground clearance at the low point of the parabola, plus 1/3 sag. Conductor
electrical loading (calculated or assumed) causes a conductor temperature rise above ambient
but the temperature will normally remain below that corresponding to maximum design load
(minimum (design) ground clearance is based on this maximum load).

Typical Inputs for Field Calculations

. . Typical Values for
Input Existing Line | 220kv D/C lines

() Reference height for field calculations: Known Im

(b) Overhead Earthwire data:

- No. of wires Known 2
- X and Y coordinates of each wire Known 6.72m, 31.56m
- size (diameter) of wires Known 18.2mm

(c) Phase Conductor data:

- No. of phase conductors Known 4

| X Y coordinates T e Conside;zc:);‘gt;?/ch phase
- size (di em:)mb wires INIVETSTLY OF AOTE Riown 28.62mm

- sub-con "té)w;p o} 200mm

(e) Voltag - P —————

- phase to phase voltage Known 220kV

- phase angle Known 0, 120, 240

(e) Current details for Conductors:

Considered for Each phase

- current and direction in each wire Known separately
- phase angle for each current Known 0, 120, 240
(f) Earths conductivity Known / Assumed 0.001-0.002 S/m,

Table 3.6 Typical input data for electric and magnetic field calculations

3.1.11.1 Average height above ground = (minimum ground clearance at max design
temperature) + (additional height due to assumed operating temperature below max
design temperature) + (1/3 sag at that assumed operating temperature).
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Conductor at reduced

Average conductor height
temperature

Conductor at
maximum design

Increased

17.2m clearance due

to temperature temperature Min. ground
reduction clearance
Design ground 7.01lm
clearance
Ground Level I im |
it R R L S IR T R L
Grgd 4 ymr}u}f,’f Te?’ ‘t. SR i A 3 WEH s A PR R N,
) 350m g
Figure 3.9 The average height above ground calculation for 220kV lines
g . Average
. Sag @ EDS Sag @ Maximum
V?li'ir;l)ge BaSI(r;‘nS)p an Clegrra(l)r?cned(m) Buiiei (i) | (Everage baily ‘Teimperature Cclaeg)rl;?l?:e
Stress)(m) (750C)(m) (m)
220 350 7 0.3 8.637 10.316 11.558
132 300 6.7 0.3 6.214 7.793 10.350
33 300 55 0.3 5.255 6.812 8.808

Table 3.7 Calculation of average ground clearance

3.1.12 Simulations using MATLAB

Once all the data was available, MATLAB programming was used for determining the
electric field profiles. MATLAB is a programming language that is widely used as a tool for
numerical computation and visualization. It was originally designed for solving linear algebra
type problems using matrices. Its name is derived from MATrix LABoratory. For array based
input data, MATLAB is a handy tool for rigorous and complicated calculations.

The MATLAB code written for 220kV double circuit twin zebra configuration is attached as
Annex 3. Some of the profiles drawn are given below. The model develop can accommodate



Electric Field {kV/m)

35~
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[

/
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any number of conductors in any configuration and takes the effect of earth conductors also
into consideration in calculations.

100

Electric Field {(kv/m)

20

Height above
ground (m)

0 20 5 Distance from
centre (m)

Electric field variation with height above ground

Electric Field Profile variation.0.- 5m above ground

3

Height above 2
ground (m) 0

Distance from centre (m)

Figure 3.11 3D scheme of electric field variation for 132kV D/C configuration
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Electric Field (k\/m)
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Electric Field Profile - 1m above ground
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Figure 3.12 Electric field variation for 220k\/ double circuit line 1m above ground
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Figure 3.13 Electric field variation for 132kV double circuit line 1m above ground
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Electrical Field Profiles for 33KV circuits - 1m above ground
D45 e B e A L R PR ................................ ................................ .............................. i

e Horizontal

Electric Field (k\/m)

ol o L L ji L L L
20 -15 -10 5 0 5 10 15
Distance from centre (m)

Figure 3.14 Electric field variation for 33kV double circuit, triangular and horizontal
configurations, 1m above ground

Similarly, potential variation profile in space could be calculated with the use of above
transmissiorlﬂ;i’q,% data.

)
/

£ "

Potential(kV)
w

Distance from the centre (m)

Figure 3.15 Space potential variation for 220kV and 132kV double circuit lines 1m above ground
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3.2Magnetic field modeling
3.2.1 Assumptions;

1. The conductors are infinitely long and straight.

2. The permeability of air is independent of the weather and equal to the permeability of free
space.

3. Shielding effects from structures at ground potential are ignored.

By the application of Biot-Savart’s law we could derive the magnetic field ‘B’ at a point ‘P’
distant ‘r’ from an infinitely long Straight line conductor carrying a current ‘I’ is given by [1]
I
B= o

©2mr

pO

Figure 3.16 An infinitely long conductor carrying current |

The direction of B is circumferential, i.e.normal to the plane of the paper, and coming out of
it, we have

B x (2rr) = pol

i.e. the vector B multiplied by the length of the contour, is propotional to the current in the
wire.

From Ampere’s law we define the vector H-magnetic field intensity, such that;

B
H= ; (= B/uy in free space) (3.6)
i I
Hence in general, He — (3.7)
2mr
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3.2.2 Modeling for ‘n’ number of conductors

Y
i"" - conductor
o (i, Vi)
Hii j is the observation point

Figure 3.17 Coordinate system for magnetic field calculations

Considering only one conductor, in vectorial notation,

— _Iixrji _ I ~
Hji

2rry  2mry Y

@ ;; is the unit vector in the direction of the product of the vector current and the vector
segment r ;; .The unit vector is equal to;

- %V;?Yi ECLT KNESC%
TR 5 g L x
U, , U, are the unit vectors in x, y directions.

n
i=1

— Ii =3
H; :Z E @i;j —> Magnetic field intensity

Bj = Ugir Hj

Where 1;; = \/(Xi — Xj)z + (Yi - Yj)z

is the direct distance from i ™ conductor to the point of interest.
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3.2.3 Considering the effects of earth’s return currents ;

The magnetic field produced by each conductor and its earth return is expressed by;

o~ 1L\ 4 ~
Hijearth B - 21T r:] 1+ § YU Ql]
i=

Ny CES TS

w —angular frequency  p — permeability of earth
o — Earth’s Conductivity 0.001-0.002 S/,

€ — earth's permitivity

= \/(Xi - Xj)2+(Yi -yt %)2

3.2.4 Resultant effect of magnetic field intensity;

n

n ) 4 )
J , anu 27‘[ T/} ( + < yr-’-) ) 2y

i=1

)
%
+
a
=
:)
<

y,r + ij,im
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ani}
<

Il

T
R
=

D
R

+

)
<
3

D
<

(H, = JHZ,, + HZ, )

]

Hx,im o, + Hy,im ay Him = \/Hzx,im + sz,im)

Absolute value H; = \/H 2er + H20im +H?, 0 + H?y 4

3.2.5 Representation of line currents in phasor form

I = phasor representation of phase current

= Iphrms COS @ i + ] Iphrms Sil’l@ i
Mn = ()nx1 A
[ ]
| I‘[\‘L I
5 cdes |
(}ib.mrt|
Ic,
Further, from the earlier derivation in equation 3.5,
H=uB
1
B]= —[H
[B] = - [H]
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3.2.6 Flow chart for modeling & simulation of magnetic field around transmission line

Selection of Existing Transmission Line

Formulate Theoretical Basis &
Background

Data Available:

e structure geometry

e conductor parameters

e earthwire parameters

e stringing data

e design minimum ground clearance

Determine Design Details

Available from system

Select the Load
control centre data.

From the line profile if at a
particular point otherwise use an

Determine Average Ground Clearance i ]
average figure as for new lines

Any regsgn to departifrom flatgrotind For irreqular terrain or other

Case? considerations
No Yes
Adjust
Calculate the Magnetic Field Intensity For this particular condition
and Flux Density taking earth return MATLAB software is used
currents into considerations

Simulate and Plot the Magnetic Field

Profile Figure 3.18 Flow diagram for magnetic

field modeling and simulation
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Magnetic Flux Density (Wh/m?2) or (T)

Magnetic Flux Density (Whim?) or (T)

3.2.7 Simulation of magnetic field profiles using MATLAB

Using the line configuration data used for electric field modeling, magnetic field profiles
could be simulated using MATLAB programming. The MATLAB code written for 220kV
double circuit twin zebra configuration is attached as Annex 4. Some of the profiles drawn
are given below. The model develop can accommodate any number of conductors in any
configuration and takes the effect of earth conductors also into consideration in calculations.
The model also takes the earth return currents into account.

Magnetic Field Profile for
220kV-DIC canfiguration

0.025

0.02

0.015

T

0 .Height above ground (m)

4

Height above
ground (m)

0

Figure 3.20 3D scheme of magnetic field variations for 220kV D/C configuration
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Magnetic Flux Density (Wh/m?2) or (T)

Magnetic Flux Density (Wh/m2) or (T)

s Magnetic Flux Density Profile - 1m above ground

Distance from centre (m)

Figure 3.21 Maanetic field variation for 220kV double circuit line 1m above ground

Magnetic Flux Density - 1mabove ground

Distance from centre (m)

Figure 3.22 Magnetic field variation for 132kV double circuit line 1m above ground
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x10° Magnetic Flux Density for 33kV Different Configurations - 1m above ground

e — - SU———— TR - S T~ SN, - s Triangular:

e V/ertical Dduble Circuit

— Horizontal%

O R Y s Rggennnndih K smnnnnnnnnnnnnnn] R

THT s S S Sl e N e CmmnRRSSa

Magnetic Flux Density (Wh/m2) or (T)

0.2 N S S SESE e ............................................ ............................................ ........................................... ........................................... ..............................

-15 -10 5 0 5 10 15
Distance from centre (m)

Figure 3.23 Magnetic field variations for 33kV for triangular, vertical double circuit and horizontal
configurations 1m above ground
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Chapter 4

Measuring the field values physically under the transmission
lines and shielding of the fields

4.1 Measuring the electric field under the transmission lines

Once the model for the electric field around transmission line was developed, it was required to
measure the electric field values physically in the field in order to verify the accuracy of the
model. The sites for measuring electric field were selected so to avoid any shielding effects from
other structures and bushes at ground potential. Therefore, even terrains like paddy fields and flat

grounds were selected avoiding irregular bushy terrains as much as possible.

Locations with nearby transmission lines which could interfere with the measuring fields were
also avoided. Clear terrains of at least 200m width were selected for taking measurements. The
following figure shows such a location selected for taking measurement for 220kV transmission

line.

S L

g

ey

Figure 4.1 Location selected for taking measurements in 220kV line.
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4.1.1 Instruments used for measuring

For measuring the electric fields, AC Electric Field Meter Model ACEF manufactured by Alhpa
Lab Inc., USA and the meter measures AC electric field in the vertical direction (same direction
as the long axis of the meter). Absolute accuracy of the instrument at 40 Hz — 1 KHz is +/-2% of
the reading +/- 1 count (1 count is 1 volt per meter). When taking measurements, the meter was
kept at distant as possible from the body in order for measuring the unperturbed electric field as

closely as possible.

For measuring the conductor heights, FLUKE 421D Laser Distance Meter was used. The

accuracy of the meter is + 1.5mm.

University of Moratuwa: S ‘
Electronic Theses & Disserféitions
www.lib.mrt.ac.lk :

Figure 4.2 Taking measurements under the transmission lines keeping the e-field meter as
distant as possible, 1m above ground.

4.1.2 Recording the measurements

The electric field measurements taken were recorded along with the values of voltages and
currents in the circuits, line configurations, line conductor height etc. The following Table 4.1
gives the recorded measurements for Kotugoda — Veyangoda 220kV double circuit twin zebra

transmission line.
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TX Line: Kotugoda - Veyangoda

Date : 23.05.2014

Transmission line Voltage & configuration : 220kV double circuit twin zebra

Line Currents: 670A, 780A Line Conductor height (Lowest Phase): 8.6 m

]lc)rti)sr:]ance Right fDr;sr';ance Left

centre E_Iectric Distance _ Electric centre . Electric | Distance _ Electric

(m) field (m) field (m) field (m) field (V/m)
(V/m) (V/m) (V/m)

0 3502 13.0 1700 0 3502 -13.0 1700
0.5 3472 135 1357 -0.5 3580 -135 1450
1.0 3650 14.0 1290 -1.0 3550 -14.0 1200
15 3750 145 1240 -1.5 3700 -14.5 1100
2.0 3850 15.0 1100 -2.0 3900 -15.0 1025
25 3980 15.5 1025 2.5 4000 -155 890
3.0 4300 16.0 893 -3.0 4200 -16.0 850
35 4450 16.5 685 -35 4400 -16.5 690
4.0 4650 17.0 550 -4.0 4600 -17.0 600
4.5 4980 17.5 450 -4.5 4900 -175 490
5.0 5200 18.0 395 -5.0 5010 -18.0 400
55 5250 085 865 55 5200 185 380
6.0 % 19.0 266 -6.0 5250 -19.0 238
6.5 5475 195 568 -6.5 5175 19.5 202
7.0 5150 20 189 -7.0 5100 -20.0 185
7.5 4896 -71.5 4700
8.0 4560 -8.0 4650
8.5 4250 -8.5 4200
9.0 3940 -9.0 4000
9.5 3640 9.5 3800
10 3210 -10 3450
10.5 3000 -10.5 3050
11.0 2800 -11.0 2700
11.5 2400 -11.5 2450
12.0 2250 -12.0 2200
12,5 1980 -12.5 1900

Table 4.1 Electric field measurements for Kotugoda — Veyangoda 220kV line.
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4.1.3 Plotting the profiles of measured electric field values vs modeled values

220kv PZI 220kv

5._ ..................... s ey [ & TR .......................... s — ......... 670 [T 780a

Electric Field (kV/m)

| — . R R = Measured ... A S N

£ Modelled

Maximum Deviation= 85V

i ) £ 5y 4| 3 3 a 3|
U
-20 -15 -10 5 0 5 10 15 2

Distance From Centre - X(m)

Figure 4.3 Electric field profiles comparing the modeled and measured values for 220kV double circuit
configugation

S

Y —

N
i

Electric Field (k¥/m)

T
i . T . — SIS W O TR -

Maximum Deviétion =80V

i ol 0
-10 5 0
Distance from the centre (m)

Figure 4.4 Electric field profiles comparing the modeled and measured values for 132kV
double circuit configuration
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Figure 4.5 Electric field profiles comparing the modeled and measured values for 33kV double
circuit configuration

4.1.3 Comparison‘:"'f}the phBastredy valuesiandthe. modeled values and verification of
model A

The field profilés:édmparing the measured values and the modeled values for electric field are

drawn in figures 4.4 and 4.5 for 220kV and 132kV double circuit twin zebra conductor and in

figure 4.6 for 33kV double circuit raccoon conductor. The field Measurement data for 132kV

Kotugoda - Katunayake and 33kV Bolawatta - Nattandiya double circuit transmission lines are

given in Annex 5 and Annex 6 respectively.

The deviations between measured and modeled values are primarily due to interference of the
person taking measurement with the electric field during the measuring process, changes in the
medium of air such as moisture, wind speed etc. During the measuring process the 50Hz electric
field which is easily vulnerable for disturbances is disturbed while the modeled electric field

represents the unperturbed electric field.

The profiles drawn verify that the measured values are very close to the modeled values and the
profile shapes are the same. Since the electric field models developed for 220kV, 132kV and

33kV matches with the measured values, the accuracy of the model developed is amply verified.
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4.2 Measuring the magnetic field under the transmission lines

Developing the magnetic field around transmission and the traces of field profiles was discussed
in detail in chapter 3. Hence, it was required to measure the magnetic field values physically in
the field in order to verify the accuracy of the model. The sites for measuring magnetic field were
also selected as per the electric fields, avoiding shielding effects from other structures and bushes
at ground potential. Therefore, even terrains like paddy fields and flat grounds were selected

avoiding irregular bushy terrains as much as possible.

Clear terrains of at least 200m width were selected for taking measurements. It is also noteworthy
that the 50Hz magnetic field is not perturbed easily unlike the electric fields of the same
frequency. The following figure shows taking magnetic field measurements for 220kV

transmission line.

L Universi loratuwa. |
% Electron )issertati

Figure 4.6 Taking magnetic field measurements under the transmission lines 1m above
ground.

4.2.1 Instruments and recording of measurements

For measuring the magnetic fields, Tri-axial ELF Magnetic Field Meter of Model SK-8301
manufactured by Kaise Corporation, Japan and the meter measures AC electric field in the
vertical direction (same direction as the long axis of the meter).
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TX Line: Kotugoda - Veyangoda Date : 27 .05.2014

Transmission line Voltage & configuration : 220kV double circuit twin zebra

Line Currents: 780A, 860A Line Conductor height (Lowest Phase): 8.6 m
fDr(i)srﬁmce Right 1Ig(iJsr';ance Left
centre _Mag. Distance .Mag. centre _Mag. Distance Mag. Field
(m) Field (m) Field (m) Field (uT) | (m) (uT)

(uT) (uT)

0 10.6 13.0 17.6 0 10.6 -13.0 16.67
0.5 10.8 135 17.0 -0.5 10.9 -13.5 16.0
1.0 115 14.0 16.8 -1.0 10.8 -14.0 15.2
15 124 145 16.0 -1.5 114 -14.5 14.6
2.0 134 15.0 154 -2.0 121 -15.0 14.0
25 145 155 14.8 -2.5 131 -15.5 13.55
3.0 15.7 16.0 14.0 -3.0 14.2 -16.0 13.0
3.5 17.0 16.5 135 -3.5 15.3 -16.5 12.5
4.0 18.5 17.0 13.1 -4.0 16.5 -17.0 12.0
4.5 20.0 17.5 12,5 -4.5 17.45 -17.5 11.8
5.0 21.0 18.0 12.0 -5.0 18.56 -18.0 11.2
5.5 22.0 18.5 115 -55 19.6 -18.5 10.5
6.0 208, 19.0 101 1610 00.6 -19.0 10.3
6.5 gert) | Hies 118 %5 M1 195 9.7
7.0 250" 20 105 7.0 21.8 -20.0 9.5
7.5 24.4 20.5 10.0 -71.5 22.0 -20.5 9.2
8.0 24.5 21.0 9.8 -8.0 22.2 -21.0 8.8
8.5 24.3 21.5 95 -8.5 21.95 -21.5 8.5
9.0 24.0 22.0 90 -9.0 21.7. -22.0 8.2
9.5 23.5 22.5 88 -9.5 21.3 -22.5 7.9
10 23.0 23.0 80.1 -10 20.73 -23.0 7.6

105 22.0 23.5 82 -10.5 20.12 -23.5 7.4
11.0 21.5 24.0 79 -11.0 19.47 -24.0 7.1
115 20.2 24.5 79 -11.5 18.7 -24.5 7.0
12.0 19.5 25.0 78 -12.0 18.0 -25.0 6.9
125 18.84 -12.5 17.27

Table 4.2 Magnetic field measurements for Kotugoda — Veyangoda 220kV line.
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The accuracy of the instrument at 50/60Hz is +/-2% rdg and the resolution is .01uT. When
taking measurements, the meter was kept as distant as possible from the body in order for
measuring the unperturbed magnetic field. For measuring the conductor heights, FLUKE

421D Laser Distance Meter was used. The accuracy of the meter is + 1.5mm.

The magnetic field measurements taken were recorded along with the values of currents in the
circuits, line configurations, line conductor height etc. The following Table 4.3 gives the
recorded measurements for Kotugoda — Veyangoda 220kV double circuit twin zebra

transmission line.

4.2.2 Plotting the profiles of measured magnetic field values vs modeled values

Magnetic Flux Density (Whim?2) or (T)

e [Vl22SUrE:

Modeled :

Maximum Deviatioh = 2,0’uT

L L L L i : : L
-10 -5 i} 5 10 15 20 25
Distance from centre - X(m)

Figure 4.7 Magnetic field profiles comparing the modeled and measured values for 220kV

double circuit configuration
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Magnetic Flux Density (Wh/m?2) or (T)

Magnetic Flux Density (Wh/m?2) or (T)

e Modeled

i e e s e S T IS
ol E i L [ S [ & e [ [
25 -20 -15 -10 5 0 5 10 15 0 25

Distance From Centre (m)

Figure 4.8 Magnetic field profiles comparing the modeled and measured values for 132kV
double circuit configuration

Similarly, for 132kV double circuit twin zebra conductor and for 33kV double circuit raccoon
conductor transmission lines, the field measurement data are given in Annex 7 and Annex 8
respectively. Maggetic figld profiles for 132kV and 33kV.are given below.

02
L i T T B R S
S L e
| R R R G L L L R G S e R S L O G R S S, Y
I S S Y
3_ . T S YT e
L —— o s T = Measured i ... SO
Modeled

; L e Maf(ihwum Deviation = OI,_2:|JT | : %

220 -15 -10 5 1] 5 10 15 20

Distance from centre (m)

Figure 4.9 Magnetic field profiles comparing the modeled and measured values for 33kV double
circuit configuration
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4.2.3 Comparison of the measured values and the modeled values and verification of
model

The field profiles comparing the measured values and the modeled values for magnetic field are
drawn in figures 4.7 and 4.8 for 220kV and 132kV double circuit twin zebra conductors
respectively and in figure 4.9 for 33kV double circuit raccoon conductor. The deviations between
measured and modeled values are primarily due to changes in the currents during measuring
process, changes in the medium of air such as moisture, wind speed etc. The current readings are
the average value of the initial and final values measured at the grid substations.

The profiles drawn verify that the measured values are very close to the modeled values and the
profile shapes are the same. Since the magnetic field models developed for 220kV, 132kV and
33kV matches with the measured values, the accuracy of the models developed are amply

verified.
4.3 Shielding the electromagnetic field under transmission lines

4.3.1 Shielding the electric field

One method to mi area of interest from the
high-voltage )Qﬁﬁc ors of transmissign, line.” The direct expos V transmission line in the
close proximity vl se_the_slectric_field an luence on the detonator
circuits. Shi ng cts. Different shielding

methods represent alternative means of reaching specific objectives.

The two main methods are shielding by a vertical grid of grounded wires and horizontal grid of
grounded wires. Shielding efficiency, SE, may be defined, as shown in Eq. 4.1:

E,- E
SE=—— (4.1)
Ey
where E; is the electric field at ground with the shield present and E, is the unperturbed electric

field without the shield [9].
4.3.1.1 Shielding by a vertical grid of grounded wires

Reduction of the ground level electric field off the edge of a transmission-line right-of-way may

be achieved with a vertical, fence-like set of parallel Wires.

The geometry of a vertical grid is shown in Figure 4.10. The design parameters considered are the

following:
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o L, = distance to the location to be shielded from center line

e Ly = position of electrostatic fence from centerline
e Hmax = height above ground of the top wire
e Hnin = height above ground of the bottom wire
e n = number of wires  d = diameter of the wires
e S = spacing between the wire i and the wire i + |
0 ]
r L, J -
I ]
| n WIRES 5,
°—
DIAMETERd{ 52 T
o—

Lg

Figure 4.10 Geometry of a vertical grid [9].

A modified concept of shielding efficiency was found of more practical application:

Ey- Es —Eg
SE = —— = — (4.2)
r A :’% 1 I latod. ot +ETaa int Baorstlhe 1l s H r H
where E, and f:s dre dalcedateskatthEpeintavkee)ihe shielding € 1cy is calculated, Eg is
the field inducedBy the Grit\eharges dAd & J 1 it the grid location. The

functions Eu(X) and E¢(X) depend in a complicaied way on the characteristics of the line (flat,
delta, vertical, double circuit). Shielding efficiency for vertical grids are determined using design

curves which are commonly available in transmission line reference books.

4.3.1.2 Designing a vertical grid of grounded wires

The vertical grid shield design shall be explained in relation to a practical problem that surfaced
during the construction of the Outer Circular High-Way at Kaduwela where a rock was found in

construction pathway close to the 132kV transmission line.

The Geological and Mines Bureau (GSMB) requested that the electric field to be reduced for the
operation of detonators by a designing a vertical shield for safe operations. The main threat for
unintentional firing was suspected to be the large electric field present in the close proximity of

the 132kV transmission line.
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1.

Figure 4.11 The Kaduwela Outer Circular Highway construction site
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area 10m away from the Tr. Line center is E'.. = 1.2 kV/m. This field to be reduced to below
0.2kV/m. The height of lowest conductor of 132kV tr.line, H = 10.5 m.

L = 10m. Design rule suggests that the distance L, - Ly be one-third of the average height of
the grid. The minimum height is to be 6m for vehicular movements below the grid.

Lg = 7mfor Hpax = 12m

Ly = 6mfor Hpax = 18 m

E, = 25kV/m forLg=7m (Hya = 12 m)
E, = 3kV/m forLy;=6m (Hma =18 m)

Let the desired field be lower than Enax = 0.2 kV/ m. The desired shielding efficiency is

1.2-0.2

SE (3) = =04 for Hnax =12 m (from4.2)
1
SE (4) = 3 =0.33 for Hmax =18 m
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5. Wechoose d= 0.95cm (3/8in.). Hyin = 6m

From the shielding efficiency curve (Figure 4.12) for 6m to 12m(Hmax = 12 m), it is observed
that a shielding efficiency of 0.4 can be achieved with three (3) wire vertical grid placed at a
distance of 7m away from line center and 3m from the burden. It is also observed that a
shielding efficiency of 0.5 can be achieved with five (5) wire vertical grid placed at the same
distance. It appears that field present at the location is fully covered. Hence we choose, five

wire grid for better shielding The wires are uniformly spaced.

Hence, Hmax =12 m,, d(L;--Lg) =3 m, SE=0.40 for n =5

6. The 5-wire grid from 6 to 12 m is chosen.

It is observed from the shielding efficiency curves that the efficiency for 5 wire mesh grid at a
distance of 7m away from the grid is 0.5. This way all the points beyond the shield are kept
below the desired electric field of 0.2kV/m.

0.4

&

- —

VERTICAL GRID |
L-N=20 N WIRES
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=
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- \ \
=
= N\ >\\
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Figure 4.12 Shielding efficiency of vertical grids of Wires[6]
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7. Final design of the vertical mesh grid incorporating all the above steps.

12 m

3m

Burden

Figure 4.13 Vertical grid shield of equally spaced wires

4.3.1.3 Shieldi
A horizonta (;rf‘(rf%ox raunded -wiresrean. proyidey gffective: shie under it. This type of
shielding is effeefive espegiallyilinder: the iz ly thee horizontal grid

concepts are applied to an infinite grid of parallel wires uniformly spaced at a constant height. It
is assumed that the field is induced by high voltage conductors far from the grid and the ground.

A perfect shield over a plane would be another plane at zero potential.

The shielding efficiency of an infinite grid, SE,, , is defined as

2wH/[S
SE, =
2H EZTI'H,’S —_ e_Z‘ﬂ'H/S
In — +In
R drH/S

Where, R is the wire size, H is the grid height and S is the spacing of conductors.

The shielding efficiency under a finite grid may be considered as the product of two factors. The
first factor is the shielding efficiency of an infinite grid, SE,,. The second factor is the reduction
of shielding efficiency because of the edge effects. The dominant independent variable in this

case is the ratio of horizontal position to shield grid height.
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Figure 4.14 Edge factor for horizontal grid of shield wires [6].

SE(X) = SEo, f (3)

The values of f (X/H) were determined from a number of computed and measured solutions and
are shown in Figure 4.11.The field under the shield is then

4.3.2 Shielding the v i |

There are two basic 50Hz magnetic field mitigation (reduction) methods: passive and active.
Passive magnetic field mitigation includes rigid magnetic shielding with ferromagnetic and highly
conductive materials, and the use of passive shield wires installed near transmission lines that
generate opposing cancellation fields from electromagnetic induction. Varying magnetic
fields generate eddy currents that act in order to cancel the applied magnetic field. The result is
that a part of the magnetic radiation is reflected from the surface of the conductor, a part of the

field is absorbed inside, and a part of it penetrates the shield.

Several factors serve to limit the shielding capability of real magnetic shields. One is that, due to
the electrical resistance of the conductor, the excited field does not completely cancel the incident
field. Also, most conductors exhibit a ferromagnetic response to low-frequency magnetic fields,
so that such fields are not fully attenuated by the conductor. Any holes in the shield force current
to flow around them, so that fields passing through the holes do not excite opposing

electromagnetic fields. These effects reduce the field-reflecting capability of the shield.
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For slowly varying, such as 50Hz magnetic fields, shields made of high magnetic
permeability metal alloys can be used, such as sheets of Perm alloy and Mu-Metal, or with Nano-
crystalline grain structure ferromagnetic metal coatings. These materials do not block the
magnetic field, as with electric shielding, but rather draw the field into themselves, providing a
path for the magnetic field lines around the shielded volume. The best shape for magnetic shields
is thus a closed container surrounding the shielded volume. The effectiveness of this type of
shielding depends on the material's permeability, which generally drops off at both very low
magnetic field strengths and at high field strengths where the material becomes saturated. So to
achieve low residual fields, magnetic shields often consist of several enclosures one inside the

other, each of which successively reduces the field inside it.

Because of the above limitations of passive shielding, an alternative used with low-frequency
fields is active shielding; using a field created by electromagnets to cancel the ambient field
within a volume. Solenoids and Helmholtz coils are types of coils that can be used for this
purpose. Active magnetic field mitigation uses electronic feedback to sense a varying 50Hz
magnetic field, then generates a proportionally opposing (nulling) cancellation field within a
defined area (room or building) surrounded by cancellation coils. Ideally, when the two opposing
180-degree out- of-phase magnetic fields of equal magnitude intersect, the resultant magnetic
field is complet@icancelled (nullifieet); This technology. bas: been successfully applied in both
residential and camimerciak enviropments to mitigate magnetic fields from overhead transmission
and distribution lines, and underground residential distribution lines. Additionally,

superconducting materials can expel magnetic fields via the Meissner effect[17].
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Chapter 5

Susceptibility of Detonators to the Electric and Magnetic
Fields

5.1 Electric Field Couplings

It was observed in chapter 3, the 50Hz electric fields under the transmission line are
significantly large and would be around 5kV/m directly under the conductors of 220kV
double circuit twin zebra line. Hence, it was of interest to investigate the behavior of

detonators under the influence of electric field.
5.1.1 Testing of detonators placed inside electric fields

In the initial testing, a parallel metal sheet arrangement with 0.5m x 0.5m plates was used for
providing a uniform field for the detonators. Initially, this was setup at the high voltage
laboratory of the University but did not apply the electric field across the detonator, since the

size of the explosion was unpredictable.

Then, it in a blasting site, of W, ereta & Comp at Panagoda under the
supervision @I e holders. in. btasting. industry.. The, detone as placed between the
metal paralleb-ghates withsits| ieads projectio 10t touching the plates.
With this arrangement, voltages of 2200V and 1450V were applied across the detonator

using hand driven portable exploder or shot blaster and the capacitor charge build-up type
exploder respectively. But no explosion was observed. Further, 660V/m electric field (with
the 230V only supply available at the site) was also applied across the detonator but no firing
was observed. When, 230V mains supply was applied to the detonator, firing occurred. The
size of the explosion observed was significantly large that even the parallel metal plates were
pierced. Hence, it was concluded that under normal laboratory conditions, this kind of an

explosion cannot be handled.

It was decided to measure the induced currents in a conductor placed inside the electric field
instead of placing the detonator itself directly. By this way, it is possible to determine the
induced currents in the bridge wire of the detonator placed inside electric fields. 230V ac
supply was applied across the parallel plates with a separation of 350mm and the conductor
was placed between plates. But no appreciable current i.e. at least in the range of milli-

ampere was observed.
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Figure 5.1: Investigating the behavior of detonator placed in an electric field in open air

Later, with the milli-ampere meter connected, the voltage was raised up to 5kV across the
parallel plates with a separation of 350mm but no induced current in the conductor was
observed. A galvanometer was also connected across the conductor (figure 5.1) to see any
nts[g]uectﬁe e@étn&M?cf %%}N%I ana1 no movement was observed in the

=/ fronic Theses & Dissertations
since an% dﬁ%ﬁ%{rﬁntﬁ?“m not be observed in the milli-ampere range, a

digital oscnloscope was connected across a 0.5 shunt resister to observe induced currents in

the region of micro-amperes.

But, no induced currents in the conductor placed in a electric field over 12000V/m could be
observed even in the range of micro-amperes. Hence, it was concluded that no significant
current is induced in a bridge wire of an electro explosive device (EED) placed in a 50Hz
electric field emanating under a transmission line so as to initiate an inadvertent firing.

The effect of transient electric fields, in free space, shows that the minimum energy threshold
for ignition of commercial EEDs is not met for pulsed electric fields of 100kV/cm transient
electrical fields in free space are unlikely to cause ignition of commercial EEDs without the
occurrence of a secondary effect such as electrical breakdown between leads due to surface
flashover or other mechanisms [3].
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Figure 5.2: Invéstigating e inducedicurirents in a conductor placed in an electric field

5.1.2 Testing of detonators placed inside electric fields

The Institute of Makers of Explosives (IME) Safety Library Publication 20, July, 2001,
provides recommended tables of distance between electric field emitters and electric
detonators of a nominal one ohm bridgewire resistance. This information has been useful to
the blasting community for many years and undoubtedly has assisted in preventing
inadvertent initiation of electro-explosive devices by strong electric fields [15]. The
following log-log plot shows the acceptable electric field strength, (E Field in volts/meter), as
a function of frequency in megahertz, (MHz), that normal electric detonators can be exposed
to while minimizing the risk of inadvertent initiation due to electric fields under different
frequencies.
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Figure 5.3 Ageeptable electtivanfield steentgth'tor & commarcially able electrical detonator

The above chart is a plot of acceptable RF field strengths as a function of frequency, in volts
per meter, from sources of radiating electromagnetic energy in a location where any part of
the electric detonator is expected to be present with respect to the sources of electric field
emission. It has to be understood that the above plot applies to far field conditions only, that

is, circumstances where the electric detonator and its lead-wires is separated from the source

by a distance of at least a few wavelengths.

It is also observable from the plot that there is no possibility of 50Hz electric field of any
strength to have an impact on the detonator and electric fields of more than 0.7 MHz

(700,000 Hz) only will have impacts on commercially available detonators.
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5.2 Magnetic field couplings

5.2.1 Relationship between induced emf (E) and magnetic flux (B)

Lenz's law states that '"The direction of the induced electromagnetic force (emf) is such that

any current which it produces, tends to oppose the change of flux"[1].

When the circuit is a simple, single-turn one, then the ‘flux-linkage’ is the amount of the flux

@ which is passing through the single-turn coil. Then nation @ is used to denote the flux-

linkage with a coil as well as through a loop. We explain the significance of the Lenz’s law
with reference to Figure 5.1.

=9

ITS:TIFigure ot o@hangihg fluxdmkagesand dfenzis law.

In this Figufé,"ﬂiﬂf the resultant flux through the circuit has the direction A and is increasing,
induced current in the circuit will tend to set up a flux in the direction opposite to A. Hence
the direction of the current must be as shown by the arrow A.

The Faraday’s law of induction can be formally stated giving the emf induced in a wire

loop C (Figure 5.2) as follows:

> ¢
Figure 5.5 Induced emf in the wire loop.

do

Where @ is the surface integral of B evaluated over any surface X with its edge on C.
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Thus, in words, the Faraday’s law is:

The emfin the circuit is proportional tothe rate of change of the flux linked by it, and
the sense of the current flowing in the circuitis such that it (i.e. the current) opposes
the change of the flux @ [2].

Now, the emf of a battery is the energy supplied per unit charge delivered; and an electric

force E is set up within a wire connecting the terminals, and hence (Figure 5.6):

o)

Figure 5.6 Battery loop.

The energy supplied per unit charge, E = ff E, dl

i.e. the ling i‘@’ral of Ecalangithe Wirg:E V& Vs

Hence the generalization of £q. (5.1), for any loop whether of wire or otherwise is

do
$E, dl= — ’r (5.2)
If we consider an element §1 contour §C, enclosing an area §A, then
®=B.JA
~ Equation (5.2) becomes
dB
dB
E= —45A. P (5.3)

. . . 9B . .
Where, E is the induced emf , §A is the loop area and Pl the rate of change of flux density

with respect to time. This verifies the Neumann’s law which states that “When the flux
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linked with a coil (or circuit) is changed in any manner, then an emf is set up in the circuit
such that it (the emf) is proportional to the rate of change of the flux-linkage with the

circuit”.

5.2.1.1 The time taken for detonator for firing

Normal current required for firing = 1A
The Joule heating required, for the detonator to fire =5 mJ (from Specification.)
~Energy = I>.rt=5mJ r =2 ohm

Time taken; t=2.5ms
Minimum Current Requirement for

detonator to fire =50 mA (from Specification.)
Time taken; t=1s

The time taken for detonator to fire would be 2.5 ms <t < 1 s depending on the current
provided for the detonator.

5.2.2 Minir mﬁt IENsityrreguinament far fiving

fl LA y

Energy = >Rt

Considering a loop area of 1m? with one detonator

—o—

Tm

Figure 5.7 1 m? detonator circuit loop.
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Magnetic Flux Density (Wh/m?2) or (T)

Resistance of the lead wire = 0.1 Q /m and detonator resistance =2 Q)

. —d dB
From equation5.2and 5.3; E= L
dt dt

= —A.w.B,,,=—1. (21 f)B, s

For a loop resistance of 3 ohm ,
| = 2 =28ms > 5oma
R 3

B, > 47.75x10°T

When the flux density, B exceeds 47.75x10™ T, there is a possibility of detonator firing.

Energy supplied = I°rt =

512
(w) x2x1 >5m] r=2Q,t=1s

> 5mj

This implies that when a flux density of value exceeds 47.75x10™ T, the detonator would
initiate firing and the distance at which this occurs could be determined from the magnetic

flux density variation profile simulated for 0.5m above the ground. (figure 5.5.).

It is observed_ffrom the magnetic field profiles for rated leading,.infrequent high loading and

emergency/ & time 1eading, thesafe. distanae) for 220k, transmission line is 32m away

from the cente_fof therdiney

N iviagnetic fiux Density — 220kV doubie circuit, 0.5m above ground

% 10
2 [ s o e e s s s e

P EmergencnyhortTimeLoad(ASDDA)
2 ECO . S - S ;. R . W b sl oo ... InfrequentHigh load (20008) " .............

e Rated Nominal Load (Iz=12001)

X 32
Y05

: : i I: 0.0004777 : 7 : : : :

0 [ o o e gl AT SWL T, Lo NN s s e

Distance from centre (m)

Figure 5.8 Flux density variations 0.5m above ground for different loadings for 220kV
double circuit twin conductor configuration.
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Similarly, for 132kV twin zebra conductor double circuit configuration, the flux density
profiles 0.5m above ground can be plotted as follows.

N . ... o7 L W s s L

Infrequert High Load (2000A)

.....Rated Nominal Load (1R=1200A) ..

Magnetic Flux Density (Wh/m?2) or (T)

] LR N N— R s

- L L 1 - . :
-100 -80 -60 -40 -20 0 20 40 60 a0 100
Distance from centre (m)

Figure 5.9  Flux density variations 0.5m above ground for different loadings for 132kV
double circuit twin conductor configuration.

It is observe@iconsidening cnlyt the Imagnetici field tariations:for rated loading, infrequent

;: emergeney short time-foading, 'the-safe distance for 132kV transmission line

7_ .................................................................................................................................................................................... B fr B
: — Emergency ishort Time Load (1600A)
Gl Sl AR SRR v b Naeann) R oo .. InfrequentHigh l0ad (840A) ... ...

X -6.7. — Rated Non;inal Load ('R:400I;)
: : : Y05 : : : i :
T N R e N S Z:0.000478

Magnetic Flux Density (Wh/m?) or (T)

Distance from centre (m)

Figure 5.10  Flux density variations 0.5m above ground for different loadings for 33kV
double circuit Lynx conductor configuration.
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Similarly, for 132kV twin zebra conductor double circuit configuration, the flux density
profiles 0.5m above ground can be plotted as above.

It is observed considering only the magnetic field variations for rated loading, infrequent
high loading and emergency short time loading, the safe distance for 33kV transmission line

is 6.7m from the center of the line.

5.2.3 Inducements of current in the detonator circuits caused by surges occurring in
the transmission lines.

100% e () = lok (e7Pt- e*t)—

90% N

/ ............................... ~

10% _ i B e cen S N
0 [ ﬁ :

tl t2

Figure 5.11 A typical current surge that occurs in a transmission line.

From Egn (5.2), Emf induced E = —JA. Z—f

=—AZ AB = B,
At

For t; of Surge

E-= —Bb I, = Bp
tq Rt;
For t, of Surge
E= Bo - I, = Bp
ty Rt,
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For both inducements to cause the detonator initiation;

5ml < IBrty + I2rt,

BY BY
.ot + r.t
— 2 2
RZ t§ RZ t5
2
< b (L)
R tq ty
5x10~3 x R2

B, > (5.4)

1 1
r(G+)
This gives the minimum requirement of flux linkage in order for detonation to take place [1].

5.2.4 Inducements caused by transmission line faults

Transmission line fault currents will depend on the type of fault, the fault level, line
impedance etc. Three phase line-to-line fault will cause the most severe currents due to the
low impedance compared to other types of faults. Depending on the fault level, the fault
currents in 220kV system could be as high as 40kA but on the average, a fault current of
25KA is considered for 220kV system and fault currents of 20kA and 15kA are considered
for 132kV angk33KV pystems respectively.

A P ek bansion'1 4 L0106 08-0543 437438 - 6000 Ha BEN-DFDR CRaga 203 1 1.0 I=EY

140554 A

MADAMPE _IB

MADAMPE_IY
-4088.2 A

L

MADAMPE_IR
-3.4529 A

—r—

! L L L . | . . L L I . . . . 1
-0.050 0 0.050 0.100

“ v]

Press Fl for Help 108:43431365 (865 ms 7 IDLE i/ IDLE 445 P

Figure 5.12 A phase to phase to earth fault that occurred in Kotugoda - Madampe 132kV
transmission line.

69



It is evident from most of the transmission line faults that the fault rise time is around half a
cycle while the average fault persistent time is about four cycles (Cycle time is 20ms for a
50Hz system). Taking these facts into account we can find a minimum flux linkage

requirement for detonator initiation and the minimum safe distance.

. —-do dB
From equation5.2and5.3; E= — = —0A —
dt dt
L AB
For the fault rise time E=-1 o
1

For the fault persistent time E=—0A.w.AB

85A = 1m?, t; = 10ms, t, = 80ms, w = 2nf, r=2Q,R=3Q

_E AB \?
= R’ Therefore,  Energy; (—) X2Xt

Rt;
100m.AB\ 2
Energy, = ( i ) X2 Xt
Energy; + E 5
B2 i, (kOQTB)E . W, PR . .
- Xog A DS 9 I8OBEOEL B ml is taken as B
42x10x1 ﬂ

B =2 81%10+
b =Z 10/./0X1VU |
This implies that when the flux density exceeds the value 167.75x10™ T, the detonator would

initiate firing and the distance at which this occurs could be determined from the magnetic
flux density variation profile simulated for 0.5m above the ground (figure 5.10).

It is observed from this magnetic field profile for a fault current of 20kA, the safe distance
for 220kV transmission line is 31.4m from the center of the line.

In the similar manner, fault currents of 15kA and 10kA are considered for 132kV and 33kV
circuits to find safe distances under fault conditions. It can be observed that the safe distances
under these fault conditions for 132kV and 33kV double circuit configurations are 10.2m and

9.1m respectively.
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Figure 5.13  Flux density variations 0.5m above ground due to a line fault of 20kA for
220KV double circuit twin conductor configuration.

525 Inducerr;&éﬁts caused by travelling lightning waves in transmission lines
e
Lightening |sglways a-major threatgngouritered in the blasting industry and in Chapter 2 also

it was mentioned that all explosive activities to be suspended at the sign of thunder storms
approaching or if there is any possibility of occurrence lightening. There may not be any sign
of lightening or raining in the vicinity, but there is a possibility that from lightening travels
several miles as travelling waves along the power transmission lines and inducing currents in
detonator circuits in close proximity sufficient enough to cause unanticipated firing. The
travelling waves could cause currents of several kA at the discharge but we consider 20kA

discharge current in the 220kV transmission line due to a direct stroke.

Here, we consider a travelling wave with a lesser steepness assuming it has travelled more than
25km.

From Egn (5.3), for t; = 100us and t,=800us, R=3Q,r=2Q

The requirement in flux density for inducing 5mJ in detonator circuit is given by

5x10-3 x R2

1 1
r (_ + _)
1 t2

Bp > =141.4x10°T
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This implies that when the flux density exceeds the value 141.4x10™ T, the detonator would
initiate firing and the distance at which this occurs could be determined from the magnetic flux
density variation profile simulated for 0.5m above the ground (figure 5.5.) for the lightning
surge.

X_m‘3 Magnetic Flux Density - Due to lightening Surge

— Lightenirig surge of 20kA§

e Nominal:average current

Magnetic Flux Density (Wh/m2) or (T)

Figure 5.14 —Flux density variations b:5m above ground due to lightning surge for 220kV
double circuit twin conductor contiguration.

It is observed from the magnetic field profile for a lightning surge of 20kA, the safe distance

for 220kV transmission line is 29.5m from the center of the line.

Similarly, lightning discharge currents of 15kA and 10kA with the same impulse shape with
t; = 200us and t, = 1000us are considered for 132kV and 33kV circuits to find safe distances
under lightning waves travelling conditions. It can be observed that the safe distances under
these conditions for 132kV and 33kV double circuit configurations are 16.6m and 8.3m

respectively.

5.2.6 Inducements caused by switching surges in transmission lines

As with lightning surges, the reason switching surges are a concern is that they can produce
significantly large current surges when flashover or discharges occur. The switching surge
comes in many different forms, and has many different sources and generally they occur in

clusters. Switching surge could possess sharp steep fronted waveforms and the magnitudes
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could rise up to 3pu due to reflections [16], [14]. For a switching surge having parameters of
t; =20us and t, =80us, from Eqgn (5.3),

-3 2
Bpb = |2 —~X -60x10°T
r(a*a)

This implies that when the flux density exceeds the value 60 x10° T, the detonator would
initiate firing and the distance at which this occurs could be determined from the magnetic
flux density variation profile simulated for 0.5m above the ground (figure 5.12) for switching

surge.

Magnetic Flux Density (Wh/m?) or (T)

Distance from centre (m)

Figure 5.15  Flux density variations 0.5m above ground due to switching surge for 220kV
double circuit twin conductor configuration.

It is observed from the magnetic field profiles for a switching surge with a peak of 3.6kA, the

safe distance for 220kV transmission line is 17.7m from the center of the line.

Similarly, switching surge currents of 3.6kA and 1.2kA with the same impulse shape with t;
= 20us and t, = 80us are considered for 132kV and 33kV circuits to find safe distances under
switching impulse conditions. It can be observed that the safe distances under these
conditions for 132kV and 33kV double circuit configurations are 11.5m and 5.2m
respectively. The safe distances for 33kV horizontal and triangular configurations were also
considered with switching currents of 600A for each and the safe distances are 3.1m and
4.0m are respectively.
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The summary of different scenarios considered, relevant magnetic flux densities and the

corresponding are currents given in Table 5.1.

Loading currents - -
(Bmin = 47.75x10° T) 39 Fault Lighting Switching
Circuit current Surges Surges
Voltage | Configu- | Nominal | Infrequent | Emergency ( Bmin = (Brmin = (Brmin =
ration Rated High Load | Short Time 167.75x10°T) 141.4x10°T ) 60 XlO'ST)
Load (kA) (kA) Loads (kA) kA KA KA
220Ky | Double 1.40 2.0 48 20 20 36
Circuit
132Ky | Double 1.407 2.0 48 15 15 36
Circuit
a3y | Double 0.4 0.64 16 10 10 12
Circuit
33 kV Horizontal 0.2 0.32 0.8 10 10 0.6
33kV | Triangular 0.2 0.32 0.8 10 10 0.6
Table 5.1 The currents corresponding to different loading conditions, faults, lightening and
switching conditions
5.3 Safe Distang
The safe 'i;fé:hw >ty margin of 20% are
given in 5
Rounded
Safe Distance (m) off Safe
Circuit Distance
Voltage | Configur- Emortene with a
ation Nominal Infrequent Shortg‘l'im)é 3¢ Faults Lighting | Switching | Tolerance
Rated Loads | High Load Surges Surges of 20%
Loads
(m)
220ky | Double 14 18 32 25.9 28.2 205 40
Circuit
132Ky | Double 7.0 14.9 26.6 19.7 195 7.1 35
Circuit
33KV 29”*".‘* - . 6.7 10.7 10 5.2 15
ircuit
33 kv Horizontal -- -- 4.0 6 6.1 3.1 10
33 kV Triangular -- -- 7.0 6.9 10.6 4 15

Table 5.2 The safe distances corresponding to different loading conditions, faults, lightening

and switching conditions
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5.4 Discussion on results

The statement of safe distance table could be used as means to assist the mine and quarry
operators and commercial blasters. The tables include all of the common types of transmission
lines that would be encountered around mines, quarries and other blasting operations in Sri

Lanka.

The table was derived from analytical calculations for “worst case scenarios”. They are based on
less than 50mA no-fire level and 5mJ minimum joule heating of commercial supreme short-
delay detonators (the only type of detonators used in Sri Lanka). Since, the electric detonator is
considered to be in the category of weapons, they are imported only by the Defense Ministry and
issued to license holders in blasting industry through Geological Survey and Mines Bureau
(GSMB). Field tests have shown the results in the table to be conservative although detonators
were not used directly in the investigations. When deciding the burden and the area to be
involved in the blasting, the proximity of the transmission lines are to be considered in the first
place along with other possible hazards like lightening, radio frequency transmitters, electrostatic
charges and other sources of extraneous electricity. If the burden comes close to the unsafe

distances pr ] in thi ' i be adopted. If there is a
compulsory J}g%. of rotk blasting' withinthe unsafe'distances transmission lines, use
of normal d n‘igt‘(f?rs It be employed as an alternative. Switchin the transmission line is
also an alternative i ightening waves is still
a threat.

As far as the author of this thesis is concerned, no guideline or published research paper was
found on safe distances for operation of detonators from transmission lines to make comparisons
with. But, the results derived for safe distance levels from transmission lines are quite reasonable
and amply justified when comparing with guidelines drafted for Tables of Distances—RF
Sources and Electric Detonators [15].

5.4.1 RF Sources Presenting Hazards to Blasting Operations

Commercial AM broadcast transmitters (0.535 to 1.605 MHz) are potentially the most
hazardous. This is because they combine high power and low enough frequency so that there is
little loss of RF energy in the lead wires of electrical detonators. Frequency- modulated FM and
TV transmitters are also likely to create hazardous situations. Although their power is extremely
high and antennas are horizontally polarized, the high-frequency currents are rapidly attenuated

in detonators or lead wires. These RF sources usually employ antennas on top of high towers.
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Mobile radio, as well as other wireless products, must be rated as potentially hazard because,

although their power is low, they can be brought directly into a blasting area.

Transmitter Power
Delivered to Antenna Minimum Distance (m)
(kW)
Up to 4.0 219
5.0 244
10.0 344
25.0 546
50.0 762
100.0 1097
500.0 2438

Table 5.3 Recommended Distances for Commercial AM Broadcast Transmitters (0.535 to

1.605 MH2z)
MINIMUM DISTANCE (m)
VHE UHF
Transmitter MF HF . VHF 45010 470 MHz
. 35 to 36 MHz Public ;
Power delivered 1.7 t0 3.4 MHz 28 t0 29.7 Use 42 t0 44 MHz 144-148 MHz Public Use
to Antenna Fixe_d, MHz Bl Dk 5090 22 150-161.6 MHz Cellular
(kw) Mobile, Ig-agitime Amateur, - Public Use Telephones
= Above 800 MHz
05 98= 318 250 82 53
06 107 349 273 90 58
10 138 450 352 115 75
15 169 552 432 141 92
10.0 438 1,425 1,115 365 236

Table 5.4 Recommended Safe distances from FM, VHF/UHF TV and Cellular transmitters [15]

In comparison with the safe distances for radio frequency radiations, the safe distance values

suggested for transmission lines are reasonable and justifiable. When deciding the safe distances for

transmission lines, it is very important to identify the line configurations, parameters and line

voltages. Identification of the maximum currents that could occur in the transmission line is also a

critical factor to be considered since it is the magnetic field emanating the currents that causes

inducements in the detonator circuits.
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Chapter 6

6.1

6.1.1

6.1.2

6.1.3

6.1.4

Conclusions and Recommendations

Conclusions

The simulated results of the models developed for the electric fields and the magnetic
fields are verified by the field measured data as the field measuring values very closely
follow the simulated values of the model. Therefore, the models can be used reliably for
the purposes of further investigations and analysis. Further, the developed model is a
comprehensive tool for calculating electric and magnetic fields around the transmission
lines in any earth and line profile as it has taken the real parameters into account and

capable of accommodating any line configurations with any number of conductors.

No significant induced current (not at least in the range of mA) is observed on the
conductors in the presence of electric fields. Hence, it could be concluded that the
minimum energy threshold for ignition of commercial electro explosive devices in Sri

Lanka is not met in the electric fields in free space under transmission lines.

The maé‘\t\ip fieldsl'davetoping laround transmission linés.due to nominal rated loads,
infrequé&»» ﬁ,ﬁgh |oads,"emergency short ternt-loads, faatt'cutrents, switching currents and
currents dUe to travelling lightening surges could be significant enough to induce currents
in the circuits those meet the minimum energy threshold for ignition of EEDs. Therefore,
detonators should not be used in explosive blasting within unsafe regions under

transmission lines.

The following safe distance levels are proposed for safe operations of electro explosive
devices.

Circuit Safe Distance from

Voltage

Configuration the line centre (m)
2 Y (tDw(:ﬁbclgn(éngz;:) .
132KY | (inconducton 3
33 kv Double Circuit 15
33 kV Horizontal 10
33 kV Triangular 15

Table 6.1 Statement of safe distances for the operation of detonators
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6.2 Recommendations

6.2.1

6.2.2

6.2.3

6.2.4

6.2.5

6.2.6

6.2.7

6.2.8

Commercial EEDs should be tightly packed and shorted to reduce loop area and prevent
unanticipated detonation. The individual loop areas of the detonator circuits are also
recommended to be kept as small as possible so as to prevent inducement of current due
to magnetic flux liking them. The trolleys and containers used for transportation of
EEDs should be of metal construction.

If EEDs and explosives are to be stored close to the transmission lines, the distance of
safe margins recommended are to be followed. Buildings and rooms in which EEDs are

stored should have conductive grade flooring and metal mats.

The model and results of this study could be used for Developing Specifications for safe
exposure levels related to health hazards for Sri Lankan context adopting international
standards like IRPA, WHO, ICNIRP (International Commission on Non lonizing

Radiation Protection).

The lel Iso | | | for field calculations in planning and designing of
futu . S| o lines for.achteving'safe vatues stiptdated’i e regu'ations_
Most of the lated nd this model could be

used for safe handing, storage and transportation of these after identifying the EED

specifications.

Active or passive shielding of 50Hz frequency magnetic fields to be used during the
circuit connection procedure if detonator circuits are to be used inside the unsafe

regions.

If there is a mandatory requirement of rock blasting within the unsafe distances from
transmission lines, use of normal detonators could be employed as an alternative.
Switching off the transmission line is also an alternative but one has to keep in mind that

the risk of travelling lightening waves is still a threat.

The work presented in this study may be used for further future investigation of

electromagnetic compatibility of EEDs.
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My Ref. DDM/11/03/13-01 ‘ PITAKOTTE, SRI LANKA.

Eng.W.D. Anura S. Wijayapala,

Senior Lecturer,

University Of Moratuwa, 7 é{'] . PC’SJ‘
Moratuwa.

Dear Sir,

Request for a study on effects of electromagnetic field due to high voltage transmission
lines on sensitive detonator firing circuits

The mission of the Geological Survey and Mines Burean (GSMB) is to provide Geo-
Scientific Informfatlonk advice and services to the policy makers and the community and to
promote and mana
ensuring environmnies
transportation and trading of Minerals:

v

B mineral resources of the coyntry for economic development while
Austainability, It regulates exploration, cxtraction, value addition,

The GSMB also conducts awareness programmes to public officers of Divisional
Secretariats, Grama Niladhari, Police Officer etc., and licence holders on the regulations
gazetted under the Mines and Mineral Act and on environmental protection activities that
should be followed with mining activities.

Also awareness programmes are conducted considering the importance of making the
public, specially the school children and students of higher educational institutes aware on
our mineral resources and geo-hazards.

One such hazard observed recently is the premature blasting of explosives by licence holders
probably due to unintentional and unknown causes. Many such incidents have been recorded
in mines in recent times and such incidents needs to be prevented to ensure safety of human
lives and property while ensuring efficient mining activities such as explosive blasting.

One such common cause for occurrence of unintentional blasting is lightening which could
be avoided if proper precautions are taken in advance. The other suspected cause that
initiates premature firing of explosive is believed to be the extraneous electricity interfering
from high voltage transmission lines with the detonator firing circuits.

[dejoletal
QonensuBud:
Telephone

j
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A detail study needs to be carried out for finding the effects of induced voltages on the
electric detonator firing circuits from the high voltage transmission lines that runs in the
vicinity of the mines carrying out explosions. I would be grateful if you could arrange a
rescarch level study to investigate into the impacts of extraneous electricity caused by
nearby transmission lines and to develop a statement of safe distances of operation for
sensitive detonator firing circuits to avoid inappropriate triggering. This would ensure safety
of persons working in and around the mines and quarries avoid unexpected damages to

property.

Further, the safety distances are different in different countries due to national restrictions
and if such safe distances could be predicted accurately, we could educate the public, the
licence holders and related officials to take appropriate measures accordingly and ensure
safe explosive firing in the mines and quarries.

Your kind attention, in this regards, is much appreciated.

Thank You,

Eng. D. Sajjana de Silva.
Deputy Director (Mines)
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Annex 2

Specification for Supreme Short Delay Detonators

Description

CEFAP Specifications

Construction

Aluminium shell filled with ASA and PETN as primary and
secondary charge. These detonators should have delay
numbers ranging from 0 to 9,with a nominal time interval of
25 milliseconds for 7 and 8 and 75 milliseconds for 9

Aluminium with a conical depression at the bottom, length

shell varying for different delay numbers.
Strength No.6 or 8

Leg(Lead) Wire colour Should specify

Shell Diameter 6.5+ 0.05 mm

Leg (Lead) Wire Diameter

24 SWG iron wire

Lead Wire Resistance

0.1 - 0.3ohms/m

Leg(Lead)wire length

4and9m

Fuse Head resistance

1.6 to 2.0 ohms

Firing Energy

2.5t0 3.0 mJ/ohm

Firing Current pers’_@?ries 110172 Amps
No firing (No Initiation)

Current 50 mAmps
Year of manufacture Current

Shelf Life Min. of 05 Years
Each case should contain detonators of the same delay
Packing number only. Five detonators are held in bunch and five such

bunches are banded to make a bundle of 25 detonators. Two
bundles of 25 detonators each are wrapped in kraft paper and
make into a packet, and suitable labelled. 20 to 50 such
packets are placed in a wooden case, inside of which is lined
with water proof paper. The case is fastened with plastic
straps or wires. Entire consignment is desired in 20 foot
containers.
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MATLAB Script for electric field around 220kV TX Line

%

% 220kV Configuration

o\

clc
clear all
close all

e r=1; $relative permitivity of air

S=[200 200 200 200 200 200 200 2007]; %$sub conductor spacing - diameter in mm
N=[ 2 2 2 1 2 2 2 11; snumber of sub conductors per line

d=[ 28.6 28.6 28.6 18 28.6 28.6 28.6 18]; $sub conductor diameter in mm
h=[ 7 12.8 18.5 27 7 12.8 18.5 271: $Height above ground in m

x=[ -6.5 -6.5 -6.5 -6 6.5 6.5 6.5 61;

Vp p =[220 220 220 0 220 220 220 01; $Phase to Phase value of conductor
voltage

phase =[ 0 120 240 0 0 120 240 0]; $Phase angle of the conductor voltages

e 0= 8.85418781706é=

e m=e r*e 0; ”€T3

D=S./sin(pi./N) ;"

d eg=(N.*d.*(D)."(N-1))."(1./N); indle conductor

n=size(S,2); $number of lines
P=zeros (n,n); tMaxwell potential matrix
for j=1:n

for i=1l:n
if (i==73)
P(i,3j)=(1/(2*pi*e m))*log(4*h(1l,1)*1000/d eq(l,i));
else
den=(x(1,1)-x(1,3)) "2+ (h(1,1)-h(1,3))"2;
num=(x(1,1)-x(1,3)) "2+ (h(1,1)+h(1,3))"2;
num=4*h (1,1i) *h(1,7)+den;
P(i,3j)=(1/(2*pi*e m))*log(sqgrt (num/den));
end
end

end
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P inv=inv (P);

V_r=Vp p.*cosd(phase)/sqrt(3);%
V_i=Vp p.*sind(phase)/sqrt(3);%
Q r=V r*P inv;%

Q 1=V i*P inv;%

x N=[-20:0.1:20];
% y N=[20:0.1:20];
y N=1l*ones (1,100);

X points=size(x N,2);
y_points=size(y N,2);
Ex=zeros (x_points,y points);
Ey=zeros (x_points,y points);

V=zeros (x_points,y points);

J_com=sqrt (-1);
for j=l:size(y7Nﬁ%ﬁ’
for i=l:sizei§f3§2)

for k=1:13 .

CO=(x N(1,1)-x(1,k))/((x(1,k)-x N(1,1))"2+(h(1l,k)-y N(1,3))"2);
Cl=(x N(1,1i)-x(1,%k))/((x(1,k)-x N(1,i))"2+(h(1,k)+y N(1,3))"2);
C2=C0-C1;

C3=C2/ (2*pi*e m);

C4=(Q r(l,k)+j com*Q i(1l,k));

Ex (i,3)=Ex (i, ) +C4*C3;

end
end

end

for j=l:size(y N,2)
for i=l:size(x_N,2)
for k=1:n
CO=(y_N(1,3)-h(1,k))/((x(1,k)-x N(1,1i))"2+(h(1,k)-y N(1,3))"2);
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Cl=(y_N(1,3)+h(1,k))/ ((x(1,k)-x _N(1,1))"2+(h(1,k)+y_N(1,3))"2);

C2=C0-C1;
C3=C2/ (2*pi*e m);
C4=(Q r(l,k)+j com*Q i(1,k));
Ey(i,j)=Ey(i,])+C4*C3;
end
end

end

E real 2=real (Ex)."2+real(Ey)."2;

E imag 2=imag (Ex) ."2+imag(Ey) ."2;
E=sqrt (E_real 2+E imag 2); % Intensity in kV/m
T —mmmmmm e 3D plot for Electric Field----—=---——-—--———--

[plot X plot Y]=meshgrid(x N,y N);
surf(plot_X,plot*hg

title('Electr:
xlabel ('Horizc
ylabel ('Vertic ) 7

zlabel ('Electric Field (kV/m)');

for j=l:size(y_N,2)
for i=l:size(x N, 2)
for k=1:n
CO=sqrt (((x(1,k)-x_N(1,1))"2+(h(1,k)-y N(1,3))"2));
Cl=log(CO0/h(1,k));
C2=sqgrt (((x(1,k)-x N(1,i))"2+(h(1,k)+y N(1,3))"2));
C3=log(C2/h(1,k));
C4=(C1-C3)/(2*pi*e m);
V(i,3)=V(i,J)+ (Q r(l,k)+3 com*Q i(1l,k))*C4;
end
end

end



V_abs=sqrt (real (V) ."2+imag (V) .”2); %Potential in kV

gm—m - 3D plot for Potential-------------------

[plot X plot Y]=meshgrid(x N,y N);

surf (plot X,plot Y,V abs')

title('Potential for 245kV Double CCT Line');
xlabel ('Horizontal axis- X');

ylabel ('Verticall axis- Y'");

zlabel ('Potential (kV) ') ;

Annex 3
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MATLAB Script for Magnetic Field around 220kV TX Line
% 220kV Double Circuit Configuration
clc
clear all
close all
u r air =1; $Relative permeability of air
u r soil=1l; $Relative permeability of soil
e r soil=1; $Relative permittivity of earth
sigma =0.001; $Conductivity of earth
f =50; $Frequency in Hz
h= [ 7 12.8 18.5 27 7 12.8 18.5 27 ]1; %Height above ground in m
xX= [ -6.5 -6.5 -6.5 -6 6.5 6.5 6.5 6 ]; SHorizontal placement in m
I amp= [1200 1200 1200 0 1470 1470 1470 0 ]; SAmplitude of Conductor phase

0 Xr20°240-0"]; 5 C t na 1 jrees

n=size (h,2); lines
u air =u r air*4*pi*l0e-7;

u soil =u r soil*4*pi*l0e-7;

e soil =e r s0il*8.8541878176e-12;

j _comp =sqgrt(-1);

I phasor=I amp.* (cosd (I phase)+j comp*sind(I phase));

X N=[-20:0.1:20];% [0 70 100 700 1000 -10007;;

o\°

y N=.0l*ones (1,100);
y N=[1:0.1:6.0]; %[0];
X _points=size(x N,2);

y_points=size(y N,2);

[

e — Effect of Conductor Current --—————-------""-"-"----——————
H line x=zeros(x_points,y points);

H line y=zeros(x_points,y points);
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%Conductor effect - x axis
for j=1l:y points
for i=1:x points
for k=1:n
r=sqrt ((x N(1,1i)-x(1,k))"2+(y N(1,3)-h(1,k))"2);
H line x(i,3j)=H line x(i,3J)+ (I _phasor(l,k)./(2*pi*r))*(h(1l,k)-
y_N(1,3))/x;
end
end

end

%$Conductor effect - y axis
for j=1l:y points
for i=1:x points
for k=1:n
r=sqgrt ((x N(1,1i)-x(1,k))"2+(y N(1,3)-h(1,k))"2);
H line vy(i,j)=H line vy (i,3)-(I phasor(l,k)./(2*pi*r))*(x(1,k)-
x N(1,1))/x;
end

end

end

H real 2=real(H line x)."2+real(H line y)."2;

H imag 2=imag(H line x)."2+imag(H line y)."2;

H=5.3*sqgrt (H real 2+H imag 2);

G Effect of Earth's Current--——--------"-""-""-"-"-"-"-"-"—-"-"—~—~—~—~—~————

H e line x=zeros(x points,y points);

H e line y=zeros(x points,y points);

o)

% Earth's effect -x axis
for j=1:y points
for i=1:x points

for k=1:n
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Y=sqgrt (j_comp*2*pi*f*u soil* (sigma+] comp*2*pi*f*e soil));
r=sqrt ((x_N(1,1i)-x(1,k))" 2+ (y_N(1,3)+h(1l,k)+ 2/Y)"2);
phi x=-((h(1,k)+y N(1,3)+2/Y)/r);
H e line x(i,J)=H e line x(i,])-
(I _phasor(l,k)./(2*pi*r))*(1+(1/3)*(2/(Y*r))"4)*phi x;
end
end

end

%$Earth's effect -y axis
for j=1:y points
for i=1l:x points
for k=1:n
Y=sqrt (j comp*2*pi*f*u soil* (sigma+j comp*2*pi*f*e soil));
r=sqrt ((x N(1,1i)-x(1,k))"2+(y N(1,3)+h(1l,k)+ 2/Y)"2);
phi_y=(x_N(1,1)-x(1,k))/r;
H e line y(i,j)=H e line vy (i,3j)-
(I_phasor(1,k). * (14 (1/3) * (244Y¥r)) ~4) *phis vy
end

end

end

H e real 2=real(H e line x)."2+real(H e line y)."2;

H e imag 2=imag(H e line x)."2+imag(H e line y)."2;

H e=sqrt(H e real 2+H e imag 2);

G Total Magnetic Field-———-----"-"""-"-"-"-"—"-—--——-

H total=sqrt (H real 2+H imag 2+H e real 2+H e imag 2); %Total magnetic field in A/m

G- Total Magnetic Flux Density ------—--—------
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B total=u_air*H+u soil*H e; %Total magnetic flux density in Wb/m2

[plot X plot Y]=meshgrid(x N,y N);

%

% Plot Component of H due to conductor current alone

o
°

surf (plot X,plot Y,H")

title('Magnetic Field -Component of H due to conductor current alone ');
xlabel ('Horizontal axis- X (m)"'");

ylabel ('Verticall axis- Y');

zlabel ('Magnetic Field (A/m)"');

figure

o

o

Plot Component of H due to earth current

3 & _University of Moratuwa. Sri Lanka.
yElectronic Theses & Dissertations

31 -cwwdnelibanrt. agelko eartnh current');

xlabel ("Horizontal axis— X(im) ');

surf (plot X,plot
title('Magnetic

ylabel ('Verticall axis—- Y');
zlabel ('Magnetic Field (A/m)"');

figure

o
°

% Plot Resultant H due to conductor and earth current

%

surf (plot X,plot Y,H total')
title('Magnetic Field -Total');
xlabel ('Horizontal axis- X (m)');
ylabel ('Verticall axis- Y');
zlabel ('Magnetic Field (A/m)"');

figure
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%

% Plot Resultant B due to conductor and earth current

%

surf (plot X,plot Y,B total')

title('Magnetic Flux Density -Total');

xlabel ('"Horizontal axis- X (m)'");

ylabel ('Verticall axis- Y'");

zlabel ('Magnetic Flux Density (Wb/m”2) or (T)');

Electronic Theses & Dissertations
www.lib.mrt.ac.lk

University of Moratuwa, Sri Lanka.
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TX Line: Kotugoda - Katunayaka

Date : 23.05.2014

Transmission line Voltage & configuration : 132kV double circuit twin zebra

Line Currents :  780A, 860A Line Conductor height (Lowest Phase): 7.7m

]ICDni)sr:]ance Right fDrci)sr':?nce Left

centre Electric | Distance Electric | .ontre Electric Distance Electric

m) field (m) field m) field (V/m) | (m) field (V/m)
(V/m) (V/m)

0 3380 13.0 501 0 3380 -13.0 420
0.5 3400 135 401 -0.5 3370 -135 370
1.0 3400 14.0 301 -1.0 3390 -14.0 342
15 3410 145 280 -15 3410 -14.5 305
2.0 3450 15.0 220 -2.0 3440 -15.0 290
25 3490 15.5 180 -2.5 3480 -15.5 250
3.0 3480 16.0 140 -3.0 3480 -16.0 230
35 3450 16.5 120 -35 3450 -16.5 175
4.0 3390 17.0 115 -4.0 3350 -17.0 155
4.5 3295 17.5 105 -4.5 3275 -17.5 140
5.0 3150 18.0 100 -5.0 3050 -18.0 125
5.5 %@@ 18.5 95 -5.5 2950 -18.5 110
6.0 2575 19.0 95 -6.0 2701 -19.0 100
6.5 2457‘0 19.5 90 -6.5 2501 -19.5 95
7.0 9900 20 85 -7.0 2291 -20.0 90
75 2010 -7.5 2050
8.0 1670 -8.0 1800
8.5 1482 -8.5 1650
9.0 1390 -9.0 1401
9.5 1200 -9.5 1280
10 1100 -10 1100
10.5 900 -10.5 920
11.0 830 -11.0 801
11.5 732 -11.5 702
12.0 685 -12.0 594
12.5 605 -12.5 505
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TX Line: Bolawatta - Nattandiya

Date : 23.05.2014

Transmission line Voltage & configuration : 33kV double circuit single racoon

Line Currents :  180A, 165A Line Conductor height (Lowest Phase): 5.4m

]ICDni)sr:]ance Right fDrci)sr':?nce Left

centre Electric | Distance | Electric centre Electric Distance Electric

m) field (m) field m) field (V/m) | (m) field (V/m)
(V/m) (V/m)

0 384 13.0 95 0 384 -13.0 100
0.5 388 135 93 -0.5 390 -135 98
1.0 404 14.0 88 -1.0 400 -14.0 88
15 426 145 80 -1.5 424 -14.5 80
2.0 445 15.0 78 -2.0 440 -15.0 80
25 458 155 70 -2.5 460 -15.5 70
3.0 464 16.0 65 -3.0 464 -16.0 65
35 450 16.5 65 -35 455 -16.5 65
4.0 438 17.0 60 -4.0 439 -17.0 60
4.5 420 17.5 60 -4.5 430 -17.5 60
5.0 390 18.0 55 -5.0 400 -18.0 55
5.5 g:?? 18.5 55 -5.5 340 -18.5 55
6.0 347 19.0 a5 -6.0 340 -19.0 55
6.5 300 19.5 50 -6.5 320 -19.5 50
7.0 288 20 50 -7.0 280 -20.0 50
7.5 270 -7.5 258
8.0 240 -8.0 240
8.5 220 -8.5 210
9.0 180 9.0 200
9.5 177 9.5 180
10 170 -10 170
10.5 140 -10.5 160
11.0 145 -11.0 150
11.5 130 -11.5 140
12.0 120 -12.0 120
12.5 110 -12.5 110




Annex 7

TX Line: Kotugoda - Katunayaka

Date : 23.05.2014

Transmission line Voltage & configuration : 132kV double circuit twin zebra

Line Currents :  780A, 860A Line Conductor height (Lowest Phase): 7.7m
Distance Right Distance Left
from - - from - - -
centre Mag. Distance | Mag. Field centre | Mag. Field | Distance | Mag. Field
(m) Field (m) (uT) (m) (uT) (m) (uT)
(uT)

0 16.0 13.0 11.2 0 16.0 -13.0 11.3
05 16.5 135 10.8 -0.5 16.5 -13.5 11.1
1.0 16.8 14.0 10.4 -1.0 16.8 -14.0 10.5
15 179 14.5 101 -1.5 17.0 -14.5 10.0
2.0 18.7 15.0 9.6 -2.0 17.5 -15.0 9.5
2.5 19.5 15.5 9.1 -2.5 18.2 -15.5 9.1
3.0 19.6 16.0 85 -3.0 18.8 -16.0 8.5
35 19.9 16.5 8.1 -3.5 19.2 -16.5 7.8
4.0 20.6 17.0 79 -4.0 19.5 -17.0 7.29
45 20.9 17.5 76 4.5 19.7 -17.5 7.1
5.0 0.9k 18D Y ¢ 11 19.6 -18.0 7.0
55 20.8{3 185 6.6 %5 19'6 -18.5 6.9
6.0 g | 190 o 6.0 19.3 119.0 6.8
6.5 20.0 19.5 6.01 -6.5 18.9 -19.5 6.5
7.0 195 20 58 -7.0 18.2 -20.0 6.5
75 18.2 205 54 -7.5 17.5 -20.5 6.3
8.0 17 86 21.0 58 -8.0 16.93 -21.0 5.99
8.5 170 215 56 -8.5 16.0 215 5.85
9.0 16.0 22.0 5 49 -9.0 15.5 -22.0 5.76
95 155 225 59 9 -9.5 15.0 -22.5 5.56
10 14.0 23.0 502 -10 14.1 -23.0 5.23
10.5 13.8 235 482 -10.5 13.5 -23.5 5.12
11.0 13.37 24.0 473 -11.0 13.0 -24.0 4.99
11.5 128 24.5 45 -11.5 12.45 -24.5 4.8
12.0 129 25.0 445 -12.0 11.9 -25.0 45
12.5 117 -12.5 11.4




Annex 8

TX Line: Bolawatta - Nattandiya

Date : 25.05.2014

Transmission line Voltage & configuration : 33kV double circuit single raccoon
Line Conductor height (Lowest Phase): 5.4m

Line Currents : 180A, 165A

]lc)ni)sr:]ance Right fDr;sr';ance Left
centre _Mag. Distance _Mag. centre _Mag. Distance Mag. Field
(m) Field (m) Field (m) Field (uT) | (m) (uT)
(uT) (uT)
0 6.8 13.0 29 0 6.8 -13.0 2.2
05 6.82 135 20 -0.5 6.85 -14.0 2.1
1.0 6.83 14.0 20 -1.0 6.91 -13.5 2.0
15 6.84 14.5 185 -1.5 7.0 -14.0 1.85
2.0 6.86 15.0 18 -2.0 7.05 -15.0 1.8
2.5 6.8 15.5 17 -2.5 6.98 -15.5 1.7
3.0 6.77 16.0 16 -3.0 7.02 -16.0 1.65
35 6.6 16.5 15 -3.5 6.91 -16.5 16
4.0 6.5 17.0 15 -4.0 6.75 -17.0 15
45 6.3 17.5 14 4.5 6.55 -17.5 1.4
5.0 6.01 st 18.0 Sy 51 63 8.0 1.35
5.5 £ 79 NSNS 5 o %5 6% 218.5 1.3
6.0 a5 1 190 17 6.0 5.65 1190 12
6.5 512 19.5 12 -6.5 5.35 -19.5 1.2
7.0 48.4 20.0 11 -7.0 5.05 -20.0 1.1
75 454 205 -7.5 4.7 -20.5
8.0 422 21.0 -8.0 4.4 -21.0
8.5 40 215 -8.5 4.1 215
9.0 37 22.0 -9.0 3.8 -22.0
9.5 35 22.5 -9.5 3.6 -22.5
10 39 23.0 -10 33 -23.0
10.5 30 235 -10.5 3.1 -23.5
11.0 588 24.0 -11.0 2.9 -24.0
11.5 262 24.5 -11.5 2.7 -24.5
12.0 95 25.0 -12.0 2.6 -25.0
12.5 235 -12.5 2.4
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