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ABSTRACT

The requirement for new and existing outdoor air insulated substations to support larger blocks
of power in restricted spaces requires an investigation into new bus conductor systems. This
study has considered the use of supported, as opposed to suspended, round tubular conductors
that have high current capacity necessary for this purpose. The advantages are associated with
the fact that smaller clearances are attainable as a result of the restriction of horizontal
deflection under fault conditions, and vertical deflection under own weight (sag) due to the
rigidity of the tubular conductors as long as the bus tube is correctly sized for the application.
Since the tubes are sized for mechanical strength, they are generally oversized electrically,

allowing greater flexibility in busbar configuration.

Forces due to gravity, wind vibration, fault current and tubular conductor thermal expansion, as
well as the restrictions on electromagnetic fields have been considered. The design criteria for

conductor and insulator strength calculations also formed part of the study.

The study was carried out in a step-by-step analysis of the above considerations. An Excel
based programme was developed to analyse the sensitivity of conductor and insulator strength
calculations, due to errors in the estimation of various parameters that are required for these
calculations. The tolerances in manufacturing and deviations in experimental data were
determined and used to evaluate the results obtained and provide a level of confidence that any

errors that may arrise could be mitigated against by choosing the correct components.

The result of the study is a design guide that allows substation designers to develop tubular
busbar systems that will operate successfully in the conditions they were designed for. The

guide provides an integrated design approach with methods for calculating the forces to which

rigid bus structures are subjected.
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Figure 19.2: Deviation from Nominal Conductor Stress (%) vs Fault Current [L] (kA)
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Figure 24.8: Function of Electric Field [E] (kV/m) vs Conductor Height [h.] (m) for 800kV,

200mm Bus Tube System [Excel Printout from Busbar Programme]
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SUMMARY OF SYMBOLS USED

Symbol Unit Description
A mm’ Conductor Cross-sectional area
A, m’ Projected surface area
A m?*/m Projected area on bus tubing with ice coating
a - Rigid conductor, boundary condition factor
Ratio of the negative switching impulse component
Oy - to the sum of both components (negative and
positive) of a phase-to-phase overvoltage
a Np/m Attenuation constant measured in the direction of z'
On 1/°C Coefficient of linear expansion
B; uT Magnetic flux density for a given conductor height
Minimum air clearance for conductor-structure gap
Cacs mm : S :
(co-ordinated with lightning impulse withstand level)
Minimum air clearance for rod-structure gap (co-
Cars mm : L :
ordinated with lightning impulse withstand level)
Ce - Surface curvature coefficient
Cq - Wind drag coefficient
CFO,y kV Critical Flashover Voltage at Atltitude
Critical Flashover Voltage for a conductor-conductor
CFO,q kV
gap at Sea Level
90% Probability Critical Flashover Voltage for a
CFOCCQOSI kV
conductor-conductor gap at Sea Level
98% Probability Critical Flashover Voltage for a
CFOcc98sl kV
conductor-conductor gap at Sea Level
Critical Flashover Voltage for a conductor-structure
CFO. kV
gap at Sea Level
90% Probability Critical Flashover Voltage for a
CFOcs‘)Osl kv
conductor-structure gap at Sea Level
98% Probability Critical Flashover Voltage for a
CFOcs98$l kv
conductor-structure gap at Sea Level
Critical Flashover Voltage for a rod-structure gap at
CFO kv

Sea Level
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90% Probability Critical Flashover Voltage for a rod-
CFOrs90sl kV
structure gap at Sea Level
98% Probability Critical Flashover Voltage for a rod-
CFOrs985] kV
structure gap at Sea Level
CFOy kV Critical Flashover Voltage at Sea Level
90% Probability Critical Flashover Voltage at
CFOs0a1¢ kV ,
Atltitude
98% Probability Critical Flashover Voltage at
CFOoga1 kV :
Atltitude
90% Probability Critical Flashover Voltage at Sea
CFOgpq kV
Level
98% Probability Critical Flashover Voltage at Sea
CFOysy kV
Level
Chi mm Mean circumference on ice
Co - Pressure coefficient for a given surface
Minimum phase-to-earth air clearance for rod-
Coecs mm structure gap (co-ordinated with switchning impulse
withstand level)
Minimum phase-to-earth air clearance for rod-
Chers mm structure gap (co-ordinated with lightning impulse
withstand level)
Cwh mm Horizontal working clearance
Cuy mm Vertical working clearance J
d Size of gap in the geometry
dyi Inside diameter of conductor
dy, mm Width of the phase conductor bundle
dp, m Outside diameter of conductor |
dps mm Width of busbar support structure
d, mm Diameter of each of the phase bundle conductors
J Width of the live part of the equipment of the
" mm
! equipment on the Red, White and Blue phases
D; m Relative distances between conductors
di mm Diameter on outer edge of ice in mm
doi mm Mean diameter on ice
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DYN - Dynamic
0 - Relative air density (RAD)
s - Skin depth or depth of penetration
E N/m’ Modulus of elasticity
E. kV/em Corona threshold surface field strength
Maximum value of the surface voltage gradient on
E. kV/ecm
bus conductor
E; kV/m Electric field strength for a given conductor height
£ C*/N.m’ Dielectric constant for air
f Hz Electrical system frequency
| 9 Hz Maximum Aeolian force frequency 1
F N Mechanical force
Fenst N Static force on post insulator
Dynamic force on post insulator without auto-re-
Fenpyn N
closure (ARC)
Fpypyn+arc N Dynamic force on post insulator (with ARC)
Fapnst N Static force on post insulator A
Faenpyn N Dynamic force on post insulator A (without ARC)
Fa@enpyn+arc N Dynamic force on post insulator A (with ARC)
Fyepst N Static force on post insulator B
Feenpyn N Dynamic force on post insulator B (without ARC)
Faenpyn+arc N Dynamic force on post insulator B (with ARC)
f. Hz Fundamental mechanical frequency
fe
? - Frequency ratio
F. NI(K.mm?) Mechanfca] Force due to bus tube expansion or
contraction
FlLlp N/m Electromagnetic peak force on outer phase
F'up N/m Electromagnetic peak force on centre phase
F'is, N/m Electromagnetic peak force on outer phase
| P N/m Electromagnetic peak force phase to phase 7
Freyy N Resulting force acting on post insulator J
Fraey N Resulting force acting on post insulator A
Frapmax N Resulting force acting on post insulator A (with SF)
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Freer N Resulting force acting on post insulator B
FRro@imax N Resulting force acting on post insulator B (with SF)
F'rer N/m Reference force per unit length
Flre) N/m Resultant force per unit length
Fr(o) N Total resultant force
F'ropyn N/m Resultant dynamic force per unit length (no ARC)
F'R(a)DYN+ARC N/m Resultant dynamic force per unit length (with ARC)
Resultant dynamic force per unit length (with ARC)
FlR(o)DYN+ARCl,2 N/m
on conductor | or 2
P Nt Resultant dynamic horizontal force per unit length
PRPGEASERIR (with ARC) on conductor 1 or 2
P _ Resultant dynamic vertical force per unit length
(ORISR (with ARC) on conductor 1 or 2
F', N/m Reference force per unit length
Wind loading per unit length on bus tubing without
F', N/m _
ice
F, N Total wind loading on bus tubing without ice
F'y N/m Wind loading per unit length on bus tubing with ice
Fui N Total wind loading on bus tubing with ice
Y Hz Natural frequency factor
H, Altitude above sea level
H,, Lower altitude
H,; Upper altitude
h,ve mm Average height of conductors
hy, mm (m) Height of bus conductors above the ground
b, mm (m) Height of equipment inter-connector conductors
above the ground
b m Height of conductor i
b, - Height from the base of the equipment porcelain to
the conductor connection terminal
B h; mm Height of post insulator
h mm Height of support structure
H(t) - Probability density
| . A Maximum system current
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Symmetrical three phase short circuit current, RMS
| I A
value
J@ m* Moment of inertia (Second moment of area) —l
k - Static stress factor B
K. = Atmospheric correction factor
K. - Gap factor for conducto-conductor geometry
K - Gap factor for conductor-structure geometry
K - Busbar support flexibility factor
Kig - Gap factor for fast front impulses of positive polarity
Gap factor taking into account the influence of the
K ) gap configuration on the strength
kp - A constant dependent on site altitude
Kpn - Interpolated constant dependent on site altitude
Ky - Lower value of site altitude constant
K2 - Upper value of site altitude constant
K - Gap factor for rod-structure geometry
k, - Wind speed multiplier
Wind speed multiplier - interpolated values for
Ko ) intermediate values of z
k,, - Wind speed multiplier — Lower value
[ - Wind speed multiplier — Upper value
K - Kappa factor for peak short circuit current
£ m Length of conductor span between supports
Half the span length of a conductor span between
f-/, " supports
L H Inductance per unit length
L1 - Outer conductor
L2 - Inner (centre) conductor
L3 - Outer conductor
Ly mm Bus tube span length
A - Factor for mechanical frequency
Exponent in atmospheric correction factor formula
" ) for external insulation withstand
M N.m Bending moment
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m,; kg/m Mass of conductor per unit length
m', kg/m Mass per unit length of bus tubing alone
m' kg/m Mass per unit length of damping conductor alone
Max - Maximum
Mass per unit length of bus tubing and damping
m'y kg/m
conductor
Exponent in atmospheric correction factor formula
m, - for external insulation withstand for phase-to-earth
insulation
Exponent in atmospheric correction factor formula
my, - for external insulation withstand for Longitudinal
insulation
Exponent in atmospheric correction factor formula
m, - for external insulation withstand for phase-to-phase
insulation
Exponent in atmospheric correction factor formula
mg; - for external insulation withstand for Rod-plane gap
(reference gap)
| Mass per unit length of bus tubing, damping
My csi kg/m .
conductor and ice
m, - Factor to allow for surface roughness
Mgy kN.m Bending moment at the base of the post insulator
Mgaen kN.m Bending moment at the base of post insulator A
Mggriy kN.m Bending moment at the base of post insulator B
Bending moment at the base of the post insulator
MR(S) kN.m
steelwork support structure
Bending moment at the base of post insulator A
MRA(S) kN.m
steelwork support structure
|
Bending moment at the base of post insulator B
MRB(S) kN.m
steelwork support structure
N - Number of parallel spans of conductor
J
N Number of ‘conductor height-electric  field’
¢ - .
observations
i " H/m Permeability of a material
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Lo H/m Permeability of free space
Mr - Relative permeability of a material
p: N/m’ Surface pressure at height z
5 Maximum wind pressure on projected area per unit
| N/m? (Pa)
length
P N/m? (Pa) Total maximum wind pressure on projected area
Q C Instantaneous charge on conductor i
r - “Goodness” of fit
R Q Resistance per unit lenth
R; - Risk of failure
Ibo m Conductor radius
R ;02 MPa 0,2 % Proof stress
Secc m Gap distance for a conductor- conductor geometry
90% Probability Gap distance at sea level for a
Sce90sl m
conductor- conductor geometry
98% Probability Gap distance at sea level for a
Scc98sl m
conductor- conductor geometry
Scs m Gap distance for a conductor-structure geometry
90% Probability Gap distance at sea level for a
Ses90s1 m
conductor-structure geometry
98% Probability Gap distance at sea level for a|
Ses98s1 m
conductor-structure geometry
Se mm (m) Equipment phase-to-earth separation
Clearance between an item of primary plant and a
S. mm (m)
busbar structure
Sp m Centre line distance between conductors
Sy mm (m) Phase spacing between items of primary plant
Sre m Gap distance for a rod-conductor geometry
90% Probability Gap distance at sea level for a rod-
Sre90s! m
conductor geometry
98% Probability Gap distance at sea level for a rod-
Src98st m
conductor geometry
ST - Static
S, - Statistical maximum surge referred to as the
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statistical switching over-voltage

S90alt m 90% Probability Gap distance at altitude
So8alt m 98% Probability Gap distance at altitude
$90s1 m 90% Probability Gap distance at sea level
S8l m 98% Probability Gap distance at sea level
c Q'/m Conductivity per unit lenth of a material
Per unit value of the conventional deviation of an
Cpu pu C
overvoltage distribution
Osr N/m’ (Mpa) Maximum static bending stress
5 Maximum dynamic bending stress (without auto re-
OpYN N/m” (Mpa)
closure)
Maximum dynamic bending stress (with auto re-
ODYN+ARC N/m2 (Mpa)
closure)
The function value of the normal distribution curve
t - (or value of the independent variable associated with
a given area under a normal distribution curve)
T oC Final temperature
t; mm Thickness of ice coating
T; °C Initial temperature
ty mm Bus tube wall thickness
Time constant of decaying dc-component of short
Tf S
circuit current
Rated maximum allowable torque on the post T
TR kN.m _
insulator head
Torque exerted due to short circuit forces on the busT
Tii kIN.m
tubing
2 - Phase-to-phase short circuit
Usw kV Co-ordination withstand voltage of equipment
U, kV Maximum system voltage (related to equipment) J
U, kV Nominal system voltage B
Uie kV Peak phase-to-earth voltage (1 p.u.)
U kV Standard lightning impulse withstand voltage
Uss kv Standard switching impulse withstand voltage
Usorp kV Value of the 50% discharge voltage of a rod-plane
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gap
Value of the 50% discharge voltage of self restoring
Usp kV )
insulation
Ho V.s/A.m Absolute permeability = 4.1 .10
\Y% m/s Regional basic wind speed
v'y m*/m Volume per unit length of bus tubing
\7 m’/m Volume per unit length of ice on bus tubing
Vi kV Maximum system voltage
The component of the Characteristic wind speed in
Vo ms m/s that is perpendicular to the bus tubing
V, m/s Nominal wind speed at height z above the ground
Vi kV Instantaneous phase-to-phase voltage on conductor 1
V, kv Instantaneous phase-to-phase voltage on conductor 2
V3 kV Instantaneous phase-to-phase voltage on conductor 3
VE - Dynamic factor (force) for support system
Vs - Dynamic factor (stress) for tubular conductor 3 phase
v, - Dynamic factor (auto-reclosure)
W, mm Equipment bay width
w! N/m Weight per unit length of bus tubing alone
W N Total weight of bus tubing
w'e N/m Weight per unit length of damping conductor
W, N Total weight of damping conductor
wh N/m Weight of ice per unit length on bus tubing
w; N Total weight of ice on bus tubing
W (Z) ¥ Section modulus
X Q Reactance
% - Impedance ratio
Ya mm Allowable maximum vertical deflection on bus tube
Ye m Vertical deflection of bus tube under own weight
Maximum Deflection of a Rigid Bus under Short
Yo e Circuit Current alone (no ARC)
Maximum Horizontal Deflection of a Rigid Bus
Yo e under Short Circuit Current alone (no ARC)
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Maximum Deflection of a Rigid Bus under Dynamic—’
yoneare e Conditions (wind, fault & ARC)
Maximum Horizontal Deflection of a Rigid Bus
YDYNHARCH e under Dynamic Conditions (wind, fault & ARC)
z m Height above the ground
, Measurement from the surface of a conductor
z mm )
towards its centre B
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ABBREVIATIONS USED IN THIS DISSERTATION

Abbreviation Description J
ABB Asea Brown Boveri
AIS Air insulated systems
ANSI American National Standard Institute
ARC Auto Re-close or auto re-closure
ASA American Standards Association
BIL Basic insulation level
BS British Standard N
CDEGS Current Distribution Electromagnetic and Grounding Systems
CERAM A manufacturer of porcelain insulators, now call PPC
CFO Critical Flashover Voltage
Cigré International Council on Large Electrical Systems
DIN VDE German Standard
EHV Extra High Voltage
EMF Electromagnetic Field
Eskom Electricity Supply Commission (of South Africa)
GIS Geographic Information System
HV High Voltage
ICNIRP International Commission on Non-ionising VRadiation Protection
IDZ Industrial Development Zone
IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronic Engineers
IRPA International Radiation Protection Association
KZN KwaZulu Natal
[ LIWL Lightning impulse withstand level
MATHCAD Trade name for desktop software for performing and documenting
engineering and scientific calculations
MTBF Mean time between failures
MIG Metal Inert Gas (welding)
NRPB Advisory group on Non-ionising Radiation Power Frequency
Electromagnetic Fields
©20084JS Groenewald St Disserimion




XXXVil

PROKON Trade name for a civil engineering software package for structural
analysis and design

RAD Relative air density

RSA Republic of South Africa

SIL Switching impulse level

SIWL Switching impulse withstand level

TIG Tungsten Inert Gas (welding)
UK United Kingdom
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1. INTRODUCTION

The cost of land, the sensitivity of the environment to construction, and a host of other techno-
economic and social pressures are requiring new compact designs for outdoor air insulated
(AIS) substations. They are to become more compact, without introducing additional
operational risks, and at the same time producing the same or improved reliability of supply. In
addition to this, greater demands are being placed on utilities to provide substations with larger
busbar capacities to service electrical corridors with higher power densities. Of late, this has
become the general trend, where existing Eskom substations are being required to service larger
electrical loads due to the absence of suitably sized plots of land and power corridors to
costruct additional infrastructure. This new requirement has highlighted the limitations of
bundled flexible conductors where many of Eskoms Main Transmission Substations with
bundled flexible conductor busbars requiring upgrading to larger numbers of conductors per
bundle. In most cases additional support steelwork is required to limit the sag of the conductor
phases as a result of the limitations in the strain forces that can be exerted on existing busbar
strain portals leading to lower tensions per bundle conductor. In many instances, this is
impractical due to the limited time that is available for substation outages. It takes several days

to “drop” a busbar and to restring it with a larger number of flexible conductors per phase

bundle.

In the past, the standards used by Eskom in the design of busbar systems were based on phase-
to-earth and phase-to-phase clearances calculated using a deterministic approach [1], i.e. an
approach that assumes that all the factors that may contribute to the conditions that could occur
at the time of a fault, all occurred at the same time. Strung flexible conductor busbar systems
are particularly problematic in this regard due to the excessive horizontal conductor
displacement that takes place as a result of conductor swing under fault conditions. The
deterministic approach leads to electrical clearances that are very large which, coupled with the
excessive conductor swing, require phase-to-structure and phase-conductor separation distances
that may be possible for a particular site. This is of particular concern at the EHV (400kV) and
UHV (765kV) voltage levels.

One also needs to consider the “skin effect” influences on the current distribution within an
electrical conductor. The outer conductor layers of a stranded conductor, conduct higher

currents than the inside ones and consequently the theoretical conductancy of the material is not

utilized to its full potential.

The conduction current density is given by [2]:-
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Jx = 6.Ex0.e "V

(1.1)

Considering the exponential term, an exponential decrease in the conduction current density

and electric field intensity with penetration into the conductor occurs. At the surface of the

conductor, i.e. z' = 0 therefore,

e "V™ —1 je. the exponential factor is unity.
. 1
When z'= ———— therefore,

Jr.f.p.o

-z nfpo -1
e z.ymipo __

, i.e. the exponential factor is unity.

= 0,368

(1.2)

(1.3)

(1.4)

This distance is termed the the depth of penetration or skin depth and is denoted by ;.

A S
Jafpo o
and
[ = HrHo
where:-
f = system frequency
7} = permeability of material
= conductivity per unit lenth in Q' / m
a' = attenuation constant in Np/m
Mo = permeability of free space (4.1 07 H/m)
e = relative permeability of material

Table 1.1: Representative Metallic Electical Parameters [2]

(1.5)

(1.6)

Material Specific Conductivity Relative Permeability
[6] (' /m) e
L Aluminjum 3,82.10 1,00000065
B Copper 5,8.107 0,99631

1.1 Considering Some Metallic Conductors

1.1.1 Aluminium Conductors
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Ha = 1,00000065. 47.10”
= 1,2566.10° H/m
1
J7.50.1,2566.10° .3,82.107

6sAl

8sA| = 1 I,Smm

1.1.2 Considering Copper Conductors

0,9963 4m.10”
1,2520.10° H/m

|
J7.50.1,2520.10° .5,8.107

Hcu

Oeu =

= 9,4mm
At power frequency (50 Hz) therefore, 841= 11,5mm and 85cy = 9,35 mm. Power density (W/m?)
[2] carries an exponential term e*. The power density is then multiplied by a factor of 0,368
= 0,135 for every 11,5mm of distance into aluminium and 9,35 mm of distance into the copper,

the power density.

Therefore, any current density or electric field intensity established at the surface of a good
conductor, decays rapidly as one progresses into the conductor. Electromagnetic energy is not
transmitted in the interior of a conductor; it travels in the region surrounding the conductor,
while the conductor merely guides the waves. The currents established at the conductor surface
propagate into the conductor in a direction perpendicular to the direction of the current density,
and they are attenuated by ohmic losses. This power loss is the price exacted by the conductor
for acting as a guide. The tubular shape of the conductor makes this profile a very efficient one
as far as current distribution in the material is concerned, i.e. as a tube, compared to the
diameter, has relatively low wall thickness, the differences in the currents between the material
zones located on the inside and outside are small. Tubular conductors are therefore far more

efficient transmitters of electrical power at power frequency than stranded flexible conductors.

When considering all the above together with the fact that the “skin” effect phenomenon
inherent in a.c. systems contributes to lowered effective use of the “solid” flexible conductors,
and, that the volume of concrete and steel necessary to realise the infrastructure required to
support the larger numbers of conductors per bundle, increases exponentially making this
design philosophy techno-economically inefficient. This has prompted the author to concentrate
on the alternative conductor configuration of using tubular conductor and associated support

systems that would lead to more efficient use of materials and also make it possible to upgrade
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existing strung flexible conductor busbar systems as required by the increasing demand for

power in a manner that will result in shorter “outages” being required.

The use of rigid conductors for busbars is widely employed in modern HV and EHV outdoor
air insulated substations (AIS) [3]. The “structure” must, however, have enough strength to
withstand the significant mechanical stresses that develop due to wind and ice loadings,
Aeolian vibration and mechanical forces as a result of the short circuit currents that may occur
on, or near the busbar system [4]. These stresses are imposed on the tubular conductors and the
supporting structures, composed of insulators and substructures (steelwork supports and
support foundations). The mechanical requirements to ensure the strength in the tubular
conductors inherently leads to a conductor with a high current carrying capacity. The
mechanical stresses on equipment is lower with tubular conductors and with a short-circuit they
do not clench together and tear at the armature fittings, as is the case with stranded flexible
conductors connected in parallel where bundle collapse occurs. The rigidity of the tubular
conductors also offers an opportunity for smaller portal clearances due to smaller conductor

deflections under fault conditions and due to its own weight.

The corona and thermal performance of tubular conductors is inherently better than that of
bundled flexible conductors due to the larger surface areas that are available, leading to lower

voltage gradients and and lower running temperatures respectively.

Experiences gained to date have also resulted in a particularly unlimited longevity of
aluminium tubes independent of location or environmental conditions. The tubes require
neither anodising nor a coat of paint as their natural oxide film has proven to be a sufficient

protection against corrosion.

To sum up the problem, substation designers are constantly under pressure to provide cost
effective substation designs that meet both the technical requirements, and have low visual
impact on the environment. Within this framework, the rigid tubular conductor bus structure
comes into its own right for compactness, low visual profile and cost [1]. Since this dissertation
is an application design guide, only the results of a comparative cost profile between overhead
strung flexible conductor busbars and a chosen tubular busbar arrangement is given and is
essentially summarised in Figure 1.1. For a more indepth treatment of the economics involved

in substation design, the following references are provided for further reading:

Bayliss C R, Hardy B J, “Transmission and Distribution Electrical Engineering”, Newnes, 3"

Ed., 2007, ISBN 0 750666730

Ilic A J, Galiana F D, Fink L H, “Engineering and Economics”, Springer, 1998, ISBN 079 238
1637
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Several papers ([3] [4] [5] [6] [7] [8] [9]) have been published in recent years on the physics of
electromagnetic forces without a holistic practical guideline pertaining to rigid tubular
conductors and their performance under steady state and transient conditions. The literature
survey embarked upon suggests that the articles discuss the implementation of bus tube
systems, by focusing on individual aspects of these systems. It was for this reason that the
author has embarked on the study, as an attempt to identify, select and define important
parameters, as well as discuss the critical issues relating to clearances, investigate the latest
theory and practices. The eventual aim was to produce a Design Application Guide for the use

of tubular conductors in the design of substations.

HYPOTHESIS: “Tubular conductors can provide substantial techno-economic
advantages in the design of high voltage substations as compared to

conventional overhead suspended bundled flexible conductors.”
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2. LITERATURE SURVEY

The preliminary literature servey indicated that a large number of articles relating to air
insulation, clearances and the behaviour of conductors under fault conditions are available.
However, a detailed step-by-step application guide for the employment of round tubular

conductors based on the latest research of statistical methods does not exist.

In qualifying the statements made above for example, a number of papers have been published
in recent years on the physics of electromagnetic forces pertaining to rigid tubular conductors
and their performance under steady state and transient conditions ([3] [4] [5] [6] [7] [8] [9]).
These papers, as their titles suggest, concentrate purely on calculation methods of these forces

and the correctness thereof.

Hoseman et al [5] conducted parametric studies with the aid of analytical calculation method
and a number of extensive numerical methods. It was found that only a few parameters are of
significance, so that even simplified calculation methods may be used with confidence; the
dynamic stressing is determined with the aid of factors which are a function of the mechanical

fundamental frequency of the conductors.

Cigré Working Group 23 [4] parametric studies determined that there are a number of criteria
that influences the dynamic stressing of conductors and insulators. These are as follows:-

e mechanical resonances (see Chapter 11 of this dissertation)

e damping (see Chapter 12 of this dissertation)

*  boundary conditions for the ends of the conductors (see Chapter 11 of this dissertation)

» the time patterns of electromagnetic forces, the worst case being the centre phase of a three

phase system (see Chapter 10 of this dissertation)

Centre phase (b)

J3
Flo(t) = F‘sc.T fo+ fro(t) + fo(t) + fe(t)
steady state  decaying
= Flse. fo(t) (2.1)
= 0,866.F 'scx

Outer phases (a and ¢)
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Where:-
F',(t) = Force per unit length on the centre phase in N/m
F'., = Reference force per unit length N/m
fo = Constant term (arithmetic mean of f(t) in steady state)
fro(t) = Undamped oscillation at double the electrical frequency
o(t = . . L
fo(®) Oscillation with electrical frequency, decaying with Ty = -
t = T
fo(®) Exponential term decaying with ?f
¢ = Kappa factor

3+243
Fla(t) = Flc(t) = Flsc. * \/_ . fO + wa(t) + fm(t) + fg(t)
2 et =———e— | [4] (2.2)
steady state  decaying
= 0,808.Flscx 2

Where:-

F',(t) = Force per unit length on the outer phase in N/m

F'(t) = Force per unit length on the outer phase in N/m

e  short circuit duration
e  supports

e number of conductor spans where the conductor is either supported freely or clamped

along the continuous length of conductor (see Chapter 11 of this dissertation )

e unsuccessful auto-reclosure (see Chapter 13 of this dissertation)
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Figure 2.2: Worst Case Curve of Electromagnetic Forces on Outer Conductors (a and ¢)

Related To I, When X/R = 15 under Three Phase Short Circuit [4]
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Figure 2.3: Worst Case Curve of Electromagnetic Force on Two Conductors Related To

I, When X/R = 15 under Phase-to-Phase Short Circuit [4]

For further explanation on time patterns of forces, the reader is referred to the two refences
provided above, viz. “The Mechanical Effects of Short Circuit Currents in Open Air
Substations” [4] and “Dynamic Short-Circuit Stress of Busbars-Structures with Stiff
Conductors” [5]

Most of the other papers that have have been published ([3] [6] [7] [8]) are practical or
theoretical verifications of the previous work that was done in the past. The following are

examples of these:-

e  Meintjes et al [3] carried out tests at SABS NETFA as verification that it was indeed

possible to design and safely operate tubular bus systems.

e Cigré Study Committee 23 (Working Group 23-02) [6] reported on the calculation

methods and comparisons with test results that were published in Electra 30 in 1973.

e  Cigré Study Committee 23 (Working Group 23-02) [7] reported on the correctness of a

calculation method.

e RJ Cakebread and HJ Brown [8] produced work on integrated mechanical design loading

for open type EHV substation structures and equipment under Working Group 04 of Study
Committee No.23

Papers and standards exist for insulation co-ordination discussing lightning and switching

impulse levels that lead to the determination of various operational clearances [10] [11] [12]
[13][14].
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Zaffanella et al [13] dicuss in great detail the phase-to-earth and phase-to-phase insulation
requirements for switching surges on transmission lines and in substations. They provide a
graphical means to determine the phase-to-phase critical flash over voltages for given phase
separation. They state that the total flashover probability (P) for substations needs to be at least
3/2.10" or smaller. Several tables are also provided that enable one to calculate phase-to-phase

clearances.

IEC 60-1 [10] and 1EC 71-2 [14] are application guides on Insulation Co-ordination. The latter
document discusses the insulation optimisation process. This is essentially that amount of
insulation required to reduce the probability of a flashover to 2% or conversely, that the
insulation will survive 98% of the time. In this regard, tables of phase-to-earth and phase-to-
phase clearances are provided for lightning and switching impulses which are essentially

translated to system voltage clearances.
DIN VDE 0101 [15] is a standard that provides guidelines of ice loading on conductors.

SABS 0160-1989 with amendments in subsequent years [16] is a civil engineering code of
practice that provides valuable information, tablesand methods to determine the characteristic
wind speeds in at any given location in South Africa. Characteristic wind speeds can be
determined in four diffently categorised terrain types, at different heights above ground level
and, to enable engineers to calculate wind pressures on a variety of structures. It lends itself

very well to be adapted to substation design

Gujarati [17] was used to provide the mathematical means to perform multi-variable regression
and build a model for determining the electric and magnetic field strengths for any given set of

parameters within the boundaries of the studies carried out.

Hayt [2] and Edminister [18] provided some of the fundamentals of electromagnetic theory in
the “skin” effect considerations. These considerations are taken up in the Introduction in

expaining some of the reasons for moving towards round tubular conductors for use in high

voltage substations.

The impact of seismic activity is not discussed here due to the complexity of the design criteria.
Although individual components such as primary plant are tested for seismic operation 0,3g to
0,5g, the sheer size of whole systems makes it impossible to subject these to the same form of
testing. These systems need to be precisely modelled in very complex computer programmes,
with computer simulations being run to determine the seismic effects on the whole system.

These programmes are extremely costly and generally are proprietory assets.
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This dissertaion is an attempt to select the important parameters and develop a logically ordered
step-by-step application guideline for the substation designer. It has been presented in such a
way that it can be used as applications guide for substation designers, having both academic as

well as potential commercial or industrial benefit.
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3. METHODOLOGY

Objectives of this Chapter:

e Introduce why considering bus tubing

e Why the design guide?

e  What important factors need to be considered?
e Reliability issue and consequences

e  Brief summary of the process flow
3.1 Overview

The primary objective of this dissertation is to provide electrical substation designers with an
integrated step-by-step guide on the use of round tubular conductors in the design of high
voltage tubular busbar substations as well as an understanding of the sensitivity of a number of

parameters to material tolerances and error in estimation of parameter values.

As a means for ensuring that the research for the project is kept in line with the primary
objective in the most effective manner possible, a “terms of reference” document was set up in
the order of the prososed topics to be covered, and then reviewed from time to time to check for
continuity and clarity. A discription of the essential components requiring investigation and
discussion is provided in paragraph 3.2 below and forms the terms of reference for the whole
guide. Reviewing of literature was then approached in the same manner, keeping in mind that

there were two essential criteria that had to be met. These are that:

e the proposed busbar system had to withstand the different types of forces that had a high

probability of occurring simultaneously, and

e the dielectric strength (electrical insulation) of the air would survive a range of

overvoltages in magnitude and type.

The point of departure was to review the differences between the current electrical clearances
employed by Eskom and statistical based values as provided by IEC 71-2. The statistical
approach to electrical clearances allows smaller clearances, i.e. phases could be brought closer
together, by accepting a predetermined an increase in risk of failure. By mitigating against this
risk in a more cost effect way, e.g. adding surge arresters in selected positions, one can achieve
more compact, low profile substations with high power throughput capability. This aspect is

covered in Chapters 5 and 6. In addition, other factors impacting on phase-to-earth and phase-
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to-phase clearances needed to be studied. These included the sag of the bus tube under its own
weight, and horizontal displacement of the bus tubes under fault conditions with and without
unsuccessful auto-reclosing of a circuit breaker. The influence of different support methods

such as freely supported and fixed ends, and permutations of these required consideration.

With regard to the strength of the busbar system, it was important to examine all the factors that
contribute to placing mechanical stresses on the components of the system and ensure that there
was a mathematical means of modelling them. Some of these mathematical representations
where provided by the liternature that was reviewed, this having been acknowledged by way of
the references enclosed in square brackets, other representations were developed by the author
from knowledge of ordinary physics. It was important to determine these relationships so that

they could be modelled in an Excel based software programme for study purposes.

Several types of forces and their origin needed to be investigated, these being essentially
categorised into static and dynamic forces. The static forces considered being “dead’ weight of
the bus tube, the additional weight of the damping conductor, ice loading, all of which are
gravity enhanced, and lastly wind loading on the bus tube which generally acting
perpendicularly to gravity. In order to make the design guide generally applicable to any site in
South Africa, it was necessary to obtain metereological information on characteristic regional
wind velocities in the Republic and then by mathematical means transform this to a
representative wind pressure at a given height above the ground. This could then be converted
to a force exerted on the bus tube per unit length. These aspects are covered in Chapters 6 to 8,

and then picked up again in Chapter 13 of this dissetation.

The second important force type that needed attention was the dynamic loading on the system,
i.e. forces as a result of a symmetrical three phase and assymmetrical phase-to-phase faults with
and without unsuccessful auto-reclosing of a circuit breaker. Unsuccessful auto-recosing
amplifies the dynamic impact on the bus tube. This is discussed in Chapters 9, 10, 12 and 14 of
this dissetation, while Chapter 11 looks at how oscillations set up in the bus tube by laminar

wind flow can be damped.

Chapters 15 and 16 of this dissertation considers various mechanical issues such as maximum
bending moments and tortion on the substructure (support post insulators and associated
steelwork), and ensuring manufacturing limits are not exceeded. In conjunction with this,
Chapter 16 provides a means to evaluate the impact of thermal expansion on the bus support

system and correct selection of fixings.
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The means to evaluate the impact of corona, electric and magnetic fields on the overal design of
the busbar system is discussed in detail, having carried out several studies in this regard. This is
presented in Chapters 17 and 18 where several graphical representations of the data are

provided for clarity.

The theory behind the design process was developed in a logical and orderly manner in order
that the parameter sensitivity studies could be embarked upon, and therefore accounts for
Chapters 4 to 18 as discussed above. This theory was then transformed into an Excel based
programme which was tested against several hand calculations carried out. These hand
calculations are recorded in Chapter 20. Chapter 19 is the result of the various sensitivity

studies that were performed.

Since it has become a much publicised issue, the associated topics of electric and magnetic
fields were also investigated in order to determine the expected exposure levels when personnel
access high voltage yards. These calculated values were then compared to the values in the
IRPA guidelines. The study was performed using the CDEGS software that enables one to
model the proposed bus configuration, and then by providing the programme with all the
parameters for a given condition, e.g. maximum expected current, maximum system voltage,
phase spacing, bus tube diameter, height of conductors above the ground, etc, will provide a
value for either electric or magnetic field strength, whichever is to be determined. Figure 3.1 is
an illustration of an output from CDEGS, resulting in a single item of data, which in this case,
is the electric field profile under a 3 phase flat busbar system. Several hundred different
parameter permutations were analysed in like manner and Chapter 18 is dedicated to this study.
In the end, a relationship between electric and magnetic field strength with with respect to the
above given parameters was deteremined using multiple variable regression analysis. In all

cases the maximum value of the field strengths were used.

Figure 3.2 is a Spot Plot which provides a visual result of electric field strength at various
locations within a 765kV HV yard. One can immediately determine the areas of concerns by

visual inspection.

The “RESULTS” arisng out of applying the methodology forms an integral part of the design
guide and combined with the discussion within the main text in which the results are analysed

and justified.
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Figure 3.1: A Typical Result from a CDEGS Programme Simulation
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Appendix 1: CDEGS Spot Plot for 765kV Mercury Substation.
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Figure 3.2: A Typical Spot Plot from a CDEGS Programme Simulation
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3.2 “Terms of Reference”

. A complete guide for rigid busbar application should at least focus on issues such as:-

Insulation levels and associated clearances

e  Continuous current carrying capability

e  Steady state loading, bending moments, stresses and deflections

e  Dynamic loading during short circuit conditions

e Resultant loading from a deterministic or probabilistic approach

e  Surface electrostatic field strengths and corona inception levels in the limitation of corona

e The limitation of electric and magnetic field strengths to fall in line with the IRPA

Guidelines

The aim of this dissertation is to extract the relevant information for calculating the mechanical
effects of short circuit current on rigid tubular conductors and their support structures. An
attempt has been made to provide a simplified model which yields fast results suitable for

everyday design purposes.

Because the consequences of failure within the station, is greater than the consequence of a
flashover of a single line, the station reliability criterion must be higher than the line by a factor
10 [5].

Different criteria are usually applied to air- and gas-insulated stations. For example, the mean
time between failures (MTBF) of air-insulated stations, vary between 50 and 200 years,
whereas for gas-insulated stations, the MTBF has been set as high as 800 years [5]. The basis of
this is the consequence of failure in the gas-insulated station that may require significant outage

and repair times

The process that is followed for each of the components of the tubular bus system, viz. tubular
conductor (maximum stress and maximum deflection) and support insulators can by-enlarge be

categorised into the following order:

e  Reference calculation

Static condition
e  Dynamic condition

¢  Dynamic condition with auto-re-close
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e  Combined static and dynamic forces

e  Safety factor

e  Test for limits

The behaviour of the tubular busbar system under static and dynamic conditions is dependent
upon a number of factors. These factors, one of which is the type of support system employed
(boundary condition) will be presented and discussed in turn under different chapters. The
order in which these are discussed is an attempt to provide a logical and understandable
presentation of the subject concerned. In order to provide the reader with a brief insight into
what is to follow, brief descriptions are given:-

3.3 The Length of the Bus Tubing

The length of the bus tubing that is employed is dependent upon:

3.3.1 The boundary conditions of the busbar system employed, i.e. the support system
employed at the ends of each bus tube (both ends freely supported, one end freely

supported + one end fixed, both ends fixed)

3.3.2 The minimum allowable phase-to-earth and phase-to-phase clearances between items of

equipment in a three-phase system
3.3.3 The maximum allowable sag of the bus tubing
3.3.4 Bus tubing outer diameter and wall thickness

3.3.5 The maximum allowable stress in the tube under extreme dynamic conditions -
mechanical characteristics of the material (the alloy employed) such as the 0,2% Proof

Stress

3.3.6 The maximum horizontal deflection of the bus tubing — required to calculate the phase-to-

phase clearance between bus ducting and ensure that minimum values are not infringed.

3.4 Strength of the Support Insulators

3.4.1 The boundary conditions of the busbar system employed, i.e. the support system
employed at the ends of each bus tube (both ends freely supported, one end freely
supported + one end fixed, both ends fixed)

3.4.2 The minimum allowable phase-to-earth and phase-to-phase clearances between items of

equipment in a three-phase system

3.4.3 The maximum allowable sag of the bus tubing
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The required strength of the support insulators that are to be employed:
3.4.4 The maximum allowable dynamic force for a given guaranteed static strength

3.4.5 The maximum allowable bending moment at the base of the insulator
3.4.6 The maximum allowable torsion on the head of the insulator

3.5 Conductor Heights
The required conductor heights that are to be employed:
3.5.1 The minimum allowable height of a phase conductor to ensure there is no corona

3.5.2 The minimum allowable height of the three phase conductors to ensure that the electric
and magnetic field strengths at 1,8m above ground level do not exceed accepted values in
working and public areas

3.6 Summary of Design Process in the Selection of Rigid Tubular Conductors

The rigid bus design process is detailed in ANSI/IEEE Standard 605 “IEEE Guide for Design
of Substation Rigid Bus Structures” [9]. The steps in this process are repeated below for

reference:

3.6.1 Establish design requirement and bus arrangement

3.6.2 Select bus conductor shape (generally circular) and material (generally aluminium)
3.6.3 Establish minimum bus size based on ampacity and corona

3.6.4 Select trial conductor size

3.6.5 Establish need for damping and select damper type and size

3.6.6 Calculate total gravitational force

3.6.7 Calculate conductor wind force

3.6.8 Calculate conductor short-circuit force

3.6.9 Calculate resultant (total vector sum) force (Fg) on conductor

3.6.10 Location of bus support fittings (i.e. slip, rigid, and expansion fittings)
3.6.11 Calculate maximum span (L) based on deflection

3.6.12 Calculate maximum span (L,) based on material 0,2 % proof stress
3.6.13 Select maximum span equal to (Ly) or (L), whichever is the lesser

3.6.14 Calculate total insulator cantilever load
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3.6.15 Select insulator strength required based on multiplying the cantilever load multiplied by
the appropriate safety factor

3.6.16 Thermal expansion and capacity considerations

3.6.17 Analyse the continuous spans for calculated loading as a final design (with torsion)

3.6.18 Determine locations of welded couplings if these are required to join tubes to make up

the full span
3.6.19 Analyse steelwork structures (not in the scope of this dissertation)
3.6.20 Analyse support foundations (not in the scope of this dissertation)
Figure 3.3 is a high level flow diagram produced to illustrate the design process described

above. It essentially summarises the process into a much condensed form and was produced by

the author and [9] to conform in the order that the subject is presented in this work.
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Stored Data
____(LIWL, SIWL, Ce, Cp, E, ¢A,aB,
7, «TH, Rp0,2 b
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Test AL<D
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Deflection of Conductor
Static Deflection: yc
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Figure 3.3: High Level Process Flow Diagram forDimensioning Post Insulators and Bus Tubes
MSec Dissertation
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3.7 Rigid Bus Design is an Iterative Process

If the calculations indicate that the conductor chosen will not to be suitable, then a number of

options are available. By changing the variables one at a time or combinations thereof will

eventually provide the best techno-economic solution. The variables are as follows:

Conductor span length
Conductor phase spacing
Conductor size
Conductor shape

Conductor material (alloys)

Conductor height - Although theoretically speaking, the height of the conductor is a design
variable in the choice of a tubular conductor, the conductor is normally sized for
mechanical strength, i.e. to withstand short circuit, wind and ice loadings on it. This
generally results in a bus tube that is oversized for electrical purposes, both in terms of
current carrying capacity and corona performance. Although it is necessary to check it, the
surface voltage gradient on the tube is in virtually all practical cases, an order of
magnitude lower than the corona inception value. This is clearly demonstrated in the

example given under paragraph 17.2.2.3.

3.8 Design Criteria and Bus Arrangement

Bus current carrying capacity (ampacity)

Maximum expected three phase rms symmetrical short circuit current. This is the ultimate

long term value expected at the substation.

Maximum operating voltage.

Insulator BIL rating.

Maximum anticipated wind speed (extreme wind).
Maximum expected icing condition combined with wind.
Altitude of the substation (if greater than 900m).

Basic substation layout (rigid bus arrangement).

Seismic design conditions if substation is located in an area of seismic activity. Seismic
considerations and their impact on the design of substations have not been taken into

account in this dissertation due to their complex nature. It would require a dissertation on
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its own to deal with all the issues satisfactorily. Suffice it to say that a supported busbar
system as is covered in this text needs drastic measures to be taken, and it would be better

to suspend tubular conductors.
3.9 Selection of Bus Conductor Shape and Material

For high voltage and extra high voltage substations, seamless, round, aluminium bus tubing
should be used. IEC standard tube sizes of various specified grades [1], [19] and [20] (see

write-up and test results).
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4. ELECTRICAL CLEARANCES BASED ON A STATISTICAL
APPROACH

Objectives of this Chapter:

e  Choice of Line Voltage U,

e Choice of BIL based on lightning impulse withstand level (LIWL) or switching impulse
withstand level (SIWL) for Line Voltage U,, whichever is appropriate

e  Determine appropriate phase-to-earth clearance (Cye)

e  Determine appropriate phase-to-phase clearance (C,p)

e  Determine the appropriate safe horizontal working distance (Cyy)

e  Determine the appropriate safe vertical working distance (Cyy)

e Determining the appropriate phase centres (s,) that are depend on minimum phase-to-earth

and phase-to-phase clearances
4.1 Insulation Cordination Procedures

The determination of the co-ordination withstand voltages consists of determining the lowest
values of the withstand voltages of the insulation meeting performance criterion when

subjected to the representative over-voltages under service conditions.

Two methods for co-ordination to transient over-voltages are in use: a deterministic method
and a statistical method. Many of the applied procedures, however, are a mixture of both
methods. For example, some factors used in the deterministic method have been derived from
statistical considerations or some statistical variations have been neglected in statistical

methods.
4.1.1 Deterministic Method [14]

The deterministic method is normally applied when no statistical information obtained by

testing is available on possible failure rates of the equipment to be expected in service.

With the deterministic method:

e when the insulation is characterised by its conventional assumed withstand voltage, i.e. the
probability of withstand of self-restoring insulation P, = 100%, the withstand value is
selected equal to the co-ordination withstand voltage obtained by multiplying the
representative over-voltage (an assumed maximum) by a co-ordination factor K,
accounting for the effect of the uncertainties in the assumptions for the two values (the

assumed withstand voltage and the representative over-voltage);
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e  when, as for external insulation, the insulation is characterised by the statistical withstand
voltage (P,= 90%), K, should account almost for all differences between this voltage and
the assumed withstand voltage

With this method, no reference is made to possible failure rates of the equipment in service.
4.1.2 Statistical Method [13]

For the probability of disruptive discharge of insulation in self-restoring insulation, the ability
to withstand dielectric stresses caused by the application of an impulse of given shape can be
described in statistical terms. For a given insulation and for impulses of given shape and
different peak value U, a discharge probability P can be associated with every possible value U,
thus establishing the following relationship:-
P =P(U) 4.1
e Us corresponds to the voltage under which the insulation has a 50% probability to
flashover or to withstand
e z is the conventional deviation which represents the scatter of flashover voltages. It is
defined as the difference between the voltages corresponding to flashover probabilities
50% and 16%
2=Usy— U 4.2)
e U, is the truncation voltage, the maximum voltage below which a disruptive discharge is

no longer possible

The statistical method is therefore based on the frequency of occurrence of a specific origin, the
over-voltage probability distribution belonging to this origin and the discharge probability of
the insulation. Alternatively, the risk of failure may be determined by combining over-voltage
and discharge probability calculations simultaneously, shot by shot, taking into account the

statistical nature of over-voltages and discharge by suitable procedures.

By repeating the calculations for different types of insulations and for different states of the

network, the total outage rate of the system due to the insulation failures can be obtained.

Hence the application of the statistical insulation co-ordination gives the possibility to estimate
the failure frequency directly as a function of the selected system design factors. In principle,
even the optimisation of the insulation could be possible, if outage costs could be related to the
different types of faults. In practice, this is very difficult due to the difficulty to evaluate the
consequences of even insulation faults in different operation states of the network, and due to
the uncertainty of the cost of undelivered energy. Therefore it is better to slightly over-
dimension the insulation rather than optimise it. The design of the insulation system is then

based on the comparison of the risks corresponding to the different alternative designs.
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Once the frequency distribution of the over-voltages and the corresponding breakdown
probability distribution are given, the risk of failure of the insulation between phase and earth

can be calculated as follows:

R¢ = [;' f(U).P(U)dU (4.3)
Where:-
R = The risk of failure
f(o)y = Probability density of over-voltages (occurrence described by a Gaussian
function)
P(U) = Probability of flash-over of the insulation under an impulse value U

(described by modified Weibull function)

U = truncation value of the over-voltage probability distribution
Uso.s, truncation value of the discharge probability distribution
P(

Probability Value

Usoss Ui Over-voltage

Figure 4.1: Evaluation of the Risk of Failure [14]
4.1.2.1 Relating Overvoltage Stresses to Insulation Strength

For a substation where there could be 10 to 50 locations within the substation to consider
regarding possible phase-to-phase flashover, the data given in Figure 4.4, a, = 0,5 and Figure

4.5 with standard deviation of the flashover voltage 6,, = 5% should be used [13].

Where:-

oy = Ratio of the negative switching impulse component to the sum of both

components (negative and positive) of a phase-to-phase overvoltage
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Cpii = Per unit value of the conventional deviation (S,) of an overvoltage

distribution

Methodology: Minimum phase-to-phase distances in substations are calculated assuming:-
3
e A total flashover probability p :E'IO 3] (4.4)

e The CFO values for one phase-to-phase insulating element are evaluated for each

statistical phase-to-earth voltage first using Figures 4.2 and 4.3 to determine S, and o,

below
.
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o & e S
= = 2% |
| n I,DS ______ EE— R
of e 1,550 . F g \
£ .2 152 I 8 A T —
gs LS - . . —
3B i : !
m w ] 1 1
AES : : :
[+~ 1 IR ™ | 1 ]
= & 1 ' !
Al : : v
gl e ! : :
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[ ] I} 1 1
=l = : : :
m m ] | 1
SES ! : :
al : : :

1,0 ' : ‘

1,0 125 15 175 20 225 25 3,0

2% Phase-to-Earth Switching Surge

Figure 4.2: Approximate Relation between Phase-to-Phase and Phase-to-Earth Switching-
Surge Values [13]

Table 4.1: Determining the Max (2% Value) Phase-to-Phase Surge (p.u.) from Figure 4.2 13]

Max (2% Value) Phase- | Ratio Max (2% Value) Phase-to-Phase | Max (2% Value) Phase-
to-Earth Surge (p.u.) Surge to Phase-to-Earth Surge to-Phase Surge (p.u.)
1,50 1,62 1,50.1.62 2,43
1,75 1.58 1.75.1.58 2,77
2,00 1.55 2,00.1,55 3,10
2,25 1,52 2,25.1,52 3,42
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40
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-
20 /
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16 p--------p====---= L
13 =i
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Standard Deviation (%)

2 243 2,7 33,10 3,42 4 5
2% Phase-to-Phase Switching Surge (p.u.)

Figure 4.3 Standard Deviation of the Crest Values of Phase-to-Phase Over-voltages vs the
Statistical Maximum (2% Value) Phase-to-Phase Over-voltages [13]

Table 4.2: Determining the Standard Deviation of the Crest Values of Phase-to-Phase
Over-voltages from Figure 4.3 [13]

Max (2% Value) Phase-to-Phase Standard Deviation of the Crest Values of
Surge (p.u.) Phase-to-Phase Over-voltages
[a5] (%)
2,43 10
2,77 13
3,10 16
3,42 19

*  0p=5%

e N=30 (Number of parallel spans)
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Figure 4.4: Flashover Rate verses Strength/Stress Ratio for Different Values of Nand o,
6= 5% of CFO [13]
4.1.2.1a) Phase-to-Phase Flashover Probability

Phase-to-phase flashover probability of the parallel three phase conductors is a function of the

ratio:-
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e Rr= ngo (4.5)
Where:-
S, = Statistical maximum surge referred to as the statistical switching over-
voltage
e  Use Figure 4.5 to determine Ry. Results shown in Table 4.3.
CFO =R:.S; (4.6)

The R¢ and CFO values are provided in Table 4.3 below.

Table 4.3: Determining the Statistical maximum surge referred to as the statistical

switching over-voltage from Figure 4.4 [13]

Standard Deviation | Phase-to-Phase | Max (2% Value) Critical Flashover

of the Crest Values Flash-Over Phase-to-Phase Voltage
of Phase-to-Phase Probability Surge
Over-voltages
[os] (%) [Rq] [S2] (p-u.) [CFO] (pu)

10 1,29 2,43 1,29.2,43 3,13
13 1,32 2,77 1,32.2,77 3,66
16 1,35 3,10 1,35.3,10 4,18
19 1,38 3,42 1,38.3,42 4,72

4.1.2.2 Determining the Phase-to-Earth and Phase-to-Phase Critical Flashover Voltages

By definition, the 1 p.u. representative peak overvoltage in the transient domain is given

Un2

by Uppe = \/3 (kV). The maximum 2% phase-to-earth surge values in Table 4.4 are

expressed in p.u. with reference to this value.

CFO (kV) = U,.CFO,,, (4.7
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Table 4.4: Determining the Phase-to-Earth and Phase-to-Phase CFO [13]

Maximum System Voltage Max (2% Value) Phase-to-Earth CFO Max (2% Value) Phase-to-Phase CFO
(kV) Phase-to-Earth Surge Phase-to-Phase Surge
(p-u.) (kV) (p-u.) (kV)
362 1,75 362.1,75 634 3,66 362. 3,66 1325
2,00 362.2,00 724 4,18 362.4,18 1514
2,25 362.2,25 815 4,72 362.4,72 1709
550 1,75 550. 1,75 963 3,66 550. 3,66 2013
2,00 550. 2,00 1100 4,18 550. 4,18 2299
800 1,75 800. 1,75 1600 3,66 800. 3,66 2928
2,00 800. 2,00 1800 4,18 800. 4,18 3344
1200 1,50 1200. 1,50 1800 3,13 1200. 3,13 3756
1,75 1200. 1,75 2100 3,66 1200. 3,66 4392
2,00 1200. 2,00 2400 4,18 1200. 4,18 5016
1500 1,50 1500.1,50 2250 3,13 1500.3,13 4695
1,75 1500.1,75 2625 3,66 1500. 3,66 5490
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4.1.2.3 Determining the Phase-to-Earth and Phase-to-Phase Distances [13]

For a given gap spacing, the lowest phase-to-phase voltage is obtained when a positive voltage
is applied to one conductor with the other grounded, and that the highest voltage is obtained
when a negative voltage is applied to one conductor with the other grounded.
o, is defined as the ratio of value of the negative voltage to total voltage, i.e.

Ve
Oy = ———— (4.8)
Vneg + Vos

All the crest voltages are negative while positive voltage is zero:

o = Vneg
Vaueg + Vpos (49)
=1 (fOl‘ Vypos = 0)

The negative crest voltage equals the positive crest voltage:
Vueg
O =———
Vucg + Vpos (4 l 0)
= 0,5 (fOl‘ Vncg = Vpos)
The positive crest voltage is twice the negative crest voltage:

i = Vineg
Vneg + Z.Vneg (4] 1)
= 0,33 (fOl‘ Vncg = Vpos)

The negative crest voltage is zero:

Vaueg
Vncg -+ Vpos
=0 (fOl‘ Vneg = 0)

On =

The phase-to-phase distances required to withstand switching surges in substations are

determined using Figure 4.5 for o, = 0,5; and are shown in Table 4.7.

e  CFO curves of Figure 4.5 with o, = 0,5
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Table 4.5: Minimum Phase-to-Phase Distances in Substations to Withstand

Switching Surges [13]

Phase-to-Phase CFO Phase-to-Phase Distance Value Used in Existing
(kV) (m) (m)
1325 %3
1514 2,8 4-6
1709 3,0
2013 4,0

7-10
2299 4.8
2928 5.1

10-13
3344 6,3
3756 7
4392 10,8 -
5016 14,8
4695 12,6
5490 18,0

It is apparent from the table that existing substations have a very conservative design with

respect to phase-to-phase switching surges

4.2 Gap Factors

Table 4.6: Gap factors for typical phase-to-phase geometries [14]

Conductor - Structure

Gap type Parameters Typical Reference values
range
: K 1,36 - 1,58 1,45
D,/D, 1-2 1,5
H/D, 3,34-10 6
S/D, 0,67 -0,2 0,2
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Table 4.6: Gap factors for typical phase-to-phase geometries (continued) [14]

~

H"

VWW

Longitudinal
Rod — Rod structure

Gap type Parameters Typical Reference
range values
K, 1,22 -1,32 1,25
H/D 8-6,7 6
S/D 0,4-0,1 0,2
K, 1,18-1,35 1,15 1,47
Cond- | Cond-
= H, Plane Rod
H '/, 075-0,75 | 0 | 0,909
U D PR e
Conductor — Lower structure
S/D 1,4-0,05 - 0
K 1,28 — 1,63 1,45
H/D 2-10 6
S/D 1-0,1 0,2
K, 1,03 - 1,66 1,35
H’/ H, 0,2-0,9 0
H, #5 z | i D/H, 0,1-0,8 0,5
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Table 4.7: Gap factors for typical phase-to-phase geometries [14]

Configuration K,

o, = 0,5 o, = 0,33
Ring — ring or large smooth electrodes 1,80 1,70
Crossed conductors 1,65 1,53
Rod - rod or conductor — conductor (along the span) 1,62 1,52
Supported busbars (fittings) 1,50 1,40
Asymmetrical geometries 1,45 1,36
NOTE — According to [1] and [4]

Extracted from IEC 60071-1, and Figure 5.5, detail the
Characteristics of all types of Over-voltages

A

Lightning over-voltages (FFO)

6
Switching over-voltages (SFO)

p.u. voltage 5 |=
5 —‘V I Temporary over-voltages (TOV)
F

i . System voltages

[y
>

Ms ms s Duration

Figure 4.6: Types of Over-voltages (except Very-fast-front Over-voltages) [14]
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Table 4.8: Classes and Shapes of Overvoltages — Standard Voltage Shapes and Standard Withstand Tests [10] [19]

Class Low Frequency Transient
Continuous Temporary Slow-front Fast-front Very-fast-front
Voltage or 1/f 1/f, \/\/\ T,
Overvoltage \
T \/’ \ A '\'/
Shapes P .\ T, \JV
i T2 Bl VT
« Lgd 4—24_#_’
PR UL
Range of Or 60Hz 10Hz < f < 500Hz 20ps <T, <5000 ps 0,Ilps<T<20ps 3ns < T¢ < 100ns
Voltage or T.>3 600s 0,03s<T,<3600s T, <20ms T, £300ms 0,3MHz < f, <
Overvoltage 100MHz
Shapes 30kHz < f, <300kHz
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Table 4.8 (continued): Classes and Shapes of Overvoltages — Standard Voltage Shapes and Standard Withstand Tests [10] [19]

-39 .

Standard K
Voltage
Shapes
J=50Hz or 60Hz 450Hz < f < 62Hz T, =250ps T, =1,2ps
T, "
t T, = 60s T, =2 500ps T = 50ps
Standard Y Short Duration Power Switching Impulse Lightning Impulse b
Withstand Frequency Test Withstand Withstand
Test

D To be specified by the relevant apparatus committees
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4.3 Minimum Phase-to-Earth and Phase-to-Phase Clearances

In complete installations such as substations which cannot be tested as a whole, it is necessary
to ensure that the dielectric strength is adequate.

The switching and lightning impulse withstand voltages in air at standard atmospheric
conditions must be equal to, or greater than the standard switching and lightning impulse
withstand voltages. Minimum clearances have been determined for different electrode
configurations following a conservative approach which takes into account practical

experience, economy and size of practical equipment [14].

The minimum phase-to-earth and phase-to-phase clearances are dependant upon the breakdown
characteristics of air. The breakdown characteristics of air depend on:-

e  Configuration of the live and earth electrodes [14]

e Point-to-plane (worst case used in the deterministic approach throughout the substation

making overall dimensions large)
e  Conductor-to-structure
e  Conductor-to-conductor
Applying these selectively, dimensions can be vastly reduced.
e RAD - altitude
e  Pollution levels: marine, industrial

e  Over-voltages that the live parts experience (lightning [lightning impulse withstand level],
switching [switching impulse withstand level], load rejection [power frequency level],
etc.). How to minimise these — station class and line surge arresters surge arresters — do not
use arcing horns on transformer bushings due to high frequency harmonics generated back

into the transformer — puncture insulation

These clearances may be lower if it has been proven by tests on actual or similar configurations
that the standard impulse-withstand voltages are met taking into account all relevant
environmental conditions which can create irregularities on the surface of the electrodes, for
example rain, pollution [14]. The distances are therefore not applicable to equipment which has
an impulse type test included in the specification, since mandatory clearance might hamper the

design of equipment, increase its cost, and impede progress.

The clearances may also be lower, where it has been confirmed by operating experience that

the over-voltages are lower than those expected in the selection of the standard withstand
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voltages or that the gap configuration is more favourable than that assumes for the

recommended clearances [14].

The clearances of live parts of a system from one another and from earthed parts must at least
comply with Table 4.9. This table lists the minimum air clearances from the Standard Lightning
Impulse Withstand Voltages from 20kV < U,g <2100kV. Further on in the text, these withstand
voltages are correlated with nominal (U,) and maximum (U,,) standard equipment voltages.

These are in turn correlated with the minimum phase-to-earth and phase-to-phase clearances.

These minimum clearances have been determined in a laboratory under standard atmospheric

conditions as defined by IEC 60-1. These standard conditions are:
e  temperature :20°C
e  pressure : 101,3kPa (1013mbar)

e  absolute humidity : 11g/m’
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Table 4.9: Correlation between Standard Lightning Impulse Withstand Voltages and Minimum Air
Clearances [14] [19]

Standard Lightning Impulse Minimum clearance
Withstand Voltage (mm)
[U.g] (kV) Rod-Structure Conductor-Structure
[Cprs] (mm) [Cscs] (mm)
20 60 -
40 60 -
60 90 =
75 120 -
95 160 .
125 220 -
145 270 .
170 320 -
250 480 -
325 630 -
450 900 .
550 1100 -
650 1300 .
750 1500 -
850 1700 1600
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Table 4.9: Correlation between Standard Lightning Impulse Withstand Voltages and Minimum Air
Clearances (Continued) [14] [19]

Standard Lightning Impulse Minimum Clearance
Withstand Voltage (mm)
[Uss] (kV) Conductor-Structure Rod-Structure
[Cscs] (mm) [Cers] (mm)
950 1700 1900
1050 1900 2100
1175 2200 2350
1300 2400 2600
1425 2600 2850
1550 2900 3100
1675 3100 3350
1800 3300 3600
1950 3600 3900
2100 3900 4200

NOTE: The standard lightning impulse is applicable to phase-to-phase and phase-to-earth.
For phase-to-earth, the minimum clearance for conductor-structure and rod-structure is applicable.

For phase-to-phase, the minimum clearance for rod-structure is applicable.

©20084JS Groenewald MSc Dissertation




-44 -

Table 4.10: Correlation between Standard Switching Impulse Withstand Voltages and Minimum Phase-To-Earth Air

Clearances (Referred to Standard Atmospheric Conditions as Defined By IEC 60-1) [14] [19]

Standard Switching Impulse Minimum Phase-to-Earth Clearance
Withstand Voltage (mm)
Conductor-Structure Rod-Structure
[Us] (kV) [Cpecs] (mm) [Cpers] (mm)
750 1600 1900
850 1800 2400
950 2200 2900
1050 2600 3400
1175 3100 4100
1300 3600 4800
1425 4200 5600
1550 4900 6400
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Table 4.11: Correlation between Standard Switching Impulse Withstand Voltages and Minimum Phase-To-Phase
Air Clearances (Referred to Standard Atmospheric Conditions as Defined By IEC 60-1) [14] [19]

Standard Switching Impulse Withstand Voltage Minimum Phase-to-Phase Clearance
(kV) (mm)
Phase-to-Earth Phase-to-Phase Phase-to-Phase Conductor-Conductor Rod-Conductor
value Parallel
Phase-to-Earth

[Use] (kV) value [Uss] (kV) [Cpeccl (mm) [Cpercl (mm)
750 1,5 1125 2300 2600
850 1,5 1275 2600 3100
850 1,6 1360 2900 3400
950 1,5 1425 3100 3600
950 1,7 1615 3700 4300
1050 1,5 1575 3600 4200
1050 1,6 1680 3900 4600
1175 ;5 1763 4200 5000
1300 1,7 2210 6100 7400
1425 1,7 2423 7200 9000
1550 1,6 2480 7600 9400
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4,3.1 Extract from IEC 71-2 [14]

4.3.1.1 A.1 Range I

The air clearance phase-to-earth and phase-to-phase is determined from Table 4.9 for the rated
lightning impulse-withstand voltage. The standard short-duration power-frequency withstand
voltage can be disregarded when the ratio of the standard lightning impulse to the standard

short-duration power-frequency withstand voltage is higher than 1,7.

4.3.1.2 A.2 Range 11

The phase-to-earth clearance is the higher values of the clearances determined for the rod-
structure configuration from Table 4.9 for the standard lightning impulse and from Table 4.10
for the switching impulse withstand voltages respectively

a) Example:

U, = 1425kV Rod-Structure Clearance (Cggrs) = 2850mm (Table 4.9)

U,s =950kV Rod-Structure Clearance (Cpers) = 2900mm (Table 4.10)
Minimum phase-to-earth clearance (Cpe) = 2900mm

The phase-to-phase clearance is the higher values of the clearances determined for the rod-
structure configuration from Table 4.9 for the standard lightning impulse, and from Table 4.11

for the switching impulse withstand voltages respectively

b) Example:
U,g = 1425kV Rod-Structure Clearance (Cggrs) = 2850mm (Table 4.9)
U,s =950kV Rod-Structure Clearance (C,prs) = 3600mm (Table 4.11)

Minimum phase-to-phase clearance (Ce) = 3600mm

The values are valid for altitudes which have been taken into account in the

determination of the required withstand voltages (see paragraph 4.4)

The clearances necessary to withstand lightning impulse withstand voltage for the longitudinal
insulation in Range Il can be obtained by adding 0,7 times the maximum operating voltage
phase-to-earth peak to the value of the standard lightning impulse voltage and by dividing the
sum by 500kV/m. '
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The clearances necessary for the longitudinal standard switching impulse withstand voltage in
range II are smaller than the corresponding phase-to-phase value. Such clearances usually exist

only in type tested apparatus and minimum values are therefore given in this guide.

4.4 Ranges for highest voltage for equipment

As discussed earlier, a listing of minimum clearances for the maximum system and apparatus
voltages have been correlated with insulation levels for convenience of the designer. The
various insulation levels can be selected in accordance with the insulation co-ordination as per

this standard.
The standard highest voltages for equipment are divided in to two ranges:

Range I: Above 1kV to 245kV included. This range covers both transmission and
distribution systems. The different operational aspects, therefore, shall be taken
into account in the selection of the rated insulation level of the equipment. For
convenience, Range I is also divided into two tables, for 1kV < U, < 52kV and

52kV <U,, <300kV
Range I1: Above 245kV or Uy, > 300kV. This range covers mainly transmission systems.

Table 4.9 correlates the minimum air clearances with the standard lightning impulse withstand
voltage for electrode configurations of the rod-structure type and, in addition for range II, of the
conductor-structure type. They are applicable for phase-to-phase clearances as well as for

clearances between phases (see note under Table 4.9)

Lower Voltages up to U, = 220kV (U,=245kV) co-ordinated for LIWL

Higher Voltages from U, = 275kV (U,=300kV) co-ordinated for SIWL
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Table 4.12: In the area of 1kV <U,, <52kV [19]

_48 -

Nominal Maximum Short Duration Rated Lightning Impulse Minimum Clearance (N)
Voltage Voltage for Power Frequency Withstand Voltage Outdoor Installation
Apparatus Withstand Voltage 1,2/50 ps Phase-to-Earth and Phase-to- Phase
[Un ] (kV) [Unl (KV) [Upel (kV) [Uss] (kV) [Cpel (mm) [Cppl (mm)
3 3.6 10 20 60 120
40 60 120
6 7,2 20 40 60 120
60 90 120
10 12 28 60 90 150
75 120 150
15 17,5 38 75 120 160
95 150 160
20 24 50 95 160
125 220
30 36 70 145 270
170 320
36 41,5 80 170 320
200 360
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Table 4.13: In the area of 52kV < U, <300kV [19]

Nominal Voltage

Maximum Voltage

Short Duration Power

Rated Lightning Impulse

Minimum Clearance (N)

for Apparatus Frequency Withstand Withstand Voltage Outdoor Installation
[Ua] (kV) Voltage 1,2/50 ps Phase-to-Earth and Phase-to- Phase
[Ual (kV) [Upd] (V) [Uss] (kV) [Cpels[Cppl (mm)

45 52 95 250 480
66 72,5 140 325 630
70 82,5 150 380 750
110 123 185 450 900
230 550 1100

132 145 185 450 900
230 550 1100

275 650 1300

150 170 230 550 1100

275 650 1300

325 750 1500

220 245 325 750 1500

360 850 1700

395 950 1900

460 1050 2100
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Table 4.14: In the area of U, > 300kV [19]

Nominal Voltage Maximum Rated Switching Minimum Clearance (N) Rated Switching Minimum Clearance (N)
Voltage for Impulse Withstand Impulse
Apparatus Voltage 250/2500ps Withstand
Voltage
250/2500ps
[Usl (kV) [Un] (KV) [Uss] (kV) [Cpel (mm) [Us] (kV) [Cppl (mm)
Phase-to-Earth Conductor/ Phase-to- Phase-to- Phase Conductor Bus/
design Earth Conductor*
275 300 750 1600 1900 1125 2300 2600
850 1800 2400 1275 2600 3100
380 420 950 2200 2900 1425 3100 3600
1050 2600 3400 1575 3600 4200
480 525 1050 2600 3400 1680 3900 4600
1175 3100 4100 1763 4200 5000
700 765 1425 4200 5600 2423 7200 9000
1550 4900 6400 2480 7600 9400

* Consequences more serious, hence larger clearance to reduce probability of a flash-over
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The introduction of Uy, = 550kV (instead of 525kV), 800kV (instead of 765kV), 1200kV, of a
value between 765kV and 1200kV, and of the associated standard withstand voltages, is under

consideration.

4.5 Correction of Clearances for Altitude and Atmospheric Conditions [14]

“Breakdown in air is strongly dependent on the gap configuration and on the polarity and wave
shape of the applied voltage stress. In addition, relative atmospheric conditions affect the
breakdown strength regardless of shape and polarity of applied stress. Relationships for the
breakdown strength of air derived from laboratory measurements are referred to standard

atmospheric conditions as defined by [EC 60-1, i.e.:

“- temperature : 20°C
“- pressure : 101,3kPa (1013mbar)
“- absolute humidity 1lg/m’

“For outdoor insulation, the effects of humidity, rain, and surface contamination become very

important.”

“Wind has an influence on insulation design, especially in the case of selecting gap lengths on

the basis of power-frequency and switching impulse strengths.”

“Flashover voltages for air gaps depend on the moisture content and density of the air.
Insulation strength increases with absolute humidity up to a point where condensation forms on

the insulator surface. Insulation strength decreases with decreasing air density (IEC 60-1).

4.5.1 Altitude correction

The correction factor K, is based on the dependence of the atmospheric pressure on the altitude

as given in IEC 721-2-3. The correction factor can be calculated from

m[ Ha ]
Ki=e 8150

(dimensionless) [14] (4.12)
Where:-
H, = Altitude above sea level in m
m = 1,0 for co-ordination lightning impulse withstand voltages
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= m according to Figure 4.7 for co-ordination switching impulse withstand

voltages

= 1,0 for short-duration power-frequency withstand voltages of air-

clearances and clean insulators

= 0,5 for normal insulators (polluted)

= 0,8 for anti-fog design (polluted)

N
T
el 1
s, b B
*l ™.
e K; """""""""" =l o
m \
£ | \\\ ~
d\\\i e
NG
5 e
" /1425kV
" )
1000kV 2000kV
—

Figure 4.7: Dependence of Exponent ‘m’ on the Co-ordination Switching Impulse

Withstand Voltage [14]

Where:-

a = Phase-to-earth insulation

b = Longitudinal insulation

¢ = Phase-to-phase insulation

d = Rod-plane gap (reference gap)
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The following straight line approximations for functions a, b and ¢ were derived by the author

(Appendix A) by applying single variable regression analysis [17].

m, = 1,0878 — 3,7463.10*.U,, r*=0,9975 (4.13)
m, = 1,3094 — 3, 7745.10°.U,, r’ =0,9988 (4.14)
m, = 1,3974 — 3,4643.10*.U,,, 1’ = 0,9982 (4.15)

Function d was broken up into 6 sections so that each of the sections would correlate with
greater than 95% accuracy (See Appendix A). The accuracies are provided as per unit values.

The functions therefore take on the form:

m = P! gPinvev

Ot (4.16)
my, = 1.2488.U,, "% r’ =0.9543 0< Uq, <220KkV (4.17)
my, = 2.889.U,, **** r’=09915  220< U, <300kV (4.18)
mgy; = 5.5417.U,,, "7 r* =0.9968  300< U, <700kV (4.19)
my, = 52.6044.U,,, 7% r’=0.9871  700< U, <1100kV (4.20)
mys = 4917.U,,, " ¥ =0.9799  1100< U, <1600kV (4.21)
mys = =818722.U,,, % r’=0.9861  1600< U, <2000kV (4.22)

For voltages consists of two components, the voltage value is the sum of the components.
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—— A - Phase-to-earth insulation

10 N S ———b - Longitudinal insulation
N \ ¢ - Phase-to-phase insulation
d1-Calc
——— d - Rod-plane gap (reference)

/

0.8 N:—Calc
d2-Calc \ a-Calc

b-Cale ™
\ \ — b-Calc
0.6 d3-Calc a-Cale ¢-Calc

N X
0.5 \ ——dl1-Calc
il \ — d2-Calc

0.4
\ —— d3-Calc

il — d4-Cale

0.2 \ d6-Calc ——d5-Calc
\ — d6-Calc

0 500 1000 1500 2000 2500 3000
U (kV)

v

Figure 4.8: The Approximations of the Exponent ‘m’ on the Co-ordination Switching Impulse withstand Voltage

in accordance with the above Functions (See Appendix A)
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“When determining the co-ordination with-stand voltage, it should be kept in mind that most
adverse conditions from the strength point of view (i.e. low absolute humidity, low air pressure
and high temperature) do not usually occur simultaneously. In addition, at a given site, the
corrections applicable for humidity and ambient temperature variations cancel each other to all
intents and purposes. Therefore, the estimation of the strength can usually be based on the

average ambient conditions at the location.

“For insulators, the possible reduction in the withstand voltage due to snow, ice, dew or fog

should be taken into account.”
2% Chance that Over-voltage will exceed
98% Chance that Over-voltage will not exceed

Critical flash-over (CFO) value (50% value)

. . 3
Desired total flashover probability p = —2—.10 4 [13] (4.23)

Want to convert to 90% value

SIWL
CFOq = ——— (4.24)

(1-t.os)

and the probability density function is given by:-

2

1 7
H(t):—jge(‘/z ydx [21]
2.@

Where:-

CFOy = Critical Flashover Value in kV (as calculated at sea level)

SIWL = Switching Impulse Withstand Level in kV

H(t) = Probability density (area under the normal distibution curve)

t = The function value of the normal distribution curve (or value of the
independent variable associated with a given area under a normal
distribution curve)

o = Standard Deviation of Voltages in %
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The above CFO value is valid at sea level and needs to be corrected for altitude by employing
(4.12)

Ha

CFOun = CFOsl.em[m] (kV) (4.25)

LeRoy/Gallet equation [12] [13]

.3400
CFOs = Kg g (4.26)
8
a+—
Ssl
Where:-
Ssl = Gap distance (surface-to-surface) in m
K¢.3400
(1+2)="
Ssl CFOsl
8 Ke.3400 1
Ssl CFOq
8  Ke3400-CFOs
Ssl CFOs
CFOsi _ ﬁ
Kg3400 = CFOsl 8
8.CFOs q
= Ssl
K¢.3400 - CFOsl
8.CFOsl
Ssl = 4.27)
Kg.3400 = CFOsl
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Table 4.15; Area under Normal Distribution Curve vs t [21]

0,00 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,09
t Probabili o Loy
robability (Area under a Normal Distibution Curve afoe (72 )x |)
0,0 0,50000 | 0,50399 | 0,50798 | 0,51197 | 0,51595 | 0,51994 | 0,52392 | 0.52790 | 0,53188 | 0,53586
0,.1 0,53983 | 0,54380 | 0,54776 | 0,55172 | 0,55567 | 0,55962 | 0,56356 | 0.56749 | 0,57142 | 0,57535
0,2 0,57926 | 0,58317 | 0,58706 | 0,59095 | 0,59483 | 0,59871 | 0,60257 | 0.60642 | 0,61026 | 0,61409
0,3 0,61791 | 0,62172 | 0,62552 | 0,62930 | 0,63307 | 0,63683 | 0,64058 | 0.64431 | 0,64803 | 0,65173
0,4 0,65542 | 0,65910 | 0,66276 | 0,66640 | 0,67003 | 0,67364 | 0,67724 | 0.68082 | 0,68439 0,68793
0,5 0,69146 | 0,69497 | 0,69847 | 0,70194 | 0,70540 | 0,70884 | 0,71226 | 0.71566 | 0,71904 | 0,72240
0,6 0,72575 | 0,72907 | 0,73237 | 0,73565 | 0,73891 | 0,74215 | 0,74537 | 0.74857 | 0,75175 | 0,75490
0,7 0,75804 | 0,76115 | 0,76424 | 0,76730 | 0,77035 | 0,77337 | 0,77637 | 0.77935 | 0,78230 | 0,78524
0,8 0,78814 | 0,79103 | 0,79389 | 0,79637 | 0,79955 | 0,80234 | 0,80511 | 0.80785 | 0,81057 | 0,81327
0,9 0,81594 | 0,81859 | 0,82121 | 0,82381 | 0,82639 | 0,82894 | 0,83147 | 0.83398 | 0,83646 | 0,83891
1,0 0,84134 | 0,84375 | 0,84614 | 0,84849 | 0,85083 | 0,85314 | 0,85543 | 0.85769 | 0,85993 | 0,86214
1,1 0,86433 | 0,86650 | 0,86864 | 0,87076 | 0,87286 | 0,87493 | 0,87698 | 0.87900 | 0,88100 | 0,88298
-7,88493 0,88686 | 0,88877 | 0,89065 | 0,89251 0,89435 | 0,89617 | 0.89796 | 0,89973 | 0,90147
1,3 0,90320 | 0,90490 | 0,90658 | 0,90824 | 0,90988 | 0,91149 | 0,91308 | 0.91466 | 0,91621 | 0,91774
1,4 0,91924 | 0,92073 | 0,92220 | 0,92364 | 0,92507 | 0,92647 | 0,92785 | 0.92922 | 0,93056 | 0,93189
1,5 0,93319 | 0,93448 | 0,93574 | 0,93699 | 0,93822 | 0,93943 | 0,94062 | 0.94179 | 0,94295 | 0,94408
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Table 4.15: Area under Normal Distribution Curve vs t [21]

0,00 0,01 0,02 0,03 0,04 - 0,06 0,07 0,08 0,09
t T o Ly X
robability (Area under a Normal Distibution Curve Ejoe (72 )dx |)
1,6 0,9452 | 0,9463 | 0,9474 | 0,9484 | 0,9495 [ 0,9505 | 09515 | 0,9525 | 0,9535 | 09545
1,7 0,9554 | 0,9564 | 09573 | 0,9582 | 0,9591 | 0,9599 | 0,9608 | 09616 | 09625 | 0,9633
1,8 0,9641 | 0,9649 | 0,9656 | 09664 | 0,9671 | 0,9678 | 09686 | 0,9693 | 0,9699 | 0,9706
1,9 0,9713 | 0,9719 | 09726 | 0,9732 | 0,9738 | 0,9744 | 0,9750 | 09756 | 0,9761 | 0,9767
- 0,9772 | 0,9778 | 0,9783 | 0,9788 | 0,9793 | 0,9798 | 0,9803 | 0,9808 | 09812 | 0,9817
2,1 0,9821 | 0,9826 | 0,9830 | 0,9834 | 0,9838 | 0,9842 | 0,9846 | 09850 | 09854 | 0,9857
%3 0,9861 | 0,9864 | 0,9868 | 0,9871 | 0,9875 | 0,9878 | 0,9881 | 0,9884 | 0,9887 | 0,9890
2,3 | 0,98928 | 0,98956 | 0,98983 | 0,99010 | 0,99036 | 0,99061 | 0,99086 | 0,99111 | 0,99134 | 0,99158
2,4 | 099180 | 0,99202 | 0,99224 | 0,99248 | 0,99266 | 0,99286 | 0,99305 | 0,99324 | 0,99343 | 0,99361
2,5 | 099379 | 0,99396 | 0,99413 | 0,99430 | 0,99446 | 0,99461 | 0,99477 | 0,99492 | 0,99506 | 0,9520
2,6 | 0,99534 | 0,99547 | 0,99560 | 0,99573 | 0,99585 | 0,99598 | 0,99609 | 0,99621 | 0,99632 | 0,9643
2,7 | 099653 | 0,99664 | 0,99674 | 0,99683 | 0,99693 | 0,99702 | 0,99711 | 0,99720 | 0,99728 | 0,99736
2,8 | 099744 | 0,99752 | 0,99760 | 0,99767 | 0,99774 | 0,99781 | 0,99788 | 0,99795 | 0,99801 | 0,99807
2,8 | 0,99813 | 0,99819 | 0,99825 | 0,99831 | 0,99836 | 0,99841 | 0,99846 | 0,99851 | 0,99856 | 0,99861
3,0 | 099865 | 0,99869 | 0,99874 | 0,99878 | 0,99882 | 0,99886 | 0,99889 | 0,99893 | 0,99896 | 0,99900
3,1 | 0,99903 [ 0,99906 | 0,99910 | 0,99913 | 0,99916 | 0,99918 | 0,99921 | 0,99924 | 0,99926 | 0,99929
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Table 4.15: Area under Normal Distribution Curve vs t [21]

0,00 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09
! P s P 1 . Y =
robability (Area under a Normal Distibution Curve ﬂj‘oe (72 )dx |)
3,2 0,99931 | 0,99934 | 0,99936 | 0,99938 | 0,99940 | 0,99942 | 0,99944 | 0,99946 | 0,99948 | 0,99950
33 0,99952 | 0,99953 | 0,99955 | 0,99957 | 0,99958 | 0,99960 | 0,99961 | 0,99962 | 0,99964 | 0,99965
3,4 0,99966 | 0,99968 | 0,99969 | 0,99970 | 0,99971 | 0,99972 | 0,99973 | 0,99974 | 0,99975 | 0,99976
3,5 0,99977 - - - = - - - y =
3,6 0,99984 - - - - - - - - -
3,7 0,99989 - - = = = . = = -
3,8 0,99993 - - - - - - - - -
3,9 0,99995 - - - = - . N - -
4,0 0,99997 - - B - - - - - -
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Example: Given that the Switching Impulse Withstand Level (SIWL,.) is 1550kV, to
determine the phase-to-earth and phase-to-phase electrical clearances for a

number of Gap Factors
SIWL = 1550

For a 90% and 98% withstand probability, i.e. 0,9 and 0,98 require the t values that are
associated with 0,9 and 0,98 (see table below)
From Table 4.15, the closest to 0,9 is 0,89973 and 0,98 is 0,9798 giving the following t values:

tog =1,24+0,08 (from Normal Distribution tables)
=1,28

tog = 2,0+0,05 (from Normal Distribution tables)
=2,05

G =0,06 (6%)

Critical Flashover Voltages

1
CFOQos1 = % (fI'OITl 424)

CFOgoslz 1679kV

CFOoss1 = % (from 4.24)

CFOysq= 1767kV
Correction for Altitude when dealing with Switching Surges

N\

Ha
Ki=e ES'SOJ (dimensionless) (from 4.12)

For Phase-to-earth switching surges

m, =1,0878 — 3,7463.10™.U,.,, r* = 0,9975 (from 4.13)
=1,0878 —3,7463.10*.1679
=0,4588

1800]
8150

0,4588[ﬁ

Ki=¢

=1,1066 (dimensionless)

(from 4.12)
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CFOv9oa1t = Ka.CFOoosi

=1679.1,1066 (from 4.25)
=1858kV
CFO9sait = Ka.CFOossi
=1767.1,1066 (from 4.25)
=1955kV
K,=13 (see Tables 4.6 and 4.7)
$90alt = _ 81858 (from 4.27)

1,3.3400-1858

Sogait = 5,80m (at altitude of 1800m)
90% probability that gap will survive (conductor-structure)

$98alt = ——&955—— (from 4.27)

1,3.3400-1955

Sogar = 6,34m (at altitude of 1800m)
98% probability that gap will survive (conductor-structure)

It is clear from the above that for an additional 140mm, the system insulation has a much
greater chance of surviving a 1550kV switching impulse, improving from 90% to 98% for a

small increase in clearance.

Calculation [10]

SIWL(Phase — to — Phase)

SIWL (Phase-phase) = P-E.
SIWL(Phase — to — Earth)

SIWL =1550.1,6 (from Table 4.10)
= 2480kV
2480
CFOys) = ————— (from 4.24)

(1-1,28.0,06)

CFOggsl =2686kV
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CFOsss = o 280 ~ (from 4.24)

(1-2,05.0,06)

CFO935| =2828kV

Correction for Altitude when dealing with Switching Surges

m,= 0,91 (from Figure 4.7)
m, = 1,3974 — 3,4643.10*.U,, r*=0,9982 (from 4.15)

m, = 1,3974 — 3,4643.10.1550
=(,8604

{ Ha )

Ki=e LS'SOJ (dimensionless) (from 4.12)

1800
Ka= eo’m(as_oJ
= |,2226 (dimensionless)
CFO90ait = Ka.CFOvosi

=2686.1,2226 (from 4.25)
=3283kV
K,=1,6 (see Tables 4.6 and 4.7)
8.3283
SOl = —————————
1,6.3400- 3283 (from 4.27)
=12,185m

CFO9san = Ka.CFOos

=2828.1,2226 (from 4.25)
=3458kV
8.3458
S9galt = ————————
1,6.3400-3458 (from 4.27)
=13,952m

In the case of phase-to-phase clearance, an additional 1,77m is required to improve the
probability of survival from 90% to 98%. The cost of insulation here is therefore higher than

for the phase-to-earth case.

400kV BIL = 1425kV, SIL = 1050kV
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Calculation [12]

Phase-phase = P-E.1,6 (see Table 4.11)
Eskom clearances are based on transients, not power frequency

Eskom clearances are based on BIL. If recalculated on SIWL, the clearances can be reduced

significantly. The good surge arresters are an over-kill with such large clearances.

Example: Given that the Switching Impulse Withstand Level (Phase-to-Earth) (SIWL) is
1425kV, to determine the phase-to-earth and phase-to-phase electrical
clearances for a number of Gap Factors

From Table 4.15, the closest to 0,9 is 0,89973 giving the following t value:

t = 1,2+0,08 (from Normal Distribution tables)

=1,28

Standard Deviation of Voltages (o) = 0,06
Gap Factor - Rod-to-Structure (Kg) = 1,1

At Sea Level
Critical Flashover Voltage (Phase-to-Earth) (CFO)

SIWL
(1-t.os)
1425
(1-1.28.0.06)
= 1543,54kV

CFOs =

(from 4.24)

Phase-to-Earth Clearance for Rod-to-Strucutre (srsoosi)
Gap Factor - Rod-to-Structure (Kg) = 1,1 (see Tables 4.6 and 4.7)

8.CFO
K:.3400 - CFO

. 8.1543,54

" 1.1.3400-1543,54
= 5,623m (atsea level)

Srs90si =

(from 4.27)

Phase-to-Earth Clearance for Conductor-to-Strucutre (sessos1)
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8.CFOcsv0st
K¢.3400 - CFO
B 8.1543,54
©1.3.3400-1543,54
= 4,293 m (atsea level)

Scs90sl =

(from 4.27)

Ratio: SIWL (P-P)/SIWL (P-E) = 1,7 (see Table 4.11)

SIWLpp = SIWLpe. 1,7
=1425.1,7
=2422,5kV

Gap Factor - Rod-to-Conductor (K¢) = 1,46 (see Tables 4.6 and 4.7)

8.CFOrco0s1
K:.3400- CFO
824225
1.46.3400-2422,5
= 7,625m (atsea level)

Src90sl =

(from 4.27)

Surface-to-Surface Clearance [s ] = 7,625 (at 1800m above sea level)
Gap Factor - Conductor-to-Conductor (Ke) = 1,6

_ 8.CFO

¥ T Ke3400- CFO
824225
1,6.3400-2422,5
= 6,423m (atsea level)

(from 4.27)

Surface-to-Surface Clearance [si] = 6,423m (at 1800m above sea level)

At Altitude Above Sea Level

At altitude (Ha) of 1800m, it is necessary to correct the critical flashover voltage

m, = 0,55 m (at sea level)

Corrected Critical Flashover Voltage (Phase-to-Earth) [CFO,]

Ha

CFOv0a1t = CFOvosi.e (8'50’

; [ISOOJ
=1543,540.6 0 (from 4.25)
=1742,91kV

Corrected Phase-to-Earth Clearance for Rod-to-Strucutre (srs90ait)
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Gap Factor - Rod-to-Structure (Ke) = 1,3 (see Tables 4.6 and 4.7)
8.CFO!‘S903|(
Srs90alt =
Kg.3400 - CFOrs90alt
B.1742,7 (from 4.24)

N 1.1.3400-1742,91
= 6,982m (at1800m above sea level)

Corrected Phase-to-Earth Clearance for Conductor-to-Strucutre (sessoat)

8.CFOrs90at
Srs90alt =
K:.3400 - CFOrsvoant
__ 8174291 (from 5.24)
1.3.3400-1742,91
=5,208m (at1800m abovesea level)
Ratio: SIWL (P-P)/SIWL (P-E) = 1,7
SIWLpp = SIWLye. 1,7 (see Table 4.11)
=174291.1,7
=2962,95kV
Gap Factor - Rod-to-Conductor (Kr) = 1,46 (see Tables 4.6 and 4.7)
8.CFOrcs0s1
Src90slt
Kg.3400 = CFOrev0si
8.2962,95
= (from 4.24)
1.46.3400 - 2962,95
=11,846m (atsea level)
Surface-to-Surface Clearance [s¢] = 11,846m (at 1800m above sea level)
For parallel conductors, the centre-to-centre distance
Tube Diameter [dy,] = 0,2m
Tube Deflecting under Short Circuit [ymax] = 0,2m
Centre-to-Centre distance [ss] = 11,846 + 0,2 + 0,2.2
= 12,446m (at 1800m above sea level)
Gap Factor - Conductor-to-Conductor (Kg) = 1,6 (see Tables 4.6 and 4.7)
8.CFOcco0st
Sce90sl =
Kg3400 - CFOcc90sl
8.2962,95
(from 4.24)

1,6.3400-2962,95
=9,569m (atsea level)
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Surface-to-Surface Clearance [si] = 9,569m (at 1800m above sea level)
For parallel conductors, the centre-to-centre distance

For parallel conductors, the centre-to-centre distance

Tube Diameter [dy,] = 0,2m

Tube Deflecting under Short Circuit [Ymax] = 0,2m

Centre-to-Centre distance [si] = 9,569 + 0,2 +0,2.2

= 10,169m (at 1800m above sea level)

Table 4.16: Standard Eskom Electrical and Working Clearances [1]

System System Minimum Electrical Working Clearance In
Nominal Highest Clearance In mm Metres
Voltage Voltage Phase-To- Phase-To- Vertical Horizontal*
(kV) (kV) Earth (C,.) Phase(C,,) (Cow) (Cyn)
33 3,6 80 110 2,9 1,2
6,6 7,2 150 200 2,6 1,2
11 12 200 270 2,7 1,3
15 17,5 230 310 2,7 1,3
22 24 320 430 2,8 1,4
33 36 430 580 29 1,5
44 48 540 730 3,0 1,6
66 72 770 1050 3.2 1,8
88 100 840 1150 3,3 1,9
(1000) (1350) (3.,5) (2,1)
132 145 1200 1650 3,7 2,3
220 245 1850 2300 43 2,9
275 300 2350 2950 4.8 3.4
330 362 2900 3600 5.4 4,0
400 420 3200 4000 5,7 4,3

Notes: Bracketed figures for 88 kV are for full insulation and are to be used only if the system
is not effectively earthed. The figures given for systems of 66 kV and below assume non-

effective.

Table 4.16 are dimensions that were calculated in accordance with the electrical properties of
gapped type surge arresters and based more deterministic type of criteria. The clearances
specified in Tables 4.12, 4.13 and 4.14 are all based on the IEC 71-2, and are determined

statistically as previously discussed. The values tend to be somewhat lower than those shown in
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Table 4.16, which can facilitate the design of more compact substations as discussed further on

in this chapter and document as a whole.

th

1100 |

e

Live
Component

A

Live Component

2500

Figure 4.9: Horizontal (C,;) and Vertical (C,,) Working Clearances [1]
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Table 4.17: Comparisons between Statistical Phase-to-Earth Clearances and Eskom Current Standards [1] [14]

Max Standard CFO at Gap Factors Standard
System Switching 1800m Ky Eskom
Voltage Impulse Above Sea 1.80 1.65 1.62 1.50 1.45 Electrical

Withstand Level L Phase-to-
Ring — ring Crossed Rod — rod or Supported | Asymmetrical
Voltage [U,g] Earth
or large conductors conductor — busbars geometries
Clearance
smooth conductor (along | (fittings)
electrodes the span)
(kV) (kV) (kV) (m) (m) (m) (m) (m) (m)
750 965,86 1,499 1,611 1,701 1,869 1,949
300 2,350
850
1084,87 1,724 1,851 1,962 2,162 2:251]
362 950 2,900
1201,68 1,955 2,099 2232 2,466 2,539
420 1050 3,200
1316,33 2,192 2,354 2512 2,783 2,914
535 1175 1456,62 2,499 2,687 2,876 3,198 3,355
1300 1593,63 2,817 3,340 3,257 3,636 3,821
200 1425 1727,40 3,146 3,980 3,655 4,097 4,315 -
1550 1858,00 3,488 3,810 4,072 4,585 4,839
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Table 4.18: Comparisons between Statistical Phase-to-Phase Clearances and Eskom Current Standards (Continued) [1] [14]

Max Standard Ratio Standard | CFO at Gap Factors Standard |
System Phase-to- | P-P/P-E | Phase-to- 1800m (Kp Eskom
Voltage Earth Phase Above 1,80 1,65 1,62 1,50 1,45 Electrical

Switehing Switching el Ring — Crossed | Rod —rod or | Supported | Asymmetrical Fhase-to-
Tmpulse Trnpilse Level ring or conductors | conductor — busbars geometries Earth
Withstand Withstand large condnctir (fittings) Clearance
Voltage Uss Voltage smooth (along the
Uss electrodes span)
(kV) (kV) (kV) (kV) (m) (m) (m) (m) (m) (m)
L 750 1,5 1125 1400,90 2,375 2,552 2,729 3,030 3,176
300 2,950
850 1,6 1360 1658,24 2,973 3,207 3,446 3,854 4,055
850 1,5 1275 1566,49 2,952 2,963 3,179 3,547 3,726
362 3,600
950 1,7 1615 1924,67 3,670 3,988 4,297 4,849 5,123
950 1,5 1425 1727,40 3,146 3,398 3,655 4,097 4,315
420 4,000
1050 1,6 1680 1990,50 3,856 4,201 4,527 5,021 5,417
555 1175 1,5 1763 2072,86 4,097 4,481 4,827 5,478 5,804
1300 1,7 2210 2496,99 5,514 6,211 6,634 7,674 8,210
- 1425 1,7 2423 2685,45 6,255 7,195 7,611 8,898 9571
1550 1,6 2480 2735,06 6,464 7,484 7,891 9,252 9,969
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It is therefore important to know how to interpret the various geometries within a substation in
order that the correct gap factor (K,) can be applied. The more uniform one can make the gap,

the smaller the clearances can be made and the better the performance.

4.6 The Width of an Equipment Bay as Defined by Electrical Clearances

The components of an equipment bay depends entirely on the function that bay is to fulfil, e.g.
a feeder bay, a transformer bay, a bus coupler bay, etc. The common requirement for all of
these is, however, that the installation of equipment is done in 3-phase formation such that the
bay offers reliable service with no breakdown of air gaps between live parts, and live parts and

earth, even under heavy pollution conditions.

In developing the concept of the width of an equipment bay, an initial basic assumption is made
that all components are rigid, i.e. there is no movement whatsoever to infringe on electrical

clearances, and that the width of the equipment is initially neglected.

CPD CPD CDI’
Cpe Cpp Cpp Cpe
A
e
A 4
\
»
& 2
Q
o | Al
b
oS
o
Y

Figure 4.10: Equipment Bay Width
Figure 4.10 provides a starting point from which to develop and refine total bay width. In
observing all clearances between all live elements (phase-to-phase) and between elements that
are live and earth potential (phase-to-earth), the bay width in its most elementary form is given
by:
W, =2.(C,. +C,) (4.28)

If it is possible to reduce these clearances, then it is possible reduce the bay widths, that in turn
reduces the lengths of the busbar conductor. There are, however, practical considerations such
as access to equipment for maintenance and replacement that limit the extent to which outdoor

air insulated (AIS) equipment bay can be compacted. These clearances are voltage dependant.
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4.7 The Height of the Different levels of Conductors in an Equipment Bay as Defined by
Electrical Clearances
In this section the determination of the various levels of conductors above the ground are
discussed in terms of various electrical clearances. These are generally the only determining
factors until very high system currents and Ultra-High system voltages are being considered.
Although there is no conclusive evidence that continuous exposure to certain levels of electric
and magnetic field strengths are harmful to the human physiology, certain guidelines have been
put into place, limiting these field strength values. These values will have a significant impact

on the conductor heights. This issue is discussed at length under Chapter 17 of this dissertation.
4.7.1 Equipment Level Conductors

The first conductor level is defined by those conductors that interconnect the items of primary
plant that form the equipment bay. This is determined by the minimum statutory height of the
metallic bottom of the insulator which needs to be 2500mm as defined in Figures 4.10 and 4.11

[14]. The equipment connecting height is then given by:-
e =2500+ C,,

= o (4.29)

The above does, however, not take conductor sag into account. In snow free areas, the sag is
due to the weight of the conductor alone, whilst in areas where snow is a regular occurrence,
the weight of the ice formation around the bus tubular conductors needs to be taken into
account. The issues around sag and vertical displacement are discussed in detail under Chapter
13. (4.29) is then simply modified to include the conductor sag.

he =2500 + Cpe + Yimax

=iy # Fouax (4.30)

- e B e

Figure 4.11: Inter-Equipment Conductors
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The vertical displacement of inter-equipment conductors is usually negligible due to the rigidity

of the bus tubing and short spans between the equipment. Long spans would need attention.
4.7.2 Busbar Level Conductors

The next level of conductor is generally the busbar conductor onto which all the equipment bay
circuits are connected via a variety of isolating equipment (conventional and pantograph type
isolators). These conductors usually traverse the full length of the substation in the direction
normal to the equipment bays. For this reason, the minimum height of the busbar conductor

must at least fulfil the phase-to-phase clearance requirement for a given system voltage.

Since the busbar spans are by far longer than the inter-equipment conductors, the vertical

displacement or sag needs to be taken into account as is demonstrated in Figure 4.12.

R T N m -
LEIETET SomTmmm—————

SRR =

2500

Figure 4.12: Busbar Conductors
h, =2500 + Cp. + Cpp + v,

=G+ Cop+ ¥e (4.30)
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Kespe=1,3
Sespe = 4,293m
Krepp = 1,46 .. Phase-Earth
Sepp = 7,625m - I

Phase-Phase
Keepp = 1,6

T Seepp = 6,423m
Phase-Phase

: ——
A 4 ; §

A

EB v EB
| Keepe = 1,1
Srepe = 5,623m

L Phase-Earth

IS PI PI ES'

Figure 4.13: Clearances with Different Gap Factors (U, = 800kV)

The calculations under paragraph 4.5 and illustrated in Figure 4.13 above show very clearly that
the air gap that is required is very dependent upon the geometry of the gap. Sharp edges should

be avoided as these reduce the insulating properties of the air gap. The more uniform the
structures, the better the performance.
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5. DETERMINATION OF THE APPROPRIATE SPAN OF BUS
TUBING - EQUIPMENT BAY WIDTH

Objectives of this Chapter:

e Determine equipment horizontal phase-phase spacing (s,) based on the conductor-
conductor and rod-to-conductor electrical clearance dependent upon the type of equipment
employed

e Determine equipment phase-earth spacing (s.) based on the conductor-structure and live
rod-to-structure electrical clearance dependent upon the type of equipment employed

e Determine the appropriate bay width for the equipment bay and so the appropriate length of
bus tubing (W,,)

In most cases, the items of equipment that are close to or under the busbars are the bus selection
isolators. For U, < 145kV, where single busbars are used in small distribution type substations,
the bay width is dictated by a conventional isolator. However, if double busbars are to
employed, in-line isolators are a far cheaper alternative to pantograph that are cost effective

only above these voltages.
5.1 Bay Width Dictated by Pantograph Type Isolators for Substation System Voltages for
U,, > 145kV

As a first step in determining the bay width, we make a basic assumption that all components

are essentially rigid. The bay width in its most elementary form is then given by:

Wy =Y2udps + Cpe + deg + Cpp + deqw + Cppp + degr + Cpe + Y2y

= dys + degp + deqw + degr + 2(Cpe + C,p) + Cp, (5.1
Where:-
W, = Bay width in mm
dys = Width of the busbar support structure in mm
degn,w,r = Width of the live part of the item of equipment on the blue, white and red

phases respectively
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Cpe deqs Cpp deqw Cpp deqR Cpe

Blue White Red
Phase Phase Phase
Equipment Equipment Equipment

Busbar

Supports Equipment Bay Width

Figure 5.1: Bay Width Dictated by Pantograph Type Isolators for Substation System
Voltages for U, < 145kV

The equipment on the three phases is usually identical, then:

W, = dbs + 3.deg + 2.(Cpe + C ) (5.2)

If it is possible to reduce these clearances, then it is possible reduce the bay widths, that in turn

reduces the lengths of the busbar conductor.

In the case where items of equipment with moving live parts are located side by side (eg.

Isolators) or close to earthed structures (see Figure 5.1 above and 5.2 below), the position of
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these live parts relative to one another and earthed parts, need to be taken into account when

dimensioning.

5.2 Bay Width Dictated by In-line Type Isolators for Substation System Voltages U, <
145kV

Substation bay widths for system voltages U, < 145kV are generally dictated by In-line type
Isolators used for busbar selection. These are a variation on conventional isolators where the
isolating unit of each phase is turned through 90°, requiring the bay width to be somewhat
larger than normal. In addition, when multi-conductor bundles are used to interconnect items of
primary plant, it is necessary to take the bundle dimensions into account as well, i.e. the

diameter of the conductors making up the bundle and the width of the bundle.

W, =dos + 3.deq + 6.(dc + dbn) + 2.(Cpe + C ) (56.3)
Where:-
W, = Bay width in mm
d = Diameter of each of the conductors in the bundle in mm
dyn = Width of the conductor bundle in mm

The purpose of this discussion therefore, is to alert the reader to the implications of the
positioning of energised air insulated primary equipment. Excessive bay width dimensions

could possibly be avoided by repositioning such equipment away from earthed structures.

Once the bay width has been established, this then determines the length of the tubular bus

conductor which is effectively also equal to the bay width (£ = W)
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H R S, >e S, >§< S,
5 Blue White Red :
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Equipment Equipment Equipment
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Figure 5.2: Bay Width Dictated by In-line Type Isolators for Substation System Voltages
Un, < 145kV
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6. DIMENSIONING OF BUS TUBING BASED ON CURRENT
CARRYING CAPACITY (AMPACITY)

Objectives of this Chapter:
e Selection of bus tube size from Manufacturers tables to meet current carrying capacity

(ampacity), provides tube outer diameter (dy,) and tube wall thickness (ty)

e Selection of supporting system to be employed (i.e. choose appropriate boundary

condition: both ends supported, one end supported and one end fixed, both ends fixed)

6.1 Dimensioning Of Bus Tubing Based On Current Carrying Capacity (Ampacity) —
Tables

Tubular aluminium conductors are provided under various specifications, viz. British Standards
(BS), American National Standards, German DIN Standards, South African Bureau of
Standards, etc. Table 6.1 is based on the DIN Standards. Table 6.2 provides data on the

electrical and mechanical properties of equivalent alloys that are available for this purpose.

Load flow studies are carried out to determine the maximum expected power flow through the
bus tubing, taking into account the worst possible contingencies. This maximum power flow is
then translated into an equivalent current value at the chosen system voltage. Manufacturers
provide tables of electrical and mechanical parameters for of variety of extruded aluminium and
copper alloy bus tubes. Table 6.1 is an example of such a table indicating parameters for two
such aluminjum alloys that are used extensively for this application, E-AIMgSiO,5F22 and E-
AlMgSiO,5F25. Bus tubing of the E-AIMgSiO,5 F25 alloy may be preferred because of its

better mechanical properties for only a slightly higher material resistance.

The most important electrical parameter provided in Table 6.1 is the current carrying capacity
(ampacity) for a given tube size. As a first attempt in selecting the correct tube, a tube with a
current rating of at least the expected value must be chosen. This then provides a starting point
from which to work. The more familiar one becomes with the process, the better ones feel gets
for which tube sizes are better suited for certain span lengths. The tubes are to be selected in
accordance with the widest equipment bays, since the same tube size must be used throughout
the length of the busbar. The tables then also provide additional parameters that are required in

the calculation process, viz. the tube outer diameter (dy,) and tube wall thickness (t,)

Although a large range of tubular conductor sizes are given, those with the outer diameter sizes

shown in bold print, are those that Eskom has standardise on. The related wall thickness sizes

in bold print are the IEC preferred sizes.
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Table 6.2 provides a comparison of the Electrical and Mechanical Properties of various
aluminium alloys used for this application. Bus tubing of the E-AIMgSiO,5 F25 alloy may be

preferred because of its better mechanical properties for only a slightly higher material

resistance.
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Table 6.1: Aluminium Tubular Conductors [19]

- 80 -

Outer Wall Cross- Mass Continuous Current Continuous Current
Diameter Thickness Sectional per Metre Rating for Rating for
[dbo] [tu] Area E-AIMgSiO,5F22 E-AIMgSiO,5 F 25
(mm) (mm) (mm?) (ke) 65° o 65" 5
(A) (A) (A (A)
4 741 2,00 1150 1530 1110 1480
63 5 911 2,46 1280 1700 1240 1640
6 1074 2,90 1380 1830 1330 1770
8 1382 3,73 1560 2070 1510 2000
4 955 2,58 1400 1860 1350 1800
5 1178 3,18 1560 2070 1510 2000
80 6 1395 3,77 1690 2240 1630 2160
8 1810 4,89 1920 2550 1850 2460
10 2199 5,94 2110 2790 2040 2690
4 1206 3,26 1690 2240 1630 2160
3 1492 4,03 1880 2490 1820 2400
100 6 1772 4,78 2040 2710 1970 2620
8 2312 6,24 2320 3070 2240 2960
10 2827 7,63 2540 3360 2450 3240
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Table 6.1: Aluminium Tubular Conductors (continued) [19]

Outer Wall Cross- Mass Continuous Current Continuous Current
Diameter Thickness Sectional per Metre Rating for Rating for
[dbo] [t.] Area E-AIMgSiO,5F22 E-AlMgSiO,5 F 25
(mm) (mm) (mm?) (ke) 65° 8% 65 5
A A A) (4
4 1458 3,94 1950 2580 1880 2490
5 1806 4,88 2170 2880 2090 2780
- 6 2149 5,80 2370 3140 2290 3030
8 2815 7,60 2700 3580 2610 3460
10 3456 9,33 2960 3920 2860 3790
12 4072 10,99 3130 4150 3020 4010
4 1960 5,29 2520 3330 2430 3220
5 2435 6,57 2790 3700 2690 3570
6 2903 7,84 3060 4050 2950 3910
160 7 3365 9,08 3270 4330 3160 4180
8 3820 10,31 3490 4630 3370 4470
10 4712 12,72 3830 5070 3700 4900
12 5579 15,06 4060 5380 3920 5200
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Table 6.1: Aluminium Tubular Conductors (continued) [19]

Outer Wall Cross- Mass Continuous Current Continuous Current
Diameter Thickness Sectional per Metre Rating for Rating for
[dio] [tw] Area E-AIMgSiO,5F22 E-AIMgSiO,S F 25
(mm) (mm) (mm?) (kg) 6 5 6 5
(A) (A) (A) (A)
4 2463 6,65 3030 4010 2930 3870
5 3063 8,27 3410 4520 3290 4360
5100 6 3657 9,87 3720 4920 3590 4750
8 4825 13,0 4270 5660 4120 5470
10 5969 16,1 4680 6200 4520 5990
12 7087 19,1 4990 6610 4820 6390
5 3848 10,4 4140 5490 3900 5300
6 4599 12,4 4520 5990 4370 5780
8 6082 16,4 5190 6870 5010 6640
250 10 7540 20,4 5700 7560 5500 7300
12 8972 24,2 6100 8080 5890 7800
14 10380 28,0 6420 8500 6200 8210
16 11762 31,8 6640 8800 6410 8500
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Table 6.1: Aluminium Tubular Conductors (continued) [19]

Outer Wall Cross- Mass Continuous Current Continuous Current
Diameter Thickness Sectional per Metre Rating for Rating for
[db] [t.] Area E-AIMgSiO,5F22 E-AIMgSiO,S F 25
(mm) (mm) (mm?) (ke) 63 o 6 5
(A) (A) (A) (A)
7 6443 17,4 5810 7700 5610 7440
8 7339 19,8 6140 8130 5930 7850
10 9111 24,6 6720 8900 6490 8600
300 12 10857 29.3 7180 9510 6930 9190
14 12579 34,0 7490 9930 7230 9590
16 14275 38,5 7770 10300 7500 9950
18 15947 43,0 7920 10500 7650 10140
8 7716 20,8 6420 8510 6200 8220
10 9582 259 7060 9360 6820 9040
518 12 11423 30,8 7540 9990 7280 9650
14 13239 35,7 7850 10400 7580 10050
16 15030 40,6 8150 10800 7870 10430
18 16795 45,3 8380 11100 8090 10720
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Table 6.1: Aluminium Tubular Conductors (continued) [19]

Outer Wall Cross- Mass Continuous Current Continuous Current
Diameter Thickness Sectional per Metre Rating for Rating for
[dyo] [ts] Area E-AlMgSiO,S5F22 E-AIMgSiO,5 F 25
(mm) (mm) (mm?) (ke) 63° 5 6> 5
(A) (A) (A) (A)
8 8595 23,2 7060 9350 6820 9030
10 10681 28,8 7770 10300 7506 9950
355 12 12742 34,4 8230 10900 7950 10530
14 14778 39.9 8600 11400 8310 11010
16 16789 45,3 8910 11800 8610 11400
18 18774 50,7 9130 12100 8820 11670
10 12252 33,1 8750 11600 8450 11200
12 14627 39,5 9360 12400 9040 11980
400 14 16977 45,8 9810 13000 9480 12560
16 19302 52,1 10100 13400 9760 12940
18 21602 58,3 10300 13700 9950 13230
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Table 6.2: Electrical and Mechanical Properties of Various Aluminium Alloys [19]

ALLOY TYPE HULETT’S S.A. ASA STANDARD DIN STANDARD
D50STF D65STF 6063T6 6061T6 AIMgSi,5F22 | AIMgSi,5F25
/Electrical resistivity at 20 °C (max.) in Q mm’ 0,03133 0,037 0,0325 0,0431 0,03333 0,03571
m
Specific mass kg / m® 2703 2703 2703 2703 2703 2703
Modules of elasticity E in N / m* 65,66.10° 69,12.10° 69.10° 70.10° 70.10° 70.10°
Thermal co-efficient of expansion per °C 23.10° 23.10° 23.10° 23.10° 23.10° 23.10°
0,2 % Proof stress in MPa Rp0,2 170 240 214 276 160 195
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7. BUS CONDUCTOR SUPPORT SYSTEM

Objectives of this Chapter:

Choosing the supporting system to be employed has a major impact on the selection of the tube
itself, and upon the strength of the supporting insulators on top of which the tubes are secured.
This provides the boundary conditions for the calculation. Three main boundary conditions are

defined, viz. both-ends supported, one end supported and one end fixed, both ends fixed.
7.1 Fundamental Busbar Models

The three fundamental busbar models that are usually considered are as follows:

7.1.1 Conductors with Both Ends Freely Supported

The bus support system illustrated in Figure 8.1 is used in the majority of cases where both
sides are freely supported. This boundary condition allows lateral movement at both ends of the
bus tubing that would otherwise result in a torque on the head of the supporting insulators if
they were fixed. The clamps are normally designed in such a manner so as to allow some
vertical movement, usually in the region of +5°to allow for small deviations in foundation

levels and support structure heights.

Figure 7.1:  Conductors with Both Ends Freely Supported [19]
7.1.2 Conductors with One End Supported and One End Fixed

The bus support system illustrated in Figure 7.2 should only be used in cases where the tube
lengths (£) are either short so that the torque value, which is a product of half the tube length
and resultant force per unit length, does not exceed the insulator rated value (see Chapter 16).
Here one end is fixed, while the other end is allowed to move freely to allow for any change in
length due to linear expansion. This boundary condition only allows lateral movement at one
end. The fixed clamp will not allow for vertical movement, another reason for not applying it in

this configuration.
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Figure 7.2: Conductor with One End Supported and One End Fixed [19]

7.1.3 Conductor with Both Ends Fixed

Figure 7.3 is, as with the configuration illustrated in Figure 7.2, only employed in the case of
short bus tube lengths or where the torsional forces are low and do not exceed the
manufacturers rated values. This configuration should in general not be employed in high
voltage substations where long tube span lengths are normally required. There may, however,
be some application where short interconnecting pieces are required, and the cantilever forces
imposed on the post insulators as a result of linear expansion are low. The calculation of these

cantilever forces are demonstrated in paragraph 7.4 below.

or

Figure 7.3: Conductor with Both Ends Fixed [19]
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7.2 Continuous Beam Busbar Models with a Combination of the Fundamental Models

In reality, however, substations do not consist of a single span of busbars, but rather a series of
bays side by side. These busbars may comprise sections made up from single bus tubes of
length € coupled via an expansion clamp as demonstrated in Chapter 16, or can be continuous
beams that are simply supported or fixed as demonstrated below. Continuous beams may result
from long lengths of bus tubing that are produced from continuous extrusions or from sections
of bus tubing that are welded in a prescribed manner to form long beams. This is briefly

discussed under paragraph 7.3.
7.2.1 Two Spans (Simple-Fixed-Simple)

Figure 8.4 illustrates a continuous beam spanning two bays, simply supported at the ends and
fixed in the centre. This arrangement is quite acceptable since the torsional forces at the fixed

point F cancel out. Any linear expansion is allowed for by the simply supported ends S.

< ——h——— —% >

|

|
/o A\
T jadls LS e T

F

Figure 7.4: Two Spans (Simple-Fixed-Simple) [19]
7.2.2 Three or more spans (simple-fixed-fixed-simple)

This arrangement should only be employed in the case where the two fixed supports (F) are
short enough so that the cantilever forces imposed on the post insulators as a result of linear
expansion are low. The calculation of these forces is given in paragraph 7.4 below.

|

£ k pet £ el £ &l

T T O T T T T
B A
et L ]

Figure 7.5: Three or More Spans (Simple-Fixed-Fixed-Simple) [19]
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7.2.3 Two or More Spans Simple Supports

The arrangement shown in Figure 7.6 is probably the safest of the three arrangements
illustrated in this section. There are no restrictions as far as linear expansion and torsional
forces are concerned. The sag in the bus tubing is also smaller than in the case of Figure 7.1.1

where the bus system is made up of a series of such arrangements.

¢ i ¢ s i 4

blE |
\

A
[

) ¥ vy (])vwwwwv Vrd‘r\l‘ : wciv

A\ A\ A
T T
S S

S S
Figure 7.6: Two or More Spans Simple Supports [19]

7.3 Welded Joints and Finish

The large sized aluminium tubes are at times only available in short lengths, but joining of two
or more lengths by welding to obtain the required span length has been proved acceptable. A
welded joint using a short piece of inner tube as backing plate, gives a joint which is
mechanically and electrically acceptable. It is important, however, to follow the tube
manufacturer’s recommendations with regard to filler rod and weld preparation meticulously.
In this regard, the designer is referred to the “Welding Aluminium Manual TIG and MIG”
issued by Alcan Booth Sheet Limited.

A build up of weld beads at the joints to the order of 1,0 - 2,0 mm considerably improves the
mechanical strength of the joint and will not generate unnecessary corona, provided all sharp

edges are removed.

In order to prevent non-required loads of the surrounding area of the welded joint (ca. 50 %
weakening due to welding) it is necessary to provide for a minimal bending moment in the joint
area or generally to cut the bending moment (see Figure 7.7). When ordering the tubes the
resulting tube lengths should be taken into account. Both outside weld joints are placed at the
zero passages of the curve of the bending moment. To prevent the individual parts being too

short, the third weld joint can be arranged in the middle of field BC.
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Figure 7.7: Weld Joints [20]

7.4 Longitudinal Expansion of Busbars

Operational temperature variations result in longitudinal expansion or contraction of the

busbars. This is calculated from:

8 = £.(1+0,.A8) (7.1)
Where:-

£ = Length of bus tube at temperature t in m

£ = Initial length of bus tube in m

i = Coefficient of linear expansion for material in oC!

Ay, = The difference between the final and initial temperatures in °C or °K

Table 7.1: Materials Coefficients of Linear Expansion [19]

Material Coefficient of Linear Expansion (°C™)
Aluminium 23.10°
Copper 17.10°

These temperature induced longitudinal changes may cause significant mechanical stresses on
the conductors, on their support insulators and equipment terminal connections if there are no
expansion joints. The forces that are generated can be calculated by equating the longitudinal
change caused by the change in temperature is assumed to be equal to the longitudinal change

that would be caused by a mechanical force F,.
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Fu./
AL, = b MOy = — (7.2)
E.Ac
Where:-
Fu = Mechanical Force due to bus tube expansion or contraction in N/(°K.mm)
E = Youngs Modulus of Elasticity in N/m’
A, = Cross-sectional are of bus tube in m’
Fm
anABy, = (7.3)
Fp = @3 E.A.ABy, (7.4)

Fo = o E. %.[dmz — (dvo — 2.tw)* ] A8y,

Where:-
dyo = Outer diameter of bus tube in mm
tw = Bus tube wall thickness in mm

An aluminium bus tube @250 x 6WT of length 20m is employed. If we assume that the
temperature at installation was 25°C, and the maximum temperature it can reach under

operational conditions is 90°C then:

A, =20.23.10°.(90-25)
=29,9 mm

Fo =0,0299.7.10" [ 7’45.[0,252 ~(0,25-2.0,006)>1/20
= 243,615 kKN/(K.m?)
Fum=23.100.7.10" [ %[o,zs2 — (0,25 —-2.0,006)*1.(90-25)
= 243,61 kN/(K.m?)
=0,2436 N/(K.mm?)
=0,2436.(90-25).2328

F.,=36,86 kN

From this, it is clear that the insulator will break if the bus tube is fixed at both ends.
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8. STATIC FORCES - WEIGHT OF BUS TUBING, DAMPING
CONDUCTOR, ICE AND WIND LOADING

Objectives of this Chapter:

+  Define the static force

«  Determine the mass of bus tubing (m'y) alone. This will simply be the mass per unit length
of the selected tube obtained from the fourth column of Table 6.1 under the heading mass
per metre in kg, or calculated from first principles.

«  Determine the total mass of the tube (m'y) inclusive of damping conductor (m') and
excluding ice coating (m'yro)

«  Determine the total mass of the tube inclusive of damping conductor and ice coating
(mlb+c+i)

«  Determine the environmental conditions (IEC requirements on ice coating and wind
loading-RSA wind conditions at various heights)

+  Wind loading on bus tubing without ice coating (wind force) (F\,)

+  Ice loading on bus tubing for additional weight of ice per unit length (w;)

+  Wind loading on bus tubing with ice coating (wind force) (F\;)

+  Two cases to be considered, one where the average maximum wind force is applied, the
other when a 50 year extreme wind takes place. The consequences of failure need to be

weighed up with the cost of over-design for a single occurrence every 50 years

Static forces may be defined those forces that have, at least for a few minutes at a time, a
constant magnitude. That is, for all intents and purposes, none time varying. In the context of
tubular conductor busbar design these would consist of the weight of the bus tubing itself
(w'y), the weight of the damping conductor (w',) that is inserted inside the bus tubing, and the
weight of ice (w';) that may form around the bus tubing during winter months in areas where
this is applicable. These three are directed vertically downward due to gravity. A fourth static
component is that due to wind (F'y;), normally taken as perpendicular to the first three. Figure
8.1 below illustrates how these components act on the bus tubing. The remaining components

shown in this drawing will be discussed at a later stage.
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Wind
Force F'; Short Circuit Loading F', 2

Weight of Bus

Tubing w'y

Weight of Y . Resultant F'g

Damping
Conductorw'. ¥
Ice Loading w'

Y. R~

Figure 8.1: Vector Representation of the Per Unit Length Component Forces Exerted on
the Tubular Conductors [9]

8.1 Determine the Mass of Bus Tubing (m'y) Alone

This will simply be the mass per unit length of the selected tube obtained from the fourth
column of Table 6.1.1 under the heading mass per metre in kg. Alternatively, the mass per
unit length can be derived simply by making use of the well known quantity of density.

1

pu="" (gm’) 8.1)
Where:-

Pal = Density of aluminium in kg/m’ (Al-Mg-Si = 2700kg/m®)

m', = Mass per unit length of bus tube in kg/m

\ = Volume per unit length of bus tube in m’

The mass per unit length is simply:-
m's = parvy (kg/m) (8.2)

The volume per unit length is not normally a quantity that appears in manufacturers tables so
this can be resolved in those parameters that are normally given, viz. outer bus tube diameter

and tube wall thickness.

vb = 2,5.10° 7.n(dboz — [dwe - 2.tw]2j (m>/m) (8.3)
Where:-

duo = Outer diameter of bus tube in mm

ty = Bus tube wall thickness in mm
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Once the volume (v,,) is calculated, the mass per unit length (m'y) is easily arrived at.

8.2 Determine the Total Weight of Bus Tubing

Determine the weight of bus tubing (w'y) per unit length + weight of damping conductor w'o

per unit length
8.2.1 Total Conductor Mass per Unit Length.

This will simply be the sum of the mass per unit length of the selected tube and the mass per
unit length of the damping conductor. In areas where snow is expected to occur, the mass of the

ice that may form around the bus tubing also needs to be taken into account.
8.2.1.1 Bare bus tubing (no ice)

a) Mass of bus tubing and damping conductor

m's +c=m's + m'c (kg/m) (8.4)
Where:-
m'y. = Mass of bus tube and damping conductor per unit length in m
m', = Mass of bus tube per unit length in m
m', = Mass of damping conductor per unit length in m.

b) Weight of bus tubing and damping conductor [19]

Wlb+c =9.81.mlb+c
(8.5)
= 9.81.(m1b +m lc) (N/m)

Where:-

wliee = Weight of bus tube and damping conductor per unit length in N/m

8.3 Determining the Unit Mass of Ice Forming Around Bus Tubing

According to [15], an ice load equivalent to a layer of ice 15mm, with density of 714 kg/m’

must be taken into account. [22] on the other hand categorises radial ice thickness as follows:-
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Table 8.1: Ice Formation on Tubul

ar Conductors [23]

Loading Radial Ice Thickness
(mm)
Heavy 12,7
Medium 6,4
Light 0
8.3.1 Diameter on outer edge if ice
dio = dvo + 2.ti (mm)
Where:-
di, = Diameter on outer edge of ice in mm
dyo = Outer diameter of bus tube in mm
t; = Thickness of ice formed around bus tubing in mm

8.3.2 Mean diameter on the ice

(Z.ti)

dmi = dbo+—
2

=dbo + ti (mm)

Where:-

Ami Mean diameter on ice in mm

8.3.3 Volume of ice formed around the bus tubing
8.3.3.1 Circumference on mean diameter of ice

Ci = n.(dbo + ti) (mm)

= m.(dvo + £:).107* (m)

Where:-
Chi = Mean circumference on ice in mm
8.3.3.2 Projected Area

Ai=ti.10° (mm?)

= m.(dbo +1:).107* (m?)

Where:-

(8.6)

(8.7)

(8.8)

(8.9)
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A = Projected Area on ice in m*/m

8.3.3.3 Volume of Ice

vli = CmiAi
= n.(dbo + ti).ti (mms/m) (8.10)

a(dvo + ti).£.10"° (m’/m)

Where:-

v = Volume of ice in m*/m

8.3.3.4 Mass of ice formed around the bus tubing per unit length of bus tubing

m'i = oivi (kg/m) (8.11)
Where:-

m'; = Mass per unit length of ice in kg/m

pi = Density of Ice = 714kg/m’ [16]

Normal density of ice = 920kg/m’

8.3.3.5 Weight of ice per unit length of bus tubing

w'i = mi.9,81
= [pi.vli.l()' 919,81 (8.12)
=9,03.10"*.v'i (N/m)

Where:-

W = Weight per unit length of ice in N/m

8.4 Wind Force (Loading) per Unit Length.

8.4.1 General

Wind loading on the bus tubing becomes an important component in the determination of the

total force per unit length of the bus conductor as the velocity of the air increases. These

velocities increase logarithmically with height, and the appropriate velocity at the given height

need to be employed in the calculations. A number of additional considerations need to be

taken into account, which are given below:
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.1 Use nominal wind speed V, at height z (conductor level, equipment and busbars) above

the ground

.2 Obtain the nominal wind speed V, from the appropriate regional basic wind speed V,
determined in accordance with the geographical location given in Figure 8.5) below.

This value is to be adjusted for:-
.2a) Mean return period — 50-years [16]

.2b) Terrain category — defines the characteristics of those surface irregularities of an
area that arise from natural or constructed features and that create a surface roughness
affecting the degree of turbulence and the variation of speed with height of the wind

passing over the area.

00kmh
/ 77kmh
104kmh 13 h
91,5 m / 8km
610t | ey S0kmh
72kmh 115kmh /
30,5 ............. ! = * s "
a) Centre of b) Rough Wooded ¢) Flat Open Country
Large City Country Towns’ Open Flat Coastal
City Outskirts Belts

Figure 8.2: An Illustration of Wind Speed Variation with Height Passing Over Different

i)

Types of Terrain [16]

On selection of the category, the permanence of a feature that constitutes roughness needs
to be taken into account, and the distance (in the direction of upwind of the installation)

over which the terrain remains unchanged.

Category 1: Exposed smooth terrain with virtually no obstructions and in which the height
of any obstruction is less than 1,5m. This category includes open sea coasts, lake shores

and flat, treeless plains with little vegetation other than short grass as illustrated by Figure
8.2¢).

Category 2: Open terrain with widely spaced obstructions (more than 100m apart) having
heights and plan dimensions generally between 1,5m and 10m. This category includes
large airfields, open parklands or farmlands, and undeveloped outskirts of towns and

suburbs, with few trees. This is the category on which the regional basic wind speed V is
based.
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iii) Category 3: Terrain having numerous closely spaced obstructions generally having the size
of domestic houses. This category includes wooded areas and suburbs, towns and

industrial areas, fully or substantially developed as illustrated by Figure 8.2b).

iv) Category 4: Terrain with numerous large, tall, closely-spaced obstructions. This category

includes large city centres as illustrated by Figure 8.2a).
8.4.1.2¢) Effect of wind direction

Depending on the direction from which the wind blows, a change in wind direction may imply
a change in Terrain Category since a substation may be surrounded by obstacles of different
classification. However, the regional basic wind speed V should be varied only if for design
purposes according to specific wind directions, sufficient meteorological information is
available. Such information can be obtained from the newly installed Geographic Information
System (GIS) resident in the Transmission GIS Department in the form of an online

information system. Wind Roses as illustrated in Figure 8.3.
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Wind

Public Area Limit

Comp No: 30561 Station Name: ADDO:ADDO AWS
Latitude: -33.5833 Longitude: 25.6833 Magisterial District: KIRKWOOD

Period: 14/09/2002 — 17/09/2006  Altitude: 55  Long Term Wind Rose For: All Months

NE

i
1 1
. i
W i . E
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1-3 4-7 8-13 13-20 >20 m/s
Dotted circles represents 5% intervals Percentage of wind calmness indicated in circle

Figure 8.3: Wind Rose for the Addo Weather Station Located in Close Proximity to the
Coega IDZ [23]

The Wind Rose shows that the dominating wind speed ranges from 1-3 m/s, and that the rest of
the time it ranges from 4-7 m/s. It is clear that there is no dominant direction in this case, and

that at least 5 different directions need to be considered.

If, however, the Wind Rose is orientated geographically correctly and superimposed on the
substation layout, a clearer picture emerges. The direction of the wind approaching the
substation shows that the tubular conductors do not experience the full force of some of these
winds when resolved into components in-line with, and perpendicular to the busbar as

illustrated in Figure 8.4. The illustration shows that none of the dominant wind directions are

©20084JS Groenewald MSc Dissertation



- 100 -

perpendicular to the busbar. This offers an opportunity for an optimised techno-economic
design. It is immediately apparent that the most dominant wind direction is south west (SW).

One should, however, also investigate the easterly (E) and north-easterly (NE) wind directions.

Suppose the angle of incidence of the wind onto the busbar is ¥, then the wind perpendicular to

the tubular conductor is:-

V,=V.,.cosy (8.13)
Example:

= 16°

V, = V,.cosl6’

V,=0.96.V,

In other words, the tubular conductor will experience a wind speed of 96% of the total wind
speed. In this case, it is not that significant, however, there will be cases where this will make a

big difference to the design.

The layout shown in Figure 8.4 is that of the proposed Dedisa 400/132kV Substation which is

to be built in the Coega IDZ as one of the main electrical supply points into this area.
Where:-

V, = Characteristic wind speed in m/s (value fixed on statistical bases to
correspond to a prescribed probability of not being exceeded on the

unfavourable side during the lifetime of the installation-nominal value)

\A = The component of the Characteristic wind speed in m/s that is

perpendicular to the bus tubing
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Figure 8.4: Wind Rose Geographically Orientated and Superimposed on the Proposed Dedisa Substation in the Coega IDZ
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8.4.1.2d) Local effects on wind speed [18]

A number of geographical aspects need to be considered within the immediate vicinity of where

the substation is to be built. These include:-
i) Shielding: Already considered under terrain categories

i) Exposure: Important to consider effects of exposure resulting from a fetch of open (more

severe) terrain in an otherwise rougher (less severe) terrain category.

iii) Local topography: Where the local topography is such that increases in wind speed may

occur as a result of tunnelling or other effects, the design speed needs to be adjusted

accordingly, on the basis of appropriate meteorological advice or tests

iv) Sudden change in ground level: Increased exposure due to situations on or near the edge of

a cliff, bluff or escarpment.

v) Wind speed multiplier: Determine the characteristic wind speed V, at height z above site

mean ground level for the assessed terrain category and class of structure.

V:=Vk (8.14)
Where:-
\' = Characteristic wind speed in m/s (value fixed on statistical bases to

correspond to a prescribed probability of not being exceeded on the

unfavourable side during the lifetime of the installation-nominal value)

\% = Regional basic wind (gust) speed in m/s, according to regional location,

for a 50-year return period (see Figure 8.5)

k, = Wind speed multiplier (dimensionless), factor for converting regional
wind speed into nominal wind speed for the variation of wind speed with

height, according to terrain category and class of structure.

Table 8.3 gives the “Variation of Characteristic Wind Speed with Terrain, Height and Class of
Structure”. It is expected that the majority of design situations will fall into Terrain Category 3,

and that the selection of a more severe (Categories 1 and 2) or less severe (Category 4) terrain

category will be deliberate.

The table provides factors for discreet values of height (z). It is, however, normally required to

determine a wind speed multiplier k,, for an intermediate value of z, it can be estimated as

follows:-
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2 — 171

kan = (k”_k“j.(z,.—m)mu (8.15)

Owing to the large differences in wind speeds between Terrain Categories 2 and 3, and where
there is doubt whether the terrain under consideration falls into Category 2 or 3, the design

wind speed may be obtained by interpolation between the two values for these categories.

Ken = (EmTk"EJ (8.16)

8.4.1.2¢) height above ground (z): measured from ground level in the immediate vicinity of

the structures.
8.4.1.21) class of structure or element [16]

i) Class A: For the determination of forces on units of cladding, roofing, glazing and their
intermediate fixings, including roof battens and minor purlins supporting small areas of

roofing, and on individual members of roofing.

ii) Class B: For the determination of forces on main structural members as well as for the
overall resultant forces and for over-tuning moments on buildings, where neither the height

nor the width nor the depth of the building exceeds 50m.

iii) Class C: For the determination of the overall resultant forces and over-turning moments on

buildings where the height or the width or the depth exceeds 50m.
NB: In virtually all cases, Class B structures will be employed
1. A characteristic wind speed (V,) of at least 24m/s (86,4km/hr) must be used

2. Characteristic wind pressure (p,)

pz = Cp.kp. V-’ (8.17)
Where:-

Pz = Pressure on the surface at height z in N/m?

Cy = Pressure coefficient for the particular surface

k, = A constant dependent on site altitude (dimensionless)
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Table 8.2: Values of k, for a range of site altitudes [16]

Site Altitude above Sea Level (m) k,
0 0,60
500 0,56
1000 0,53
1500 0,50
2000 0,47
Ky = airdeznsity 8.18)

Half the density of air under the relevant conditions and therefore varies with temperature and
atmospheric pressure. A temperature of 20°C has been selected as appropriate for South Africa
and variation of mean atmospheric pressure with altitude is allowed for above. Intermediate

values of k,, may be obtained by linear interpolation.

kpn = [HJ(H — Hat)+ kpt (8.19)
Where:-
Kpn = Interpolated constant dependent on site altitude (dimensionless)
K, = Lower constant dependent on site altitude (dimensionless)
k,2 = Upper constant dependent on site altitude (dimensionless)
H,, = Altitude upper value in m
H,, = Altitude lower value in m

F'vw = Ca.kpn(V.kz)? .Ce.Ae
(8.20)
= Ca.kpn(V.ks)* .Ce.(dbo + 2.t) N/m

Where:-

Fl

Il

Resultant force on components in N/m
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Cy = Drag coefficient =1 for circular tubes

k, = A constant dependent on site altitude (dimensionless)
k, = Wind multiplier (dimensionless)

C. = Curvature coefficient = 0,6

A, = Projected or effective area of element in m’

F'w = Cakpn(V.ko)? .Ce(dbo + 2.t:)
= Lkpn(Voks)?.0,6.(dbo + 2.t3) (8.21)

F'w = 0,6.kpn(V. k) .(dvo + 2.t:) N/m
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Figure 8.5: Regional Basic Wind Speed V, m/s (Isopleths of 3 Second Gust Speeds at 10m Height in Terrain of Category 2,

Estimated to be exceeded on Average Only 50 Years) [16]
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Table 8.3: Variation of Characteristic Wind Speed with Terrain, Height and Class of Structure [16]

1 2 3 4 5 6 7 j 8 9 10 11 \ 12 ’ 13
Height Wind Speed Multiplier - k,
z Terrain Category 1 Terrain Category 2 Terrain Category 3 Terrain Category 4
(m) Class of Structure Element
Upn A B C A B C A B C A B C
5 1,03 1,02 1,00 0,94 0,92 0,88 0,67 0,64 0,60 0,65 0,62 0,57
10 1,09 1,08 1,05 1,00 0,98 0,95 0,74 0,71 0,68 0,65 0,62 0.57
15 1,12 1,11 1,09 1,04 1,02 0,99 0,81 0,78 0,76 0,65 0,62 0,57
20 1,14 1,13 L11 1,07 1,05 1,02 0,86 0,83 0,81 0,65 0,62 0,57
50 1,22 1.21 1,20 1,16 1,15 1,13 1,00 0,98 0,96 0,86 0,84 0,80
100 1,28 1,27 1,27 1,23 1,22 1,21 1,11 1,10 1,0<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>