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1. Introduction

The rapid progress being made in electrification in all parts of the
world is accompanied by the requirement that greater quantities of power
be transmitted, a condition which in turn necessitates the raising of the
transmission voltages. It is these developments which today make vital
the selection of voltages affording both economical and technical advantages.
Since the cost of power must be kept as low as possible and since consi-
deration must be given to the relatively high capital outlay, which is not
., always easy to cover, special attention must be paid to the economical
design of the electrical plant. 4An important point here is the selection
of suitable voltages and steps.

The selection of the voltages for a power distribution system is
influenced by a number of factors, such as the power to be transmitted,
the load development, consideration of existing voltages, evaluation of
the losses, standardization ete. For this reason there are practically
no standard solutions to the multitude of problems, and the most that can
be done is to provide general directives for the selection of the voltages
as obtained from economic studies and experience gained with existing systems.

If the distribution system is not very extensive, has to supply only
small loads and is fed from a nearby source of power, such as Diesel power
stations or small hydroeleciric power stations, possibly one voltage alone
will suffice, i.e.,the voltage taken by the consumer, The conditions change
immediately if the sources of power are located a lbng way from the centre
of gravity of the load, if the power supply is qbtained from cther systems
or if the power to be transmitted and the physical extent of the system
under consideraticn exceed certain limits, This makes additionzlly
necessary a system having a higher voltage. If the physical extent and
load demand in 2 system grow appreciably, a further higher voltage may be
necessary in order, for instance, to transmit the large amounts of power
from the power stations, whose location is fixed, to the-centie-of. gravity:-
of the load. By employing very high voltages it is also possible to more
advantagecusly interconnect large power supply systems with their different
sources of energy, i.e., to obtain economical interconnected operation.

/Technical considerations
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Technical considerations may &lso make it desirable to employ high
voltages. As is known, the short-&ir¢ﬁit'éapacities also increase with
the amount of power to be transmltted Very high short-c¢ircuit -capacities
and their effects can be economlcally controlled by the employment of
high voltages. ' '

Dependlng on the particular problems to be solved, a power supply
system may thus 1ncorporate 1, 2, or more voltage levels which are _
necessary to satlsfy the load requirements and obtain economical inter-
connected s&stém-operation. In numercus countries these various voltags
levels have been ciearly dé:ined. Table 1 gives a survey of the various
voltage levels and their range of application. In the following, a
distinction will be made between "low voltage, medium voltage, high voltage
and extra high #oltége".. Their relevant ranges are shown in table 1,

In the planning of cvery new scheme it is essential to check which
voltages will ﬁrovide the most economical solution, taking into account
all influencing factors, and also in the case of extension to existing
tystoms to carry out an investigation to determine whether the existing
voltages will be economically and technically satisfactory over a long
term or whether economical considerations wake it lnperative that
existing voltages be changed completely or partly, immediately or
subsecuently. A further consideration is to which voltages preference
should be given. At very high volteges it is also necessary to take into

consideration climatic conditions and dimensioning of the insulation.

2. Low voltage

The selection of the low-voltage value is determined by the standards
and safety regulations applying in the various countries as well as by
economical considerations, The voltages usually employed in public supply
systems are up to about 450 V and in industrial plants up to 600 V.
However, we will not here go into further details concerning the selection
of suitable voltages for the low-voltage supply.  Within certain limits.
the voltages at this level should be considered as belng given, :The main
subgect dealt with in the following will be the voltages ht ‘higher levels.

/3. Medium
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3, Medium voltage

On account of the restricted distance over which power can be
transmitted, low-voltage systems are generally supplied from a mediume
voltage system through transfdnmer stations. In medium-voltage systems
practically all voltages are encountered between 3 an 35 kV, Simple
studies show that economical reasons obviate the employment of voltages
" below 10 kV and it can be also assumed that in the relatively wide
range remaining the economical medium voltage may vary widely in
accordance with the power demands and the geegraphical conditions,

In order to provide criteria for the most sconomical mediwa voltage,
a survey is first givgn'of the costs as a function of the woltage of the
equipment required for the construction of a medium-voltage system. In
each case the costs at 10 kV are assumed to be 100 per cent, The equipment in
this case involves overhead lines, cables, transformers, transformer
stations and switchiﬁg stations.

Figure I.1 shows the cost curve for three-phase overhead lines
for the two e¢ross-gections 35 and 70 mm2 of steel-cored aluminium
conductors.;/ Between 10 and 35 kV the costs rise continuously with
a relatively flat slope, those for the smaller cross-section rising some-
what higher than those for the larger cne.

Figure I.,2 shows the cost curve three—phaée cables for the two
cross-sections 50 and 120 mm2 of copper.;/ ‘The rate of rise is appreciably
more than in the case of overhead lines, Added to this is 2 sudden and
appreciable increase in costs on the changeovér_from belted to S,L.
cables, ‘ '

Figure I,3 shows the cost curve for transformers with ratings of
50 and 200 kVA, The increase in costs here is greater between 20 and
30 kV than between 10 and 20 kV,

Figure I.4 is the cost curve for complete transformer stations
gimilar to figure I.3.

Figure I,5 the cost curve for switching stations shows a higher

1/ The cbject of the various cross-sections and poﬁer ratings is to
illustrate clearly the influence which they exercise,

/increasé for
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increase for plants having a low short-cirecuit capacity (200 HVHE/), where-
as the increase for plants with a high short-circuit capacity is relatively
Bmall, |

?rom figure I. 1 to 5 it gan be seen that there is no appreciable
saving in the costs in the voltage range from 3 to 10 kV as compared with
10 kV, DPeclsive in this voltage range is the need for larger cone
ductor cross-sections at certain power values, a condition which generally
makes distribution systems at voltages less than 10 kV uneconomical.

A general survey of the percentage cost of the individual items ofv
equipment in medium-voltage systems is shown in figure I.6. On the left
is the subdivision of the costs for a rural medium-~voltage system
constructed with overhead lines, and on the right that for an urban system
constructed with cables,

Since the loads and load groups in rural mediumxveoltage systems are
generally far apart, the lines are very long, Thus, the costs for rural
systems are mainly determined by the costs of the overhead lines, Sincer
the costs of overhsad lines increase only slightly with the voltage,
while the transmission capacity and the transmissiom distance increase
greatly, and since in addition to this, the selection of a higher voltage
and smaller conductor cross-~sections brings about an appreciable reduction
in the costs, the most economicalfvoltage for rural medium-voltage systems
will generally be in the region of the higher values (see the example on
page 7). |

In an urban cable network the conditions are different. The lengths
of the cables are much shorter as compared with the overhead iines in rural
systems, whereas the number of transformer stations and the station ratings
are much higher, By reason of this, the costs of the transformer stations
play a more important role as the power involved becomes higher. Since
the costs of cables increase more with the voltage than do the costs of
overhead lines, the most economical medium voltage will not have a tendency
towards such high values as in the case of rural overhead lines, FExperience
has shown that the economical medium voltage in cabled distribution systems
can cover the relatively wide range from 10 to 20 kV. It will tend more

3/ The object of the various cross-sections and powsr ratings is to
illustrate clearly the influenee which they exercise,

/towards 10
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towards 10 kV where, for instance, the power to be transmitted does not
exceed certain limits, and where no great influence is exercised by long
lengths of cables made necessary by a unilateral position of the feeding
junctions and the bridging of areas with few or no loads, e.g., green
belts, railway installafions, and also where the number of large industrial
Joads, which require special switching stations for the transfer point,
is large. Where large amounts of power and long transmission distances
are involved, the economical medium voltage approaches the higher value
of 2C kV. The employment of medium voltages lower than 10 kV can be
considered as being economical only if the areas to be supplied are very
limited or systems are involved which supply a large number of high-
voltage motors (industrial systems).

On the basis of this knowledge it was recommended at the IEC
conference at Stockholm in 1958 that in future no voltages below 10 kV
be employed for distribution in public power supply sustems.

The following economical and technical considerations lend support
to the employment of higher medium voltages.
(a) Higher transmission capacity of the lines

Figure II shows the economical power values for various conductor
cross-sections at transmission voltages of 10, 20 and 30 kV, In some cases
the magnitude of the power difference between the overhead lines and the
cables is determined by the different materials selected, such as steel~
cored aluminium conductors for overhead lines and copper conductors for
cables, It is clesar that raising the operating voltage increases the
trensmission capacity of overhead lines and cables appreciably more than

does the increasing of the conductor cross-sections at the same voltage.

(b) Smaller voltage difference in the lines and higher permissible

vransmigsion distances with the same percenvage volbace difference

As a supplement to figure II, figure’III.shows the range in km of
medium-voltage lines and cables with a given voltage difference. (5 per cent
for cables; & per cex for overhead lines) and with tranamission of the e conomical
power value. The range in km of the transmission systems increases almost
linéarly with the voltage. WWith a-given voltage difference, greater

/ranges than
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ranges than those indicated in fizure 1II can be obtained only if the
power to be transmitted is reduced, a condltlon unlch is no longer
compatible with economi.cal loadlng of the 11nes.

(¢)  TIransformer stations with high rating and low specific costs

Sincg the economical size of medium-voltage loéd areas increases
with the voltage, the transformer stations feeding into medium-voltage
systems can be built for higher outputs thereby reducing the specific
costs., Added to this, is the fact that the costs of the superimpbsed
high-voltage system are likewise reduced,

(d) Lower transmission losses

For the same conductor cross-section, the system losses decrease
with the square of the inereasing voltage, Even if the conductor section
is reduced inversely proporticnal to the voltpge, the tem losses still
decrease linearly with ithe increasing voltage,

(e) Reduction of the line costs by selecting a smaller crogs-gection

If corresnondingly smaller conductor cross-sections are selected
&5 the medium voltage increases; the capital costs of the overhcad lines
and cabies decrease, Of cowrse consideration must be given to the fact |
that a lover limit is created by the thermal shorte-circuit rating,

(f) Lower short-circuit stresses at the same short—circuit canacities |

As the voltage increases the short-cireuit current is reduced, i,e,,
on the development of a short circuit‘the'résulting stresses are smaller
thereby limiting the extent of any possible damage,

(g) Reducticn of the mmber of outgoing circuits from the transformer

stations

.Tﬂe number of, outgoing overhead lines and cables from a transformer
statlon is limited, In the case of unduly low medium~voltages, large
outputs result in acuunulatlons of outgoing cables, a condition which
not oply creates technical*difficulties-but may also involve additional
costs, ' o | '

- The economic advantages of high medium voltages are partieulsrly
promineﬁﬁ vhere the power capacity of the higher voltage can be fully
utilized. WWith the aid of two exemples, one of an urban cable system and

- /the other
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the other of a rural overhead line I will try to illustrate the cost
relationships for systems having medium voltages between 10 and 30 kV
supplying power to areas which differ in size,

1st example (ficure IV)

Medium~voltage cable system: load density 2 MVA/kmz; average size
of the system substations 315 XKVA, 75 per cent loading; cablecross—section at
10 kV: 3 x 120 m® Cu; at 20 kV: 3 x 70 mm® Cu; at 30 kV: 3 x 50 mm° Cu,
Loss costs (includes price of energy kWh and power XKW) 60 US § per kW
per year; radius of the load area: alternately 1 km, 2 km and 3 kn
corresponding to a power in the area of 7.9 1VA; 31.4 I\NA;A 7C.6 MVA,

The specific costs determined for the system contain both the capital
costs aﬁd the capitalized costs of the losses from the transformer station
to the secondary side of the system substations, referred to the power
distributed. The costs were fixed at 10 kV and R = 1 km being equal to 100
per cent, As could be expected, the cost curves show that the value of the
economical voltage increases with the size of the load area, On account.

of the costs for the system substatipns, however, distribubion voltages
above 20 kV are no longer economical,
2nd example (figure V)

Medium-voltage overhead line system; load density 10 kVA/lqnz; average ,
size of the system substations 100 kVA (polemounting stations); 60 per cent
loading Overhead line cross-sechbion at 10k 3 x 70 mm2 gteelmcored aluminiumj
at 20 kV: 3 x 50 mm2 steel-cored aluminium; at 30 kV: 3 x 35 mm2 steel~-
cored aluminium, Ioss costs (includes the price of energy. and power) 60 US $
per kW per yearsy radius of the load area: alternately 10, 20 and 30, ka
corresponding to a power in the area of 3,14 MVA; 12,56 IA; 28,2 ilVA,

The specific system costs were fixed at 20 kV and R = 10 km being

equal to 100 per cent, Tor the three selected radii the cost curves are at a

minimm between 20 and 30 kV; this minirmum being displaced towards higher
voltages as the size of the load area increases, In general it can be
said from this that such rwral systems should be operated at, high voltages
round about 20 kV, and in exceptional cases even up to 30 kV, Voltages
below 15 kV should be avoided since these are uneconomical.,

/Le Superimposing of
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Le Superimposing o;f.‘ high wvoltage

In the higher power raiges a hig h-voltabe system is suzer:mposed on |
the medium-voltage system in order to transmit the ener@f econom:t.cally
from the power stations or from the intercommected netuork to ‘the centres
of gravity of the load, and from there to feed it to the medimﬁ-voltage
system via transformer statibns.' The ratic of the supérj.mposed voltage
to that of the medium-voltage system should be at least 3 1 and at the
most 103 1 as has been shown by economy studies, ’ |

In special cases the magnitude of the volta..ges to be superimposed
is determined primarily by the power to be transmitted and the length of
the transmission linés, Figure VI shows an example of the transmission
costs for the voltages 30, 60 amd 110 kV as a function of the power to
be transmitted, three transmission distances being selected in each case
as the parameter. A comparison is made of the costs of single-circuit
lines (figure VIa) and cables (figure VIb) including the associated
switching stations, the annual loss costs being capitalized with a factor
of 10, '

The cost curves show that from certain values of power upwards it
is more expedient to selgct the next higher standard voltage, this depending
onn the distance involved, £Ll1lowance must be made here for the fact thab
the value given does not include all the associated switching stations in
- the system (switchgear units for transformers, coupling units) and the
comiected transformers, all of which inérease the costs when a hisher
voltage is selecteds lhen malcing the decision as to the most suitable
voltage, therefore, the costs of these switehing atat:Lons and transformers
must be added proportiocnately to the costs of the lines, This results
in the intersecting pointg ,61" the curves for the different voltages being
displaced to the right, i.e., to slightly higher nower’ valués. Pi'o_n figure VI
it can be seen that the anployment of hluher voltages in rural overhead—
line systems wh:z.ch have to transmit power over long d:.sta.nces is more '

economical than is thé case with urban cable systems ha*n.ng shor’c. trans- _
mission distances, even at apprecn.ale lover nower ratn.ngs. ' ,
' "  /The costs
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The costs of the equipment increase more with hipgher voltages in
the high-voltage range than is the case in the nmediume~voltage range,
with the exception of everhead lines (figure VII). A particularly striking
point here is the pronounced increase in the costs of the switching stations
at higher voltages,, whereas the increase in the costs of the overhead lines
is relatively small, From this it can be seen that in extensive rural-
high-voltage systems, in which the overhead lines represent the greater’
part of the total costs, the transmission capacity of the system can be
increased relatively cheaply by selecting hipgher voltages, * This measure
is of course expedient only if the capacity of the system.ls likely to
be utilized in the foreseeable future,

In urban high-voltage cable systems the capital costs rise sharply
- with the voltage selected owing to the numbers of switching stations and
quantities of cables required, The selection of the economical voltage
is here even more important than in the case of overhead lines since the
curve for the costs of the system, which is dependent on the voltage, is
not flat but shows a pronounced wimimum, The selection of the voltage
in an urban system may also be influenced to some extent by the voltage
of the infeeding interconnected system or by the transmission voltage
of the power stations located in the vicinity. In many cases economical
advantages can be gained by matching this supply voltage with that of
the urban system since this obviates the need for transférmers.

5. Considerations governing the steppineg of wvoltage

in distribution systems

The step between the medium voltage and the high voltage is governed
by several factors, These include the development of the icad with respect
to time;. the densiﬁy of the load and its physical distribution; the voltage
in the interconnected system; standardization of the voltage,

The higher the rate of load growth in a load area, the greater should
be the difference in the two voltages since it can he expected that the
superimposed high~voltage system will be economically loaded in the
foreseeable future so thet the capital outlay will pay for itself, An
important point here is the rate of interest on the capital invested., Whether

‘ /the required
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the required capital is easy or difficwlt to procure is a further p01nt
to be considered,

lthere the rate of development in the load is low, the ratio of 1:3 can
be taken as a criterion for a suitable step from the medium to the high
voltage, With normal growth in load this ratio rises to about 1l:5, Only
if the growth in load is above average and there are other reasons in its
favour, should the step in the voltage be inereased to about 1310,

A further decisive factor is the load density and its distribution
in the load area, The load, density in a load area is not constant but
may vary within wide limits, Thus, for instance, the centre of a large
city has a load density of 20 MVA/kmg'in contrast to the value of only
0.01 MVA/km? of the rural oubskirts included in the same load area, Vhere—
&s in the centre of the city the concentration of power would make the
highest possible voltage step economical, e.g., 110/10 kV (132/13,2 kV)
this might be uneconemical for the rural outskirts with a low load density.

In these areas it would be expedient to employ an intermediate voltage
with a ratio to the medium voltage of 3:1 to 5:1, Uith this intermediate
voltaze it would then be possible to supply the outskirts economically
over & long pericd until the load has grown sufficiently to permit the
intermediate voltage to be replaced by the high woltage in the city.

The step in the voltage can also be influenced by the voltage of
the interconnected system. Either the voltage in the city and rural areas
required for distribution must be nmatched with that of the interconnected
system (to save further transform@tion), or . if this is uneconomical owing
to the lozds being too low, an intermediate voltage rwust be selected which
has a ratio suitable for both the medium voltage'and the interconnected
systemfvoltage. In the latter case it might be possisle later, vhen
the lozds increase, to partly or completely elimipate the intermediate
voltage in order to cbviate double transformation,

-

C In the selection and stepping of the voltage consideration must be

mvpn to the o

en the tlog shardard voltages, which are unfortungtely not
uniform in a1l countries, The adaptation of the system voltages to the
standard values not only 51mp11;1es the stocking of spares for the supply

Jundertaking but
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undertalting but also makes it possible for the electrical manufacturers
to produce electrical egquipment niore rationally and thus unore cheanly.

By the adaptation to the standard values, the selection of the
voltage step in the system is simplified in that the number of, alternative
voltages to be studied with regard to their econory is reduced.

In practical application a multitude of voltage steps has been
introduced, From the preceding studies it would, however, seem expedient
to employ voltage stepping only within the following limits,

150 to 220 kV/60 to 70 kV/10 to 20 kV

110 to 150 kV/30 to 70 kV/10 to 20 kV

110 to 150 kV/10 to 20 (30) kV

6., Selection of the voltaze for long transmission lines

(a) Technical considerations
An initial criterion for the selection of the operating voltage of

high~voltase lines covering transmission distances of several hundred
kilopetres can be obtained from the so-—called natural power of an overhead

line, The natwal power Pna. is determined by the surge impedance of the

t
line Z and the operating voltagze Ub:

Pna:t = ubz/Z

The surge impedance of overhead lines is relatively little dependent
on the geometrical dimensions of the lines and in the case of single-
conductor lines is Z 370 to 400 ohms, The surge imnedances of bundle-
conductor lines are lower, The natural power of bundle-~conductor lines
is thus higher and, for instance, in the case of lines with two-conductor
bundles is 30 to A0 per cent higzher than with single-conductor lines,

Listed in table 2 are guidance values for the surge, impedances of
single-conductor and bundle-conductor lines, these being based in each
case on the reguired minimum conductor diameters, These minimum diameters
are determined by the permissible electrical gradients at the surface with

respect to the limiting of high-frequency interference and corona losses,
/In the
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In the light of experience gained in Germany and also in accordance with
investigations carried out a2 mean gradient at the surface (effective value)
of 15 to 16 kV/cm can be consniered as permissible,

Figure VIII shows the natural powers of single-circuit and double-
eircuit lines as a function of the voltage, the maximum permissible
voltages Um laid down by the IZEC being specially marked, A value of
Ub = 0.95 Um has been assumed for the operating voltage.

For a 245-kV transmission line (Ub = 233 kV) we obtain for instance.
for a single line with one conductor per phase a natural power of 140 ilj,
and for a double line with two~conductor bundles a value of about 400 I,

In the case of transmission distances in the range of over 500 kn
the transmission power is smaller than the natural nower, unless additional
measures, are taken {e.z. series capacitors), to ensure the stebility of
the line, For shorter transmission distances in the range 100 to 200 km
nowever higher transmission powers can be considered, In the case of
very siort lines, the transmission power is limited by the permissible
thermal capacity.

(b} Economic considerations

Magmitude of the voltage

The selection of the economical operating voltage is dependent on the
pover to be transmitted and the transmission distance invelved. In Fig., 9
are shown as a »reliminary guide the voltages which can Le copsidered, these
béin_g given as a function of the stated characteristic values, Thus, for
example, the economical voltage for a line transmitting a power of 30 MW
over a distance of 100 km is approximately Um = 123 kv,

. Shown in figuwre X are the annual transmission costs for the voltages

= 123, 245 and 420 kV as a function of the transmission power per
systém and of the transmission distance, The costs include also those
for thre transformexr statiqns. The calculation has been based on.an,
annual number .of operating hours of L 500 at a load factor of m = 0,51, .
A value of z =10 per cent has been calculated for the armual rate of interest,
depreciation and maintenance, The technical characteristic, and the related
costs of the lines under consideration are shown in table 3.

/From the
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From the curves shown in figure X it can be seen, Tor instance, that
the ecpnomical voltage for transmission powers of 100 MY per system is
245 kV, This applies for transmission distances from 50 to 400 km, For
transmission distances from 400 to 600 i per system the econondical voltage
is 420 kV,

Cross section of the conductors

For a given transmission power and the required transmission voltage
consideration must also be given in the djmensioning of conductor cross-—
section to the economical current density, In figure XI, for instance,
the economical current density for 245-%kV steel-cored aluminium lines is
given as a function of the.load factor and the cost of energy, this being
at a capital service of z = 12 per cent, IL can be seen from this that
the economical current density.vapies only within a relatively narrow
range, At a load factor of m = 0,5 the economical gurrent density at
the usual prices of energy varies between 0.8 and 1.0 A/mm?. For bundle-
corductopr lines and double~circuit lines the values obtained are approximately
the same,

Taking the transmission current as a basis it is possiblg to approximate
the economical cross-section as a function of the load factor, This must be
designed to suit the permissible field strengths (conductor diameter, single
conductor or multi-conductor bundle), , Here, however, only the transmission
costs of the line are to be considered, In actual transmission problems
the final dimensioning must be checked in detail in regard to its economy
for every case,

Dimensioning of the insulation

The costs of the egquipment required in high-voltage transmission
systems (transformers, high-voltage equipment; gwitching stations)are
dependent on the required insulatiop level, i.e., on the required insulation
capacity for impulse voltages and a.c. voltages (test voltages),

The basis for rational dimensioning and utilization of the insulation
is the wvoltage stresses arising during operation. In overhead-line systems
particular atiention rmst be paid to voltage surges produced by atmospheric
effects which can be effectively limited by installing surge arresters, The

/protective level
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protective level ensured by the amployment of surge arresters represents
the basis for economical dimensioming of the insulation,

The protective level in systems having effective earthing of the ;
neutral is lower than that in systems with arc suppression because on the
development of earth faults the veliage to earth szt operating freguency
is smaller, thus permititing the use of surge arresters with a lower rated
voltage, so-called 80 per cent arresters, Building up on the lower protection
level of these arresters it is today international practice to reduce the
insulation for systemo having effective earthing of the neutral with high
insulation ratlngﬁ., This in turn reduces the requirements with regard to
the impulse and a,c. voltage tests on the equipment thereby lowering the
costs of the equipmeht,

Table 4 shows the values now recormended by the IEC on which the
dimensioning of the insulation is to be based, A'remarkablé fact is that
these TEC values have been recognized internationally and that many national
rutes and specifications have been brought inte line with these values,

It would be desirable and advantageous if these values could be adopted
in countries which to date have no such directives and specifications
since uniformity and limitation to a few insulation ratings would add much
to the economy of power supply. )

Table 4 shows the required impulse withstand voltage for the standardized
full wave and also for the a.,c. test voltage., Shown in the last column are
the required minimm clearances in air which must be maintained in the o
construction of the plant, For an impulse level of 550 kV for the insulation
class 123 f, for instance, a minimum clearance of 1 150 mm is required,
vhereas with reduced insulation in the insulation class 123 r only 920 mm
1s required. The building requirements for a 123-kV indoor station are
for instance 20 to 25 per ceht smaller if it is designed for an insulation
level of 450 kV instead of for 550 kV, The building'cdsts alone decrease
in the corresponding ratio. :

The ever increasing improvements made in surge arresters and the many

[

years of satisfactory operating experience gained in rumerous countries
have resulted in an intermational trend towards reduction of the insulation
/level for
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level for high-voltage transmission lines, Thus, today, for instance,
in 245-kV systems in the USA having effective earthing of the neutral.
some of the transformers are designed for a full-wave level of 750 kV,
whereas the value required by the IEC is 900 kV,

A special problem is the economical and operationally reliable
dimensioning of the insulation of outdoor stations and overhead lines
where adverse climatic conditions are encountered, such as heavy
industrial contamination, salt deposits in coastal area, stc, _

In 'the case of all insulators whose stwrfaces are exposed to the
effects of the atmosphere, the insulation capacity is reduced, in seme
cases appreciably, by fog, dew and conductive contamination layers,
Particularly seriously affected by this is the insulation capacity with
voltages at operating frequency, With voltage surges the influence is
relatively limited. The a.c. test voltage under wet conditions which
is still widely used for the selection of the outdoor insulation provides
no indication as to the capacity of the insulation in a contaminated
condition, Thus the employment of insulators able to withstand high
a.c, test voltages represents no economical solution to the problem,

Recent findings, substantiated by experimental‘investigations and
operating experience, have shown that it is possible by suitable surface
design of the insulators (e.g. number and shape of the sheds) to appreciably
improve the insulation capacity without making the length greater, In
particularly difficult cases regular cleaning of the insulators (spraying
while alive) has proved to be an'economical solution. For some years now
silicone greasing has been successfully employed.

Design of the overhead line _

After the magnitude of the operating voltage, the conductor cross-
sections, the required insulation and the route of the line have been
selected a decision must be made as to the design of the supports for
the line, Associated with this are investigations into the type of the
tower, the foundation, the span, the conductor tension and the type of
conductor. These are necessary in order to arrive at an eccnomically
and technically advantageous solution. Shown in. figure XII are the

/subdivided costs
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subdivided costs of high-voltage overhead lineé'from,whichibén be
secen how 1argé is the percentégc of the total costs feQuired-for "
towers and fﬁﬁndatibns‘(appro;imately 4O per cent), Thus, optimized design
of these parts of the line has the same importance ag the correct
dimensioning of the electrically stressed parts of the line such as
conductors and insulators.
The design of the towers determines not-only the costs of the
towers themselves but also to a great extent those of the foundations,
In economical studies and in decisions as to the selection of the tower
design this must'always‘be taken into account, Particularly where the
soil conditions are adverse is it possible for the foundation costs to
assume & high proportion of the total costs, The use of towers with only
three main members in place of four frequently results in- appreciable
savings in the foundatidns but not, however, in the towsrs thémselves.
For some time now tubular steel filled with centrifugally-cast concrete
has been successfully used for the highly stressed main member in addition
to angle iron, Recent developments have also been directed towards usihg
for towers steel with a higher breaking strength than that used previously,
the object of this being to save material and reduce the tower weight,
The fixing of the 0pt1mum span is primarily dependent ‘on the
magnitude of the voltage, Figure XIII1 shows that there is for every
line an optimum span with which the total expenditure for towers,
foundations, insulators, fittings, earthing systems, real estate and
damage to ground is at a mlnlmum. “As the voltages increase so does
the optimum span, This is also the case with poor soil conditions,
Also important is the fixing of the conductor tension since this
likewise influences the cost of the line, The magnitude of the conductor
tension is dependent upon the operating voltage and mist be determined
from case to case, '

7. Making aliowance for existing plant 1n future '
extensions of the sxstem k o
Our previcus studies have been conflned essentlally to the determlnatlon

Lo

of the economical voltages and voltage steps in new schemes, In msny cases,
however, existing power supply systems have to be extendsd. As a rule,
/the equipment
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the equipment incorporated in these systems represents a considerable
capital outlay, which, insofar as this is likely to remain serviceable
for a long time, must be taken into account when determining the
economical voltages,

If the load within an existing system increases, a check must first
of all be made to ascertain whether the existing voltages will be adequate
for higher power values or whether a higher voltage must be superimposed.
In conjunction with these decisions, studies must also be carried out to
determine whether in the superimposing of a higher voltage intermediate
voltages (see table 1) can be completely or partly eliminated or whether
vcltages must be changed., On account of the existing plant, it is fre-
quently impossible to select voltages and voltage steps which would be
economical in & new scheme-and, in working out the most advantageous
overall long-term solution consideration has to be given to all conditiens
and factors involved, Actual practice has, however, shown that in many
cases it is possible in existing systems to obtain appreciable reductions
in costs by speciel planning, particularly with regard to the voltages
used and their stepping.

In view of the multitude of factors which influence the selection
of the voltage it has been possible to consider only the essential points
and to draw from these conclusions as to the entire scheme, In every
special case, however, comprehensive system planning should be carried
out which includes both technical and economical aspects, This ensures
that also as a long range policy more economical utilization is obtained

of the capital to be invested in power supply.

[}
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8. Summary

The economy of electrical power supply is determined essentially by
the selection of the voltages in the distribution amd transmission systems.
Studies are made to determine which factors influence the selection of the
voltage in the range of voltages over 1 kV. Fundamental considerations and
examples provide directives for the voltages to be used in the medium and
high-voltage ranges and also for their stepping. Special attention is paid
to the influence of load density, transmission distance, and transmission
power on the voltage to be selected, The steady growth of loads also
makes it necessary that consideration be given to the load development
which may not only vary with respect to time but also geographically,
Matching of the voltages to the standardized values is alsc important,

The studies show that in the medium-voltage range no voltages
below 10 k7 zhould be used for new schemes. In cities with cable systems
distributicon voltages between 10 and 20 kV are ecoromical, and in rural
overhead aystems voltages between 15 and 30 kV, " In most cases a relatione
ship of zornmoximately 1:5 is suitabls for the voltage step from the medium
voltange to lue superimposed high voltage, 1In special cases the economical
voltage step may deviate sharply from this e.g., to higher values where
very high lond densities are involved or to low values where the rate of
load goowilh in the system is relatisrsly low,

Tn the selection of extra bigh voltages other special problems
arise in the dimensioning of the insulation and design of the overhead
lines., At nigh voltages the influence of the insulation on the costs may
be of great importance, particularly where there is danger of contamination
or otner special climatic conditicns obtain such as mountain ¢limate,
Recommeniction are made for the dimensioming of the insulation, these
being based on the new IEC Standards, Also importamt is the sconomical
design of high-voltage overhead lines, since in long-distance transmission
lines the vroportion of the line costs to the total costs is very high,

The factirs influencing the costs of overhead lines are dealt with briefly,

In conelusion, it is point out that in the selection of the operating
voltage all existing plant must be considered insofar as this is still
serviceable., This sometimes prevents the most advantageous voltages from
being introduced owing to the fact that the capital already invested in
existing plant makes it uneconomical to change over to other voltages.

/Table 1



Table 1

VCLTAGE LEVELS AND THEIR RANGE OF APPLICATION

Voitage range

Designation

" Range.of application

Less than 1 kv

Low voltage

Distribution systemsfor feeding low-voltage
consumers such as houses, small workshops,
businesses, hotels.

1 to 35 kV

" Medium veoltage

Jistribution systems for feeding low-voltage
systems and large consumers such as chain
stores, schools, hospitals, industriezl
plants, administration buildings, etc.

30 to 150 kv

High voltage o

Distribution and trensmission systems for
feeding the medium=~voltuge systems, for cities|
large industrial works, railways, district
pover supply..

More than 150 kV

Extra high voltage

Transmission systems for large blocks of power|

and for interconnected system operation.

z o1qel/

g/ Where two high voltages are employed the lower one is designsted

the intermediate voltage.

6T 93ed
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Table 2

0z afeg

DIRECTIVES FOR THE MINIMUM CONDUCTOR CIAMETERS AND SURGE IMPEDANCES
OF BUNDLE~CONDUCTOR LINES
Max. operating | Single or | lean Minimum comivetor diameter in mm g/ | Surge impedance Z
voliage U double eoncduector of each system in olms
kY mn circuit |eclearsnce mmber of sub=-conductors umber of sub=-conductors
line m T 2 3 |k 1 2 3 i
7 19 to 21 “- -~ e I A e B
70 D 5 19 to 21 - - -—- 375 | mwmm| mmm | wee
B 9 28t0 0 | 19to2L | === cen 1385 | 295] o= | -me
243 D 6 28t030 | 20t022 | === | == {360 ] 270} === | -
E il 35 to 37 | 24 to 26 | 18 to 19| ==~ 385 | 300} 270 B
30 D 7 35t0 37 | 25027 [19t0 20| === 1355 ( 270| 245 | ===
B 1 151 %053 | 34 to 36 {25 to 27 |20 to 23375 | 205| 280 | 260
420 n 9 51 to 53 | 35 to 37 | 27 to 29|21 to 23j345 | 275| 250 | 230
4 b/ E 16, --- 4 to b6 | 33 to 35 | 26 to 28} --- | 305| 280 | 260
~,”5%5. S D. -10 - L5 to 7 | 34 to 36127 to 29[ ~-= { 275 | 250 235

¢ a1aey/

a/ MNean gradient at surface.

Single . .~

D= Double

Single-¢ircuit line E
Double=g¢ireuit line Erms

- bf~ Not yet-laid-.down by IEC

|

Ims

15 kV/cm .

16 k¥/em

9T Z*1/L v ANOD/VI0E/ IS



Table 3

ELECTRICAL CHARACTERISTICS OF SINGLE-CIRCUIT LINES ON WHICH THE CALCULATION OF THE COSTS IS BASED

&;x. permissible | Number and | Aluminium Resistance |Surge Natural|Natursll iax. Related
operating voltage | diameter of | cross-section {at 60° impedance| current { power thermal | costs of
the Z I 3 capacity |[the 1line
nat nzt
conductors ) Ptherm per km

kV mm i 51 /xm £ A M M7 %

123 1x19.2 184 0.180 . 3%0 170 35 85 100

245 1x28.1 340 0.097 390 343 140 250 175

420 2x32.8 2x564, 0.029 310 750 {520 1 200 320

% oTqey/

12 938d

9T 2 1/L* AN0O/VTI0H/ S



T munora/

Tabls L

DIRECTIVES OF THE IREC FOR INSULATION CO-ORDINATION a/

Maximum Earthing U E/ Full or Impulse withstond voltage A.C. withstand voltage Minimum
permissible| coefficient] ~e(m)~ |reduced with .’t‘ul‘1 wave (rms value) clear-

opercting | (maximum} insulationn to earth AcToss open-/ to €arth ACYOSS Opell| ances
voltage and between contacts of and between | contacts of| in air

Um the conduc~| isolating the conduc- | isolating
tors switches tors switches

kY kV kv kv kv KV R

0.8 98 123r 450 520 185 250 920

123 1.0 123 | 123¢ 550 630 230 n0 |1 150
e 0.8 116 Ihs5r” 550 630 - 230 310 1150
5 1.0 145 1458 650 750 275 370 |2 380
4. - 0.8 . 136 | 170r - 650 750 275 370 - |1 380. .

170 ‘ 1.0 170 170f T50 860 325 LLO 1 620

- 0.8 196 170r 00 1 035 39 535 1 950

1 1.0 25 | 170t 1 050 1 210 160 820 |2 300

- 300 0.8 2040 300r -1 050 1 210 LED 620 - 12 300

L20 0.8 336 L20r 1 425 e 630 soe 3 050

3/ According to publication 71/2 (1958 edition)

Y/ U&a-(m)

¢/ ivailable only as draft.

= - Maximum voltage to earth at operating frequency on fault.

ze ofeq

912"/, dNOY/VFIDT/ IS
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Fig., IX Range of economical voltages as a function of the transmission
power and the transmission distance
P Transmission power per system
d Transmission distance
Um Maximum permissible operating voltage
Fig, X Annual transmission costs as a function of the transmission
power and the transmission distance
P Transmission power of cach system
K Annna]l transmission costs
Fig, XTI Economical current density of 245-kV overhead lines with
steel-cored aluminium conductors as a function of the loead
factor and price per kWh
m Load factor
jw Economical current density
b Price per k'h
Fig, XIT Composition of the costs of high-voltage overhead lines
K Costs {Total costs = 100%)
4) Rated voltage of the line
A Costs of the erection of conductors and towers
B " Costs of foundatims ‘
C Costs of towers .
D Costs of insulators and fittings
k Costs of conductors
Pig, ¥IT1 Optirmur gpans of overhead lines
K Total nosts of the overhead line
Sm Average span
B Concrete Lowers
G Steel lattice towers
N Normal soil
S Poor soil



