Reliability, Security, Economy

Power system engineering is the central area of activity for power system planning,
project engineering, operation and rehabilitation of power systems for electrical
power supply. Power system engineering comprises the analysis, calculation and
design of electrical systems and equipment, the setup of tender documents, the
evaluation of offers and their technical and financial assessment and contract
negotiations and award. It is seen as an indispensable and integral part of the
engineering activities for feasibility studies, for planning and operating studies,
for project engineering, for the development, extension and rehabilitation of exist-
ing facilities, for the design of network protection concepts and protective relay
settings and also for clearing up of disturbances e.g. following short-circuits.

The supply of electricity—as for other sources of energy—at competitive unit
price, in sufficient quantity and quality, and with safe and reliable supply through
reliable equipment, system structures and devices is of crucial importance for the
economic development of industries, regions and countries. The planning of
supply systems must take into account different boundary conditions, which are
based on regional and structural consideration that in many cases have a consider-
able impact on the technical design. Given that, in comparison with all other
industries, the degree of capital investment in electric utilities takes the top posi-
tion, not only from the monetary point of view but also in terms of long-term
return of assets, it becomes clear that each investment decision requires particu-
larly careful planning and investigation, to which power system engineering and
power system planning contribute substantially.

1.2
Legal, Political and Social Restrictions

— Concession delivery regulations

— Market guidelines for domestic electricity supply
— Electrical power industry laws

— Energy taxation

— Laws supporting or promoting “green-energy”

— Environmental aspects

— Safety and security aspects

— Right-of-way for overhead-line and cable routing.

1.3
Needs for Power System Planning



— Load forecast for the power system under consideration for a period of several
years

— Energy forecast in the long term

— Standardization, availability, exchangeability and compatibility of equipment

— Standardized rated parameters of equipment

— Restrictions on system operation

— Feasibility with regard to technical, financial and time aspects

— Political acceptance

— Ecological and environmental compatibility.

Power system engineering and power system planning require a systematic
approach, which has to take into account the financial and time restrictions of the
investigations as well as to cope with all the technical and economic aspects for
the analysis of complex problem definitions. Planning of power systems and
project engineering of installations are initiated by:

— Demand from customers for supply of higher load, or connection of new
production plants in industry

— Demand for higher short-circuit power to cover requirements of power quality
at the connection point (point of common coupling)

— Construction of large buildings, such as shopping centers, office buildings or
department stores

— Planning of industrial areas or extension of production processes in industry
with requirement of additional power

— Planning of new residential areas

— General increase in electricity demand.
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1.5
Instruments for Power System Planning

The use of computer programs as well as the extent and details of the investiga-
tions are oriented at the desired and/or required aim of the planning process. The
fundamental investigations that must be accomplished by power system planning
are explained below.

The load-flow analysis (also named power-flow calculation) is a fundamental task
for planning and operation of power systems. It serves primarily to determine the
loading and the utilization of the equipment, to calculate the active and reactive power-
flow in the branches (lines, transformers, etc.) of the power system, to determine the
voltage profile and to calculate the power system losses. Single or multiple outages of
equipment can be simulated in the context of the investigations for different preload-
ing conditions. The required setting range of the transformer tap-changer and the
reactive power supply by generators or compensation devices are determined.

Short-circuit current calculations are carried out for selected system configura-
tions, defined by load-flow analysis. For special applications, such as protection
coordination, short-circuit current calculation should consider the preloading con-
ditions as well. Symmetrical and unsymmetrical faults are simulated and the
results are taken as a basis for the assessment of the short-circuit strength. Calcula-
tions of short-circuit current for faults between two systems are sometimes neces-
sary to clarify system disturbances. Faults between two systems may occur in cases
of multiple-circuit towers in overhead-line systems.



The permissible thermal loading of equipment under steady-state conditions
and under emergency conditions is based on ambient conditions, for example,
ambient temperature, thermal resistance of soil, wind velocity, sun exposure and
go on. The calculation of the maximum permissible loading plays a larger role
with cables than with overhead lines because of the poorer heat dissipation and
the lower thermal overload capability.

The investigation of the static and in particular transient stability is a typical task
when planning and analyzing high-voltage transmission systems. Stability analysis
is also important for the connection of industrial plants with their own generation
to the public supply system. Stability analysis has to be carried out for the deter-
mination of frequency- and voltage-dependent load-shedding schemes. The stabil-
ity of a power system depends on the number and type of power stations, the type
and rating of generators, their control and excitation schemes, devices for reactive
power control, and the system load as well as on the voltage level and the complex-
ity of the power system. An imbalance between produced power and the system
load results in a change of frequency and voltage. In transient processes, for
example, short-circuits with subsequent disconnection of equipment, voltage and
frequency fluctuations might result in cascading disconnections of equipment and
subsequent collapse of the power supply.

In industrial power systems and auxiliary supply systems of power stations, both
of which are characterized by a high portion of motor load, the motors must start
again after short-circuits or change-overs with no-voltage conditions. Suitable
measures, such as increase of the short-circuit power and time-dependent
control of the motor starts, are likewise tasks that are carried out by stability
analyses.

The insulation of equipment must withstand the foreseeable normal voltage
stress. It is generally economically not justifiable and in detail not possible to
design the insulation of equipment against every voltage stress. Equipment and
its overvoltage protection, primarily surge arresters, must be designed and selected
with regard the insulation and sensitivity level, considering all voltage stresses that
may occur in the power system. The main field of calculation of overvoltages and
insulation coordination is for switchgears, as most of the equipment has non-
self-restoring insulation.



S e mmemem g e e e = peemaae e |_

systems)and by generation units in photovoltaic and wind-energy plants. Higher
frequencies in current cause additional losses in transformers and capacitors and
can lead to maloperation of any equipment. Due to the increasing electronic load
and application of power electronics in generation plants, the emission of harmon-
ics and interharmonics is increasing. Using frequency-dependent system param-
eters, the statistical distribution of the higher-frequency currents and the voltage
spectrum can be calculated as well as some characteristic values, such as total
harmonic distortion (THD), harmonic content, and so on.

Equipment installations, communication circuits and pipelines are affected by
asymmetrical short-circuits in high-voltage equipment due to the capacitative,
inductive and conductive couplings existing between the equipment. Thus, inad-
missible high voltages can be induced and coupled into pipelines. In power
systems with resonance earthing, unsymmetry in voltage can occur due to parallel
line routing with high-voltage transmission lines. The specific material properties
and the geometric outline of the equipment must be known for the analysis of
these interference problems.

Electromagnetic fields in the vicinity of overhead lines and installations must
be calculated and compared with normative specified precaution limit values, to
assess probable interference of humans and animals exposed to the electric and
magnetic fields.

Earthing of neutrals is a central topic when planning power systems since the
insulation coordination, the design of the protection schemes and other partial
aspects, such as prospective current through earth, touch and step voltages, depend
on the type of neutral earthing.

In addition to the technical investigations, questions of economy, loss evaluation
and system optimization are of importance in the context of power system plan-
ning. The extension of distribution systems, in particular in urban supply areas,
requires a large number of investigations to cover all possible alternatives regard-
ing technical and cost-related criteria. The analysis of all alternative concepts for
distribution systems cannot normally be carried out without using suitable pro-
grams with search and optimization strategies. Optimization strategies in high-
voltage transmission systems are normally not applicable because of restrictions,
since rights of way for overhead lines and cables as well as locations of substations

The conceptual design of network protection schemes determines the secure
and reliable supply of the consumers with electricity. Network protection
schemes must recognize incorrect and inadmissible operating conditions clearly
and separate the faulty equipment rapidly, safely and selectively from the power
system. An expansion of the fault onto other equipment and system operation
has to be avoided. Besides the fundamental design of protection systems,
the parameters of voltage and current transformers and transducers must be
defined and the settings of the protective devices must be determined. The analysis
of the protection concept represents a substantial task for the analysis of
disturbances.



1.6
Further Tasks of Power System Engineering

Project engineering is a further task of power system engineering. Project engi-
neering follows the system planning and converts the suggested measures into
defined projects. The tasks cover

— The evaluation of the measures specified by the power system planning

— The design of detailed plans, drawings and concept diagrams

— The description of the project in form of texts, layout plans, diagrams and so
on

— The definition of general conditions such as test provisions, conditions as per
contract, terms of payment and so on

— The provision of tender documents and evaluation of offers of potential

contractors
— The contacts with public authorities necessary to obtain permission for rights

of way and so on.

Power System Load

— Load forecast with load increase factors
— Load forecast based on economic characteristic data

— Load forecast with estimated values
— Load forecast based on specific load values and extend of electrification

— Load forecast with standardized load curves.



Load Forecast with Load Increase Factors

This method is based on the existing power system load and the increase in
past years and estimates the future load increase by means of exponential
increase functions and trend analyses. The procedures therefore cannot consider
externally measured variables and are hardly suitable to provide reliable load
and energy predictions. On the basis of the actual system load P, the load itself
in the year n is determined by an annual increase factor of (1 + s) according to
Equation 2.1.

B=P(1+s (2.1)

Assuming a linear load increase instead of exponential growth, the system load
in the year n is given by Equation 2.2,

= Pn-[]+n-£) (2.2)
B

An increase in accuracy is obtained if the load forecast is carried out separately
for the individual consumption sectors, such as households, trade, public supply
and so on. The individual results are summed for each year to obtain the total
system load.

Another model for load forecasting is based on the phenomenological descrip-
tion of the growth of electrical energy consumption [1]. The appropriate application
for different regions must be decided individually for each case. The change of the
growth of system load P with time is calculated from Equation 2.3.

dp
I_C‘Pk-(B—P}I (2.3)

where

k=growth exponent
c=growth rate
B=saturation level of the growth process as standardization value

Load Forecast with Standardized Load Curves

Another possibility for the determination of the system load is based on the annual
energy consumption of the individual consumer or consumer groups, which can
be taken from the annual electricity bill. The system load can be determined by
means of standardized load curves or load profiles [4] for different consumer
groups:

— Household consumers

— Commercial consumers of different kinds (24-hour shift, shop or manufacturing
enterprise, opened or closed at weekends, seasonal enterprise, etc.)
Agricultural enterprises of different kinds (dairy farming or water pumping)
Other customers (schools, public buildings, etc.).
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3.1
Planning Principles

The aim of planning electrical power systems is to fully serve the interests of the
consumers to be supplied with electricity. The active and reactive power of the
supply area to be expected in the long-range planning period are taken as basic
parameters. In order to determine the configuration of power system in terms of
technical, operational, economic, legal and ecological criteria, planning principles
have to be defined and used. High priority is to be given to the supply of consum-
ers with a defined need for supply reliability, which can be accomplished if suffi-
cient data are available on system disturbances (faults, scheduled and unscheduled
outages) or by means of quantitative and if necessary additional qualitative
criteria.

The reliability of the electrical power supply system (power station, transmission
and distribution system, switchgear, etc.) is influenced by:

— The fundamental structure of the power system configuration (topology)
Example: The consumer is supplied only via one line (overhead line or cable)
forming a radial supply system. In case of failure of the line, the supply is
interrupted until the line is repaired.

— The selection of equipment
Qualified and detailed specification and tendering of any equipment, consis-
tent use of international norms for testing and standardization of equipment
guarantee high-quality installations at favorable costs on an economic basis.

— The operational mode of the power system
The desired reliability of supply can be guaranteed only if the power system is
operated under the conditions for which it was planned.

— Earthing of neutral point
A single-phase fault with earth connection (ground fault) in a system with
resonance earthing does not lead to a disconnection of the equipment, whereas
a single-phase earth fault in a system with low impedance neutral grounding
(short-circuit) leads to a disconnection of the faulted equipment and in some
cases to interruption of supply.

— Qualification of employees

Apart from good engineering qualifications, continuing operational training of
personnel obviously leads to an increase of employees’ competence and through

this to an increase of supply reliability.
— Regular maintenance

Regular and preventive maintenance according to specified criteria is important

to preserve the availability of equipment.
— Uniformity of planning, design and operation

Operational experience must be included in the planning of power systems and

in the specification of the equipment.
— Safety standards for operation

The low safety factor for “human failure” can be improved by automation and

implementation of safety standards, thus improving the supply reliability.



Reliability as high as necessary,
design and operation as economical as possible!

Prior to the definition of planning principles, agreement must be obtained con-
cerning acceptable frequency of outages, their duration up to the reestablishment
of the supply and the amount of energy not supplied and/or the loss of power due
to outages. Outages include both planned or scheduled outages due to mainte-
nance and unplanned or unscheduled outages due to system faults. Unscheduled
outages result from the following:

— The equipment itself, the cause here being the reduction of insulation strength,
leading to short-circuits and flash-over

— Malfunctioning of control, monitoring and protection equipment (protection
relays), which can cause switch-off of circuit-breakers

— External influences, such as lightning strokes or earthquakes, which lead to the
loss of equipment and installations

— Human influences, such as crash-accidents involving installations (overhead
towers) or cable damage due to earthworks, followed by disconnection of the
overhead line or the cable.
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The duration of outages up to the reestablishment of the supply can be estimated
as a maximum value and is determined by the following:

— Power system configuration and planning criteria
If the power system is planned in such a way that the outage of one item of
equipment or power system element does not lead to overloading of the
remaining equipment, safe power supply is secured in case of failure of any
piece of equipment, independently of the repair and reconnect duration.

— Design of monitoring, protection and switching equipment
If switchgear in a power system can only be operated manually and locally, then
the duration of the supply interruption is longer and thus the energy not
supplied is larger than if the switches are operated automatically or from a
central load dispatch center.

— Availability of spare parts
A sufficient number of spare parts reduces the duration of supply interruption
and the amount of energy not supplied, as the repair can be carried out much
more quickly.

— Availability of personnel (repair)
The timely availability of skilled and qualified personnel in sufficient number
reduces the repair time significantly.

— Availability of personnel (fault analysis)
The causes of failures and faults in the power system have to be analyzed and
assessed carefully prior to any too-hasty reestablishment of the supply after
outages, in order to avoid further failures due to maloperation and erroneous
switching.

— Availability of technical reserves
A sufficient and suitable reserve is needed to cover the outage of any equipment.
This need not imply the availability of equipment of identical designed to the
faulty equipment; for example, after the outage of a HV/MV-transformer the
supply can be ensured temporarily by a mobile emergency power generator.

3.2
Basics of Planning

Power systems for electrical power supply must be planned and operated consider-
ing the loading of the equipment in such a way as to achieve the following:

— A reasonable and/or suitable relation between the maximal thermal stress
(acceptable load current) and the actual load in the final stage of system voltage
and for until restructuring measures become effective and

— No inadmissible thermal loadings (load current) arise, except those which are
permitted under certain operating and ambient site conditions.



— Material properties

— Ambient temperature

— Other site conditions, for example, wind and sun exposure

Number of load cycles

Preloading conditions of the equipment in case of variable load
Duration of the additional load arising after the preloading conditions
Past total actual time under operation.

The permissible loads are to be taken from standards or manufacturers’ data or
can be determined with suitable computer programs.

Power systems must be planned and operated with regard to short-circuit cur-
rents in such a way that

— The thermal strength of equipment and installations is always higher than the
prospective thermal effects of the short-circuit currents.

— The electromagnetic effects of short-circuit currents are lower than the associated
mechanical strength of the equipment and installations.

— The short-circuit and fault currents through earth do not cause any impermissible
step or touch voltages or impermissible voltages at earthing electrodes.

Power systems must be planned and operated with regard to the generation,
transmission and distribution of electrical power and energy in such a way that

— Sufficient generation capacity is available to supply the expected (forecast) load
as well as the power system losses and to cover the internal consumption under
normal operating conditions and in case of outages of power stations and any
other equipment in the power system.

— Transmission and distribution systems have sufficient capacity to supply the
power system load under normal operating conditions and under defined outage
conditions.

—g— -

Power systems must be planned and operated with regard to the system voltage
in such a way that

— A suitable and internationally standardized voltage level is selected for
transmission and distribution systems.

— The voltage is within a suitable bandwidth as defined by international standards
or by planning criteria under normal operation and under outage conditions.

— The power factor of the system is on the lagging side and the generators can
run in the over-excited mode.



— No inadmissible frequency fluctuations shall be initiated due to disconnections
of loads or due to short-circuits in the power system. (Load-shedding by frequency
relays is seen only as the last measure to secure the stability of the power
system).

— The frequency range shall remain within the limits defined for the operation of
synchronous and asynchronous machines.

A stable frequency under steady-state conditions represents an essential condi-
tion for the regulation of the exchange of electricity between different supply

— The type and topology of the system allow supply to some extent even for load
developments different from those forecast.

— The system losses are minimal under normal operating conditions.

— Different schedules of operation of power stations are possible.

— The generation of energy is possible in economic priority sequence
(merit order), and ecological and environmental conditions are taken into
account.

— A suitable and favorable relation between design and rating of equipment and
the actual load, in particular their thermal permissible loading, is achieved in
the final system development stage.

— Standardization of the equipment is possible, without impairment of operational

flexibility.

Read Page 31 Planning Criteria
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Economic Consideration and Loss Evaluation

4.1
Present Value and Annuity Method

In the context of power system planning and project engineering, economic
aspects must be considered, compared and assessed for different alternatives and
scenarios, such as investment costs of the project as well as an evaluation of the
losses resulting from system operation. Various methods are available; the most
common ones— present value and annuity method—are explained in the context
of this book [8].

The present value takes account of all incomes and expenditures of the period
under review, which are referred to one reference time instant t,, usually the time
of project commissioning. Payments K, resulting during the project engineering,
building and commissioning phase of the project will be cumulated to the time
instant ¢, in accordance with Equation 4.1a.

Km= EKni -q (4.1a)

The present value method for investment cost is well-suited for the comparison
of different inancing scenarios of projects and also for the comparison of different
prices of equipment. The present value method is also suitable for the comparison
of loss costs during the foreseeable operating time and for comparison of annual
costs of different project concepts and/or equipment resulting from the loss costs.
One includes the costs Ky (e.g. for maintenance and repair), arising during the
operation time, into the present value method according to Equation 4.1b and the
expected incomes K,; according to Equation 4.1c.

K.

Kuo= i ?:’“ (4.1b)

Kw= Kw (4.1c)
T q

Costs are to be set as negative values, incomes as positive values. The project is
profitable if the total present value becomes positive over the expected lifespan.

Read Page 38 Evaluation of losses
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4 Economic Considergtion and Loss Evaluwdtion

For the evaluation of the losses in the context of power system planning over
the entire long-range planning period, the losses are usually determined for each
year and will be represented as present value, discounted on the time of the invest-

ment decision or commissioning. The losses in one year i are calculated using

Equation 4.18.

ke
Ko W . 4.18
vi= Wy (ﬂi-T:r. +k_] (4-18)
The present value of the costs of losses are calculated from Equation 4.19
e Evi
T -

with the interest factor g = 1 + p. If future load increase with an annual growth
rate g is taken into account, the annual losses and the annual cost of losses are
increased in accordance with Fquation 4.20a,

S
A W

=1

{4.20a)

and for continuous annual costs of losses Ky according to Fquation 4.20b with the

increase factorr=1+ .

K= Ky L= 4.20h

R e

If the load of the equipment under investigation or the power system does not

increase continuously from the initial loading 5 to the final loading k x § over the

long-range planning pericd. but rather experiences several load cycles [number j)

of 5 on k x § during n years, then the present value of the cost of losses is given
by Equation 4.21.

I
K=Ky d _
a1 ) -

with

Kv= cost of losses

j= number of load cycles

n = number of years

q= interest factor- =1+ p
r=load increase factorr=1+g

p= interest rate
g = load increase rate.

The second term in Equation 4.21 indicates the annuity factor for discounting

of the constant cost of losses Ky and the last term akes account of the increase of
load in the load oycles described.



5.2
Recommended Voltage Levels

Nominal voltages in power systems are recommended in [EC 60038, Table 5.1
outlines the appropriate voltage levels as applicable in Germany. In addition to the
nominal voltage, typical application and supply tasks are mentioned as well.

Table 5.1 Recommended system voltages according to |IEC 60038 as
applicable in German power systems.

Commen Nominal system  Supply task Remarks
name voltage
Low-voltage  400V/230V Household customers IEC 60038 Table 1
LV} Small industrial consumers
500V Supply of motors in industry Mot mentioned in IEC 60038
Medium- 6k HV-motors in industry and power siations  [EC 60038 Table III
volmge (MV)
10kV Urban supply, industrial power systems
20KV Rural supply, industrial power systems
30KV Industrial supply (electrolysis, thermal Not mentioned in IEC 60038
processes) Rural power supply
High-voltage 110kV Urban transport and sub-transmission IEC 60038 Table IV
(HV) SySteTns
220kV Transmission systems (decreasing
importance)
IB0kV (400kV)  UCTE transmission system IEC 60038 Table V

Definition of highest voltage
of equipment U, = 420kV




5.3

Topology of Power Systems

Power systems are constructed and operated as

— Radial systems or
— Ring-main systems or
— Meshed systems.

Additional criteria for distinction can be defined, such as the number and kind
of feeders from supplying system level, the number and arrangement of lines and
the reserve capability of the system to cover loss of load. The three system topolo-
gies are constructed and operated at all voltage levels. In the context of the sections
below, the following definitions are used:

Feeder
Gridstation
Substation
Station
Primary

Line

Read details Page 48

Outgoing connection of any overhead line or cable from a MV or LV
substation

Switchyard including busbars, transformers and outgoing feeders
to the EHV level

Switchyard including busbars, transformers and outgoing feeders
to the HV level

Switchyard including busbars, transformers and outgoing feeders
to the MV level

Switchyard including busbars, transformers and outgoing feeders
to the LV level

Any overhead line or cable of any voltage level.
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Figure 5.16 Structure of a meshed LV system with single-line supply.
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Table 5.2 Aspects for combination of different system topologies on different voltage levels.

Feeding Supplied Loading Reliability Remarks
system system
HV/MV MV LV
Meshed HV Meshed Load-flow  Very high according Commeon combination
SYStem HV or MV  calculation  to planning criteria
system
Meshed MV Meshed Simulation Very high in both Back-power relay
system LV system of loading MV and LV systems necessary in LV-system
Radial LV = Simulation High in MV system, No special considerations
system of loading  low in LV system for planning and
operation
Ring-main Meshed Simulation Fair in MV system,  Back-power relay
system with LV system of loading  very high in LV necessary in LV-system
open gystem
disconnection
point in MV~ Radial LV Simulation Fair in MV system, Common combination,
system system of loading  low in LV-system no spedal considerations
for planning and
aperation
6

Arrangement in Gridstations and Substations

6.1
Busbar Arrangements

6.1.1
General

The arrangement and connection of incoming and outgoing feeders in gridsta-
tions and substations and the number of busbars have an important influence on
the supply reliability of the power system. Gridstations and substations and the
topology of the power system must be designed in a similar way and must there-
fore be included in the context of planning as a single task.
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(a)

Circuit-breaker

/ with disconnecting switches (not indicated)

S

(c)

Figure 6.1 Substation single busbar on load-side. (a) Supply
by one transformer; (b) supply by two transformers; (c) block
arrangement to supply two MV systems.

Read Arrangements Page 71
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Figure 6.5 Typical feeder arrangement in a disconnecting switch; 4, earthing switch;

HV switchyard [12]. {a) Overhead line feeder 5, current transformer; 6, voltage transformer,
with double busbar; (b) transformer feeder 7, capacitive voltage transformer with coupling
with double busbar. 1, Busbar disconnecting  for frequency carrier signal; 8, blocking
switch; 2, circuit-breaker; 3, feeder reactor against frequency carrier signals.
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Table 6.1 Categories of current transformers and their parameter according to VDE 0414 part 7.

Category

Implementation

P

TPS

TPX

TPY

TPZ

Iron closed core

Total error defined for symmetrical
current on primary side
Remanence flux not limited

Iron closed core

Low residual flux

Remanence flux not limited

To be used for differential protection

Iron-closed core

Defined limits for error in magnitude
and phase-angle

Remanence flux not limited

Suitable for automatic reclosure

Small air-gap to limit remanence flux
Remanence flux <10% of saturation
fux

Suitable for automatic reclosure only
if ime-constant is smaller than
reclosing time

Large air-gap (linear core)

Remanence flux negligible

Protective devices remain in excitation
for a long time

#2595

+0.5%

30

=60

+18&

Some
seconds

Some
seconds

0.1s up to
1s

B0ms

Read Page 81 Transformers
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Figure 7.2 Arrangements of transformers in
power systems. (a) Generator transformer
(transformer bank of three single-phase
transformers); (b) three-winding block
transformer in a gas-turbine power station;
(c) highvoltage autotransformer coupling
two power systems; (d) low-voltage

10 kWG KVIB KV
12 MVAS 6 MVAT B MVA
BHEW/BEXN/456%
transformer; (g} three-winding transformer
for the supply of two rural MV-systems; (f)
three-winding transformer in an industrial
power system; (g) transformer for the supply
of a three-phase alternating-current arc fumace;
(h) static inverter transformer for the
connection of two static frequency inverters.



Table 7.1 Types of cooling and insulation of transformers.

Internal cooling agent

External cooling agent

Type Circulation Type  Circulation
Oil-immersed O N A N
transformers Mineral oil or synthetic  Natural circulation of ~ Air Natural
fluid with flame cooling agent convection
temperature =300°C
K F W F
Insulation fluid with Forced circulation by ~ Water  Forced
flame temperature cooler movement by
=>300°C ventilation
L D
Insulation fluids Forced circulation by
without measurable cooler and through
flash point windings
G
Gas
Dry-type G N A F
transformers Gas Natural drculation Air Forced
circulation
A F
Air Forced circulation
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Table 7.4 Thermal classes of insulation materials of transformers acc. to VDE 0301 part 1 [17].

7.4 Thermal Permissible Loading | 91

Thermal class  Temperature ["C)

Example of insulation material

Y o0
A 105
E 120
B 130
E 155
H 180

Organic fibers (paper, molded wood, wood, cotton) not
impregnated
PVC

Organic fibers (paper, molded wood, wood, cotton)
impregnatad
Nitrile-rubber

Foils and shaped parts of polyester
Vamish made from polyvinylformal, polyvinyl acetate
or epoxy resin

Shaped parts of epaxy resin and polyester resin with
inorganic filler

Foils from polyethersulfon

Vamish with higher temperature-resistance

Molded shaped parts of epaxide-isocyanate resin
Vamish made from polyterephthalate

Polyamide foils

Glass fiber-reinforced insulation made from medified
silicone resin

Glass-fabric with silicon or silicone-rubber
Vamish made from polyamide, silicone-rubber or
aramid fibers

[ 15000 15000 ]
V = @' 1104273 Byy54273

with

Vy;s = aging rate at actual hot-spot temperature
Ve = aging rate at hot-spot temperature of 98°C
s = hot-spot temperature in degrees.

(7.2b)
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Figure 7.5 Temperature rise within the transformer for
consideration of the maximum thermal loading; see text for
explanation.



7432
Maximum Permissible Loading of Qil-lImmersed Transformers

General
The maximum permissible loading of cil-immersed transformers with rated
apparent power up to 100MVA can be determined according o 1EC 60354 [18].
For higher rated apparent power, the recommendations of the manufacturer are
to be used. The VDE standard 0536 is replaced at international level by the revised
wersion of [EC 60354 “Loading guide for oil-immersed transformers” dated 1991
[19]. A revised version is published as IEC 60076-7 (Power Transformers— part 7
Loading guide for cil-immersed power transformers). Differences between 1EC
60354:1991 and VDE 0532:1977 are not completely dealt with in the context of this
book, however; details can be found in [17]. In this book the determination of the
pennisaible lc-adjn.g is Explzined on the basis of IEC 60354:1991 with references
to [EC G0O7G-7.

Different types of transformers, such as distribution transformers, medium-
sized transformers and large power transformers have to dealt with

separately.

Distribution Transformers The maximal permissible loading of distribution trans-
formers with rated apparent power 2.5 MVA and with natural oil-cocling, without
on-load tap-changer, is determined only by the hot-spot temperature and the
thermal aging.

Medium-sized Transformers Medium-sized transformers have rated apparent
power <100MVA and an impedance voltage we according to Equation 7.6, The
influence of the |eakage flhax is cc-mpanl:ive];.r lowr.

35
501 —
< (—Wl (7.6}

100
5. = rated apparent power in MVA
W = number of legs with windings.

Different methods of cooling are considered. For autotransformers an equiva-
lent apparent power 5, and/or an equivalent impedance voltage w, must be deter-
mined according to Equations 7.7 and 7.8.

5= s[m) < 100MVA (7.73)
Uos
L'I.rli'i' ] s‘-‘
cug g5 S 7h
" “"'( v U 1000 7

For other types of autotransformers the rated power per phase [per leg) is impor-
tant. Equivalent apparent power and equivalent impedance voliage are calculated
according to Equation 7.8.
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Figure 7.7 Determination of the maximal permissible loading
of cil-immersed transformers according to 1EC 60354 with
sample application. Example A: determination of the maximal
permissible loading (normal opclic load) as a function of the
lzading period, Example B: determination of the rated
apparent power with given load cycle.



8
Cable Systems

8.1
General

Cables are used for the transmission and distribution of electrical energy in public
and industrial power systems. The permissible loading of the cables is determined
by different parameters such as environmental conditions, type of laying (in ground
or in air), cable design and type of insulation, operating conditions and so on. Con-
ductors are made of aluminum or copper. The insulation is of various materials:
PV C (polyvinyl chloride) and PE (polyethylene) are used as standard used in LV and
MV cables; oil-insulation and gas-pressure cables can still be found in HV systems
(U, = 110kV), whereas XLPE (cross-linked polyethylene)-insulated cables are today
standard in power systems with nominal voltages of 110kV and above. Mass-
impregnated paper-insulated cables are still in use in the medium-voltage range, but
are found only on older cable routes; this type will no longer be installed.

Cable abbreviation codes are used that indicate the material of the cable from the
inner laver to outer lavers. Copper conductors, mass-impregnated paper-insulated
cables, and internal protection shields are not specially indicated. In addition to the
coding of the inner construction, the number of conductors, the cross-section and
the shape of the conduct as well as the nominal voltage (line-to-ground / line-to-line)
is indicated. Special coding is defined in the specific cable standards or can be
found in [22]. Abbreviation codes for impregnated paper-insulated cables and
cables with PVC or XLPE insulation are listed in Tables 8.1 and 8.2.

Conductor shape and type are identified as

RE  Solid round conductor

RM Stranded round conductor

SE  Solid sector-shape conductor

SM Stranded sector-shape conductor
RF  Flexible stranded round conductor.

Read Chapter 8 Page 111



Table 8.7 Influence of cable parameters on the permissible
loading of cables and on the cost of trenches and installations.

Parameter Cable Costof Cost of  Assembly Permissible Remarks
cost transport trench  cost at site  loading

Cross- — — - - Necessary in
bonding of case of large
sheaths cross-section
Flat or — + (<) + No influence
triangle with low spacing
formation
Cable — + (<) + With MV cables
distance up to I mm’
Laying depth — + — ) Standardized
laying depth
Thermally — + (<) ++ Recommended
stabilized in all caze
soil
Cross-section (+) — — + Together with
cross-bonding
Outside (+) — — (<) Only in
diameter combination

with increased
dielectric

strength

—, no influence; (+}, low influence; () small reduction; +, increase; ++, significant increase.



The thermally equivalent short-time current Iy, is calculated according to Equa-
tion 8.9a based on the amount of heat Q generated in a conductor with resistance
R during the short-circuit duration T,.

Tk
[t
[1]

R-T,

_[Q _

“\RL. (8.9a)

I

The thermally equivalent short-time current can also be determined taking

account of the heat dissipation factors m and n according to Figures 7.10 and 7.11,
considering the thermal effect of the DC and the AC component of the short-
circuit current as in Equation 8.9b,

Iop=I{~“m+n (8.9h)
with the initial short-circuit current I. The thermally equivalent short-circuit

current in case of several short-circuits with different time durations T; and cur-
rents I; are calculated with Equation 8.10a.

1 n
I =1||— It T 8.10a
th Tl:.gl: thi * Lk { :I

with =T, (8.10h)
i=1
Based on the current density given by Equation 8.11,

Ja=ln (8.11)
qn



0 p+20°C) 6.+py 1
j,hz—J o ]ﬂ[5b+ﬁ] T (8.13a)

i = Jiben (8.13b)
with
Q. = specific heat in | Kmm?
oy = temperature coefficient in K~
B = parameter p= 1/o, — 20°C
b, = permissible short-circuit temperature
Oy, = permissible temperature before short-circuit
P20 = Specific resistance at 20°C in Q mm’m™

§. = cross-section of sheaths or screen in mm?*
T,, = rated short-circuit duration.

Other short-circuit durations and several short-circuits with different duration
T,, can considered using Equation 8.10.



9
Overhead Lines

8.1
General

Various aspects have to be considered during the design and project engineering
of overhead lines.

— Determination of the permissible thermal loading (permissible current) in the
context of the project planning period

— Design and determination of the tower arrangement and in special cases the
placement of the towers along the route of the line route for project realization
(and possibly in the tendering period)

— Mechanical design of the overhead line towers, again in the context of project
realization.

9.2
Permissible Loading (Thermal) Current

0.2.1
Design Limits

The tensile strength and the modulus of elasticity of conductors for overhead lines
are reduced by thermal stresses originating from the load current and from external
heating by solar radiation. Additionally, the wind speed has an influence on the
required mechanical parameters of the conductor. The reduction of the tensile
strength and the modulus of elasticity result in an irreversible increase of the sag
and finally in rupture of the line conductor. This effect depends on the temperature
and the time of exposure. As an example, the tensile strength of an Aldrey conduc-
tor decreases non reversible by approximately 7% when heated to 75°C over 12
months; when it is heated to 100°C for the same period, the reduction is 21%. The
tensile strength of pure aluminum conductors (99.5% Al) is reduced by approxi-
mately 8% for heating to 75°C over 12 months; when it is heated to 100°C during
for same period, the reduction is approximately 9% and remains at this value even
for longer loading periods. Copper conductors are less favorable in terms of the

Page 147 Heating effect/ Thermal loading



9.4
Sag, Tensions and Minimum Distances

0.4
Minimal Length of Insulation

The mechanical design of overhead lines is determined by

— Minimum distances of the conductors to earth, to other conductors and to the
tower

— Minimum clearances and minimum length of insulators, depending on the
pollution class

— Sag, taking account of conductor and ambient conditions

— Tensile stress of the conductor

— Wind forces on the conductor, insulators and towers.

Minimum distances for nominal system voltage U, = 110kV as indicated in
Table 9.4 are defined in IEC 60071-1 (VDE 0111-1). The length of the insulators
is determined by the minimum length of insulators and the specific creepage dis-
tance for different pollution classes according to IEC 60071-2 (VDE 0111-2).

The contamination classes are defined as follows below, whereas the specific
creepage distance refers to the highest voltage for equipment Ul,.

— Class 1 Lightly polluted areas without industry and with spread settlement
(houses with exhaust from heating devices to be considered); areas with small
industrial density or small populated areas, which are exposed to frequent wind
and rain; areas far from sea shores or on large heights above sea level. The
specific creepage distance can be kept at 1.6cmkV-".

— Class 2 Medium polluted area, industrial areas without any particular emissions,
areas with medium population density with exhaust from heating devices to be
considered; areas with high population density and/or industrial areas, which
are exposed to frequent wind and rain; areas which are more than 1km distant
from the sea shore. The specific creepage distance shall be 2.0cmkV-1.,

— Class 3 Heavily polluted areas with high industrial density and suburbs of
larger cities with considerable exhaust gases from heating; areas near sea shores



9.5
Short-Circuit Thermal Withstand Strength

The thermal withstand strength against short-circuits of any equipment is deter-
mined by the short-circuit duration, the initial short-circuit current and the con-
ductor temperature prior to the short-circuit. The maximal permissible conductor
temperatures during short-circuit are determined by VDE 0201, see Table 9.5.
Manufacturers’ specific data on the permissible conductor temperature are to
be considered. The permissible temperature during short-circuits applies to a
maximum short-circuit duration of t, = 5s and the heating of the conductor is
assumed to be adiabatic. Skin effect and proximity effect are generally neglected,
the specific heat capacity is assumed constant, and the resistance temperature
dependence is assumed linear.

The thermal equivalent short-time current I, as reference value for the heat-
production Q in a conductor with resistance R during the short-circuit duration
T, is calculated with Equation 9.17.

(0.17)

The short-time current density can also be calculated on the basis of an operat-
ing temperature of 20°C in accordance with IEC 60865-1 (VDE 0103) according
to Equation 9.22. If other temperatures are considered, Equation 9.22 must be

modified accordingly.

fxm-c-"f_ln 1+ tyy (0. — 20°C)
J.ﬁ.=1"l G 1+05-(8,-20°C)
VT,

c= specific thermal capacity

v = specific density

K, = conductivity (20°C)

9 = temperature coefficient (20°C)

8. = permissible short-circuit temperature

8, = permissible temperature before short-circuit.

Parameter values are given in Table 9.6.
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9.7
Cost Estimates

Costs of overhead transmission lines consist of the annual capital costs and the
annual cost of losses. The annual capital costs involve voltage-dependent and cross-
section-dependent components and a fixed part according to Equation 9.25.

Ki=[a+b-U+c-Yn-ns-qe(n+Ak) (9.25)
with
@, b, c = cost factors
¢ = factor for the consideration of cost increases
n = number of conductors per phase (subconductors)
ns = number of AC systems per tower
g = cross-section of a conductor and/or sub-conductor
U, = nominal voltage

I, = annuity factor
Ak = additional cost per year.

The cost of losses are given by Equation 9.26.
Ky =31 B2 by -9 T (9.26)
qn

with p and r as in Equations 9.27a and 9.27h:

I'.In _ rln

_a-r 0.27
q"-(q—r?) 27

u

r=1+pg {9.27b)



Figure 10.1 Equivalent circuit diagram of a line for quasi-
staticnary conditions. (a) Diagram with impedances and
admittances; (b) simplified circuit diagram of the lossless line.

the reactive power of the line is balanced, as the reactive power produced by the
capacitances (proportional to the square of the voltage) is equal to the reactive
power needed by inductances (proportional to the square of the current). During
higher loading the inductive voltage drop along the line becomes larger and thus
the reactive (inductive) power becomes larger as compared with the reactive (capac-
itive) power produced by the capacitances, and the resulting voltage decreases.

The required reactive power must be made available or absorbed by the con-
nected power systems at both ends of the line. In the circuit diagram of Figure
10.1 the voltage reaches its minimum in the middle of the line with same voltages
at the sending and receiving ends of the line. When the line is loaded below the
natural power, the capacitive part exceeds the inductive part and the voltage rises
along the line length and reaches its maximum in the middle of the line. The
unbalanced capacitive part of the reactive power in this case must be absorbed by
the connected power systems.

If the line is assumed electrically short, then Equation 10.4 applies

sinfB=0=w-\/L.C-a (10.4)

With this approximation Equation 10.5 is applicable.

T
—o-J[Ca=nL (10.5)

Ze-0=
U NC

As a consequence Equation 10.1 is converted into Equation 10.6:

p=Urle gns (10.6)



10.2
Parallel Compensation of Lines

Parallel compensation is the standard means of reactive power compensation in
the MV and LV systems. The aim is to achieve a defined power factor of the load,
limitation of the supplied reactive energy and a decrease of the voltage drop. Paral-
lel compensation within the high-voltage range uses the same principle to increase
the transferable power through lines. The system diagram of Figure 104 is
employed. The lossless compensation (capacitor) is placed in the middle of the
line. The voltage at the capacitor Uy, is equal the voltages at the sending and receiv-
ing end of the line, Uy and U, if the maximal power is transmitted.

Similarly to Equation 10.7c, the voltages between the middle and the sending
and receiving ends of the line are given by Equation 10.10:

UM[ = UMZ = U'ED‘S% [1{}.10:

Figure 10.4 Simplified equivalent circuit diagram of the
lossless line with parallel compensation in the middle of the
line. (a) Equivalent circuit diagram; (b) vector diagram of the
voltages and the current.



10.4
Phase-Shifting Equipment

If the transferable power of a line is to be increased by changing of the phase-angle
of the line, phase-shifting equipment- for example, a quadrature or phase-shifting
transformer—has to be installed. The aim of phase-shifting is to decrease the angle
between the voltages at the sending and the receiving ends by addition of an aux-
iliary voltage U; with a defined phase-angle &; > 0° related to the voltage U, at the
sending end of the line according to Equation 10.15 and represented in Figure
10.8. With the installation at the receiving end of the line, the phase-angle has to
be related to the voltage U; at the receiving end of the line. The voltage at the
sending end of the line, relevant for the phase-angle of the line, can be tuned and
thus the phase-angle of the line can be adjusted by changing either the angle or
the magnitude of the auxiliary voltage.

U,=U;-e" (10.15)



¥

(b)

Figure 10.8 Equivalent circuit diagram of the lossless line
with phase-shifting (quadrature booster) transformer. (a)
Equivalent circuit diagram; (b) vector diagram of the voltages
and the current.

angle of 90 is added, as the phase-angle is changed substantially in this case
without affecting the magnitude of the voltage.

The active power Py transferable through the line and the reactive power (s at
the sending and receiving end of the line are calculated according to Equation
10.16,

z

Ps:%sin (5-5,) (10.16a)



10.5
Improvement of Stability

The mode of operation of phase-shifting equipment for increasing the transferable
power as described in the previous sections can be applied to improve the stability
of the generators and the power system. The stability limit of a synchronous gen-
erator under changing loading conditions, for example, by short-circuits, can be
determined graphically in accordance with Figure 10.10. The generator is operated
in the quasi-stationary mode with active power P, followed by a stepwise change
in load (active power P;). If the system voltage is assumed to be constant, the
phase-angle &, corresponds to the rotor phase-angle. The active power P, and P,
are therefore related to the rotor phase-angle &, and 8,. In case of a load change
from P, to P; the rotor phase-angle will attune with a damped oscillation to the
new operating point &, with an overshoot up to the rotor phase-angle &, corre-
sponding to an active power P;. The maximal attainable rotor angle is determined
from the equal-area criterion, that is, the balance of the accelerating and the decel-
erating torques as represented in Figure 10.10.
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Figure 10.10 Graphic determination of the stability of a

synchronous generator during stepwise load change in the
power system using the equal-area criterion [49].
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11.1
Load-Flow Calculation

An important tool for the planning of electrical power systems is the load-flow
analysis or load-flow calculation. The objective is the determination of significant
parameters of the power system for normal operation and under emergency condi-
tions, such as

— Voltages at grid-stations, substations and busbars in terms of kilovolts or percent
of nominal voltage and in terms of phase angle

— Currents and/ or active and reactive power-flow on overhead lines, in cables and
through transformers and other equipment, as well as the resultant relative
loading

— Active and reactive power losses of equipment, power systems and
subsystems

— Exchange of active and reactive power between power systems or between
groups of pOWEr SyStems

— Balance of generation and load in subsystem areas

— Power transfer through power systems or subsystems

— Required voltage control range of transformers and generators

— Reactive power needs and/or compensation needs at busbars, made available
by generators, compensation equipment or flexible AC transmission systems
(FACTS)

— Further characteristics, which can be determined from the knowledge of current
and voltages in the power system.

Generally load-flow calculation assuming symmetrical, three-phase operation is
adequate. On the basis of the equations for admittance ¥ and power S according
to Equation 11.1,

[==
Il

(11.1a)

1= |1

i
5
1=
|b=

o+

(11.1b)
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Table 11.2 Calculation equations for initial short-circuit current.

Type of short-circuit Equation Remark
v Bl
Three-phase = WEJ
Two-phase without earth .
connection = |2g||
Two-phase with earth connection
v -3l Z
General Kage= Iglgz " glgu:fzzgni Current through earth
. —jcUE, +aL.) ,
Ien= 1 == Current in phase 12
T 22,4 2.2, P
. icUnZ,—a’Z)) -
Ifa= g
S T 27+ 2,2, Current in phase L3
Far-from-generator (2, = Z3) Iee= cls_ Current through earth
i 12, +2Z|
cln %—4
I, =121 -
faa= 7= 2Z] Current in phase [2
.:U“%— a’
[ .
ke = o Current in phase L3
Single-phase
U
General If= ﬂ
1Z,+Z;+ Z,]
ViU
Far-from-generater (2, = Z;) If= 3cUs

Rz +Z




Table 11.3 Impedance correction factors for short-circuit
current calculation according to 1EC 60909,

Equipment Correction factor Remark
Synchronous _ U Crmzz If the voltage is kept
generator o Ugll+ pg) 1+x7-sinmp constant at Ug, p; =0
To be applied for positive-,
negative- and zero-
SEQUENCE COMPOTENLS
Generators and Uag Uiy Cma To be applied for positve-,
i Kewe = Ntprf——m— .
umnit Uil + pe) Ui 1+ % sing,. negative- and zero-
transformers SEqUENCE COMPOTENLs
without tap-
changer in
PpoweT stations
Generators and U U, Com If the voltage is kept
umit T U1+ po)F Ul 1+|xf—3;|-sinq,. constantat U, pc =0
transformers To be applied for positve-,
with tap-changer negative- and zero-
in power SEqUENCE COMPOTENLS
stations only in case of over-
excited operation (leading
power factor)
Transformers Ko Usg Conm In case of lagging power
installed in the " Ubma 149 Tomat sin factor at ransformer and
TSI {yr
Power system I'e Uy > 1051,
o . To be applied for positive-,
Approximation K= [I-.'-J‘S-m negative- and zero-

SEqUENCE COIPOTEnts




11.2.5
Steady-State Short-Circuit Current

In case of near-to-generator short-circuits, the steady-state short-circuit current I
depends on (among other things) the saturation of the generator and the operating
status of the power system (tripping of circuits due to protection during the time
elapsed of the short-circuit) and can only be calculated with some inaccuracy. The
method proposed in IEC 60909 therefore indicates upper and lower limit values
for those cases where the short-circuit is fed by one synchronous generator only.
Maximal excitation of the generator leads to the maximal steady-state short-circuit
current I.., according to Equation 11.9a. For the calculation of the minimal
steady-state short-circuit current, a constant no-load excitation of the generator is
assumed. The minimal steady-state short-circuit current I, is calculated accord-
ing to Equation 11.9b.

J P N (11.9a)
I mmin = Amim I o6 (11.9b)

The factors A, and A, for turbo and salient-pole type generators are to be
taken from Figures 11.4 and 11.5 with x,.., the reciprocal of the short-circuit ratio.
The remarks to be found in IEC 60909 should to be noted.

For far-from-generator short-circuits, the steady-state short-circuit current I, is
equal to the initial short-circuit current I for all tvpes of short-circuits.

11 7 &

Read other topics in Chapter 11

12
Connection| of “Green-Energy” Generation to Power Systems

12.1
General

Power plants must be connected to the power system in such a way as to avoid
negative effects on the operation of the power system and equipment. The follow-
ing should be noted:

— The rated power of equipment in the power system must be sufficient to enable
the transfer of the produced power from the generation plant into the power
system and to the consumers.

— The short-circuit currents of the power system must not be inadmissibly
increased by the power plants.

— The voltage rise at the connection point (point of common coupling PCC) and
in the power system must remain below the permissible limits.

— Voltage changes by switching of the generation must remain within permissible
limits.

— The power quality with respect to harmonics, interharmonics, asymmetry and
ficker must be properly maintained and not degraded by the connection of the
generating system.



12.2.2
Short-Circuit Currents and Protective Devices

All installations must be able to withstand the foreseeable short-circuit stress and
the proof has to be documented in a suitable way. If the short-circuit level in the
system is increased by the connection of the generation, which is generally the
case, suitable measures to limit the short-circuit current have to be planned and
installed by the contractor. If data concerning the expected short-circuit current
are not known, multiples of the generator rated current are to be used as the con-
tribution to the short-circuit current:

— Synchronous generators lie=8xl

— Asynchronous generator I =6xIg

— Inverter Ifz=uptol4xls.
12.2.4

Voltage Fluctuations and Voltage Increase

Voltage changes due to the connection of generation must be limited to 2% of the
nominal system voltage for connection to MV and HV systems or 3% in the case
of LV connection, taking account of the number of switching operations per
minute (switching frequency). With high-voltage transmission systems it is imper-
ative that during switching of individual generation units—for example, one gen-
erator of a wind park-the voltage change remains below 0.5%. The maximal
voltage change can be estimated according to Equation 12.1.

Al e = ki (12.1)
Skpce
with
Stuoe = initial short-circuit power at point of commeon coupling
S.; = nominal apparent power of the generation unit
kimz = maximal switching factor as ratio of starting current to rated current k., = L/I;
kiwex = 1: synchronous generator with exact synchronization, inverter
k... = 4: asynchronous generator, switching with 95-105% of synchronous
speed
ki = L/ I asynchronous generator with direct start method
ki...=8: in case I_/] is unknown.



12.25
Harmonic and Interharmonic Currents and Voltages

The connection of generation units must not cause any system disturbances
in the higher frequency range. Special care has to be taken of this in the case
of connection of generation equipped with power electronic converters, such
as used in photovoltaic and wind energy installations. The harmonic emissions
are to be proved by conformity certificate of the manufacturer or by any
independent certification agency in accordance with the different parts of IEC
61000.

For connection to the LV system, the standards in [EC 61000-3-2 (VDE 0838-2)
and IEC 61000-3-12 (VDE 0838-12) are to be taken into account. For the connection
to the MV system as well as in the case of missing electromagnetic compatibility,
the permissible harmonic and interharmonic currents I, and I, must be deter-
mined from Equations 12.5,

Typer = byper *Skpec harmonics (12.5a)

T yper = byper * Skipce interharmonics (12.5h)

Read other topics in Chapter 12



Protection of Equipment and Power System Installations

13.1
Faults and Disturbances

Electrical equipment has to be designed and constructed in such a way as to with-
stand the foreseeable loading during its lifetime under normal and emergency
conditions. Generally it is economically not meaningful and technically not real-
istic to design equipment for all loadings and disturbances. Among others factors,
the following should be mentioned:

— Unforeseeable site and ambient conditions such as flooding of basements where
cables are laid

— External influences such as mechanical damage by construction work

— Atmospheric influences such as lightning strokes in line conductors and
structures

— Aging and loss of dielectric strength of non-self-healing insulation, for example,
oil-iimpregnated paper

— Internal influences such as short-circuits due to insulation failure.

It is therefore necessary to install devices for the protection of equipment which
limit the effects of unforeseeable faults and loading on the equipment and protect
it against cascading damage. These protection devices must be capable of differ-
entiating between normal and disturbed operating conditions and they must
operate reliably to isolate the damaged or endangered equipment as soon as pos-
sible from the power supply. It is not the task of the protective devices to avoid
errors and disturbances. This can be achieved only by careful planning of the power
svstemn, by thorough project engineering of the equipment and by appropriate opera-
tion. Protective devices are to fulfill the following four conditions (“Four § criteria”):

— Selectivity: Protective devices shall switch-off only that equipment affected by the
system fault or impermissible loading condition, the nonfaulted equipment
shall remain in operation.

— Sensitivity: Protective devices must be able to distinguish clearly between normal
and impermissible operating conditions or faults. Permissible high loading of

equipment during emergency operation and small short-circuit currents are to
be handled in a different way.

— Speed: Protective devices are to switch-off the faulted equipment from the power
supply as soon as possible in order to limit the effects of the short-circuit or
impermissible loading.

— Security: Protective devices with all their associated components such as trans-
ducers, cable connections, wiring and trip circuits must operate safely and reliably.
As faults in power systems are comparatively rare, protective devices must
continue to be able to fulfill their function after many vears of stand-by operation.
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Table 131 Criteria, faults and operation criteria for protective devices [67].

Criteria Operation criteria  Fauly disturbance  Protection of equipment
Curremt (wveroument Shon-ciroutt Cvercurrent prowection of lines, wransformers, moors
werload and generators
Differensial Shor-cirou Differensizl prosecion of lines, wansformers and
CUTTEE EETIETZ LTS
Valeage Vohage increase loadshedding — Owervoltage protection of lines, tansformers and
GETIETZ NS
Meutral voluage Earth-Fault Earth-faule prowecuon of lines, tznsformers and
EETIETZ S
Voltage dip Moaor stare-up Undervohzge proweciion of motors and genetasors
Short-ciroui
Impedance  Low smpedance Short-cirou High-tmpedance prowecsion of bushars
Ratio BJX Shor-cirou DMstance prosecelon of Ines, ansformer s and
EETIETZ LTS
Power DHrection of Shon-ciroatt [Mrectional overcurrent provection of lnes
pmer How Heverse power of generators
Active power 1n Earth-Fault Earth-fank prowecson of lines
ZETO-SRQUENCE
CHmpanent
Fregquency  Change of Shore-cirous Progecelon of generzors
{frequency Loss of load General task of systen prosecelon
Increase of load
Under-fover- Loss of load Proeecelon of generzwors
frequency Increase of load  General task of system proeecrion
Phaseangle  Change of Shor-cirou Vector relay of genetasors
phase-angle
Harmaonics Power elearonic  Protecron of capaciors
and high Shor-coroust Rush stabiltzation
frequencies Earth faul Earth-fank prowecion
Temperamre [ncrease or werload Cwerload proseceon of wansformers and cables
decrease of Short-ciroui
teTIpeTasre
Arc Radiasion Shor-cirou Protecon of swischgear cubicles and swivdhgear rooms
Pressure High pressure Short-cirou Protecton of swischgear cubicles and swivchgear rooms
Low pressure Leakage Proeecion of gas-Insulated cables and swirchgear
Speed Change of oll-flow  Owerload Onl-streamn prowecon of wansformers (pressure
in eransfrmers Shor-cirou swhch or Buchholz-protecion)
Volume Decrease Leakage Protecon of equipment with otl-insuladon

Read Chapter 14

Read other topics in Chapter 13



15
Influence of Neutral Earthing on Single-Phase
Short-Circuit Currents

15.1
General

Currents and voltages in case of shori-cirouits with earth connection [e.g. single-
phase short-cirouits) depend on the positive-sequence and zero-sequence imped-
ances Z; and Zy. If the ratio of zero-sequence to positive-sequence impedance is
k= Zy/Z, the voliages in the non-faulted phases and the single-phase short-circuit
current are calculated according to Equation 15.1.

JE+E+1
L =K J=E -ﬁ-% (15.1a)

E 3
£y 2+k

Ifh=

{15.1k)

If the voltage E, is set to E= U3, similar to the equivalent voltage at the short-
circuit location, then

JETE+ -
I T (1519

{15.1d)




15.2
Power System with Low-Impedance Earthing

Low-im e earthing is applied worldwide in medium-voltage and high-voliage
systems with nominal voliages above 10kV. Power systems having nominal velt-
ages U_ = 132kV are generally operated with low-impedance earthing. In order 1o
realize a power system with low-impedance earthing, it is not necessary that the
neutrals of all transformers are earthed, but the criterion should be fulfilled that
the earth-fault factor [ratio of the line-to-earth voltages of the non-faulted phases
to the line-to-earth voltage prior to the fault) remains below k < 0.8+3. The disad-
vaniage of earthing all neutrals is seen in an increased single-phase short-circuit
current, sometimes exceeding the three-phase short-dreuit current. The neutral
of unit transformers in power stations should not be earthed at all. as the single-
phase shon-circuit current will then depend on the generation dispatch. As the
contribution of one unit transformer is in the range of some kiloamps. the influ-
ence on the single-phase short-circuit currents is significant.

Based on Figure 15.1 and assuming a far-from-generator short-circuit with posi-
tive-sequence impedance equal to negative-sequence impedance. Z;, = Z;, the
single-phase short-circuit current is calculated by

- c-T-U

= 15.1
=kl I'Z[ + gﬂ l: ]

with voliage factor ¢ according to Table 11.1. If the single-phase shori-circuit

current is related to the three-phase short-circuit current as

ar ":'Un

L= (15.2)
it follows that
Li__ 34 (15.3)

I 22+ 2o



Table 151 Characteristics of different types of neutral handling in power systems.

Iscdated meutral Low-impedance earthing Earthing with current limitation Resonance earthing

Single-phase fult curren Capacive earth-fault Single-phase jearth-fauly)  Single-phase (earch-Guly shon-  Residual earth-fank corrent

[short-cirout current) current shor-ciront qurren: circule current
1= w300, w_ 3L, [7= w3l L= 10300, G+ 19

_.:_[1:_:;"'2_;1] _"_—@|+2_::}

Increase of voleages 2t non- Presem No Increzse No increase Present

fauleed phases Upmea U = 0.6 Ut /U < 0.3-0.45 Uppreef Uy = 04506 Uppesef Uy = 006

Earth-Fault faceor § =3 <1.18 138 ...43 =310 L1xy3

Ratio of impedances Zy/Z, Generally high -4 w4 — Infinley

Extingnuishing of fault arc Self-exunguishing (see Mot sali-minguishing Self-mumguishing In rare cases Self-xunmashing (see Figure
Figure 15.7) 15.11)

Repetiton of fuls Douhle earth-fanlk Nona None Double earch-Faak
Re-ignition of earch-fault

Voltage ar earthing U, =125V Uy = 125V permited U, = 125V permised U, = 125V

elecrrode Ly

Touch vohage L U, < 65V see VDE 0141 see VDE 0141 U, < 65V

i, = nominal system voltage.

Uy = rnaximal voltage in the rero-sequence srstem, that is, at neatral of tansformer.
0 = angular velodity of the power system.

Cp= Line-to-sarth capaditance of the power system.
&y, Z) = zem-sequence and positive-sequence impedance of the system, respectively.
iy = darnping of the power system, see Section 15.5.
= Detning Bctor, see Section 15.5.

m| By g asvapad iy o] Y weEls @nag 75y
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Fegure 15.10 System with resonance sarthing, earth-fault in
phase L1. (3} Eguivalent circuit diagram in the thres-phase
system; (b) eguivalent diagram in the system of symmetrical
Components.

will be set in resonance to the line-to-earth capacitances of the system. The
principal of the arrangement of a power system with resonance earthing is out-
lined in Figure 15.10.

The impedances of transformers and lines of the positive-sequence component
can be neglected compared with those of the zero-sequence component due o the
order of magnitude of the impedances. The admittance of the zero-sequence
component is given by Equation 15.12

1

— g 15.12
[T i (13-12)

L:im-CH
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with
C; = line-to-earth capacitances of the system
t = angular frequency of the system
Bi= resistance of the Petersen coil
Xy = reactance of the Petersen coil. X, = wl
= admittance representing the conductive line losses.

After some conversions, Equation 15.13 follows:

L;,:il’.{l-ﬂ::- 1- +iE (15.13)
3--I1111-I-|J-Ci-i 1—1—Di
Xno

The impedance of the Petersen coil appears with its threefold value in the zero-
sequence component [B0]. It is assumed that Ry << Xp and that the losses of the
Petersen coil are summed with the line-to-earth losses and are represented as
admittance Gy, of the line. The admittance in the zero-sequence component is then
given by Equation 15.14a.

Y, = jm-CE-[l—TL_CE]+ Ge (15.14a)
The maximal impedance is obtained if the imaginary part according to Equation
1511 s Equa] to zero and the current of the Petersen coil [ is equal to the capaci-
tive current [ of the system. As indicated in Figure 15.10, the line-to-earth
capacitance Cy, the reactance 1l and the ohmic losses By = 1]G; form a parallel
resonance circuit with resonance frequency according to Equation 15.15.

o= 15.15

LG B

The resonance Frequenqr in case of resonance earll']in.g is to be the nominal

frequency f= 50Hz or f= 60 Hz. Defining the detuning factor v according to Equa-
tion 15.16a,

Iy—Ics 1
= =1- 15.16a
g fc: 3-!]31-]'.[.-1:: [ }
and the system damping &, according to Fquation 15.16b,
g
dn= 15160
e ( ]

the admittance of the FETO-SEUENCE component is given I:E.r Equation 15.14hb.

Yo=0-Ci fjv = B) (15.14k)
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The admittance will be minimal and the impedance will be maximal in case of
resonance tuning (v = 0). The earth-fault current I, in general is obtained with
Equation 15.17a

L= 30U -0-Ce-fjr+ &) (15.17a)

In case of resonance tuning (v = 0) the earth-fault current is a pure chmic current
and is calculated according o Equation 15.17hb.

I =¥3U, -w-Cg-B, {15.17h)

The line-to-earth voltages of the non-faulted phases increase to the value of the
line-to-line voltage in case of a single-phase earth-fault. which is further increased
due to asymmetrical system voltages, resulting in a higher displacement voliage
between neutral and earth. In order to avoid the high voltages in case of exact
resonance tuning, a small detuning of 8-12% is chosen in practice.

The task of resonance earthing is to reduce the earth-fault current at the fault
location to the minimum or nearly to the minimum by adjusting the Petersen coil
to resonance or nearly to resonance with the line-to-earth capacitances. The ochmic
part of the residual current i cannot be compensated by this. If the residual
current is small enough, self-extinguishing of the arc in air at the fault location is
possible. VDE 0228 part 2:12.87 defines the limits for self-extinguishing of residual
currents Iy, (and capacitive earth-fault currents 1) for different voltage levels as
outlined in Figure 15.11. It can be seen from Figure 15.11 that the limit for chmic
currents is nearly twice the limit for capacitive currents.

The Petersen coil can only be tuned for one frequency {nominal frequency) in
resonance. Harmonics that are present in the system voltage increase the residual
current at the fault location.
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Figure 15.11 Limits for self-ectinguishing of ohmic currents
loe @nd capacitive currents [ according toVDE 0228-2-1987.



16
Tendering and Contracting

1&.1
General [Project Definition)

The preceding chapters have dealt with the needs and basics of power system
planning and principles as well as focusing on basic design aspects of main power
system components. Based on recommendations resulting from various studies,
the project engineering phase, as the next step, mainly covers the design, tender-
ing and contracting/project implementation phases.

In this chapter the focus is set upon the general procedures and activities during
the project engineeting pluae up to contracting project :implemenmtic-n, after the
project has been approved for realization and execution.

The creation of projects in the field of power and energy may be required for
various reasons [refer also o Chapter 3), such as:

— Construction of new substations, overhead transmission lines or power cable
systems as a result of power system planning

- Extension of existing power systems due to expansion of the supply areas,
increase in power demand, addition of new supply point(s)

- Re-<configuration of existing power network(s) to cope with developments and
requirements in cities, regions or countries

— Interconnection between power systems

— Development of new power supply network(s) for new industrial complexes,
newly created cities, resorts

— Addition of new or extension of existing power plants

— Improvement of existing power supply or electrical networks to increase
reliahi]jl}r, operation ﬂe::il:-i]:it]r, reduce network losses

— Behabilitation or refurbishment of existing plan.u substations, lines or
components to meet the increasing requirements of power system development
and expansiomn.
The engineering activities required to realize the planned project are @rried out

by the engineering divisions of the dient [e.g. a utility). or are assigned o an

ENZINeETing company.
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16.2
Terms of Reference [TOR)

Terms of reference for a defined project are issued by dlients/authorities and
describe the services, supplies and work requested for the execution of the project
under its terms and relevant regulations. Eligible or short-listed companies are
invited to offer the work and services.

The terms of reference (TOR) are normally prepared by the client. The TOR
serve to give a comprehensive overview of the client and its crganization, the
nature and status of the project, the requirements for services, engineering ser-
vices, hardware and software, implementation schedule and commercial condi-
tions and to outline the objective (such as to construct new high-voltage substations
and overhead lines to meet the continuing growth in power demand, or to inves-
tigate the power interconnection with an industrial company to improve the reli-
ability of power supply).

Formally the terms of reference are structured as detailed below.

16.2.1
Background

The functions and areas of responsibility of the client and the organization of the
power sector are outlined, for example. responsibility for generation and transmis-
sion of bulk power throughout the country, or responsibility for distribution of
electric power. Data and information relevant to the power system and system com-
position are stated, for example, radial distribution and transmission system.

16.2.2
Objective

Under this section three examples of projects are selected which are defined e.g.
by utilities or power supply companies under development or power system expan-
sion programs, or part thereof, with the aim o cope with the requirements of
increasing power demand or changes in the power network structure.

— The client [e.g. in south-east Asia) plans to expand the existing 115/22kV supply
system with new 115/22kV substations and switching stations in order to cope
with the continuing growth in demand. Engineering services are needed to
design the substations and switching stations and prepare umkey soliciation
followed by the tendering procedures.

— The dient [e.g. in a Middle Fastern country) intends 1o cary out conceptual
and engineering design, including preparation of tender packages for the
reinforcement of electrical power supply at a large industrial complex. The
engineering tasks include the conceptual and front end engineering design,
preparation of tender packages. and identification of connection options with
the required power system studies to support the selected option.

Read other topics in Chapter 16



