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1. INTRODUCTION

Planning of the reactive power resources in a
power system is a comprehensive and complicated
task. It invelves determination of

- the total amcunt of reactive power resources
to be installed in the system

- its distribution in the system, geographic-
ally and among voltage levels

- its subdivision into different kinds of reac-
tive power compensation equipment.

The reactive power planning preoblem includes
determination and allocation of reactive power
reserve needed during disturbance situations.

In order to achieve optimal design, it is also
necessary to compare reactive power installations
with other network solutions. Investment costs
for reactive power installations are low compared
to the costs of active power generation or trans-
mission lines. They have a much shorter construc-
tion time and also less influence on the environ-
ment.

Planning and cptimization of reactive power com-
pensation in a system is a part of the overall
planning of the system and it should be based
upon the same design criteria and system con-
straints as the planning and design of the whole
system.

In this paper a stepwise procedure for planning
of reactive power compensation is suggested and
the planning process is described. & checklist
for optimization of reactive power resources in a
power system is presented.

2. REACTIVE POWER GENERATION AND ABSORBTION

Reactive power is produced or absorbed by all
ma jor components of a power system: generators,
power transfer components, loads and reactive
compensation devices.

- generators control the voltage by generation
or absorption of reactive power. The gene-
rator is limited at full active load by the
rated power factor, which usually lies within
the range 0.75 to 0.95. Within a power factor
range of 0.9-1 there are practically no addi-
tional ecosts for supply of reactive power.
The capacity for absorbing reactive power is
often limited by an underexcitation limiter,
the setting of whic¢h is determined by syn-
chronous reactance of the generator and its
voltage regulator characteristics.

- the reactive power absorbtion of transformers
usually lies between 5 and 20 ¢ of the trans-~
former rating at rated load, with low walues
for smail and high values for large trans-
formers at higher voltage levels.

- the line charging of overhead lines amounts
to about 0.05 to 1.0 Mvar/km for 130-500 KV
lines. For cables the charging is much high-
er, 0.7-18 Mvar/km for paper insulated
cables of the same voltage range. For poly-
ethylene or gas insulated cables the charging
is lower. The reactive absorbtion of overhead
lines depends upon the loading, and equals
the charging at the surge impedance loading
which ranges from 30 to 1100 MW for 130-500
kV lines. The reactive absorbtion of cables
is much lower - less than 0.1 § of the cable
rating per kilometer.

- the reactive power abscrbtion of a HVDC con-
verter station is 50-60 § of the active power
converted and can be increased if needed for
voltage control purposes.

- composite loads generally absorb reactive po-
wer in varicus proportions of the active
power. The only type of individual load which
can also produce reactive power is the syn-
chronous motor.

The synchrenous condenser, the shunt reactor, the
shunt capacitor, the thyristor- controlled static
var compensator and the saturated reactor static
var compensator make up the shunt compensation
devices.

- the synchronous condenser is the traditicnal
means for continucus contrel of reactive
power. In recent years it has been superseded
by the thyristor controlled static var com-
pensator, except in special applications such
as at HVDC inverter stations in weak systems.

- the shunt reactor is usually the most econom-
ie special means for reactive power absorb-
tion. It is applied in conjunction with long
EHV overhead lines or cables.

fixed or mechanically switched shunt capaci-
tors, which usually are the most economic
means for reactive power generation, are
commonly used in distribution systems for
power factor correction and reduction of
transfer losses. Shunt capacitors are alsc
used in transmission networks under heavy
load conditions.

- a Static Var Compensator (3VC) of thyristor-
contrelled type is a shunt reactive device,
the reactive power of which can be varied
rapidly by thyristors connected in anti-
parallel. Two types of controlled elements
are used, the Thyristor-Switched Capacitor
(TSC) and the Thyristor-Controlled Reactor
(TCR) or {TSR). The main purpose of most
installations is high- performance voltage
control, and sometimes damping of power
oscillations or transient stability improve-
ment.

- a Saturated-reactor Static Var Compensator is
a shunt reactive device, the reactive power
of which inherently varies with the applied
voltage. Tts characteristics are modified by
shunt capacitors for range adjustment, series
capacitors for slope adjustment and trans-
former tap changing for set point control.



Long transmission lines or cables can be discon-
nected during light lcad hecurs in order to reduce
the reactive power input into the netwerk. This
method can only be used if it does not reduce
reliability excessively. It will however increase
network losses.

Series capacitors may be installed in long EHV
transmission lines. Apart from the reductiocn in
series reactive power losses the principal reason
is to increase the transient stability limit and
to improve load division between parallel cir-
cuits of different length of construction.

A comprehensive report on this matter is attached
as Appendix 1,

3. REACTIVE POWER DEMAND AND MODELLING
3.1 Network Reactive Power Demand and System
Representation

The reactive power demand in a power system
results from the reactive consumption of the load
and from the reactive losses in network. There-
fore, the analysis of reactive demand cannot be
dissociated from the representaticn of network in
the models.

In LV and MV networks, the reactive losses are
low and vary according to the load. These net-
works which are mostly unmeshed do not need to be
represented and their losses can be incorporated
in the load consumption.

In transmission networks on the other hand, the
reactive power losses depend mainly on the real
power transfer and netwerk configuration. In this
case, it may be necessary tc model the network in
detail.

Subtransmission networks can fulfill distribution
and transmission functiens. If only transmission
planning is invelived, and for steady state
studies, subtransmission networks can be included
in the lcad or represented by an equivalent.

For large interconnected systems, it may be neces-
sary to divide the system into areas, and to study
each area separately. This leads to the use of
equivalents for the parts of the systems which

are deleted. The choice of equivalents depends on
the system configuration and the method of opera-
tion.

As an example, different equivalents are often
ugsed for main transmission and regional networks.

3.2 Load Characteristics and Modelling

"Loads"™ in main system reactive power studies are
modelled as injections at the EHV or HV buses, In
fact each injection is usually a combination of
different components such as industrial loads
composed of various kinds of motors and other
types of equipment, commercial and air condition-
ing loads as well as residential lcads. Included
are many loads without reactive demand such as
lighting and electric heating.

These loads are linked to the HY or EHV buses by
HV, MV and LV networks and by transformers
equipped with on-load tap changers used for auto-
matic voltage control on the subtransmission and
distribution networks. These networks, apart from
any compensation equipment installed in them, are
usually net consumers of reactive power, so that
even a heating load will result in a reactive
demand on the EHV or HV bus.

Although load alsc depends on frequency, the load
dependency on voltage is more important for reac-
tive compensation studies, due to the large range
of voltage variation tc be considered ceompared to
frequency variations.

The most commen representations of power system
loads are:

- fixed P and Q medel: load remains constant as
the voltage changes

- fixed current: power is proportional to vol-
tage

P = P (g—o) Q=0 (%;)

- fixed impedance; power is a function of the
voltage squared

P - P (%5)2 Q=q, (&

Other models which are used include:

- composite leoad model, which is a combination
of the three types listed above:

v y2
P = P, (A1+A2‘§;>+A3';;2)

Q =19, (Bi+Bz.X ,p 2 )
Vo 3 v02
- exponential models:

a
P, (4 Q= (5
Vo o

The adequacy of the different models depends on
the kind of study (steady state or transient) and
on the methods used to solve the problem.

In steady state studies performed in order to
define the amount of compensation devices neces-
sary to obtain a satisfactory voltage profile in
normal or emergency operating conditions, it is
generally sufficient to assume that veoltages
applied to loads are held constant by transformer
voltage regulation, Therefore fixed P, Q models
are sufficient. However, in cases where the
system has weak voltage conditions or where
transformer tap changers are not properly co-
ordinated at various voltage levels, special
attention may have to be pald to short term load
characteristics which could affect voltage stabi-
lity.



In the seconds and minutes following a system
disturbance the load which is imposed on a HV
busbar will vary not only according to the chosen
locad/voltage characteristics, but also according
to the operation of transformer tap changers at
the various voltage levels, Modelling of this
process can be critical to prediction of voltage
stability.

It 1s important that tap changers at the lower
voltage levels are appropriately delayed, so that
voltage correction for main system disturbances
takes place first at the highest voltage level,
as this will result in the monotonic progression
of loads to prefault values., If, instead, lower
voltage transformers correct distribution vol-
tages before higher voltage busbar voltages are
restored, then distribution loads will be restor-
ed at an early stage. Subsequent higher voliage
tap changes will cause the distribution voltage
to rise above normal, resulting in "load over-
shoot". Some authorities bloek distribution tap
changers following a severe voltage disturbance
by telecontrol to avoid this.

The load overshoot condition is more onerous than
constant power, and is further aggravated if
shunt capacitor compensation is located at higher
voltage levels. Where the tap change timing is
krown to be correct, it is sufficient to model
the immediate post-disturbance condition accord-
ing to the chosen load/voltage characteristie,
and the final steady-state condition as constant
active and reactive power.

In transient studies the load characteristics
have great effects on system stability and simu-
lation results can change significantly as
different load representations are used. The
c¢lassical model used for transient stability
studies is fixed impedance representation. From a
physical point of view, constant Q and constant
active current often seems to be more realistic
in long term studies.

There iz much effort to improve knowledge of
dynamiec load behaviour, particularly the voitage
dependence. The most common method of obtaining
data is to measure the slopes dP/dV and dQ/dV
within a rather limited range of voltage varia-
tioen. Results may be available for individual
components or for composite loads from measure-
ments on the network buses after changing the
transformer taps. However, these results based on
a narrow range of voltage variation (< 1¢ %) must
be applied with caution to studies which involve
wide ranges of voltage variation.

If voltage is expected to fall to below 80 ¢ of
nominal voltage or rise to above 110% of nominal
special models of reactive power load should be
used. Important non-linearities are caused by the
stalling or tripping of motor loads at low vol-
tage, and the saturation of iron-cored equipment
at higher voltage.

3.3 Reactive Power Load Forecast

Reactive power leoad forecasting is usually based
on the forecast of active load. One common method
is to measure the Q/P ratio at the EHV/HV or HV/
MV buses of the existing networks. The reactive
load forecasting is then performed by extrapola-
tion of the power factor. However, this often
consists in assuming that the power factor is
constant in the future.

In such investigations it is important to take
into account the reactive power compensation
devices connected in the systems below the point
of measurement in order to deduce the natural
reactive load. Measurements must also be made for
different periods, such as peak load and 1light
load conditions,

One way to improve reactive power forecasting is
to divide the load into separate types. The
evaluation of the power factor for each load type
may then be studied and forecasted. This approach
is more suitable for forecasting the reactive
power load according to the evolution of the
active load, but it requires more measurements on
the network.

It appears that the reactive power forecast is an
area which could generally be improved, Medels
and methods have to be based on knowledge of load
composition,

More details can be found in Appendix 2: "Load
Demand and Modelling".

y, PLANNING PROCESS
5.1 Introduction
5.1.1 General

The reactive power planning process does not in
prineiple differ from active power planning, i.e.
planning of the transmission netwerk to transmit
active power. Similar steps have to be performed
in the planning process for both active and reac-
tive power.

There is, however, one important difference
between active and reactive planning: the capital
cost. Investment costs related to reactive power
usually reach only a few per cent of the corres-
ponding cost for active power in a large system.
Consequently, most resources in planning are
devoted to active power, which always has first
priority.

Satisfactory system operation needs both active
and reactive power balance. But reactive power
balance is a more loeal problem, because reactive
power transport, especially in overhead line
systems, is always associated with a voltage drop.
However, reactive power plays an important part

in the power system, and it is possible to gain
improved system performance by optimizating the
reactive power installations and operation.



The process cof planning reactive power in order
to handle voltage and reactive power problems is
described in this chapter. Reactive power in-
stallations can also reduce investments for net-
work components such as lines and transformers.
This aspect is treated in paragraph 4.7.1.

h.1.2 Planning Aspects

In general the power system should be dimensicned
in such a way that high security is obtained. The
dimensioning criteria are determined with respect
to security level and cost.

The ¢riteria used for active power system plan-
ning are in most cases applicable also to reac-
tive power planning. However, some changes and
additions may be necessary.

The ¢riteria should be chosen 30 that the network
is able to withstand most common disturbances
without exceeding specified voltage limits, loss
of leoad,or breakdown of the network. Examples of
dimensioning disturbances are: tripping of any
generation unit, line or transformer, a trans-~
mission line fault, or a fault on a busbar sec-
tion. These criteria are the basis for determin-
ing the transafer capability of the network. Vol-
tage control, thermal limits and dynamic condi-
tions must be taken into account when the cri-
teria are applied to the network. In many cases,
the latter will be critiecal. Voltage limits in
different points of the system are also import-
ant.

The eriterion might include a margin from voltage
collapse conditions to allow for unforeseen load
or transfer [5] .

4.2 Steady State Conditions

4.2.1 Yoltage Quality

The purpose of the steady-state voltage control
is to keep the distribution bus voltages within
narrowWw limits, as the demand varies. The desir-
able voltage range could be a few per cent around
the nominal voltage and the requirement might be
for a higher voltage at peak load than at light
load. The reactive resources must be dimensioned
to maintain acceptable voltage levels under both
high and low load conditions.

Narrow limits on voltage need to be applied only
to customer busbars. Apart from sudden changes,
much bigger overall range may be used on the
transmissicn system without ill effect.

Both normal and outage conditions, according to
the planning criteria, have to be examined. If
there is an outage, either forced or planned, of
one line out of a number of parallel lines, a
great increase in reactive power demand may be
created.

An important aspect in voltage quality is the
voltage changes which are created when reactive
power sources are switched in or out. Consider-
able experience is available on problems related
te voltage changes at various repetition rates.

The acceptable voltage change depends on how
often they oceur.

The voltage profile of a network is influenced by
transmission design i.e. transmission capacity,
active and reactive power lcsses as well as by
additional reactive power installations. Con-
sideration of cost in the planning stage will
therefore give an optimal voltage profile, e.g.
flat veoltage or voltage drop.

4.2.2 Transfer of Reactive Power

From a technical point of view active power can
be transferred over long distances. This is how-
aver not the case for reactive power, which pre-
ferably should be produced within a reasonable
distance of the demand, since reactive power
transfer incurs incremental transmission losses.

Consequently, subject to economic assessment,
reactive power transfers should be minimized in
order to reduce the current and to avoid voltage
drops. Lower current results in reduced active
and reactive losses, Lower active losses give
direct economie gain due to reduced production
cost. Lower reactive losses may reduce the total
reactive power installations. Installation of
Some reactive power may, however, be justified.
For example when it is available at lower c¢ost at
the sending end than at the receiving end of the
system e,g. in generators rather than capacitors,
or in larger sized banks of capacitors at higher
volitage levels.

In some cases 1t may be possible to reduce power
rating of equipment. Network elements such as
transformers and cables can be operated at higher
power transfer if they need to carry less reac-
tive current.

In some systems dimensioning criteria are used to
specify desired or permitted reactive power trans-
fer. One criterion often used is to avoid
transfers between different voltage levels. In
these cases planning can be performed for example
at the EHV-level without consideration of lower
voltage levels. Another criterion can specify an
upper limit for reactive power transfer between
geographical areas which may correspond to the
ownership of networks.

Such criteria should be based on an economic
study which considers the cost of installing
reactive compensation equipment at various vol-
tage levels, and the cost of real and reactive
power losses,

8.2.3 Specification of Equipment

When equipment mainly related to active power,
such as generators, transformers and over-head
lines, is specified special attention must be
paid to reactive power, The reactance in network
elements causes reactive power losses and voltage
drop across the element.

The reactznces must consequently be chosen taking
reactive losses into consideration. This is often
done by comparing the cost for reduced reactance
with the cost for compensation of reactive power
losses.



The voltage drop across elements will cause vol-
tage variaten as the power flow through the ele-
ment changes. Maximum permitted voltage varia-
tions may set a limit for the reactance. It is,
however, often possible to compensate the voltage
drop by means of transformer tap c¢hangers and in
these cases the penalty is the cost of an in-
creased range of taps and additional amounts of
reactive power.

It must be kept in mind that choice of a low
series reactance increases fault current levels
which may result in a higher cost for higher
rated equipment, or result in unacceptable
cperating arrangements.

It is therefore necessary to compromise between
cost for high short-circuit current and trans-
mission capacity.

In normal cperation generators produce or absorb
reactive power. In a network outage situation the
generators may have to change reactive power
production to control the voltage. The reactive
power generation capability of a generator
depends to a large extent on the rated power
factor. In order to secure adequate voltage
support during outage conditions, the rated power
factor has to be chosen carefully when a
generator is specified. For stability reasons,
small generator reactances are preferred. The
tap-ratios of generator step-up transformers have
also to be chesen with serious attention.

8.3 Dynamie Conditions

5.3.1 Transient Stability

Transient stability {or first swing stability)
can be improved by adding transmission lines
between appropriate points in the system.

However, installation of reactive power equipment
will also improve transient stability. The most
efficient installation in this respect is often
the series capacitor which reduces the total line
impedance. The result is that the eguivalent
system impedance between different machine groups
can be reduced. This is the same result as if
more lines were added,

Shunt . compensaticn can alsc improve transient
stability by supporting the voltage in the system
during disturbances. For greater effect a large
part of the shunt capacity must normaily be out
of service but be connected quickly during the
network disturbance, Both breaker switched capa-
citors and reactors, and especially SVC for fast
acting, can be considered.

4,3.2 Steady State Stability
Power oscillations may oceur
machine groups in the system
faults or small disturbances
initial disturbance can be a short-circuit on a
busbar or on a line followed by tripping of the
faulty component, or just minor Tluctuations in
load. Depending on the system layout, amcunt of
power transfer, the kind of fault and its loca-
tion, the power os¢illations will be more or less
Severe. The oscillations are said to be undamped

between different
as a consequence of
in the system. The

if the magnitude of the oscillations increases.
Undamped oscillations may lead to tripping of
lines and perhaps splitting of the sysatem.

Proper voltage control can contribute to damping
of the power oscillations. However, to contribute
to damping, the voltage support source must have
a special regulation facility. Sources which can
improve damping include synchronous generators
and thyristor controlled static var compensators.
In some cases synchronous condensers which are
primarily used for voltage control can be utiliz-
ed,

Special modulation of the voltage control im-~
proves the damping of power oscillations by
affecting the generator voltage and power output
in the correct phase relationship to the rotor
oscillations.

For generators, this can be achieved by the use
of Power System Stabilizers, (PSS).

Static Var Compensators, SVC, can alsc have a
significant influence on damping if controlled in
the correct phase relationship with respect to
generator oscillations, especially if they are
located such that the resulting voltage changes
moderate the power consumed by large loads.

If there are problems in a power system concern-
ing bad damping or even undamped oscillations the
following improvements should be considered:

1. Check the tuning of existing generator vol-
tage regulators and power system stabilizers.

Install Power System Stabilizers on existing
generator voltage regulators.

Install a controlled voltage device (static
var compensator) that affects the voltage and
thus the active output of oscillating gene-
rators.

Apart {rom these measures other network rein-
forcements such as adding transmission lines will
of course improve the damping.

b4 Voltage Collapse

4.4.1  General

Transmission of active power is dependent on the
voltages at both ends of a transmission system
and especially on the transmission angle between
them. If the voltage, especially at the sending
end, is not high enough to transmit the real
power the voltage will break down and the system
Will be exposed to "voltage collapse™., Voltage
ccllapse may cccur as a consequence of:

1. Contingencies which limit the local voltage
control (i.e. unit tripping and excitation
limiting of generators).

Contingencies which increase the transmission
reactances (i.e. line and busbar faults, by-
passing of series capacitor),



3. Contingencies which increase power trans-
mission in the network due to the primary
control of active power (i.e. unit tripping,
network separation etc).

A disturbance segquence may start with a fault
classified as any of the items mentioned above,
If the fault is very severe it may cause a simul-
taneous voltage collapse {and/or other problem as
well). However, if the system is able toc survive
the primary fault, a more critical period, in
terms of voltage stability, will arise after a
short time (up to some minutes).

This behavicur of the system is due to the fact
that the excitation on synchronous generators
will be returned either automatically or manually
to levels within their capabilities, while at the
same time the autematic tap-changer control on
the load transformers will bring the load back
towards its former value. Thus, with nc increase
in reactive support at the receiving end, the
voltage continues to drop, and may reach the
critical point where collapse occcurs.

One method of calculating the margin of a network
from voltage instability is to calculate succes-
sive ordinary load flows for the disturbed condi-
tion, in which the voltage at a particular node
is varied over a range by attaching a fictious
reactive power source. The plot of Q against vol-
tage E will show a minimum eritical Q at the eri-
tical voltage. Figure 1 illustrates the part of
the curve where the system is voltage stable. Tt
is important also to study the dQ/dE ratio. The
precess may need to be repeated at nodes in
different areas of the aystem.

Q
capacitive

stable
unstable

.

Ocrit- ‘ﬁ-

1 - £
Ecrit

Figure 1. Plot of Q versus E

In modelling the system in these load flows it is
necessary to correctly represent the excitation
limiting behaviour of generators, and the behavi-
our of the load and transformer tap changers.

It is important to notice that in the period
to the time when the voltage collapse occurs
there is balance between generation and lecad
even an excess of generation if voltages are low.
The frequency will therefore be normal. When the
voltage collapse ocours the system will suddenly
lose its capability to transfer power., This

up

ar

indicates that frequency-activated load shedding
cannot save a network from voltage collapse.
4.4.2 Load Characteristics

The load and its characteristies, especially the
voltage-reactive load dependence, has a great in-
fluence on voltage stability, It should be noted
that for large sustained changes there are loads
with decreasing as well as increasing reactive
consumption as the voltage decreases. A load
which increases its reactive absorbtion will of
course be more onerous than the opposite,

3,8.3 Reinforcement to Avoid Voltage Collapse
Apart from network reinforcements, such as build-
ing an additional line or providing sectionalis-
ing in an existing substation, the following
solutions for avoiding voltage collapse should be
considered in the planning stage,

1. Installation of shunt compensation in order
to allow existing generators, synchronous
condensers and statlc var compensators to be
run with an increased reactive margin.

2. Installation of controlled sources (statie
var compensators, synchronous condensers),

3. 1Installation of series capacitors which will
improve transient stability as well},

4. 1Installation of teleconirol so as to transmit
new reference-values to transformer tap-
changers, and signals to reactors, capacitors
and SVC, in certain circumstances,

It should be noted that shunt compensation of a
heavily loaded and overcompensated system by
means of breaker switched capacitors will tend to
decrease the voltage stable range of the system.
This is due to the fact that the reactive power
infeed to the grid from the shunt elements de-
creases with the sguare of the decreasing vol-
tage. Thus voltage collapse oceurs at higher vol-
tage in such systems. For further details, see
Appendix 3, [1] y {2] and [5] .

4.4.4 voltage Rise

Voltage rise may origin from several causes.
Reduction of load during parts of the daily load
cyele will give a gradual veltage rise. If not
contrelled this high voltage would shorten the
life time of insulation material. Sudden voltage
rise can result from disconnection of loads or
other equipment. High voltages caused by these
events can often be taken care of by breaker
switched shunt compensating devices. Generators
or SVC will however give a more efficient voltage
regulation.

4.5 Temporary Overwoltages

The connection between planning of reactive power
and control of temporary overvoltages is most
visible in the upper EHV region, Due tc the high
cost of the transmission lines, reducticon of
temporary cvervoltages is a major economic con-
cern.



The open end steady state voltage on an energized

unloaded line can be expressed by the following
formula:
U=z=Up * ks * kj where

Uy = the preswitch sending end bus voltage.

kg is a multiplying factor for steady state
voltage at the sending end

kg = 1/7{1-Xg - B}

X5 is the source reactance
BL is the line susceptance
sending end.

as seen from the

kj = is a ferrantl effect constant = 1/cosh @
where

@ is the electrical length of the line, which
in turn is equal to the physical length of

the line times the prcpagation constant.

The reduction of the steady state voltage on the
switched line is particularly important if trans-
former termination is used as a means of post-
poning the costs of breaker installation. The
saturation of the transformer produces current
harmonics which are injected into the feeding
cireuit, consisting of the line, reactors, the
source etc. The result is a temporary overvoltage
including harmonics that might be close to system
resonance. Shunt reactors are effective in reduc-
ing temporary overvoltages. SVC's can alsc reduce
overvoltages, provided the design parameters are
suitably chosen.

8.6 Resonance Phenomena

Reactive power compensation eguipment can produce
or reduce resonance overvoltages. Five areas are
of major interest:

- Subsynchronous resonance created in a series
compensated network at low load or no lcad.

- Harmonics generated by saturation of trans-
formers.

- Harmonics generated by TCR and saturated
reactor types of compensators.

- Power frequency overvoltages following unsym-
metrical energization of a transmission line
With line side connected shunt reactors,

- Resonance of capacitor banks with system im-
pedances at particular harmonie frequencies
causing high harmonic currents tc flow and
high harmonic voltages to occur locally.

The subsynchronous resonance can be dealt with by
control actions on the series capacitor bank.
When applicable, control actions on connected
HVDC stations can also be used to eliminate sub-
synchronous resonance conditions.

Harmonics generated by saturation can be dealt
with by specifying a satisfactory level of the
saturation point or by control of shunt connected
reactive compensation,

A particular problem concerns line side connected
shunt reagtors. If a line is energized unsymmet-
rically, caused for example by a single phase
reclosing, a zerc sequence voltage component is
injected at the line terminal. If the degree of
shunt reactor compensation is in the range of
60-90 % and the shunt reactors are directly con-
nected to ground with no neutral circuit, danger--
ous temporary overvoltages can occur on the dis-
connected phase(s). This results from series
resonance between the interphase capacitance and
the resultant induective admittance of the dis—
connected phase. The problem can be dealt with by
avoiding iine side conmhection of the reactors or
by the application of a neutral reactor scheme
which compensates for the interphase capacitance,

4.7 Economic Considerations

It would be ideal, but not achievable in prac-
tice, to plan and design electric power systems
in a complete economic optimization process,
where every variable of the system is expressed
in monetary terms. However, it is often diffi-
cult, and sometimes impossibie, to achieve a
proper eccnomic evaluation of every parameter and
every quality concerned. Instead the design is
often based upon a number of design rules which
make special technical demands on the system and
its behaviour in different operational situations
and give it a reasonable reliability level. But,
when working cut these rules economic factors
must be considered.

However, within the limits set by the design
rules there is often opportunity for economic
optimization. This also applies to the reactive
power equipment which, as stated before, should
be designed using the same rules as the entire
system, Economic considerations ean influence the
choice between different technically equivalent
solutions and the location and subdivision of
reactive power equipment. System losses and in-
vestment and maintenance costs of installations
are then the guiding economic factors,

Choice between Reactive Power Installa-
tions and Other Network Solutions

4.7

Transmission capacity and stability conditions
can be improved by increasing and stabilizing
network voltages and by reducing the transmission
impedance. This can be done by installation of
reactive power equipment, by increasing the
number of transmission lines, by introduetionh of
fast acting power system stabilizers on generat-
ors, and by other improvements in contrel techno-
logy. Economic comparisons often favour reactive
power equipment from an overall cost point of
view. In a developing system this means postpone-
ment of other system installations or even their
replacement. SVC systems installed to increase
damping and improve transient stability and vol-
tage control, can also be economically utilized
as alternative or supplement of reactive power
reserve in generators.

When compariscn between reactive power equipment
and other transmission investments is undertaken,
a cost reference for certain characteristics can
be developed. For example, in a system with
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extensive use of series capacitors for improve-
ment of transient stability the specific cost for
series capacitors can be used to evaluate the
penalty cost for the reactances of generators and
transformers on the transmission level. This puts
the optimization effort directly into the pur-
chasing stage.

§,7.2 Choice between Different Types of Reac-
tive Power Sources

As a general rule the choice of reactive power
equipment is made based on costs of installation,
maintenance and losses. However, in many applica-
tions the technical characteristics of the equip-
ment will be decisive, and the choice will depend
upon the function to be performed.

A cheap way of producing or consuming reactive
power is to use the capability of the generators
with rated power factor in the range of 0.9-1.0.
Turbo generators which have a low short circuit
ratio (high synchronous reactance) often have a
low capability for absorbing reactive power due
Lo stability limitations when underexcited. For
uniis feeding loag lines shunt reactors must
often be installed to handle the line charging
during light load and switching situations.

Static Var Compensators Comprising T3C/TCR equip-
ment have both techniecal and eccnomic advantages
over synchronous compensators, so the latter have
almost been driven out of the market except for
special purposes, for instance for provision of
reactive power to HVDC terminals. Tt is often
necessary to use synchronous machines of a cer-
tain total rating for this purpese, particularly
at a terminal predominantly used as inverter, in
order to increase the short circuit power and
self resonance frequency of the receiving AC
system.

The high speed eontrol that is available with
thyrister-switched equipment makes this solution
a necessity in some applications with pronounced
control problems, invelving risk of voltage
collapse or other seriocus matters.

h.,7.3 Location of the Installations

Transmission of reactive powWer causes a voltage
drop which increases both active and reactive
system losses. So there may be a gain in system
economy by minimizing reactive power transmission.
This can be achieved by proper loeation of the
reactive power equipment both with respect to
geographic areas and between voltage levels,

However, the low cost of reactive power in gene-
rators, and the ability to use larger bank sizes
with lower specific cost at higher voltages often
justifies economically the transmission of some
reactive power to the load, and from higher vol-
tages to lower voltages.

A matter of a technical nature is the choice
between station side and line side connection of
shunt reactors., The advantage with line side
connection is in reduction of cost for the
switching equipment. Line side connected reactors
can be operated by load disconnected switches.
The disadvantage is a loss of full flexibility in
operation of the bank and the increase in un-

availability of the line due to the contribution
of the reactors.

4.7.4 Subdivision inte Unit Sizes

Subdivision of reactive power equipment into many
small units spread over the system solely to
minimize reactive transmission increases the
total installation costs and is not justified.
Standard bank sizes are used for several reasons.
Advantages of economy of scale in unit size and
production costs, interchangability, supply of
spare parts and build-up of experience are deci-
sive.

The range of the system loading, together with
consideration of contingencies decide the minimum
amount of the reactive equipment which must be
installed as switched units.

The largest size AQ of a breaker connected shunt
compensator is determined by the voltage varia-
tion criterion.

3
AQ = AV )
Vo

where S, is the short-circuit power at the point
in question, and V/V, is the resulting per unit
voltage change.

If veltage control is desired in smaller steps
the total required reactive power must be split
into smaller sizes, or located at a point of
higher fault current level.

Consideration of reliability and availability
will influence the choice of unit sizes in favour
of splitting inte¢ more and smaller units, if
there are only a small number of units on the
System.

5.7.5 Losses

Reduction of transmission losses is a significant
economic factor in reactive power planning. The
veitage criteria and the cost of active losses
determine the degree to which the compensation
should be increased in order to reduce losses.
The gain is highest when improving the compensa-
tion from its minimum point and becomes smaller
as the compensation approaches the point of mini-
mum transmission losses. The gain is also higher
in extended systems with long transmission lines
than in compact networks with short transmission
distances. Taking into account also the relative
costs of reactive compensation plant an economic
optimum is usually achieved when a small part of
the reactive power is transmitted through the
network.

With regard to the use of series capacitors on
long parallel lines it is similarly found that
losses have a predominant influence on the selee-
tion of capacitor bank sizes.

4.7.6 Conclusions

The reactive power installations should fulfil a
number of system requirements and contribute to:

- Compensation of load growth



- Transmission capacity

- Voltage control

- System reliability

- Reduction of network losses

In planning of reactive power several different
problems have to be treated, some of which are
important for long term planning. The uncertainty
of future development has to be considered care-
fully. The cost for reactive power equipment is
only a small fraction of the total system cost.
Deviations from an ecenomic optimum have limited
influence on the total costs. Sensitivity can be
of greater interest than efforts to find a pre-
cise optimum.

It is far more important to find the correct
technical solutions, because of the influence on
the qualities of the supply, e.g. on reliability.

It is not possible to perform an overall economic
optimization and the planner has to perform a
number of sub-optimizations., In these sub-opti-
mizations benefits of reactive power sources
should be compared te their cost. The benefits
are transmission capacity, system reliability and
reduction of network losses. The cost for reac-
tive power sources are investment, operation and
maintenance cost [2] .

A single large scale mathematical model is not
particularly suited to sclution of the problem of
reactive power planning., Several computer tools
related to different problems have to be used.

5. SOLYUTION TECHNIQUES
5.1 Imtroduction

The reactive problem is different for optimiza-
tion of operating (short term or lewvel 1) and
planning (medium/long term or level 2). In the
first case the best operation condition must
satisfy the security constraints and guarantee
the voltage stability with existing equipment.
For real-time application in a control center,
computation time has to be reduced to a minimum.
In planning, optimization must consider addition-
al reactive sources, determine the types, loca-
tions and sizes of these sources from an economi-
cal point of view, and must also guarantee secu-
rity during the most severe foreseen operational
conditions. Planning of reactive power has to be
started with a thorough analysis of the existing
system and its operational conditions.

Numerous techniques exist to solve efficiently
the reactive optimization problem for steady
state conditions. This chapter aims to paint out
the most usval methods capable of solving reac-
tive problems; essentially optimal power flow and
sensitivity techniques. These methods are gene-
rally suitable for solving some problems in both
operation and planning with criteria and costs in
objective functions related to the specific sub-
problem.

5.2 Load Flow and Optimal Load Flow

Traditionally, reactive power planning has been
solved by a trial-and-error approach which uses
an ordinary loadflow program in a very time con-
auming procedure. The solution found using this
approach is not optimal, but the best of tried
sclutions. Tt is clear that in order to determine
an optimal solution in an efficient way, the use
of coptimization techniques is necessary. If the
network is well known to the planner, a more
simplified method can be used.

In broad terms the reactive power planning is an
optimal reactive source expansion problem formu-
lated as a mixed nonlinear-integer programming
problem, There exists no general mathematical
programming technique for directly solving this
class of problem, especially when applied to
large scale systems. However, the optimum alloca-
tion of reactive sources can be studied by de-
composing it using a two-level hierarchical
approach, This approach takes advantage of the
natural distinetion between the reactive power
dispatch of the available sources in system
operation (level 1} and the reactive power
allocaticn and sizing in system planning (level
2). The optimal reactive dispatch problem and the
source expansion problem can be solved separately
and alternatively in an iterative procedure. The
general problem is thus transformed into a sequ-
ence of non-linear (level 1) and mixed-integer
(level 2) programming problems.

Some of the level 1 problems can be treated as
optimal power flow problems, which are formulated
as neon-linear problems. They can be solved by
suceessive ordinary load-flows, non-iinear pro-
gramming methods or successive linear programming
methods.

Non-linear programming techniques (differential
injections, generalized reduced gradient, quad-
ratic programming, ete.)} are well suited for non-
linear cost functions and MW-lcss minimization.
These techniques give a good convergence and re-
main valid over a large region.

Linear prograsming techniques are well suited for
security analysis with minor changes in the con-
trol variables. The objective function is approxi-
mated by a linear or piecewise linear function.
L.P. methods provide fast and reliable solutions
with low computer time. They are efficient tools
fer large systems with numercus constraints and
small perturbations of the reactive variables.
Several methods combine gradient techniques with
linear programming.

The optimal reactive source expansion problem
(level 2) is a mixed linear-integer programming
problem with 0,1 variables and use branch and
bound-type algorithms.

5.3 Sensitivity Methods

In order tc determine critical voltage, several
sensitivity techniques based on the ratio dV/
dQgen can be used. Other voltage collapse indi-
cators can be based on power flow solutions with
additional sensitivity computations on dQgen/
dQload. The representations of system components
are very important in these cases,.
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5.4 Dynamic Problems

Static var systems, when properly controlled and
located, are an effective way of damping both
small and large electromechanical oscillations
and extending transmission limits. Simulation by
conventicnal methods and optimization methods
based on eigenvalues techniques can be used.

2.5 Conclusions

Numerous techniques exist to solve efficiently
the reactive optimization problem for steady
state conditicns. More tools should be developed
for transient and dynamic studies, For instance,
simulation techniques are essentially used in
order to study the dynamic behaviour of the
system.

Other problems remain in the application and
implementation of these methods, such as:

- choice of objectives

- cost definition

- technical constraints and security criteria
- data acquisition

- exchange of information between control
centres

- system modelling

- subsystem optimization
(voltage level, geographic or ownership sub-
divisions}

- external equivalents

- reactive load forecasting

A more detailed description is givem in Appendix
4 and in [4] .

6. OTILITY EXPERIENCE

In order to map the state of the art of reactive
power planning and more precisely the extent of
use of optimization procedures, a questionnaire
was composed and distributed to a large number of
utilities. Twenty utilities from fifteen count-
ries participated. The majority of the utilities
operate large meshed networks. Problems concern-
ing the reactive power compensation of long
radial transmission systems have therefore not
been covered to the same extent in the survey. A
short summary of the answers to the questionnaire
follows:

6.1 Planning Objectives

Generally, the replies indicate that the main
objective of reactive power planning is that
future networks should be able to observe a set
of technical constraints under both normal and
emergency operating conditions.
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Technical censtraints of importance are;

- Observance of the limits of variation of
steady state voltage, conszegquent upon load
variations and the switching of network com-
ponents. {This is the main constraint stres-
sed by all utilities}.

- Generator and transmission line loading
limits.

- Reserve margin requirements.
- The risk of dynamic instability.

Many utilities also consider system economy im-
provement to be a main reactive power planning
objective.

In order to achieve these objectives many utili-
ties apply planning procedures that result in the
optimization of different objective functions.
Among these are:

- The amount of reactive compensation to be in-
stalled.

- The investment cost for reactive power equip-
ment .

Following these procedures some utilities mini-
mize the combined costs for reactive power equip-
ment and tctal system losses.

The utilization of special objective functions,
which refer to specific grid structures were also
mentioned. For example:

- Maximization of voltage profiles,

- Minimization of reactive power flows on
transmission and interconnection lines
between different areas.

These two objectives are in part equivalent in
that both result in flat voltage profile.

Additional material that is ccvered in the
following sections shows that these objective
functions can be dealt with in context rather
than treated as individual objective functions.

With regard to economic evaluation all utilities
but cone stress that optimizaticn is not limited
to the observance of possible financial con-
straints.

The security requirement is generally met by app-
lying certain criteria, which involve considering
the loss of one line (single or double circuit}
one transformer, or of one generator, or of one
reactive power compensation device.

6.2 Planning Organization

In the overall planning procedures described by
all the countries taking part in the survey, it
appears that priority is always given to genera-
tion planning, some countries also stressing that
generator power factors are fixed at this stage.
The next thing to be planned is network develop-



ment, an activity that is generally subdivided
into two stages, the first taking into account
active power transmissien requirements, while the
second is concerned with voltage control and
reactive compensation requirements. Many of the
replies received emphasize that the two stages
are carried out with different timing and with
different horizons: active power planning is
developed over a longer period (for example, six
years), while reactive power planning is studied
over a shorter pericd {(for example, two cr four
years).,

Some replies, however, mentioned that aective and
reactive power planning are carried out at the
same time, this procedure being applied when
reactive compensation requirements may affect the
selection of network development alternatives, or
if they enable some active network reinforcement
(new lines, new transformers, etc.) to be
deferred,

Reactive power planning is carried cut for diffe-
rent load conditions. Thus, all countries stated
that their procedure tock into consideration both
peak load and light load situations. For some
countries these conditions concern the same day;
if so, the analysis is generally extended to
other days of the year. For some other countries,
these two load conditions concern different days,
Morecver, a few countries stated that they
examined the minimum load condition for the year,
while others mentioned that they also studied
intermediate load econditions (for example 0.85 of
the peak) and others again emphasized the need to
consider specific network configurations and
generation dispatching such as to stress the
transmission grid to the maximum.

Replies to the gquestionnaire indicate that the
reactive power planning procedure is, in many
¢cases, carried out for a horizon year that is
generally that preceding the year considered in
planning network development. In some cases anly
one or twe years following the one in question
are censidered.

Many replies state in that the study is repeated
for an intermediate year, especially when import-
ant changes occur the network structure. In some
cases, reactive compensation analysis is extended
to different load forecasts and to different net-
work development alternatives,

6.3 Modelling of System

6.3.1 Subnetworks

Division into subsystems is done in many diffe-
rent ways. Most of the answers reveal that the
network is geographically subdivided based on
ownership, but division based on different vol-
tage levels is also practised. However, organiza-
tional or technical reasons also decide the way
in which utiljties subdivide, if at all, for the
purpose of modelling, but all items of some
importance are considered.

The external system is represented in different
ways. Some utilities make a reduction to an
external equivalent while others do not make any
approximation at all. About half of the utilities
choose a representation with generators or loads
as active and reactive power injections.

The most freguently used load model is a fixed P
and @ representation, but fixed impedances are
also used in some cases. Voltage dependent models
(P = £{V) and Q@ = £(V)) are used by a few count-
ries.

Networks with voltage levels equal to or less
than 130 kV are mostly represented as loads on
the secondary side of the stepdown transformers.
6.3.2 Controlled Elements

The ceontrollable reactive power sources are gene-
rators, synchroncus compensators and SVC systems.
In steady state the generators are in most cases
represented as P,V nodes at the high voltage
level. In some cases more detailed models are
used. Sometimes the generators are represented as
P,Q nodes, The limits on reactive pouWer genera-
tion are in some cases taken into account by
changing the P,V node to a P,Q node representing
a more detailed capability curve. The synchronous
compensators are modelled as generators with no
active power output. This is also the most fre-
quently used representation of 3VC systems,
although scme countries place this node behind a
reactance representing the steady state slope of
the 3VC.
6.3.3 Uncontrolled Elements

Reactors and capacitor banks are normally repre-
sented az fixed impedances. The non linearity of
the magnetization characteristic of iron-cored
reactors is not considered. However, switching of
reactors and capacitors is included in many
cases.

6.4 Analytical Solution Techniques Utilized
in Reactive Power Planning

The most popular technigue is successive ordinary
load flow, Some utilities use optimal load Flow,
but in many cases this is in addition to ordinary
load flow. A few utilities indicate that optimal
load flow is under development.

The optimal load flow programs are based on
either a reduced gradient method or linear pro=
gramming. Quasi Newton and Quadratie programming
methods are also used.

The size of the systems in the network model are
in the range of 100-500 buses. A few use a larger
number of buses, up to 1000.

As indicated in the previous chapter the optimi-
zation process often comprises investment cost
and transmission losses Iin the funection to be
minimized. The contingency analysis is taken care
of by successive optimization. The overall cost
caleulations are carried out manually by the
majority - only in one case is a special VAR PLAN
program mentioned.
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Suecessive ordinary load flow is the most fre-
quently used tool in the decisions on primary and
secondary voltage contrel and very few have opti-
mization methods in practical use.

A few utilities use sensitivity techniques. Those
menticned are:

1} {dQg/dQy) which is the resultant reactive
power generation sensitivity in the network
to variation of reactive load at a specific
busbar.

Us
2) A criterion based on the E+ relationship
where Uj is the actual vol%age and Ej the
voltage at zero load condition.

3) (dv/dQ); which is the voltage to reactive
power input sensitivity at a specific node.

Stability calculations are carried out by some
utilities to choose between the different var-
supplying devices being considered, to analyse
the reactive power support from generators during
an outage condition, and to analyse the ability
of units to absorp reactive power during light
lpad periods.

The reported experiences concerning the analytie-
al techniques used in planning are very much
dependent on the tool used, Ordinary load flow is
most commonly used in planning, and experience in
the use of this kind of program is mostly gocod,
but fs also indicated to be cumbersome and time
consuming due to the manual work necessary, and
is gradually becoming inadequate.

The optimization methods in use are considered
adequate in terms of computing time, and handling
of constraints, but improvements are necessary in
the cecordination of results, and modelling of the
external system. LP~programs are useful in the
study of big networks (1000 nodes), but the
method is not well suited for loss minimization.
In voltage stability studies more accurate load
modelling is necessary to give greater under-
standing.

More automatic techniques to diagnose system per-
formance are desirable, and automated techniques
would also permit more alternatives to be in-
vestigated. See alsoc Appendix 5.

7. SUMMARY AND RECOMMENDATIONS
T.1 Introduction

Planning and optimization of reactive power in a
system is a part of overall planning and it
should be based on the same design criteria and
system constraints as planning and design of the
whole system. In the initial phase of planning it
is necessary to compare reactive power installa-
tions with other network solutions.

There are two important aspects which distinguish
reactive power planning from planning of active
pover:
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Firstly, transmission of reactive power over long
distances will lead tc both active and reactive
power losses and voltage drop. Compensation to
maintain reactive power balance in an area must
conseguently be provided in the vicinity. Reac-
tive power is in this respect a more loecal prob-
lem than active power,

Secondly, investment costs related to reactive
power reach only a few per cent of corresponding
values for active power transmission equipment.

Deviations from the long term forecasts used in

the planning procedure can easily be compensated
for. A small deviation from the optimal solution
has only a limited influence on the total system
cost.

Depending on the technical solution a small in-
crement of reactive power investment may defer
significant line investments,

The basic problems related to reactive power are
usually solved within power system planning, e.g.
choice of system voltage. The rest of the reac-
tive power planning involves the following main
steps:

1. Decision on the regional need for reactive
power compensation in the system. This com-
prises determination of a base installation
which will handle high and low voltage
limits, under both normal and outage condi-
tions and under a number of system power
transfer conditions. Often steady state eal-
culations are sufficient.

2+ TIts location in the system, geographically
and between voltage levels, which includes
considerations of reactive power transfer and
network configuration and cost of installa-
tion.

3. Its composition of different kinds of reac-
tive power equipment which determines the
amount of the base installaticn that needs to
be controllable. Dynamic studies have to be
performed. Aspects of reliability alsc have
to be taken into account and the number of
units and their sizes settled.

Optimization of reactive power, including econom-
ic considerations, is done in several steps. The
solution techniques used are often ordinary load
flows or in scme cases optimal load flow.

7.2 Planning Procedure
T.2.1 General

Based on the conclusions in preceding chapters,
procedures for planning and optimization of reac-
tive power compensation are presented. The pro=-
cedure is described here, in the form of a check-
list. Tt is presumed that available models and
programs are sufficient and no major development
is necessary.

The main objective in reactive power planning is
to plan the installations which can support ener-
&y supply during normal and outage conditions at
a minimum overall cost.



Basically, reactive power planning is integrated
in the overall system planning process. Reactive
power solutions can often result in saving active
power. In this respect reactive planning should
not be separated from active power planning.

One specific characteristic of reactive power
installations is the relatively small cost com-
pared to active power. Ancther important aspect
is the possibility of successively adding reac-
tive powWer installations in order to improve
system reliability and economy,

The technical solutions adopted are very import-
ant for system performance.

T.2.2 System Expansion

When an existing system has to be reinforced in

order to meet an Increased transmizsion demand
the procedure is as follows:

- Different alternatives are compared in order
to find the most economic solution including
evaluation of the technical differences.

- Each alternative includes important and
necessary reactive equipment, examples of
which may be shunt or series capacitors, 3VC,
shunt reactors and other means for voltage
control.

- The reactive load in the system is compensat-
ed to an estimated and perhaps not optimal
level.

When an appropriate alternative solution has been
chosen, coptimization of the reactive power in-
stallations is performed including the geogra-
phical location of the equipment.

Following this approach reactive power planning
can be regarded as a suboptimization process. It
is possible to do it in this way because reactive
power installations normally are less expensive
than those for active power. The cost for reac-
tive power is only a few per cent of the total
cost for the syatem.

When purchasing equipment such as generators and
transformers, reactances and other qualities
related to reactive power have to be evaluated.
T.2.3 Dimensioning Criteria

Decision on dimensioning criteria is part of the
whole problem of defining an appropriate level of
network performance. Applied criteria should give
consumers a reasonable availability of energy
supply.

In a system planning process, dimensioning cri-
teria are first determined. These form an overall
planning principle, which characterize network
design for a long time-period. Since they are
often unchanged for decades, they are the pre-
dominant factor of system design. System veltage
and insulation level comstraints are also settled
in this phase of the process.

Criteria are determined according to a technical-
economic optimization taking into consideration
system reliability versus investment cost.

Examples of dimensioning criteria are: maximum
and minimum voitage; maximum voitage fluctuations
due to normal load variations and switchings.

The planning criteria define the contingencies
the system has to withstand without collapse,
e.g. n-1 or n-2 criterion. The possibility of a
single event causing multiple contingencies
should be carefully considered. Criteria for
emergency situations, others than in normal
planning, may be taken inte account. They will
create a reactive power reserve, which is a rela-
tively inexpensive way to improve system securi-
ty.

7.2.4 Planning Procedure Checklist

Initial Work

Load and transmission demand has to be determined
and system structure identified. If available, a
special reactive power demand forecast should be
used. Otherwise the active power demand forecast
may be useful as a basis also for reactive power
demand. It is important to determine the planning
herizon, up to which several development stages
have to be examined.

Modelling of load, generator characteristics and
tansformer tap-changers must be carefully con-
sidered.

Reactive power or voltage problems are found by
network studies taking the above described dimen-
sioning eriteria into account,

Before extensions are examined, improvements in
the existing system should be studied. Operation-
al experience must be taken into aceount. Improv-
ed or new methods concerning voltage control
should be considered,

A number of economic factors have to be decided
upon. Reactive power has an impact on system
capacity, reliability, transmission losses ete.
These factors have to be evaluated and ineluded
in the investigation.

Load Flow Studies

Load flow calculations should be performed for
various load levels and transmission situations.
This includes several stages as mentioned above,
different load levels such as minimum, medium and
maximum load situations. Critical transmission
situations depend in many cases on power genera-
tion distribution, and the worst case may arise
at a low load level,

Outage of network components such as lines,
transformers, generators and reactive power
equipment should be studied. Many load flow
methods can be used, if available, optimal load
fiow program can be of great value.

These calculaticns give the minimum amount of
reactive power installation within a region;
exact geographical location and voltage level for
conne¢tion of the equipment will not be determin-
ed here.
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Voltage Stability Studies

Voltage atability margins are determined in order
to check if more installations than those found
above are needed. One method of doing this is to
plot Q-E curves from successive load flow cal-
culations. These studies also determine whether
parts of the reactive installation needs to be
controllable. An explanation is given in chapter
4.Y4. There are also other methods available.

Transient Stability Studies

The necessity of rapid contrel of reactive power
sources will alsc be given by carrying out tran-
sient stability studies. Reactive power sources
have to be modelled in an appropriate way in the
programs which are used,

System Damping Studies

Systemn damping studies, are carried out te
examine oscillations in the range of 1 Hz. The
aspects to consider here are the same as for
transient stability studies. Suitable criteria
have to be used to determine if the system is
well damped or not.

Special Technical Demands

The ability to prevent excessive voltage rise due
to load-rejection, load-shedding and self-exci-
tation can determine the total amount of reactors
and especially the control performance of the
reactors.

In heavily loaded systems with transmission capa-
cities very sensitive to voltage changes, emerg-
ency load-shedding based on voltage ecriteria in-
stead of the more common frequency criteria,
eould be useful,

Reactive Power Sources

The need of reactive power can be fulfilled by a

number of different sources. They have qualities

with regard to control ability and rapidity. The

cost per Mvar differs a great deal between diffe-
rent sources. A more detailed description can be

found in chapter 2.

Sub-optimization

Given the regional amount of reactive power sour-
ces and its need for controlability, an economic
sub-optimization follows. The benefits of the in-
stallations, which are transmission capacity,
system reliability and reduction of network
losses, has to be compared to the costs, which
are investment, operation and maintenance costs.

The solution to the sub-optimization will give
the lecation (geographically and voltage level},
unit size {use of standardized unit sizes should
be considered), and type of connection (fixed,
breaker switches ete.)}

Possibilities of coordination between proposed
sources should be examined,
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The process will be easier if rules of thumb or
general rules can be used. For example if it can
be stated that no transfer of reactive power
between voltage levels should be allowed under
normal conditions.

Check and Final Decision

A final study has to be carried out to confirm
the results from all the analyses performed.
Voltage fluctuations during switching, temporary
overvoltages and resonance phencmena have to be
checked.

4 review of the dimensioning criteria, taking
inte consideration cperational aspects, may be
necessary in some cases.

The final solution from the planning process
gives a long-term plan. Decision regarding in-
vestments or other actions, concerns only the
next few years. Planning is a never ending pro-
cess and plans c¢reated earlier have to be review-
ed after some time.

Solution Techniques

A single large scale mathematical model cannct be
used to solve the problem of reactive power
planning. Consequently, the planning process has
to be carried out as a number of sub-optimiza-
tions. Normal solution techniques are sufficient
in most cases. Optimal load flow metheds can be
of great walue in many studies.
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Introduction

Reactive power is produced or absorbed by
all major coemponents of a power system:

. Generators

. Power transfer components

. Loads

. Reactive power compensation
devices

Reactive power production or absorption
of power transfer components depends
mainly on operating voltage and current
and can therefore hardly be changed
during normal operation. Also changes in
reactive power of generators and loads
are limited. HVDC converter atations,
especially with additional capacitors and
reactors, c¢an be operated in a reactive
power control mecde. Reactive power com-
pensation devices are installed to im-
prove

- reactive power balance

- voltage control

- system stability inecluding
damping of power oscillations,

They ecan be switched or continuously
controlled. Their characteristics are
described in this report.

Keywords:

Reactive power compensation, HVDC,
static var compensator.
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1. Generators

Power plants are installed to supply
active power to the system. Additionally
a generator 1s supporting the voltage,

producing reactive power when over-
excited and absorbing reactive power
when under-excited. The reactive power

output is continucusly controllable. The
step-response time in voltage control
is from several tenths of a second and
upwards, depending on different factors.

The rated power factor of generators
usually lies within the range 0.75 to
0.95. Generators installed remotely from
load centres usually have a high power
factor; this is often the case with large
hydro-power generators. It is not seldom
justified to choose a rather low power
factor when installing a new large steam-
turbine generator close to locad centres,
with regard toc severe outage conditions.

The allowable reactive power production
or consumption is dependent on the active
loading as 1illustrated by the Figures
1 and 2.

In case of pumped storage plants the
synchronous wmachines are also used as
motors. For these c¢ases the diagram in
figure 2 has to be extended to four
quadrants,

2. Power Transfer Components

The major power <transfer components are
transformers, overhead lines and under-
ground cables. HVDC converter stations
are also discussed under this head-line.

2.1 Transformers

The reactive power consumption of a trans-
former at rated current usually lies
within the range 0.05 to 0.20 p.u. as
based on the transformer rating, with
low values for small and high values
for large transformers. The natural short
circuit impedance of a transformer in-
creases with thne network vcitage to which
the transformer will be connected. Higher
values of short «circuit impedance can
be required in special applications e.g.
limitation of short eircuit power at the
secondaries in ac transmission systems or
in connected HVYDC back-to-back systems.

When two or more transformers operate in
parallel the methcd of tap-staggering can
be used for reactive power compensation
and voltage control in addition to other
means of compensation. Tap-staggering
is limited by the step voltage change on
the secondary side in case of switching
off a transformer. Generally it will be
controlled manually by the load dispatch
centre, Tap-staggering is an usual reaec-
tive compensation method only in the
UK practice.

2.2 Overhead Lines

The 1line charging of overhead lines
amounts per 100 km to about 11 % at 50 Hz
and 13 % at 60 Hz referring to the Surge
Impedance Load (PSIL) - see Table 1.

!Il i \ N U=1.00

Ld
A ’\-—0.5 “F’. Q
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Fig. 1: Typical power chart for large
turbo-generators

a - Turbine power limit
b - Stator winding thermal limit
¢ - Field winding thermal limit
d - Steady-state stability limit with
proper AVR
e - Assumed intervention curve of under-
exclitation limiter
b
d
‘\f_\
i
|
1
]
\
\
\
\
\
I T
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Fig. 2: Typical power chart for large
hydro-generators

a----d, as in Fig. 1 above,

Table 1: Typical values of overhead line
characteristics at 50 Hz

Operating SIL Line X, Ho. of
voltage charging aub-
kv MW Mvar/km Ohm/ km conductors
130 S0 Q.05 Q.uQ 1
220 130...180 |0.14,..0.19 4.40...0.3 1 .,. 2
400 550...6880 0.6...0.7 0.32...0.24 2 ...4
750 2200 2.3 0.28 4




2.3 Cables

2.3.1 Paper-insulated Cables

The capacitance charging of paper insula-
ted cables amounts per 10 km to about 2
to 5.5 % at 50 Hz and 2.4 to 6.5 % at

60 Hz referring to the Surge Impedance
Load (P IL)’ which is normally much
higher tgan maximum load - see Table 2.
Operating STL Line X,
voltage charging
Wi M HMvar/km one/kan
130 35¢ ... 600 |0.7 ... &.0 |0.10 ... 0.20
220 900 ... 1400 2 ... 10 |@.1z2 ... 0.25
400 2900...3300 8 ...18 Jo.i5 ... 2.30

Table 2: Typical values of underground
paper-insulated cable charac-
teristies at 50 HZ

2.3.2 Polyethylene-insulated Cables

The 1line charging of polyethylene-
insulated cables, now being introduced
in 100 kV systems (in few cases also

220 kV systems), is approx. 50 % of the
line charging of paper-insulated cables.

2.3.3 Gas~insulated Cables

The line charging of gas-insulated cables
is approx. 10 ... 20 % of the line charg-
ing of paper-insulated cables.

2.4 HVDC Converter Stations

HVDC converters always consume reactive
power when in operation. The reactive
power consumption of the HVDC converter/
inverter is 50 to 60 per cent of the
active power converted. The reactive
power requirements of the converter and
system has to be met by providing appro-
priate reactive power in the station.
Mechanically switched filter banks, pro-

ducing reactive power, are always in-
stalled, but one or more of all other
types of reactive power compensation

devices can also be found in converter
stations. Alsoc reactive control by means
of the dec system itself is applied.

Figure 3a shows a general

of a HVDC converter station.

arrangement

Figure 3b shows a general operating dia-
gram of a HVDC converter covering the
reactive power consumption in terms of
transmitted active power including the
operating parameters of firing angle
(extinction angle) and dec current.

3. Loads

The reactive powers of loads considered
in analysis and optimization of reactive
power conditions of a power system are
usually those of composite loads, not of
individual 1loads. For the sake of com-
pleteness some typical values of reactive
consumption of individual loads are,
however, given below:
- Induetion motors 0.5 to 1.1 kvar/kW
at rated output
~ Uncompensated fluorescent lamps
2 kvar/kW
- Uncontrolled rectifiers 0.3 kvar/kW
- Controlled rectifiers usually
consume much more reactive power
than uncontrclled ones and with
dependence on the control angle
- Are furnaces (.7 to 1.4 kvar/kw
at rated power,.

Static power converters for rolling-mill
DC motors, steel mills and in traction
systems, have reactive power consumptions
with a large average value and are sub-

Jjeet to substantial rapid fluctuations,
sometimes causing problems of voltage
fluctuations.

The synchronous motor is the only type

of individual 1loads which can produce
or absorb reactive power depending on
its excitation. Synchronous motors on

the lcad side practically run with over-
excitation.

Fig. 3: HVDC converter station

a) General arrangement of shunt

compensation devices and
HVDC converter

b) Reactive power consumption
of the HVDC converter

switchable filters, shunt

S| | s capacitors, reactors

~——{]

AC System

SVC, SC

HVDC converter
—
Pger Qdc

Pac
Nominai operation: g—= 1.0
dc N

at nominal network voltage

Minimum filtering eguipment
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4. Reactive Power Compensation Devices

Capacitors and reactors are passive ele-

ments of reactive power compensation,
They are incorporated in the system in
series or in parallel connection. The

different possibilities for the installa-
tion in a transmission are shown in
Table 3. The main scopes are mentioned.

« The series capacitor is especially
used to decrease the transmission angle
and to¢ increase the veoltage at the
receiving end. The degree of compensa-
tion must be less than 100 % to avoid

ferroresonance, relay protection pro-
biems etc. Proposals have been made
to change the degree of compensaticon

by switching on and off parts of the
capacitor e.g. by thyristor switches.

- A series reactor has no advantages in
influencing the voltage at the receiv-
ing end. It 1is therefore only used
for limiting the short circuit current
especially in distributicen and indu-
strial systems.

- Parallel compensaticon with shunt capa-
citors 1is mainly used to increase the
voltage at the receiving end in case of
heavy load and to supply reactive power
to the 1load direetly, Transmission
losses of the system will be reduced.

- Parallel compensation with shunt reac-
tors is mainly used to keep the voltage
down in case of light load and load
rgjection and to compensate the capa-
citive load of the line.

- A static var compensator can produce
or absorb reactlive power or both aiter-
natively depending on the type and
design. If a controlled reactor is
included fine voltage control ecan be
achieved.

The reactive power 1in series capacitors
and series reactors is depending on the
load current and therefore changing with
the load. The reactive power in a shunt
capacitor or a shunt reactor 1is depending
on the voltage, which 13 practically
constant.

In the following subsecticns only shunt
compensation devices will be described.

"Nevertheless in the <concept of reactive
power optimization in the system, the
series capacitor plays an important role

and influences the size of shunt compen-
sation devices.

Series capacitors are mainly installed in
EHV transmission systems with very long
lines and for one or both of two main
reasons. One of these is to inerease the
transmission 1load capability as deter-
mined by transient stability 1limits.
The other reason is to cobtain a desired
load division among parallel circuits.
Series capacitors, however, favourably
influence the control of voltages and the
reactive power generated in a series ca-

pacitor increases with increasing trans-
mitted load. ©On the other side series
capacitors introduce subsynchronous

eigenfrequencies to the power system.

The series capacitor is not further treat-
ed in this paper.

Table 3: Use and influence of series and shunt compensation

Parallel resonant Voltage nse
Equioment Location traquency and Voltage control Transmission angle | at 9 Apphcation
short—Clrcuit powsr load repecton
1| Senes capecitor Increased
{see text) Very good Much smaller Farfjiow tﬂ%g'ﬂamf ransmission
2| Se Shont drstance,
neS. rEackor Decreased (Very} pocr {Much) langer (very) high Limiranon of short cireuit
curent in distnbution systems
|
3 | Shunt capacitor £ = == |y Decreaser Volage Slightly Hagh Voltage support
mereased changed g a1 heavy load
Reactive power compensaacn
i 4| Shuntreactor U Increased Voltage Slightty Low at low foad !
decreased changad Limi3tion
of temoorary ovenoltages
poeased e shgly frvenea e
decreased wontmliea changed control Damping ol oscillatiors

Means ol reacive power compensation and improvement of power system pedoimance




Fig. 4:

6 7 8 9

Examples of shunt compensation devices

(with or without circuit breakers according
to systems requirements)

1 Shunt reactor

z Shunt capacitor (filter
4 P ¢ ! controlled type

3 Thyristor controlled reactor

controlied type

y Thyristor switched capacltor ?

S SVC for bpulse operation of thyristor 8

5 3VC for 12puise operation of thyristor

Saturable reactor
S¥C of saturable type

9 Synchronous condenser

4.1 Descriptions

The shunt reactor, the shunt capacitor,
the synchronous condenser, the thyristor-
contrelled static wvar compensator and the
saturating-reactor static var compensator
shown in fig. 4 make up the shunt compen-
sation devices. The tables 4 to 8 list
characteristics and features in a uniform

way.
4.1.1 Shunt Reactors
A shunt reactor is a reactor connected

in shunt to a power system for the pur-
pose of absorbing reactive power.

mechanically
used with

In cases where a fixed or
switched shunt reactor can be

regard to the voltage control require-
ments, it is usually the most economic
special means available for reactive
power absorption. The majority of shunt

reactors are applied in cenjunction with
long EHV overhead lines, They are also
applied in conjunction with HV and EHV
underground cables in large urban areas,

Shunt reactors in use range in sgize from
a few Mvar at medium voltages and up
to hundreds of Mvar at EHV.

See also Table 4,

4.1.2 Shunt Capacitors

A shunt capacitor is a single capacitor
unit or, more frequently, a bank of capa-
citor units connected in shunt to a power
system for the purpose of producing reac-
tive power.

When a fixed or mechanically switched
shunt capacitor can be used with regard
to the voltage control reguirements, it
is the most ecconomic means available for
reactive power production. The majority
of shunt capacitors are applied within
distribution systems of different types:
industrial, urban, residential and rural.
They have a widespread use there for
power-factor correction. Some shunt capa-

citors are installed in transmission
substations. Very large shunt capacitors
(usually filters) are to be found 1in

HVDC terminal stations.

Shunt capacitors in wuse range in size
from a single unit rated a few kvar at
low voltage up to a bank of units, rated
hundreds of Mvar of EHV.

Qutstanding features of shunt capacitors

are their low overall costs and their
high application flexibility.
An unfavourable characteristic, most im=-

portant in conjunction with major outages
and disturbances 1s that they provide the
least support at the very time when it
may be most needed, because the reactive
power output Is preporticnal to the vol=-
tage sguared. 1f wused in a proper mix
with other reactive power sources, this
is, however, no obstacle tc an extensive
use of shunt capacitors.

See also Table 5.

4.1.3 Synchrenous Condensers

idle-run-
for the
reactive

condenser 1is an
motor, used
absorption of

A synchronous
ning synchronous
generaticn or
power.

is the tradi-
control of

The
tional

Synchronous condenser
means for continuous
reactive power. Synchronous condensers
are used in transmission systems: at
the receiving end of long transmissions,
in important substations and in conjunc-

tion with HVDC inverter stations. Small
synchronous condensers have alsc been
installed in high~power industrial net-
works of steel wmills to 1increase the
short circuit power,

Synchronous condensers in use range in
size from a few MVA up to hundreds of
MVA. The rated voltage usually lies below
24 kv,

The size of a synchronous condenser 1is
referred to the continucus MVA rating
for the generation of reactive power.

In the generating mode of operation it

usualily has a rather high short-time
overload <capability. The inherent ab-
sorption capability is normally of the

aorder of 60 per cent of the MVA rating,
which means that the c¢cntrol range 1is
usually 160 per cent of the MVA rating.
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The reactive power output is continuous-

ly coentrollable. The step-response time
with closed-loop voltage control is from
a few tenths of a second, and up, depend-

ing on different factors,

In recent years the synchronous condenser

has been practically ruled out by the
thyristor controlled static var cowmpen-
sator, in the case of new installations,

due to benefits in cost, performance and
reliability of the latter. One exception
is HVDC inverter stations, in cases where
the short-circuit capacity has to be
increased. The synchronous condenser can
do this, but not the static var compen-
sator.

See also Table 6.

4.1.4 Thyristor controlled static
var compensators

A thyristor-ccontrolled Static Var Compen-
sator (SVC} 1is a static shunt reactive
device, the reactive power absorpticn or
generation of which c¢an be varied by
means of thyristors connected antipa-
rallel. Two types of thyristor-controlled
elements are used: the Thyristor-Switched
Capacitor (TSC) and the Thyristor-(phase-

angle-) Contreclled Reactor (TCR). From
a fundamental frequency point of view
both can be <c¢onsidered as a variable

reactance, the former being a step-wise
variable capacitive reactance and the
latter a continuous variable inductive
reactance.

The main compcnents of a SVC are static
elements such as transformers, reactors,
capacitors and thyristors. There is a
varliety of SVC main circuit arrangements;
Table 7a shows some.

The main purpcse for most installations

is high-performance voltage control;
some installations have been made for
damping of power oscillations. The com-

pensator is also used for balancing vary-
ing unbalanced loads.

Since its late transmission breakthrough,
at the end of the 1970s, transmission
SVCs with a total control range of around
22000 Mvar have been ordered in the world
(May 1987).

SVCs in use range in size from a few
Mvar up to 600 Mvar control range, and
with nominal voltages up to 765 kV.

Both the rated reactive power production
capability and the rated reactive power
absorption capablility must be specified.
The reactive power output is usually
continuously controllable.

The smali-disturbance performance may be
characterized by the step-response time,
here defined as the elapsed time required
;o achieve 90 % of the called=for change
in wvoltage, for step change in the re-
ference voltage. The step change must be
small enough for the SVC not to exceed
its limit. The step-response time depends
on the external power system impedance.
It is usually only a few cyeles at -mini-
mum fault level,

performance is

The large-disturbance
characterized by the actuating time of
the SVC triggering and main circuits
only. For a large voltage deviation the
3VC response time apprcaches one half
cycle {maximum one cycle).
See also Table 7.
4.1.5 Saturating-reactor Static

Var Compensators
A saturating-reactor static var compen-
sator is a static shunt reactive device
the reactive power of whiech is inherent-
ly varying versus the voltage if using
a self saturating reactor or is varied
by means of a high-power transductor.

Only the self-saturating reactor type has
been emplcyed in some cases of transmiss-
ion compensaters,

See also Table 8.

4.2 Costs for reactive power supply

‘equipment

Generators are designed for supplying
active power into the system. With the
help of the voltage control there are

practically no additional <c¢osts for the
supply of reactive power within a power
factor range of 0.9 ... 1. For lower

power factors, figure 5 may give some
ideas on lincreémental costs, compared

to the capital costs of capacitors. If
the reactive load has to be transmitted
over longer distance, the costs of losses
can be higher than the capital costs.
The conclusion 1is, that a power factor

less than $.9 in a generator may not
be economic in meost cases.

capital costs

capisl cosls

costs of capacilors
(rafatence)
o b N
[N

08 085 09 085

Additional costs of reactive
power prod. by generators

Fig. 5:

condensers are designed for
supplying reactive power
into the system. Generally their costs
are higher than the <c¢osts for static
var compensators, S¢ they are reserved
for special applicaticns.

Synchronous
absorbing or



The gosts for capacitors, reactors and
static var compensators of different

types are compared together (figure 6).
Naturally capacitors and reaclors wWith-

cut any control are less expensive than

thyristor controlled reactors (TCR) or
thyristor switched capacitors {TSC).
Nevertheless, the c¢osts are comparable

at very high voltage levels, where trans-
former, breaker and other high voltage
equipment are very expensive.

The most cost-effective type of SVC con-
figuration depends on several factors
and has to be found for each individual
application, Among important factors are
requested control range in Mvar and its
subdivision on the inductive respective-
ly capacitive side, voltage 1level, the
evaluation of 1losses and harmonic re-
guests,

The costs can, of course, only be appro-
ximate values, valid for standard equip-
ment and for normal overload. They con-
sider only the eleectrical part inclu-
dings transformer and breaker on the
high voltage side, but no additional
equipment on the secondary side and no
civil works, and especially, as stated
before, not the losses, which wvary
depending on the different SVC-configu-
raticns.

4.3 Availability

Availability is defined as the proportion
of time, in the long run, that a repair-
able device is in or ready for service.

Estimated
L to B.

values are given in Tables

The availability indicated does not apply
for the first year of operation and takes
not account on teething troubles or de-
sign errors as may cccur at a first de-
sign stage or due to incomplete network
data. The values indicated have been
achieved and will result in case of close
co=-operation between customer and manu-
facturer,

5. Future Development of Reactive
Power Compensation Devices

No drastic development of shunt reactors

and shunt capacitors is iIn prospect.
Marginal improvements in efficlency,
power density and specifice investment

cost might come.

No essential improvement of synchronous
condensers is in sight. Moreover, during
the recent years, the synchronous conden-
ser has been practically ruled out by
the thyristor-controlled static var com-
pansator.

Thyristor-controlled static var compen-
sators will be the subject of essential
development in this area, Thyristors
with higher power handling ecapability
per unit, than of today thyristors, will
decrease the costs. Light-triggered thy-
ristors will be introduced. Force-commu-
tated compensators, using normal thyris-
tors or such with turn-off ability, will
come into use, thus reducing the MvVa
amount of capacitors and reactors. This
in turn might further reduce compensator
costs.
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Tlnvestment cost / kVA
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Fig. 6: Approximate investment costs for electrical equipment of reactive power compensation
devices, including transformer and high-voltage switchgear, where relevant.
The SVCs with transformer are assumed symmetrical { £ Q5 ):
the SVC rating referred to the transformer rating (S5 = Q,,, ).



Table L¥:
Equipment Shunt Teactor
Circuit l
Q
Type 3phase or 3 x 1 phase static elements
L
A'ternatives Air core / iron core
13 2)
1 : Uy
Characteristics . Do =a.,, )
u — T e rat
U - - U
rat 2
| 2y Q2 Qrat (U )
i rat
[
hm | —
Ratings Urat’ Qrat’ UKnee

{(rated vaoltage, rated power, kneepoint voltage)

Voltage control steady state
Veoltage control transient
Voltage stability

Reactive power supply
Damping of power oscillations

Damping of SSR

Tasks

Influence on load flow
Stability improvement

Flicker compensation

Correction of phase unbalance

Yes

(Especially at saturation)

Fixed reactance value only

On reactive power load flow

{Indirect influence through higher excitation
requirements of generators)

Control system

Using a circuit breaker, decision of switching
will depend on load flow requirements,

Response Time

In case of switching ~ 100 ms

(time constants, gain, transfer function)




Table ab

Connection to the system

Directly to line bus or line
or via transformer tertiary

Design criteria

Q

Rated values U
rat’ “rat

Voltage range
toad flow requirements
Overvoltage limitation at load rejection

Vol'age changes at switching

Performance criteria
Reaction
Overload capability
Variation of reactive power
Transformer
Number of operation

Maintenance

High for limited time period

Fixed reactance value only (except when switched)

Normally restricted to & 2 4 times daily

i i P I =1 h Current
Effects of switching IC/Irat 3 5 ( e nrus )
Protection Standard transformer protection
Losses = 0.2 . 1.0 %
Environmental factors
Air conditioning No
Space requirements Low

Cooling requirements

Air-0il / natural-forced

Availability

ca.%9 %

Maintenance

Negligible




Table 5a
Equipment Shunt capacitor (filter)
Circuit l

-a
Type —lr Static elements consisting of various units

in parallel/series connection
c

Alternatives Paper or synthetic insulation
Characteristics ————Uu Q= -0 * ( ):

rat Tat
rat

cC—

e <1
Ratings Urat’ Qrat
Voltage control steady siate Yes

Voltage control transient
Voltage stability

Reactive power supply
Damping of power oscillations

Damping of SSR

Tasks

Influence on load flow
Stability improvement
Flicker compensation

Correction of phase unbalance

Fixed capacitance value only

On reactive power load flow

(Limited improvement due to decreased
transmission angle}

Harmonic reduction Yes

Control system

Using a circuit breaker, decision of
switching will depend on load flow requirements

Response Time
{time constants, gain, transfer function)

In case of switching about 100 ms

2%



Table Sb

Connection to the system

Directly to line bus {(or load)
or via transformer (tertiary)

Design criteria

Fixed capacitance value
Rated values U , @
at rat
Voltage range
Load flow requirements
Yoltage support in special cases
Voltage changes at switching
Internally or externally fuses
Increased voltage stresses due to harmonics

Performance criteria
Reaction
Overload capability
Variation of reactive power
Transformer
Number of operation

Maintenance
Effects of switching

Fixed capacitance value only

Normally restricted to = 2 ... 4 times daily

Protection

Unbalance -, overcurrent -, overvoltage protection

Losses

% 0.02 - 0.06 %

Environmental factors

Air conditioning No

Space requirements Extensive

Cooling requirements No
Availability >99.5 %

Maintenance

Replacement of units in case of faulted units,
depends on protection and fusing
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Table 6a
Equipment Synchronous coendenser
Circuit
0
Type

Rotating machine

Alternatives

Characteristics 1 UT 1 Voltage-current-characteristic
—3 including sleope and voltage range
4 "'_-_.—-_-7
S =2

/

2 Limitation in overexcited operation

3 Limitation in underexcited operation
ted g ted 4 Limitation at maximum exitation
over excite under excite before action of limitation
N control 2
i erating range
Ratings Ulat? Spapr ©P q g

Overload (rating and duration)

Voltage control steady state
Voltage control transient
Voitage stability

Reactive power supply
Bamping of power oscillations

Damping of SSR

Tasks

Influence on ipad flow
Stability improvement
Flicker compensation

Carrection of phase unbalance

Increase aof short circuit

Yes

Continuously controllable

Yes, like PSS, but less effective than SvC of
thyristor controlled type
Possible

On Reactive load flow

Improved in some cases

Yes, but less effective than 5VC
(thyristor contr. type)

TJo a certain extent, due to rather low neg. sedq.

reactance, but less eff. than SvC
capacity {(Wanted in HVDC application)

Control system

voltage control
(other control features possible)

Response Time

Step-response time with closed-loop voltage

(t|me constants, gain' transfer funcﬁon) control is from a few tenths of a second and

up depending on different factors
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Table 6b

Connection to the systemn

via transformer secondary or tertiary

Design criteria

Rated values U 5 , operating range

rat’ “rat
Yoltage range

Load flow requirements
voltage support
Stability improvement

SCR-requirements

Pertormance criteria
Reaction
Overload capability
Variation of reactive power
Transformer
Number of operaticn

Maintenance

Speed limited by machine constants
Cap. range high, ind. range low

Continuously controllable

Tap changer not always required

No limitation

Protection Standard generator protection
Losses 1 % not including auxiliary equipment
Environmental factors
Air conditioning
Space requirements Medium
Cooling requirements
Availability ca.97 %

Maintenance

Extensive
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Table 7a
Equipment Thyristor controlled static var compensators
-1
%
Circuit ;E 5%% \\j
€5 | 5 | [ 1 1]
TCR sC Séigégg

T(TCR+F} T(TCR+F+C}

(D T(TCR+F) (6) T(TCR+TsC)

Alternatives

1Zpulse operatian e.g. (2 T (TCR+F)

Additional capaciters e.g. (8 T (TCR+F«C)
Characteristics 1 N 1 Reference voltage
2

Overload range

Can be manually adjusted
or changed by additional
! signals e.qg.

|
|
|

at damping of

— o s
- : power Osciallations
I, i, 1—
Ratings U e QCrat(Il)’ QLrat(Iz)’ Srat = Max (QC(Il)’ QL(IQ))

with reference to point of connection

Overload (rating and duration)

Voltage stability

Damping of SSR

Tasks

Voltage control transient

Reactive power supply

Damping of power oscillations

influence on load fiow
Stability improvement
Flicker compensation

Correction of phase unbalance

Voltage control steady state

Yes

Continuously controllable within I1 -1

2
Yes (0.5 2 Hz)
Yes (10 40 Hz)
Esp. on reactive power load flow

Yes, depending on contral sheme

Possible, single phase control if required

Possible, with single phase control

Control system

Voltage control
Additional signals for other control features
(Damping of power oscillations, SSR)

Response Time

Small-signal response time 3 to 10 cycles
cf supply frequency.

(time constants, gain, transfer function) Large-signal response time less than one cycle

of supply frequency.
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Tabie 7b

Connection to the system

¥ia transformer to the busbar

Tertiary winding of the transformer for smaller
size

Circuit breaker preferred to disconnector

Design criteria

Rated values u s S , control ramnge
Vvaltage range (E?%e aggtdeviation)
frequency range (time and deviation)
Impedance of the system (pf to 25th harmonic)
Higher harmonics in the system {(voltage)
Higher harmonics to the system {currents)

Response at 1l- and 3phase faults
Response at load rejection (temporary overvoltages)

Performance criteria
Reaction
Overload capability
Variation of reactive power
Transformer
Number of operatibn

Maintenance

Fast
High in inductive range {short-time)

Continuously

No tap changer required

No limitation

Protection

Differential protection, overcurrent

Losses

1) Type T{C+TCR)

losses .5 ... .7 % of S
rat

2) Type T(2TSC+TCR)

losses .3 ... .5 % of §
rat

Environmental factors
Air conditioning
Space requirements

Cooling requirements

Sometimes air conditioned valve hall

Extensive space for filters and capacitors

Cooling water for large SVCs

Availability

> 99 %

Maintenance

Low




Table 8a
Equipment SYC of saturable type
Circuit Q
'
Type
SR T{C+ SR}
Alternatives Compensation of air core reactance by
series capacitor
Control of saturation by dc premagnetization
A k| . . .
Characteristics u I 1 Continuous operation with
—_—— 1 ;___f]\ reference voltage and slope
- ™~ | 2 Spark gap operation at
2 overload
4F R 3 Vy-Il-characteristic after
spark gap operatiaon
| —s 4 ¥neepoint voltage of SR
Ratings Urat’ Qrat’ Caontrol range, Kneepoint voltage

Overload (rating and duration)

Voltage control steady state

Voitage control transient Yes

Voltage stability

Continuously within the control range

Reactive power supply

Damping of power oscillations Possible in special cases

R
E Damping of SSR NO
Influence on load flow On reactive power load flow
Stability improvement Yes tp a certain extent {no special control possible)
Yes in case of dc controlled reactance
Flicker compensation Yes
Correction of phase unbalance NO ¥ith 3phase equipment
Control system Tap changer control for matching to the
reference working point
DC premagnetization used in very few cases
Response Time 2 to 5 cycles of supply frequency

for type T (C+5R). In case of tap-changer

{time constants, gain, transfer function)
several seconds for 1 step.
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Table 8b

Connecticn to the system

Via tramsformer to HV-busbar
tertiary winding of transformers

Design criteria

Rated values U Qr s control range

¥
Voltage range rat
Overload range
Impedance of the system
Damping of second harmonic resonance if necessary
Cancellation of harmonic at symmetrical

operation using multi-winding-reactor (up to 18 limbsg)

at

Performance criteria
Reaction
Overioad capability
Variation of reactive power
Transformer
Number of operation

Maintenance

Fast

High in inductive range (short time)

Continuously
Tap-changer reqguired

No limitation

Protection Standard transfgrmer prot:
Air-gap-protection of series capacitor.
Losses Higher than SVC of thyristor contrelled type

Environmental factors
Air conditioning
Space requirements

Cooling requirements

Extensive for T{C+SR)

0Dil natural / forced

Availability

ca.95 %

Maintenance

34




APPENDIX 2
REACTIVE POWER COMPENSATION ANALYSIS
AND PLANNING PROCEDURE
SUB-ITEM : LOAD DEMAND AND MODELLING

by

J.F. CHRISTENSEN G. PELS-LEUSDEN J. VERSEILLE

ELKRAFT AVU EDF
Denmark Fed. Rep. of Germany France
TABLE OF CONTENTS Whichever size is the studied ayatem, it is impos-
3ible to keep the entire network, from the EHV to
1. REACTIVE POWER DEMAND AND SYSTEM REPRESENTATION the MV or LV level, in the models. Some simplifica-
tions are necessary and two ways can be used for
2. LOAD MDODELLING that, which are:
3. REACTIVE LOAD ENOWLEDGE AND FORECAST - using a vertical subdivision in veoltage level,
- using a horizontal subdivision based on geographi-
4. CORCLUSIONS cal censiderations.
APPENDIX: Both of them can be used simultaneously.

Table collecting informationa about reactive

power demand (questionnaire on Reactive Power _ The vertical subdivisjon: it leads to include the

Optimization Techniques in System Planning). reactive consumption of the lowest voltage networks
into the loads. The problem is to define the kind
of network for which that approximaticn is a rea-
sonable one.

INTRODUCTTON . distribution networks: the reactive consumption
of these networks is low and vary according to
the lead level. For these reasons, they are most-

There are three main aspects in analysis of the de- ly included into the load consumption.

mand in regard to reactive power compensation:

. transmission networks: on the contrary, the reac-

- separation of the reactive demand related to the tive losses in these networks can be high com-
network from the one related to the loads, pared to the reactive flow; moreover, their vari=-
- load modelling according to the kind of studies ations depend not only on the load consumption,
and to the models which are used, but alsc on the network configuration and opera-
- reactive loads knowledge and forecast. ticnal conditions resulting from outages of net-
work elements and power plants or, especially
These three items are described in the present re- in a meshed grid, from measures tc increase secu-
port. rity or to limit short ecircuits curremts. 3o,
it is necessary to get a precise estimation of
A summary of the present practices in the different these losses that requires tc represent Lhese
companies has been established, according to the networks in the models.
answers %o the questionnaire on use of reactive power
optimization techniques in system planning. . Subtransmisasion networks: 1t isn't any obvious

seclution for these networks. Reactive losses
can reach 30 £ of the reactive flow.

However, in many cases, owing to the size of
the system, it is impossible to keep the entire
transmission - subtransmission network. Then,
two possibilities can be used depending on the

1. REACTIVE POWER DEMAND AND> SYSTEM REPRESENTATION system and on the problem to be sclved.

The reactive demand in a power system results from The first one consists in including these reac-
the reactive consumption of the loads and from the tive losses into the loads; with appropriate
reactive losses in the network; therefore, the analy- load measurements and forecasts, this approxima-
sis of the reactive demand can't be dissociated from tien is suitable for steady state studies on
the representation of the network in the medels. the transmission network in order to optimize

3§



A6

The second one consists
subtransmission

"Loadsa"®
as injections at the ERV or HV
injection 13 a combinaticen of
like industrial loads composed
motors as well as
constant impedance loads {lighting, heating ...).

the global amount of reactive compensation de-

vices.

in keeping the entire
network in a peculiar area and
using a horizontal or vertical subdivision in
the other parts of the system; a precise repre-
sentation of this network ia usefull to decide
the <characteristies of the reactive devices;

some of theae c¢an be installed on the HV or on

the MV network; their localization and their
way of operation have to be chosen according
to the reactive compensation requirements of

the subtransmission network.

In another hand, it can be useful, for long term
stability studies, to simulate the control of
the on-lead tap changers of the EHV/HY or HV/MV
transformers, in order to analyse changes in
the reactive demand after a disturbance.

- The horizontal subdivision: based on geographical
or administrative criteria, it is used, in most

cases, to separate the transmission network into
subsystems.
It leads to define equivalents of the parts of

the aystem which are suppressed. The choice of

the used equivalent is made according to:

. the way of operation: the simplest example is
when the exchanges between the different parts
can be considered predefined; in this case it
can be sufficient to use P, Q injections at the
border hodes (the simplest case Iis when the stu-
died system has to be internally fully balanced).
Nevertheless, because the & injections depend
on the network operating conditions, such a re-

presentation is valid only if these wvariations
are small.
. the system configuration: there are different

ways to obtain an equivalent for reactive power
studies. The most common are:

% considering the border nodes as P.V. nodes

€ compensations installed at the border nodes

¥ REI equivalent

® WARD equivalent

In many cases it seems useful tc keep a detailed
representation of the system immediately sur-
rounding the studied subsystem.

2. LOAP MODELLING

studies are modelled
busses. In fact each
different components
of wvarious kinds of
loads including many

in the reactive power

residential

These loads are linked to the HV or EHV busses by
HV, MV and LV networks and by transformers equipped
with on-load tap changers used for automatic voltage
control on the subtransmiassion and distribution net-
works .,

Despite the fact that load depends alsc on the fre-
quency, we focus our attention on the load dependency
on veoltage, which is the most important for reactive
compensation studies, because the frequency devia-
tions are usually very small compared to the voltage
deviations.

The most common representations of power system loads
are:

- fixed P and Q model:
voltage changes

- fixed impedance:
aquared

load remains constant as the

power is a function of the voltage

“(z)

proportional to voltage
v

dol --
Vo

which

v 2
Po(—— Q=
Vo

- fixed current:

2
P =

power is

v
PO(--—) Q=
Vo

Other models are used like:

P =

- composite load medel, is a combinaticn of
these three types: 2
P = Po {A

{ 4+ ﬂ.2 V + A3 ve)

2
+B2V+B3V)

- exponential models:

v s}
Po( --) Q=
Vo

The adequacy of the different models depends on the
kind of satudy {steady state or dynamic) and on the
methods used to solve the problem.

Cl:QN:‘:(B1

P =

. Steady =tate simulation:
to the questionnaire con
mization techniques in

according to the answers
use of reactive power opti-
system planning, load flow
studies are the basis of the reactive planning.
Because the purpese of these studies iz to define
the amount of compensation devices necessary for
having a satisfying voltage profile in normal oper-
ation conditions, it isn't necessary to take into
account the load dependency on voltage. Therefore
fixed P, Q models are used at this step.

However, load flows can also be used in order to
determine the atate of the system following a major
disturbance [1] (for example loss of a generation
plant). These post-~transient load-flows can be
consdidered as a momentary picture of the system
in a transient state, anywhere after the disturb-
ance.

In this case, the sensitivity of the loads to the
voltage has an important effect on the sclution.
It can be supposed that active and reactive power
vary as some exponential power to the bus voltage
(for example with a fixed impedance model) in order
to get the state of the system in the first seconds
after the disturbance.

On the other hand, a fixed P and Q@ model allows
to simulate the effects of the transformer on-load
tap changers which, after a time delay reaching
£ill 1 minute or more, tend to restore the lnitial
voltage at the load delivery points.

The solutions are different in both cases; fixed
P and Q models are generally more pessimistie.



. dynamic simulations: dynamic studies are performed
In reactive power planning in order to determine
what type of reactive power device should be in-
stalled f{e.g. =atatic wvar compensator, switched
capacitors ...) or to estimate the necessary reac-
tive reserves during the dynamic sequence caused
by a network fault,

The load characteristics have many effects on sys-

tem stability and simulation results can change
significantly as different 1lcad representaticns
are used.

We can distinguish three main kinds
simulations:

of dynamic

Steady state satability

The purpose is to study the behaviour of the system
after a "small™ disturbance, for which linearisa-
tion of the egquations is justified.

Simplified load modelling 1like
fixed impedance are often used.

However, there are some trends to improve the know-

ledge on dynamic load behaviour and particularly

on the voltage dependency.

The most common way are measurements of the slopes
dp (%$)/av (%) and dQ (%)/d¥ (%) within a rather

limited range of voltage variations {[2] that is
Justified for steady state stability. Many results
are available for 1individual components [3} or

for composite loads thanks to measurements on the
network busses after changing the transformer taps
[4]. All these results are based on hnarrowW range
of voltage variations (£ 10 %).

- The AP (¥$)/AV (%) factor varies between 0.2 and
2.0; the lowest walues concern industrial loads
predominantly composed of induction motors; the
highest are related to residential and commercial
areas composed of constant impedance loads such
as heaters and lights; seasonal variations have
been observed and winter values are higher than
summer values.

- The AQ ($)/AV (%) factor is higher, varying from
1.5 to 4.0, but very high values are menticned
(7 to 12); however the effects of shunt capacitor
compensation and of the reactive losseas in the
network have to be taken into account in such
measurements.

In other respects, some models have been developed
for special type of loads. The most common example
is motor load. However, if it is easy to establish
a dynamic model for one motor, it isn't soc easy
to find a single motor that will satisfactorily
represent the aggregate motor load. Different meth-
ods have been proposed [5] and some of them have
been compared in term of accuracy [6].

In the same manner, some models are developed in
order to define an equivalent load describing the
behaviour of the customer loads and of the lower
voltage networks, as viewed from a specific network
bus (7] (8].

The effects of the voltage dependency of active
power can't be classified as leading to pessimistic
or to optimistic results. Nevertheless the voltage
stability limits oftern decrease when P(V) changes
from constant impedance type toward constant power

type, especially if loads are at load centers re-
mote from generation. [See report on voltage sta-
bility].

fixed current or

Tranaient stability (up to a few seconds}

These studies involve wide ranges and fast gradi-
ents of voltage variations; therefore the non-line-
ar behaviocur of the lcads has te be conaidered. In
such cases, some of them (motors for example) can
be disconnected; some other, on the contrary, can
consume more active power than before the fault.
Consequently, an accurate dynamic representation
of the loads should be used.

However, it is difficult tc get precise results in
this field. Due to this lack of better knowledge,
simplified models (often the same as for steady
state stability studies) are used.

Long term stability (from a few seconds to a few
minutes)

These simulations are performed in order to ana-
lyse the risk of wvoltage collapse or to study the
coordinaticn in time and space of the varicus con-
trol means. The numerical stepsize is one or more
seconds as opposed teo a fraction of a second for
steady state stability or transient stability.

In this case, the problem, with regard to 1load
representation, is to take into acceount the acticn
of the tap changers which begin to operate after
a few seconds and whose action continues during
about one minute.

For voltage stability studies, it is important
to medel the response of automatie transfermer
tap changers which are in series between the main
system and the load to ensure that thelr time grad-
ing is such that 1locad overshoot does not occur
{i.e. correction of the lowest wvoltage before the
higher voltage) and to get a correct representation
of capacitors {and the network shunt capacitances)
connected between the load and the main system.

If the system contalns an accurate representation
of all tap changers, including their control char-
acteristics (that means that the loads are consid-
ered at lowest voltage level which is controlled),
the load models used for steady stability are suit-
able. For most systems, such a detailed representa-
tion of the system is too complex for simulation.

If the tap changers arn't described (loads viewed
from the EHV level), it is necessary to make ap-
proximations; the most common one conaists in using
a fixed P, Q model.

This approximation is fairly good,if all tap chang-
ers are automatic controlled on constant voltage
criteria. If some of the tap changers are manual
or controlled by other criteria than constant volt-
age, a more detailed model should be consldered.

3. REACTIVE LOAD KNOWLEDGE AND FORECAST

According to the answers to the questionnaire (see
Appendix) reactive lcad forecasts are based on the
active consumption forecasts and on the knowledge
of Q/P ratics.

The most common method consists in measuring the
Q/P ratio at the EHV/HV or HV/MV busses. In such
investigations, it is important to know the reactive
power compensation devices used at the time of the
measurements in order to be able to compute the natu-
ral reactive consumption of the loads.

it



Theae measurements have te be made in order to know
the Q/P ratio for the different periods which are

studied {peak load and light load or other peculiar
periods corresponding to special operation condi-
tions).

For reactive power forecasting, it 1is necessary to
make extrapolations of the power factor. However
these extrapclations often consist in assuming that
the power factor remains constant in the future.

An ancother method is a more analytical approach in

which the compensation requirements are determined

by type of use or type of network.

In this case, measurements have to be done in order

to identify:

a) Special types of load groups regarding reactive
power demand (e.g. mainly residential quarters
with and without electrical heating, city areas
with mainly shops and offices ...).

b) Reactive power demand of various types of MV
and LV networks <{(e.g. mainly overhead lines or
mainly cables, density of substations MV/LV and
their rating).

c) For all possible combinaticns of item a} and b)

the changes of reactive
weekly, seascnally).

power demand {(daily,

This approach is mcre suitable to forecast the reac-
tive consumption according to the evoiutions of the
active one, and to give indicaticns about the evolu-
tions of the Q/F ratio according to the load composi-
tion (for example how changes the power facter when
the part of heating in the consumption grows?). It
requires an extension of the measurements on the
network which could also be used in order to analyse
the dynamic behaviour of the loads. Such improve-
ments in measurements are under way in a few compa-
nies. {8]

Finally, it appears that the reactive power forecasts
aren't yet very precise. Due to this lack of accura-
cy, 1t is useful to complete the results of load
flow models by analysing the sensitivity to the load
level, especially in order to appreciate the risks
of voltage instability.

4. CORCLUSIONS

Network representation

_ The distribution networks don't have to be diasscci-
ated from the lcads.

- Depending on the system, it can be more appropriate

to consider the whole ¢transmission network and
to include the subtransmission network into the
loads, or, on the contrary, to use geographical

subdivisions in order to keep the subtransmission
network in a limited area.

Load modelling

~ For load flow studies fixed P - Q models are suffi-
cient.

- For dynamic¢ studies, dependency of the loads with
the voltage is important; however it is difficult
to obtain accurate modelzs and also to know the
effects on the results of the approximations which
are done.

Reactive power forecast

- Reactive power [forecast is, at the moment, based
on extrapolation of Q/P ratio measurements on the
existing networks and on active load forecasts.

_ Tdentification of Q/P ratios for different typesa
of loads or networks seem3 to be more suitable
for forecasting; however that requires improvements
in measurements and knowledge con load compeosition.
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ippendix: Table collecting informations about reactive power demand
{questionnaire of Reactive Power Optimization Techniques in System Planning)
country network limits load cases reactive demand load modelling additicnal
company eonsidered knowledge remarks
vertical horizeontal currently forecast gize estimation
A | EdF =225 kV - peak/low tg® -meas. [tgy -const. P,Q suff., for |reactive
each for for all dynamics forecast un-
summer, load P,Q=f(v) certain, be-
winter cases can be im- |cause locad
mid-season portant structure is
unknown
B | Belgian x 70 kV |- peak cosy -meas.|cos¢ = P,Q suff. due
{combined) 85 x peak const. Lo tap
(sensitive to changer
loss of gen- action
eration, be-
cause predom-
inantly in
400 kV)
C { Chubu 2154 KV [ownership peak {sum- Q-meas. Extrapol. P,Q -
mer), low ?
(winter
night)
ID | Osaka =275 kv - as C ? tgy -extra- P,Q more de- growing tend-
polation tailed ency of tgy -
seems use- jextrapolation
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ABSTRACT

Several systems have experienced voltage collapse,
and the Task Force's questionnaire |4] indicates a
need for a widely accepted precedure for dealing
with the voltage collapse problem in system plan-—
ning. The object of this report is to present a pro-
cedure and to establish guide lines for the use of
system planners in order ro prevent veitage col-
lapse.

The report centains an explanatiocn of the veltage
collapse prebiem, and how it is influenced by trans-
mission system characteristics, the steady-state and
the dynamic behaviour of the load, as well as the
overall system control. Experiences from actual sy-
stem disturbances are examined together with conclu-
sions from the questionnaire. Prefault conditions
are discussed, and it is suggested thar the use of
n-2 security in reactive planning could be justified
in order to obtain a probability of failure due to
voltage collapse consistent with normal practice re-
garding transient stability. A planning procedure
based on a normzl load-flow program is established,
and practical guide lines for planners are drawn up.
This procedure is much faster than procedures based
on dynamic calculations. Finally an example to il-
lustrate the method is given.

1. INTRODUCTION

It is well known that transmission of active power
is dependent cn the volrages at both the sending and
receiving ends of a transmission system.

The most well-known steady-state limitation to power
transmission on a system occurs when the electrical
angle between the voltage sources at the two ends
reaches 90 degrees.

However, at this transmission angle there is a very
high requirement for the supply of reacrive power
at both the sending and receiving ends. For example,
while at 90 degrees the maximum real power transmis-
sion possible in the system of figure 1A is EU/X [,
at the same rime the reactive power requirement is
U“/Xp at cthe receiving end and E2/X[ at the sending
end, both directed inte the line. The reactive power
to be supplied at each end of the line is therefore
of the same order as the power transmitted.

Generators at the ends o¢f a system might be able to
supply this requirement, and hence to maintain volt-
ages, for short times during power swings (by field
forcing), but there are very few situations in which
such high reactive power supply could be maintained
for any length of time. With realistic types of
voltage support Lhe reacCive power supply will be
limited, and voltage will collapse at steady-state
angles much less than 90 degrees.

After the voltage has collapsed, the power transfer
capability of the system disappears (because EU/Xp =
0), and loss of synchronism between generators at
the two ends will follow. However, it is an impor-
tant characteristic of this kind of system failure
that loss of synchronism is a result of voltage col-
lapse rather than a cause.

As stated, voltage collapse can occur at quite low
transmission angles and, when the system is heavi-
ly overcompensated at the receiving end, at receiv-
ing system voltages which are not much lower than
the normal operating range. The failure process can
be illuscrated by using a transmission line perfor-
mance chart for the receiving end of the line, as
shown in figure 1B. On the abscissa is the reactive
power supply or absorption at the receiving end of
the line and on the ordinate the power transmission.
Circles showing the relationship between the power
transmission and the reactive power supply are drawn
with U/E as parameter. As seen in figure 1B, there
is an absolute power limit which is highiy dependent
on the resources available for reactive power sup-
ply at the receiving end. The equations relating to
these circles are given in appendix 1 in the exten-
sive report 17|.

The explanation of voltage collapse, referring to
figure 1B, is as follows:

At an initial per unit veltage of 1.0 in the receiv-
ing network, reactive power (, must be supplied to
the line to support the power transmission.

Now one of the machines P} in figure 14 is tripped,
and we assume that the missing active power is de-
livered from the remote machine. To support this in-
creased transmission, additional reactive power must
be supplied to the line, if the same voltage is to
be meintained. If this is not available (especially

i3
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when the reactive power generating capacity of Pp is
lost), equilibrium will be established at a lower
voltage and with a lower transmission Py + P ~ &P,
where AP is the reduction in load due to the lower
voltage.

In the following period, typically 1/2 to 5 minutes,
the excitation on synchronous generators will be re-
turned either automatically or manually to levels
within their capabilities, and the automatic tap-
changer control on the load transformers will bring
the load back towards its former value, and the
transmission from the remcte machine will increase
towards Pg + P]. With no increase in reactive sup-
port at the receiving end, the veltage must drop
further. It can be seen from the figure that there
exists a limit to the power, which may be transmit-
ted irrespective of voltage, and that an attempt to
exceed this will result in a voltage collapse. The
transmission angle at which this occurs is far less
than 90°. For instance, the transmission angle for
U/E = 0.8 is shown by the designation ¢ (0.8) in
figure 1B.

It is also important to notice that in the period,
before the wvoltage collapse occurs, the frequency
will be normal or even slightly high (due to &P)
for some contingencies. This indicates that frequen—
cy-activated load shedding cannot save the network
from voltage collapse.

T 1 T g
0 0,2 0.4 E
(out of line)

OMe———e

Centres of circles are at P = 0

0 = vt/
Radii are at R = EU/XL

end line gperformance chart,

The additicnal power transmission also draws addi-
tional reactive power from the sending end system.
If the supply there is also limited {and this is
made worse by the need to supply additional real
power), the sending end voltage may also begin to
fali, The transmission limitation will then occur at
an even lower power transmission.

It should be noticed that the risk of wvoltage col-
lapse is connected to:

1. contingencies which weaken the local voltrage con~
trol (i.e. unit tripping)

2. centingencies which weaken the transmission sy-
stem (i.e. line and busbar faults)

3. contingencies which increase the power transmis-
sion in the network due to the primary control of
the active power (i.e. unit tripping, network se-
paration, etec.).

Further, it should be ncticed that veltage collapse
often (not always} will happen after a time period
determined basically by the timing of the automatic
transformer tap-changer contrcl and of the reduction
in generator excitaticn levels.
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2. INTERACTION BETWEEN TRANSMISSION SYSTEM
CHARACTERISTICS AND LOAD BEHAVIOUR

When system conditions change, the behaviour of the
load interacts with transmission system character-
istics to determine successive operaring points on
the performance chart of figure 1B. It is of inter-
est to separately examine in more detail the trans-
mission system characteristics and both the steady-
state and dynamic load behaviour.

2.1 Transmission system characteristics
Alternative charts can be derived from figure 1B to
illustrate some fundamentally important properties
of AC transwission. The first such chart is the U-F
curve (]7]), App. 2), which shows the relationship
between the voltage and the load at the receiving
busbar, with the assumption that load power facror
is constant. This can be devised from first prin-
ciples or by examining the intersections of straight
lines through the origin, representing various tge,
with the voltage circles of figure 1B. Examples of
U-P curves are shown on figure 2.

For each load power factor there is a maximum trans-
wmissible power. For any value of P below the maximum
there are two possible solutions for U. Normal ope-
ration of the power system is always at the upper
value, within narrow limics arcund 1.0 p.u.

The load tg¢ has a strong influence on the receiv-
ing-end voltage. For voltages in operating range
0.9 to 1.0 p.u. loads with positive tg¢, with zero,
or with low negative tg¢ tend to reduce U as the
load P increases. With large negative tgé in-—
creases until P reaches a much higher value. This
represents an unstable operation condition for the
assumed constant tge load.

For studies of prevention of voltage collapse U-F
curves are not easy Lo use, because the technique
of adding variable reactive power sources (for ex—

ample SVC's) means that load tgé¢ is not constant.

A more useful chart is the Q-U curve, which can be
drawn to show the characteristics of a line alone
or of an entire transmission system including sev-
erable lines and the load plus compensation. Fig-—
ure 3 shows an example for a purely inductive trans-—
wmission line alone with active load as parameter.
These curves correspond to intersections of herizon-
tal straight lines with the voltage circles of fig-
ure 1B.

Only the parts of the curves to the right of the mi-
nima are stable |7 unless supported by addirional
reactive power from an automatic source (static var
compensator, synchronous condensers, etc.) im which
case stable operation can be maintained as long as
the source has a sufficiently high Q versus U gain
and is within its contrel range. It is also only
true provided the automatic reactive source controls
the voltage faster than the actions that return the
power to a constant value, for instance tap-changer

‘control. This is normally the case, although it may

not be the case in special applications. For in-
stance large inducrion motors may consume a fairly
constant power, but abruptly increase their reac-—
tive power absorption when the voltage decreases.
This response of induction motors for voltage vari-
arions may be faster than the controls of automatic
reactive SouUrces.

2.2 Load characteristics

Loads whose real and reactive parts vary with volc-
age interact with the transmission characteristics
by changing the flow through the system. The lcad
and transmission effects can be summated to show
the overall response at the load busbar to varia-
tions in voltage associated with changes in reac-
tive power Llnjected.

The voltage dependence of the load has a tremendous
influence on the stable part of the curves in the
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line with active Jcad as parameter.

period before the action of primary controls. Fig-
ure 4 shows the simple case, where a purely active
lead of 0.5 p.u. is fed through a purely inductive
line. A reactive power injection of 0.13 p.u. at the
receiving end results in a voltrage of 1 p.u. If the
reactive power injectiom of 0.13 p.u. is lost, the
voltage at the receiving end will decrease. If the
load is purely resistive, the voltage will settle
at 0.8% p.u. If the icad has constant current char-
acteristic, the voltage will settle at 0.86 p.u.
But if the leoad is censtant, the system will reach
the limit of voltage stability at a voltage of about
0.7 p.u.

A description of the voltage dependency of the load
and characteristic values are given in [1].

When making calculations on a transmission network
it is normal to represent the load at a high voltage
level. The dynamic behaviour of the lead in such
calculations comes from two different causes. The
former is the dynamics of the consumers. These dy-
namics will sum up as a voltage-dependent load at
the consumer voltage level and be transformed up to
the voltage level at which the load is represented
in the calculaticns. The latter is the dynamics of
the system control, principally the automatic tap-—
changer contrel of the transformers. This will be
dealt with in the following section on system con-—
trol,

3. INFLUENCE OF SYSTEM CONTROL ON VOLTAGE COLLAPSE

Only the planning aspects of system control are to
be considered.

Discussion has been divided into three parts, name~
ly system voltage control, system power-frequency
control and undervoltage load shedding control.

3.1 System wvoltage control

Referring to CIGRE SC 38-02 TF03 [2], system volt-
age control is organized in the form of a structured
system {automatic, to varying degrees), comprising
three operational levels {(which we shall refer to
as "Primary, Secondary, and Tertiary"), and a fore-

of the lead VS voltage characteristic on
voltage stability.

casting level (referred to as "Security Forecast").

From this work it can be concluded that it is neces-—
sary to represent all primary veltage control ac-
tions correctly in planning calculations to prevent
voltage collapse. The primary voltage contrel ac-
tions are due to AVR's of generators and synchronous
compensators, static var compensators, automatic
tap-changers, and capacitors and reactors switched
automatically on voltage criteria.

A description of the reactive power sources includ-
ing their responmse and control range is given in

i3l

The planner should consider the actual transformer
control hierarchy, which controls are automatic and
which are not, and be careful in representing the
effect of the voltage control on the reactive power
losses and generation of the elements in the sub-
transmission and distribution network. Further the
planner must investigate if the time grading of the
transformer tap-changer control will result in a
temporary overshoot of the lead. In this case there
could be a higher temporary demand for injection of
reactive power than after action of the primary con-
trols.

Referring further to the voltage control structure
|2}, the aim of the secondary and tertiary voltage
controls and alsoc the security forecast studies is
to find an optimal V-Q security-conditioned track
in the daily operation of the system. One should
therefore not include these conttrol actions in the
initial planning calculations to prevent volrage
collapse. But it should be checked that these con-
crol actions will not result in a situation, which
is worse than that which applies after action of the
primary controls. Changes in the future secondary
voltage control alsc have to be taken inte account.

Further, it should be remembered that it is always
easy for the planmer to fix an optimal pre—-fault
condition, but it is not possible for the secondary
and terciary voltage comtrel, whether automatic or
manual, or by use of security forecast studies, at
any time to operate the system exactly on the
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optimal trrack. This could call for a certain margin
when planning reactive power resources.

Finally, demand on reactive power reserve for equal-
izing the deficit between an area and its surround-
ings, within a certain time (for imstance 15 min-—
utes), can influence the necessary reactive power
resoutrces.

3.2 System power—frequency control

What has been said about veltage control alsc ap-
plies to power—frequency control.

It is important to represent all primary power—-fre-
quency controls (fast automatic governor actions
based on measurement of the local frequency) cor-
rectly in planning calculations to prevent voltage
collapse.

Secondary power-frequency control (area contrel, au-
tomatic generation control (AGC), etc.) can come in-—
to planning in the sense that it has tc be checked
that the seccndary control actions will not result
in a situatien, which is worse than that which ap-
plies after action of the primary contrecls. Changes
in the future secondary power-frequency control al-
so have to be taken into account.

3.3 Undervoltage load shedding control

Undervoltage activated load shedding can be used as
an emergency means of counteracting the influence
of tap-changer control. It is not normal practice to
prevent voltage collapse for faulcs which are equal
to or less severe than the chosen planning crite-
rion, although in cases where there are reasons for
delay in needed system augmentations it can be used
temporarily. Its application would be to contain a
local disturbance, perhaps in order to prevent a
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@ ome 400 k¥ line and two 132 %V lines between Sealand and

Sweeden are tripped. About this time the Kontiskan line
HVDC is tripped.

——+-— The voltage in the South of Sweden (callapses).

major network voltage collapse.

Whatever planning c¢riterion is chosen, it is usually
possihle for multiple contingencies to occur which
are more severe than it, although with 2 very small
probability of occurence. There might not be suffi-
cient justification to imstall transmission plant
to prevent voltage collapse in suck cases. However,
it might be comsistent for the utilities, who use
underfrequency lcad shedding te cover severe gener-
ating capacity loss, also to use undervoltage load
shedding, alrhough the probability of it being used
may be less in the latter case. The consequeaces of
a major network collapse occuring need to be weight-
ed against the costs of such controls.

The effectiveness of load shedding in an cverlecaded
system can be seen in figure 3, where a reduction
of p =0.25 p.u. from p = 0.75 to 0.5 p.u. reduces
the reactive power requirement by about 0.3 p.u.

A special case is industrial plants with local ge-
neration, which discennect from the network under
severe disturbances. This may be taken into account
in the planning.

4. EXPERIENCES FROM SYSTEM DISTURBANCES LEADING
TO VOLTAGE COLLAPSE

Example of a disturbance leading to voltage
collapse

The Swedish contingency on 27th December, 1983 (fig-
ure 5) is a good example of how a voltage collapse
develops.

Figure 6 shows the 132 kV voltage at Stigsnes Power
Station in Sealand in Denmark during this system
disturbance, which started with a busbar fault at
Hamra azbout 60 km northwest of Stockholm (figure 3).

Wt



Yy

13

The fault disconnected both sections of the 400 kV
busbar. This fault is not considered as a dimension-
ing fault in planning.

As will appear from the description in figure 6, no
other lines of importance are tripped immediately
after the Hamra fault in the first 53 seconds. Then
during the next 2 seconds a cascade tripping of all
northerly lines takes place, and 1 second later the
lines to Norway are tripped. The reason is the fol-
lowing: After the outage at Hamra, Halsberg is the
most important feed-in substation to the Stockholm
area {figure 5). Here a heavy voltage drop occurs,
which reduces the lead in the area. The automatic
upward adjustment of the 10 &V woltage involves a
gradual rise in load towards the normal value during
the following pericd. Because of this the transmis-
sion from the north is increased, causing a further
drop In the 400 kV voltage at Halsberg.

After 53 seconds the volrtage is so low and the cur-
rent so large that all northerly linmes, and shortly
after the lines to Norway, are tripped by the imped-
ance relays. Hereby the southern parts of Sweden and
Sealand are isolated with a relative production de-
ficit between 50 and 60%.

As appears from figure 6, the voltage collapses
first at Halsherg at t = 53 seconds and 3 seconds
later in Sealand.

Fortunacely, the interties between Sealand and Swe-
den are tripped by the impedance relays after 56.3
seconds, after which the network veltage in Sealand
is restored (figure 6). At this time the network
frequency is 49.0 hz, i.e. higher than the first
frequency—acrivated load shedding step (48.5 hz).

What can the planner learn from this incident?

Firstly, if correctly planned, power systems only
reach a condition of voltage instability after a
large disturbance.

Secondly, the voltage collapse is a process, which
often takes some time (55 seconds on this incident)
after the iniriating disturbance. It is, therefore,
the objective of planning to specify the necessary
local reactive supply or emergency controls in this

period to cope with the actual contingency.

Thirdly, this local reactive supply has to be acti-
vated automatically by the local voltage, because
the operator has no time to interfere in the devel-
oping voltage collapse.

Fourthly, behaviour under multiple centingencies is
very important, when planning the response of reac-
tive power sources and emergency controls.

This appears from figure 6 where, after t = 55.7
seconds, (point (3)) voltage collapse spreads the
disturbance to a very large area. This happens, when
South Sweden and Denmark/Sealand are isolated with
a power deficit of 50 to 607 from the powerful sy-
stems in North Sweden and Norway. The generators in
the isolated area have to deliver both the real and
the reactive power deficits, until the frequency-ac-
tivated load shedding has equalized the power defi-
cit in the isolated area. The result is a very low
system voltage in the island, where the generators
are unable to control voltape, because their exci-
tation systems are overloaded, and they lose stabi-
lity due to small synchronizing forces before func~
tion of the frequency-activated load shedding. For
the planner, when considering the response of the
reactive power sources and emergency controls, it
should be taken into account that these will help

such an islanded system to survive.

Finally, the planner must not either forget that all
(maybe even more) reaccive resocurces, which are ac-—
tivated automatically when the voltage in the island
is low, may need to be remeved promptly a few sec-
onds later, when the frequency-activated load shed-
ding has equalized the active power deficit 6.

4.2 Main results of the analysis made at EDF of 20
major disturbances in the world leading to
voltage collapse

Before the disturbance: The system is weakened due
te outages (lines or plants), maintenance or tempo-
rary cperating conditions (for example due to the
installation of new equipment}. Moreover, the net-
work 1% generally highly loaded.

The disturbance:

- In many cases (more than the half) the loss of
only cne mere element (line or power plant) is
sufficient te inmitiate the disturbance. In the
other cases, successive faults have lead to loss
of more than one element.

- In several cases the initial fault has been a bus-
bar fault during maintenance operations in a sub-
station.

- In all cases there is at least one event "which
should never vceur", e.g. human fault or miswork-
ing of equipment. These situations are difficult
to forecast, because such events have very low
probabilities.

Reconstruction of the system: Problems of high volt-
age levels are often mentioned.

5. PLANNING PROCEDURE AND GUTIDE LINES TO PREVENT
VOLTAGE COLLAPSE

The questicnnaire on "Use of Reactive Power Opti-
wmization Techniques in System Planning" |4 indi-
cates a need for a widely accepted procedure for
dealing with the voltage collapse problem in system
planning.

If correctly planned, power systems only reach a
condition of voltage instability after a large dis-
turbance. The process is essentially non-linear in
that it involves limiting of generator excitation
systems and SVC's and usually the attempted restora-
tion of load by transformer tap-changing.

Therefore, a correct representation of all important
system controls, including the control limits, is
essential when planning against voltage collapse.

The objective of such planning is to specify the
amount and response of the needed reactive sources
at each busbar in the transmission system.

Special cases like for instance a far away large lo-
cal motor lead feed through a radial line, where the
rapid response of the voltage dependency of the load,
mentioned at the end of section 2.1, may lead to a
rapid voltage collapse, are outside the scope of
this paper. Such cases have to be treated separate-
ly by dynamic simulations, representing the fast
time response of the load and the system contrel
correctly.

5.1 Selection of contingencies and pre-fault con-
ditions

The first problem is to identify the operation
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Figure 7 Post-fault ceonstant
power 0Q-U curve with intersec-

tions of the U-axis.

situation and the contingencies which may lead to
voltage collapse. For small networks the situation
can be well defined., For bigger networks it is not
s0 easy, and systematic checking must be used to
define the worst cases.

It should be noted that 3 tec & utilities (|7)), App.
4) use n-2 security criterion in reactive power
planning {i.e. generator plus line or transformer
or two lines, whichever is more severe), When plan-
ning for transient stability, many utilities assume
the most serious fault {(3-phase) on the faulted com-
ponent in spite of the fact that this has a low pro-
bability. When planning against voltage collapse,
the fault severity {l-, 2~, or 3-phase) is of no im-
portance. Therefore, using n-2 security criterion,
when planning against voltage collapse, coutd be
justified in order to obtain the same probability of
failure in the system as one tries to obtain against
transient instability, when using the most serious
type of fault together with 2 n-1 security crite-
rion. In any case many utilities consider the loss
of both circuits of a double-circuit line, or om &
common corridor, to be a single contingency for re-—
accive power planning.

The planner shculd be very careful when choosing the
generators at low excitation by keeping as many ca-
pacitors as possible connected without exceeding the
maximum network voitages, because increased reactive
reserve on the generators reduces the risk of voltage
collapse after the contingency. Other than high sy-
stem voltage the only limitation is due te the un-
derexcitation limiters on the generators. But opera-
tors will never run a network in that way. There-
fore, the number of capacitors in the pre-fault con-
dirions should be based on a realistic estimate of
the operational practice with an adequate marginm,
for instance due to clock-switched capacitors etc.
As a minimum it must be ensured that natural changes
in the load, switching of capacirors, etc. and con-—
tingencies will not bring any generator to the limit
of underexcitation with an adequate margin.

Further, it should be noticed that a relatively high
pre-fault excitation on the generators gives a bet-—
ter transient stability margin and the most effi-
cient voltage control in many other serious system
disturbances {network separation, load rejection,
load shedding, etc.) :6|. This can lead to the

Tmin

Figure g, Post-fault constant
power Q-U curve without inter-

sections of the U-axis.

conclusion generally not tc operate the system with
low excitation on the generators.

In a long distance EHV transmission system genera-
tors often have to absorb reactive power. This con-—
dition is inadvisable due to reduced synchronizing
power, and in such systems it is generally preferred
to install shunt reactors close to the generators
in order to load them with reactive power. During
disturbances {line tripping, generator tripping,
etc.) the shunt reactors may be switched out. In
long distance systems it is necessary to achieve a
aear balance between reactive power sources and
loads separately at the sending and receivirg ends,
because transmission of reactive power over such
distances is very imefficient or, at high transfers,
technically impossible.

5.2 Planning procedure

A practical procedure can be based on the Q-U
curves, (figure 4 and |7|, App. 3), because these
curves can be determined by means of a mormal lead
flow program for a normally meshed network with the
actual power units connected.

For the normal planning problem of finding the nec-
essary reactive compensation to handle a contingen—
cy {i.e. busbar faults etc.) at or near a certain
busbar, the procedure could be the following:

1. Starcing from the pre-fault system make a series
of load flow calculations for the steady-state
post—fault system to find the Q-U curve for the
busbar with all manual controllers frozen in the
pre-faule settings. The merhod is to set the bus-
bar to be P, U type with P = 0, and determine Q
in or out of busbar to achieve a range of U val-
uves. The load should be the pre—fault load and
the distribution of generation and contingency
the worst case. The influence of all automatic
primary controllers, especially automatic tap
changers, should be taken into account. Special
care has to be taken tc correctly represent the
action of generator AVR's in keeping voltage con-
stant, while this is within the generator's ca-
pability, and further ro limit the generator's
Mvar production correctly. A suggestion for re-
presenting the response of the generators is pre-
sented in 7}, App. 3. A description of the
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reactive power sources, including their response
and control range, is given in |3

Figures 7 and 8 show twe different Q-U curves.

The right hand intersectien of the Q-U curve with
the U-axis gives the "natural" voltage at the
busbar. If the Q-U curves cut the U-axis, as shown
in figure 7, with an adequate margin, it is an
indication of no need for any further automatic
infeed of reactive power to cope with the contin-
gency in order to prevent voltage collapse. In
such a case the necessary reactive reserve has
come from existing sources (generators and/or
SVC's). If there is a requirement for a minimum
post=fault voltage, it might be necessary to sup-
ply a certain reactive power (Qmin in figure 7)
automatically after the fault in order to keep
the voltage above this minimum value.

If the Q-U curve is above the U-axis, as shown in
figure 8, it is an indication of need for an ad-
ditional automatic infeed of reactive power Q-min
to just prevent voltage collapse, and a greater
amount to achieve a margin or to achieve a mini-
mum post—fault veltage.

To determine the proportion of the required reac-
tive power injectien to be aurtomatic (e.g. SVC or
synchronous compensator) and the part to be
switched with a small time delay, the following
method can be used:

Plot aznother Q-U curve, as shown in figure 9, for
the short-term post-fault condition and therefore
with the following changed assumptions:

1) Load transformer taps locked at pre-fault set-
tings

2) Load vs voltage characteristic represented by
measured values, e.g.

o

u
Per (® Q=0q, (g
fa)

The faster acting generator voltage and excita-—
tion controls must, however, be represented as

L ]

before and also, if important, the primary active
power control,

For practical ioad-voltage characteristics, this
curve will be less onerous than the constant
power curve and may give an intersection with the
U-axis (which will show the immediate posc—fault
voltage).

The tap changing of the load transformers will
cause a gradual transition from this short-term
Q=U characteristic to the steady-state constant-
power characteristic. The time co-ordination of
the tap changers at the various voltage levels
should be examined to ensure that this transi-
tion will oceur without overshooting the comstant
power characteristic.

If the immediate post—fault voltage is not satis-—
factory or, indeed, if there is no intersection
with the U-axis, then an automatic infeed of re-
active power to the busbar must be considered.
The required response of this compensation can
alsc be represented on the Q-U plot, starting at
the pre-fault voltage on the U-axis and inter-
secting the short—term characteristic at or above
the required minimum voltage Upin on figure 9.
The limiting behaviour of the compensation must
also be considered, because this will determine
the margin which is required.

Summarizing and referring to the definitions in
|5|, one could, for instance, plan the system
shown in figure 9 by installing at the actuai
busbar a static var system (SVS) consisting of a
static var compensator {SVC) with the value Qu
plus some margin and mechanically switched capa-
citors with the value Qg, both controlled by a
common SVS co-ordimator. Both Qu and Qg are val-
ues at Upj, and must be converted ro nominal
voltage.

One should be very careful about using a correct
representation of the load vs voltage character-—
istic. The knowledge of this is often very un-—
certain, and in some cases it could be justified
to choose the pessimistic value, constant power.
This leads tc the conclusion that the whole
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amount Q4 + Qg in figure 9 should be auromatic,
and indeed that some margin should be added to
this amount.

The slope of the 5VC must be such that it inter-
sects with the Q-U curve well to the right of the
minimum of the Q-U curve, and must not be steeper
than allowed by stable voltage contrcl under mi-
nimum short-circuit conditions. A check must alse
be made that the fast voltage-contrclled mechani-
cally switched capaciters will not cause exces-
sive overvoltages, for instance in connection
with system disturbances leading to load-rejec~
tion or load-shedding |[6|. Further it has to be
checked that the natural frequent changes in the
transmission network due to lead variatioms, sys-
rem controls and system oscillations will not
cause too frequent switching of the mechanically
switched part of the static var system.

The amount of margin to be allowed from the mi-
cimum of the Q-U curve should be considered. Some
possible guide lines are as follows:

{a) Operation at or tco near the minimum of the
Q-U curve will be unsatisfactory, because
small variations in system loading, tap-
changing, etc. will cause large voltage va-
riations with possible "hunting" of tap-
changers.

A ninimum
operating
switching
too large

(b) slope of the Q-U curve at the final
point could ke chosen so that the
of a capaciter bank would not cause
changes in voltage.

{c} It is possible for the voltage at the minimum
peint of the curve to be so low that mainte-
nance of an adequate post-fault voltage (e.g.
95%) might give an adequate margin.

(d} A fixed Mvar margin based, for instance, on
scme percentages of the total load of the
area and con cconsideration of possible errors
in forecasting this load might be appropri-
ate.

(e} Consideration of the sensitivity of the wmove-
ment of the (Q-U characteristic with changes
{(errors) in the system MW load might lead to
an equivalent Mvar margin.

An alternative to the Q-U procedure for planning
against voltage collapse which could be used in
densely meshed networks with local generation on
the primary network (|7|, App. 4, Belgium) is to
install enough mechanically switched shunt capa-
citors to prevent any generator from coverlecading
its excitation system under 2ll planned contin-
gency conditions. In such networks, voltage ccl-
lapse can be avcided simply by releasing encugh
primary reactive reserve (excitation margin) on
the generaters by installing enough mechanically
switched capacitors in the network.

Planning guide lines

In order to obtain a correct planning against volt-
age collapse, the foliowing guide lines could be of
value:

1, Define the criteria to be adopted regarding ope-

2.

ration conditions and the contingencies to be
taken into account in the planning.

Select potential dangerous operating conditions
in accordance with the criteria. A way to rank
the cases of interest is to calculate the busbar

L

10.

An
is

6.
i
2|

i3]

voltage sensitivity to the reactive power injec-—
tiens. Depending on the network, twec ways can be
followed:

- to choose rhe contingencies to be studied and
tc define the worst operating conditions for
each contingency.

~ to choose the coperating conditions and to iden-
tify the contingencies which lead to a wolrtage
collapse.

Carefully consider the possibility of a single
event causing multiple contingencies. For in-
stance line loading under worst possible power
flow and voltage conditions should be checked
against protective settings. It 1% necessary to
develop a policy to either accept the conse-
quences of a contingency more severe than plauned
or adopt a contrel strategy for dealing with this
event (for instance, undervoltage-activated load-
shedding may be a way to contain a local distur-
bance i1n order to prevent a major netwerk voltage
collapse).

Find out for one set of contingencies, by means
of an optimal load flow program or by hand, the
best and most economical location of compensation
equipment in order to aveid volrage collapse. It
should be noticed that, depending on whether the
purpose of a substarion is to transmit power
through the high voltage network or to the low
voltage network, the effectiveness of a Static
Var System can depend highly on whether it is
connected to the high voltage or the low voltrage
side of rhe transformers in the substation. The
dimensioning in size and rtesponse of the reac-
tive equipment can be done using the Q-U method-

oclogy.

Coordinate different solutions for different sets
of contingencies,

Consider contingencies after action of the prima-
ry controls, and even in certain cases the in-
fluence of the secondary controls.

Carefully model the response of generators on an
coverexcitation demand from the system.

Carefully model the response of automatic trans-—
former tap changers which are in series between
the main system and the load to ensure that their
time grading is such that load overshoot does not
occur (i.,e. correction of the lowest voltage be-
fore the higher wvoltage).

automatic
series be-
ensure a
network
the load

Consider the effect of the manual and
transformer tap changers which are in
tween the main system and the load to
representation of capacitors {and the
shunt capacitances) connected between
and the main system.

Maintain practical margins from Q-U limits.

example to illustrare the use of the Q-U method
given in Appendix 1.
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APPENDIX 1

Example to show the use of the Q-U method to deter-
mine the reactive power infeed at a certain busbar

The example is the 400 kV system shown in figure 104
with five 400 kV lines feeding two substations
equipped with one transformer (500 MVA) and two
transformers (700 + 500 MVA) respectively with a
short-circuit reactance of 257. Both substations are
connected to a common meshed 132 kV system with some
generation. The reactive load in the 132 kV system
is compensated, so there is no transfer of reactive
power on the low voltage side of the 400/132 kV
transformers. As regards voltage collapse the worst
operating condition occurs, when the 653C MW unit is
running at full lead together with 700 MW power in-
feed from the larger neighbouring system. {In this
operating conditicn trip of a single transformer
will result in overload of the remaining transfor-
mers. This overlead can be handled in due time by
active power reserve in the 132 kV network). The
worst contingency is a busbar fault indicated by
"faulr 1" in figure 10A. This fault disconnects the
700 MVA transformer and two 400 kV lines. The fault
increases the reactive power losses by about 400
Mvar, which has to be supplied by generators far
from the faulted busbar. The problem is to deter-—

mine the necessary infeed of reactive power in this
substation to prevent voeltage collapse after the
contingency. The infeed of reactive power is done
on the low-voitage side of the transformers, which
in this case has proved to be the most effective
place.

The post-fault constant power (Q-U curve 1s shown in
figure 10B, and it indicates a need for automatric
infeed of about 200 Mvar at 0.96 p.u. voltage. In
other examples the minimum can be at a lower value,
maybe under an acceptable minimum voltage. In such
cases the necessary reactive power infeed may be
larger than the minimum value of the Q-U curve.

Figures 10C and 10D show two alternative short-term
characteristics with the two different veltage de-
pendencies of the load indicated in the figures,.
These short-term characteristics include neither
initial transients nor the longer—-term tap—changing.
The curve afrer tap-changing is also shown in the
figures and is similar to the one in figure 10B.

From figure 10C it appears that there is no need for
thyristor-switched capacitors at all, but with the
alternative load respeonse in figure 10D a thyristor-
switched part of about 120 Mvar is needed. The mini-
mum siope of the compensator is also indicated, and
it must be checked that the SVC is not unstable with
this siope under minimum short-circuit conditiom.

As mentioned, the mechanically switched condensers
can cause excessive voltage excursions. To check for
this the system must be investigated under other
operating conditicons and ccontingencies. This is il-
luscrated in figure 10OE, which shows the voltage due
to "fault 2" in the neighbouring system, which de-
creases Lhe voltage at t = 0, resulting in automa—
tic switching in of the capacitors. At t = 2 seconds
the fault results in a load rejection due to trip-
ping of the lines to the neighbouring system, re-
sulting in an increase of the voltage.

As illustrated in figure 10E, the delayed switching
of the mechanically switched capacitors can result
in very high temporary overvoltages.

Very often such calculations will decermine the part
of the SVC, which has to be thyristor-switched.
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Example showing how the thyristor-switched
and the mechanically switched parts of a
SVC are determined.

A: The system

B,C, and D: Post-fault Q-U curves due to
fault 1

E: Voltage due to Ffault 2 under

other operating c¢onditions

—~—~with all capacitors thy-
ristor-switched

-=-=--with all capacitors me-
chanically switched



4



APPENDIX 4
METHODS FOR REACTIVE POWER OPTIMIZATION

by

P.-A. CHAMOREL

Swiss Federa! Institute of Technology,
Lausaane, Switzerland

1 - INTRODUCTION

Three questions arise with regard to the problem of
optimization techniques and modelliag :
for

are available

a}) Which methods
optimization problem ?

solving an

b} How can these methods be used in reactive power
planning ?

¢) Are these methods sufficiently efficient for solving
the general reactive problem, or is there any need for
pew methods and tools to be established ?

The reactive problem is fundamentally different for
optimization of operation (short term or level 1) arnd
planning (medium/long term or level 2) [1,5). In the
first case, the best operation condition must satisfy the
security constraints and guarantee the voltage stability
with existing equipment. For real-time application in a
control center, computation time has to be reduced to a
minimum. In planping, optimization must consider
additional reactive sources, determine the types, locations
and sizes of these sources from an economical point of
view, and must also guarantee security during the most
severe foreseen operational conditions.

During the last twenty years, numerous methods have
been proposed for solving the reactive problem, such as
successive ordinary loadflows, optimal power flow,
sensitivity techniques, etc. The pext section wants to
point ocut the most typical methods capable of solving
the reactive problem , essentially optimal power flow
and sensitivity techniques. These methods are generally
suitable to solve both operation aod plasning problems,
but with different criteria and different costs in
objective functions. However, the major probletn remains
the modelling and the application of these methods
{definition of objectives, investment cost or priorities of
reactive gemeration, reactive load [orecasting and
moedelling, response of external systems, etc..}

2 - EXISTING METHODS

For optimization of steady state problems, J. Carpentier
defines two main method families in bis survey
publication [1], based on the compactness of the method.
A method is poncompact or sparse if it uses all the
state and control variables in the optimization process.
The method is compact if it provides an intermediate
reduced model of the system, where objectives and
constraints are oply expressed in terms of control
variables. Compact methods generally involve greater
complexity, but allow wider applications, specially for
large systems.

2.1 - Noncompact (or sparse) methods

In the noncompact methods, we can mention the
Injections method which was first proposed tweaty
years ago, where the optimality conditions were found
usitg the Kuhn and Tucker theorem. Compared to
present-day algorithms, this method was slow and had
convergence difficulties. We can mention as well the
Hessian methods [7-8) where inequality constraints
are taken into account through penalty functioms, the
Dommel-Tinney reduced gradient family [9-11]
where the gradient is expressed in terms of the comtrol
variables, the application of the Wolfe reduced
gradient, which is a general mathematical programming
method with linear constraints and a convex objective,
the application of the generalized reduced gradient
[12], which is a general convex programming method,
and the application of quadratic programming [23].

2.2 - Compaet methods

In the compact methods, we distinguish linear and
nonlinear methods. The nonlinear model is generaily
solved using a general nonlinear programming method.
We can mention the differential injections method
[13-15], where the reduced model is built with first and
second order sensitivities and is solved through the
application of the generalized reduced gradient. The

A
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quadratic character of this technique remaias valid over
a large region with good convergence. Other compact
nonlinear methods based on gradlent technique or
quadratic programming are proposed in [16-25].

In linear methods, the principle consists of linearizing
the objective functions and the network equations. The
reduced model is solved by using dual or primal
simplex algorithms {26-42]. These methods may be
improved by performing successive linear programming
and by iterating with an AC loadflow. L.P. techniques
are well suited for security in short term operation with
minor changes of the control variables. Several methods
combine gradient  techniques  with linear
programming. Different objectives can be used, such
as minimum var deviation, minimum MW-losses,
maximum voltage profile, etc... However, minimum
investment cost and M\WW-losses are difficult to handle
by L.P. due to the nonlinearity of this problem. For
var planning, capacitors are not continaous variables
and the problem npecessitates a discrete solution with
mixed integer programming techniques [41,43].

2.3 - Sensitivity methods

A Sensitivity method based on the ratio 2V/sQgen is
proposed in {44] to determine critical voltage. Voltage
collapse  indicator methods are proposed in
[35,36,45-48]), based on a single optimal power flow
with additional sensitivity computations on
5Qgen/5Qload (1 = perfect voltage stability, infipite =
voltage collapse).

2.4 - Dynamic problems

Static var systems properly controlled and located are
an effective way of stabilizing both low and high
frequency electromechanical oscillations and extending
transmission limits. A method based on eigenvalues
techniques is proposed in [49].

3 - EXTERNAL REACTIVE EQUIVALENTS

In interconnected systems the results obtained from
steady-state system analysis studies strongly depend on
the representation of the external system bebaviour.
Therefore, an external equivalent reflecting the quasi
steady-state response of the external system has to be
added to the studied system. Numerous papers describe
the theory and application of active and reactive
external equivalept reported to boundarv busses of the
study system [58-55). These equivalents are capable of
simulating the external reactive respomse in case of
modifications or disturbance in the studied system.

4 - CONSTRAINTS AND OBJECTIVES OF
OPTIMIZATION

The following constraints and objectives can be handled
by existing methods, principafly based on steady state
constrained optimal power {lows. Several methods
simultaneously perform a full coordination with active
power. Others consider separetely the two problems by
decoupling active and reactive power with some minor
loss of optimality. Various publications are mentioned

Se proposing solution techniques of each specific objective.

4.1 - Control variables

a) Location, size, limits and regulation range of coatrol
varisbles such as :
- generator reactive power output according to
real power output
- switchable reactive compensation devices
(serie and shunt capacitors, serie and shunt reactors)
- continuous controllable compensation devices
(synchronous compensators, static var compensators)
- LTC transformer tap positions

4.2 - Security constraints

b) Equality constraints on active and reactive power
balance

¢) Inequality comstraints or limits on :

- steady-state bus voltage magnitude

- steady-state branch real power/reactive power/current
flow

~ reactive power reserve

4.3 - Economical criteria

d) Postponement of new investments [general}
e] Mipimum iovestment cost of pew units (planning
only) with:

- linear cost function {17,27-29,32-36 ,38-10)
- piecewise linear cost function [27,29,38,39]

quadratic/eonvex cost function [6-13,18,22-25]
- discrete cost function [41,43)

f) Medium/long term  expansion  planning, and
comparison of energy saving with new device capital
costs, including choice of power factors of planned
generators, choice, location and timing of new reactive
compensation devices (planning only) [17,40,41]

g) Minimummn MW losses with reactive sources
[7-16,12-17,19,21-25,38,31,38-42,45)
b} Minimum MW losses with optimal setting of

transformer ratio [16,12-15,19,20,22-25,38,31,41}
4.4 - Voltage control and stability

i) Migimum total reactive production or absorption of
existing equipment and maximum reactive spinning
reserve (operation only) [22,23,25,38,39].

j} Minimum Mvar change for preventative or corrective
rescheduling or minimum opumber of units rescheduled
(operation only). [27-29,31-34,37-39,42|

k) Minimum tap changers deviation [operation only)
[27.28,31,37-39]

1}  Secondary contro! with evepntually proporticnal
reactive production or

absorption of existing equipment (operation only) [26}

m) Sensitivity computation to prevent voliage coilapse
[35.36,44-48]



n) Reduction of steady-state and transient overvoltage
after load ejection or switching operation

4.5 - Maximum transmission capacity

o) Maximum voltage profile for MW-losses reduction
and transmission capacity increase [12,33,36,49]

4.6 - Optimal stability and damping

p) Increase of transient  stability,
electromechanical oscillations [49)

damping of

4.7 - Voltage quality

q) Optimal choice of reactive compensation devices for

quality of the voltage (HVDC cooverters, flicker
problems at mills or furnaces, etc.}

5 - CONCLUSION

Numerous techniques exist to solve efficiently the
reactive  optimization problem for steady state

conditions. Traditionally, the VAR planning bas been
solved by a trial-and-error approach whick uses an
ordinary loadflow program im a large time consuming
procedure. The solution found using this approach is not
optimal, but the best of tried solutions. 1t is clear that
in order to determine ap optimal solution in a efficient
way, the use of efficient optimization techniques Iis
LeCessary.

Generally speaking, the var plapning is an optimal
reactive source expansion problem formulated as a mixed
nonlinear-integer programming problem. There exists no
general mathematical programming techmique for directly
solving this class of problems, especially when applied to
large scale systems. However, the optimum allocation of
reactive sources can be solved by decomposing it into a
two-level hierarchical approach [5]. This approach takes
advantage of the natural distinction between the VAR
dispatch of the available sources in system operation
(level 1), and the VAR allocation and sizing in system
planning (level 2). The optimal reactive dispatch problem
and the source expansion problem c¢an be solved
separately and alternatively in an iterative procedure.
The general problem is thus transformed into a sequence
of npon-linear {level 1} and mixed-integer (level 2)
programiming problems.

The level 1 preblem is a cooventional optimal power
flow problem f{ormulated as a npon-linear problem. It
can  be solved by successive ordinary lead-flows,
non~linear programming methods and successive linear
programmings. ) '

Non-linear programming techniques are well svited for
non-linear cost functions and MW-losses minimization.
These techniques present a good convergence and remain
valid over a large region.

L.P. techniques are well suited for security analysis with
minor changes of the control variables. The objective
function is approximed by a linear or piecewise linear
function. L.P. methods provide fast and reliable
solutions with low computer time. It is an eflicient tool
for large system with’ pumerous coastraints and smail

perturbations of the reactive variables.

The optimal reactive source expansion (level 2} is a.

mixed linear-integer programming problem with 8,1
variables and use branch and bound-type algorithms.

More techniques should be developed for tramsient and
dynamie studies. For iamstance, simulation techmiques
are essentially used in order to control the behavior of
the system. Sensitivity methods give good indications on
critical voltage.

The major problems remain the application and the
jmplementation of these methods, such as :

- choice of objectives,
- cost definition,
- technical constraints and security criteria,
- data acguisition,
- exchange of information between control centers,
- system modelling,
- subsystem optimization
{voltage level, geographic or ownership subdivisions)
- external equivalents,
- reactive load forecasting, ete...

Answers to the questionnaire concerming the analytical
techniques, objective funmctions and techrical cobstraints
are summarized in figures 1 and 2.
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APPENDIX 5
USE OF REACTIVE POWER OPTIMIZATION
TECHNIQUES IN SYSTEM PLANNING

N, FLATAB®
EFI
Norway

INTRODUCTION

The S$tudy committee No. 38 on “Power System Analysis
and Techniques" was set up at the Paris session in
1582,

The scope of work for Werking group No. 1 "Reactive
Power Analysis and Modelling” has been defined as
follows:

*To study the characteristics of reactive gene-
ration and compensation requirements of network
as they impact the performance of electrical
power systems.”

WG No. 1 has organized its work into different Task
Forces.

Task TForce No. 3 on
of Reactive

The term of reference for
"Optimization Techniques and Analysis
Power Compensation® has been defined as:

"To exanine criteria and technjques available for
optimal reactive compensation levels in networks

including assessment of different networks, dif-
ferent reactive compensation devices, optimi-
zation objectives and techniques for analysis,

including non-linear and linear programming app-
roximations. The work includes such constraints
as unit costs, technical performance, relia-
bility, variable demand and generation patterns
and reserve allocation, in order to meet selected
technical or overall cost objectives. The work
will conclude in guidelines for optimal planning
and utilization of reactive power compensation."

TF3 started its work with a survey of optimization
methods and tools used by power companies in prac-
tical planning of reactive power compensation equip-
ments.

The dquestionnaire was seeking information about the
organisation and objectives of reactive power
planning within the overall system planning cycle,
the extent of power system representation, and
methods/techniques used to solve the planning
problem. Based upon the observed trends further work
will be carried out by TF3 to provide guidelines on
the use of such techniques for optimal planning and
utilisation of reactive compensation within the

A. INVERNIZZI
ENEL
ftaly

system. Possible improvements to the techniques will

also be considered.

Some twenty utilities of fifteen countries replied
to the questionnaire. The replies of some countries
refer to a group of several utilities, as in the
case of Australia, Belgium, Switzerland and Norway.

Table 1 1lists the utilities ¢aking part in the
survey, together with some data of their own elec-
tric system.

It should be emphasized that since replies generally
concern the planning of reactive compensation re-
quirements jin large meshed networks (with several
hundred buses and lines), problems concerning the
reactive power compensation of long radial transmis-
sion systems [a.c. or d.<¢.) are not considered, ex-
cept in a few minor cases.

1. SUMMARY

Lanni N

Generally, the replies to the guestionnaire indicate
that the main objective of reactive power planning
is that future networks should be able to observe a
set of technical constraints, under both normal and
emergency operating conditions.

All the countries participating stressed that obser-
vance of the limits of variation in steady-state
voltage, consequence upon load variations and the
switching of network components, is the main tech-
nical constraint. In addition +to this constraint,
many countries also mentioned observance of genera-
tor and transmission line loading limits and of re-

serve margin requirements, during both reactive
generation and absorption.
Replies to the questionnaire also indicate that in

planning reactive power, some countries abeserve
both line energization overvoltage constraint and
maximum voltage step changes after switching of com-
penation plants. A few replies also stress the need
to forestall the risk of instability.

Many of the countries taking part in the survey also
consider system economy improvement to be a main
planning objective. This objective 1s in some cases

€1
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indentified with the reduction of network losses.

In order to achieve the aforementioned cbjectives,
many countries stated in their replies to the quest-
ionnaire, that they applied planning procedures that
consist in the optimization of different objective
functions. Many replies indicate the minimization of
the amount of reactive compenation to be installed,
or of the investments required is practised by the
countries that took part in the survey. Scme coun-
tries after the optimization procedure referred to
above, evaluate the amount of compensation that
enables losses to be minimized. A few other coun-
tries state they use more sophisticated objective
functions by which investment cost and cost of
losses are minimized at same time.

The utilization of special objective functions,
which probably refer to specific grid structures, is
alse mentioned. For example:

- maximization of voltage profiles;

- minimization of reactive power flows on trams-
mission, and interconnection lines between
different areas.

The replies received generally stress the fact that
cptimization is not limited to the observance of
possible financial contraints; only im ohe case is
reference made to the need to establish job priori-
ties, not forgetting budget ceilings.

The replies to the gquestionnaire indicate that, in
order to ensure observance of the technical con-
straints described above, N-1 security criteria are
generally applied, which inveolves considering the
loss of one line (single or double circuit), or of
one generator, or of one compensation plant. The
procedure in respect of the loss of the largest
generator and the most heavily loaded transmission

line ({security criterion N-2} is sometimes applied
in some countries. On the other Thand, the
application of probability criteria to reactive
power planning (probability of outages, energy not

supplied) is also mentioned in few replies.
1. nnj

In the overall planning procedures described by all
the countries taking part in the survey, it appears
that priority is always given to generation
planning, some countries also stressing that gene-
rator power factors are fixed at this stage. The
next thing to be planned is network development, an
activity that is generally subdivided inte two
stages, the first taking into account active power
transmission requirements, while the second is con-
cerned with voltage control and reactive compensa-
tion requirements. Many of the replies received
emphasize that the two stages are carried out with
different timing and with different horizons: active

power planning is developed over a longer period
{for example, six vyears), while reactive power
planning iz studied over a shorter period (for ex-

ample, two to four years}.

Some replies, however, mentioned that active and re-
activer power planning are carried out at the same
time, this procedure being applied when reactiwve
compensation requirements may affect the selection
of network development alternatives, or if they
enable some active network reinforcement (new lines,
new transformers, etc.) to de deferred.

Reactive power planning is carried out for different
load conditions; thus, all countries stated that
their procedure took inte consideration both peak
load and light load situations. For some countries,

.reactive

these conditicns concern the same day; if so, the
analysis is generally extended to other days of the
year (for example, a winter peak day and a summer
peak day). For some other countries, on the other
hand, these two load conditions concern different
days. Moreover, a few countries stated that they
examined the wmipimum load condition of the year,

while others wmentioned that they also studied
intermediate load conditions {(for example 0.B85 of
the peak) and others again emphasized the need to
consider specific network configurations and gene-
ration dispatching such as to stress the transmis-
sion grid to the maximum,

Replies to the questionnaire indicate that the

reactive power planning procedure is, in many cases
carried out for a horizon year that, as has already
been said, is generally that preceding the vyear
considered in planning network development. In some
cases only one or two years following the one 1n
question are considered.

Many replies state in that the study is repeated for
intermediate year, especially when impottant changes
of the network structures cccur. In Some cases, re-
active compensation analysis is extended to differ-
ent load forecasts and to different development
network alternatives.

1.3 Modelling of system

In reactive power planning the network might be
divided into subsystems. Most of the answers indi-
cate that the network is geographically subdivided
based on ownership. Many answers also indicate a
division based on different voltage levels. A few
answers indicate subdivisions due to ocrganizational
or technical reasons. In some countries the whole
network is taken into account when planning reactive
power compensation.

The external systems are by about half of the con-
tributors represented as generators, loads or as
active and reactive injections. Some of the answers

indicate that the external system is represented
exactly, while external equivalents are used by
others.

The most common load model is a fixed P and Q repre-
sentation, but fixed impedances are alsg used in
some cases. Voltage dependent models (P-Vu and Q-V“)
are used by few of the utilities answering the
questionnaire.

The lower voltage networks are mostly represented as

loads on secondary side of the transformers, which
are connected to voltage levels above 130 kv,
The reactive load forecast is in most cases

connected to the active load forecast by assuming a
QfP ratio. The forecasts are mostly carried cut for
high and light load in summer and winter periods.

As the load models are rather simple they give good
accuracy on steady state load flow analysis, while
model improvements are needed and wanted in transi-
ent and voltage dependent analysis.

The controllable MVAr supplying devices are gene-
rators, synchrobous compensators and SVC systems. In
steady state the generators are in most cases repre-
sented as P, V nodes on high voltage level or behind
a rectance on low voltage level. Sometimes the gene-
rators are represented as P,Q-nodes. The limits on
power generation are in some cases taken
into account by changing the P,V-node to a P,Q-ncde
representation when the limits are reached. One ans-
wer indicate that the Q-supply is represented as a



fixed reactive or capacitive impedance beyond iimits
of Q, while others indicate that limits are handled
manhually. The synchronous compeénsators are represen-
ted as generators without active power production,
and that is also the most common representation of
the SVC systems.

The uncontrollable MVAr supplying devices are satur-
ated reactors, normal reactors and shunt capacitors.
By the utilities answering the questionnaire the use
of saturated reactors are indicated by one for tem-
porary overvoltage reduction. The most common repre-
sentation of normal reactors and shunt capacitors
are fixed impedances, while P,Q- and P,V-node repre-
sentation is mentioned 1n some c¢ases. The reactors
and shunt capacitors are sWwitchable in many cases.

1.4 Analvtical solutjon techniques utiljzed in
reactive power planning

The most common analytical technique used in

reactive power planning is successive ordinary lead

flow. Optimal load flow is used by some of the
utilities, but in many cases in addition to ordinary
load flow. A few answers indicate that optimal load
flow is under development.

When successive ordinary load flow is used, very few
of the answers indicate that additional features are
included, but some are mentioning limit checks on
reactive power, voltage and line flow.

The optimal load flow programs are based on either a
reduced gradient method or linear programming. Quasi
Newton and Quadratic programming methods are also
used.

Very few have indicated other optimization methods,
but penalty function methods and special optimi-
zation program for radial feeders are mentioned.

The size of the gystems in which optimization
techniques are used, were in most cases in the range
of 100-500 buses with less than 75 generator buses
and 100 compensation buses. A few answers indicate
network sizes up to 1000 busbars and above with the
same number of generator bushars.

In the optimization process the investment cest and
transmission losses are in many cases included in
the criterion to be minimized, while reactive power
reserves, voltage limits, and transmission capaci-
ties are handled as constraints or taken care of
manually. The contingency analyses are carried out
by successive optimization and the overall cost cal-
culations are carried out manually, but a special
VAR PLAN program is mentioned in one case.

Primary voltage control is taken care of by a P,V-
node representation of generators, synchronous com-
pensators and SVC busbars. In optimization the
secondary voltage control can be a result of calcu-
lations, and handled by the programs. Tap changer
positions can be calculated by the optimization pro-
grams, but manually adjustments are also menticned.
The division of reactive power generations between
generators and other VAr-supplying devices can be
decided upon the basis of loss minimization. Use of
successive ordinary load flow is, however, the most
common tool in  the primary and secondary voltage
control because very few have optimization methods
in practical use.

Optimization methods are often developed for medium
and long term expansion planning purposes, but
frequently used in operation planning also.

The future mostly taken into

network stages are

account by separate studies, but one answer
indicates that the optimization is carried out by
one study covering the whole planning period.

As ordinary leoad flow is wused in reactive power
planning, this is alsc the most common tocol in the
study of voltage variations, voltage stability, and
reactive power reserve conditions. Sensitivity tech-
niques are used by few. The sensitivity techniques
mentioned are:

1) (dQ /dQL) which is the resultant reactive power
gengratlon sensitivity in the netwerk to vari-
ation of reactive load at a specific busbar.

2) A criterion based on the
U N
i

E .
i
relaticnship where U, is the actual voltage and
£i the voltage at zero load condition.

3) (dv/dQ). which is the voltage to reactive power
input sénsitivity at a specific node.
Stability calculations are carried out by some

utilities to choose between the different WVAr-sup-
plying devices to be installed, to analyse the re-
active power support from generators during outage
condition, and to analyse the ability of units to
absorb reactive power during light load periods.

The repcrted experiences of the analytical
techniques in planing are very much dependent oh the
analytical tool used. Ordinary Lload flow is most
common in planning, and the experience from the use
of this kind of program is mostly good, but alsc
indicated cumbersome and time consuming due to
manual work necessary, and gradually becoming inade-
quate.

The optimization methods in use are considered
adequate in terms of computing time, and handling of
constraints, but improvements are necessary in the
coordination of results, and modelling of che
external system. LP-programs are useful in the study
of big networks (1000 nodes), but the criterion is
not well suited for loss minimization. In voltage
stability studies a more accurate load modelling 1is
necessary to give greater understanding of the pro-
blem.

More automatic techniques to get network diagnostics
are desireable, and automated techniques would also
permit more alternatives to be investigated.

The analyses are in most cases carried out on big
computers, but minicomputers are used in some cases.

1.5 HWames of utiljties participating in the

ues naire

* Electricité de France {&}
* Combined answers of Belgiam Utilties (B)
* The Chubu Electric Power Company {Japan) (c)
* The Kansal Electric Power Co, Inc.(Qsaka,Japan) (D}
* The Tokyo Electric Power Co, Inc. (Japan) (E)
* Czechoslovakia {F)
* Tennessee Valley Authority (USA) (G)
* Combined Swiss Utilities Network {H)
* Swedish State Power Board (1)
t Combined Norwegian Utilities Network {1
* The National Power System of the Socialist

Reublic of Romania (K}

* Central Electricity Generating Board (CEGB,UK) (L)
* ENEL (National Authority for Electr.) {(Italy) (M)

b3
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TABLE 1 Survey of utilities
NAME INSTALLED TOTAL, AMOUNT COMPENSATION INSTALLED CHARACTERISTICS OF NETWORK
OF CAPACITY OF EMERGY
UTILITY PRODUCTION SHUNT SHUNT SYNCHRONQUS svC VOLTAGE M. OF BUSBARS
CAPACITORS| REACTORS| COMPENSATORS LEVEL IN LOAD-FLOW
{MW] [TwH] [MVAR] [MVAR] [MVaR] [MVAR] {v]
ECF 85000 310 11600 2400 -860/+1600 Q 400 160
. 225 160
BELGIAN 11700 52 900 0 Q 4] 400 26
UTILITIES 2254150 191
o} 274
CHUBU 16177 77.3 4909 3360 0 Q 500 8
E.P.C. 275 62
154 250
KAHSAI 23518 93 4837 9145 90 Q 500 17
E.P.C. 335 7
154 9
TOKY 41000 157 14300 8730 50 o] 500 30
E.P.C, 2715 100
154 30
CIECHOSLO- 18000 81.5% 28 1080 740 o] 400 35
VAKIA 22¢ 26
TVA 32077 114 4961 1640 240 o} 500 21
161 323
115 17
SWISS 7100 55 &0 198 -110/+144 0 400 35
UTILITIES 220 137
SWEDISH 30070 120 2040 5550 -345/+670 =200/ 400 100
S.P.B. +200 220 100
130 50 - 600
NORWEGIAN 22000 100 1640 250 1657 570 420 70
UTILITIES 300 100
132 150
SOCIALIST 18000 " 1000 780 540 0 400 22
REPUBLIC 220 75
OF ROMANTA 110 900
CEGB 51000 212 575 8970 -250/+575 ~510/ 400 130
+570 275 190
132 230
ENEL 50000 180 +0G00 150 200 0 380 110
220 280
150/132
NORTHERN 6412 28.7 %30.5 660 10 0 500 1
STATES 345 17
FOWER 230 6
161 16
115 123
NEW YORK 21186 122 1625 2130 364 0 765 2
POWER 345 12
POOL 230 kK
. 138 111
' 115 807
IBERDUER(G 5720 15 0 1140 ¢} 0 400 16
S.A. 220 78
‘ 145 93
HIDRQELEC- 7318 14.7 932 760 %10 [} ;gg ;%
ESPANOLA 132 7
S.A.
ELKRAFT 35986 1" 7%0 150 0 0 400 kE|
132 217
AUSTRALIA 29530 7.5 3062 193% 950 -60
AND NEW
ZEALAND
(5 UTILI.)
2.2.2 Total amount of energy
* Siemens AG, (West Germany) (X) production ................. 310 TWh (1984)
* New York Power Pool (USA) (C) 2.2.3 Total amcunt and type of reactive
* Northern States Power (USA) (P} power compensation installed
* Tberduero, S.A. (Spain) (Q) Shunt capacitors ............ 11600 MVAr
* Aidroeléctrica Espaficla, S.A. (Spain) {R) " reactors .............. 2400 MVAr
* ELERAFT Power Company Ltd., Copenhagen(Denmark){5} Synchronous compensators 860/+1600 MVAr
* Comb. response from Australia and New 2Zealand (T) SV e 0 MvVar
2. BACKGROUND INFORMATION 2.3 Characteristics 1wo
2.3.1 Voltage levels (¥,Y,Z kV) of transmission
2.1 Name of Utjlity. -system {in descending order)
Electricité de France
2.3.2 Number of busbars included in your load flow
2.2 System size - General Informatjon. analysis at each voltage level.

2
.2.1 Installed capacity ..........

85000 MW

Voltage levels

No. of busbars
in leoadflow
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100 (X)) kv 160 .....
225 (YY) kV Lo T80 L
30/63 (Z) k¥ el m

Name of Gtility. (B)
Combined answers of Belgian Utilities

5t jze - Genera] Informaticn.
.1 Installed capacity .(Tst Jan.-84)... 11700 MW
.2 Total amount of energy production .. 52 Twh

.3 Total amount and type of reactive power

compensation installed

Shunt capacitors ................... 900 MVAr
" TRACEOLS ..o MVAL
Synchronous compensators ........... MVAT
SV e e MVAI
haracteristic etwork.

.1 voltage levels (X,Y,2 kV) of transmission sys-

tem (Ln descending order). £00-150/225 -70kV.

.2 Number of busbars included in your lcad flow

analysis at each voltage level.

No. of busbars
Voltage levels in loadflow
400 (X)) kv 26 .....
150/22% (YY) kv 191 ...,
70 (Z) kv 274 ... ..

Name of Utility. (C)
The Chuby Electric Power Compahy {(Japan)

System sjze -

.1 Installed capacity ................. 16177 MW
.2 Total amount of energy production .. 77.3 Twh
.3 Total amount and type of reactive power
compensation installed
Shunt capacitors ................... 4909 MVAr
" FRACLOLS .. viiiinneiiinans 3860 MVar
Synchronous compensators ........... MVAT
BV e e e MVAT
haracteristics of Network.

.1 Voltage levels (¥,Y,Z kV) of transmission sys-

tem (in descending order).500-275-154-77-33 kv

.2 Number of busbars included in your load flow

analysis at each voltage level.

Mo. of busbars
Voltage levels in loadflow
500 (X) kv e 8 .....
275 (YY) kv 62 .....
154 (2) kv 250 ...,

Name of Utility. (D)

The Kansai Electric Power Co.,Inc.(0Osaka, Japan)

System size - General Information.

.1 Installed capacity {March 1984} 23518 Mw
.2 Total amount of energy production . 92.793 TWh
(1983)

.3 Total amcunt and type of reactive power

compensaticon installed

Shunt capacitors ..... {March 1984} 4837 MVAr

* reactors ............. LI 9145 MVAr
Synchronous compensators . 30 MVAR
SVC e e .. Q MVAr

Characteristics of Network,

.1 Voltage lewvels (X,Y,Z kV) of transmission

system {(in descending oxder).

SO0, 275, 154, 77, 13, 22, 6.6, 0.2, 0.1 (kV)

.2 Number of busbars inciuded in your load flow

analysis at each woltage level.

No. of busbars

2.
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.2 Total amount of energy production .
.3 Total amount and type of reactive power

Voltage levels in loadflow

300 (X} kv 17T
275 (YY) kv F A
154 (2) kv . |
Generater T 3 L

Name of Utility. {E)

The Tokyo Electric Power Co., Inc. (Japan)

t ] ~ G a nformatj
.1 Installed capacity ................ 41000 Mw

157 TWh

comrpensation installed

shunt capacitors .................. 14300 MVAr
" reactars ....... ..o B730 MVAr
Synchronous compensators .......... 50 MVAr
SV e e 0 MVAr
(As of March 31, 1984)

Charac istics of Network.

.1 Voltage levels (X,Y,Z kV) of transmissission

system (in descending order).
SO0 kV -275 kV -154 kV -66 kv - 22 kV

.2 Number of busbars inciuded in your load flow

analysis at each voltage level.

No. of busbars
Voltage levels in loadflow
500 (¥} kv 30 ...
275 (YY) kv 100 L.
154 (I) kV 30 ...,
66 kv 40 .. ...
ape ti {F)
Czecheslovakia
System size - mation.
.1 Installed capacity ................ 18000 MW
.2 Total amount of energy production . 81.5 TWh

.3 Total amount and type of reactive power

compensation installed

Shunt capacitors .................. 128 MVAr

" TeACtorsS .. ... ittt 1080 MVAr

Synchronous compensators .......... 740 MVar

. 0 MVar
Cha istics o work.

.1 Voltage levels (X,Y,Z kV) of transmission sys-

tem {in descending order). 400-225-110- 22 kV

.2 Number of busbars included in your load flow

analysis at each voltage level.
No. of busbars

Voltage levels in loadflow

400 (X} kv k|- TR,
220 {Y) kv 26 .....
Name of Utility, (G)
Tennessee Valley Authority (USA)
- icn.
. Installed capacity ... ......... 32,077 MW
2. Total amount of energy production 114 TWh

.3. Total amount and type of reactive power

compensation installed *)

Shunt capacitors ................ 4961 MVAr

. TEACtors .................. 1640 MVAr
Synchronous compensators ........ 240 MVAr
SV e e e 0 MVAr

isti work
1 Voltage levels (X,Y,2 kV) of transmission sys-
tem {(in descending order). 500,161,115,6%, 4%kV

65
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2.3.2 Number of busbars included in your load flow

*} TVA delivers
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analysis at each voltage level.
No. of busbars

Voltage levels in loadflow

500 (X)) kv 27 ...,
161 (Y) kv 323

115 (Z) kv R I A
6%3/46 kv Radial Studies Only

Tot. No.of busbars in loadflow - 2293

power to 160 distributors at the
wholesale level., This figure only represents the

reactive power devices installed on the TVA
system. Section 3.2.1 describes the reactive
power requirements imposed by the distribution

system that TVA supplies.

Hame of Utility. (H}
Combined Swiss Utilities Network

stem size - I
.1 Installed capacity ................ 10133 MW
.2 Total amount of energy production . 50473 Twh
{1983)

.3 Total amount and type of reactive power
compensation installed

Shunt capacitors

- reactors

+50 MVAr) at 380
~172 Mvar) and
Synchronous compensators +144 MVAr) 220 k¥
SVC . 0 MVAr) levels
synchronous generators -3240 to +4545 MVAr}

Wwork
.1 Voltage levels (X,¥,2 kV) of transmission

system {in descending order).

.2 Number of busbars included in your lcad flow
analysis at each voltage level.

No. of busbars
Voltage levels in loadflow
380 (X) kv 3/ ...,
220 (Y) kV 137 ...,
Hame of Utilitv. (n
Swedish State Power Board
System size - General Informatjon. (1983)
.1 Installed capacity ........... 30070 MW
.2 Total amount of enexgy
production .......... . i aan- 120 Twh/year
.3 Total amount and type of reactive
power compensation installed
Shunt capacitors ............. 2040 MVAr
" reactors ............... 5550 MVAr
Synchronous compensators ..... +670/-345 MVAr
SV e e e +200/-200 MVAT
Synchronous generators ....... MVAr
(An additional 4170 MVAT at industries)
Series capacitors ............ 3600 MVAr

Characteristics of Network.

-1 Voltage levels (X,¥,2 kV) of transmission
system (in descending order).
400 kv/220 kv/130 kv and limited consideration
tp 70 kV.

.2 Number of busbhars included in your lcad flow
analysis at each voltage level.

Ro. of busbhars
Voltage levels in loadfiow
400 (X)) kv 100 ...,
220 (Y) kV 100 .....
130 (2) kv 50-600
Bame of Utility. I
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Combined Norwegian Utilities Network

System size - General Information.
.1 Installed capacity ............... 22000 MW
.2 Total amount of energy production ... 100 TWh

.3 Total amount and type of reactive power

compensation installed

Shunt capacitors ................. 1640 MVAr

" reactOIs ... 250 MVAr
Synchronous compensators ......... 1657 MVAr
SV e 579 MVAr

Characteristics of Network.

.1 Voltage levels {X,Y,Z kV) of transmission

system (in descending order). 420, 300, 132

.2 Number of busbars imcluded in your load flow

analysis at each voltage level.

No. of busbhars
Voltage levels in loadflow
420 (X) kv 70 ...,
300 (YY) kv 100 ... ..
132 (2) kv 150 ...,
Name of Utility. (K}
The MNational Power System of the Socialist
republic of Romania.
System sjze - General [nformatjon.
.1 Installed capacity ............... 18000 MW
.2 Total amount of energy production ... 71 TWwh
.3 Total amount and type of reactive power
compensation installed *)
Shunt capacitors .................. 1000 MVAr
. reactors .......... ... ..., 780 MVAr
Synchronous compensators .......... 540 MVAr
SV MVAT

*) In the networks of the power supplier.

Characterjistics of Network.

.1 Voltage levels {X,Y,Z kV) of transmission

system (in descending order). 400 kV,220 kv,
110 kV.

.2 Number of busbars included in your lcad flow

analysis at each voltage level.
No. of busbars

Voltage levels in lcadflow

400 (X} kv 22 .....

220 (Y) kv 75 ...,

110 {2) kv S00 .. ...
Name of Utjlit (L}

Central Electricity Generating Board {CEGB, UK)

System sjze - General Information

e
.1 Installed Capacity 551,000 MW
.2 Total energy production 212 TWh ([1983/84)
.3 Total amount and type of reactive power com-

pensation installed:

Shunt reactors at 400 k¥ 2000 MVar
Shunt reactors at 275 k¥ 1900 MVar
Shunt reactors at 132 kV 120 MVar

Shunt reactors connected to 13 kV
tertiary windings of 4007132 kV

and 275/132 kV transformers 4740 MVAr
Reactive absorption capability due

to tap-staggering groups of MVar
4§00/132 kV and 275/132 kV transf. 1960 MVAr
Shunt reactors at 33 kV and 11 k¥ 210 MVAT
Shunt capacitors at 400 kv Nil
Shunt capacitors at 275 kv Nil
Shunt capacitors at 132 kv 270 MVAr
Shunt capaciteors connected to 13 kV
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.1 Voltage levels (X,Y,2

tertiary windings of 400/132 kV and

275/132 &V transformers 260 MVAr

Shunt capacitors at 33 kv and 11 kv 45 MVAr

Series capacitors Nil

Total reactive power absorption 8970 MVAr

capability from shunt reactors (not incl.tap
stagger)

Total reactive power generation

capability from shunt capacitors 575 MVAr

Synchronous compensator absorption

capability 250 MVAr

Synchronous compensator generation

capability 575 MVAr

Declutched gas turbines absorption

capability T68 MVAT

Declutched gas turbines generation

capability 1305 MVAr

Static variable compensator absorption

capabililty 60 MVAr

Static variable compensator generation

capability 120 MVAr
Saturated reactor type compensator
absorption capability 450 MVAr

Mechanically switched capacitor
(assosiated with the saturated reactor
compensators) generation capability

450 MVAr

These items will be commissioned 1985/6.

Characteristics of Network.

kV) of
system {in descending order).
400, 275, 132 kV (33 kV is sometimes modelled)

transmission

.2 Nuaber of bushars included in your load flow

analysis at each voltage level.
No. of busbars

Voltage levels in loadflow

400 (X} kV 136 ...,

275 (Y) kv 19 ...,

132 (2) kv 230 .....
Nam Utility. (M)
EREL {National Authority for Electricity, Italy)
System s - eral Infor ion. *)
.1 Installed capacity ................ 50000 MW
.2 Total amount of energy production . 180 TWh

.3 Total amount and type of reactive power

compensation installed *)

Shunt capacitors .................. 10000 MVAT
‘ reactors ..{only one plant).. 150 MVAr
Synchronous compensators .......... 200 MVAr
SV e / MVAr
*) In the networks of the power supplier.

ti w *)
.1 Voltage levels (X,Y,2 kV) of transmission

system (in descending order). 380 kV, 220 kv,
150-132 kV. The last voltage level issued only
for regional networks.

.2 Number of busbars included in your load flow

analysis at each voltage level,
No. of busbars

Voltage levels in leadflow

[R J SIS RS )
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.2 Total amount of energy production
.3 Total amount and type of reactive power

380 (X)) kV 110 .. ...
220 (Y) kv 280 ... ..
150-132 (2} kV e
{For natlonal
network}
No. of busbars
in loadflow
20 ... ..
PR 1o B
290 ...,
{For regional
networks)

*) The figures are given for the planned
network development (year 1988).

(W)
STEMENS AG (West Germany)

Name of Utility.
Items of utilities.

Name Otility. (0)
New York Power Pool (USA)

t i - General Information.
.1 Installed capacity ................ 21186 Mw
.2 Total amount of energy production.. 122 Twh

.3 Total amount and type of reactive power

compensation installed

Shunt capacitors ................... 1625 MVAr
* TRACEOTS ... 2150 MVAr
Synchronous compensators ........... 364 MVAr
Characterjsti of Network.
.1 Voltage levels {(X,Y,Z kVv) of transmission
system (in descending order).
(765, 345, 230, 138, 115)

.2 Number of busbars included in your lcad flow

analysis at each voltage level.
No. of busbars

Voltage levels in loadflow

765 (X) kv 2
345 (¥) k¥ 72
230 (Z) kv 33
138 kv 11t
115 kv 607

Less than 115 kV 453

1278 TOTAL NYPP

Name of Qtility. (P)
Northern States Power (USA)

System sjize - General Inforpation.

.1 Installed capacity

Summer 5,950 MW - Winter 6,412 MW
28,675 GWh

compensation installed

shunt capacitors ................... 930.5 MVAr
" b T Tod 1o of - 660 MVAIr
Synchronous compensators ........... 10 MVAr
i Netw .
.1 Voltage levels (X,¥,Z kV) of transmission
system (in descending order)
500, 345, 230, 161, 115, 88, 69, 34.5 kvV.

.2 Number of busbars included in your load flow

analysis at each voltage level.

No. of busbars
Voltage levels in loadflow
500 (X} kv 1
345 (Y) kv 17
230 (2} kv 6
161 kv 16

£t
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.1 Installed capacity
.2 Total amount of energy production. ..
.3 Total amount and type of reactive power

.1 Installed capacity
.2 Total amount of energy production. ..

5 kv 123

69 379

3]
B
—_ D L PP D

Q)
(Spain)

Name of Utility.
Iberduerc, S.A.

System 5jze - General Informatjion.
5720 MW

15,0 TWh

compensation installed

Shunt capacitors .......... ... ..., MVAr
reactors ......... .. ..., 1140 MVAr
Synchronous compensators ........... MVAr
Characteristics of Network.
.1 Voltage levels (X,Y,Z kV) of transmission

system {in descending order).

.2 Number of busbhars included in your lvad flow

analysis at each voltage level.

No. of busbars
Yoltage levels in loadflow
400 (¥X) kv 1€
220 {Y) kv 78
145 (Z) kv 99
Nape of Utility. {R)
Hidroeléctrica Espancla, S.A. (Spain)

System size - General Information.

.1 Installed capacity ............. 7318 Mw
(1984)
.2 Total amount of energy production... 14,7 Twh

.3 Total amount and type of reactive power

compensation installed

Shunt capacitors ................... 932 MVAr
* Peactors ... iiei i 760 Mvar
Synchronous compensators ........... 610 MVAY
Characterjstics of Network.
.1 Voltage levels (¥X,Y,Z %V) of transmission

system {in descending order}.

.2 Number of bushars included in your load flow

analysis at each voltage level.

No. of busbars
Voltage levels in loadflow
400 {X) kV 13
220 (YY) kv 31
132 (Z) kv 77
66 161

Name of Utility. (3]
ELKRAFT Power Company Ltd., Copenhagen (Denmark)

System size - General Information,

11 TWh

{incl. 2.3 TWh import (1983))

.3 Total amount and type of reactive power

compensation installed

Shunt capacitors . .......... i983: 450 MVAr
1985 790 MVAr

° TRACLOIS ..ot 150 MVAr
Synchroncus compensaters ........... 0 MVAr

2.3 Characteristi of Network.
2.3.1 Voltage levels (X,¥,2 kvV) of
system {in descending order).

transmission
4004132 k¥

Number of busbars included in your load flow
analysis at each voltage level.
Own network 90 nodes (3 on 400 kV)

Neighbouring areas 160 nodes {30 on 400 kV)
Primary network

of rest of NORDEL 400 nodes (220-400 kv)
Rest of NORDEL

transmission 600 nodes (130 kV)

Total 1250 nodes

0f course both size and details of the network used

for calculation differ with the nature of the
problem investigated.
2.1 Name of Utility. {T)

Combined respons from 5 Australian generation/trans-
mission authorities, 1 New Zealand generation/trans-
mission authority and 1 Major Australian/Internat-
ional consultant.

The numbers in front of the anwers (4/7) means 4 out

of 7 utilities have given this answer. Utility (T).

3. REACTIVE POWER PLANNING

3.1 objectives of planning.

3.1.1 Describe the main objectives of reactive power
planning jn vour system, (technical or seguyr-
ity requjrements, ecchomical achievements).

A Observance of the technical constraints
(defined in 3.1.3) in most of the operatiocn
conditions that can be encountered, in normal
and emergency case.

B: The main objectif of reactive power planning

is to get a sufficient power reactive reserve
on  generators in order to avoid their
overloading in case of tripping.

C: 1) Adjustment of voltage level of electric
power system in case of usual or unusual
times.

2) Supply of reactive power of consumers and
power system.

3) Loss minimization by reactive power flow
adjustment,

D: It is a technical requirement. That is to

maintain proper voltage of system.

E: 1} To maintain the adequate
part of the system.
2) To reduce the transmission losses.

voltaye at each

F: Technical requirements - the main requirement
is the preservation cof wvoltage in technical
imi %
limits (+ 5% Unom]'
G: 1) Voltage Control - Steady State
- Switching Voltage Control
2) Reduction of Real Losses.
3) Limit Reactive Absorbed by Generators
(For Stability Reasons)

H- - Security (constraints of voltage and branchk
current).
- Minimum cost investment and wminimum MW
losses.
I: The primary objective with reactive power



planning is te build a system which is techn-
ically sound and secure. This encompasses the
application of reactive power equipment that
is necessary from the technical peint of view
as the first step and secondly sclution of
system technique problems in which the use and
control of reactive power is compared to other
means and methods.

The second priority is economic considerations
including optimizations.

The result is a system solution that should be
considered as secure.

Maintain satisfactery voltage levels during
normal and (n-1) outage conditions.

The objective of reactive power planning is to
achieve safe operation for the transmissioa
system and to minimize the power transmission
and distribution costs.

Main objectives:

1} To enable steady state voltages to be main-
tained on 400 kV system between 0.975 p.u.
and 1.025 p.u. {when planning 4 yr. ahead]),
and between 0.95 p.u. and 1.0% p.u. on the
275 kV system.

2} Te ensure that voltage step changes follow-
ing double circuit fault outages are within
12% of the starting voltage.

3) To ensure sufficient reactive power
ves.

reser-

The overall planning process is dividen into

tWwo main steps:

- The objective of the first step is to meet
technical and security requirements.

- The one of the second step is to improve
system economy.

Voltage regulation in all load conditions of
system, including contingency. Economic load
flow.

The main objective of reactive power planning
for the NYPP system is to provide acceptable

voltage reponse for pre- and post-disturbance
conditions and to maximize economic transfer
capability.

The main objectives of reactive power planning
in our system are voltage control, system
security and economic savings (occasionally
transient voltage control). This 1is accom-
plished by: .

a) Providing sufficient capacitive or reactive
support to allow operating control during
normal operations.

b) Providing sufficient reactive power to
maintain the system voltage during severe
disturbances when a major import of emerg-
gency power is required.

c) Using capacitors to defer expensive trans-

mission facilities.

d) Reducing losses and capital expenses by
placing reactive sources as ciose as
feasible to the reactive loads.

1. To maintain the voltages within their
limits during rormal and (n-1) outage con-
ditions.

2. To minimize the active power losses and
satisfy as wuch as possible a given voltage
“profile.

3. To maintain the stability with the margin
of reactive power available in the generat-
ting units.

.2

tc withstand certain contin-
gencies. “Extreme" -economic dispatch situ-
ations will stress the system most. Thus we
find the economic optimum between installation
of reactive power and the matching limitation
of the economis dispatch.

The system has

(7/7) Recognise that economy is important in
some form.

(4/7} Also recognise security as a constraint.

{6/7) Mention the achievement of technical

cbjectives (eg voltage requlation}.

Describe the objective functions used in opti-
mization of reactive power installations

um es, minimum compensation, minimum

investment cost, etc)
Minimum compensation + highest voltage profile.
Minimum compensaticn.

Minimum losses. (Within the satisfactory good.
Minimum investment. Adjustment of system
voltages.)

The reactive power flow on 500 kV backbone
lines to be zero.

Minimum investment.
Minimun losses.

Minimum investment cost.

Attain satisfactory voltage levels with mini-
mum compensation and minimum investment costs
{including the effects of losses).

Minimum investment cost and MW losses.

The main objective function used in optimi-
zation of reactive power installation is mini-
mum life cycle cost. This includes consider-
ation to the following items:

1. Investment cost

2. Operation and maintenance

3. Reactive power reserves

4§, HNetwork and equipment losses

Minimum investment cost.

The objective function is to minimize the in-
vestment cost of the transmission network and
the operation costs for supplying active and
reactive power.

Ohjective functions:

The system is divided into zones, and it is
prefered that each zone has a reasonable
balance between reactive power generation (by
the network) and reactive power absorption.
Hence it is desired to keep inter-zonal re-
active power transfer to a minimum. The
cheapest overall solution is normally sought.

- First step: Minimum investment cost.
- Second step: Minimum losses.

Minimum compensation wunder consideration of
contingencies.

The cobjective function 1is to achieve the
security and economic objectives with minimum
investment cost.

The two maior objective functions used in cho-
osing reactive power installations are mini-

€3
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3.1.3 Pescribe the technjcal constraints applied (in

to

w1
Lo
a)
b)

c)

In
to
5p
de

Mi
Mi
in
co
Se
(4

{2
1

zing losses and minimizing investments.
55e35 are minimized by:

Placing capacitors as glase as possible +to
the reactive loads

Requiring the distribution system to
tain unity power factor
Using small dispersed
spread around the system.
vestments are minimized by: a) above process
reduce losses; and b) siting capacitors at
ecific locations to defer major transmission
velopments,

main-

capacitive sources

nimum generation cost for a given demand.

nimum losses adding penalty functions {these

clude woltage and reactive  generation
nstraints).

e 3.1.1.

{7) Use minimum overall cost (capital + dis-

counted losses) - {1/4) also include
cost of lcad not supplied in equation.
/7) Use minimum investment cost.
/7) Use mininum compensation.

der of priorjty}. such as:

or
*

*
H

1)

2}
3

Tr
vo
of

1)
2)
3

1)
2)
3)

43

1
2)
3)

1}
2}
3
43

)
6)

steady state voltage contraints

line energisation overvoltage constraints
constraints due to switching of compensatijon
plant

generator loading limits

reactive power reserve reguirements
transmission line overloading

Steady state voltage constraints ({insul-
tion levels, statutory voltage levels,
nuclear power plants auxiliaries supply).
Respecting generators loading limits.
Preventing the risks of unstability.

Generator loading limits

Reactive power reserve reguirements
Transmissiion line overloading
Steady state voltage constraints

ansmission line overloading less than 2% of
ltage change in case of opening or <¢losing
voltage adjusters.

Steady state voltage constraints

- required voltage at customers

- insulation strenght of machines in system
Constraints due to switching of compen-
sation plant: Change of voltage by switch-
ing must be less than 2%,

Generator loading limits: P.F. must be more
than 95%.

Generator loading limits

Steady state voltage constraints
Constraints due to switching of compen-
sation plant

Reactive power reserve requirement

Generator loading limits.
Steady state voltage constraints.
Transmission line cverloading.

Steady State Voltage Constraints

Line Energization Overvoltage Constraints
Generator Loading Limits
Constraints Due to Switching of
sation

Reactive Power Reserve Requirements
Transmission Facility Overloading

Compen-
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} Steady state voltage constraints
larly at 1light load,
high).

) Tranmission line cverloading.

} Generator loading limits.

{particu-
voltage profile to

he technical constraints applied are in order
f priority:

Steady state voltage. Timits: +5%, -5%. In
exceptional cases -10%.

. Reactive power reserve.
This is important at the receiving end of
long transfer system from hydro resources
to consumption area.

. Generator loading limits.
Small cosp at units in the lcad area
[=0.85). Correspondingly at hydro rescurces

cosg is larger (-~0.9).

Line energization overvoltage.
Switching cof compensation plant.
<0.6% at frequent switching.

(2% at rarely occurring switching.
Transmission line overloading.
Netweork stability at disturbances.

Steady state voltage constraints

. Generator loading limits

Line energisation overvoltage constraints
Reactive power reserve requirements

. Transmissison line overloading.
Constraints due to switching of compen-
sation plant

he technical constraints considered are:

to observe the steady state voltage con-
straints

to avoid energisation overvoltages of the

400 kV lines.

to avoid transmissicn line coverloading

to maintain the generator steady state sta-
bility :
to assure
reserve.

the required reactive power

rder of priority:

Steady state voltage constraints

Reactive power reserves

Generator loading limits

Constraints, due to switching compensation
plant, including automatic switching due to
faults

Transmission line overloading

Line energisation over voltage constraints

steady state voltage contraints

line energisation overvoltage constraints
constraints due to switching of compen-
sation plant

generator loading limits

reactive power reserve requirements

. transmission line overloading

irst *A" and "B", then "E*.

steady state voltage contraints

. generator loading limits

line energisation overvoltage constraints
ependent on actual transmission project.

he  technical constraints in the
nalysis are:

Transmission line overleoading

Generator loading limits

Steady state voltage constraints

. Transformer tap settings

Dynamic voltage response to disturbances

applied



6. Switching surge overvoltage constraints

The technical constraints applied are:
1) Line epergjzatjon overvoltage constraints.
This constraint applies only to a few long EHV
lines on our system. In these cases reactors
are added to the line to reduce both transient
and steady-state voltages on the open end of
the line during energization. The constraint
is to keep the voltage levels below B80% of the
breaker's or transformer's BIL and within the
enerqgy dissipation capability of the
equipment's surge arresters.
2] § dy-state voltage constraints.
Our voltage constraint is based on our ability
to control our distribution voltage with LTC
transformers. On any transmission voltage bus
that has a distribution transformer connected
to it, our voltage constraint is to stay with-
in +5% and -10% of the tramsmission busses
nominal voltage.

o i due to swi
tion plants.
This 1s 1limited to a * 3% change in voltage
for any one switching event except for
installations used £o prevent system voltage
collapse after a major system emergency.
4} Transmission 1j verloading .
Compensation will be added if a line's over-
loading 15 a result of excessive reactive
power flow.

ive pow uirements.

Sufficient reactive support is provided to
meet system voltage criteria upon the loss of
the largest reactive power source {a gene-
rator) with a maior system disturbance. This
is both for capacitive capability during
system peak load and inductive capability
during the system minimum load.
6) Generator loading jimits.
The capability of our generation to provide
reactive power is included in our analysis of
reactive power needs. We assume our generation
can provide a specific amount of reactive
power without significantly impacting its real
power output. This capability is then included
as part of our system reactive vreserve
requirement.

CORMPEnRSd -

Steady state voltage constraints
Generator loading limits
Transmission line overloading
Reactive power reserve requirements

(=" T - ]

1) Steady state voltage constraints

2) Generator loading limits

3) Reactive power reserve requirements
4) Transmission line overloading

Steady state voltage constraints.

Constraints due to switching of compensaticn
plant.

Generator loading limits.

Reactive power reserve requirements.

Voltage control in connection with load
shedding.

Veoltage control in connection with frequency
activated load shedding.

A certain priority between these is unjust-
ifiable.

(7/7) include steady state vcltage constraints
(6/7) include switching limits

{5/7) include generator loading limits

{5/7} include reactive power reserves

{1/7) added transformer overloading to list.
{1/7) added voltage rise due to disconnection

11

of generator.
Most considered that all technical constraints
included should be met by the planned system
without compromise.

th inan onstrajnts jed
d a d for these.

Calculation of the amount of additional shunt
capacitors which could be economically
installed (profitability rate).

Nihil.

Compariscn of loss reduction and compensator's
installation determination of installation
points with refer to scale merit.

There is not a clear financial constraint.

Minimum investment cost for new compensation
means. There are no financial constraints if
additional shunts are needed from technical
point of view.

Accomplish job in most econcmical manner con-
sidering budget ceilings and priority of jobs
needing to be done.

Minimum life cycle cost is desired (see point
3.1.2). The investment cost will ir most cases
be no constraints.

None .

Paying off the expense for the reactive power
compensation by the time specified in the
norms for the national economy or earlier.

Financial Constraints:

There are no direct constraints (budgetry
etc.). The economic case is subordinate to the
technical need for the scheme proposed. How-
ever, consideration is given to re-siting
existing plant if justifiable, to reduce
costs.

Usually not applied, since new installations
regard only shunt capacitors that require
investments distributed in time.

Avoidance on HV-switchgear whenever possible.

Ne specific finacial constraints are applied
to the analysis of reactive compensation re-
guirements. However, recommendations for reac-
tive compensation must be economically justi-
fiable with minimum investment cost.

The financial constraints applied tc reactive
compensation are no different than those
applied to any new capital facility. Reactive
compensation is considered one alternative to
solving system concerns.

The cost 1is conly considered in the objective
function.

No.

(2/7) Require to demonstrate a real rate of
return on 1nvestment (8% and 10% resp).

H
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p o

1.

(2/7) Minimises total cost (investment - dis-
counted savings).

{1/7} Minimises investment cost only (ie imme-
diate tariff effect).

iteri d -1
” ] £ load babili l

n-1 security:

For each studied situation of the network,
technical constraints have to be satisfied 1in
case of outage of any 400 kV line or any
generator, after the acation of the secondary
voltage control, the voltage evolutions due to
such an outage can be computed {see 4.10). So
it is possible to define the reactive power
reserves required in normal case (see 4.6)

a) N-1: Tripping of cne line (or transformer)
or one generator.

b} HN-2: Tripping of one generator + another
generator or one line (or transformer). We
accept 10% overloading on lines and transfor-
mers but no steady state overloading
generators.

c) Tripping of a 400 k¥ busbar. In this case
we accept 10% overloading on limes bu 15% on
transformers.

{n-%) security.

We didn't consider security criterions. But
our planning has some room for actual system
operation.

To maintain the adequate voltage at the single
centingency (n-1 security).

(n-1} security. In special cases {n-2) security

-1 security.

. Probability of occurrence

Stability coensiderations

. Limit reactive output of nuclear generating
units to increase security of transmission
system for offsite power supply.

LT R

n-1 securlity.
n-2 for some particular cases.

In planning for shunt capacitors and reactors,
a safety margin is included allowing one unit
to be out of operation. Transmission planning
iz based on certain design criteria e.q.
busbar faults shall not cause load shedding.
In combination with this an other method is
also used i.e. evaluation of the estimated
interruptions of supply.

n-1 security.

The security criterion used is the loss of the
largest generator unit and of the most
important transmission line for the subsystem
considered.

Security criteria: For the main inteconnected

system the credible fault cutages are defined

as:

1) a single circuit overhead line

2) a double circuit overhead line

3) a designated pair of single circult over-
head lines concurrently during the defined
winter season

4) a single circuit cable

5} a section of busbars or mesh corner

6) a supergrid transformer

7) a reactive compensator

B} the most onerous single system infeed

For reactive power planning we normally
simulate condition (2) for several doubie
circuits, selected from past experience, and
consider this to be the "worst credible® fault
outage for all demands. Other conditions may
alsc be simulated as circumstances dictate
{e.g. 6) and 7}).

A n-t security criteria is applied in implicit
form by providing suitable reserve margins on
generators and by limiting the permitted vari-
ation range of voltage.

N-1 criterion.

The wvoltage criteria used the NYPP system
states that "No bus voltage shall fall below
its pre- and post-contingency low limit or
rise above its pre- and post-contingency high
limit. Generally the low voltage limit is .93
per unit and the high veoltage limit is 1.05
per unit.

Security criterion used.

We do not use any probability based criterion
with reactive power planning. Any Teactive
power planning is conducted as one alternative
out of many to keep the system operation
within established criteria.

n-1 security.
n-1 security criterium,

The NORDEL dimensioning criteria.

(6/7) Use n-1 criterion, (2/6) allow for prior
outage of specified reactive plant.
These (2/6) also require n-2 security at
low load levels or for specified
duration to allow waintenance. (1/6)
also includes loss of load probability.
{1/7) Uses cost of energy hot supplied.

.2 Organizing of planning.

.2.1 How is the reactive power planning coordinated

with the planning of active power.

The horizons bf planning are
- nt8 for the power plants
-~ n+t6 for the 400 kV network
- nt+% for reactive power

Generation planning is studied separately. Cos
phi of generators are fixed at these stage.
Reactive problems are studied together with
active problems when planning the network.

1) Calculation of reactive power demand by
correlation factor of forecasted active
power.

2} Installation of
system.

compensation plant among

We plan acative power at peak lcad time in
each ten year. And, we plan reactive power at
peak load time in the two year future using
the active power planning of that time,

The reactive power planning is usually carried
out on a year-by-year basis according to the
planning of active power. Both are implemented
by the same section.

The active power planning has the priority.



The reactive power planning is one kind of the
planned network control.

1. Key loads are maintained at constant power
factor to enhance power transfer capabili-
ty of transmission lines. Reactive power
planning is an integral part of planning
active power needs.

2. Plan to require (.95 power factor of
customers for peak conditions and not
higher than unity during monthly offpeak
periods. This will be put in the rate
structure and, in effect, encourage TVA
distributors to install and properly
operate switched shunt capacitors.

Reactive power planning is separately achieved.

Primary concern is the generator cosyp,
Reactive power planning is secondary.

Planned separately.

Power plant and electric network planning on
the one hand and reactive power planning, on
the other hand, are actually decoupled. For
decoupling the respective planning operations,
some basic principles were observed concerning
the influence of the reactive power on the
system development.

For the generation and transmission network
development established in accordance with the
active loads, the required reactive generation
and consumption means are forecasted for
5-year horizons.

Reactive power planning is coordinated with
the overall annual planning cycle, which looks
up to six years ahkead for the transmission
system. Reactive compensation is planned four
yYears ahead, since this is the minimum *lead
time" for such plant tc be commissioned on the
system. System reinforcements required to
satisfy active power constraints are conducted
over the whole planning period.

Active power is planned 5-8 years before, re-
active power is planned 3-4 years before. Thus
reactive power is planned after active power.
In the case of particular projects {very long-
lines), active and reactive power are planned
at the same time.

According to increase of active power.
Consideration of outages of most important
lines.

Reactive power planning assumes a deter-
ministic load and dispatch iocad and dispatch
which is economically dispatched {active
power) so that all transmission facilities are
within their thermal constraints.

When reviewing system problems, adding reac-
tive support is considered along with other
alternatives in correcting potential voltage
or overload problems. Usually, because adding
reactive support only works for a couple of
years, it is used to defer Rmajor cost
alternatives.

First at all the needs of generation and
transmission are considered to satisfy the
active demand forecasted. After that, the
needs of reactive compensation are studjed
with the results of the first step.

They are coordinated in overall transmission
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planning, mainly through a.c. load flow
studies.

According to NORDEL recommendations generators
are dimensioned cosé = 0.85.

Planning Depts of most authorities are small
and reactive planning is included with trans-
mission planning, but may be carried out as a
secondary activity after the active power
planning is finalised, except where the reac-
tive installation is an alternative to trans-
mission (eg deferring an augmentation).

which periods of the vear are studied {peak
a i d, ot s).

Three periods are studied (winter, summer,
mid-season), each of them at peak load and
light load.

a) Peak load.

b) Intermediate load (~85% of peak lcad) with
a high level of generation in the 400 kv
syster (Nuclear Power) and a low level of
generation in the 150 and 70 kV systems. In
this case, some regions are very sensitive
tc any loss of generation.

1} Peak load {of average of 3 days of maximum
demand in summer time).
2) Night load in off peak seasons.

a) Peak load time (2 or 3 P.M. of weekday of
August).

b} Bottom load time (5 or 6 A.M. of the 2nd of
January) .

Peak load.

Light load.

1) Winter load peak

2) Winter night

3) Summer load peak

4) Summer night

5) Summer minimum load

1} Summer Peak

2) Winter Peak

3) Minimum Load for Year

4) Minimum Load for Peak Day

5) Eighty Percent Summer Peak Load

Peak load (Wednesday, mid-February at 11 k 30
a.m.) Light load (Sunday, mid-August at 4 h 30
a.n.)

Both peak load and light lead, but in addition
also other situations with intermediary 1load.
In the latter case the total load level is
intermediary but protions of the network is
heavily loaded, e.g. transmission from hydro
resources during the spring flood.

Peak load.
Light load.

The peak 1load conditions studied are: winter
evening peaks and summer morning peaks. The
minimum loading condition is obtained for a
red letter-day summer-night light load.

The periods studied include those correspon-
ding to summer minimum, winter peak, and
approximately 85% of winter peak demands. The
latter case is that for which much oil fired
generating plant is shut down for economc
reasons, and since it is concentrated in the

73
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2.

3

south of the country, gives rise to high north
te south power flows and consequent low
voltages.

§ix different load conditions are considered:

- Peak and light load condition in the winter
working day.

- The same for the summer working day.

- Yearly minimum load.

- off-peak hours (12.00-14.00) in the summer

working  day. (This 1locad condition is
examined because all the shunt capacitors
are in service while load 1is lower than
peak.)

Maximum and minimum leoad conditions, energi-

zing of system after breakdown.

performed on various lcad condi-
peak and

dnalysis 1is
tions including summer peak, winter
summer light load.

Qur reactive power studies look at both peak
load conditions and system minimum load
conditions.

The peak and light load periods are mainly
studied.

Twe periods of the year are studies {winter

and summer) each of them at the moment of peak
lcad and@ of light locad of the same day. The
yearly minimum load of the system is not
studied.

Both peak load and low
between where the economic

load and any load
dispatch stresses

the sytem most in relation to the reactive
reserve.
(7/7) Study peak load
(6/7) Also study light load
{3/7) Also identify other critical load con-
ditions
{(1/7) Blso studies representative loads for
loss evaluaticn.
a . a c L .
cluded.
By the choice of the studied periods (see

3.2.2). Comparisons of the results between the
different periods are done in order to
optimize the tap changes of the transformers
or the characteristics of the materials.

Not considered - See 3.2.2.

Check of the most heavy loaded time and night
loaded time.

We do not consider it.

The seasonal 1lcad wvariations are within the
rahge between peak load and light load above
mentioned.

See cl. 3.2.2.

8y projecting loads (real and reactive) based
on recent historical trends.

Seasonal time 1load variations represent the
maximum total 1loading (winter) and minimum
total loading (winter) and minimum total

loading {summer), but intermediary lcading is

.2.4

also considered as menticned in item 3.2.2.
Not included.
See item 3.2.2.

Minimum system demand occurs in July, winter
peak demand occurs in January.

Different
3.2.2).

load conditions are considered [see

Normally not included.

Due to the lcad diversity of our system,
sensitivity analysis of the effect of seasonal
load variatio has been performed using
specific summer and winter peak load con-
ditions.

Most of our capacitor installations are in
small blocks and have both radic control and
voltage control. This greatest need for
capacitors is during a local area's system

peak, this is the season's needs are covered
by the automatic controls.

Reactors are planning for at the system
minimum (except those required to control line
energization wvoltage) and again controls are
used to provide the needed amount of reactive
power during other time periods.

The seasonal time load variation is taken into
account considering the peak and light 1load
conditions in winter and summer.

The seascnal time load variation is taken into
account with the two periods studies (winter
and summer load).

See 3.2.2.

{Authorities interpreted this

different ways.)

(4/7) Concentrate mainly on
load extremes.

(2/7) Base intermadiate studies on the load-
duration curve.

question in

peak and light

ined bas case oW _are

they established.

* The hase load cases have been chosen to take
into account daily and seasonal time load
variations.

* For each period, different operaticn con-
ditions are considered, each of them is de-
fined by a set of unavailable 400 kV lines
and power plants; they are selected in a

random sample generated by a Monte-Carlo
method with a criterion of active losses
(computed with a DC load flow on the 400 kv
network) .

Not considered.

demand
invest-

1) Active Power: Forecast in base of
forecasted by JAPAN electric power
igation committee.

2) Reactive Power: Forecast by past demand and
growth rate in August.

In the peak load case, we use the active power
planning of it. In the bottom load case, we
estimate the state of the system by ones of a
few past years.



The total active power of the system 1is
distributed proportionally intc consumption
nodes accerding to their consumption in the
110 kV network (and at lower voltage levels).
Thus, each consumption node of the trans-
mission network has a certain established
balance of active power. The reactive power
balance is calculated for this active power
balance according to the structure of sources
and of consumption. The consumption 1in nodes
is taken according to the reached values in
the past reality and to the detailed future
development plans.

Each individual model is updated each year by
using new leads for each substation and new
generation schedules based on economi.c
loading. Network models are changed when there
are changes in plans,

By measurement of active and reactive loads.

Maximum or minimum load during the time period
of one hour.

Based on energy pronoses
Systet.

for the Norwegian

The base load cases were defined under 3.2.2.
we further specify that in Romania the summer-
morning peak includes high irrigation loads,
while the peaking hydro-power plants are off.

Base lcad 15 determined from the trend of
previous years. To ensure a pessimistic value
of active power, approximately 500 MW is
subtracted from the wvalue indicated by the
trend to give the amount used for the
analysis. This assumes summer wminimum demand
is defined as base load.

The reactive power is calculated by
wultiplying active power by the QP ratio
established in previous years.

Only one load growth scenario is considered.

Maximum power transmission based on historic
evaluation.

The base load cases are retrieved from the
Northeast  Power Coordinating Council's
Automated Data Bank (NPCC ADB}. The NPCC ADR
consists of load flow data supplied by the
members of NPCC to represent the NPCC system
conditions from 1985 to 2000.

In base load cases, all lead serving buses
have an assumed power factor based on the
pelicies on distribution power factor used in
that particular subsystem. Most of the sub-
systems require unity power factor on the
distribution system.

The base cases are established from the fore-
cast demand, considering different situations
of generation {wet or dry hydraulicity, etc.).

Base load cases are established from the
daily duration curve with different situations
of hydraulic generation {dry, wet} and taking
into account the average forced outage rate of
thermal units.

A base case 15 established every year from
measurements near peak load.

2.
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(4/7) wutilities have
using load forecast estimates and planned
augmentations. Ferecasting of reactive loads
is included to varving degrees of accuracy.

How is the development of future network taken
intg account? For jnstance by analvzing
* intermediate and horizon years,
varying increase in demand,
* other alternatives.

range of base cases,

* Only one horizon year 1is studied (n+5);
however, reactive power planning studies are
regularly made (each 2 years) and peculiar
studies can be made for the intermediate
years.

* Varying increase in demand can be considered
if there are big uncertainties about it.

Intermediate and horizon years.

Consideration of system facilities construc-
tion planning based on demand forcast.

We plan reactive power only at peak and bottom
load time in the two year future.

The reactive power planning is usually carried
out for the next year, Therefore, the network
development for the next year is naturally
taken into account.

Horizon years (5 years planning horizons) and
intermediate years in special cases.

Intermediate and horizon years are analyzed
for the seasons and load levels described
above,

Varying increase in demand.

The development o¢f future network is taken

into account by analyzing:

- certain stages (2-3)
horizon vears

- varying increase
reased after 1980).

of intermediary and

in demand (low load in-

Separate analyses for different future stages.

For a % year period we analyse the starting
year, the horizon year (i.e. the fifth year)
as well as the intermediate years when there
occur important structure changes. The fore-
casted load increases are also considered.

Developnent of Future Network:

For reactive compensation at light load
(considered at present tc¢ give most onerous
high woltages) a horizon of four years is
used, being the minimum time for commissicning
of new equipment. For a given summer minimum
demand alternative power factors are sometimes
studied to reflect the uncertainty in ocur
knowiedge of supply point Q/P ratios.

For reactive compensation to remedy low
voltages, an adopted winter peak demand is
studied as a base case. The network is not
studied in its entirety, but specific areas
where known problems exist are often studied
in considerable detail.

Sensitivity analysis is done for a high demand
growth scenario aad also negative growth.

The reference year usually considered in plan-
ning reactive power is 3-4 years forward the
present one. In some cases an intermediate
year is examined to verify the effect of the

75



16

amount of reactive resources previocusly ral-
culated. In other cases a projection is made
forward the reference year, by examining the
system studied in the course of the active
power planning process.

Intermediate stages with major system changes
and horizon stage.

See 3.2.4.

The future network is usually not an issue for
those capacitors that are added to defer more
expensive transmissicn because they are added
for a specific immediate purpose, that of
delaying major expenditures. The same is true
for reactors added for line energization
voltage contyol. Their location is dictaed by
technical needs, and the future network won't
impact them.

There 1s some analysis of the future network
needs when adding capacitors or reactors for
general system support. This is done by siting
reactive sources where it appears that they
will be most needed. However, since our
reactive support is wusually added in small
increments and with short 1lead times, the
potential long range problems due to under or
over estimating load growth is not of great
concern,

The short term development of the network is
studied analyzing the next years for a given
forecast demand, and the long term development
ts studied considering a range of scenarios
for high, medium and low increases of demand.

Intermediate and horizon years and sometimes
varying increase in demand (duplication of
load, for example).

Especially changes 1in the network structure
due to new lines to the neighbouring areas Is
important to the long-term planning of reac-
tive reserve.

{3/7) Base studies more on stages of develop-
ment, than on specific years.

(1/7) Studies planning as an integrated pro-
blem are a 10 year period.

{1/7) Studies a representative range of load
growth over a 7 year forecast period.

3.3 Modelling of system.

3.3.1 Is _the system divided into subsystems, using

1o

geographical subdivisions or subdivisions in
voltage levels? In each case, what criteria
are used? (Organizational subdivisions, owner-
ship and responsibjlity, technigal reasons,
others.)

A subdivision in voltage levels is used for

organizational reasons.

- Naticnal studies on the FHV network lead to
determine the amount of compensation
devices.

~ Regional studies on the HV network are made
to locate these devices.

Due to the size of the Belgian System, we
never subdivise the system.

Ownership.

It 15 not divided.

It is divided into subsystems using subdivi-
sions in voltage levels. The criteria are to
maintairn the adequate wvoltage at the single
contingency.

No. The transmission system (400 and 220 kV)
is calculated completely as a whole and,
morecover, its implementation inte the Inter-
connected power system is considered.

The bulk transmission system is not sub-
divided. Subtransmission systems are studied
as separate radial systems.

7 subsystems {ownership} globally treated.

The system is divided in subdivisions based on
the voltage level. The MVAr flow between the
2207400 kV systems and regional geographical
areas is 0.

Subdivision 1in voltage levels, and geograp-
hical subdivisions.

First we apply subdivisions in voltage lewvels,
then geographical and administrative subdivi-
sions. The «criteria used are: the classifi-
cation of the network lines accerding to their
function, i.e. transmission and distribution,
and further omr, the consideration of the
administrative operational subsystems, for the
distribution lines.

Generally the whole country is studied down to
132 kV, even though most 132 kV transmissiocn
assets are owned by the authority concerned
with retail distribution (the Area Electricity
Boards). The voltage levels studied are thus,
400/275/132/66 kV (66 kV is represented by
only a relative few busbars). In special cases
33 kV i3 represented.

The HV network is divided for reactive power

planning studies in:

- 380 and 220 kv national transmission net-
work.

~ Saeveral 150-132 kV regional subtransmission
networks.

Iten of utility.

The system representatjion utilized bhy NYPP
inciudes system data for the entire Northeast.
The system data is organized according to com-
pany designation.

The system is divided into subsystems which
are based on geographic areas. The geographic
area subsystems are based on the company divi-
sion boundaries in most instances.

In the optimization reactive program, the full
Iberduero network 1is modelled adding  the
interconnections with other utilities.

In other studies, the system is divided into
independent  geographical subsystems. The
criteria used for the subdivision are mainly
technical, and are based on considering areas
conpected through long transmission lines.

The system 1is divided into subsystems using
geographical subdivisions. The criteria used
within the system are organizational.

We try to subdivide on voltage level in order
to obtain 0 MVAr exchange on the 1low voltage



side of the 4007132 kV transformers. The whole
NORDEL system is divided into 13 geogqraphical
subsystens.

Answers depend on size of system. Smaller ones
are treated as a whole. Large ones are split
up oh basis of systems and subsystems which
have little mutual interaction.

.3.2 For e calculation bsys oW is
t stem r sent ds ene
tion, network}.

For calculaticns on the EHV network:

- Plants on the HV network are modelled as P-Q
injectors.

- Loads are modelled by their Ytge at EHV
level, which includes losses on the HV
networks.

Belgian network is a part of the European

system. So we represent the 400 kV lines

interconnecting the Belgian system and we use
an external equivalent. The latter contains
synchronous generators in order to simulate
the reactive power behaviour of the foreign
network in case of outage in Belgium {see

31.3.8).

Infinite bus.

They represent loads and generations.

It is represented as loads.

The extend system {Interconnected power

system) is represented exactly as a whole.

When a 6%+ or 44-XV substation is connected to

more than one transmission substation, only

the subtransmission system involved is added
to the large base case for study of that local
area.
AQ AG
!
U, T t:u
PV-node 0

Short-circiut
impedanses

systems (20 intercon-

external
nected lines with boundary contries) with Ward

We represent

equivalent, and generators connected to the
boundary busses (see figure above).
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For the modelling of the 2207400 kV network
all items above 70 kV are included. Other
Nordic countries as detailed 1n stability
studies.

By generations and loads at exchange buses.

For studying the distribution subsystem the
external system is represented including the
main nodes with enough power reserves. As an
alternative, we use REI- DIMO equivalents for
the whole external system.

Most loads are represented as fixed P and Q
quantities on %32 and 66 kV busbars. Some
loads are represented as "voltage sensitive*
in especially difficult areas. Generation oh
the "external system® which is privately owned
is usually not represnted because of its small
size.

However, generation in Scotland is represented
fully in winter peak studies (as 1s the
Scottish network down to 132 kV).

At summer wminimum demand it is assumed that
interconnecting circuits between CEGB and
Scotland have zero active transfer, but an
allowance is made for the shunt susceptance of
the interconnectors.

4t all demand levels the whole network is
represented down to 132 kV at 400/275 kV and
400/132 kV transformers. However, the inter-
connection between 132 kV busbars is often
represented as an equivalent circuit. Losses
in distribution transformers, and reactive

power gains of l.v. circuits are represented.
Series 1l.v. reactive power losses are esti-
mated.

In 380-220 XV network equivalent loads are
represented in the interconnections busses.
For the studies on the regional network a part
of the external network (also at higher wvol-
tage level) is completely represented.

Only generation and resuiting network if
possible,
External system representation initially is

developed by the North American Electric
Reliability Council (NERC) Multi-Area Modeling
Working Group (MMG) for the U.S. intercon-
nected system. The resulting 5000 bus bar load
flow model is reduced to approximately 2000
bus bars using networ equivalentizing programs
which maintains the lewvel of load and
generation on the retained system network. The
reduced representation is then merged to the
NPCC ADB load flow representation.

The external system around the subsystem 1s
modeled Dby its loads, generation, and
transmission network. The system immediately
surrounding the subsystem is not equivalized
in ahy way. Northern States Power [NSP!)
develops wirtually all its power flow models
developed by the Mid-Continent Area Power Pool
(MAPP) of the mid-western United States
interconncted network. These models represent
the MAPP transmission network in detail for
115 kV and above (depending on the type of
study being done). NSP adds its particular
subsystems to those models.

#
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| catculation

The interconnections modelled as fixed

generations or loads.

are

In normal load flow studies, the full external
system at the high voltage level is repre-
sented.

In O.P.F. studies a fixed equivalent for the
external system (fixed impedances for the
equivalent network between the boundary buses
and a fixed load at these buses) is used.

For a typical calculation of a subsystem the
neighbouring system is detailed represented,
but it varies with type of investigation.

In subsystem studies the main system {source)
i5 usually modelled as an infinite bus. In
main system studies the subsystems are repre-
sented as 3 load, generator and/or impedance
as appropriate.

For the national studies, enly 400 kV and 225
kV networks are taken into account.

We represent the 70 kV system. Lower voltage
level networks are not taken into account.

Represent extent :
not included.
Lowest level

The voltage under 154 kV is

154 kV.

flow analysis with computer

|
1
¢
]
R
I
I
I
|
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Reactive load forecast (P, Q model see 3.3.5)

' Load |

275 kV is the lowest woltage level network and
154 kv or 66 kV systems are represented as
loads of 500/154 kV or 275/154 kV or 275/66 kV
transformers.

The networks of lower voltage (110 kV) are
represented by the load {consumption) im the
node of the transmission system on primary or

secondary side of 400/110 kV or 220/110 kv
transformers.
The 161- and 115-kV networks are represented

in detail. The 69- and 46-kv
studied as radial systems.

system are

o>

m

.3.4

Lower voltage levels modelled with fixed
loads.
The lowest voltage level represented is 130

kv. A few nodes of 70 XV are included.

132 kV. Lower voltages represented as loads.

The 5-year studies of the entire Romanian
transmission network comprises all +the gqrid
nodes, including the 110 kV ncdes. In the
distribution sybsystem studies the medium
voltages nodes (of &, 10, 20 kV) are also
considered.

See answer to 3.2.2.
See answWwer to questions 3,1.1 and 3.3.2.
Representation only by load MW/MVAr.

The lower voltage {115 kV and below) network
is an usually equivalentized representation.

The extent of representation of lower voltage
level network will depend on the study to be
done {eg., a multi-utility EHV study, a single
utility local area study, etc.) For large
muelti-utility planning studies where the focus
of the study in on the high wvoltage or EHV
system, the Ilowest voltage level represented
is 115 kv. For local area studies, the Lowest
voltage level represented is the subtransmis-
sion voltage, which is generally 69 kV.

The lowest voltage level represented is 146
kV. The network at lower wvoltage levels is
represented as fixed loads at the buses where
there are transformers to these lower levels.

The lowest voltage lewel represented is 66 kv
for transmission planning studies.

For dimensioning of breaker switched capa-
citors 50 kv
For reactors and SVC's 132 kv

Modelling is generally included to the point
where the responsibility of the authority
ends. This varjes from 66 kV down to 6.6 kV.

Describe the load models ysed (fixed jmpde-
dance, fixed P&O, etc.)

Fixed P and Q model.

Fixed P, Q.

Fixed P & Q.

They are fixed P, Q models.

We use the active and reactive load models as
below:
P = Po V" Po: active load at base voltage
V: voltage
0 =qQo VB Qo: reactive load at base voltage
a,f: load voltage characteristic fac-

tor
Fixed P & 0 load models.
Load flow models use fixed P&Q loads.
Transient stability studies normally use fixed
impedance loads but sensitivity studies are
made using fixed P&Q andfor fixed current.

Fixed P,Q and fixed impedances.
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At load flow studies the lcads are mcdelled as
fixed active and reactive loads. For stability
studies wmore sophisticated models are used
with loads being dependent upon the voltage by
an exponent.

Load models used are: Fixed impedances.
Fixed P&D.

The loads are represented as fixed P & Q.

Most load models use fixed P and §, but some
are required to be sensitive to voltage
change.

Normally fixed P and Q. The methug applied
also allows fixed P and ¢ = an(VIVO) .

Usually fixed P/Q representation, sometimes
both P/0 and fixed 7 alternating.

in general, the load model is a constant MVA
representation for active and reactive power.
Recently steady state load models as a
function of voltage has been inccrporated in
reactive planning studies.

The local models used in power flow studies
are constant MVA. However, in dynamic simu-
lations, the local models are usually either
100% constant current or some percentage split
of constant current apd constant admittance.
These representations are not base on any
detailed load studies of NSP's system.

The locad model wusesd is fixed p and g,
although there is the possibility of repre-
senting these loads asz a fixed impedance.
Fixed p and q.

Ca . n o8 1 8
For stability calculation: P - + Q - .
For static and quasi-static calculations:

Fixed P and Q.

(7/7) use fixed P and ¢ for steady state cal-

culations.
(3/7) sometimes study +transient conditions,
before and during tap change operation,

and use various load/voltage indices for
this.

* by an analytical method? (e.g. by identifi-
cation of special types of locad groups or
networks regarding reactive power demand)

* according to the active consumption fore-
casts?

* by extrapolation of the measurements?

* any others.

By extrapolation of measurements of the natu-
ral tgp at the EHV level, one aasumes that the
tgp will remain constant, for a given period
of the year, durinig the next years.

By extrapolation of measurements. The cos phi
is measured in each node and taken constant
along the time. No reactive load is forecasted
according to the active consumption forecasts.
the of © in

Extrapolation of measurement

August.
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(QpiF, )

Bottom case ]

R R} ")

YEAR

YEAR

‘P’ maans posk time
‘D’ memns battom timwe
Only £, is estimated by
aclive power planning

According to the active power
forecasts. There is prescribed cosg =
consumption.

consumption
0.95 for

Load power factors are determined from
metering and extrapolated according to active
consumption forecasts.

According to the active consumption forecasts.

The reactive load is forecasted by relation to
the active consumption.

According to active load forecasts and poli-
cies intended to limit the reactive power flow
between each voltage level.

The reactive loads are forecasted starting
from the forecasted active loads in correla-
tion with the measurements as well.

Reactive loads are forecast according to the
active consumption forecast. An assumed Q/P
ratio is used, which is bases on surveys done
many years ago. These surveys are no longer
regarded as sufficiently accurate.

In agreement with active load growth forecast
and by estrapolation of measurements of power
factor.
According to increase of active
measured ratios P/Q.

power and

The characteristics of the steady state model
were developed from actual field testing of
special types of load groups. During the pro-
gress of the studies, the load types identi-
fied for each substation are assumed to be
constant through time and for different load
level.

Reactive power is generally forecasted accor-
ding to estimate of the power factor based on
the real power forecasts, Forecasts are pre-
pared for each subsystem in addition to the
total company forecast.

For a few very large loads on the system where
the reactive power requirements are known, the
reactive power is modeled exactly.

The reactive load forecasts are made according
to the active consumption forecasts and they
are corrected by extrapolation of the reactive
measurements.

According to the active consumption forecast.
The q/p ratio used is modified in bases of
periodic surveys.

According to active consumption forecasts and
by extrapolation of the measurements,

All co-cordinate reactive forecast with active

+4
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forecast, constant

factor.

usually assuming power

are the reactive load forecasts made for any
others)? Please describe.

Measurements have been made at each studied
period {winter, summer, mid-season at peak and
low load).

See 3.2.2.

1) Peak load of average of 3 days of maximum
demand in summer time.
2) Night load in off peak seasons.

See 3.2.2.
They are made for peak load and light load.

The reactive power 1s forecasted separately
for each of the 5 special periods - see cl.
3.2.2.

1. Summer Peak
2. Winter Peak
3. Minimum Load for Year

High load and light load.

Reactive lcad forecasts are made for high load
periods with approximative extrapolations to
low load periods.

High load only.

The reactive load forecasts are made for the
periods of the year and load conditions shown
under item 3.2.2.

Reactive forecasts are made for:

Supmer minimum demand

Winter peak demand

Sensitivities based on winter peak demand.

Different power factors are adopted for the

different load conditions examined (see answer
3.2.2}).

Forecast normally only for maximum load con-
dition.

Both the active and reactive loads are
established from individual company forecast
methodology and entered individually for each
bus bar in the NPCC ADB.

The reactive power forecasting we do is made
for the peak load periods.

The reactive load forecasts are made for the
same situations of the active consumption
forecast {peak and light load).

They are forecasted for the peak and light
load (winter and summer periocds).

Only high load and low load.

(4/6) Forecast for both high and light loads.

{1/6) Forecasts for high load only and takes
light load in proportion.

{1/6) uses average load power factor, recoguni-
sing that p.f. generally improves at the
peak (1f this is due to resistive
heating i.e. winter peaking}.

3,1.7 what 3
4

the experjence so far of reactive load

Modelling:

- Good adeqguacy for steady state analysis in
normal case

- Variations of the loads with the voltage are
not wmodelled (can be important in case of
outage or for dynamic studies).

Data:

- Good knowledge of the reactive
prease date,

- No forecasts possible, then no adaptation to
the evalutions of the consumption structure.

loads at a

P, @ loads seem to give satisfaction, due to
the fact that all HV/MV transformers are
equipped with automatic taps changers. The
loads in load flow calculations correspond to
these transformers.

Necessity of compensators plant’'s installation
at most best locations.

We use only fixed P, @ models. I think the
detailed wmodelling is useless.

The adopted 1ocad modelling can be said to be
adequate from the record of actwal operation.

Reactive wmodelling seems to be adequate.
Recent improvements have been made in the
analysis of metered data which has improved
the accuracy of future studies.

No experience for the time being.

sufficient for load flow studies.

Lead modelling as fixed P & Q's is generally
considered satisfactory. For the special con-
ditions e.g. operation with high U & f devi-
ations, we study load modelling with the
steady state characteristics, P,Q = F(V,f]

Experience so far:

1) The load model used is suitable for genmeral
purposes and tends to be pessimistic for
voltage step changes, and also in so far as

the need for reactive compensation is
indicated.
2) Some load response data has been obtained

for individual supply points but there is
no overall programme of measurements. Data
obtained from power system tests can be
used in the ahalysis if required.

3) Installation of better metering and data
logging over the next five years will give
better assessment of reactive power demand,
by using actuwal half-hourly averaged
values, together with the active power.
This improvement in data accuracy will pro-
bably be the greatest single improvement
for the foreseeable future.

Fixed P,0 1s considered an adequate model for
the 380-220 kV petwork bheing the 150-132 kv
voltage controlled by on load tap changers. In
the studied on the regional (150-132 kV) net-
works a Q=Q(V) model might be used, but it re-



3.3.8

quires the identification of the function
Qiv).
Normally fixed P/Q, in special cases fixed Z

{some industrial loads).

Presently there is insufficient reactive
metering to ascertain the accuracy of the
reactive load modeling, NYPP is presently con-
sidering the addition of state estimation to
the system which would provide on-line moni-
toring of active and reactive load so that
more accurate forecasts of loads can be extra-
polated.

In general, NSP's reactive power modeling is
in a very rudimentary stage because the com-
pany has only recently had to begin addressing
the issue. Therefore, reactive load modeling
is predominantly a power factor calculation
from subsystem to subsystem. NSP is beginning
to review the assumptions made for reactive
load on its larger load areas, but there have
been no specific modelling improvements pade.

Reactive optimization i1s a new activity in the
planning process, therefore it is difficult to
critizise the models used at this moment.
Reactive compensation measures up to date have
been based on operating criteria, using actual
data and not models.

The load modelling (fixed P, { model) is
sufficient for the steady state reactive
analysis. Efforts are under way to improve
data collection methods for different types of
loads through the use of magnetic tape
recorders.

We expect there is a major uncertainty on the
reactive load, and we try to adjust the tgé¢ of
the load by yearly measurements of the load
under high and low load.

Constant P, Q models are adequate for steady
state modeliing. Those who model transient
behaviour are aware of the need for better
models.

. .
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such as: synchronous generators

synchronous compensators

static var compensators.

* Please describe if they are modelled as
P,V-nodes or P,Q-nodes at high voltage, low
voltage, or behind a reactance, or modelled
as pure impedances.

* PDescribe how limits and characterstics are
handled in the models.

* Huclear power plants: They are considered as
P.V nodes at low voltage (20 kV), behind the
reactance of the plant transformer, which
depends on the used tap. The loading limits
are defined by the voltage limitations and

the reactive pessibilities of the alter-
nator.
* Other plants and synchronous compensators

are considered as PV nodes at high voltage
{225 kV or 400 kV). The loading limits take
into account the consumption of the plant

transformer.
However, these P.V nodes become P-Q nodes int
he calculation if the loading limits are
reached.

21

Modelling of synchronous generators:

The post disturbance equilibrium state of a
generator in a large system (neglecting AP) 1is
given by the following figure.

P,=
Uy~ U,
R, Qo _
X mg

MV ‘

Auxiliaries

HV
Where Po, (o are active and reactive power

generated before disturbance and Uo the vol-
tage (MV) before disturbance, Xmg is an equi-
valent reactance, function of the open loop
gain of the AVR system. For more details, see

“Quasi Steady State Synchronous Machine
Linearization around an Operating Point and
Applications®. A.T. CALVAER, E. VAN GEERT -
I1.E.E.E. B4WM 01%-6.

PV-nodes.

Especially none: Power factor within the

limits of 95%.

Synchronous P, V-nodes and P,Q-

nodes.

synchronous compensators + P,{-nodes.

The constraints of generators

a} P,Q-nodes: bus and generator voltages con-
straints {about 15% af wvoltage
levels, see 2.3.2.)

b) P,V-nodes: generator P.F. (about 95%}).

generators -

They are modelled as P,Q-nodes.

Synchronous generators and synchronous
compensators are modelled as P,V-nodes at a
high voltage side. There are prescribed the
limits of reactive power generation and con-
sumption.

1. Synchronous Generators - P, Q-nodes at high
voltage.

2. Synchronous
high voltage.

3. Static Var Compensators - None on the TVA
system.

Compensators - P, Q-nodes at

synchronous generators and synchronous compen-
sators: P,V and/or P,Q nodes; use of a simpli-
fied operating diagram of the synchronous
machines.

controllable MVAr supplying devices such as
synchronous generators and compensators are
for steady state analyses modelled to provide
a acertain bus voltage with a MVAr range.
Static var compensators are modelled to keep
the voltage within a specifice range.

At stability studies the detailed dynamic per-
formance is included and nodes are modelled
with series reactance included. The models are
limited by maximum and minimum Q output.

Generators: P,V or P,Q nodes at high voltage.

31
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Synchronous compensator: P,V or P,Q mainly at
low voltage.
SVC: P,V or P,Q nedes at high voltage.

Limits handled as constraints.

The synchronous generators and compensators
are represented as P, Vv at high voltage. In
the subsystem studies the sysnchronous genera-
tors and compensators are modelled at their
supply voltage. The limits considered are

Qmin’ Qnax and vfixed

Controllable MVAr sources:
1) Synchronous generators
The machine terminals are represented as a
constant voltage node (1 p.u. V}. The
active power is specified, but the reactive
power is specified as a range of absorption
and generation. Generator transformers are
modelled a5 series R and X with a high
voltage, manually adjustable tap changer.
2) synchronous compensators {including
declutched gas turbines). The model regu-
lates the nodal reactive power generation
or absorption in proportion ko the
difference between the study voltage and
the voltage specified. The regulated node
may be separated from the synchronous com-
pensator node if required. The  dg/dv
response is also specified and is currently
5%. A transformer impedance may be speci-
fied if required, in which case the reac-
tive power at the 1.v. is controlled with
respect to the difference between HV study
voltage and specified 1.v. voltage.
Static Var compensators. The model is the
same as 2) abowve.

3

Synchronous generators and synchronous compen-
sators are as P,V nodes at medium voltage
level (the step up transformer is directly
represented). Moreover the limits of the capa-
bilities curves are considered.

Modelling as P, V-nodes with limitation of Q-
supply. Beyond limits fixed reactive or
capacitive impedance.

Steady state modeling of controllable MVAR
sources are basically P,V nodes with specific
minimum apd maximum reactive capability.

Static var compensators are modeled behind a
reactance usually on a low voltage bus with a
step-up to the transmission voltage. Until the
last one-to-two years, synchronous generators
were modeled on the high voltage bus. Recent-
ly, N5P has bequn modeling its generators on
the low-voltage bus through a generator step-
up transformer.

RSP does not have any static var compensators
on its system. When such devices are modeled
for study purposes, the data and character-
istics are patterned after similar devices in
northern Minnesota or in Manitoba. The model
characteristics {i.e. transfer functions) are
taken from specific wmodels contained in the
Power Technologies, Incorporated Power System
Simulation program.

The only controllabale MVAr supplying devices
used at this moment are synchronous generators
and they are modelled as p, v nodes.

The controllable MVAr supplying devices, such
as synchronous generators, synchronous compen-
sators and static var compensators, are model-
led as P, V nodes. If the limits are reached,

3.

3,

3

these devices are modelled as P, § nodes.

Synchronous generators are modelled as low
voitage P,V nodes. Limitations are handled
manually.

Synchronous machines are modelled on their

terminal busbars ({ie behind transformer
reactance) as P, V nodes while within reactive
Llilmits (one alse wmodels reactive drop
compensation characteristic). Most model as P,
Q source after limits are reached - one allows

limits to be a function of P. SVC's are
modelled as zero P, constant V sources. (2/4)
when modelling SVC, place this voltage source
behind reactance corresponding to droop
setting.

Describe the modelling of yncontrollable MVAL

Supplying Devices for steady state apalysis

such as: saturated reactors
normal reactors
shunt capacitors
Mcdelled 1like the generators (PVY nodes or P-Q
nodes) .
Shunt capacitors are modelled as admittances

if connected to 70 kV and 150 kV, but as fixed
Q if connected in MV.

Q-constant nodes.

Normal reactors ) fixed Q models,
Shunt capacitors )

They are modelled as fixed impedance.

Normal reactors and shunt capacitors

modelled as fixed impedance.

are

1. Saturated Reactors - None on system
2. Normal Reactors - Constant Impedance
3. shunt Capacitcrs - Constant Impedance

Bormal reactors and shunt capacitors:
Fixed susceptance.

Uncontrollable MVAr supplies are modelled as

follows:
No saturated reactors.
Normal shunt reactors and capacitors are

modelled as impedances.

Normal reactors }
Shunt capacitors)
dances.

represented as fixed impe-

Normal reactors are modelled as impedance at
their operation volitage. The shunt capacitors
are considered fixed Q generators.

Uncontrollable MVAr sources:

1) Saturated Reactors: 3 x 1950 MVAT saturated
reactors will be installed {commissioning
1985/6} as part of the 2 GW Cross Channel
HVDC Link scheme. These are harmonic com-
pensated treble tripler type saturated
reactors. 3 x 150 MVAr mechanically swit-
ched capacitors are also included as part
of the compensators giving 150 MVAr rated
capacity in both the inductive and capaci-
tive range for each compensator {i.e. + 150
MVAr). The steady-state model used to re-
present these compensators in load flow
analysis is identical to that used for syn-
chronous compensators (see Section 3.3.8),
The compensator V-I characteristic is re-



presented by a slope (say 9%) from rated
deneration to abscrption capability. The
coupling transforwmer 1is normally omitted

the studies since the full capability
represented at

from
of the compensators can be
the HV terminals,

2) Normal reactors. Represented as a shunt
susceptance on a 100 MVA base [entered as a
-ve number).

3} Shunt capacitors. Represented as a shunt
susceptance on a 100 MVA base (entered as a
+ve number),

2) and 3) therefore represent a shunt loss,

and shunt gain respectively, which varies

with the study voltage.

The normal reactor is represented as constant

admittance. The shunt capacitors are always

represented as constant Q, since:

- Those installed at 132 kV, are supplied at a
nearly constant voltage.

- Those installed on MV network are not dir-
ectly represented.

Fixed impedance for load flow studies. Actual
characteristic for saturation phenomenas.

Steady state modeling uncontrollable MvA
SORIces are entered with specific MVAR
capability at nominal voltage. The program
then converts the source to a constant
impedance load at the bus bar. The shunt
reactive compensation ceuld be modeled
switched shunt devices which could switch

specified discrete amounts of capacitors or
reactors to maintain the bus bar woltage.

Shunt capacitors (and reactors) are modeled by
giving their G and B characteristics. If they
are switchable, the blocks of capacitors te be
switched and a voltage schedule are provided.

The shunt reactors and capacitors are modelled
as a fixed impedance, connected directly to
the buses or through the tertiary of three-
winding transformers, if they are so connected

They are modelled as fixed impedances.

Normal reactors and capacitors can be switched
on and off by the load-flow routine in order
to obtain desired voltages in the nodes in
which they are located.

Saturated reactors (only one authority needs
to model them) - constant voltage behind slope
reactance. Reactors and Capacitors: Constant
impedance (if voltage at busbar is controlled
this results in P and { remaining unchanged).
If bushar is not specifically modelled but it
is voltagecontrolled would model equivalent as
conskant Q.

ANALYTICAL SOLUTION TECHNIQUES
REACTIVE POWER PLANNIRNG

UTILIZED IN

W i low-

successive ordinary load flow studies.
optimal ioad flow studies.
* other optimization techniques.

Optimal lcad flow.
~ Successive ordinary load flow (with special

representation of generators - see 3.3.8.).
- Optimal load flow.

LHTZOmmOA D
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Ordinary load flow studies.

We only use successive ordinary load flow
studies. But we aim at limiting the reactive
flow on 500 kV backbone lines. {See 3.1.,2).

Optimal load flow.

Successive ordinary load flow studies are
usually sufficient. Optimisation is being made
only in special cases,

Successive ordinary load flow studies.
Optimal load flow studies.

In planning for the reactive power the

following analytical techniques are used.

- Successive ordinary load flow studies.

- Optimal load flow studies is under develop-
ment and is to be finished.

Successive ordinary load flow studies.
For reactive planning, the following calcu-
lations are performed:

- ordinary load flows
- optimal load flows

In planning reactive compensation, successive
ordinary lcad flow studies are used.

Optimal load flow.

Normally successive lcad flow

sometimes optimal load flow.

studies,

Reactive power planning includes optimal load
flow VAR Plan analysis and conventional load
flow analysis to confirm the results of opti-
mization techniques.

in planning reactive power, the
analytical techniques are used:

- Successive ordinary load flow studies
- Surveys of actual system flows

following

Successive ordinary load flow studies have
been used up till now. At present an optimal
povwer flow program is being implemented.

Sucessive ordinary load flow studies, and now
we are starting to use optimal load flow
studies.

Successive ordinary load-flow studies.

{1/7) use successive ordinary loadflows.

(2/7) have access to optimal load flow program
but rarely use it.

(2/7) also use supplementary simplified
studies or manual calculations.

Nihzl.
Particulary no.
There are not the feature of that kind.

There are none.

No.

33
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The computer program for ordinary load flow
(FAST) indicates that the required wvoltage
limits are exceeded, that at the power plants
the control reserves of Q are used up and that
some circuits are overloaded.

No additional features.
Tendency to
busses.
There are no reactive optimization features
included in the load flow techniques.

None.

None .

By using the

constant voltage profile at main

feature in 1.31.9 the program
itself can give a hint on, where to place
static MVAr-devices., SVC's are treated as
generators in load-flow studies.

(5/7) have no additional features.
(1/7) calculates V versus Q sensitivity.
{1/7} summates total losses.

If optima]l load flow is used, give information

about  which  method. {Reduced gradient,

conjugate methods, linear programming, Hessian

methods, quadratic programming, mixed tech-
nigues, etc.)
The optimization method proceeds by

linearization of the network equations around
successive operating points. The linear pro-
gramme obtained at each step is sclved with a
relaxation technique.

Generalized Reduced Cradient.

Reduced gradieant method.

Penalty function method.

Optimal load flows are not presently used.
Successive linear programming with dual-relax-
ation method.

Generalized reduced gradient especially desig-
ned to handle the problem of reactive power
optimization, for example new bus types are
introduced in the load flow problem in order
to model the reactive contrel problem.

The optimal load flows are a gradient method
{the NEWOPT program).

Use of optimal load flow techniques are being
investigated.

Step 1: Linear programming.

Step 2: Quasi Newton (Han Powel).

Evaluation strategy with basic Newton-Raphson
load flow.

The optimal load flow utilizes sequential
quadratic programming to achieve its optimj -
zation.

Not available.

Linear programming.

The method used 1in the optimal load flow is
the reduced gradient. Penalty factors are
included in the objective function.

(2/7) who have optimal load flow use conjugate
methods .

please describe the

methods, others)

Nihil.

technigque (Pypamic
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Penalty function method.

We use an optimization program to help cust-
omers locate capacitors on their distribution
systems (13-kV radial feeders).

Other optimization +techniques are considered
but not decied upon. The extention of the
technique encompassed then considerations to
more transfer cases and contingencies.

Not applicable.

The only optimization techniques used are
manual rule of thumb techniques such as
placing reactive sources as close as econo-

mically reasible to the reactive load.
None.

Naone.
Dynamic studies of network separation with
stability program. The objective is

{over)voltage control in connection with load
shedding and also frequency activated load
shedding.

No response.

1000 nodes, all of them possible with genera-
tion or reactive.

Maximum number of busbars with generation or

cotpensation : 50
Maximum number of regulated tap changers
: 120

Total system node: 320
Generator node H Y
Compensator node : 154

Generation ;40
Reactive compensation: &0
Another node : 200

20 busbars with generation.
10 busbars with compensation.
NA
172 busses
301 branches
71 generators and synchronous compensators.

In ordinary load flows about 300 buses. 50-75
controllable reactive sources.

System size : 100 buses
Generators 4C generators
Compensation: 10-15 buses

The NEWOPT program peraits calculating a 600
node network, of which 225 may have synchro-
nous generators and compensators.

Not applicable.

The maximum number of components are:

- 50 generators

- 50 busses candidates for the installation of
new reactive resources

- 50 on load tap changer.

Moreover an overall limit of 100 control vari-

able is to be respected.
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Theoretically no limitation.

4000 bus bar Total System Size Constraint

1000 generations

1000 transformers

100 phase shifters
All 4000 bus bars can be considered as
potential locations for reactive compensation.

We don not use any computerized optimization
techniques.

155 busses, 34 of which are generators.

In ordinary load flow studies about 300 buses
are used, 50 of which are generators.

Typical study| Bus |Bus with Bus with
generation| MVAr-device

Own network 90 25 2
Neighbouring | 160 35 50
hetwork

Total 250 60 70

Can be up to 140 busbars - most would be less
than 100, with some as low as 10 or 20.
Typically about 15% with generation, 30% with
compensation,

f imp) ' L. ]
. " ) £ ] how the fol-

investment costs
transmission losses
reactive power reserves
transmission capacities
effect of contingencies and/or multiple
contingencies
Describe further how these factors are com-
bined in your decision process {manually, by
defining an overall criterion of optimization,
other methods).

LU

* Effect of contengencies: Successive optimi-
zations are made with various network situ-
ations (see 3.2.4). New shunt capacitors or
reactors are added up from a situation to
the other in order to determine the amount
of compensation necessary to meet the
technical constraints in all the studied
situations.

* Investment costs: They are included in the
criterion, the objective is to minimize
them.

* Transmission losses: They are taken into
acount in establishing the highest voitage
profile.

* Reactive power reserves: More restrictive
limits on voltage or reacktive passibilities
of the piants can be introduced in order to
prevent outages (see 4.10).

* Transmission capacities: They are not intro-
duced as constraintes, but only pointed out.

Investment costs and transmission losses are

included together with voltaage constraints in

the optimal power flow process. The decision
process can be summarized as follows-

— Respect of wvoltage constraints (possibly
with the aid of the optimum flow},

- In case of incident, the post-disturbance
equilibrium state of the generators {see
model in 3.3 ,8) must be inside their capa-
bility curves otherwise, we invest shunt

25

capacitors or we reinforce the structure.

1} Manually

3) -
4) :
2) "

Multiple centingencies

1) investment costs

2) transmission losses

1) effect of contingencies and/or multiple
contingencies

4) reactive power reserves

The investment costs and transmission losses

are included in the optimal load flow study.

Reactive power reserves and effect of contin-

gencies are handled mahually.

1) Investment costs
2} Transmission capacities
3) Transmission losses.

Once the system need is identified, alterna-
tives are evaluated considering all pertinent
life-cycle costs.

1) Investment costs

2) Transmissioin losses

3) Transmission capacities

4) Effect of contingencies and/or multiple
contingencies

1), 2) are included in objective function. 3)

is included in constraints.

Minimum life cycle cost is desired. Invest-
ment, operation and maintenance, reactive
reserve, network and equipment losses are
taken into account. The calculation is perfor-
med manually.

Decision process based on manual judgement
regarding investment costs and effect of con-
tingencies.

For the reactive power sources alloted in
steps, the NEWOPT program determines how the
amounts of reactive source should be distri-
buted to the nodes, so as to have minimum
losses in the studied network.

The reactive power rserves for the power
plants are maintained and the overloading of
the transmission lines are signalled. The
results obtained with this program are +then
used for manually calculating the total up-
dated expenses, considering the investment in
the reactive compensation devices as well as
the value of the network losses reduction. In
addition to the compensating devices estab-
lished as shown before, from the analyses of
the contingencies (see it. 3.1.5.) there
result supplementary reactive compensation de-
vices necessary for maintaining the voltages
within the specified limjts.

Not applicable.

investment costs

transmission losses

reactive power reserves

transmission capacities

effect of contingencies and/or meltiple
cohtingencies

In step 1, "A* is minimized respecting *C* anpd
"E" constraints. In step 2, "B" is minimized
respecting “C" and "E" constraints. No trans-
mission capacities constraints are applied.
Then a comparison performed between the higher
capital changes due to additional reactive

MmN w»
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installations {over the amount required by
technical constraints) and the corresponding
savings in cost of losses.

Transmission losses and voltage deviations are
the objective functions in the optimal ioad
flow studies.

For overall optimization, however, the order

of priority is:

- technical constraints {voltage limits, re-
active power flow and reserves under normal
and contingency conditions)

~ lnvestment costs

- tramnsmission losses

The factors considered in the optimization

include:

1. effect of contingencies and multiple con-
tingencies

2. investment costs

3. transmission losses

The first two factors are simultaneously

optimized in the VAR Plan program. In this

case the investment costs are reflected as

minimum reactive compensation additions. The

transmission losses are optimized utilizing

the optimal load fiow program. The procedure

to optimize all three factors are accomplished

by an interactive process where the OPF

results are used for input data to the VAR

PLAN analysis and vise versa.

We combine the described optimization factors
manually in our reactive power planning.
Adding reactive power sources are considered
as just one option along with other facility
for solving contingency caused problems and
reducing losses. Whatever the most economical
way of solving the system problems is the
alternative that is followed.

Generation costs are optimized,

Transmission losses are included in the opti-
mal power flow. Investment costs, reactive
power reserves and the effect of contingencies
are handled manually at present.

A certain
— system 1
transfer

Add to
l transfer

Test system ok
for
contingencies

no

Add to
reactive
reserve

The result of this process is a curve, which
relates system transfer to reactive resources.
This result is combined with investment costs
the value of system transfers (incl. losses)
to an optimal solution.

Responses to this question reflect the replies
to Questions 3.1.1 to 3.%1.3.

&4re primary and secondary voltadge coptrol as

well as reactive power control included in the
l " P v T
carried out?

Secondary voltage is included in the calcu-
lations.

Primary controcl see 3.3.8.
Secondary control: nihil,

Included.

Tap of transformer is included. But it is not
change automatically.

They are included in the calculations.

Primary and secondary voltage controls are not
included in the calculations of load flow, but
they could result from optimisation calcu-
lations.

Na

Yes, possibility of secondary voltage control
(not realized for the time being).

The division of reactive power between gene-
rators is decided upon the basis of wminimum
lesses for the sum of all generators. A loss
function is specified for each generator.

Manually coordinated.

The primary voltage control is taken intoc
consideraticn in the calculation by modelling
the generators as P, V nodes, The coordination
is carried out by analyses of successive power
flows and by distributing as required the
necessary reactive power compensating devices.
{See it. 4.6.)

In our ordinary load flow studies, the CEBG
on-lead tap changers are generally the only
ones represented. Although in practice they
are non-automatic, the program carries out
automatic tap changing so that 132 kV and 66
kV voltages can be maintained at 1 p.u. in the
steady state. In general 400/275 kv
transformers do not have tap changers on the
CEGB system.

Since 132/33 kV transformers are often not re-
presented, it is usually considered sufficient
te maintain 132 XV voltages at the required
value. 1t is assumed, except where specific
information indicates otherwise, that no
voltage control problems exist on the Area
Boards' systems. When Area Board problems are
known to exist it is sometimes necessary to
model 132/33 kV transformers, which have auto-
matic on-load tap changers.

Only primary wvoltage control is taken into
account.

Voltage regulation in included by automatic
tap changing of transformers.

Yes, the program attempts to optimize all
control parametes simultaneousliy.

Voltage control is included on the generators
and on the LTC transformers in the load flow
calculations, which are used for optimization.

Only primary voltage control is included,
through the automatic voltage regulators of
the generators and the transformer tap-
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changers.

The secondary voltage control is not included
in the calculations, but it 1is an important
factor tc conmsider in the future.

The primary voltage control is included. We
have not agreed on how the secondary wvoltage
control 1s included, except for the subdivi-
tion mentioned in 3.3.1.

(2/7} include primary and secondary voltage
control.
{1/7) includes manual control of generator
voltage.
{1/7) includes co-ordination of +tap changer
timing using model studies.
e 5 v ed I
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Optimization methods
medium/long term expansion planning,
applications to operation planning.

have been developed for
with

Optimum power flow 1s not used for operaticn
planning (only for expansion planning).
Optimization methods is not developped.

We didn't use such methods.

They are developed for medium term expansion
planning.

Medium term expansion planning.

NA
Operation planning.
The optimization model is developed for

opration planning purposes.
expansion planning as well.
program can handle multiple
Both.

It may be used for
One version of the
contingencies.

The optimization methods are developed only
for medium term planning (5 years).

Not applicable.

Both for operatien and medium term expansion
planning.

For operation and expansion planning.

The optimization methods are basically a
mediumflong term expansion planning. Signi-
ficant improvements to decrease the solution

time are necessary before it could be an ef-
fective online operating tocl for the NYPP
system.

The optimization techniques developed are used
both operational and long-range planning.

These methods are used both for operation
planning and for medium/long term expansion
planning.

For both of them.

For medium-/long-term expansion planning.

(2/7) cover medium/long term planning.

(3/7} cover operaticnal and medium-term plan-
ning. (Remainder do not apply these
methods. )

How are the future network stages taken into

account in the planning of reactive power

installation?
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* by separate studies of network stages
* by one study covering the whole period
* by gther methods

Studies at horizon n+5 made each 2 years.

By separate studies of network stages.

By separate studies of network stages.

By separate studies of npetwork stages, see
3.2.2 and 3.2.5.

By one study covering the whole period.

By separate studies of network stages.

Ongoing studies are made of future network
development.

By separate studies of
By separate studies of network stages.

By separate studies of network stages.

The network development studies are considered
in the studies drawn up repeatedly every 5
years; within the S year period they are
considered according to it. 3.2.5.

network stages.

The future network 1is specified up to six
years ahead as part of the Transmission Plan.
For summer minimum demand the system four
years ahead 1s chosen and is the only system
studied (e.g. in 1985 the 1989 system is being
studied}. For peak and off-peak demands the
situation 1is less rigid regarding time scale,
in the sense that developments from four years
chward are studied, but concentrakting on
particular areas rather than surveying the
whole system. This is because some specific
areas can be depleted of generation as the
demand falls to around 85% of peak, thus
causing that generation to be "out of merit”.

By separate studies of network stages.
Separate studies of stages.

The optimization techniques are valid for only
one network configuration. Analysis must be
repeated for each network scenaric considered
in the study.

Future network stages are apalyzed by sub-area
in separate studies. However, one study wmay
include several steps in which optimization of
reactive power may he done,

By separate studies of network stages.
By separate studies of network stages.
By separate studies of network stages.
(7/7) use separate studies of network stages.

- * i
L£&ﬂI¥2_:QndL&?Qn_nf_Ihg_ngtﬂgxk+_i§£niztxxltx

* After optimization, a
computed, 1t is based on the calculation of
sensitivity coefficients which indicate the
variation of the reactive power supplied by
all the generation units if the reactive
power demand at a system node is increased
by 1 MVAr.

* Effects of the tripping of a system element
(400 k¥ 1line, generation plant) on the
voltage profile, after the action of the
secondary woltage control, are computed by a
load flow, in order to simulate the
secondary wvoltage control, the network is
divided in areas, in each of them a P.V ncde

security criterion is

is defined, whose wvoltage is held by the
plants of the area. Results of these
calculations are used to define the
necessary reactive power reserves.
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Iterations with the optimal load flow can be
done, to determine the additional amount of
compensation devices necessary in case of
outage of network elements.

Voltage stability is studied 9only for
operation planning. We mainly use a criterium
based on the value of:

Yy

E,
i

Where U. are the actual voltages at sach node
of the network and E, the voltages of the same
network, putting 13ads and active generation
equal to zero and taking into account the
behaviour of the AVR of the generators.

We have also studied other criteria. For
further information, see "Voltage Stability -
Fundamental Concepts and Comparison of
Practical Criteria” by P. BORREMANS and Al]l -
CIGRE 1984,

Voltage stability : Not considerated
Reactive power reserve: Not considerated

We didn't use such techniques.
Sensitivikty technigques (3v/aQ).

Analytical techniques for the
stability analysis are now under study.

voltage

Conventional 1load flow studies are made con-
sidering the possible locaticns of reactive
power generation.

A number of load flows with successively

increased transfers is studies to provide the
base for the aralysis. The dynamic behaviour
of the system is studied in the neighbourhood
of the stability limit.

By load flow studies.

The resulting reactive compensating solution
is checked with respect to the steady state
stability by using the SAMY program based on
the method of changing the sign of the
characteristic equation describing the system
operation.

Voltage stability is
credible fault outages.
These are set cut in 3.1.5. After the fault,
transformer tap changing is inhibited to give
the voltage step change {normally without any
load/valtage response data). Reactive absorp-
tion/generation reserves are automatically
calculated for very zone of the system, and
for the whole systenm.

assessed by simulating

Mot considered.

Increase of reactive
important lines.

load caused by lass of

Dynamic voltage response is performed with the
transient stability program. Presently sensi-
tivity analysis is performed by a trial-and-
eITOr process.

Power flow studies are the primary analytical
tool used to study wvoltage conditions and
reactive power requirements of the network.

The power flow studies may simulate different
lqad levels or different reactive power condi-
tions to analyze changing system conditions.

34
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No analytic techniques are used at present.

AL present, only conventional load flow
studies are used, considering the possible
locations and amounts of reactive power gene-
ration. Sensitivity analysis are now under
study.

Successive load-flow studies with all auto-
matic and no manual controls in action.

(4/7) use contingency analysis.

{5/7) mention wvarious forms of sepsitivity
analysis including V v's § curves (2/95)
and E v's P {1/9).
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Dynamic simulations are carried out to choose
between the different devices {capacitors,
reactors or static compensators) or to define
the conkrol law.

No.

Transient stability analysis: Not consider-
ated,

We didn't use such techniques.

Special dynamic simulation is carried ocut for
determining the necessary amount of shunt com-
pensation when necessary to ensure the regular
operation of Power Load Unbalance Relay at a
nuclear power plant in the wake of a load
rejection at the receiving end of a trans-
mission line.

Yes, the transient stability is analysed in
special cases when making decisions on the
underexcitation limits (Q-limits) at power
plants.

to evaluate the
reactjive pawer

Stability studies are made
ability of units to absorb
during light load periods. In additionm,
studies are made to evaluate voltage collapse
and the effect of reactive supply during these
contingencies.

Fo.

a) Dynamic simulations are performed in order
to study the necessary reactive reserves
during the dynamic sequence <caused by a
network fault.

Steady state calculations are performed on
a post fault situation in the network. In
this case a more detailed model is used for
the generators than the one used in ordi-
nary load flow. The improved model gives a
better pricture of the post fault voltage
condition in the network.

No.

We do nmot carry out dynamic stability studies

b

—

in connection with the reactive power source
program.
Routine generakor dynamic and transient

stability studies are carried out. If a need
is identified, then proposals may be made ta
switch in shunt capacitors post-fault, to
provide generators with voltage support.

For wvoltage stability, double circuit fault
outages are simuylated with transformer taps
fixed to give an indication of the reactive
power reserves required to preserve voltage
stability.
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Mo, in the usual planning process.

Transient analysis is important for layout of
reactive power components in HV-projects.

NYPP does not assess reactive power reserves
for dynamic voltage response,

Transient system analysis is used to analyze
the effects of reactive power on the high vol-

tage or EHV network, particularly in deter-
wining what type of reactive power device
should be installed (eg., static var compen-

sator, switched shunts, fastswitching, etc.).
No.

No.

Bath transient stability
(over)voltage calculations

analysis and

{4/7) consider transient stability, but not

necessarily within the cost optimi-
zation. Stability wusually defines a
requirement above that for voltage
control.

Please describe your overall experience of the
analytical techniques used in your planning
process including ygur possible criticisms of

such techniques.

Linear programming allows to study great size
networks {1000 nodes). However, the criterion
isn't well suitable to the minimization of
losses.

Methods give satisfaction.
Particularly no.

Qur conventional study techniques are time
consuming. However, since we must study large
systems (2000 bus} to accurately simulate the
bulk network, we are not aware of an
optimization program that 1is available for
production work.

Difficulties in modelling external systems.

On a critical note our experience with the
present apalytical methods is that it is im-
portant to identify the most relevant transfex
conditions and contingencies. Optimal load
flow is only part of the problem. Further, the
manual process used for evaluation of minimum
life cycle cost is time-consuming and an
automated technique would permit nore
alternatives to be investigated.

Satisfactory in  the
becoming inadequate.

past, but gradually

Qur expertence in reactive power planning
covers 15 years of applying the analytical
techniques mentioned. We study modalities for
improving load modelling and for extending the
automatic calculations to all the optimizing
process. For the actual studies the existing
techniques are satisfactory.

The methods used are adequate for most system
conditions. However, difficult conditions of
voltage sensitivity sometimes lead to problems
of pin-pointing the exact area{s} concerned.
This leads us to believe that an automatic
diagnostic feature would be desirable, which
relied say, on the rate of change of reactive

oo
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power during the study process. A more accu-
rate load wmodel may also give greater under-
standing of voltage sensitivity phenomena.

The methods applied are considered adequate in
term of computing time, of constraints and of
models 1f compared with the purpose to plan
the medium term expansion of ENEL network.
{There is necessity c¢f improvements in coordi-
nating the result obtained on the national
380-220 kV network witht the studied performed
on the regional 150-132 kv.

improved

Analytical tools are

requirements.

according

Utilization of optimization techniques for
reactive power compensation studies have been
improved to conventional loadflow analysis.
However, further develcopments dre required to

improve loadflow solution with severe low
voltage solutions and simultaneous optimi-
zation of extreme low and high voltage viola-
tions.

Both power flow and transient system analysis

are powerful tools to make initial 3judgements
in the performance of existing reactive
supplies and determination of additional

reactive requirements. They are also useful in
doing some sensitivity analysis. However, they
are limited in reactive power aptimizaticn
because only one scenario can be analyzed at a
time. It would be more precise and faster to
optimize on a range of conditions which some
newer programs can do.

At  present the ¢critical point in the
development is the inversion of big matrices
greater than 300 x 300.

We have not experience enough with optimi-
zation methods (0.P.F.), but the results thus
far are not guite satisfactory.

OQur technique with successive load-flow calcu-
lations is a very cumbersome technique, but

guarantees that false (unstable) loadflow
solutions are detected.
{2/7) recognise that the repeated load Fflow

technique is cumbersome and {172} doubts
that optimal lcad flow is the answer.
states that a robust, easy to use, opti-
mal load flow is regquired.

{1/7) notes difficulty in treating

(/m

varying

power factor of loads and notes that
improved loadfvoltage modelling is
needed.

. ki . .
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Big computer: IBM 3081.
Big.

Big (UNIVAC 1100/90)

We use big computer (IBM 3081) through 1TSS
terminals with TV display and printer.

A big computer is used. (HITAC M-280D, 32
MBITE, 9.6 MIPS; MIPS: Million Instruction Pex
Second)

Medium-size computer.

Two Prime 400 mini computers.

VAX 11/780

Big computer and minicomputer are used.
Mini-computer.

At present we use a computation system with
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512 kbytes memory (FELIX CE 512).

An IBM 170 mainframe 15 used exclusively.

The method 15 normally used on big computers,
bat it may run also on mini computers.

Siemens Systems 7500.

The NYPP <computer is a Naticnal Advanced
System %000 which is a big mainframe computer.
Prime 750 mini-computer.

Big mainframe computer.

Big mainframe computer, accessed through a RJE
terminal.

A Prime 450.

5.

The
Hgiseth for the editorial work carried

{3/7) have access tc a mainframe (one of these
is considering gqecing to a dedicated
mrnij.

{(3/7) use a large mini (VAX 11/780 or 117750},

[1/7) uses a mini {HP30OQ).
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