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SYNTHESE:

Le role des groupes de production dans le systBme dlectrique va au-delh de la
production depuissanceet d’dnergie. Leur performance ne se mesure pas uniquement
en termes de rendement et de'disponibilitS. En effet, il y a interaction forte entre Ies
groups de production et le syst&ne Slectrique. Les groupes sont des composants
essentials du systBme: potir une variation de charge donnde, les variations de
frequence ddcoirient directement du comportement des groupes et de leur capacity k
faire varier la-puissahce qu’ils produisenti De meme, les groupes de production sont
essentials pour la tenue de la tension puisqu’ils permettent de tenir la tension k leurs
homes k une valeur fixde : les tensions en chaque point du rtiseau sont lides aux
tensions aux homes des groupes par r intermediate de la repartition des transits actifs
et surtout rdactifs. En consequence, les variations de tension et de frequence induites
par le comportement des groupes de production sont directement ressenties par le
consommateur. De plus, dans des regimes perturbes, un fonctionnement incorrect ou
un ddclenchement des groupes de production pent conduire & l’effondrement d’une
partie du systhme, voire de tout le systhme.
La limitation des performances d’tm groupe petit avoir deux types de
consequences. D’abord, elle pent se traduire par une augmentation de l’6nergie non
distribute ou de la probabilite de ddfaillance: par exemple, si la rdserve primaire n’est
pas suffisante, le ddclenchement d’un groupe pent conduire & une derive anormale de
la frequence et il est ndcessaire de recourir au ddlestage pour rdtablir requilibre.
Ensuite, la limitation des performances d’un groupe pent entrainer un surcout
dconomique pour le systdme: par exemple, si trop pen de groupes de faible cout de
production sont capables d’effectuer du suivi de charge, il faut ddmarrer des groupes
de cout plus eieve pour effectuer ce suivi.
Il faut souligner l’intdret du dialogue et de l’dchange d’information entre les
concepteurs et les exploitants des groupes de production d’un c6tt, et les concepteurs
et les exploitants du rtseau d’autre part. Ce dialogue doit etre nout non seulement en
exploitation mais aussi dfes la phase de conception, pour parvenir h un compromis
satisfaisant entre les besoins du syst&me et les consequences pour les groupes de
production.
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EXECUTIVE SUMMARY:

The part of generating units within the power system is more than providing
power and energy. Their performance are not only measured by their energy efficiency
and availability. Namely, there is a strong interaction between the generating units and
the power system. The units are essential components of the system: for a given load
profile, the frequency variation follows directly from the behaviour of the units and
their ability to adapt their power output hi the same way, the voltage at the units
terminals are the key points to which the voltage profile at each node of the network is
linked through the active and especially the reactive power flows. Therefore, the
customer will experience the frequency and voltage variations induced by the units
behaviour. Moreover, in case of adverse conditions, if the units do not operate as well
as expected or trip, a portion of the system, maybe the whole system, may collapse.
The limitation of tire performance of a unit has two kinds of consequences.
Firstly it may result in an increased amount of not supplied energy or loss of load
probability: for example if the primary reserve is not sufficient, a generator tripping
may lead to an abnormal frequency deviation, and load may have to be shed to restore
the balance. Secondly, the limitation of a unit performance results in an economic
overcost for the system: for instance, if not enough "cheap" units are able to
load-following, other units with higher operating costs have to be started up.
We would like to stress the interest for the operators and design teams of the
units on the one hand, and the operators and design teams of the system on the other
hand, of dialog and information exchange, in operation but also at the conception
stage, in order to find a satisfactory compromise between the system requirements and
the consequences for die generating units.
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1.

INTRODUCTION

As electricity becomes more and more vital to our societies, the consequences of cuts
become increasingly important: the loss of supply induces not only overcosts or trouble for
the customers but in some cases public security may be concerned. This is for example
what might happen if a large city were cut. The first service that a generating unit owes to
the system is then obviously to be able to generate a certain amount of power and energy,
with high availability and energy efficiency.
Besides, one of the main characteristics of electricity is that it cannot easily be stored : it
must then be generated just at the moment when it is needed. However, the load changes
in permanence as a result of each customer's behaviour. Moreover, the generating units
and the transmission facilities are subject to sudden and unpredictable outages. Therefore,
the electrical system can be considered as permanently fitting supply to demand.
Furthermore, this balance has also to be reached in the field of reactive power. Namely, in
an AC system, even if the loads are compensated, the transmission of active power induces
reactive losses in the lines and transformers, and these losses have to be compensated.
Because these losses may change suddenly with the network topology and the generation
availability, dynamic reactive power is needed, and because the generating units are able to
hold the voltage at their terminals, their part in the system is essential.
Operating the electrical system means then insuring the balance at every moment This is
done by automatic controls as regards the phenomena with short time constants (from a
few seconds to a few minutes) and by the system operator for larger timescales. Therefore
the generating units must be able to participate in these controls.
Namely, the dynamic behaviour of the generating units, the frequency and voltage
deviations that they can withstand without disconnecting from the grid, directly induce the
quality of supply to the customers. That means that generating units must provide the
system with other services than the ability of supplying energy at least cost. These services
are vital to the system [1] [2] ; they will be reviewed now, according to the following
classification:
- active power generation,
- reactive power exchange,
- operation under disturbed network conditions.

2.

ACTIVE POWER GENERATION

This chapter deals with the ability of the generators to vary their active output, under
automatic control or operator's action, whether the variations are scheduled or not
2.1. Primary control
The part of the primary frequency control consists in continuously adjusting the generation
to the load. Therefore, as it has been emphasized many times, the operation of the
generating units under primary control is vital to the security of the system. This is now
illustrated as follows.
In a situation where the load suddenly increases, or where a unit trips, the primary controller
of all the units will increase the active power in order to restore the balance. Generally, the
margins are sufficient and a new balance is reached after a few seconds. The final
frequency is slightly different from the initial value.
On the contrary, if the margins on the system are not sufficient to meet the load variation,
no equilibrium can be found and the frequency drops. This drop induces a slight decrease
of the load, usually not sufficient to avoid the collapse of the whole system within some
seconds. Giving this timescale, obviously no curative action can be taken by the operator. In
that extreme case, and in order to avoid the general collapse, the network is equipped with
underfrequency load-shedding relays that shed parts of the load as soon as the frequency
drops beyond some steps.
Now what happens if a certain number of the units are operated out of primary control ?
The first point is that, as the level of the primary reserve is limited on each unit, the reserve
on other units does not compensate the gap and the total primary reserve for the whole
system is then lower than expected. Therefore, the robustness of the system to random
variations is also lower than expected. However, as long as the primary reserve on the
system is sufficient, the balance between load and generation will be reached. The second
point is that the controlling effort (resulting for example in valves fatigue) is concentrated on
tiie controlling units which are then more soliicitated than in the normal case in which all the
units participate in the primary control. The third point is that the gap between the initial and
final frequencies will be higher than in the normal case. In other words, the system’s local
statism is higher than the rated value which is set at each unit's primary controller.

The same can be stated in the case of unit primary controllers equipped with a deadband :
as long as the frequency remains in the" deadband, the behaviour of the system is the same
that if these units did not provide any primary margin.
Therefore, all the units must be able to take part in the primary control and the operation of
the generators out of this control must be as rare and as limited in time as possible. In
particular, this control must remain active whatever the setpoint is, even during load-follows
and even if the power is inferior to the technical minimum load, to ensure tripping to
separate networks and further operation under these conditions. UCPTE recommends a
primary reserve of 2.5% of the load on the whole system, distributed on the maximum
number of generators. Furthermore, in disturbed network conditions, an exceptional reserve
of 10% of the rated power is needed on the generators. Besides, the dynamics of the
response under primary action must be very quick (time response of a few seconds). Last,
no limitation is admitted to power reduction.
2.2. Setpoint variations
Primary controller's setpoint changes can be due to automatic action (namely, the
secondary frequency control action) or to the operator’s action (following a previously
established schedule, or asked for by the system control centre).
2.2.1 Secondary control
The main aim of the secondary control is to ensure further security of the system by
restoring the primary reserve when needed, for example after a contingency or in periods of
high variation of the load. Others objectives are to restore the exchanges between
interconnected partners at their scheduled values (the goal here is to restore the economic
operation of the system) and the frequency at its rated value [3], In order to facilitate the
operation of the system, this control is automatic in most countries.
In France, an Area Control Error is elaborated at the National Control Centre, combining the
frequency evolution with the power exchange on the international interconnections. This
signal is transmitted to some generating units which will change their primary controller's set
points accordingly. They are chosen by the system operator, basically on economic
considerations (because the set point of these units has to be lower in order to allow for
some margin). Of course, these units are at the same time operated under primary control.
The usual margin allowed on the units to secondary control is +/- 10% of rated power for
fossil fired plants and +/- 5% for current nuclear plants. The variation speed within this
range is normally 1% of rated power per minute but can be occasionnally 5%/mn. For a

more economic operation of the -system,-secondary control should be possible whatever the
set point is (between the technical minimum load and full load).
2.2.2 Scheduled load-follow variations
Each day, using the load-curve forecasted for the following day, the control centre
establishes a load program for the whole generation system. This program aims at
supplying the demand with a satisfactory security and at optimal cost while accounting for
the constraints on the units capabilities. This program, which contains the scheduled load
variations, is then transmitted to the generators operators.
Therefore, the ability of the generating units to take part to the daily load-follow results in a
more economic operation of the system. If the range of operation of the generators is not
sufficient to follow the load, more flexible units with higher costs like combustion turbines
have to be started up for peak hours, maybe several times a day, while less expensive units
are available.
For the same reason, the technical minimum load of the unit should be as low as possible.
Besides, the higher the variation speed is and the less the restrictions to load-following are
(prohibited values, duration of plateau, maximum number of load-follows, restrictions due to
fuel cycle or to fuel conditions for nuclear units,...), the lower the system costs are.
2.2.3 Unscheduled variations in the load-follow program
The unscheduled load-follow variations result from the need to restore the secondary
reserve after loss of generation, from unforeseen variation of demand or from contingencies
affecting the network. In these cases, the system operator may ask to some units operators
to vary the output of the generator as quickly as possible. The variation may be an increase
(after a loss of a generator for instance) or a decrease (in the case of an overload which
would lead to the tripping of a line after 20 minutes for example). While controlling the
variation, the operator has to consider the consequences on the future operation of the
generating unit, and to choose the controlling strategy that will induce the less constraints
on tiie future operation.
Emergency variations can also be ordered in severe, but hopefully rare, cases where the
system operators identify a potentially severe contingency which is beginning to develop
and can be stopped by a very quick action on the generation.

2.3. Start-up and shut-down
The start-up or shut-down of a generator can be considered from the system's point of view
as extensions of load-following. The aim can be either to follow a forecasted variation of
load (the start-up or shut-down is then scheduled), to restore the secondary reserve or to
decrease the operation cost of the system after a contingency (the start-up or shut-down is
then unscheduled). If it is quick enough (e. g. combustion turbine), it can also be used to
alleviate an overload on the network. The performance here is expressed in terms of
duration, cost, maximum number of starts during lifetime. Of course, the duration includes
the notice. Last, in order to be able to react after a contingency, it is important for the
system that the generators can be unexpectedly started up at any time, including at night or
during the week ends.

3.

VOLTAGE CONTROL AND REACTIVE POWER EXCHANGE

As in the field of active power, the balance between supply and demand must be reached in
the field of reactive power. Reactive power reserves are needed in order to cope with load
fluctuations and system contingencies. Besides, as the reactive problems are basically
local, the difficulty lies in preventively locating the reactive reserves where the needs are, in
order to avoid voltage collapse phenomena after credible outages.
3.1. The key-part of generating units in voltage control
The power system reactive demand consists of two parts [4]:
- the reactive loads, which vary slowly, generally with several minutes' time constants.
- the reactive losses, which are on the contrary highly variable, depending on the
geographical location of generators and loads on the network, and are very sensitive
to outages of lines or units. Their variations may be very rapid and thus a very few
seconds' time response is needed to cope with them.
These reactive demands are compensated by two kinds of devices:
- The MV and HV capacitors, which ensure mainly the compensation of reactive loads,
and require some minutes to come into action.
- The generation units, which constitute the voltage sources of the network, i. e. the
nodes where the voltage is held to a set value. The voltages at the units' terminals are
actually key values to which the voltage profile at each node of the network is linked
through the active and especially the reactive power flows. In order to take their part
efficiently, the generation units must have sufficient reserves of dynamic reactive
power.

One MVAR available on a generating unit is not technically equivalent to one rated MVAR
available on a capacitor because the capacitor cannot be put into action quickly, and its
actual reactive supply varies like the squared voltage at its terminals, which is unfavourable
since if the voltage drops, the reactive generation decreases even quicker. Lastly, its
switching on or out induces fast voltage variations which may disturb the customers.
It is interesting to notice that on the French system, the units now supply about 45% of the
reactive demand (losses included), whereas their part was 70% in 1976. This can probably
be explained by the fact that the recent nuclear power plants have less favourable power
factors and are connected farther from the loads than the older fossil fired plants which are
now out of service.
Nevertheless, long term planning studies show that in the future, the compensation needs
on the EHV grid should noticeably increase, both in steady state and after incidents, and for
peak hours as well as for slack hours. This is due to the strengthening of environmental
constraints, which will limit the EHV network's development and increase the amount of MV
and HV underground cables. The former point will lead to higher reactive losses because
the transmission facilities will be more heavily loaded than now, and the latter will increase
the risks of overvoltages during slack hours. This is why the part of generating units in
reactive power supply is expected to grow, and therefore why it is accurate to design future
units with higher reactive capabilities.
3.2. Static reactive performance of generating units
Figure 1 shows the alternator's normal operating field for a given stator voltage. For a given
rated active power, the main characteristic of the alternator is the power factor, which
determines the reactive power the generator can deliver. The main transformer's reactance
also plays an important part in the unit's reactive capabilities, measured at the EHV
terminals.
For example, for a 1500 MW unit, the decrease of the power factor from 0.9 to 0.85 raises
the reactive supply capability by 200 MVAR and the drop of transformer reactance from
15% to 12% provides further 50 MVAR.
The eventual interest of on-load tap-changer on the main transformer should be
investigated taking into account the consequences on costs, availability and operation
flexibility. Up to now, studies have shown that one tap is sufficient for the French
generators, provided it is accurately determined and the stator voltage range is wide
enough (i. e. 0.9 Un -1.05 Un, where Un is the rated voltage).

Besides, the ratio and reactance of the unit's step-down and auxiliary transformers have to
bb carefully chosen so that the voltage range needed for the' auxiliaries' supply does not
limit the alternator operating field.
3.3. Voltage control
Because of the fluctuations of the reactive power demand in time (due to changes in the
load) and the unplanned events which may occur (outage of lines or generating units), a
continuous adjustment of the voltage set values or of the compensation capacity is
necessary. This is generally achieved by the primary and secondary voltage controls [5], [6],
3.3.1 Primary voltage control
Rapid variations on voltage (due to random fluctuations of the loads or to incidents) are
compensated by the units’ voltage primary control. These local actions must be fast
(response time of a few seconds) and therefore are automatic.
The primary voltage regulator modifies the field current of the unit in order to keep the stator
voltage equal to its set value. Dynamic performance of voltage controller must be carefully
specified because this device takes an important part in the security of the system in case
of severe contingency and has considerable consequences on the stability margins.
The regulators actually used for the French recent units comprise 4 loops using respectively
the stator voltage, the rotation speed, the electrical power output, and the pressure on the
turbine wheel, which is an image of the mechanical power. Two additional loops using the
internal angle and the field current limit the operating field to that indicated on Figure 1.
3.3.2 Secondary voltage control
The units primary controllers keep the stator voltages equal to their set values, provided the
units' reactive capabilities are sufficient. But if some lines have tripped or if the load rises,
the reactive losses increase and then the voltage supplied to the customers generally
decreases. It is therefore necessary to change the values of the units' controllers set points
in order to maintain the operating point of the power system in the favourable area. Such is
the aim of the secondary control, which is automatic in France.
This control is regional, the grid comprising several control areas (called 'zones'). It is much
slower than the primary control in order not to interfere with it; namely, the response time is
about a few minutes.

The voltage is measured at a specific node (called the 'pilot pointy the voltage of which
representative of the general voltage of the zone. The gap between this measurement and •
a set point is then used to modify the set points of the primary regulators of certain units
controlling that zone. The HV capacitors may also be controlled by the secondary control in
order to raise the reactive reserves on the units.

4.

OPERATION UNDER DISTURBED NETWORK CONDITIONS

It is vital for the network that the generating units and the network correctly interact not only
in steady state, but also during the transients that happen on the system [1], [2], [7].
However, the ability of withstanding the transient phenomena is often a decisive factor for
the sizing of some components of the units. In disturbed situations, the generators are even
more interdependant than under normal conditions : if some units trip prematurely, the
operating conditions of the others become even more severe.
Figure 2 gives the values of the voltage and frequency ranges at the EHV terminals of a
unit operated in the French system for continuous and time limited operation, with
corresponding operation time and/or probabilities. It covers all the situations which may
occur in normal and exceptional operation, including the cases of separate network, house
load operation and network restoration. It can be seen on this figure that the ranges of
voltage and frequency that may be experienced by the unit are much wider than the
'normal' ranges, but the wider the gap is, the more the corresponding situations are limited
in time or the lower their probability is. Nevertheless, the compatibility of the protection
system of the unit with the diagram of Figure 2 has to be carefully checked [8], [9j.
4.1. Unit stability in the presence of disturbances
Unit stability guarantees the security of the system when disturbances occur. Keeping the
units connected makes it possible to prevent moderate disturbances from degenerating into
network incidents. If greater disturbances occur, such as a voltage collapse or a loss of
synchronism, then satisfactory unit behaviour can limit the extent and scale of the incident
Coherent action between the operation of units, the protection system and the defence
plans [10] is therefore indispensable. Defence plans aim at preventing major incidents from
spreading and at limiting their consequences; this is achieved by taking very quick, in most
cases automatic, actions (timescale from some seconds to a few minutes). The
underfrequency load-shedding, mentioned in Section 2.1, is one of these defence
measures.

For example, a fault that occurs on the grid near the terminals of some units is eliminated
after a certain delay by the grid protections which order the tripping of the affected circuit
This delay and the maximum clearance time that the unit can tolerate without loosing the
synchronism must be compatible. But beyond that, it is necessary to verify that the units do
not trip (even if no loss of synchronism occurs) owing to the voltage dip at their terminals,
which exceeds the duration of the fault In the case of a nuclear power plant, this dip results
in reduced motor torque and thus slower rotation of the primary pumps. The resultant drop
in the primary fluid flow rate may then lead to the tripping of the unit. Computer simulations
have shown that, when synchronism is kept, a typical duration of the voltage dip which may
be encountered is, as shown on Figure 3 :
- EHV less than 0 J Un for 1.5s,
- EHV less than 0.5 Un for 0.7s, where Un is the rated EHV voltage.

4.2. Isolated network
The ability of the units to withstand the transient to isolated network and then to support the
voltage and frequency plays an important role in system security [11]. It is vital that the units
operate properly in these situations that follow cascade line tripping to avoid the general
collapse of the whole system.
For example, Figure 4 shows the frequency evolution during a transient to isolated network
(important voltage variations could also be observed). In this simulation, the changeover to
isolated network is due to the loss of the last interconnection link with the main grid, owing
to cascade overloads. The load at the unit terminals is then 1.5 times the unit's rated power.
Therefore, load has to be shed in order to restore the balance between demand and supply.
The simulation accounts for underfrequency load shedding relays' action, shedding in that
case 45% of the load in 3 steps, corresponding to 49, 48.5 and 48 Hz. Then, the load has
become inferior to the maximum power of the unit and thus the final frequency is higher
than 50 Hz.
Tripping to house load is a particular case of isolated network. It can occur following the
tripping of the line connecting the power station to the network, or following a serious
system contingency. In the first case, just one unit at a time is concerned and the
consequences of failure are only the overcost induced by the loss of generation. In the
second case, however, every unit in a region may be concerned. The success of the
tripping to house load and the stability of the isolated units then determine how rapidly the
system can be restored.

4.3. Network restoration
Following a largescale incident, one or several regions may be totally blacked out. The
ability of the units to rapidly take all the steps needed for system restoration determines how
soon users are resupplied.
This heading actually gathers situations like resupplying the units auxiliaries and the
customers or reconnecting separate networks. In the former case, as the power system is
partially unavailable, the operating conditions are very particular, very severe, and very
difficult to forecast because of the huge number of possible conditions. Therefore, as far as
the units are concerned, these conditions usually result in large variations of voltage,
frequency and power output. In the latter case, special care has to be taken of the plants
turbine load limiter position : it must be high enough to provide the exceptional primary
reserve which is necessary for the stability of the separate network, but not too high to limit
the increase of the active power to the maximum admissible value and thus prevent the unit
from tripping.

5.

CONCLUSION

The generators are really essential components of the power system. Their behaviour not
only has economic consequences but is the key of the Quality of Supply which is offered to
the customers. Moreover, if for some reason, some units do not take their part to the system
controls, the robustness of the system in case of additional contingency diminishes
although the controlling effort of the other units increases.
Therefore, it is important to specify the levels of technical performance which are expected
from the units, linked with given quality criteria. It is also essential that these performance
levels be controlled. From the units manufacturers or operators' point of view, it is also
important to know as precisely as possible the conditions which the unit may face in order to
optimize the design or the operation procedures of the unit
So there is a great interest for both parts (the operators and design teams of the units on
the one hand, and the operators and design teams of the system on the other hand) of
dialog and information exchange, in operation but also at the conception stage, in order to
find a satisfactory compromise between the system requirements and the consequences for
tiie generating units. In general, since the lifetime of the units is quite long (40 years for
example), it is necessary to consider margins in sizing, in order to enable the unit to adapt
itself to future operating conditions.
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