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Abstract 

The Production of electricity from PWR nuclear plants represents 
!»<• % of t£_ total production of electricity In France for 198<», and 68 % 
of the electricity produced by Thermal power plants (127 fWh over 187 TV.'h). 

These data show clearly that the French PWR plants do not work in 
"base mode" any more but have to fit production nlth consumption, in other 
words to assume the frequency control. 

To participate permanently to the load follow and frequency control, It 
appeared that some improvements in the field of pressurlzer level and pressure 
control were necessary as well as in the field of operator aids computer. 

It should be noted that these Improvements are useful even without 
taking into account the constraints due to load follow and frequency control 
because the mechanical stress in the CVCS piping for Instance.Some additional 
tests are planned to better Identify this specific problem. 

The need of a more flexible operating mode than ones given by the 
initial system (black control rods) significantly reduce in 1973 due to the 
application of the ECCS criterion, led EOF and Framatome to develop a new 
operating mode (G. Mode) allowing a faster power escalation (5 k PM/mn) 
whatever the fuel burn-up. 

This new operating mode improves significantly also the flexibility 
of operation when the frequency control is needed, and helps a lot the 
operators in such cases. All the 900 MWe Nuclear plants will be able to 
operate in"C mode'before the end of 1984. 

The 1300 MWe P.P. which Paluel 1 the first of a kind will be synchro
nised In 19a*», are equiped to be operated ln'C mode "from the initial st-irt 
up. Their capabilities have been improved, keeping the same level of safety, 
in comparison with the 500 MWe plants In changing fundamentaly the reactor 
protection system. Regarding the 900 MWe plants, the reactor protection 
system is based on the limits of power distribution, concerning the 1300 HWe 
plants a sophisticated instrumentation (very precise Neutron detectors, 
control rods position measurement, SPUD allows the Immediate calculation 
of physical parematers such as DtlOR or FQ. The precise knowledge of all 
margins, In real time, allows to operate the plants In better conditions. 

INTRODUCTION 

Electricity production of a nuclear origin in France has been substanLial 1/ 
increased over the last few years, representing 50 * of total national 
electricity production for all sources, and 66 % of total production by 
thermal means, in 1983. 

The PWR power stations, originally operated as base stations, are now 
required to make an active contribution to real-time adjustment of the 
production-consumption balance. In 1983, nuclear production exceeded demand 
for some 1200 hours, and 700 load adjustment cycles were executed for aLl 
units in service. We anticipate that the total will reach 2500 hours in 1984, 
and could rise to more than 5000 hours in 1986. 

Participation in daily load matching and frequency-power adjustment, ma.ie 
it necessary to undertake a certain number of complementary supporting 
studies. Furthermore, it has been necessary to make certain improvements to 
the installations, principally in the field of regulations of pressure and (»re 
suriser level, and assistance in operation It should also be noted that 
improvements to the regulation systems are beneficial, quite independently 
from the constraints resulting from participation in load adjustment action. 
these improvements make it possible to achieve a worked reduction in the 
constraints to which certain zenes of the NSSS are subjected (charging 
line connection on the primary circuit, and spray and surge pressuriser lines) 

At the time of boiler design, the selected control mode (A - mode), using 
highly absorbant control rod clusters ("bl̂ ck" clusters) made it possible 
to achieve the fastest power gradients. The resultant flux distortion could 
be substantial, but remained compatible with contemporary safety criteria. 
The appearance of the ECCS criterion in 1973 reduced the authorised 
operating range considerably, which led to reduce the manoeuvrability of 
the PWR units. This became Insufficient to allow optimum operation of 
French production resources, as soon as the major share of total production 
was obtained from nuclear sources. 

EDF consequently requested FRAMATOME to develop a control mode offering 
better penormance, and to provide for adaptation of this mode to the boilers 
then being built. This led to the birth of G-mode, using control rod clusters 
with less abso~bant characteristics ("grey" clusters), and the corresponding 
operating device ("DMA" Increased manoeuvrability de'-'ice). These are now 
fully operational, and in service on two units for more than a year. 
Generalisation to all 900 MW reactors will be implemented ue.ore the end 
of 1984. It should be noted that this device is incorporated as original 
equipment in the 1300 HW units, the first of which (I'ALUEL 1) will be coupled 
up to the grid thi3 year. 
We shall now examine the following points, in the order indicated : 

. grid requirements, defining the degree of flexibility which the nuclear 
boilers must provide, 

. modifications applied for the purpose of participation in daily load 
matching and frequency-power adjustement, using the original control mode 
(A-mode), 



. modifications applied for the purpose of improving boiler operational 
flexibility {C-mode and DMA device). 

II - PERFORMANCE REQUIREDFROM NUCLEAR BOILERS 

Examination of the forecast daily load curves enables us to define 
representative load modulation programmes, which can be required of the 
nuclear units, to achieve an approximate production-consumption balance. 
This relates essentially to variable amplitude and duration nigh load 
adjustment, accompanied by a second modulation cycle during the afternoon, 
on the last days of each week. 

The load variation rate required for economic management of production 
resources is approximately i to 2 X of nominal power per minute. 

Furthermore, the production units must also participate, in real-time, 
in precision adjustment of the production-consumption balance : 

. primary frequency-power adjustment makes it possible to ensure the 
existence and stability of a balanced state for the complete inter
connected European grid, more or less instantaneously as a result of 
automatic action. A margin of at least 2.5 X of power off-take must be 
left to the automatic control system, 

. secondary frequency-power adjustement, also referred to as remote 
adjustment, because managed by a single control system for the complete 
national grid. The state of balance provided by the primary function is 
adjusted to 50 Ha. ensuring compliance uith interconnection programmes. 

The power output oy the production units participating in this task can 
vary automatically within a pre-defined range, on either side of the value 
set by the operator. 

The adjustment half-range required for each unit is between 3 and 5 X 
nominal power, and the normal maximum resultant load variation rate is 1 X 
nominal power per minute. 

When the margins allocated to the remote adjustment system have been 
fully absorbed, it may be necessary to reconstitute these margins by 
real-time correction of the operating programme established for certain 
production units. In the event of major difficulties in grid operation, 
the load variation rate required may approach 3 X of nominal power per 
minute. 

1 1 " 59?IEIf:ATIONS_APPLIED [ 0 R PARTICIPATION BY NUCLEAR UMITS WITH A-MODE ClNTROL, 
IN DAILY LOAD MATCHING AND FREQUENCY-POWER ADJUSTMENT 

3.1. ACHIEVABLE PERFORMANCE AND OPERATING CONSTRAINTS 

a) Load following 

When reactor power variations occur, the reactivity balance is 
modified by the power effect, the action of which is instantaneous, 
and the xenon effect, the action of which is progressive. 

These variations must be compensated at all times, by action on 
the control rod clusters and/or soluble boron, as also on the 
temperature of the moderator. 

Temperature variations can only be authorised within certain tight 
limits, in order to restrict resultant mechanical stresses. The use 
of the control rod clusters is highly limited, in order to comply 
with safety criteria. In the case of the A-mode control involving the use 
of highly absorbant "black" clusters, the use of these clusters is 
limited in practice to the control of axial power distribution. 

The greater part of reactivity adjustment must therefore be obtained, 
in the event of high amplitude load variations of the load matching 
type, by action on the soluble boron : 

. boration during load reduction to compensate the power effect, 

. dilution during the low-power steady period, to compensate xenon 
evolution, 

. dilution during the load escalation period, again to compensate 
the power effect. 

The dilution efficiency decreases in the opposite way with fuel 
burning, so that the maximum possible load escalation rate decreases 
between the start and the end of fuel cycle from about 2 to 0.3X PN/mn. 
The capacity for fast power return is limited to about 20 X of 
nominal power. 

Experience shows that the PWR units are perfectly capable of 
modulating output to meet grid requirements, within the performance 
limits authorised by the original control mode (A-mode). These 
limits are nevertheless insufficient to meet optimum cost requirements. 

Furthermore, it should be noted that load matching operations require 
manipulation of a let down orifice, to match dilution flow to actual 
need. This produces substantial thermal stresses, on the charging line 
connection on the primary circuit. As a result of regenerative heat 
exchanger design, which is planned to replace in due course, as a 
consequence of insufficient exchange characteristics, operation of a 
let down orifice produce a temperature variation of about 40 J C on 



the connection under static conditions, this variation increasing 
by an additional 30 to 70" C under transient conditions. 

Stress calculations made during the design phase only authorise a 
limited number of fluctuations during MSS3 lifetime, and operation 
in the load matching mode under the original conditions, could 
lead to stresses exceeding the limits of design values. 

b) Frequency-power adjustment 

Power variations result from automatic action, and adjustment of 
reactivity hy modification of the soluble boron concentration level, 
vhich requires operator action, cannot be envisaged. Experience 
shows that the Alref t 5 X control rule is just compatible with 
operation in the adjustment mode, using a remote adjustment partici
pation half-range corresponding to 3 to 4 X of nominal power 
during the first third of the fuel cycle, then increased to 5 % PN 
during the following operating time. 

If we consider the impact of adjustment on the mechanical performance 
of the primary circuit, fluctuations in reactor power induce 
fluctuations in pressuriser level. The can lead to fluctuations in 
load output in the primary circuit. As .as already been mentioned, these 
cause temperature fluctuations in the hot water reinjected into the 
primary circuit, increasing the thermal stresses applied to the 
charging line connection on the primary circuit. It is essential 
for most of the fluctuations to remain below a threshold value 
of 20" C, this being the temperature used for event accounting. 

3.2. MODIFICATIONS APPLIED 

a) Cuntrol of pressuriser level 

Modifications have therefore been applied to pressuriser level 
control. The modifications involved are as follows : 

. anticipated action on charging flow in the event of detection 
of a let down flow variation, without waiting for variation 
of pressuriser level. This action makes it possible to achieve 
marked transient attenuation if a let down orifice is operated, 

. reduced leve1 controller gain for small level variations, 

• improved definition of the pressuriser level set point. 

The average primary temperature used to define the level set-point, 
does not correspond strictly to constant mass operation, as the 
cold circuit and hot circuit volumes are different. The absence 
of correction can therefore lead to modifications of charging flow 
which are not normally necessary. 
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The efficiency of these modifications has been demonstrated by 
tests carried out on different PWR units. Where these modlficacions 
have not been applied, the inservice behavior of the charging 
line connection on the primary circuit cannot be guaranteed Cor the 
full lifetime of the unit, even in the absence of participation in 
adjustment action. Furthermore, these modifications make it possible 
to envisage extension of the average primary temperature control 
dead-range, without unacceptable resultant stresses on the prinary 
circuit. Temperature fluctuations are reduced from 25" C to about 
5" C for a an enlarged dead-range of a factor 2. 

This arrangement would make it possible to improve possibilities 
for participating in frequency adjustment operations at the 
beginning of fuel cycle, and would also increase operating cottfort. 

b) Computer-assisted control 

The performance of a PWR unit In the load matching mode is conditioned, 
as we have already seen, by the execution of boration or dilution 
operations selected by the operator. Inaccurate estimation of ihe 
quantities to be Injected, or injection times, can result in limiting 
performance to a level below that achievable, which is already 
insufficient as we have seen. 

Consequently it is planned to equip the 900 and 1300 MWe PWR units 
with a computer-assisted control capability. 

A system of this type is already in service on the two FESSENHEIM 
units, and generalisation to all units will be.implemented in the 
near future. 

An axial neutron calculation model is uioi for permanent irradiation, 
xenon and iodine axial distribution calculation, by acquisition of 
essential parameters characterising reactor core status. It is then 
possible to carry out forecasting simulation at any time. The system 
provides for interactive conversation between operator "ho describes 
the load variation programme which he wishes to implement, and the 
model which defines the sequence of boration and dilution operations 
to be executed (injection volumes and times). The criteria adopted 
ensures strict compliance with technical operating specifications, 
better control of power distribution, and minimum production of 
liquid waste. 

- MODIFICATIONS APPLIED FOR THE PURP0SE_OF IMPROVING OPERATIONAL FLEXIBILITY : 
G-MODEANODMA DEVICE 

4.1. FUNCTIONAL DESCRIPTION 

G-mode was designed to allow compensation of reactivity variations 
resulting only from power effect, using the control rod clusters. In order 
to minimise perturbation of axial and radial power distribution, and ensure 
compliance with safety criteria, the clusters used ("grey" clusters) have 



a neutron absorbant efficiency below that of conventional "black" 
clusters. The two types have 8 and 24 absorber pencils respectively. 

Insertion of the clusters is slaved to operating power, so as to 
provide strict power effect compensation. This arrangement makes it 
possible to obtain return to full power at a maximum rate of 5 % 
of nominal power per minute whatever the degree of fuel burn-up. 
Four groups of rod clusters are used, inserted in an overlapped 
configuration so that axial offset remains as constant as possible, 
at all power levels. Cluster groups with increasing neutron absorbant 
efficiency are used for this purpose. The two firsts groups are 
respectively composed by 4 and 8 "grey" clusters, and the two others 
by a "black" clusters. 

All groups are extracted at nominal power, and insertion of the 
"black" clusters only starts below 60 X of nominal power. The insertion 
law of control groups must be updated at periodical intervals during 
the fuel cycle. 

Boron is only used to compensate slow reactivity variations due to 
xenon effect, and fuel burning. 

An independent temperature monitoring system controls a group of 
8 "black" clusters (group R) which is used to realize fine reactivity 
adjustment, and assists the power control groups in the case of fast 
transients. Furthermore, it is used to control axial power, within 
certain limits. An operating range is allocated, the height of 
which is restricted in order to reduce impact on power distribution. 
It is dimensioned to compensate xenon level variations resulting from 
operation in the frequency adjustment mode. The temperature control 
system also compensates the effects of frequency control, when amplitude 
is less than 2,3 X of nominal power, which is not applied to the power 
control system in order to minimise loads applied to. the adjustment 
cluster control mechanisms. 

On the other hand, remote control is applied in full to the power 
control system. 

As with A-mode, compliance with the LOCA limit makes it necessary to 
hold the operating point inside a predetermined power/axial power 
difference range. Compliance with the limits of this range is ensured 
by an automatic control system, which reduces turbine load when 
r .-cessary. 

4.2. MODIFICATIONS APPLIED 

While awaiting completion of development of this new control mode, 
the PWR units were equipped with "grey" clusters for the future 
Li-mode, these clusters being used for the shutdown function. The 
units were later equipped with a cluster control device, providing for 
operation in A or G-mode. The change over and requalification request 
' ir 2 days outage. The interest of this device was that it prepared the 
i''H units for G-mode operation, while awaiting test results obtained 
on a first unit and authorisation from the safety authorities. 

Adaptation of initial equipment mainly consists on the addition of 
a sixth static power supply in order to move clusters (ESP). As a matter 
of fact, six sub-groups, representing 24 control clusters, can te operated 
simultaneously. 
The power compensation cluster setpoint is generated and tested by a 
specific logic (DMA logic). Highly sophisticated hardware is us«d for this 
purpose. 

The principle of this control system, based on the precise position of 
the clusters, and the existence of a direct interface between turbine 
and reactor power, has led to significant amplification of functional 
requirements relating to the accuracy and reliability of the 
electrical signals involved. 

Experiments were carried out with a boration/dilution automatic control 
device during G-mode operating tests. The strategy applied does not 
involve any anticipated action, this being particularly suitable for 
G-mode, as the boron is only used for compensation of effects which 
kinetic evolution is relatively slow. The control strategy developed, 
backed up by experience, assigns a AI control function to the 
temperature control group (group R). 

The (A I - dlref)/group "R" position range can thus be breakdowned 
into three zones : boration, dilution and neutral zone. Range limits 
are constantly updated according to operating power level. 

The automatic control device executes necessary operations directly, 
taking due account of special operating conditions which can require 
specific action (blockage, time delay and modulated actions). This 
system makes the operator free of responsibility for frequent boration 
or dilution operations, accompanying the load matching function. The 
operator is thus available to supervise general operation of the PWR 
unit, and eliminates the random factors Inherent in human intervention. 

4.3. PRACTICAL OPERATING EXPERIENCE 

After IS months operation using G-mode, the operating balance Is 
apparently in line with forecasts, from the point of view of control, 
equipment stresses and waste production. In particular. It has been 
possible to verify manoeuvrability, which is significantly better than 
that of A-mode : 

. load escalation can be achieved at a rate of 5 % of nominal power 
per minute, whatever the degree of fuel burning. This performance 
should be compared with that of conventional power stations, for 
which the figure is about 1,7 X of nominal power per minute, 

. the PWR units are capable of participating in the frequency adjustment 
function, with a remote control half-range corresponding to 5 X of 
nominal power, without operator intervention. 

The task of the operator during load matching operations is 
consequently alleviated, as power distribution control is now 
partially intrinsic. 



The ddditi i of the boration/dilution automatic control device should 
make it pc iible to obtain fully automatic control of the unit during 
load variations. 

Thu-? the performance level of NSSS and turbine become now quite 
the same. This operational flexibility now allows any real-time 
modification of the load programme for the nuclear stations, enabling 
the operation responsible people to achieve optimum management of 
the generation-transmission system. 
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1 I n t r o d u c t ion 

The necessity for baekfitting existing C U I equipment 
in nuclear power plants arises as a result c£ new li
censing requirements being imposed or through a need 
for improved performance as experience with operating 
plants becomes available. 

These changes arise either because additional process 
variables need to i>e monitored; improved sensors need 
to be installed (to increase safety or operating mar
gin); more directl> sense the processes; or to address 
concerns in signal conditioning, control algorithms, 
control system strategy, or safety system design. 

This paper discusses examples of backfitting experi
ences on existing plants and some being developed for 
future improvements. 

2 Example of Improving Plant Operating Margin for PWJt 
MUlheim-Karlich Plant 
Every Secondary side heat balance core power estimate 
utilises feedwater mass flow as a parameter. This is 
normally implemented through a complete analog meas
urement string which accepts a Venturi differential 
signal, along with pressure and temperature, and then 
through a function generator or calculating module 
produces a signal proportion to mass flow: 

* " CVenturi/<P < T' P> • \ f ^ • 


