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1. Introduction
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the NPP wear and tear [2]. This approach may be feasible if the share
of nuclear in energy production is small compared to the other
energy resources as in the US case [3]. On the other hand, this
strategy cannot be adopted if the nuclear production share is high
as in France where the NPPs are requested to implement manoeu-
vrability capabilities to regulate the frequency in the electric grid [2].

In the light of the present energy scenario characterized by a

e need
to provide the NPPs with the flexibility to modulate the power
production in accordance to the grid request is a preeminent issue

whatever the nuclear share is. RES systems, in particular photo-
voltaic plants and wind farms, are characterized by a high level
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Nomenclature

Latin symbols
Au turbine admission area, m2

dP normalized power output, (–)
Et net energy, J
f grid frequency, Hz
h enthalpy, kJ kg�1

J normalized moment of inertia of the rotor, (–)
kv turbine admission valve coefficient, (–)
Kp proportional gain of the PID regulator, (–)
HPfraction fraction of the enthalpy drop disposed by the HP stages,

(–)
p SG pressure, bar
P power output, MWel

Qc thermal power exchanged, MWth

R(s) controller transfer function, (–)
s laplace variable, s�1

T temperature, K
Ta characteristic time constant of the actuator, s
w mass flow rate, kg s�1

Greek symbols
ri droop, (–)
Pm mechanical power, MWel

si integral time, s
sHP characteristic time constant of the HP stages, s
sLP characteristic time constant of the LP stages, s
dx normalized grid pulsation, (–)

Subscripts
0 nominal value
f feedwater inlet conditions
v steam conditions

2 The difference between gray and black control rods (CRs) is their absorbing
properties. A black CR absorbs all the incident neutrons, whereas the gray one absorbs
only a part of them. If a slight power or reactivity compensation is needed, the gray
CRs are preferred since they cause smaller depressions in the neutron flux close to the
rod leading to a flatter neutron flux profile and more even power distribution in the
core [12].
of variability and uncertainty in their energy production [3]. The
presence of these intermittent renewable resources, along with
the limited presence of energy accumulators, requires an increased
effort for the frequency regulation in order to ensure high reliabil-
ity performances [4]. In this perspective, the NPPs should be oper-
ated in a flexible way so as to comply with the sudden variations in
the grid frequency. To this end, it is necessary to develop suitable
control strategies and to test the different alternatives [5] in order
to guarantee manoeuvrability capabilities without affecting the
plant safety features.

In the development of Generation IV nuclear reactors [6], the
possibility of promptly adjusting the mechanical power produced
is crucial considering the economic goals of advanced nuclear
systems to be competitive with alternative energy options. In the
present work, this possibility has been investigated for the
Lead-cooled Fast Reactors (LFRs), adopting the Advanced Lead
Fast Reactor European Demonstrator (ALFRED) [7] as a case study.
ALFRED, developed within the European FP7 LEADER (Lead-cooled
European Advanced Demonstration Reactor) Project (http://www.
leader-fp7.eu), is aimed at being representative of the LFR technol-
ogy [8]. Notwithstanding, the control approach proposed in this
paper can be applied to any small LFR concept [9]. Though the
impact on the power grid of this NPP has not been evaluated yet,
the main aim of this work is to develop and test a proper control
strategy so as to investigate the load following capabilities of the
ALFRED reactor. In literature, this issue has not been deeply stud-
ied, especially for the new reactor concepts of Generation-IV,
which require the problem to be tackled from scratch because of
their different features with respect to the conventional reactor
concepts. A classic approach to the frequency control can be found
in Refs. [5,10] for CANDU and Pressurized Water Reactors (PWRs),
respectively. The control strategy adopted for the load following in
both these references is the reactor-follows-turbine approach. At
first, this approach has been also considered for the ALFRED reactor
in virtue of the outcomes of the reactor free dynamics analysis
[11]. Indeed, the ALFRED response to the opening of the turbine
admission valve is similar to that of PWRs. Such a favorable behav-
ior is due to the value assumed by the thermal reactivity coeffi-
cients [8], thanks to which the reactor autonomously reaches an
operating point compatible to the turbine demands. However,
LFRs have some specific features with respect to the conventional
reactor concepts that make this approach ineffective. First, the
time constants ruling the primary circuit dynamics of ALFRED are
such that the power transients can last even tens of minutes
[11], and the time requirements demanded by the grid can hardly
be met. Second, the approach traditionally adopted in the PWRs for
adjusting the thermal power level through the operation of the
gray control rods2 cannot be employed, given that this kind of con-
trol rods are not foreseen in the present reactor configuration.
Finally, the system has turned out to be underactuated, i.e., the man-
ageable inputs (control variables) are fewer than the variables to be
controlled. The pairings between these variables are strictly imposed
by the technological constraints as in the case of the lead tempera-
ture in the cold leg [13]. In the perspective of governing this variable,
the only available input is the feedwater mass flow rate, which in
turn cannot be adjusted for complying with the secondary circuit
demands. The major outcome of this work consists in the definition
of a dedicated control strategy for performing the frequency regula-
tion according to the time constants of the conventional part of the
NPP, compatibly with the limitations imposed by the aggressive lead
environment in the primary circuit.

The paper is organized as follows. In Section 2, the main aspects
concerning the frequency regulation are briefly reported. In
Section 3, a brief introduction to ALFRED and to its operational
range is provided. Afterwards, once having demonstrated how
the PWR approach is not feasible for ALFRED, a dedicated strategy
is set up for adjusting the value of the mechanical power produced
(Section 4). In Section 5, in order to assess the proposed scheme,
the simulation outcomes of the system controlled response are
presented. Finally, the main conclusions and the further steps of
research are outlined.
2. Load–frequency regulation concept

Before presenting the developed strategies for the operation of
ALFRED, it is important to point out the requirements that power
plants must meet in performing the load–frequency regulation.
In particular, the requirements of the Union for the Coordination
of Transport of Electricity (UCTE), i.e., the organization responsible

http://www.leader-fp7.eu
http://www.leader-fp7.eu


for the coordination of operations and development of the electric-
ity transmission grid in continental Europe, have been referred to
[14].

2.1. Primary frequency regulation

The aim of the primary frequency regulation is to restore the
power balance in order to stabilize the grid frequency. Thanks to
this kind of regulation, it is possible to limit frequency deviations,
which are affected by the entity of the loads connected, by the total
inertia of the system, and by the effectiveness of the primary fre-
quency regulation itself. For the Continental Europe grid, all the
power plants connected to the grid having an effective power
greater than 10 MW should perform the primary frequency
regulation, increasing or decreasing the active power generated in
a proportional way [15]. The primary regulation of a power plant
control system is characterized by:

� Droop: it represents the gain of the primary frequency regulator
and it constitutes a kind of sensibility of the power plants in
response to the frequency deviations. In particular, at equal fre-
quency reduction, the lower the droop, the greater the active
power increase.

ri ¼ �100
Df=f 0

DP=P0
ð1Þ

For NPPs, this parameter assumes a typical value between 4%
and 5.7% [16].
The controller usually adopted for the primary regulations is tuned
according to the desired droop value. In particular, the regulators
characterized by lower droops mostly contribute to the primary
frequency regulation. The general form of the controller is

RðsÞ ¼ 1
ri
ð1þ ssiÞ

� �
1

1þ sTa

� �
ð2Þ

In Eq. (2), the dynamics of the actuator is taken into account via
the second term, while the first one defines the kind of the used
controller. Generally, a proportional and a derivative ones are
sufficient to stabilize the system to a new steady state condition.

� Insensitivity region. In order to avoid excessive stresses to the
controlled system, a dead band is introduced, so that the
frequency variations, below a certain threshold, are not taken
into consideration.
In Fig. 1, a typical frequency transient following a power imbal-

ance is shown. It is worthy to notice that the final steady state
Fig. 1. Typical trend of frequency during primary frequency regulation.
frequency value is different from the nominal one after the primary
regulation. The other relevant parameter to be considered during
the transient is the maximum frequency variation. The primary
frequency regulation must ensure that the latter remains limited
within appropriate boundaries. In case of non-compliance of these
limits, other burdensome measures are necessary, such as the dis-
connection of some loads or power plants.

2.2. Secondary frequency regulation

Following the primary frequency regulation, the secondary fre-
quency regulation is performed. The main aims of the secondary
regulation are:

� resetting the value of the frequency to the nominal one. In this
way, it is also possible to disengage the primary regulation, thus
allowing the primary reserve to be restored and to handle any
further incoming disturbances;
� restoring the equilibrium among the different control areas

(Fig. 2) at level of power exchange, in accordance with the con-
tractual values [15].

The secondary frequency regulation is ensured by a system of
automatic control and centralized power generated. It is important
to note that, while the primary frequency regulation takes place
everywhere in a distributed way, the control action of secondary
frequency regulation must be undertaken only by the control zone
within which the imbalance of power occurs, and it is in charge of
only some power plants. However, the benefits deriving from the
disengagement of the primary regulation reserve are extended to
the overall grid, since the frequency value is approximately the
same in all its nodes.

2.3. UCTE requirements

After having outlined the fundamental aspects of primary and
secondary frequency regulations, the performance required to the
adopted regulators are presented. In particular, the UCTE require-
ments are hereinafter briefly reported. Whether there would be a
deficit of generation up to 3000 MW, primary frequency regulation
must ensure that the minimum value of frequency, registered dur-
ing the transient, is greater than 49 Hz. However, in order to get a
good margin, it is preferred to set this threshold to 49.2 Hz. This
means that, during this demanding transient, the frequency devia-
tion must be kept below 800 mHz. Similarly, the highest permissi-
ble frequency, after a loss of load less than or equal to the so-called
Reference Incident, is 50.8 Hz. The insensitivity range should be set
as low as possible, and it should not exceed ±10 mHz. As far as the
constraints concerning the times constants are regarded, the UCTE
establishes that the system must be stabilized to a new steady
state conditions via the control action performed by the primary
frequency regulation within 30 s. Furthermore, the UCTE sets char-
acteristic times for the return of the frequency and exchanged
power to their nominal values, due to the secondary regulation
as well. Whether an important group of production would be lost,
the secondary frequency regulation must intervene at the latest
30 s after the occurrence of the disturbance and completing its
control action within 15 min. The UCTE suggests to adopt a time
constant for the controller which performs the secondary regula-
tion between 50 and 200 s [14].

2.4. Islanding operational transient

In the last years, the development of the DER (Distributed
Energy Resources) systems, within the HV (High Voltage) and the
MV (Medium Voltage) grid, has been accompanied by a growing



Fig. 2. Structure and organization of the Control Areas of the UCTE by countries/companies [14].

Fig. 3. Development of distributed generation and the consequent possibility of
reversal of the traditional power flow, from the HV to the MV line.
interest in the possibility of allowing the self-sustenance of por-
tions of the grid. Indeed, operating a power plant when the alimen-
tation of the remaining part of the grid is no longer available (i.e,
islanding mode) allows keeping voltage in a portion of the distribu-
tion line. The islanding operational mode is an increasingly valu-
able perspective to ensure the service continuity, benefiting the
utilities which are not equipped with UPS (Uninterruptible Power
Supply). In particular, with the formation of intentional islands, it
is possible to activate the appropriate control actions such as the
detachment of interruptible loads or the activation of further gen-
eration units.

The possible reasons for the formation of intentional island are
the following:

� loss of power transmission line due to a fault on the HV–MV
transformer;
� failure within the distribution line, which can follow a grid par-

titioning into autonomous portions and non-functional
portions;
� maintenance at the primary substation.

Since the present MV distribution lines have been designed,
realized and operated as passive, so far the possibility of realizing
self-sustaining islands of distribution has been often precluded.
The infrastructures have been designed with reference to the old
unidirectional model, according to which the electrical power, pro-
duced by few large power plants, and transported through the HV
transmission line, reaches households and industries via the distri-
bution line. Nowadays, the connection diagram of the transmission
and distribution lines is still present. The innovative aspect, com-
pared to the previous configuration, consists in the increase of gen-
erative capacity within the MV grid because of the development of
distributed generators connected to the distribution lines.
Consequently, in certain operating conditions, it may happen that
the power flow between the MV and the HV lines could be inverted
with respect to the traditional one (Fig. 3).

As mentioned in the Introduction, since ALFRED is meant to be a
demonstrator, it is not expected to play a prominent role in the
power production. Notwithstanding, the possibility of operating
ALFRED in a flexible way, e.g., the capability of operating it in
islanding mode, should be studied so as to provide initial insights
to assess the feasibility of LFR technology, and the contribution
that this reactor concept may ensure to the grid service continuity.
3. The Advanced Lead Fast Reactor European Demonstrator

3.1. Reference reactor description

ALFRED is a small-size (300 MWth) pool-type LFR whose
primary system current configuration is depicted in Fig. 4. All the
primary components (e.g., core, primary pumps and Steam
Generators (SGs)) are contained in the main reactor vessel, being
located in a large pool within the reactor tank. The coolant flow
coming from the cold pool enters the core and, once passed
through the latter, is collected in a volume (hot collector) to be dis-
tributed to eight parallel pipes and delivered to as many SGs. After
leaving the SGs the coolant enters the cold pool through the cold
leg and returns to the core. The ALFRED core is composed by
wrapped hexagonal Fuel Assemblies (FAs) with pins arranged on
a triangular lattice. The 171 FAs are subdivided into two radial
zones with different plutonium fractions guaranteeing an effective
power flattening, and surrounded by two rows of dummy elements
serving as a reflector. Two different and independent reactivity



Fig. 4. ALFRED primary system and core layouts [7].
control systems, i.e., Control Rods (CRs) and Safety Rods (SRs), are
assigned both regulation/compensation and scram functions assur-
ing the required reliability for cycle reactivity swing control and
safe shutdown [8].

Each of the eight SGs incorporated in ALFRED (Fig. 5) consists of
bundles of bayonet vertical tubes with external safety tube and
internal insulating layer (delimited by a slave tube), which is
aimed at ensuring the production of superheated dry steam since,
without a proper insulation, the high temperature difference
between the rising steam and the descending feedwater promotes
steam condensation in the upper part of the SG. The gap between
the outermost and the outer bayonet tube is filled with pressurized
helium and high thermal conductivity particles to enhance the
heat exchange capability and provide mechanical decoupling
between the components. The feedwater from the headers flows
in the slave tube and, after reversing the motion at the bottom,
rises along the annulus between inner and outer tubes. On the pri-
mary side, lead flows downwards axially along the outermost tube.
In Table 1, the major parameters employed as input data to imple-
ment the core and SG models are reported.
3.2. Object-oriented simulator of ALFRED

In order to simulate the system controlled response so as to
assess the feasibility of the proposed approach, the
object-oriented model of ALFRED, whose graphical interface is rep-
resented in Fig. 6, has been adopted. The inputs (blue triangles)3

and the outputs (white triangles) variables are pointed out, respec-
tively, on the left and on the right of the figure. Based on the
Modelica language and implemented in the Dymola environment
[18], the system simulator has been built by connecting several
dedicated models (for details, see [11]):

� Core model: it is composed by three subsystems. The model
Kinetics describes the dynamics of the neutron generation pro-
cesses in the core implementing a point reactor kinetic
approach, with one neutron energy group and six delayed pre-
cursor groups. The model FuelRods is adopted to represent the
3 For interpretation of color in Fig. 6, the reader is referred to the web version of
this article.
thermal behavior of the fuel pins, which are discretized in five
radial regions (i.e., the cladding, the gap and three concentric
zones within the pellet). The model LeadTube represents the
coolant flowing through the core channels adopting momen-
tum and energy conservation equations in one-dimensional
fashion.
� SG Model: as for the water side, a two-phase homogeneous

model (i.e., same velocity for the liquid and vapor phases)
has been adopted. On the lead side, the core component
LeadTube is reused, describing the behavior of a single-phase
fluid.
� Primary circuit model: the dynamics effects of the cold pool have

been represented by employing a free-surface cylindrical tank
component on which mass and energy balances are taken into
account, assuming that no heat transfer occurs except through
the inlet and outlet flows. In order to consider the time delays
due to the transport phenomena between the core and the SG,
two dedicated models have been implemented. As for the inte-
grated primary pumps, an ideal mass flow rate regulator has
been employed.
� Secondary circuit model: the model selected for the turbine

describes a simplified steam turbine unit, in which a fraction
of the available enthalpy drop is assumed to be converted by
the High Pressure (HP) stage, whereas the remaining part to
be converted by the Low Pressure (LP) one, with different time
constants. In the developed model, in order to correctly describe
the dynamics of the coupled turbine/turbo-alternator system,
these time constants have been suitably chosen. To this aim,
the following values which indicate the fraction of the enthalpy
disposed by HP stages and the time constants characteristic of
the HP and LP stages have been employed [19]:

HPfraction ¼ 0:3
sHP ¼ 0:3s

sLP ¼ 5:2s

ð3Þ

The steam mass flow rate is considered proportional to the inlet
pressure and governed by acting on the turbine valve admission,
not by throttling. Downstream of the steam temperature sensor,
the steam mass flow rate can follow two ways. The former is a pipe
that leads to the turbine, whereas the latter constitutes a bypass,
which leads directly to the condenser.



Fig. 5. ALFRED bayonet tube configuration [17].

Table 1
ALFRED system parameters.

Parameter Value Units

Thermal power 300 MWth

Coolant mass flow rate 25,984 kg s�1

Coolant SG outlet temperature 400 �C
Coolant core outlet temperature 480 �C
Feedwater mass flow rate 192 kg s�1

Water inlet temperature 335 �C
Steam outlet temperature 450 �C
SG pressure 180 bar
3.3. Operational range of ALFRED

Since the primary frequency regulation has the most severe
time requirements (the grid frequency has to be stabilized within
30 s), the simulation of this controlled transient for ALFRED turns
out to be the most significant. As a first step, it is necessary to
define the operational power range of ALFRED. Each
Transmission System Operator (TSO) is entitled to define a mini-
mum primary control range for generating units in terms of the
nominal active power (Peff), i.e., the maximum power that the gen-
erating unit can continuously provide. In particular, the opera-
tional range of a generating unit can vary between the Pmin and
Pmax values, which are defined as follows:

Pmin ¼ Pmt þ 1:5%Peff ð4Þ

Pmax ¼ Pth � 1:5%Peff ð5Þ

In particular, Pmt is the minimum power level at which the plant can
operate and Pth is the highest power that the generating unit can
produce in certain operational conditions [15]. For ALFRED, given
that the maximum achievable thermal efficiency is equal to
44.75% [20], the value of Pth has been easily derived. As far as the
definition of the primary reserve is concerned, the Peff has been
set equal to Pth, obtaining

Pth ¼ Peff ¼ 134:25 MWel ð6Þ
On the other hand, the minimum power level has been set equal
to the lower threshold of the full power mode (40%), i.e., the power
level at which the automatic reactor control starts to be performed.
Therefore, the ALFRED operational range has been set equal to:

½54:81 MWel; 132:27 MWel� ð7Þ
4. Primary frequency regulation performed by ALFRED

4.1. Definition of the mechanical power control loop

As for the load–frequency regulation, generally, the mechanical
power produced is adjusted according to an opening signal sent to
a regulating device (e.g., turbine admission valves). In particular,
the produced electric power is adjusted in response to the value
of the grid frequency, which is regarded as the controlled variable.
If the synchronous generator is connected to a grid with a much
higher installed power, it can be assumed that the frequency is
imposed by the grid. Therefore, the nominal value is the fixed
set-point close to which the controlled variable has to be main-
tained. In Fig. 7, the primary frequency regulation control scheme
is shown. In particular, the control loops of the different generating
units connected to the grid (represented by the blocks labelled by
Gpi(s)) are represented. If the electrical dynamics is neglected, it
can be assumed, as first approximation, that the synchronous gen-
erating units rotate at the same speed as they constitute a unique
rotor having an effective moment of inertia.

In the perspective of performing the primary frequency regula-
tion by means of a suitable control loop that allows regulating the
mechanical power in response to grid frequency variations, a feed-
back proportional regulator has been adopted (represented in
Fig. 7 by the blocks labelled by Ri(s)). The corresponding gain has
been tuned so as to achieve the desired value for the generating
unit droop (4%).

ri¼�
Df=f 0

DP=Pn
¼�dx

dP
¼� dx

dkv
�dkv

dP
¼Kp �

dkv

dP
)Kp¼

ri

ðdkv=dPÞ ð8Þ

In Fig. 8, the detailed view of the employed feedback control
scheme is shown. As mentioned in Section 2.3, the presence of
the insensitivity region has been foreseen in order to filter the



Input variables Definition
G_att Attemperator mass flow rate

kv Turbine admission valve coefficient
Bypass Bypass valve coefficient
h_CR Control rod height

G_water Feedwater mass flow rate

Output variables Definition
Pm Mechanical power produced

T_steam Turbine inlet steam temperature
Pressure SG pressure

T_hot_leg Temperature of lead flowing out the core
Th_power Thermal power produced within the core
T_cold_leg Temperature of lead flowing into the core

Fig. 6. Graphical interface of the object-oriented model [11].

Fig. 7. Primary frequency regulation control scheme.
small-amplitude frequency fluctuations. Therefore, a suitable dead
band (10 mHz) is envisaged so as to limit the stresses on the
dedicated controller. Finally, the presence of the actuator of the
turbine valve has been allowed for. For small variations, the actu-
ator response can be approximated through a first-order transfer
function with a characteristic time constant equal to Ta = 0.2–0.4 s.

dAu ¼ dAu;0
1

1þ sTa
ð9Þ
4.2. Balance of Plant operation

The choice of the operational mode adopted for the SG opera-
tion is crucial since the criteria for the steam pressure control are
often related to the effects of load changes on the plant life con-
sumption. Two different approaches have been considered. The
former is the constant pressure mode, in which the pressure is kept
closed to its rated value and the power variation is obtained by act-
ing on the water mass flow rate and on the thermal power
exchanged. The latter is the sliding pressure control mode, in which
the control valve of the steam turbine is fully open and the power
variation is a consequence of the pressure variation. Though the
sliding pressure control mode ensures a lower consumption of
the steam turbine and it does not entail the consumption of pumps
at reduced loads conditions, the constant pressure mode is more
suitable for the SG operation. Indeed, this mode is the commonly
adopted procedure in the Rankine cycle-based power plants since
it establishes the saturation temperature, allows promptly varying



Component Description 
dw_ref Grid pulsation set-point 
dw Instantaneous value of the grid pulsation 
Dead Zone Dead zone  
PID PID controller 
Actuator Transfer function representing the actuator dynamics 
Gain  Gain on the PID regulator output 
Sat Saturation effect on the performed control action 
kv Turbine admission valve coefficient 

Fig. 8. Control scheme implemented to perform the primary frequency regulation.
the power produced so as to rapidly meet the grid demands, and to
avoid mechanical stresses when the load requests change.

In the perspective of connecting ALFRED to the grid, it has been
decided to operate the SG in constant pressure mode. According to
this approach, the thermal power exchanged and the
cross-sectional area at the turbine inlet are respectively adjusted
to regulate the load and to keep the pressure close to the nominal
value. Furthermore, the correlation representing the choke flow
conditions at the turbine inlet has been implemented so as to
describe the evolution of the steam mass flow rate. Ultimately,
the thermal power exchanged at steady state conditions is
proportional to the feedwater mass flow rate, which is in turn pro-
portional to the turbine admission valve coefficient, as follows:

Q c;0 ¼ wf ;0 hvðTv;0;p0Þ � hf ;0
� �

ð10Þ

wv;0 ¼ kvp0 ð11Þ

As for the SG dynamics, assuming that the pressure is approxi-
mately uniform, the system total net energy balance equation
takes the following form:

dEt

dt
¼ �wvðhv � hf Þ þ Q c ð12Þ

Since in the operational transients the influence of the pressure
on the net energy is much more significant than the one of the
steam temperature, the storage term is essentially function of the
pressure:

dEt

dt
ffi @Et

@p
dp
dt
¼ Q c �Pm ð13Þ

By considering the enthalpy drop [hv(p, Tv) � hf] as a constant,
the mechanical power available to the alternator has been derived

Pm ¼ wv hvðp; TvÞ � hf

� �
¼ kvpðhvðp; TvÞ � hf Þ ð14Þ

Therefore, in order to achieve a mechanical power step equal to
DPm = DPm,0 by maintaining the SG pressure constant, the
exchanged thermal power and the turbine admission valve coeffi-
cient have to be suitably adjusted:

DQ c ¼ DPm;0 Dkv ¼
1
lv

DPm;0 ð15Þ

where the parameter lv is defined as

lv ¼
@Pm

@kv
¼ p0ðhv � hf Þ ð16Þ
According to the proposed control strategy, the employed con-
trol variables and their tasks in the SG operation have been defined
as follows:

� The opening of the turbine admission valve is used to keep the
pressure close to its nominal value.
� The thermal power supplied to the SG is necessary to regulate

the mechanical power produced.
� The feedwater mass flow rate is adjusted according to the value

of the thermal power produced. Thanks to the feed-forward
scheme, it is possible to maintain a constant enthalpy drop.

4.3. Primary circuit operation

Traditionally, the load following in PWRs is performed according
to the reactor follows turbine approach, i.e., when the connected loads
demand a higher power output, the thermal power produced in the
reactor core is adjusted to the required value together with the feed-
water mass flow rate � Eqs. (10), (11). Ultimately, such a control
strategy is favoured by the negative thermal reactivity feedback
coefficients, which contribute to provide the most of the reactivity
necessary to bring the NPP toward the requested power conditions.
This dynamic behavior can be adapted to ALFRED, even though it is
affected by a system governing dynamics particularly slow. Because
of the large thermal inertia due to the cold pool and the reduced
speed of the coolant in the primary circuit, the characteristic settling
time for this kind of transient is about 1500 s.

However, the main concerns regard the frequency regulation,
since the approach traditionally adopted in PWRs cannot be
employed. As described in [13], the primary circuit configuration
sets strict constraints on the feasible pairings between the input
and the output variables. In addition, the secondary circuit config-
uration in the PWRs favors the prompt adjusting of the mechanical
power output. Indeed, the U-tube SG design is characterized by a
relevant thermal capacitance, which allows storing the excess
thermal power that cannot be admitted to the turbine. In this
way, a remarkable operational flexibility can be achieved in meet-
ing the instantaneous fluctuations of the load demands. On the
other hand, such an interim energy storage mechanism is not avail-
able in the reference bayonet tube SG design adopted in ALFRED.

In the present work, a dedicated control strategy that allows
overcoming such limitations has been conceived. In the proposed
scheme, a sensible role is assumed by the bypass valve, which is
usually employed during the start-up procedure. Indeed, when
the thermal power from the primary circuit is not sufficient to



Table 2
Selected pairings between input and output variables in the control strategy.

Control variable Controlled variable Loop

Control rods height (h_CR) Thermal power (Th_power) Feedback
Bypass valve (Bypass) SG Pressure (Pressure) Feedback
Turbine admission valve (kv) Mechanical power (Pm) Feedback
Attemperator mass flow rate (G_att) Turbine inlet temperature (T_steam) Feedback
Feedwater mass flow rate (G_water) Cold leg temperature (T_cold_leg) Feedback + Feedforward

Table 3
Parameters of the HV grid.

Parameter Value

Phase voltage (kV) 150
Phase angle of phase A (�) 0
Frequency (Hz) 50
Internal connection Yg
Three-phase short-circuit level at base voltage (VA) 108

Reactance over resistance ratio (–) 20

Table 4
Parameters of the breaker.

Parameter Value

Transition time (s) 100
Breaker resistance (X) 0.001
Snubber resistance (X) 106

Snubber capacitance (F) inf

Table 5
Parameters of the HV/MV transformer.

Parameter Value

Winding 1 connection Yg
Winding 2 connection Yg
Nominal power (MVA) 130
Nominal frequency (Hz) 50

Voltage, V1 (kV) 150
Normalized resistance, R1 (–) 10�6

Normalized inductance, L1 (–) 0

Voltage, V2 (kV) 20
Normalized resistance, R2 (–) 10�6

Normalized inductance, L2 (–) 0

Normalized magnetization resistance (–) 500
Normalized magnetization reactance (–) 500
ensure the steam nominal conditions, it allows venting the entire
steam mass flow directly to the condenser. As the power level
increases, the bypass valve is progressively closed, and when the
reactor is operating at full power mode conditions, the bypass
valve is usually kept completely closed [13].

Because of the severe technological constraints characterizing
ALFRED, the lead temperature at the SG outlet has been designed
to be controlled by adjusting the feedwater mass flow rate. Such
a pairing may complicate the Balance of Plant (BoP) operation.
Given that the variations of the feedwater inlet temperature are
effectively damped and the steam conditions at the turbine inlet
are meant to be kept constant, the SG operating points are fixed.
Therefore, if the bypass valve is kept closed, the mechanical power
is proportional to the produced steam mass flow rate, which is
equal to the feedwater mass flow rate. However, as mentioned
before, the value of this control variable cannot be adjusted to
meet the grid demands. Therefore, an additional degree of freedom
turns out to be necessary to regulate the electrical power in accor-
dance with the load demands, to govern the cold leg temperature
and, at the same time, to operate the SG at constant pressure.

A possible solution may be represented by the operation of the
bypass valve, i.e., the turbine admission valve adjusts the mechan-
ical power in response to the grid frequency variations, whereas
the bypass valve governs the SG pressure. The reactor core is con-
stantly operated at rated power level, and the heat produced in the
primary circuit is effectively disposed to the BoP, thanks to the
feedback control loop governing the feedwater mass flow rate. At
the SG outlet, a fraction of the produced steam mass flow rate is
disposed to the condenser without passing through the turbine,
so as to adjust the mechanical power. In this way, it is possible
to develop a control strategy in which the slow dynamics of the
primary circuit is uncoupled from the operation of the BoP, and
the frequency regulation can be performed in accordance with
the UCTE time requirements. As a major outcome, these coordi-
nated control actions would not affect the primary circuit, since
the lead temperature in the cold leg is effectively controlled
through the previously described control loop.

In Table 2, the control loops envisaged by the proposed control
strategy are pointed out. In particular, the control scheme configu-
ration described in [13] has been slightly modified so as to allow
the constant pressure operation of the SG.

As final remark, it is necessary to mention the aspects concern-
ing the steam mass flow rate that is not admitted to the turbine. As
shown in Fig. 6, the steam line governed by the bypass valve
directly leads to the condenser. This representation, however, can-
not be definitive. Indeed, it would be an excessive stress if such
superheated steam flow rate were directly and continuously
vented to the condenser. Though designing the remaining part of
the BoP is out of the scope of this work, different applications for
the recovery of this steam flow can be foreseen (e.g., pre-heaters,
storage).

In conclusion, two possible control approaches for adjusting the
mechanical power output in ALFRED have been identified:

� Reactor Follows: the reactor thermal power is continuously
adjusted according to the variations of the load demands.
� Uncoupled Reactor: once reached the rated thermal power, the
reactor core is always operated at these conditions indepen-
dently of the load requests. The mechanical power regulation
is achieved by coordinating the operation of the bypass valve
and of the turbine admission valve.

In order to outline the mentioned limitations of adopting the
reactor follows approach in the operation of ALFRED, in particular
as far the primary regulation is concerned, the same operational
transient (a 10 MW step on the mechanical power) has been sim-
ulated by adopting both the Reactor Follows and the Uncoupled
Reactor approaches. The outcomes of the simulations performed
by means of the object-oriented model of ALFRED (Section 3.2)
are shown in Fig. 9.

The blue track represents the system response when the
load-following PWR approach is employed. As for the control
scheme configuration, the turbine admission valve has been
adjusted in order to maintain the SG pressure constant, whereas
the control rods have been operated so as to achieve the thermal



Fig. 9. (a) Mechanical power controlled evolution, simulated by adopting both the
‘‘Reactor Follows’’ (blue curve) and the ‘‘Uncoupled Reactor’’ (red curve)
approaches, and (b) detailed view of the simulated transient. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 6
Parameters of the synchronous machine.

Parameter Value

Rotor type Salient pole
Nominal power (MVA) 130
Nominal frequency (Hz) 50
Phase voltage (kV) 20
Stator resistance (X) 7.6 � 10�4

Stator dispersion inductance (H) 1.27 � 10�5

Stator magnetization inductance (d axes) (H) 5.25 � 10�4

Stator magnetization inductance (q axes) (H) 3.84 � 10�4

Field resistance (X) 1.58 � 10�4

Field dispersion inductance (H) 8.7 � 10�5

Damper resistance (d axes) (X) 0.0161
Damper dispersion inductance (d axes) (H) 5.45 � 10�4

Damper resistance (q axes) (X) 2.15 � 10�3

Damper dispersion inductance (q axes) (H) 5.2 � 10�5

Moment of inertia (kg m2) 1.51 � 104

Friction factor (N m s) 0.8
Pole pairs 1
power variation corresponding to the requested mechanical power
drop. The large settling time is due to the primary circuit dynamics.
Indeed, the control of the reactor core conditions so as to reach the
desired power level is heavily affected by the temperature field
whose evolution is particularly slow with respect to the one of
PWRs. Conversely, the red track represents the system response
when the reactor core is working at rated power conditions and
the coordinated control of mechanical power and pressure is
achieved by adjusting, respectively, the bypass valve and the tur-
bine admission valve. Such a control scheme turns out to be more
effective (the desired power level is reached in less than 30 s),
complying with the time requirements of the primary frequency
regulation.
5. Simulation results

5.1. Primary frequency regulation

After having designed a suitable strategy to govern the mechan-
ical power produced, a frequency profile with a resolution of sec-
onds has been provided in order to assess the performance of the
proposed scheme. In particular, the case study referred to the fre-
quency in the synchronous grid of the Continental Europe over a
period of 1000 s. The test data set is referred to the 8 March
2011, between the 6 p.m. and the 7 p.m. [21].

Being ALFRED connected to the synchronous grid, the installed
power is much higher than its own rated mechanical power.
Therefore, ALFRED cannot succeed in restoring the nominal condi-
tions. For the simulation of the primary frequency regulation, the
grid has not been modeled and the frequency regulation process
has been represented by means of an open loop scheme (Fig. 8).
The aim of this simulation is showing that, thanks to the proposed
procedure, it is possible to deal with the grid frequency fluctua-
tions (Figs. 10a and 11a), without being conditioned by the primary
circuit dynamics. As shown in Figs. 10b and 11b, the simulation
outcomes assess that the proposed control scheme allows adjust-
ing the mechanical power, according to the adopted droop, by
operating the turbine admission valve. Though the presented
results are preliminary (the modeling of the BoP is not fully char-
acterized), these simulations may help to evaluate the possibility
of employing this reactor concept in the primary frequency regula-
tion perspective.

When the reactor is operated at nominal power (300 MWth), in
virtue of the feedforward control loop, the value of the feedwater
mass flow is close to the rated one (192 kg/s). In this way, the
influence of the BoP operation on the primary circuit variables is
limited, i.e., the only interferences that can affect the value of the
reactor power are the pressure fluctuations due to the instanta-
neous load variations. However, in addition to the effective pres-
sure controller that operates on the bypass valve, these
fluctuations are further damped by other feedback regulators.
Thanks to the adopted tuning of the controllers parameters, the
disturbances that can influence the values of the primary circuit
variables (Fig. 12a) are effectively filtered by the implemented PI
regulators. Ultimately, the lead temperatures in the hot and cold
leg and the thermal power (Figs. 12b and 13) hardly perceive the
experienced load variations, and they can be easily kept closed to
their rated values.
5.2. Islanding operational transient

Recently, there has been a relevant deployment of the dis-
tributed generation, thanks to the presence of generating units of
small or medium size in distribution lines. In this section, the oper-
ation of the ALFRED reactor as if it were a generating unit con-
nected to the MV distribution line (20 kV) has been studied.
Along with the promptness of the control system in adjusting the
mechanical power produced, the frequency elongation due to the
lack of contribution provided by the HV alimentation line has been
evaluated. Therefore, since the power requested by the loads in the
MV grid is lower than the ALFRED power output, the distribution
line has been modeled, and the load–frequency control via the
NPP has been simulated.

The MATLAB Simulink toolbox SimPowerSystems [22] has been
adopted. Indeed, the MATLAB simulation environment provides a
library for the modeling of electrical components, such as loads,



Fig. 10. (a) Case test frequency profile, and (b) mechanical power response to the provided frequency profile.

Fig. 11. Detailed view of the (a) frequency profile, and (b) mechanical power response.

Fig. 12. Evolution of the variables which influence the primary circuit, (a) SG pressure, and (b) lead temperature in the cold leg.
transformers, lines, and generators, and it has been already widely
used in the energy power field [23] as well as in the control frame-
work [24].

The configuration of the studied grid is shown in Fig. 14, in
which both the HV and the MV grids are represented. The intercon-
nection between them is achieved through a HV/MV transformer,
which lowers the voltage of the transmission grid (150 kV) to the
one of the distribution grid (20 kV). Downstream of the trans-
former, a three-phase breaker is envisaged, thanks to which the
islanding of the MV grid portion can be performed. In the HV grid,
there is a three-phase voltage source that allows simulating the
presence of an infinite installed power grid. The main parameters
of the grid model are listed in Tables 3–6.
The values of the power absorbed by the loads and the power
produced by the NPP have been set in such a way to obtain a net
export of power from the MV grid to the HV grid. In order to prop-
erly simulate the input–output dynamics of the MV grid, an equiv-
alent load has been added, in place of the generator in the HV grid.

In nominal conditions, ALFRED is connected to the grid and per-
forms the primary frequency regulation. At the time t = 100 s, the
breaker is opened, and the islanding of the MV grid is achieved.
Thereafter, the grid portion downstream of the transformer
HV/MV is isolated, and ALFRED must meet the power demand of
the connected loads.

The net effect of the islanding is the cessation of the power
export from the MV to the HV grid. According to the demands of



Fig. 13. Evolution of the primary circuit variables during the primary frequency regulation, (a) thermal power, and (b) lead temperatures in the hot (red line) and cold leg
(blue line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. Configuration of the portion of the grid which performs the islanding.

Fig. 15. (a) Mechanical power response to the disconnection from the grid, and (b) evolution of the frequency in the islanded portion of the grid.
the loads connected to the distribution line, ALFRED must achieve a
20 MW power drop within a few seconds so as to maintain the
value of the frequency equal to the set-point (50 Hz). Indeed, at
the beginning of the transient, the excessive power production
(Fig. 15a) leads to an increase in the grid frequency (Fig. 15b).
The employed controller cannot prevent a frequency overshoot,
even if it remains below the maximum allowed limit (50.8 Hz).
In the case of the islanding, the capability of promptly adapting
the power plant operating conditions to the new grid configuration
is a basic requirement in order to avoid compromising the integrity



Fig. 16. (a) Turbine admission valve coefficient variation, and (b) SG pressure evolution.

Fig. 17. Evolution of the primary circuit variables during the islanding, (a) lead temperatures in the hot (red line) and cold leg (blue line), and (b) thermal power. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
of the connected loads. It is clear that, in any case, the accomplish-
ment of this transient can take place only if the primary circuit
dynamics are decoupled from the BoP operation.

The turbine admission valve has to be promptly operated to
adapt to the new requested power level (Fig. 16a). This has an
impact on the pressure evolution (Fig. 16b), which is affected by
the sudden closure of the valve with an overpressure transient
whose amplitude remains contained. As for the BoP induced feed-
backs on the primary circuit, the implemented regulators guaran-
tee reliable performance. Indeed, the net impact on the lead
temperature in the cold leg (Fig. 17a) is less than one degree of
deviation from the nominal value. Thanks to this reduced influ-
ence, the feedback control loop devoted the thermal power control
achieves maintaining the steady conditions in the primary circuit
(Fig. 17a and b).

6. Conclusions

In this work, the possibility of performing the load–frequency
control by means of LFRs has been studied, by adopting the
ALFRED reactor as a case-study. Being ALFRED a demonstrator
whose aim is assessing the feasibility of LFR technology, the sys-
tem capabilities to adjust the mechanical power output in
response to grid frequency fluctuations have been evaluated.
Firstly, it has been tried to adapt to ALFRED the reactor follows
turbine approach. However, such a strategy has turned out not
to be suitable since the technological constraints due the adop-
tion of lead as coolant determine strict pairings between input
and output variables. Therefore, because of the impossibility of
adjusting the feedwater mass flow rate conditions according to
the instantaneous load demands, it has been necessary to
decouple the operation of the BoP from the primary circuit
dynamics. The proposed control strategy foresees to govern the
mechanical power produced by regulating the bypass valve and
the turbine admission valve, by operating the SG in constant pres-
sure mode so as to balance the frequency fluctuations over few
seconds, without affecting the primary circuit. The outcomes of
the performed simulations have demonstrated the capability of
the studied NPP to promptly adapting the electrical power pro-
duction to the instantaneous variations of the load demands. In
addition, the possibility of operating the NPP in islanding mode
has been evaluated. In this way, ALFRED can be regarded as a
power plant that can play an important role in ensuring the ser-
vice continuity in case of accident in the upstream line, in virtue
of its reliability features.

As a future development of this work, it would be interesting to
interface the simulator of ALFRED with a more realistic description
of the power grid. Indeed, at the moment, the developed strategy is
suitable for meeting reduced amplitude variations of the power
output. Conversely, the possibility of allowing for the presence of
wind farms and photovoltaic plants would give the possibility of
conceiving a more efficient control strategy, foreseeing the slow
varying set-point for the thermal power control as well.
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