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Abstract

The paper presents the application of the Modelica lan-
guage to the modeling, simulation, and control of the
new IRIS nuclear power plant, under development by
an international consortium. The plant model, devel-
oped by using components from the ThermoPower li-
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1 Introduction

The IRIS project [3] involves 21 organizations from
10 countries and refers to the design of an innova-
tive, light water reactor with a modular, integral pri-
mary system configuration. The reactor pressure ves-
sel houses the nuclear fuel, control rods and con-
trol rods drive mechanisms, but also all the ma-

Downcomer

Figure 1: The IRIS Reactor

jor reactor coolant system components, including tr@mpared to conventional PWR plants, however, IRIS

coolant pumps, the steam generators and the presgﬁ

s a set of distinctive features, which directly affect

izer (Fig.1). the control system design:

IRIS is basically a PWR (Pressurised Water Reactor):e
in the primary loop, liquid water is heated by the nu-
clear fuel rods in the core, and is then sent by the
pumps to the primary side of heat exchanger; the sec-
ondary loop actually generates steam which is sent to'
turbines to produce power.
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the integral configuration requires a large water
inventory in the primary loop, whose residence
time is much greater than usual;

a helicoidal once-through steam generator is em-
ployed on the secondary side, which has a very
short residence time, compared to the more
widespread U-tube recirculating steam genera-
tors;

sprayers are not available to reduce the pressure
in the primary loop during fast transients.
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The control strategy must take these facts into accout (o %
and a dynamic simulation tool is essential to ensut
that the control objectives can be achieved. @~ ..

Highly detailed dynamic simulators have been deve <

sssss

oped for the IRIS reactor [6]. Such simulators, base <]
on the complex computational fluid-dynamics codt

nnnnn

nnnnn

tor design features. On the other side, due to tr ™
amount of the details involved, they cannot be profi 4&

EEEEE

ciently used for control-oriented dynamic simulation. <

Within this framework, the use of the Modelica lan- ...
guage offers a viable solution, allowing the develop <
ment of dynamic simulators that are detailed enoug

for control-oriented analysis and yet with limited com- ;
putational requirements.

To provide the required capabilities for the analysis,
specific models for nuclear reactor components have
been developed, to be applied for the dynamic simula-
tion of the IRIS integral reactor, albeit keeping general
validity for PWR plants. In addition to that, specifip .1 Primary loop
digital control blocks have been developed, so that a
complete model of the plant and of its digital contrafhe primary loop (see Fig. 2) starts with the pressur-
system is available. izer (top of the diagram); the pressurizer is connected
The paper is organized as follows. An overview of tH a pressure-loss component to the upper mixing vol-
plant model is presented in Section 2, while in Segme, taking into account the mass and energy bal-
tion 3 the models specifically developed for nucleances. Starting from the top of the diagram, counter-
components are analyzed in detail. Section 4 contaf@ckwise, the centrifugal pump model can be found,
an overview of the plant digital control system and, fi®llowed by another plenum model. The primary side
Section 5, the problem of managing a library of plagf the heat exchanger between the primary and sec-
models with different detail levels is tackled. Section@dary loop is then encountered, modelled by three
presents some closed-loop simulation results. Finafgscaded, finite-volume pipe models; the middle one
Section 7 draws some conclusions and outlines posigscribes the section where the coolant is actually in
ble future developments. contact with the secondary side tube bundle. Proceed-
ing onwards, other two plenum models followed by a
pressure loss can be found, leading to the inlet of the
core model (see next Section). This in turn is followed
2 Plant Model by another pressure loss, another plenum, and the two
riser sections, modelled by two pipes having different
The model of the IRIS plant basically describes tifameter. The loop is closed by a simple model of
primary circulation loop, i.e. the reactor coolant looghe chemical and volume control system (CVCS), ba-
and the secondary loop, i.e. the once-through evaﬁ'tga”y a mixer and an ideal flow source. The fluid in
rators, along with the feedwater and turbine systenffd¢ Whole loop is one-phase water, with the exception
Most of the required models have no specificclear ©f the steam filling the upper pressurizer dome.
features, and were thus borrowed from the gener@he heat transfer between the primary and secondary
purpose ThermoPower library, designed for the mddop is modelled by two heat transfer modules and
elling of generic thermo-hydraulic power plants; thiey the thermal model of the tube metal mass. The
library is an open-source project, described with mopemary-side heat transfer coefficient is held constant
detail in [4]. The only notable exceptions are the reai its nominal value, since the Reynolds and Prandtl
tor core and the pressurizer, which are described in thembers does not vary substantially; on the secondary
next section. side, the heat transfer coefficients can be computed ac-

Figure 2: Plant flow diagram
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cording to different laws, e.g. Chen’s correlation, or
much simpler, empirically tuned curves. N

2.2 Secondary loop

The secondary loop is composed of the feedwater sys-
tem, the helical coil once-through steam generator and
the turbine system. The once-through generator is rep-
resented by a finite-volume, 10-node model of the two-
phase fluid flow, assuming homogeneous flow, i.e. the
same velocity for the liquid and vapor phases.
Currently, the feedwater system is represented by an
ideal flow source, whose flow rate is determined by
the control system, and whose enthalpy is a function of
the plant load level, determined from balance-of-plant
calculations. The turbine system includes a simplified, Figure 3: The Core Model Internal Structure
linear model of the high- and low-pressure turbines,

plus simplified models of the connection to the gridiynamic balance equations, describing the evolution
including an idealized synchronous generator, 10G§ the neutronic population and of the precursor con-
loads, and a grid model. The latter ones are includgshtration. Reactivity feedback from coolant density,
to provide suitable boundary conditions for the (mugfle| Doppler effect, and rod insertion are accounted
slower) plant dynamics; therefore, they only model agyr. The dynamic terms can be switched off, to obtain

tive power flows, neglect the electro-mechanical dy-simplified static model, neglecting the fast dynamics.
namics, and assume perfect synchronism betweenThe neutronic power generated into the fuel is propor-

Coreoderator

generator and/or the grid. tional to the neutronic populatian which responds to
In the near future, it is planned to replace the feeffie point reactor kinetics balance equations :
water and turbine system models with more realistic dn _ 6

: ! : p—B
counterparts, including steam bleedings and conden- o TTH-_ZM Ci
sate train, to better represent the actual steam genera- = 1)
tor dynamics under large load variations. On the other da _ En_xiq i=1.....6

)

hand, the finite-volume fluid evaporator model could dt A C
be replaced by a simpler version, with moving boundwherec is the precursor concentration leading to a
aries between the liquid, 2-phase, and vapor sectio#@layed neutron sourcp,is the total reactivity of the
and an averaged description of each section. core, is the fraction of delayed neutrorisjs the de-
cay constant of the precursors afvds the character-
istic period of the reactor or mean neutron generation
3 Nuclear Components time.

) Reactivity feedbacks are taken into account as well, by
TheModelicamodels for “nuclear” components hav@onsidering linear or non linear feedback coefficients,
been developed to provide solutions which are suitalligvays negative, for the coolant density effexs)( the
both for “general” use and specifically for the IRIS nuuel Doppler effect @), the effect of the boron con-
clear plant modelling. The main components are tRentration @) into the primary fluid as a neutronic
core, (with separate models for the point kinetic nedison and the level of insertion of the control rod
tronic generation, the fuel thermal dynamics and tﬁé‘”ks into the corexcr). These relations are

moderator, as depicted in Fig. 3) and firessurizer P = pcr+Ps + Pc+ P8,

the main modelling principles are summarized here, pr =0t (Terf— Teffg) »

for more details see [1, 2]. 11 @)
Pc =0¢c (Vc_ Vco>

3.1 Point Kinetics Neutronic

The point kinetic neutronic model describes the dy-
namics of the neutron generation processes in thieereTest andTett, are the instantaneous and refer-
core. The model is based on standard point kineéince effective fuel temperature, respectively, obtained
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from the fuel modely; andv,y are the instantaneousquations read:
and reference specific volumes of the cool&hand

Cy are the instantaneous and reference boric acid con- o 9T _10( 9T +q"
centration in the coolant. The boric acid concentration P¥PP ot “rar\ Por ’
in the coolant depends mainly on the control rods in- 3 T
sertion. — [ kg=2] =0 3

B
The reference values are those corresponding to the
nominal, full power operation of the reactor. oTc 10 0Tc

Pepeat ~rar \"ar

wherep is the densityg,, is the specific heal is the
temperaturek is the thermal conductivityy” is the
3.2 Fuel model volumetric source term, is the radial dimension artd
the time, while the subscripts g andc stand for the

The fuel model describes the dynamics of the thernii!let: the gap, and the cladding, respectively.

power generated within the core by the nuclear chaif€ heat transfer model is represented in Fig. 4, with
pellet discretized into three zones of equal volume.

reactions. The neutronic generation model and the fH%‘F ) =
model are linked by a connection between twtod- _Eq_s.(3), together with the conditions of h_eat_flux van-
.ishing at the pellet center and the continuity of the

elicastandardHeatPort , where the connectors vari- -
able are the total power generated and the fuel tefgmperatures and heat fluxes at the three boundaries

perature. AThermoPoweDHTdistributed heat trans-Pellet-gap-cladding-coolant allow the determination of

fer connector is used as well, as an interface with the(:t): To(r,t) andTe(rt). _ _ _
moderator, modelled by a 1-D flow model. In addition to the above equations, five correlations

_ o . synthesizing the dependanceagfy, Kp, Cpc andk; as
The model is based on the application of the time dgfunction of the fuel temperature andigfas a func-

drical geometry) to the three fuel zones: pellet, 9gen adopted.

and cladding (Fig. 4). The condition at the cladding-coolant interface is de-
termined by the distributed heat transfer connector
zone | variables.
Finally, the effective fuel temperature, used to evalu-
cladding ate the Doppler feedback contribution on neutronics,

is defined as follows:

DI

5

M 4
) Tefs = §T|r:0‘|‘ §T|r:R . (4)

p 3.3 Moderator
AT

‘ The core moderator is modelled by the ThermoPower

2 RR, library Water.FlowlD , with a small extension to
make the fluid density available to the point kinetics
model. The coolant model has the same number of

Figure 4:Fuel pellet radial scheme for heat transfer mogolumes as the fuel. The convective heat transfer be-

elling tween the two components is calculated at each node
by

The main assumption of the model is to consider only Gmod = —@c ,

the radial heat transfer, thus disregarding both the ax- (5)

ial and the circumferential diffusions. Fourier's equa- Pnod = ¥{Te —Tmoa)

tion is discretized radially in five zones, and longitudivhere@y,q andg. are, respectively, the moderator and
nally in a user-decidable number of segmeits (For the fuel cladding heat fluxy is the heat transfer co-
the pellet, gap and cladding the corresponding balamtgcient, andToq and T, are the moderator and fuel
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cladding temperatures. Detail&ELAP simulations Classic design concepts, for early nuclear units, re-
have shown that the heat transfer coefficient is apprdied on separate control systems for each control loop,
imately constant for all the operating conditions thend limited signal interaction between the loops [9].

control system is concerned with. This simplified the design of each loop, particularly

with analog control systems where each interconnec-
tion added hardware expense. On the other side, the
current trend is for more integrated systems that can

The pressurizer model is based on a lumped paratﬁ'*fe advantgge of coordinating the_ different control
eter approach, which is appropriate to the IRIS caé%c.)ps 71 _Th's allows for more effectlv_e plant cont_rol,
Both water properties in the liquid volume and in th%_Ut compllc_ates the con_trol system failure gnaly3|§. A
steam volumes are assumed as homogeneous, at e\aame solution for IRIS_ is th(_a chqce of a hierarchical
pressure but not at thermodynamic equilibrium. control system, as depicted in Fig. 5.

The model is based on two groups of dynamic mass
and energy balance equations, the first for the liquid comrsyem
phase and the second for the vapor phase inside th
tank. Mass and energy transfer between the two phase

: : : ' ! ! |

is provided by bulk condensation and surface conden/

sation of the vapor phase, and by bulk boiling of the commsmen | | Comaomem | | comeisiom | | ComoiSmem | | ComperSomem
liquid phase. Additional energy transfer can take place
at the surface if the steam is superheated.

External interfaces are provided for connections to the Figure 5:Control system architecture

hydraulic loop by a bottom flange and to a safety cir-

cuit by asafetyflange; also available are a heatingt the top level is located a supervisory control system
power command input and a level signal probe outputith the following functions:

The heating power input is processed by a limiter and
a low pass filter block to simulate the delay in heating
effect and the limited heaters power. The resulting ef-
fective heating power signal drives the production of
saturated steam by the heaters at a rate correspond-

ing to the difference between the enthalpy of the liquid ¢ Monitor  plant  conditions and  deter-
holdup and the enthalpy of saturated steam. For sim- mine/coordinate the appropriate operating
plicity, the corresponding steam flow enters directly modes for the major control systems.

the steam holdup, without causing heating of the "q’he control sub-systems have different settings and a

uid holdup. varying structure (i.e., different inputs and different

The bottom flange’s flow enters directly the liquid vol(-:o troller structure) depending on the specific operat-

ume; its pressure is increased depending on the qu|.H mode of the plant

holdup’s level. o ) All the operating modes to drive the plant during the
The metal wall dynamics is taken into account, ass“ﬂbn-emergency maneuvers have been designed [8]:

ing uniform temperature. Heat transfer takes place l?‘[?e'vertheless, only the “full-power” control mode (nu-
tween the metal wall and the two phases and betw%qagar flux from 20% to 100%) has been fully imple-

the wall and the external ambient at fixed temperatufSanted. simulated and tested yet, so, from here on, the
description will cover only such operating mode.

3.4 Pressurizer Model

e Establish the plant electric power reference sig-
nal. Such reference signal will be used to derive
reference and/or feedforward signals for the other
major control loops.

4 Control 4.1 Supervisory Control

The control design of the IRIS nuclear power plant he supervisory control system uses the normalized
a complex task, with objectives that, depending on tbesired power as an input signal to derive the refer-

plant operating conditions, vary from the managemesrice and feedforward signals for the lower-level con-

of start-up sequences to the recover from turbine or tesl systems. On the base of the desired power the tem-
actor trips and to the grid power/frequency regulatigrerature and nuclear flux reference for the reactor con-
at full nuclear power. trol are derived, along with a pressure reference for the
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turbine and steam dump control systems and with thike control is based on a PID, its input being the refer-
flow rate reference for the feedwater control. The signce pressure signal coming from the supervisory con-
nals to be fed to the lower systems are derived framol system and the actual steam pressure measured at
the desired power reference with linear filtering arttle turbine inlet, with suitably low-pass filtering ac-
through look-up tables based on steady-state plant lt@n. The PID output is then summed to the amplified
ances. frequency mismatch (i.e., the difference between the
actual generator frequency and the desired frequency),
with the gain depending on the grid droop setting. The
resulting signal is fed to the TAV drive system after be-

The aim of the reactor control is to control the coolalftd filtéred by a non-linear algebraic function, which

temperature, and thus the reactor nuclear power, |B)§m approximate inverse of the TAV characteristic.

driving the control rods stepping system. As a matter

of fact, the reference is_a temperature signal _comiﬂ% Steam Dump Control

from the upper level, while the measurements include

the core coolant average temperature (obtained asThe steam dump control system must control steam
mean between the temperature at the core inlet andghessure when the turbine admission valve control is
one at the core outlet) and the nuclear neutron flux (oiBt doing so, and must provide a backup in all other
tained through special sensors enclosed within the coeges. Experience shows that a simple PID control per-
shielding). forms well, particularly if the system uses hydraulic
The temperature error, with suitable dynamic compesteam dump valves, as it will be in the IRIS case.
sation, is used to generate an error signal for determiie controlled variable is the steam dump valve open-
ing the speed request for the control rods, along witlg, while the controller inputs are the pressure refer-
a power mismatch signal which is used to improve tl@ce (from the upper level) and the turbine inlet steam
stability and the velocity of the reactor control systepressure (low-pass filtered). Additional steam-dump
response. The power mismatch signal (i.e. the difetion is available in case of need: the power refer-
ference between the reference and the measured reige, filtered through a rate compensator and a suit-
tronic flux) is fed into a rate compensation filter, table gain, is added to the steam dump valve control
eliminate steady-state influence, and then into a n@ignal, to provide a faster response in case of sudden
linear, power-dependant gain, to improve low-powehanges in the requested power (e.g., when a reactor or
response while avoiding high frequency excitation afturbine trip occur and the supervisory control system
the rod stepping system. instantaneously lowers the power reference).

The combined error signal enters a rod speed pro-

gram that features a small dead band to avoid high

frequency rod stepping. The speed request thus g%r? Feedwater Control

erated is then serviced by a servo control system ey feeqwater control system directly controls the
bedde(_JI within the contro! rods drive mechanlsm. Thl’éedwater flow in the secondary side by acting on a
servo is currently described by a high-level behayz e |gcated at the feedwater pumps. The structure is
loral model, which could be eventually replaced by, e on two PID controllers in cascade configuration.
physical-based model. The inner loop acts to control feedwater flow to the ref-

erence value obtained from the supervisory control. In
4.3 Turbine Admission Valve Control the ideal case with perfect settings in the supervisory

controller, this would result in the plant operating at
The turbine system for the IRIS power plant has ntite desired power, at least in steady state. Of course,
been completely designed yet and it is reasonablestech an open loop control on power would be sensi-
assume that the turbine supplier will provide most tife to parameter variations, so the outer loop provides
the requirements for the turbine control system; hoa+rim signal to adjust feedwater flow to achieve the de-
ever, the design must be compatible with the overalted power by the action of a PID controller with the
IRIS plant control strategy. The most important comeference and the actual power as inputs. The feedwa-
straint is that the IRIS turbine control will have théer valve control signal is then filtered by a non-linear
responsibility for controlling steam pressure by actirajgebraic function, which is an approximate inverse of
on the turbine admission valve (TAV). the valve characteristic.

4.2 Reactor Control
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4.6 Digital PI controller CS = CSmin;

o ) CSport.signal[l] = CSmin;
Models for digital Pl and PID controllers, in ISAform, else

have been implemented. Here, for the sake of brevity, CS = CSwind;
only the PI development is briefly showed: the PID _ CSportsignalf1]
model development is quite similar. eend’

The model is based on the standard industrial ISA for-

mulation, with the output calculation formula obtained
with a Tustin discretization: where the paramete@SmaxandCSmin, are the up-

per and lower saturation limits for the control action.
1 With this implementation structure, the controller inte-
TS(SF’(S) —PV(S))) gral state is automatically updated at every execution
cycle so to be coherent with the last output sample.

CS;

CYs) =Kp ((bSP(s) —PV(s)+

2z-1
] <Tust|n:s: Tsz+1> (6)
aota 7L bo by 21 5 Model Management through the
CY?2) :SP(z)j—k PV(z)ﬁ . .
1-z 1-z project life-cycle
with

Object-oriented features such as inheritance and re-
_2Kpbii+KpTs . A= —2Kpbit+Kp T placeable components are often described as key fac-

—2szl;rl'ﬁ—Kst 2KpETII|prTS tors in the development of reusable model libraries.

bp = T : bl:z—ﬁ In fact, they can also be extremely useful for the

proper management of families of application models
The complete controller model includes also advancédioughout an engineering project’s lifetime, as it will
features likemanualandtrackingworking mode, out- b€ explained in this section with reference to the IRIS
put saturation, and anti wind-up mechanism. project.
The resulting block has two boolean inputs (automatic
and tracking switch signals), four discrete real inpuls1 Requirements

(set-point, process value, manual and tracking sign . . I .
and a discrete real output (control signal). aﬂ)L}rlng the IRIS project lifetime, a considerable num-

The Modelicaimplementation exploits the languag&€r of model variants will have to be built and ana-
features for digital blocks, using discrete variables ahaed; some of them will become obsolete and will
with the instructions enclosed within a sampling loopave to be discarded, while others should be kept con-

when {initial(),sampleTrigger} then S|st_ently up—to—date_. Th_e motivations of the model
variants are now briefly discussed.
[Pl computations] Depending on the specific simulation to be performed,

different accuracy vs. computational load trade-offs
are required. Reference simulations should be per-
The anti wind-up mechanism is implemented via darmed with the maximum level of accuracy and de-

end when;

auxiliary variable: tail, and cross-checked with the results of the refer-
CSwind=pre(CS)+a0*SP+al*pre(SP)+b0*PV+ ence simulations performgd W|th_ the certified RELAE
b1*pre(PV): code. When performing simulations around a certain

operating point, some approximations could then be
whereCswind is the auxiliary variableCSthe con- introduced, which are only valid for that operating re-
trol variable, SP the set-point andPV the process gion; it should be possible to easily check simplified
value. versions against their more accurate counterparts.

The actual control value is chosen depending on 86 q of the plant parameters (e.g. the pump character-
controller logic state (automatic, manual or trackin

and on the saturation values, e.g. : Htics, or some plenum volumes) are not yet definitive,
and could change in the future; when one of such pa-

if AUTO then rameters is changed, it is essential that all the current
g ng'sn d: >ésg1§$ax then model variants are updated consistently.

csport,signaqi] = CSmax: Once the initial phase of the control system design has

elseif CSwind <= CSmin then been carried out, a systematic simulation campaign
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must be performed to check that the operational col
straints (i.e., the activation thresholds of the protectio
system) are never violated in all the predicted ope
ating conditions and transients; thousands of differel
simulation runs can be required. To carry out this tasl
the simplest and fastest possible variant of the plal
model should be used.

It should be also kept in mind that the plant mod
els will be developed, used, and maintained by dif
ferent people over a wide time span (several year
and at widely spaced sites (US, Europe). For instanc
the model presented in this paper will be presumabl
frozen for some months, and then possibly resume
when the project will enter the commercial phase. |
is therefore essential to avoid building a plethora ¢
distinct models, differing only by some details, which
would be extremely difficult to maintain and documen.
consistently.

Figure 6: The Base Simulator Model

5.2 Implementation

The top-level structure of the simulator is represented
in Fig. 6: the TGFWS block contains the Turmodels are the IF97-based water models taken from
gdelica.Media , but it is possible to use much

bine/Generator/Feedwater system model; the ng . . .
block contains the Nuclear Steam Supply Systeﬁ\s'[er models, based either on table interpolation or on
uation-based simplified medium models. The ther-

model, i.e. the nuclear reactor, with the primary and! q . diti fthe fluid in the i |
secondary loops. The two are connected to each other yhamic conditions ot the fiuid Inthe primary 100p

by thermo-hydraulic connectors. The control side ﬁ:gndltlons vary in a rather narrow range (140 to 160

ar, 270 to 330 degrees Celsius), so that extremely
represented by the CS (Control System) block, col-" . . .
P y ( y ) 5)Empllfled models can still be acceptable; the fluid con-

lecting all the control loops, and the SS (Super\l?.. i th dary | in a broad
sory system) block, which generates the set points dpons N the secondary 100p vary in a broader range,
subcooled liquid to superheated steam, albeitin a

the CS based on the plant load request. Three 458 bar. due 1o th
connectors carry the sensor, actuator, and refereﬂggow pressure range'aroun ar, due 1o the pres-
ure control system action.

signals. This structure is common to all the poss%-
ble variants of the model, and thus contained in thast, but not least, if an incompressible fluid model is
IRISSimulatorBase  partial model. Different ver- adopted for the primary loop, the fast pressure states
sions of the simulator can be instantiated by selegfiused by the small compressibility of the fluid, cou-
ing the actual content of each block; for instance, oREed with the small hydraulic resistances around the
could use the simplified TGFWS model described firculation loop, are automatically avoided, without

Section 2, or a more detailed one. any need to change the component models. This is es-
The NSSS model contains a replaceable mod&ntial to allow the use of the faster explicit integration
(HelicalCoil ) for the secondary side of the oncedlgorithms (e.g. forward Euler).

through steam generator, which can be implementBide simulation suite is then organized as a small li-
by either the finite-volume or the moving boundaryrary (Fig. 7), containing the “empty” base models,
model, and by adding through inheritance the desiradd the actual models of the different parts, without
eguations to compute the heat transfer coefficient. any unnecessary duplicate of data. Any specific vari-
Besides that, it is possible to vary dramatically trent of the simulation model can be instantiated from
degree of detail and the computational load of tlleis library by using suitable modifiers. For exam-
model by changing the number of nodes in the capée, the variant V2 of the simulator, using a simple
and once-through generator models, as well as ingompressible water model for the primary loop, 7
redeclaring the medium models in the primary amgbdes in the core model, a finite volume model of the
secondary loop components. The default medisteam generator with 15 nodes using Chen’s correla-
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BRI & RS 6 Simulation

EI ﬁ Simulatars |j Simulatars
- m IRISSimulatarB ase (] Flants
[F]IRISSimulater ¥1 £ [ Conrols

The results of a closed-loop simulation, obtained with
the tool Dymola ([5]), are now presented. The refer-

ence transient is a filtered step variation of the electri-
-[A]RISSimulator 2 -] CsBase cal load reference, from 90% to 100% and then back
- [{] RIS Simulator /3 -[gf35Base to 90%. Although such a rude transient will never
=[] Plarts - fem|C5 1 be performed on the actual plant, it is usually em-
Bl NS 55Base - fem|C5_v2 ployed to assess the overall dynamic response of the
- B TGFWSBase - [g]55_v1 control system, in terms of speed of response, damp-
- @ HelicalCoiB ase - [g]s5v2 ing, overshoot, and so on. The normalized transients
FNsss w1 & (JBuses of the neutron flux (representative of the generated nu-
Efnsss_v2 N clear pewer) and of the generated electrical power are
shown in Fig. 8, along with the reference power signal.
- [ TGRwS_v1 - A ctuatoBus The res l-d d and with limi ]
ponses are well-damped and with limited over
- [@Torws vz - [l Sensobus shoot. The neutron flux transient takes into account
-+ [ HelioalCoiFyChen the effect of the step-by-step actuation mechanism, as
- [ HelcalCoiMe well as of the dead-band included to avoid persistent
i+ (]| Controls chattering around a specific operating point. The cor-
& [JBuses responding normalized transients of some control vari-

ables (i.e. TAV opening, feedwater flow rate, and rod
insertion) are shown in Fig. 9.

Figure 7: Iris Simulation Suite

1.06 ‘ ‘
= Reference Power
104 — Nuclear Flux i
tion for the heat transfer coefficient, the variant V1 « — Electrical Power
the TGFWS, and the variant 2 of CS and SS, is inste 1.02f .
tiated as follows: ] ﬂ
0.98] 1
model IRISSimulator_V2 0961 |
extends IRISSimulatorBase( '
redeclare Plants.NSSS_V1 NSSS( 094 J
redeclare package PrimaryMedium =
Media.SimplelncompressibleWater, 0.92+ .
Core(N = 7),
redeclare Plants.HelicalCoilFVChen 0.9¢ ]
HelicalCoil(N=15)), 0.88 ‘ ‘ ‘ ‘ ‘ time (s)
redeclare Controls.CS_V2 CS, ] 200 400 600 800 1000 1200 1400 1600

redeclare Controls.SS_V2 SS,
redeclare Plants. TGFWS_V1 TGFWS);
end IRISSimulator_V2;
Figure 8: Normalized response to a step load variation:

measured variables
IRISSimulatorBase is the empty base model de-
scribed at the beginning of the section, and its four
replaceable componendSSS, TGFWS, CS, SS 7 Conclusions and Future Work
are of typeNSSSBase TGFWSBase CSBase and
SSBase, which again only contain the interfaces. Thgy this paper, the application of Modelica to the
NSSS model in turn contains the replaceable steafidy of the control system of the new IRIS nuclear
generator modetielicalCoil . power plant has been presented; this is also the first
In this way, it is straightforward to maintain a conindustrial-scale application of the ThermoPower Mod-
sistent state for a potentially large family of simulatalica library.
variants, as well as documenting all of them efficientlyhe well-behaved nature of the closed-loop transients
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Figure 9: Normalized response to a step load variation:

control variables

has confirmed that the new reactor concept will notd]
pose exceedingly difficult problems to the control en-
gineers, compared with already existing PWR plant%]
On the other hand, the availability of a detailed dy-
namic model will allow the study of more advanced
control concepts, to cope with situations such as. e.g.,

load/frequency control in small grids, or improved

management of blackout transients.

The object-oriented features of the Modelica Ianguagp']
(replaceable classes in particular) have been fully ex-
ploited to allow the efficient management of all the
variants of the plant simulator, which will be needed
throughout the project’s life-time. The structure of the
simulation suite will allow an easier re-use and exten(8]
sion of the models developed so far, when the project
will eventually enter the detailed engineering phase,

prior to the construction of the first plant.
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