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ABSTRACT The paper presents the simple and efficient analysis method of frequency-domain to control
the core power and coolant temperature of Nuclear Power Plants (NPPs). In order to properly describe the
neutron kinetic and thermal transmission of NPPs, a one-dimensional dynamic model has been accomplished
by using the linearizing in time domain and discretizing in spatial domain, and then the transfer function
matrix can be obtained through Laplace transform. Based on the transfer function matrix of NPPs, the
effective of different system inputs: reactivity and feed water mass flow, can be analyzed by Nyquist method.
On this basis, the power and temperature control system are presented, and the stability is proved in frequency
domain. The proposed method is verified by RELAPS that confirm its performance.

INDEX TERMS Nuclear power plant, power and temperature control system, control strategy, RELAPS.

I. INTRODUCTION

Generally, nuclear power plants (NPPs) operate as the pri-
mary base energy source in electricity grids, which means
in most cases, the core power or electrical power of NPPs
need to keep constant [1]. In this case, the control system is
designed for resisting the perturbation of power and coolant
temperature. However, with the development of nuclear tech-
nology, the share of nuclear energy source in the energy
balance of the electricity grid has a significant increase [2].
Therefore, there is a tendency for NPPs to adjust the core
power and coolant temperature flexibly. High control per-
formance can be achieved by improving the existing control
algorithms via applying advanced and most modern control
technologies.

Considering the complexity of the NPP model, the high
performance power and temperature control system based on
advanced control  technologies will face many
difficulties [3]-[4]. Therefore, a simple and efficient
approach for power and temperature control system design
need to be developed. For this purpose, a control oriented
model of NPPs is needed. The most dynamic simulation
codes cannot be satisfied with this demand, because the
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dynamic model build by these codes cannot be analysis
by control theory. Although large scale three-dimensional
dynamic model is sufficiently accurate, it is too complex
to be linearized through small perturbation method. Thus
one-dimensional distributed parameter thermal model is
employed to be linearized in time domain, discretized in Spa-
tial Domain for transfer function modeling [5]. Based on this
dynamic model, the transfer function model was developed
by the Laplace Transformation. Through the transfer function
model, frequency domain analysis method is used to analyze
the stability and design the temperature control strategies.
The simulation with RELAPS verifies the performance of the
power and temperature control system based on the frequency
domain method.

Il. MATHEMATICAL MODEL

In this section, the discussion is only aimed at the transfer
function modeling of the neutron kinetic and coolant behavior
in NPPs. For the sake of simplicity, a single phase heat
exchange tube model is referenced. The other models, such
as core, primary and secondary Steam Generator, are formally
equivalent.

A. NEUTRON KINETICS MODEL
The mathematical model has a single computational node of
neutron kinetics. The purpose of this node is to calculate the
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average neutron density or power. The node is defined by the
following differential equations:

dn() 8 —p S
= n(t)+l§x,c, (t) (1)
dei(t) _ B .
=) = XG0 )

where, n means the averaged neutron density, 6 means the
6
reactivity, B = )_ B; means the total yield of the delayed

neutron precursolr_s,1 Bi are the delayed neutron fraction, [ is
the averaged neutron generation time, A; means the delayed
neutron precursors decay constant, C; are the ith group of
the delayed neutron precursors concentrations, f means time.
With the linear method based on Taylor expansion, and
Laplace transform, the transfer function of neutron kinetics
can be shown as equation 3:
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where, A means the increment, ny means the initial averaged
neutron density. The average thermal power generated in the
nuclear reactor P is directly proportional to the average neu-
tron density AP = & An, where £ is the constant coefficient.

Considering the reactivity feedback from coolant and
fuel temperature increment, the reactivity increment can be
described as follows:

3

A8 = Ainput + AStemp S

where, Adj,,,, means the reactivity introduced by control
rod, which can be regarded as the input of the power control
system; Adse,p means the reactivity feedback from coolant
and fuel temperature.

B. THERMAL-HYDRAULIC MODEL
1) HEAT CONDUCTION IN REACTOR CORE
A one-dimensional single channel core thermal model is built
in figure 1. A n nodes heat transfer model with some sim-
plifying hypotheses, include single fuel, gap, clad, coolant,
has been implemented with neglect of axial heat conduction.
In this model, the coordinate of fuel rods central axis is zero.
According to the Heat Diffusion Equation, the transfer
functions of heat transfer process from fuel to clad described
by incremental form can be represented as follows:
where, o means coefficient of heat transfer; / means the
length of coolant nodes; D means the diameter; AT means the
temperature increment; Ag means the power density incre-
ment; m means the mass per unit length; ¢ means the thermal
capacity. The subscripts fuel, clad, gap mean the fuel pellet,
clad surrounding the fuel pellet, and gap between fuel pellet
and clad respectively.
According to the Boussinesq Approximation, the
temperature depending on density can be accounted in natural
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FIGURE 1. The one-dimension heat transfer model of reactor core. Heat
transfer process in radial direction is neglected. In axial direction, fuel,
gap, clad and coolant are divided into n nodes with length /.

circulation [6]:

AT = yAp &)
AT = yAp (10)

where, y is constant coefficient. Considering the (9) and (19)
(dependence of fluid density on enthalpy), has:

AT = nAh (11)

where, (5)—(8), as shown at the bottom of the next page.

The thermal power density gy, which is calculated by
neutron kinetics equation, can be regarded as input of core
heat transfer system. For another, temperature increments
ATjelj AT gapj AT ciaq; Which are calculated by heat transfer
model (equation (5)-(8)), can be provided as feedback to
neutron kinetics equation. Equation (4)-(11) constitutes the
transfer function model of heat transfer process in reactor
core (figure 1). Figure 2 shows the dynamic model of tem-
perature in reactor core, including the fuel, gap, cladding and
coolant.

2) THERMAL-HYDRAULIC DYNAMIC BEHAVIOR OF THE
COOLANT

The next computational nodes are related to the determination
of coolant temperatures in reactors. The first principle method
of thermal-hydraulic has been considered to describe the
thermal-hydraulic dynamic behavior of the coolant:

o 96 _, (12)
ot 9z
d(ph)  9(Gh)
— —q; =0 13
Py + o2 qi (13)

where, p means coolant density, G means coolant mass flow
rate; 1 means the coolant enthalpy; g; means the power den-
sity. According to the method of Colombo in 2010 [7], equa-
tion (12) and (13) can be discretizated using a backward finite
difference scheme in axial and time linearized as follows:

aApout AGout - AGin -0 (14)
at /
0(hour0 APour + Pouro Ahour)
at
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(c) Subsystem c: dynamic process from gap and clad temperature
to core coolant temperature.
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(d) Coupling system of heat transfer in reactor core.

FIGURE 2. Dynamic model of thermal and temperature in reactor core.

+ (houto AGour +Gouro Ahout) - (hinO AGip+Gino Ahin)
l

“Ag =0 (15)

where, the subscripts out and in mean the outlet and
inlet of coolant nodes respectively. The higher order terms
are neglected. This linear time-invariant thermal hydraulic
dynamic model can be passed from time domain to frequency
domain by Laplace transform method (considered the initial
condition is zero):

where,

sl 0 1
A= 17
(SIhoutO Lpouro + Gouro houro ) {17

0 0 1
B =
( l Gino  hino )

Agqp, Ahi, and AG;, are regarded as the system inputs,
Apout, Ahgy and AG,,; are regarded as system outputs.
According to the linear system theory, as the result of
matrix A and B are 2 x 3 matrixes, the output vector has
no unique solution. Therefore, the fluid density depending on
enthalpy can be accounted [8]:

(18)

Ap = BAh (19)
where, 8 means the constant coefficient between Ap and Ah.
One has:

Ahjy(s)
A h m
(AG”“’((‘?)> =1f | AGu( (20)
o Aqi(s)
where,
GoutO hinO_hau):O 1
Tf . 1 pour05+Gour0 1 pour0S+Gour0 1 pour0S+Gour0
- _,BIGDuIOS [pauto_ﬁ(hino_houtO)]lS""GomO _ﬂls
lpoutOS"l‘GoutO lpoutOS"l‘GoutO lpoutOS“l‘GomO
(21)

Equation (20) and (21) are the linear time-invariant ther-
mal hydraulic transfer function model which links the three
system inputs to the two system outputs. Single phase tube
has n nodes can be described as follow equations:

Thjout = Tfj" X Thj,'n (22)
. o Thjout
Thevin = (ACI(/'H)I(S)) @3)

where, Tf; means the transfer function matrix of jth node in
the tube, 1 < j < n. The transfer process can be shown
as figure 3:

Some defects of the transfer function model based on
time domain and spatial domain, such as non-conservation
of energy, non-minimum phase behavior, have been dis-

AP oyt (8) Agqi(s) cussed by Colombo et al. [7]. In this section, the non-causal
Al Ahpy(s) | =B Ahin(s) (16) behavior [6] brought by momentum balance equation will be
AGou(s) AGiy(s) discussed.
AT 1aqi(s) — ATj;
Aqy(s) = Qcladfelad( Z;jjgg) iin(8)) (5)
gapfgap AT gapi(s) — (41 /D) Aqij(s)
AT agi(s) = gap) gap 2 L gapj lj 6)
MeladjCcladjS + Olgapfgap
afuelﬁ‘uel ATfuelj(s) - (afuelﬁuel + agapf gap)ATgapj(s) + agapf gapATcladj(s)
ATgapj(s) = @)
MgapjCgapjs
A P— ATgeli(s) + AToupi
ATfuelj(s) _ fuelj afuelﬁuel fuel](s) C'@‘uelffuel gap](s)) (8)

MfueljCfueljS
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FIGURE 3. The structure of the single phase tube model. The length of
each node is /, and the number of the nodes is n.

To the frictionless flow, the one-dimensional momentum
balance equation can be shown as:

JIAG,
/ - out + 2Vt A Gt — V(%ut APour — 20in AGour + szn Apin

= Apin — Apour + ApoulF (24)

Using Laplace transform, the transfer function from AGj,(s)
to Apoy: () can be shown as:

hinO - huutO
Tfep = (f + Ve )B————
v out 1 pout08 + Gouro

% Loouro — B(hino — hour0)1ls + Gowro
1pour0S + Gouro

It can be noted that the system is non-casual because the
extra zero brought by differential of mass flow. As the effect
of mass flow differential cannot be neglected in momentum
balance equation, the problem about non-casual system is
inevitable once considering the pressure [8]. It can be con-
cluded that the control-oriented model based on linearization
in time domain and discretization in spatial domain can be
used to analyze the variation of temperature and transfer
process of energy, but it is impossible to analyze the variation
of pressure.

— (Is + 2vour)

(25)

3) HEAT EXCHANGER MODEL

The heat exchanger is simplified to straight tubes, single pass
model (figure 4) where single phase water flow down on the
primary side and two-phase water flow up on the secondary
side. Therefore, the transfer functions of Steam Generator can
be shown as:

awxfwsATsjin(S) + Olwppr Aijin(s)

A = s — gy + 25)
wiCwjS = Cupfup + Cwefws
Agpii(s) = awppr(AT:;(j)D— ATpjin(s)) o7
p/Dp
ws/ws ATW- — ATs'in
Agy(s) = Lt 4’1(?1) Jin(s)) o8

where, the subscript p, w, and s mean the primary side, wall
and secondary side. Equations (26)-(28) constitute the trans-
fer function model of heat transfer process in heat exchanger.
Figure 5 shows the dynamic model structure of the heat
transfer process in steam generators, including primary and
secondary sides.
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FIGURE 4. Structure of the heat exchanger model has n nodes, include
primary side, secondary side and tube wall. In this model, heat transfer
between adjacent nodes of tube wall is neglected.
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FIGURE 5. The jth node heat exchanger subsystem based on
SIMULINK [9].

4) THE COOLANT CHANNEL MODELING

It is assumed that the coolant channel, include upper channel,
upper plenum, down comer and down plenum, is thermal
isolation, and heat transfer between adjacent tube wall nodes
is neglected. According to the method in section 3.1(2), the
Jjth coolant channel node transfer function modeling can be
given with inserting Ag; = 0:

( Ahjour () ) _ ( Tfwn Tfcn ) ( Ahjin(s) > (29)
AGjou(s) Tfuc TfoG ) \ AGijin(s)

G.
Thip = ——220 (30)
llojoutOS + GjoutO
hino —
Tth _ LjinQ LjoutQ (31)
llojoutOS + GjoutO
—BIG
T = ——bet_ (32)
lpjoutos + GjoutO
Tfe = Loout0 — Bhing — hour0)1ls + Gouro (33)
lpjoutOS + GjoutO

The model build by SIMULINK is shown as figure 6.

where,

5) COMPLETE COUPLED MODEL

The complete coupled model provides as input variables the
reactivity and mass flow rate of the heat exchanger, which can
be shown as figure 7.
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FIGURE 6. The jth node coolant channel subsystem based on SIMULINK.

FIGURE 7. Complete coupled model based on SIMULINK.

Ill. TEMPERATURE AND POWER CONTROL STRATEGY
DESIGN AND ANALYSIS

A. TEMPERATURE AND POWER CONTROL STRATEGY

In this work, the NPP design presented by Chen et al. [10] is
regarded as the reference design. For simplifying the control-
oriented model, the secondary side with single phase pressure
water is introduced. The control strategy including power
and coolant temperature control can be shown as figure 8.
Where, the power control system can adjust the core power
for load follow. However, because of the coupling effect,
the coolant temperature will be changed with the power.
In NPPs, the important controlled variable is the coolant
temperature in reactor core, which can reflect the reactor
safety and operation state to a large degree [11]. The main
advantage of constant coolant temperature in core is to avoid
the core meltdown or other accident in primary loop.

B. FREQUENCY ANALYSIS

An appropriate analysis tool should be discussed firstly. Root
locus is a classical analysis tools in the S-domain, while,
there is a large number of zeros and poles in the transfer
functions of figure 9, so that the root locus will become com-
plicated. The amplitude-frequency curve (Nyquist, or Bode
curves) is more suitable to the analysis for complex systems.
However, because the system in figure 7 is the non-minimum
phase system, the bode curve cannot reflect the stability
accurately. Therefore, in this work we choice the Nyquist
curve as the analysis tool. The linear analysis tool in Simulink
is used for plotting Nyquist curves. From the Nyquist
curves of Wyeae—pextonr and eredwater—hextout (figure 9(a)),
the steady state gains of these two transfer functions is large
enough, but the close loop transfer function M;eqc—pextour and
Meeawater—hextonr Without any compensation are instability
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FIGURE 8. The overview of the power and temperature control system.
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FIGURE 9. Nyquist curves of the open loop system, (a) original system;
(b) power and temperature control system with Dreac—power and

Dfeedwater —coretemp*

because Nt + Pol # 0, where, NT is the number of
clockwise encirclements of point (— 1, jO) by Nyquist curves
of Wreac—power and erea’water—coretemps Where, Wreac—power
and Wreeawater —coretemp mean open loop transfer functions
from the reactivity to the core power and the feed water mass
flow rate to the average temperature in the reactor core. Pol
is the number of poles of Wreac—power and eredwater—coretemp
in the R.H.C.P.

To eliminate the steady state error caused by propor-
tionality coefficient less than 1, Integral elements are
introduced [12]-[13]. So, the controller can be given as:

Conreac—power .
Kireac —power

= Kpreacfpower + s 34)
Confeedwater —coretemp i
Ufeedwater —coretemp
= Kp 'feedwater —coretemp (3 5)
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FIGURE 10. The response with the strategy of keeping average core
temperature constant under 110%, 130% and 150% setting power step:
(a) core power response; (b): average core temperature increment
response;(c) core reactivity response under the controller Dreac —power:
(d) mass flow rate response under the controller Dfeegater —coretemp-

where Con means controllers. Kpjeac—powers Kireac—powers
Kpfeeawater—coretemp and Kifeeawater—coretemp can bring great
stability margin which can make system steady running
when parameters drift in system devices. Actually, only
the proportional term Kpreac—power and Kpfeedwater—coretemp
can keep the power and coolant temperature control
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system stability. However, the reactivity feedback from
fuel and coolant temperature increment can decrease the
steady-state accuracy. On the other hand, the introduc-
ing of integral elements improves the steady state charac-
teristic, although Kireac—power and Kifeedwater—coretemp may
decrease the system stability. The Nyquist curves of
open loop transfer functions Conyeac—power Wreac—power and
Congecdwater —coretemp Weeedwater —coretemp are shown as fig-
ure 9(b). It can be found that the power control system
and core temperature control system are stability because of
NT =0, Pol =0.

IV. VERIFICATION AND DISCUSSION

To verify the efficiency of the control strategy and the capa-
bilities of the designed controllers, the step change of setting
power is simulated. The plant initially operates at 100%RFP
and then the power steps to 110%, 130% and 150% RFP at 1st
second. The system response can be shown as figure 10 based
on Relap5-HD [14]. It can be found that under the power
controller Dyeqc—power, the core power can track the setting
power accurately; accordingly, under the temperature con-
troller Dfeedwater—coreremp the average core temperature keeps
constant with the action of Dfecawater—coretemp (temperature
changes are less than 3°C, 7°C and 12°C respectively), which
means in the primary loop, the coolant is safety and has large
margin although the core power changes significantly.

V. CONCLUSION
A transfer function model, describing the main components
of the nuclear reactor, has been analyzed in frequency domain
based on the one-dimensional thermal-hydraulic equations.
Based on the frequency analysis, a suitable control strategy
has been also identified and validated by the RelapSHD code.
The main requirement of this strategy is to maintain the fluid
temperature in reactor core constant. The simulation shows
the core power controller is valid when the setting power step.
however, the coolant temperature will change greatly under
the setting power step. To ensure the safety of reactor core,
a average reactor core temperature controller is designed to
keep the temperature constant. The results shown that the
frequency analysis method is effective for nuclear reactor
control system design.

In the future work, some research will be carried out:

(1) the transfer function model of nuclear reactor will be
improved to include the momentum conservation equation;

(2) the accuracy of the transfer function model based
on the first principal method will be verified through the
thermal-hydraulic experimental loop.

APPENDIX: NOMENCLATURE

Diameter

Delay neutron precursor density
Thermal capacity

Mass force

Coolant mass flow rate

Coolant enthalpy

SQme At
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Integral coefficient

Kp  Proportionality coefficient

Mass per unit length

N7T  Number of clockwise encirclements of

no

point (— 1, jO) by Nyquist curves
Averaged neutron density

Initial averaged neutron density
Thermal power

Pol  Number of poles

RME>>D R ST TN

Power density

Temperature

Transfer function

Length of coolant nodes
Velocity of coolant

Reactivity

coefficient of heat transfer
Delayed neutron fraction
Coolant density

Averaged neutron generation time
Decay constant

Increment

Coefficient between AP and An
Coefficient between AT and Ap
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