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To study the model predictive control (MPC) for a lead-cooled fast reactor’s core
power control system (LFR), firstly, the LFR core is established with the state space
model. Then, to establish an LFR core power control system, a predictive model
controller is used. Finally, the conditions of 20pcm step reactivity and 5% step
down of coolant inlet temperature are introduced to study the control characteristic.
The maximum overshot (MO) and the transient time are calculated in the time
domain, and the stability of the core power control system is analyzed using the
Nyquist and Bode diagrams in frequency domains. The result shows that the MPC
controller and PID controller are feasible in core power control, and the core power
control systems are closed-loop stable systems.

Keywords: model predictive control, core power control system, lead-cooled fast reactor, stability, state space
model

1 INTRODUCTION

Lead-cooled fast reactors (LFRs), one of the candidate reactor types in the fourth generation of
nuclear power systems that show the most potential, are under investigation for their high security
and easy miniaturization. LFRs use liquid lead or lead alloy with a high boiling point and high
thermal conductivity as a coolant, which not only has a hard neutron energy spectrum but also
effectively improves the reactor’s safety limit and operation range (Xiuzhong, 2002). Therefore, LFR
has a good neutron economy and safety (Lorenzi et al., 2013).

The fast reactor has a small delayed neutron share, short prompt neutron lifetime, and weak
Doppler effect. Under reactivity disturbance, the reactor power changes rapidly because of poor
self-balancing ability. Therefore, the fast reactor controller requires a more rapid response speed
and higher control accuracy. Linear Active Disturbance Rejection Control with and without model
information has been established to meet this demand. Both have fast regulation speed and
accuracy for the power control system of LFR (Shen, 2019). To resist external interference and
parameter uncertainty, a synovial control method based on robust nonlinear control was
established (Ansarifar et al., 2016). While some tracking controllers use only the current
tracking command, the predictive model controllers can achieve better tracking performance
because future commands are considered in addition to the current tracking command (Na et al.,
2005). Based on the advantages of MPC, a predictive model controller for the load-following
operation of a pressurized water reactor was designed. The controller was approved using the
three-dimensional nuclear reactor analysis code master developed by Korea Atomic Energy
Research Institute (Na et al., 2005). A nonlinear model predictive controller for variable load
process of High-Temperature Gas-cooled was established, which overcomes the problems of
system coupling, nonlinearity, and time-varying parameters of new nuclear power plant HTR-PM
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(Song, 2012). The core power control of a fast reactor cannot be
satisfied by a traditional PID controller. Traditional PID
controllers cannot fulfill the core power control of a fast
reactor. In this work, the advanced control strategy predictive
model control was used to design the controller to study the core
power control of a fast reactor. The advantage of the MPC
controller lies in its good tracking performance and rolling
optimization characteristics.

The remaining parts of thisarticle are organized in the
following sequence. In section 2, the linear system model of
LFR is established by the lumped parameter method, and the
simulation system based on the state space model is designed.
Section 3 introduces the core power control system with an MPC
controller for LFR. Section 4 shows a simulated response of the
core power control system under reactivity insertion accident and
coolant inlet temperature disturbance, and the Nyquist and Bode
diagram are drawn. Finally, section 5 has our conclusions.

2 DYNAMIC MODEL OF LFR CORE

2.1 The Nonlinear Model of Reactor Core
Based on the point reactor neutron dynamics with six groups of
effective delayed neutron and thermal-hydraulic coupling
methods, taking into account the reactivity feedback caused by
the temperature change of core coolant, fuel, and cladding, the
ordinary differential equations are shown in Eq. 1 to describe the
nonlinear model of LFR core (Lorenzi et al., 2013).
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where the relationship between relative core power and relative
neutron density should conform to Eq. 2.

N, () = NT“) pw=" If” o

N, (t) = P, (¢)

2.2 The State Space Model of Reactor Core

The linear model is established based on the nonlinear reactor
core model by introducing small perturbations and ignoring the
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FIGURE 1 | Schematic block diagram of the MPC controller.

high-order term (Li and Zhao, 2013; Yinuo, 2021). The ordinary
differential equations are shown in Eq. 3
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Following Eq. 3, the state space model of the reactor core is
obtained as Eq. 4.
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3 DESIGN OF A REACTOR CORE POWER
CONTROL SYSTEM WITH MPC
CONTROLLER

3.1 The Basic Principle of MPC Controller
Model predictive control (MPC), also known as receding horizon
control, has gained attention in academia and industry due to its
ability to optimally control nonlinear systems subject to physical
constraints (Brian Froisy, 1994; Mayne, 2000; Hu and Ding, 2019).
The structure of the MPC controller is shown in Figure 1.

3.1.1 Predictive Model

The output of predictive model control depends not only on the
input and output of the control system but also on the control
variables of the controller output. The essence of model prediction
is to establish the relationship between historical output and the
future output of the control system (Na et al., 2005; Chen, 2013).

(1) Ignoring the input measurable interference to simplify the
model, the discrete-time state-space model incremental
formula is introduced:

{Ax(k+ 1)=A-Ax(k) + B- Au(k)

(k) =C- Ax(k) + y (k- 1) ©)

where A, B, C, and D are paraments of the MPC controller, x is the
internal variable, u is the control variable, and y is the control
system’s output

(2) Based on the discrete-time state space model, we set p as the
prediction time and m as the control time, then at the time p:

P
Ax (k + plk) = AP - Ax (k) + ZA"” B-Au(k+p—i)
(6)
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(3) Predicted output of the reactor core power control system in

the next p
step, Y, (k + mlk) = S, - Ax (k) +1- y(k) + S, - Au(k)  (7)

where (k + plk) indicates the status of the forecast of the time (p
+ k) at the time p,
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3.1.2 Rolling Optimization

Based on the model prediction, the most important feature of
MPC is rolling optimization, which repeatedly solves the
performance index ] onhne% = 0. To achieve the receding
horizon control of the system, the optimization problem is
refreshed with the latest measured value at each sampling time
by multiplying it with the shift matrix L.

J=(Y-Y) Q- (Y -Yrs) + A" -R-Au

010---0
001---0 ©9)
000---1

3.1.3 Feedback Correction

Based on model prediction and receding horizon control, to
prevent decreasing adaptability of the MPC to the controlled
object under external interference, the model predictive output is
further modified to be the input of receding horizon control,
forming a closed-loop control system.

3.2 Operation Strategy of Stable Core
Power With MPC Controller

As shown in Figure 2, the I/V converter converts reactor core
power into voltage signal V(n) to be the feedback signal of the core
power control system with the MPC controller, and the MPC
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FIGURE 2 | LFR core power control system with MPC controller.
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controller regulates the electrical signal and outputs to the control
rod drive mechanism. The control rod drive mechanism drives the
control rod to move in the reactor according to the relative power
deviation. Inserting or withdrawing reactivity in the reactor adjusts
the reactor power back to the setting value and finally makes the
core power stable (Hu, 2021; Yinuo, 2021). As shown in Figure 3,
based on the operation strategy of stable core power with MPC
controller, the core power control simulation system with MPC
controller is designed by using the MPC design module of
MATLAB/Simulink, taking 0.1s as the sample time. The V(n) of
the core power system is the Y and the AV1 is Au of the MPC
controller.

4 SIMULATION AND ANALYSIS

To compare the control characteristic of the MPC controller and
PID controller, firstly, we set the parameters of the PID controller by
a trial-and-error method. The parameters K;, K; and K; of the
controller are 0.067, 0.0123, and 0.0006 through the continuous test.
Then 20pcm step reactivity and the 5% step down of coolant inlet
temperature are carried out. To compare the dynamic characteristics
of a reactor core power control system with MPC and PID
controller, the maximum overshot (MO) and the transient time

are calculated in the time domain. The Nyquist and Bode diagram
are drawn in a frequency domain to analyze their stability.

4.1 Time Domain Analysis of a LFR Core

Power Control System

At 100%FP, the response of the LFR core under the power control
system with 20 pcm step reactivity is shown in Figure 4. Figure 5
shows the response of the LER core power control system under the
5% step down of coolant inlet temperature. With the MPC
controller or the PID controller, relative core power, core fuel
temperature, core coolant average temperature, and core-cladding
temperature finally return to the initial level, introducing step
reactivity. In Figures 4, 5, although both have great control
characteristics, the dynamic characteristics of the core power
control system with MPC controller are better than the PID
controller in terms of MO and transient time.

4.2 Frequency Domain Analysis of an LFR
Core Power Control System

In the frequency domain, the core power control system is
linearized using the APP linearize model in MATLAB/
Simulink, and the Nyquist diagram, Pole-Zero Map , and
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Bode diagram are drawn. As shown in Figures 6, 7, the Nyquist ~ of characteristic roots outside the unit circle is zero. According
diagram and Pole-Zero Map are drawn to judge the absolute  to the Nyquist criterion, both closed-loop systems are stable.
stability of the core power control system. According to the ~ And as shown in Figure 8, the Bode diagram is drawn
Nyquist diagram, the number of times that the Nyquist curve ~ to compare the relative stability of different core power
bypasses point (-1,0) counterclockwise is zero, and the number ~ control systems. It can be seen from the Bode diagram that
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both phase margin and gain margin are stable in the low-
frequency region.

5 CONCLUSION

The core power control system of the lead-cooled fast reactor
is designed with the predictive model controller. According

to the point reactor dynamics, the state space model of LFR
is established using the perturbation theory. The core
power control systems with MPC controller and PID
controller are designed under the operation strategy of
stable core power. We found that the control characteristic
of the core power control system with MPC controller is
better than the core power control system with PID
controller. Both core power control systems with MPC
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controller and PID controller are stable. The concept of a
core power system with an MPC controller and its control
characteristic and stability of it is given in this research
and can provide theoretical references for engineering
applications.
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GLOSSARY

t time

T temperature

h control rod position

C precursor density

N neutron density

P core power

M mass

Cp specific heat capacity at constant pressure
G coolant mass flow

U heat transfer coefficient
P prediction horizon

m control horizon

k discrete variable

Greek Symbols
P reactivity
P total delayed neutron fraction

A decay constant

A Model Predictive Controller

A neutron generation time
« reactivity feedback coefficient
& small perturbation

A variation

Subscripts

t value relative to the initial value
f fuel

¢ cladding

ave average

in inlet

rod control rod

0 initial value

Abbreviations

LFR lead-cooled fast reactor
MPC model predictive control
MO maximum overshot

FP full power

PID proportional-integral-derivative
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