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Thanks to its unique characteristics of high power-to-mass ratio, shallow
reactivity poisoning, and quick response to reactivity control, power supply
system based on lithium-cooled space nuclear reactor is preferred for various
exploration missions into outer and deep space. However, due to its nature of
few-people or even unmanned on-duty, an intelligent autonomous control of
the reactor system, especially an accurate control of the reactor core power
following the demanding power output, is of vital importance for such a space
nuclear reactor. In this study, a core-power controller for a megawatt ultra-
small lithium-cooled space nuclear reactor was designed based on the concept
of fuzzy model predictive control (FMPC) combining model predictive control
and T-S fuzzy theory. Performance of the FMPC controller was simulated and
assessed with the Simulink platform for five typical operation transients
including ramp, step and disturbance transient. The results show that the
intelligent FMPC controller possesses an excellent load-following ability and
anti-interference ability, both of which are of vital importance for space
exploration missions. When compared with the classical PID controller, the
FMPC controller designed in this study shows also a much better performance
with smaller overshoot, lesser adjusting time and lower integral time-squared
error.
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1 Introduction

Over the past century, human beings have actively carried out
various space explorations. Remarkable accomplishments have been
achieved, which continuously expanded the boundaries of human
knowledge. Many of these accomplishments going to the unknown
outer and deep space are largely benefited from the successful
development and application of solar cell battery or space radio-
isotopic battery, which exploits the energy either from the solar
irradiation (Baraskar et al.,, 2022) or the energy released during decay
process of certain radioactive isotopes (Bennett et al, 1996) to
provide the necessary power supply. In addition to continuing
the deep-space exploration, the next important step will be
surface explorations of planetary satellites and other-than-earth
planets, among which lunar exploration projects have already
been carried out by many countries or international
organizations, see for instance in the reviews by Zheng et al
(2008), Ehrenfreund et al. (2012) and Marov and Slyuta (2021).
Manned surface exploration of the Mars is also undergoing the
process of intense discussions (McNutt et al,, 2015). For surface
exploration of other-than-earth planets or planetary satellites,
traditional solutions of power supply based on solar cell battery
or radio-isotopic battery will not be able to meet the needs due to the
impact of weak solar light, extreme high or low temperature, dust
storms, as well as the demand of a power supply in hundreds of
kilowatts or even megawatts and a mission task cycle that can easily
last more than 10 years or even decades (Akimov et al,, 2012).

Thanks to its unique advantages of high power-to-mass ratio,
shallow reactivity poisoning and quick response to reactivity control
(TAEA, 2002), a liquid metal-cooled space nuclear reactor, which
adopts a fast neutron spectrum reactor core cooled by liquid metal or
liquid metal alloys, is the preferred solution to provide the necessary
high-power supply also in the environment of lacking or no solar
irradiation. As recently reviewed in (Song et al., 2021), worldwide
80% of the prototype designs and 100% of the actual tested space
power supply systems are based on various designs of liquid metal-
cooled space nuclear reactors. Thanks to its high boiling point and
low density, liquid lithium has attracted more and more attentions as
the coolant for space nuclear reactor from both industrial and
scientific community, see for instance in (Harty and Mason,
1993; Demuth, 2003; Jin, et al., 2022) etc. However, to meet the
requirements of safety, reliability, viability, and the long-life
expectancy of a space exploration mission, autonomous
intelligent control of the reactor are of vital importance when
designing the control system of a space nuclear reactor (Zhao at
al, 2012). In terrestrial nuclear power plants (NPPs), human
operators can manually perform the necessary control functions
required for normal and abnormal operating conditions. On the
contrary, for space missions into outer and deep space characterized
by uncertain environments, rare events, and communication delays,
all control functions of the reactor must be performed through a
robust control system with very limited or even no human

intervention from the Earth (Zhao at al, 2012). The basic
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requirement is to achieve a fast and accurate control of the
reactor core power following the desired power output in
different operation modes, including not only steady-state
operation at different power levels, but more importantly, also
transients between these power levels, and transient modes
during startup and emergency shutdown of the reactor.

Thanks to its advantages of stability and maturity, the classical
proportional-integral-derivative (PID) control scheme is still widely
installed as the standard core-power control scheme in current PWR
power plants. However, PID control scheme is not able to well
handle the load-following operation modes of a nuclear reactor (Liu
et al, 2009). In the past decades, various techniques to enhance the
control performance of nuclear reactor have been extensively
studied. Advanced control schemes including fuzzy control
(Mamdani, 1974), neural network control (Mamdani, 1974),
fuzzy PID control (Liu et al, 2009; Zeng et al, 2021) etc. have
been proposed. But it is very difficult to design an optimized
controller for a nuclear reactor due to its high system complexity
and nonlinearity, continuous variations of the reactor parameters
with operation time and burn up levels, as well as the inevitable
modeling uncertainties of real plant behaviors. In this regard, the
methodology of model predictive control (MPC), which has received
increased attention as a powerful tool for the control of industrial
processing systems (Richalet et al., 1978; Garcia et al., 1989), was also
proposed as a suitable strategy for the control of nonlinear, time-
varying systems such as nuclear reactors thanks to its unique
characteristic of online rolling optimization (Na, 2001; Na et al,
2003; Na et al,, 2005; Liu and Wang, 2014). The basic concept of
MPC is the utilization of a predictive model describing input, output,
and state constraints of the objective system, to solve, at each
sampling timestep, an online optimization problem to determine
the optimal control actions for a finite future counting from the
current time instant (Liu and Wang, 2014). However, once a future
trajectory of control moves has been obtained, only the first element
of that trajectory is employed as input of the controller. The same
optimization calculation will be then conducted at each subsequent
time instants. This method has many advantages over the
conventional infinite horizon optimal control because it is a
suitable control strategy for nonlinear, time-varying systems (Na
et al., 2006; Eliasi et al., 2012).

It should be noted, for nonlinear, time-varying systems such as a
nuclear reactor core, model predictive controller can be readily
defined based on state-space model linearized at locally defined
steady-state working points. However, a non-distortive description
of the system dynamics can be guaranteed only in the vicinity of
these points. Hence, the local predictive controller is only
meaningful to system dynamic process near these specific points.
Consequently, severe mismatch between the model and the actual
plant will significantly worsen the control effect when the control
range expands beyond these specific steady-state working points.
Fortunately, the nonlinear model of a nuclear reactor core can be
divided into multiple linear models according to different core
power levels. The reactor power control is a typical so-called
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multi-model control problem, for which a fuzzy “integration” based
on the T-S fuzzy theory (Takagi and Sugeno, 1985) could be
employed. Nonlinear feature of the global system can be
approximated by a fuzzy “integration” using multiple linear
features carefully designed at specific local steady-state working
points according to the so-called parallel distributed compensation
(PDC) scheme. This methodology of combining model predictive
control and fuzzy integration is termed in this study as the so-called
fuzzy model predictive control (FMPC). The basic idea is that for
each locally linearized state-space model, a MPC controller is
designed. Afterwards, the overall controller, which is by its
nature still nonlinear, is then obtained via a fuzzy “blending” of
all the linear controllers individually designed at local steady-state
working points (Ma and Sun, 2000).

In this study, the concept of FMPC was adopted to design the
core-power controller of a megawatt ultra-small lithium-cooled
space nuclear reactor (Song et al, 2021), which is a prototype
design for the space exploration program developed in the
framework of the National Key R&D Program of China. Full
rated power (FP) of the liquid lithium cooled reactor core is
51 MW. The nonlinear reactor core model consisting of
equations describing point neutronic kinetics, thermohydraulic
behaviors as well as reactivity feedbacks were first linearized at
five steady-state working points of relative core power of 20%, 40%,
60%, 80% and 100%FP, respectively. For each of the five local state
points, a local core-power MPC controller was established based on
the linearized state-space equations as the predictive model. The
overall core-power controller applicable to the full range of
nonlinear reactor core, which is in its nature still nonlinear, was
then constructed by a weighted combination of the five local MPC
controller via fuzzy integration by using the membership functions
specially defined for the selected five steady-state working points. To
verify the performance of the FMPC core-power controller, effective,
robust, and accurate control of the reactor core power was then
realized for five predefined, representative operation transients to
space nuclear reactor, including ramp and step transients, as well as
disturbance transient. Simulation results show that the intelligent
FMPC controller possesses an excellent load-following ability and
anti-interference ability, both of which are of vital importance for
space exploration missions. When compared with the classical PID
controller, the FMPC controller designed in this study shows also a
much better performance with smaller overshoot, lesser adjusting
time and lower integral time-squared error (ITSE). This study
successfully demonstrates the feasibility of FMPC to design
sophisticate and effective core-power controller also for nuclear
reactors with a fast neutron spectrum.

2 Fuzzy model predictive control

Fuzzy model predictive control (FMPC) is a modern intelligent
control methodology combining model predictive control (MPC)
(Garcia etal,, 1989) and T-S fuzzy theory (Takagi and Sugeno, 1985).
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FIGURE 1
Schematic diagram of model predictive control based on
linearized state-space equations as predictive model.

In this section, a brief description of model predictive control and
T-S fuzzy theory will be provided.

2.1 Model predictive control

In this study, MPC algorithm with linearized state-space
equations as the predictive model was adopted. According to
the basic principle depicted in Figure 1, a MPC controller
consists of a predictive model and an online optimization. The
basic idea to calculate a sequence of optimal control moves
over a certain number of future timesteps, known as the
control horizon M, wvia an online optimization to
minimizes an objective function defined over a finite future,
known as the predictive horizon P (P>M). Although a
sequence of M optimal control moves are obtained, only
the first element of that sequence is implemented to the
controlled object. At the next timestep, the control horizon
will be shifted forward by one timestep and the same
optimization will be repeated with new values of the
measured output. This online rolling optimization method
is also known as the so-called receding horizon optimal
control (Na, 2001). The purpose of taking new
measurements into the online optimization at each time
steps is to compensate unmeasured disturbances and model
inaccuracies, both of which can cause the measured system
output to be different from the predicted one by the model (Na
et al., 2003). In the following, predictive model and receding
horizon optimal control will be briefly described.

2.1.1 Predictive model

Predictive model is used to predict the future output of the
controlled object through its historical information, as well as the
assumed future control input. In the following, derivation of the
predictive model from a linear state-space model will be given.
Considering a linear discrete system described by a state-space
equation:

(1)

x(k+1) = Ax (k) + Bu(k)
y (k) = Cx (k)
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where x (k) € R” stands for the state space of the system at the
time k, u (k) and y (k) are the input and output of the system at
the time k, respectively. Considering the time horizon of the
predictive value of future output are P steps from time k, that of
the controller input are M steps (M < P) to the controlled object
from the time k, and the control input remains unchanged
thereafter, the following recursion formula can be obtained:

x(k+ilk) = Aix (k) + A7'Bu(k) + -+ + ABu(k +i—-2)
+Bu(k+i-1)

i-1
= A'x(k)+ Y A7"Bu(k + j)
j=0
wherel <i<M
x(k+ilk) = A'x (k) + A7'Bu(k) + -+ + A" By (k + M - 2)
+ (A"™™B+ -+ Bu(k+ M -1)
= A'x(k)+ Y A7IBu(k + j)
j=0
i-1
+ Y ATBu(k+M-1)
j=M-1

where M <i<P
To predict the system output in future P steps, Eq. 2 is

combined with the output equation in Eq. 1 to obtain:

i—1
y(k+ilk) = CA'x (k) + Y CA™"/Bu(k + j) wherel<i<M

j=0
3)
) M-2 ) . i-1 ) )
y(k+ilk) = CA'x (k) + ) CA™"Bu(k + j) + CA™/B
j=0 j=M-1
cu(k+M-1)

where M <i< P

The above equations are written in the vector form to finally
yield:
Y (k) = Gx (k) + HU (k) 4)

where the definition of Y (k), U (k), G(k), and H are given as:

Y (k)2 [y (k + 1[k), -+, y (k + PIK)] (0
Uk)z[u(k), - u(k+M - 1)]’1(WM><1)

G(k)2[CA, -, CA"]],

(P x n)
roh 0+ 0 17
Far ) (5)
He| by hyey ..
P-M+1
hp - Z h;
L j=1 d(pxany

hj2CA™'B, j=1
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FIGURE 2
Schematic diagram of receding horizon optimization.

Eq. 4 in vector form meets the functional requirements of a
predictive model. The system state at the current moment x (k)
and the control moves of the future M steps U (k) are used to
predict the output of the system in the future P steps Y (k).

2.1.2 Receding horizon optimal control
The basic principle of the receding horizon optimal control is
depicted in Figure 2. A brief description is given in the following.
At the present time moment k, the purpose of the
optimization can be expressed as:

(1). To determine M control moves from the time moment k
to k+M -1, namely u(k), ..., u(k+M—-1), in such a
manner that drastic change of the control moves is
suppressed as much as possible;

(2). Meanwhile, to predict future P outputs of the controlled
object, namely y (k + 1), ..., y(k+ P) in such a manner that
they are as close as possible to the expected reference output
w(k+1), ..., w(k+P).

Accordingly, the following quadratic objective function J (k)
can be defined:

J(k) = (W(k)-Y (k)" - Q- (W(k)-Y (k) +U (k)" -R-U (k)
(6)

where W (k)&[w (k + 1), ---,w (k + P)]7 is the vector form of the
expected reference output; Y (k) and U (k) are the vector form of
the output and control move, respectively. Q = Ip,p and R =
Opmxm are the weighting matrixes for output and control move,
respectively.

If Y (k) is substituted with the predictive model expressed in
Eq. 4, J(k) becomes a function of U (k). The purpose of
optimization is then to find an optimal solution of U (k) to
minimize J (k), which yields:

(k)

oU (k) )
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FIGURE 3
Schematic diagram of the ultra-small lithium-cooled space
nuclear reactor (Song et al,, 2021).

With Eq. 7 an analytical expression of the optimal control
moves U (k) can finally be found:

U(k) = (H'QH + R) 'H"Q[W (k) - Gx (k)] (8)

Although future M-step optimal control moves is obtained
simultaneously, only the first element of U (k) is implemented:

u(k) = d"[W (k) - Gx (k)] )

with d” = (1,0, ---,0) (HTQH + R)"'HQ. When the time base
point proceeds to the next moment k + 1, the control horizon is

10.3389/fenrg.2022.1067892

also shifted forward by one timestep, and the same optimization
calculation will then be repeated.

2.2 T-S fuzzy model and parallel
distributed compensation control theory

Reactor core power control is a typical so-called multi-model
control problem. In this regard, fuzzy control is an effective
method to solve multi-model control problems. The T-S fuzzy
model is the most common multi-model solution used in the
study of fuzzy systems describing large-scale range of linear
input-output relations through the IF-THEN rule (Takagi and
Sugeno, 1985).

The IF-THEN rule is used to describe the input and output
relationship of the nonlinear system near specific local steady-state
working point. Let the relative power 7, be the precursor variable,
each fuzzy rule of the T-S fuzzy model corresponds to the linearized
state-space equation at each working point, and the i — th rule of the
fuzzy model can be expressed as follows:

x(k+1) = A'x(k) + Bu(k)

(k) = Cx (k) (10)

IF n, is M; (n,) THEN {
in which M; (n,) is the i — th language rule within the fuzzy set
corresponding to the precursor variables #,.

For each fuzzy rule of the nuclear reactor power given in Eq.
10, the corresponding local predictive controller is designed by
using the MPC method to obtain the i — th control move of the
fuzzy controller:

IE n, is M, (n,) THEN ' (k) = (d')' [W (k) - Gx (k)] (11)

Where (d)" = (1,0,---,0)((H)'QH' + R) ' H'Q/

According to the parallel distributed compensation (PDC)
scheme, the global control move of the nonlinear system can be
obtained by performing a fuzzy integration of v (k) given in Eq.
11, which yields:

TABLE 1 Neutronic and thermohydraulic parameters of the core model for the lithium-cooled space nuclear reactor.

Parameter Value Unit
Rated power of the reactor core P, 5.1 x 100 W]
Core inlet coolant temperature T’ o 1450 [K]
Fraction of total delayed neutrons f3 0.00708 [-]
Decay constant of the precursors of delayed neutrons A 0.09 [s71]
Average neutron generation time A 2.45 % 1078 [s]
Fuel temperature coefficient oy -1.17 x 107® [K1]
Coolant temperature coefficient a, ~-1.13x 10°° [K]
Total thermal capacity of the fuel and structure material y 4.98 x 10* [£]
Total thermal capacity of the reactor core coolant g, 4.15 x 10° [4]
Heat capacity of coolant times mass flow rate of the coolant M 3.4 x 10* [%]]
Effective heat transfer coefficient times total heat transfer area between fuel and coolant Q 9.92 x 10° %]

Frontiers in Energy Research
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M
w(t) = Y : (n)u (8) (12)
where:
Mi(nr)
(n,) = ——— 13
i) Z?ile(nr) 1

The control move given in Eq. 12 is then finally the control
move implemented to the nonlinear controlled object.

3 Kinetics model of the core of the
lithium-cooled space nuclear reactor

In the framework of the National Key R&D Program of
China, a prototype design of a megawatt ultra-small lithium-
cooled space nuclear reactor to meet the requirements of
inherent safety, light weight and long lifetime for typical outer
and deep space exploration missions was presented (Song et al.,
2021). Principle design of the reactor core is depicted in Figure 3,
which adopts liquid lithium circulated by an electromagnetic
primary pump as the coolant to transfer the heat released in the
reactor core to the secondary Brayton cycle via the primary heat
this the
thermohydraulic characteristics of the liquid lithium-cooled

exchanger. In study, basic neutronic and
reactor core were adopted as the object of investigation, for
which the most important neutronic and thermohydraulic
parameters of the reactor core model are summarized in

Table 1. A brief description is also given in the following:

(1) According to the design concept, full rated power (FP) of the
reactor core P, is 5.1 MW and the inlet coolant temperature
of the core Ty is 1,450 K.

(2) For simplification, all the delayed neutrons are averaged into

a single group with a total fraction  equal to 0.00708.

of the

Average

constant
0.09s7".
generation time A is 2.45 x 10®s, which is typical for

Averaged decay
precursors A is

delayed neutron
prompt neutron
reactor core with a fast neutron spectrum. Feedback
influence of the fuel and coolant temperature on the
reactivity are considered with the coefficients « £ and a,
respectively.
(3) All the thermohydraulic characteristics of the reactor core
are also considered with lumped parameters. Thermal
capacity of the fuel and core coolant are simply taken as
constant value. The total thermal capacity of the fuel y,
which is defined as fuel mass times its heat capacity, is
4.98 x 10" J/K. The total thermal capacity of the reactor core
coolant y_, which is defined as coolant mass times its heat
capacity, is 4.15x 10° J/K. The effective heat transfer
coefficient between fuel and coolant, termed as , is
9.92 x 10° W/K. The heat capacity of coolant times mass
flow rate of the coolant, termed as M, is then 3.4 x 10* W/K.
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Based on the above lumped neutronic and thermohydraulic
parameters, the following mathematical model describing the most
essential neutronic and thermohydraulic behavior of the liquid
lithium-cooled reactor core was able to be established, which yields:

d _
o Mn, + éc,
dt A A
de,
dct =An, — Ac,

4 14)
dT; P, O Q Q (
= == T *Tf + 7Tc,out + 7Tc,in

dt I I 2u; 2up
ATeou _ 20 T - 2M + 0 It 2M — QTW
a  u, He He

In the above equation system,

(1) t is the time coordinate.

(2) n, is the normalized neutron density in the reactor core,
which is defined as the actual neutron density relative to the
neutron density at full rated power (FP) of the reactor core
P,y =5.1 MW. Since the reactor core power is proportional
to the neutron density, the actual reactor core power is then
given as P,on, and n, also equals the normalized core power
relative to the full rated power (FP) P,.

(3) ¢, is the normalized equivalent precursor density relative to
the neutron density at full rated power.

(4) Temperature of the fuel and coolant are described with

the

temperature Tf, core coolant inlet temperature T.;, and

lumped  parameters, including average  fuel
core coolant outlet temperature T'c oy
(5) The total reactivity of the reactor core p is calculated as

follows:

P = Praa + & (T =Tp0) + 5 (Teos = Toous) (1)
in which p,; is the reactivity introduced by control rod. It should be
noted, since driving mechanism describing the dynamic process of
the control rod is not yet available in the current state for the
prototype design, no further equation describing the kinetic
behavior of the control rod was adopted in this study. Instead,
reactivity introduced by control rod p, ., is simply taken. T o and
Tcouto are the initial fuel temperature and initial core outlet coolant
temperature, respectively. Therefore, the last two terms in the right
hand of the above equation stand for the reactivity feedback from the
lumped fuel and coolant temperature, respectively.

Due to the feedback reactivity by fuel and coolant temperature
as given in Eq. 15, the reactor core model established in Eq. 14
describing the most essential neutronic and thermohydraulic
behavior of the liquid lithium-cooled reactor core is, by its
nature, a nonlinear equation system. Before designing a core-
power controller according to the concept of model predictive
control, the reactor core model needs to be first linearized, for
which the following consideration were taken:
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FIGURE 4

Definition of the five membership functions M; to Ms (A color
version of the figure is kindly referred to the online version of the
paper).

(1) Ata given moment ¢, the reactor core is assumed at a steady
state characterized by n, =m0, ¢ =¢ro5 Tein = Teinos
Tc,out = Tc,uutO» Tf = TfO

(2) For a steady state, reactivity of the reactor core is zero, it will
yield: p = p, = 0.

(3) When the reactor core is subjected to an external disturbance,
assuming that the core inlet coolant temperature is unchanged,
it will yield: T¢j = Tejno and n, = 1,0 + Any, ¢ = ¢ + Acy,
Tr=Tys+ATs, Teour = Teouto + AT cours p = Ap, in which
the symbol A stands for a small deviation from the steady-
state working point characterized by #,¢.

With the above assumptions, the reactor core model given in Eq.
14 is linearized at the steady-state working point #,, which yields:

( dAn, B B oy ANy Mo
7 = —XAl’lr + KAC,» + TATf + A ATc,out + XAprod
A
dc, = AMAn, — AMAc,
dt
) dAT; P, Q Q
L - TONp, — IAT 4 AT
dt Wy Wy 2u,
dAT. . 2Q 2M+Q
—o —AT f- * ATc,our
! dt He He

(16)

Furthermore, the state-space variables x, control moves u
and output y are then defined as the follows:
x = [An, A AT [, ATeou] u = [Ap ] y=An,  (17)

Finally, the linearized model is given as:
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{x=A6x+Bcu (18)

y=Cx+D.u

where the coefficients A, B, C. and D, are given as the follows:

-__ﬁ E Ny f Ny
A A A 2A
A=A 0 0
Ac=|Pw , Q@ Q (19)
Uy Uy 2u,
20 (M +0Q)
0o o == 2
L the 2u,
B. = [”’0 0, 0 o]T
c — A) > b

CC = [1) O) 0) 0]
D. = [0]

Eq. 18 with the coefficients given in Eq. 19 is the form of the
linearized reactor-core model at the steady-state working point
characterized by #,. To meet the requirements of model
predictive control algorithm, Eq. 18 is then discretized, which
yields:

{x(k+ 1) = Ax (k) + Bu(k) (20)

y (k) = Cx (k)
The coefficients A, B and C are given as:
A=t
T

B=B.| e*dt
0
C=11,0,0, 0]

@1

in which T is the sampling period. Eq. 20 is the discretized form
of the linearized reactor core model at the steady-state working
point characterized by n,, which is then used as the predictive
model corresponding to this steady state.

4 Design and assessment of the core-
power controller based on fuzzy
model predictive control

4.1 Design of the fuzzy model predictive
control core-power controller

According to the concept of FMPC introduced in Section
2, a “fuzzy” integration of several locally defined MPC
different
characterized by different power levels n, is required to

controllers at steady-state working points
define the overall core-power controller for the lithium-
cooled space nuclear reactor. Therefore, to make the
control effect of the overall controller in the global range as
smoothly as possible, five steady-state working points
characterized by n,9 of 0.2, 0.4, 0.6, 0.8, and 1.0 are selected

as the local state points, at which local MPC controller will be
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FIGURE 5

Schematic diagram of the designed FMPC controller by Simulink.

defined. The corresponding language values in the fuzzy set
are designated as M;, M,, M3, M4 and Ms, which are given
with the following triangular membership functions in Eqs
22-26, respectively. The relation between M;(n,) and n, for
the five triangular membership functions are also depicted in
Figure 4. Obviously, at the specific n,, the membership
function has the value of the unity.

1 n,<02
M (n)=14 -5(n,—0.4) 02<n, <04 (22)
0 n>04
0 n.<0.2
5(n,—02) 0.2<n, <04
M, (n,) = T T 23
200 =1 50 —06) 04<n, <06 (23)
0 n.>0.6
0 n,<04
Mi(n)= 1 5(:-04) 04<n <06 (24)
~5(n, - 0.8) 0.6<n,<0.8
0 n,>0.8
0 n.<0.6
5(n, - 0.6) 0.6<n,<0.8
M, (n,) = r r 25
+(n) ~5(n,—1) 0.8<n,<1 (25)
0 n>1
0 n<0.8
Ms(n,)=145(n-1) 08<n.<1 (26)
1 n2>1

To assess the performance of the designed FMPC core-power
controller, simulations were performed in this study within the
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Simulink platform embedded in MATLAB software. Simulink
block diagram including the five local MPC controllers and the
fuzzy integration for the global FMPC controller is then depicted
in Figure 5. A brief description of the block diagram is given in
the following:

(1) First, it should be noted, since neither an actual lithium-
cooled space reactor, nor a full-scope simulator of the reactor
are available for the present study, the nonlinear reactor core
model derived in Section 3 (Eq. 14 with the corresponding
parameters summarized in Table 1) was used in the Simulink
simulations as the controlled object, i.e., the module
“NuclearReactor” in Figure 5.

(2) The desired relative core power is displayed in the module

“Reference” as depicted in Figure 5, while the actual relative

core power n, of the nonlinear “NuclearReactor” is then

displayed with the module “out_nr” as depicted in Figure 5.

The actual core power n, will be used in the module

“GetWeights” for the fuzzy integration of the five local

MPC controllers, in which a weighting factor will be

determined for each of the local controller by using the

membership functions.

(3) The corresponding local MPC controllers designed for the

five selected local state points are designated in Figure 5

» « » « » «

with the modules “mpc20,” “mpc40,” “mpc60,” “mpc80,”
and “mpcl1007, respectively. Construction of the five MPC

controllers share the same principle with two inputs “ref”
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Simulation results for the working condition: local ramp
transient.

and “mo,” and one output “mv.” “ref” is the desired
reference core power, while “mo” is the feedback
deviation between the reference core power and the
actual core power. For each of the five local MPC
then be

multiplied with its individual weighting factor, followed

controller, its output signal “mv” will

by a summation of all the five weighted signals to finally
obtain the global control signal for the nonlinear
“NuclearReactor”, i.e., “Reactivity” in Figure 5.
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@ — Reference
3
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0 090
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> | e
©
[}
o

0.89 4 102 s: -0.32%FP-
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Local ramp transient around 100 seconds.

FIGURE 7
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(4) The module “Disturbance” depicted in Figure 5 will be used
only for the simulation of the disturbance transient, in which
a finite reactivity will be added to the reactor core to simulate
the case of the reactor core affected by an external
disturbance reactivity. For the ramp and step transients,
the disturbance reactivity is by default zero.

4.2 Performance assessment of the fuzzy
model predictive control controller for
typical transient operation conditions

To verify and assess the performance of the FMPC controller,
the following five transient operation conditions representative
to a space nuclear reactor were defined and investigated in this
study. In all the transients, the reactor core was initially assumed
at the steady state of 100%FP:

(1) Local ramp transient: 1 00%FP — 90%FP — 100%FP ramp
change of the reactor core power at a declining and rising
rate of 0.1%FP/s. The local ramp transient is intended to
study the control effect of FMPC controller near the working
point at full power operation condition.

100%FP — 20%FP — 100%FP

ramp change of the reactor core power at a declining and

(2) Global ramp transient:
rising rate of 0.08%FP/s. The global ramp transient is used to
simulate the scenario of large-scale power change to reduce
the core power to a low power level and the start-up scenario
of the reactor core.

(3) There are various unforeseen uncertainties in the space

nuclear reactor in the space environment. In the most

o

(]

E

)

0. 0.90 o

L e - Reference)
g \

[0]

©

251 s:-0.37%FP
088 T T T T 1
245 250 255 260 265 270
Time [s]

Local ramp transient around 250 seconds.

Enlarged view of the area A and B for the local ramp transient. (A) Local ramp transient around 100 s. (B) Local ramp transient around 250 s.
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Simulation results for the working condition: global ramp
transient.

extreme emergency cases, the reactor core power needs to be
reduced to a certain low level as soon as possible to only
maintain the necessary power supply needed by the nuclear
reactor itself. Therefore, an emergency transient of
100%FP — 25%FP fast ramp change of the reactor core
power at a declining rate of 0.25%FP/s was also defined.
(4) Besides the above three transients of ramp change, a step
transient was also defined with
100%FP — 90%FP — 100%FP step change of the reactor

core power by 10%FP.

A 022-
[Global Ramp: A enlarged]
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2
[e]
o 020 .
)
2  COR N N SN IS SN IS S
g
Q
s /
1004 s: -1.71%FP
------ FMPC
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Global ramp transient around 1000 seconds.

FIGURE 9

10.3389/fenrg.2022.1067892

(5) Last but not the least, a disturbance transient was also
defined, in which an external +20 pcm reactivity was
introduced to the reactor core operating at 100%FP.
The
scenario of the reactor core disturbed by an external

disturbance transient is used to simulate the
reactivity when the reactor is operating at a steady state
of full power.

In all the above five transient operation conditions, the
desired objective of the FMPC controller is to enable the
reactor core to follow the desired reference power as close as
possible during the respective ramp, step or disturbance
transient. Figures 6-15 show then the response of the FMPC
controller. The adjustment time of the FMPC controller is
defined in this study as the total time required for the
absolute overshoot of larger than 2% returning to a level
lower than 2%. As comparative reference, control performance
of the classical PID was also included. The main results derived
are summarized as the follows:

(1) Figure 6 shows the FMPC control effect for the local ramp

transient, during which an excellent load-following
performance of the reactor core power was established
with the FMPC controller. On contrary, the control effect
of PID shows a much higher overshoot. An obvious
oscillation of the controlled power was also observed,
which is not present with the FMPC controller. As
depicted in the enlarged views of Figures 7A,B, with the
FMPC controller, the maximal overshoot for the power
declining and power rising local ramp change are —0.32%

and —0.37%, respectively. No oscillation was observed, and

B 0.22-
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3
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[ 32
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©
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Global ramp transient around 1500 seconds.

Enlarged view of the area A and B for the global ramp transient. (A) Global ramp transient around 1,000 s. (B) Global ramp transient around

1,500 s.
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Simulation results for the working condition: emergency
ramp transient.

the absolute maximal overshoot is less than 2%, which means
the adjusting time of the FMPC controller for the
investigated local ramp transient is practically zero.

Figure 8 shows then the FMPC control effect for the
global ramp transient. Like the local ramp transient, the
FMPC controller also shows an excellent load-following
ability better than PID controller. With the FMPC
controller, the maximal overshoot for the power
declining global ramp change, as shown in Figure 9A,
is —1.71%, while the maximal overshoot for the power
rising global ramp change, as shown in Figure 9B, is
—2.01%. Although this absolute maximal overshoot is
than 2%, it
monotonically to a level lower than 2% after an

slightly larger quickly  decreases
adjusting time of only 2 s.

Figure 10 shows the FMPC control effect for the emergency
fast ramp transient. Overall, the actual power level follows
well that of the desired reference level. Again, the control
effect of the FMPC controller is better than PID controller
with smaller overshoot and less adjusting time. The
maximum reactivity introduced by the FMPC controller
occurs around 300 s, where the reactor power reaches the
desired level of 25%FP. With the PID controller, an
oscillation of the reactor power was observed, which
reaches the desired level of 25%FP around 600s. As
depicted in the enlarged view of the area A in Figure 11,
the maximum overshoot of —2.66% occurs at 301 s with the
FMPC controller, after which the overshoot decreases
monotonically and finally reaches a level of the absolute
overshoot lower than 2% at 316 s. The adjusting time of the
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Simulation results for the working condition: step transient

FMPC controller for the emergency ramp transient
investigated is hence 15 s.

Figure 12 shows the FMPC control effect for the step
transient. Like the ramp transients, the FMPC controller
also shows an excellent load-following ability. With the PID
controller, on the other hand, the core power experienced an
obvious oscillation and much larger overshoot than with the
FMPC controller. As observed in the two enlarged views of
the area A and B in Figures 13A,B, with the FMPC controller,
the maximal overshoot for the power declining and power
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Step transient around 300 seconds.

Enlarged view of the area A and B for the step transient. (A) Step transient around 100 s. (B) Step transient around 300 s.

controller, the reactor power experiences a sudden

T1.o4a Disturbance Transieni increase then quickly decreases to the desired reference
103 level of 100%FP. Similar sudden increase was also
% 102 [ Reference observed for the PID controller, however with an
e [ EIIV[I)PC oscillation of the reactor power when approaching the
% R S desired reference level of 100%. As depicted in the lower
i :00 T subfigure, the reactivity introduced by the FMPC controller
0 200 400 600 800 1000 experiences a local maximum around 100s then quickly
Ll reaches the desired level of —20 pcm. The reactivity
E T introduced by PID controller experiences an obvious
%_10 i ----- FMP oscillation and a much longer adjusting time to reach the
z | '| """ PID desired level of —20 pcm.The enlarged view of the area A and
§ -20 | B "-‘-"~ B of Figure 14 are depicted in Figures 15A,B, respectively. For
20 the +20 pcm disturbance transient, FMPC controller shows
0 200 400 600 800 1000 an excellent anti-interference capability. The maximal
Time [s] overshoot of 3.43% occurs at 101s. After an adjusting

FIGURE 14

=

Simulation results for the working condition: disturbance
transient.

rising step change are —0.54% and +1.26%, respectively. No
oscillation was observed, and the absolute maximal
overshoot is less than 2%, which means the adjusting time
of the FMPC controller for the investigated step transient is
practically zero.

Figure 14 shows the control effect for the disturbance
transient, in which a +20 pcm reactivity was introduced at

100 s when the reactor is operated at 100%FP. As observed

time of only 2's, the overshoot quickly decreases to a level
less than 2%. The maximum overshoot of the PID controller
is slightly larger, but the adjusting time is much longer. The
maximum reactivity introduced by FMPC controller was
—21.4 pcm at 108 s, after which the reactivity quickly reached
the desired level of —20 pcm at about 130 s. With the PID
controller, on the other hand, the maximum reactivity
introduced was —24.7 pcm at 151s, after which the
reactivity reached the desired level of —20 pcm at about
300 s. The FMPC controller shows an obvious better anti-
interference performance than PID controller.

Furthermore, the integral time-squared error (ITSE) was

applied to evaluate the performance of the FMPC controller and

in the upper subfigure of Figure 14, with the FMPC PID controller in each of the above five simulations according to:
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TABLE 2 ITSE values of the FMPC controller and PID controller for the five simulated transient operation conditions.

Local ramp Globe ramp Emergency ramp Step transient Disturbance
transient

EMPC 0.27 52.37 5.34 4.49 2.36

PID 4.67 146.26 112.30 43.87 4.01

TABLE 3 Performance indices of the FMPC controller for the five simulated transient operation conditions.

Index Local ramp Globe ramp Emergency ramp Step transient Disturbance
(power lever (power lever (power lever transient
decline/rise) decline/rise) decline/rise)

Maximum overshoot -0.32%/ - 0.37% ~1.71%/ - 2.01% ~2.66 % ~0.54%/1.26 % 3.43%

Adjusting time 0s/0s 0s/2s 15s 0s/0s 2s

Maximum reactivity —8.80 pcm/8.28 pcm —30.58 pcm/26.75 pcm =77.2 pcm —69.3 pcm/75 pcm —21.4 pcm

induced

T Finally, to better demonstrate the control effect of the FMPC
2 . .
ITSE(e, T) = Jte dt (27) controller, Table 3 summarizes the most important performance
0

where e is the deviation between reference core power and
the actual core power. Table 2 summarizes then the ITSE
values for all the five simulated transient operation
conditions. It is obvious that the ITSE values of the

proposed FMPC control approach are much lower than
those of the PID controller.
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indices of the FMPC controller, including maximal overshoot,
adjusting time and maximal reactivity induced for the five
investigated transient operation conditions. In conclusion, the
core-power controller designed based on fuzzy model predictive
control can fulfill various load-following control tasks under
typical transient working conditions of the lithium-cooled space
nuclear reactor. Furthermore, the fuzzy model predictive control
shows also a certain anti-interference capability.
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5 Conclusion and outlooks

In this study, a fuzzy model predictive control based on
model predictive control and T-S fuzzy theory was designed for
the core-power control of a megawatt ultra-small lithium-cooled
space nuclear reactor. Firstly, neutronic and thermohydraulic
behaviors of the lithium-cooled reactor core described by
nonlinear state-space equations were linearized at five steady-
state working points characterized by relative core power of 20%,
40%, 60%, 80% and 100%FP, respectively. Afterwards, a local
model predictive controller was designed for each of the five local
steady-state working points based on the state-space equations
locally linearized at the specific state points. Finally, all the five
local MPC controllers were integrated based on T-S fuzzy theory
via the so-called parallel distributed compensation scheme, to
build up the so-called fuzzy model predictive control for overall
control of the nonlinear reactor core. Five typical operation
conditions including both ramp and step transients, as well as
a disturbance transient were defined and simulated to assess the
performance of FMPC core-power controller. The simulation
results show that the FMPC controller has an excellent load-
following ability and anti-interference ability, both of which are
of vital importance for space exploration missions. When
compared with the classical PID controller, the FMPC
controller designed in this study shows also a much better
performance with smaller overshoot, lesser adjusting time and
much lower ITSE values.

Although investigations in this study were conducted for a
simplified neutronic and thermohydraulic model of a lithium-
cooled space nuclear reactor, it successfully demonstrates the
feasibility of fuzzy model predictive control to design sophisticate
and effective core-power controller also for typical nonlinear and
time-varying nuclear reactors with a fast neutron spectrum. The
design method adopted in this study for the core-power controller
can be readily extended to other designs of space nuclear reactors,
provided more in-depth detailed specifications of specified designs
are become available in the future. Nevertheless, it should be pointed
out, physical constraints regarding driving mechanism of the control
rods are not available for the prototype design of the lithium-cooled
space nuclear reactor. Therefore, control constraint is not considered
in the FMPC controller designed in this study, which, however,
should be included in further investigations if the driving
mechanism of the control rods become available. Furthermore,
applicability of the fuzzy model predictive control is still worthy
further investigations for a wide range of realistic working scenarios
of space nuclear reactors, especially for those scenarios of large and
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