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EXECUTIVE SUMMARY

In this report we present the methodology and sensitivities of a novel simulation capability that
couples state-of-the-art control algorithms with high-fidelity reactor physics simulation tools.

The summary of the contributions of this report are:

* Development of a novel simulation capability that combines state-of-the-art control algo-
rithms with high-fidelity reactor physics simulations

* 3D multiphysics transient load follow simulations of an High-Temperature Gas-Cooled Re-
actor (HTGR) microreactor (Fig. EC.1)

* Detailed sensitivity analysis of parameters affecting controller performance
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Figure EC.1. 3D microreactor load-follow simulation results

This report provides a review our representative HTGR-like microreactor, and previously developed
Model Predictive Control (MPC) based autonomous control algorithm for the reactivity control
system. We then give an overview of the high-fidelity simulation techniques and the developments
necessary to perform load-follow transient simulations. A detailed description of the reduced
order reactor model and corresponding state-space model for the controller then follows. The MPC
formulation and closed loop controller structure is described where adaptive MPC is used to capture
the nonlinear effects inherent in the point reactor model, and observer is developed to enable the
coupling between the controller and high-fidelity simulation tool. An “off the shelf” optimization

YV

NuRAM

. Nuclear Reactor
\ Analysis & Methods
Group




COLLEGE OF ENGINEERING

NUCLEAR ENGINEERING & RADIOLOGICAL SCIENCES

UNIVERSITY OF MICHIGAN

Transient PROTEUS Simulations with MPC

library for Operator Splitting solver for Quadratic Program (OSQP) is used to solve the control
optimization problem.

Through several numerical experiments, we observe that the MPC and point reactor state-space
model provide excellent control of the reactivity control system where tracking errors between
the core power and set point are within 0.234%, with control inputs remaining within constraints.
Transient load-follow results from a 3D high-fidelity multiphysics reactor simulation coupled with
the MPC controller to calculate rod position are shown in Fig. EC.1.

Extensive sensitivity tests are also performed to gain insights into the performance of the controller
in terms of some of its tuning parameters, and accuracy of key reactor physics quantities needed
in the state-space model. Overall, the sensitivities of the parameters evaluated revealed that the
controller is quite robust. Most parameters would need to differ by more than an order of magnitude
to significantly degrade the controller performance. The two largest sensitivities identified are the
accuracy of the constraints applied to the controller, and accuracy of the control drum worth curves.
A reduction of the constraints to 10% of their nominal value increased the maximum tracking error
to 8%, while having control drum reactivity worths off by +60% demonstrated the controller can
become saturated and provide highly oscillatory control inputs (although it was still able to provide
an accurate control solution).

Typical technical specifications for zero power physics testing and measurement of reactivity worth
require significantly tighter agreement than 60% between the calculated design values and measured
values. Further, a detailed understanding of reactivity control system drive constraints is necessary
for the final safety analysis report to satisfy licensing requirements. Therefore, we conclude that
current regulatory procedures for the design and operation of reactors should ensure sufficient
performance of an MPC controller (excluding risks due to failure modes of the controller which is
beyond the scope of this report).

We also include as an appendix a draft of a journal article we plan to submit based on the work
documented in this report.
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1. INTRODUCTION

This project aims to characterize the dynamic behavior of High-Temperature Gas-Cooled Reactor
(HTGR) like specialized purpose reactors (e.g., microreactors) and examine the feasibility of
component design for passive system control. Additionally, we consider traditional control systems
as a point of comparison. The focus of this report within the overall project is to develop and
demonstrate the integration of state-of-the-art control algorithms with high-fidelity simulation
tools for the analysis of load follow operational transients. We pursue this objective as it represents
a novel capability for high-fidelity simulation tools, and provides some value to analysts and
designers in assessing relationships between instrumentation and control systems and the reactor
design.

In prior milestones of this project and related work [3, 4], we explored the use of Model Predictive
Control (MPC), to evaluate the feasibility of the reactor design in terms of its controllability through
the usual reactivity control systems. However, in this previous work we employed simplified point
dynamic models due to an absence of physical plant data and high-fidelity codes capable of
representing the dynamic behavior of microreactors effectively. While point reactor dynamics
models can deliver acceptable results once they are properly established, they rely on a significant
amount of approximations in capturing reactor behavior.

Therefore, in this work, we utilize the high-fidelity reactor analysis code PROTEUS, developed by
Argonne National Laboratory (ANL), as a stand-in for a physical reference plant model to couple
to the previously developed control algorithms. With the application of this high-fidelity reactor
analysis code, we anticipate depicting more realistic reactor behavior, and, thus, a better assessment
of the controller’s performance.

1.1 Background of Holos Quad Reactor

As a specific use case for an HTGR, we use the reactor design under development by HolosGen.
The Holos-Quad design is a scaled-down HTGR with the core being composed of four Subcritical
Power Modules (SPM). Each SPM is effectively an independent closed-loop Brayton cycle power
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Figure 1. Full-scale Holos-Quad (Gen 2+) subcritical power modules [1, 2]
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conversion unit with a nuclear heat source in a tube-shell heat exchanger configuration. This design
effectively eliminates the balance of the plant. In earlier designs of this reactor, the four SPMs were
configurable so that they will create a critical reactor. An illustration of the Holos-Quad SPMs is
shown in Fig. 1.

The design has continued to evolve under the Department of Energy Advanced Research Project
Agency-Energy (ARPA-E) MEITNER program. A new, proprietary design was developed by the
ARPA-E Resource team at ANL. The new design was reported in [1]. The updated core design is
the focus of the calculations and analysis of this report.

1.2 Organization of this Report

The remainder of this report is structured as follows: Firstly, we first present the approximated core
model used in our simulations, that is based on the Holos Quad reactor. Secondly, we outline the
methodology used to represent the MPC plant model using PROTEUS. Subsequently, we introduce
the methodology and the reduced-order model used in the MPC controller. In the numerical
results section, we assess the performance of the MPC controller and present an extensive range of
sensitivity tests to verify this code system. Finally, we discuss our numerical results and provide
conclusions to this report.

2. HTGR MODEL

This milestone aims to develop and apply the MPC algorithm for HTGR-like microreactors. The
Holos-Quad microreactor is one of the proper candidates for this purpose. The microreactor is a
Gen-IV microreactor proposed by HolosGen LLC [2]. The radial layout of the Holos-Quad (Gen
2+) is presented in Fig. 2a [1]. The design is an HTGR type, but the reactor has distinctive features
such as the SPM and control drums. The rotating control drums located in the radial reflector
region are used for load-follow operation. We define unit-cell of the reactor as a 3x3 groups pins
as shown in Fig. 2b. In each unit-cell, there are 5 fuel compacts and 3 helium coolant channels,
and 1 burnable absorber.

Our initial intent with this milestone was to simulate the Holos-Quad microreactor with the high-

| shell (sic/Nb liner)

/ Coolant channel

= (5x4) Control drums - inner R= 0.543 cm

: = Nb layer = 0.02 cm

- SiC layer =0.075 cm
- lead layer = 0.002 cm

- outer R=0.640 cm
@_ Fuel block - R=0.90cm
Packing fraction = 40%

@ s Lumped Burnable Poisons - R = 0.25cm

\ Packing fraction between 2-27%
O Graphite

0.3 ppm of B-10 impurity

(a) Radial layout (b) Unit-cell

[= BeO Reflector

| 4x20 shutdown rods
-

Figure 2. Holos-Quad (Gen 2+) model [1]
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fidelity reactor analysis code PROTEUS [5]. However, a separate project to develop PROTEUS
for Holos-Quad analysis is ongoing and some features were not yet ready for use in the context of
this work. Additionally, the full core Holos-Quad model in PROTEUS still presents challenges for
computational resources. Therefore, we decided to modify the Holos-Quad model to be smaller and
simpler as the primary purpose of this work is to establish, demonstrate, and assess a high-fidelity
transient simulation capability integrated with MPC for microreactor load-follow analysis.

Figs. 3a and 3b present the simplified microreactor model and its unit-cell model, respectively.
Table 1 compares some design parameters of the Holos-Quad and the simplified microreactor.
The simplified microreactor makes use of quarter symmetry in the geometry, and assumes quarter
symmetry in the drum operation. The simplified model reduces the core size compared with the
Holos-Quad while preserving the linear power density. The control drum has 90 deg of absorber
material. In the quarter core, there are two control drums instead of 5, but only one drum is
manipulated in the load follow scenarios analyzed in this work to further simplify the problem. In
other words, the absorber of one control drum is toward the core peripheral region while the other
control drum may rotate to reach a desired power level.
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Figure 3. Simplified microreactor model

Table 1. Comparison between Holos-Quad and simplified model

Parameter Holos-Quad Simplified
(Gen 2+) Microreactor

Power (MW) 22.00 2.42

# of fuel compacts 2300 480

Active core height (cm) 380 200
Power density (W/m) 2517 2517

# of coolant channels 1528 288

Core coolant mass flow rate (g/s) 21896 3085
Inlet temperature (K) 863 863
Estimated outlet temperature (K) 1123 1014
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3. METHODOLOGY AND TOOL

This section describes the methodologies and computational tools to simulate the load-follow of
the simplified microreactor.

3.1 High-Fidelity Model with PROTEUS

3.1.1 Neutronics solver

The PROTEUS code [6] developed by ANL is a high-fidelity neutron transport code based on
unstructured finite element meshes that allow users to model complex and unconventional geometry
reactor problems like microreactors and Gen-1V reactors. PROTEUS has several methods for
performing teh transport calculation. In this work, the MOCEX solver is used which uses 2D MOC
radially and the discontinuous Galerkin finite element method axially with extruded geometry [6].
The transient fixed source problem solver makes use of the isotropic approximation of the angular
flux time derivative—which is quite common in thermal reactor transient analysis. The transport
solution is accelerated by the consistent Coarse Mesh Finite Difference (CMFD) [7]. A 6 energy
group cross section library in the ISOTXS format was generated by solving the whole-core Holos-
Quad reactor with the Serpent Monte Carlo code for individual materials in the reactor. The cross
sections are parameterized as function of temperature between 600 K and 1800 K. While this may
not provide realistic predictions, of the actual core cross sections, it is more than sufficient for the
capability demonstrated in this report, and subsequent sensitivity analysis.

3.1.2 Thermal Hydraulics/Fluids feedback solver for HTGR

It is necessary to consider the Thermal Hydraulics/Fluids (TH) feedback properly for load-follow
simulations. There has been other research coupling PROTEUS and SAM using the MOOSE-
based wrapper for the molten salt reactor [8]. Since the coupling of PROTEUS and SAM requires
significant efforts and computational time, a Simplified Thermal Hydraulics/Fluids (STH) solver
for the HTGR was implemented in this work. The STH solver assumes four regions including
fuel compact/graphite moderator/cladding/helium coolant. The coolant channels in each unit cell
Figs. 2b and 3b are merged into one coolant channel. The STH solver also assumes the single-phase
flow in an axial flow channel under constant pressure. The governing equation for one coolant
channel is

dp Opv
—+—=0, 1
8t+8z )

oph 0phv nf
—_— = —_— = 2

where p is the density; v is the velocity; ¢ is the time; z is the axial coordinate; 4 is the enthalpy.
qy is the power density per fuel compact; n s is the number of fuel compact per unit cell; n. is the
number of coolant channel per unit cell; g, is the heat deposited in the coolant; and ¢ is the total
heat source.

The fuel compact, moderator, and cladding in each unit cell are individually homogenized and
transformed to an equivalent cylindrical geometry such as Fig. 4.
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Fuel Moderator Cladding Coolant

Figure 4. STH solver cylindrical geometry

The STH solver solves the radial heat transfer equation in the 1D cylindrical coordinate:

oT 0 oT
Pcpa—ak(T)a‘Fq, 3)

where ¢, is the heat capacity; T is the temperature; and & is the thermal conductivity. The boundary
condition is applied at the cladding wall as follows:

. oT
q = _ka = hw(Tw - Tb) , 4)

w

where ¢” is the heat flux; £, is the heat transfer coefficient at the surface; T,, is the wall temperature;
and 7} is the coolant temperature. Eq. (3) is defined in each region of the geometry so that a system
of equations is made for the geometry. The system of equations is solved with the finite difference
method. Since the unit cell geometry is approximated to the cylindrical coordinate, the accuracy
may be degraded. However, the thermal conductivity and heat transfer coefficients can be chosen
such that they preserve the desired temperature of each region at the steady-state condition for some
more rigorous method. The desired temperature may come from a solver using a higher-order
method as the finite element.

3.1.3 Control drum modeling

The microreactor has multiple control drums and the power level is controlled by the control drums
that may rotate continuously in space while the mesh is discrete. This situation can result in
significant numerical error effects as the material discontinuity of the absorber moves through the
mesh and becomes aligned or homogenized. A possible solution to this is to remesh the problem
as the drum moves, however this is non-trivial to accomplish, and often not necessary. It is much
simpler to enforce a unified mesh between the previous and current time steps. Doing so greatly
simplifies the treatment of the flux or source from the previous time step in solving the transient
fixed source equation. As a result, to correctly model the drums, an effective material or cross
section should be calculated for the mesh which is partially spanned by the absorber material.
Simply homogenizing it based on volume fraction may lead to significant error and cause the
so-called control rod or drum cusping issue. To minimize the drum cusping issue, the control drum
is divided into 96 angular sectors. However, this mesh discretization was still not sufficient. As
shown in the Fig. 5, the volume weighting method causes a cusping effect in the eigenvalue as a
function of the control drum rotation. The drum cusping behavior does not represent a realistic
situation and it makes the reactivity control difficult since the drum differential worth does not have
a monotonic slope.
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Figure 5. Eigenvalue as a function of control drum rotation with different methods
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Figure 6. Control drum decusping function

To reduce the cusping effect, a homogenization correction factor has been generated and used in
this work. The way to generate the correction factor is similar to Pressurized Water Reactor (PWR)
applications [9]. First, 15 eigenvalue calculations were performed with different lengths of control
drum absorbers from 90 deg to 93.75 deg. In this calculation, the starting point of the absorber
was fixed and only the length was changed. The volume weighting homogenization was used when
calculating cross section of the mesh which is partially spanned by the absorber. Recall that the
control drum geometry has 96 azimuthally divided pieces so each segment has 3.75 deg. Fig. 6a
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shows the eigenvalue as a function of volume fraction. In the figure, 0.0 of volume fraction means
the length of absorber is 90 deg while 1.0 means the length of absorber is 93.75 deg. Ideally, the
eigenvalue should follow the linear shape. Based on the assumption that the eigenvalue should
vary linearly, the adjusted volume fractions were calculated as Fig. 6b. Additional eigenvalue
calculations were not necessary to calculate the adjust volume fraction. Instead, the x-axis was
shifted so that eigenvalues can be located on the ideal line. Fig. 6¢ shows the adjust volume fraction
as a function of the volume fraction of absorber. This function is used to calculate the effective
volume fraction for homogenization of the drum absorber “tip” when the absorber material partially
spans a mesh. The function is used for both sides of the absorber arc. With this drum decusping
function, the eigenvalue changes smoothly as shown in Fig. 5. This approach has limitations in that
the function may not cover other cases than this problem or changes in the control drum design,
however it is sufficient for our simulation of a single design here. A more general method may
need additional research but the decusping function made in this work behaves well (e.g. agrees
with non-homogenized case and provides monotonic reactivity worth curve) for the simplified
microreactor.

3.2 Controller

This section describes the methodology of the controller. In this work, the MPC is used for
the controller. Since the MPC relies on the mathematical model, it is necessary to set up rea-
sonable models. Section 3.2.1 describes reduced order models for neutronics and TH feedback.
Section 3.2.2 describe how to define the state-space equation from the reduced order models.
Section 3.2.3 describes the theroy of MPC.

3.2.1 Reduced order models
The neutron kinetics is represented by the point kinetics equations with normalized forms:

di(t) _ p(t) = fi _ g Aici(1)
Tl i(t) + n , (5)
dzgt) = () - A (D) . i=1...6. )

where 71(1) is the normalized neutron density at time 7; p(¢) is the reactivity; ; is the total delayed
neutron fraction; A is the neutron generation time; A; is the delayed neutron time constant for i-th
group; and ¢;(t) is the normalized precursor density for i-th group.

Since the plant model represented by PROTEUS has the TH feedback, it is better to have the lumped
TH feedback model for a reduced order model for a more accurate MPC prediction. The lumped
TH model has three temperatures for the fuel, graphite moderator, and helium coolant:

de(l‘)

mgeCp,f dr ZQfPrﬁ(t)_Kf—w (Tf(l)_Tm(t)) > @)

dT,, _
mmcp,de—t(t) = (1 - Qf)Prn(l) + Kf—>m (Tf(t) - Tm(t)) - Ky (Tm(t) - Tc(t)) > ()
e D = Ky (T(0) = To(0) = Ke (1) = Ti) ©
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where subscripts f, m, and ¢ denote the fuel, moderator, and coolant, respectively; m; is the mass
of material x; ¢, . is the heat capacity; 7, (¢) is the temperature; ¢ s is the fraction of heat generated
from fuel; P, is the rated power; K,_,, is the heat transfer coeflicient from material x to y; and T;,
is the inlet coolant temperature.

The rotation of the control drum is also one of the state variables. The following is the equation for
the control drum:

dD (1)
dt

=Vi(1) , (10)

where D (t) is the position of control drum; and V(¢) is the velocity of the drum. The controller
determines the velocity.

The reactivity model has the reactivity feedback from temperature, and the reactivity change from
control drum:

p(1) = pp+ap (DT (1) + am ()T (1) + ac(DT() + Wi (1) D1 (1) (11)

where p,, is the base reactivity; a,(¢) is the temperature coefficient of the material x; and Wy (¢) is
the differential reactivity worth of the control drum.

The values of the coefficients of these equations are given later in Section 4 for the specific
Holos-like mini-core model described in Section 2.

These equations for the reduced order models can be written in a system of equations as follows:

x = £(x(1),u(t)) , (12)

where x(7) and u(z) are the state vector and input vector, respectively. x(7) contains the state
variables introduced above, and it is defined as follows:

X(t):[xl xNX]T

(13)
= [a(t) a(t) ... &) Tr(t) Tu() T() Di(n)]",

where N, is the number of state variables.

For simplicity, we assume a single input case for the system therefore N, is 1 here. With this
assumption u(z) is

u@®) =[ur ... un,] =] . (14)

The system of equations, f, is defined as follows:
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tx(,u®) = [fi .. fn]"

T
=\fa fa - fa Sfr, fr. fr. fpi] , (15)
_ [dﬁ(z) dz, (1) degn) ATy dT,(0 a0 dpyw |
dt dt dt dt dt dt dt

This form may be helpful for the linearization of the equations.

3.2.2 State-space representation

State space representation is a mathematical model of a physical system expressed as a function of
input, output, and state variables related by first-order differential equations or difference equations.
All system variables may be represented by a linear combination of the state variable and system
inputs by the ordinary differential equations.

It is useful to define the state-space model based on the linearization of the nonlinear equations.
The state-space model is used in the control theory; typically to make future predictions about the
plant state. The state-space model is defined as follows:

Xs(1) = AgXs(1) + Byug (1)

16
ys (1) = Cyx4(2) , (16)

where A; is the system matrix with dimensions N, X Ny; By is the input matrix with dimensions
Ny X Ny; and C; is the output matrix with dimensions Ny X Ny. X,(f), ug(¢), and y,(z) are the
state vector, input vector, and output vector of state-space model, respectively. The column vectors,
Xs (1), u(?), and y,(¢) have length Ny, N,, and Ny, respectively.

In the state-space representation, it is inherently assumed that x,(¢), ug(¢), and y,(¢) are the
differences from nominal condition where the linearization is done. In other words, the vectors are
defined as follow:

Xs(1) = x(t) — x(t,)
uy (1) = u(r) —u(t,) (17)
ys(t) =y(®) —y(t,) ,

where t,, is the time at the nominal condition where the linearization is done.

An arbitrary function g(z) can be linearly approximated at a nominal state z,, as follows:

dg(z,)
dz

g(2) — g(zn) = (z=za) . (18)

The accuracy of this approximation depends primarily on the assumption that z is “close enough”
to z, such that g(z) behaves linearly.

fv 9

NuRAM

Nuclear Reactor
Analysis & Methods
Group




COLLEGE OF ENGINEERING

NUCLEAR ENGINEERING & RADIOLOGICAL SCIENCES Transient PROTEUS Simulations with MPC

Similarly, Eq. (12) is approximated at nominal time ¢, as follows:

X(t) - X(tn) = As(X(t) - X(tn)) + Bs(u(t) - u(tn)) s (19)
where
Cof af T
oxy ttt Oxn
of x
A= o :[63—; af[fvx]_ - | o , (20)
Xlt=t, I=tn 0 fny O fny
_6—)“ ce m_ =t
(on ]
of ot of n i
Bsza— :[3—u1 m] ~ = : .. : . (21)
uj_ 1=t fn, dfNy
| Ouy Tt Oupy, | t=t,

Eq. (19) is the same form as Eq. (16). In many cases, ?, is the time at the initial steady-state,
namely 7, = 0. The linearization process can be done either by the analytical method or the
numerical method. In the following section (Section 3.2.3), the state-space model generated at the
initial steady-state condition is used for the controller algorithm. Later in section Section 3.2.4 this
assumptionis relaxed.

3.2.3 Model Predictive Control

To solve the state-space control problem, we use the MPC algorithm. MPC is an advanced method
to control a process while satisfying a set of constraints [10]. Itis based on an iterative finite-horizon
optimization of the system (i.e. trajectory optimization). In the form presented here we focus on
the linear, time-invariant state-space model for simplicity and clarity. However, there are several
variations on MPC, and these can typically be distinguished in how the state space is represented
or how the cost function is formulated.

To minimize an error between a desired set-point and predicted output, a control input is computed
for a relatively short time horizon in the future by evaluating a cost function. This calculation is
then repeated at each subsequent instant or time-window.

The basic theory of MPC is described here for completeness. The following derivation of MPC
is based largely on [11]. The state-space model is written as the following time-discretized linear
system.

Xq(k+1) = Agxq(k) + Bgug(k), (22)
ya(k) = Cgx4(k) , (23)

where k is the time step index, and Ay, By, and C,; are the discrete forms of Ay, By, and Cj,
respectively. These discretized matrices are defined with Tayler expansions as follow:

Ar= ) m (Al (24)
=0
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o 1
= | A (25)
I
I=1
Ci=C;, (26)
where At is the time difference between step k and k + 1.
Applying a finite difference approximation to Eq. (23) yields
Xq(k +1) = xq(k) = Ag (Xq(k) —x4(k = 1)) + Bg (u(k) —u(k - 1)). 27
Next, we make use of the following simplifying notation
AC) (k) = () (k) = ()(k=1), (28)
to yield
Axy(k +1) = AyAxy(k) + BgAu(k) . (29)

Note that the input to the state-space model is Auy(k). The advantage of using Eq. (29) is that
the mismatch between the plant model and the reduced-order model can be canceled, assuming the
mismatch varies little between step k and k + 1. The next step is to relate Ax;(k) to the output,
ya (k). To do so, a new state variable vector is defined as

x.(k) = [Axq () y(R)]" . (30)

This results in the following expressions

y(k+1) —y(k) = Cq (Axq(k +1))

31
= CdAdAXd(k) + CdBdAu(k) . ( )
Combining Egs. (29) and (31) leads to the following discretized state-space model:
Xq (k+1) A, Xq (k) B,
e e - Aua(k)
Axg(k + 1) [ As Oy AXd(k)] [ P
— xXNo + A k 32
et Bl i | e K s ) e
Xa (k)
Co.
—_——
AXd(k)]
o(k)=[0" T 33

where Oy _xn, is the zero matrix with dimension N, X N,; and Iy xx, is the identity matrix with
dimension N, X N,. A,, B,, and C, are called the augmented model which are used in the design
of the predictive control.
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Assuming that at the sampling instant k, where k > 0, some values of the the state variable vector
x(k) are available through measurement, then the state x(k) provides the current plant information.
The future control trajectory is denoted by

Au,(k), Aug(k+1) ... Aug,(k+N.—1), (34)

where N, is called the control horizon—this dictates the number of time steps into the future for
which the control action is simulated for the optimization. With the information given in x(k), the
future state variables are predicted for N, number of time steps into the future, where N, is called
the prediction horizon. N, is also the length of the optimization window. We denote the future
state variables as

Xo(k|k), Xa(k +1]k) ... x4(k +N,|k), (35)

where x(k +m|k) is the predicted state variable at k +m with given current plant information x(k).
The control horizon N, is chosen to be less than (or equal to) the prediction horizon N,,.

The state-space model for the prediction horizon is denoted as follows:

Y = Fx, (k) + ®AU, (36)
where .
Y = [yo(k+ 1K) ... yo(k+N, 0], (37)
AU = [Au (k)T ... Aug(k+N.-1DT]", (38)
C,A,
F=| : , (39)
C ALY
C,B, 0 0 0
C,A,B, C,B, 0 0
o=| CAB, C.AB, CB, - 0 . (40)
caAfP‘lBa c, AV, c, AN, ... c, AN,

For a given set-point signal (or reference trajectory), the objective of the predictive control system
is to bring the predicted output as close as possible to the set-point signal. One of the advantages
of MPC is that it can use a preview capability for the set-point signal. If an application allows
anticipating the signal, the MPC controller with signal previewing can improve reference tracking.
This objective is then translated into an input to find the “best” control parameter vector AU such
that an error function between the set-point and the predicted output is minimized. The cost function
J, which reflects the control objective, is defined as follows:

J=R-Y)Y  (R-Y)+AU'W,AU+U'W,U. 41)
12 anaas avemoss| 7Y
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In Eq. (41), the first term is linked to the objective of minimizing the errors between the predicted
output Y and the set-point signal R. Since this is a product with the transpose it is essentially like
the normal equations in the least squares method, so this term is minimizing the L;-norm of the
error in trajectory.

The vector R contains the set-point information as follows:
R=[r(k) r(k+1)T ... r(k+N,-DT]", (42)

r(k) = [ri(k) ra(k) ... rn, (0], (43)

where ry(k) to ry, (k) are the set-point signals corresponding to output vector. If an application
does not allow previewing the set-point signals for some reason, r(k) can then be used for the rest
of the prediction horizon.

The second term reflects the consideration given to the size of AU. This term essentially allows one
to minimize the control “effort”. W, is a diagonal matrix in the form that W, = w, Iy xn. (W, > 0)
where w,, is used as a weighting parameter for the desired closed-loop performance.

The third term also reflects the consideration to minimize the control effort but the third term is to
reduce u, instead of Au,. This means that we desire a control action that is not very oscillatory
or “jerky”’—just as we do want to avoid large (in magnitude control actions), like rotation 1 control
drum a significant distance, we also want to avoid solutions that unnecessarily move the control
drums back and forth.

U is defined as follows:

U= 007 .. ugks N = 7]

(44)
= Ciug(k = 1) + CLAU |

where C1 = 1y,x1 ® In,xn,; 1n.x1 1s the 1-vector with dimension N, X 1; C = T ® Iy, «n,; and T
is the lower triangle with all non-zero elements are 1 and dimension N, X N.. W,, in the third term
is a diagonal matrix in the form that W, = w,Iy_xn_. which w, is used as a weighting parameter.

The cost function is next rewritten as a function of AU based on the simplification from Eq. (29).
This form also facilitates solution by quadratic programming.

J = AUTHAU + 2AU'L + ¢, (45)

where
H=®"®+W, +CIW,C,, (46)
L = ®" (Fx,(k) - R) + CW,Cu,(k - 1), 47)

and c is the remainder which is not multiplied to AU. The remainder, c, is not used when solving
the quadratic programming problem.

One of the other advantages of MPC is that design constraints can be considered in the optimization
problem. To incorporate the design constraints into the control problem, it is necessary to translate
the constraints into linear inequalities. The constraints are taken into consideration for each moving
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horizon window. Since the MPC problem is formulated and solved in the framework of the receding
horizon control, the constraints on the rate of change are expressed as

AU < Aug (k) < Au™, (48)

where the superscripts min and max denote the minimum and the maximum constraints, respec-
tively. The constraints are defined within the control horizon so that it can be expressed in terms of
function AU as follows:

AU™" < AU < AU™™ | (49)

where AU™" and AU™“* are column vectors with N, elements of Au”" and Au"%*, respectively.

The constraints then need to be decomposed into two parts to reflect the lower and the upper limit.
This is expressed as follows:

(50)

C;

-Cy
[ :| AU S AUma)C

_Aumin]

where I is the identity matrix, and its size depends on N, and u.

This procedure also applies to the control input and output constraints. All constraints are expressed
in terms of AU. The constraints for the velocity, which U defined in Eq. (51), is written as follows:

U™ < Cru,(k — 1) + CAU < U™ 5D
Using Eq. (36), the output constraints are expressed in terms of AU as:

Y™"" < Fx(k) + ®AU < Y™, (52)

Finally, the MPC in the presence of constraints is proposed as finding AU that minimizes the
quadratic cost function

J = AUTHAU +2AU'L + ¢, (45 revisited)

subject to the inequality constraints:

MAU <N, (53)
where
Nuclear Reactor
14 Analysis & Methods \/\v
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[—C, ] [—U™" + Ciu(k = 1)]
C, U™ — Cru(k — 1)
B _Cl - B _AUmin
M=l N= A (54)
~® ~Y™i" 4 Fx (k)
| @ | | YY" —Fx(k)

To solve this quadratic programming problem, the Operator Splitting solver for Quadratic Program
(OSQP) solver is used [12]. The OSQP solver is a numerical optimization package for solving
convex quadratic programs. The solver is very efficient and accurate for these kinds of convex
quadratic programming problems. The OSQP solver is not applicable to the more complicated
nonlinear optimization problem for nonlinear MPC. However, the optimization problem with a
nonlinear model can be handled with the adaptive MPC which is not much different from the standard
MPC. In adaptive MPC the state-space model is updated during simulation by re-linearizing the
nonlinear model every time step. A detailed description of the algorithm is presented next in
Section 3.2.4.

Measurement
Control input Plant Model
—= Ob:
(PROTEUS/STH) | ~Lowrver ]

MPC / \

{ repeatfor %

Optimization Solver \every time step;/

(0SQP)
i Cost Prediction model Constants

Serpon_lt, 05' State-Space Model (PKE, rod worth,

Constraints function temp. coef. )

Figure 7. Calculation flow with standard MPC

Although the optimal parameter vector AU contains the controls Au, (k), Au,(k+1), ..., Au,(k+
N, — 1), with the receding horizon control principle, the first sample of this sequence, i.e. Au(k),
is implemented only while ignoring the rest of the sequence. When the next sample period arrives,
the more recent measurement is taken to form the state vector x(k + 1) for calculation of the new
sequence of control signal. This procedure is repeated in real time to give the receding horizon
control law. Fig. 7 presents the calculation flow of the standard MPC.

3.24 Adaptive MPC

The theory of MPC is presented in Section 3.2.3. The standard MPC described in Section 3.2.3 is
based on the state-space model which is linearized or defined at a particular time such as an initial
steady-state condition. However, the reduced order model described in Section 3.2.1 is not linear.
Ignoring the nonlinearity of the reduced order model then, may degrade the accuracy of reference
tracking. Applying nonlinear MPC [13] may resolve the issue. However, the nonlinear MPC
i1s computationally expensive and a nonlinear constraint is rarely necessary for many applications.
Therefore, this work uses the adaptive MPC [14]. The adaptive MPC controller adjusts its prediction
model at run time to compensate for nonlinear or time-varying characteristics. Figs. 7 and 8 present
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the calculation flow with the standard MPC and the adaptive MPC.

Measurement

Control input Plant Model _
(PROTEUS/STH) @

e Constants
MPC . | Reduced Order Model (PKE, rod worth,
{ repeatfor temp. coef.)
Optimization Solver \pvery time step Linearization
(OSQP) L e & state update
Setpoint, Cost Prediction model
(Chi e e State-Space Model

Figure 8. Calculation flow with adaptive MPC

The only difference between the standard MPC and the adaptive MPC is that the state-space model
is “re-linearized” during the simulation in the adaptive MPC. To do this, the reduced order model
defined in Eq. (12) needs to be solved during the simulation as well as the plant model and the state-
space model. The state-space model is updated every time step or as needed by using the exact same
process in Section 3.2.2. The MPC problem is updated repeatedly with the updated state-space
model. Compared to the standard MPC, the adaptive MPC requires additional calculations to solve
the reduced order model and repetitive setup of the state-space model and MPC problem. However,
in our application, the overhead is negligible and is readily manageable with modern computing
power while the accuracy of the adaptive MPC may be comparable to that of the nonlinear MPC
as long as the linearization is repeated with a short time interval. Therefore, the adaptive MPC can
be a good trade-off between the standard MPC and the nonlinear MPC.

3.2.5 Model mismatch and observer

The MPC optimization is conducted based on the reduced order state-space model. It is nearly
impossible to directly use the plant model or a high-fidelity model in the MPC optimization due to
the complexity and computational cost. Instead, the reduced order model is used as described in
Section 3.2.1. The issue is that the reduced order model also approximates the plant or high-fidelity
model. It means that the solutions from the plant model and the reduced order model are different.
Therefore, there should be a process to correct the difference. This is done by an observer.

Before explaining the observer, it is necessary to mention the measurement. It is necessary to
consider which state variable can be obtained from the plant or high-fidelity model. In practice,
it is not feasible to measure some or all state variables (e.g. the delayed neutron precursors and
core-averaged temperature for each material cannot be directly measured). The power level or
relative neutron density (i.e. 77) can usually be indirectly measured in the real plant through in-core
or ex-core neutron detectors. In this sense, it is assumed that only the power level or relative neutron
density is obtained from the plant model in the simulation and the observer is used to correct the
neutron density. We note that some other properties, like core average coolant temperature and inlet
or outlet temperatures can also be measured-but for the current work on a single-output problem,
these are not used.

The measurement correction process done by the observer is quite straightforward. Once the
measurement is obtained from the plant or high-fidelity model, the output vector, y,; (k) in Egs. (32)
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and (33) is corrected as follows:

Ya(k) = ya(k) + K (§(k) = ya(k)) (55)

where y/, (k) is the corrected output vector; y(k) is the output vector from the plant; and K is the
observer matrix with dimension N, X N,. When the optimization problem is a single output case
and only power can be measured from the plant, the K would be 1;x;. What the observer is doing
is simply replacing the output from the state-space model with measurable output from the plant.
The corrected output vector, y/,(k), is then used in the subsequent MPC optimization instead of

ya(k).

An additional correction is necessary for the adaptive MPC since the adaptive MPC algorithm
solves the reduced order model separately and the measurement correction needs to be applied to
the reduced order model as well. The observer for the state-space model simply corrects the output
vector. However, only updating the neutron density in Eq. (12) may lead to an unphysical neutron
time derivative since the corrected neutron density is not calculated from the reduced order model.
Consequently, there is no guarantee of neutron balance between time steps. Thus, an additional
calculation to preserve the time derivative of neutron density is necessary to resolve the issue. In
other words, the following relation must also be satisfied:

dn(t)  di'(1)
dt — dt

(56)

where 77(¢) is the corrected neutron density which is the same as the neutron density of the plant
model. To preserve the time derivative with the corrected neutron density, an additional parameter
is needed. This is handled by updating the base reactivity. Using Eq. (5), the above equation is
written as following:

Z?:l/li‘:i(t) P(f) B: _, ?zlﬂiéi(t)

P(t) Bi
A X (1) + A ,

n(r) + (57)
where p’(t) is the corrected reactivity corresponding to 72’(¢) and it is defined as a function of
corrected and uncorrected neutron densities:

) |
p' ()= (p(t) = Br) == oM (58)
The correction on the reactivity may be assumed so that the base reactivity, pp, is updated to have
o’ (). The updated neutron density and the reactivity are then used in the subsequent time steps.
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4. NUMERICAL RESULTS
4.1 3D microreactor Results

Table 2. Applied constraints to Holos reactor control

Parameters | Constraints |
Control drum rotation (deg) 0 <s <360
Control drum rotation rate (deg/s) -0.36 <u<0.36
Control drum rotation acceleration (deg/s’) | —0.36 < Au/At < 0.36

In this section, the load-follow simulation results for the HTGR-type microreactor described in
Section 2 are presented. As mentioned in Section 3.2.3, one of the advantages of the MPC is an
ability to consider constraints in the optimization problem. Three kinds of constraints are applied
to the drum rotation rate u, and drum rotation acceleration Au/A¢. It should be noted that these
constraints are assumed because they have not been determined in the reactor design, yet. The
numerical values of the constraints are listed in Table 2. There is no specific constraint for the control
drum rotation since the drum can rotate over O degree or 360 degree. The constraints for u and Au/A¢
are simply chosen to have +0.1%/s and +0.1%/s?, respectively. These constraints are corresponding
to +0.36 deg/s and +0.36 deg/s?, respectively. In reality, the constraints should be first based on the
mechanical performance of the drum rotation system, and secondarily on technical specification
limits for the operation that should satisfy safety and operational performance requirements.

Table 3. Parameters used in the reduced order model simulation

Parameter ‘ Value Unit Parameter Value ‘ Unit ‘
B 0.01181 - A 2.627E-5 S
B 0.00041 - A1 0.01334 1/s
B2 0.00213 - A 0.03274 1/s
B3 0.00204 - A3 0.12078 1/s
B4 0.00457 - Ay 0.30278 1/s
Bs 0.00187 - As 0.84949 1/s
Bs 0.00078 - A6 2.85300 1/s
af -4.0 | pcm/K cr 977.0 | J/kg/K
Uy -0.2 | pcm/K Cm 1697.0 | J/kg/K
e 0.0 | pem/K Ce 5190.0 | J/kg/K
Wi -33.3 | pcm/deg - - -

Table 4. Power level setpoint

Time period (sec) ‘ Description for power level
0-5 Maintain 100%
5-245 Decrease to 20% with ramp rate of -20%/min
245 - 1800 Maintain 20%
1800 - 2040 Increase to 20% with ramp rate to 20%/min
2040 - 3600 Maintain 100%
18 prademfencer| )
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Table 3 presents parameters used in the reduced order model. The delayed neutron fraction and the
delayed neutron time constants were extracted from the 6-group cross section library of PROTEUS.
A typical generation time for thermal reactors is used. Therefore, the point kinetics parameters
are not necessarily accurate. Unfortunately, the feature to generate the point kinetics parameters
in PROTEUS was not available for this work. Nevertheless, these assumptions and their validity
do not preclude the development and assessment of the coupling of high-fidelity simulations with
control algorithms.

In Section 4.2, the sensitivity test results are presented to determine the effect of these parameters.
The temperature coeflicients and control drum differential worth were determined from a series of
2D core simulations.

Fig. 9 presents the results for the 3D microreactor load follow simulation. The prescribed power
scenario is given in Table 4, and starts at 100%, decreases to 20%, and then increases back to
100%. The ramp rate between 100% and 20% power is +20%/min which is the fastest ramp
rate requirement identified in [3]. As depicted in Fig. 8, the plant is represented by PROTEUS
coupled with STH. The adaptive MPC is used for the simulation. A one second time step is used
for exchanging information between the PROTEUS simulation and MPC controller. The initial
position of the control drum is 180 deg. This means the center of the control drum absorber faces
south as shown in Fig. 3a. In the simulation, 40 computing cores were used.
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Time (min) Time (min)
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g
o
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Figure 9. 3D microreactor load-follow simulation results

The objective of the controller is to compute the control inputs so that the core power matches
the setpoint while minimizing control costs, and being regulated within the given constraints. The
calculated power with the MPC controller is very accurate. The RMS tracking error over the entire
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simulation is 0.027%. The maximum tracking error is 0.234%. The core-averaged temperature
is also calculated for the fuel, moderator, cladding, and coolant. The temperature changes much
more slowly than power. This is expected given the slow thermal time constants of graphite. The
power level decreases to 20% and maintains the level between 4 min and 30 min. In this period, the
MPC controller needs to keep solving the optimization problem to compensate for the temperature
feedback effect by adding negative reactivity with the control drum. Therefore, during this same
period, the control drum keeps rotating. Similar behavior is repeated when the power increases
back to 100% but with opposite direction of rotation. During the load-follow simulation, the control
drum rotates between 180 deg and 203 deg.

To determine the cost for input control, RMS velocity and RMS acceleration are calculated and
shown in Fig. 9. The RMS velocity and RMS acceleration are 2.22E-2 deg/s and 5.55E-3 deg/s?,
respectively. It is not straightforward to determine whether these costs are large or small in and
of themselves, but this provides some metric for a relative comparison. Consequently, the same
parameters are calculated for several other 2D core simulations and then compared to each other in
the next section.

4.2 Sensitivity Tests

Some amount of error in the reduced order model is acceptable and handled by the observer which
corrects the model error by incorporating power data (e.g., a measurement) from the “plant” (the
PROTEUS simulation). However, it is still necessary to have a sufficiently accurate surrogate
model so that the controller can produce an accurate adn stable simulation result. In this section,
sensitivity tests are performed to determine which parameters in the state space representation
are most important to the overall accuracy of the controller. As mentioned in Section 4.1, some
parameters were assumed since PROTEUS does not have a feature to calculate them online.
However, the load-follow result for the 3D microreactor was very accurate.

4.2.1 2D core vs. 3D core

To minimize the computational resources of the sensitivity study, all sensitivity tests are performed
with a 2D core model. The 2D core has the same design and radial size as the 3D core, however
the axial boundary condition at the top and bottom surface of the core is now reflective. Therefore,
only one axial plan is necessary to simulate the core model. Fig. 10 shows the 2D core simulation
results. Table 5 shows the tracking error and control cost for the 2D and 3D reactor simulations.
This comparison is made to confirm that the 2D core model has similar behavior as the 3D core
so that we have some confidence in the validity of our conclusions from the subsequent sensitivity
tests.

Table 5. 2D and 3D simulation results summary

\ Tracking difference (%) Normalized control cost

| DeorPIOM RMS | Max | Velocity  Acceleration

3D core simulation 0.027 0.234 1.09 1.09

2D core simulation 0.017 0.170 1.00 1.00

Table 5 presents the comparison between the 2D and 3D core simulation. Both 2D and 3D core
simulations have a similar level of accuracy. The 2D core has a smaller tracking error, i.e., the
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Figure 10. 2D microreactor load-follow simulation results

maximum error is 0.17%. The normalized control cost in Table 5 indicates the RMS velocity and
RMS acceleration of the control drum over the entire simulation but these are normalized by the
costs of 2D core simulation. The normalization is performed since it is not straightforward to
determine whether the control costs are expensive or not based on the absolute values. Therefore,
relative or normalized control costs are calculated and presented. The 3D core simulation shows

4.5e+12 4.5e+12
. 3.1e+12 3.1e+12

1.9e+12 1.9e+12

8.7e+11 8.7e+11
. 3.0e+08 . 3.0e+08
Max: 4.4e+12 Max: 2.4e+12
Min: 1.6e+09 Min: 9.3e+08
Time: 1 sec Time: 1900 sec

(a) At 1 sec (b) At 1900 sec

Figure 11. 2D core flux distribution
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about 9% higher control costs for both control drum velocity and acceleration than those of the
2D core. This is likely explained by the control drums not having a uniform worth axially along
their length, as the worth near the axial boundaries should be reduced since neutrons are able to
leak and reflect back in these areas. Moreover, the reduced order model may approximate the 2D
core model more accurately since the control drum differential worth and temperature reactivity
coeflicients were generated based on the 2D core simulation. These are the reasons why the 2D
core load follow results can be observed to have higher accuracy and lower control cost than those
of the 3D core simulation. However, these differences are not significant and it can be assumed
that the 2D core load follow simulation has a similar behavior as the 3D core. Therefore, the 2D
core model is used for the rest of the sensitivity tests.

Fig. 11 displays the flux distribution from the 2D core simulation at 1 and 1900 seconds. In the
figure, it can be observed that the flux is significantly reduced due to the control drum. As the 3D
core utilizes an extruded geometry derived from the 2D core geometry, the flux distribution of the
3D core is expected to be similar to that of the 2D core.

4.2.2 Adaptive MPC vs. Standard MPC

In Sections 4.1 and 4.2.1, the results are based on the adaptive MPC controller. As discussed in
Section 3.2.4, the adaptive MPC can consider the nonlinear characteristics of the reduced order
model without the need to invoke nonlinear optimization methods. The impact of considering the
nonlinearity can be determined by comparing it to the standard MPC case. Fig. 12 shows the results
with the standard MPC controller. Table 6 summarizes the accuracy and control costs.
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Figure 12. 2D microreactor load-follow simulation results with standard MPC

Table 6. Comparison between adaptive MPC and standard MPC

‘ Tracking difference (%) Normalized control cost

Description RMS Max Velocity Acceleration
Adaptive MPC (Base case) 0.017 0.170 1.00 1.00
Standard MPC 0.180 1.196 0.89 0.40

The standard MPC has less accurate results compared with the adaptive MPC. The RMS tracking
error is 0.18% and the maximum error is 1.196%. The difference may be acceptable but there is
clear accuracy degradation due to the methodology of the controller. The main difference comes
from the time-varying components of the matrix Ay in the state-space equations (i.e. Eq. (16)).
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Fig. 13 shows the time-varying components of A; which is calculated from the adaptive MPC.
Four elements from the adaptive MPC highly depend on time and vary significantly. These terms
are essentially the nonlinear terms of the point reactor model. Especially, df;;/dTy, df;/dT,,, and
dfn/dD have upto 80% differences compared to those at the initial condition. On the other hand,
the state-space model of the standard MPC is generated at the initial steady state and does not vary
during the simulation. It means the standard MPC overestimates the magnitude of df;/dT,,, and
dfi/dD between 4 min and 30 min. According to the power difference in Fig. 12, once a tracking
error is calculated for any reason, the tracking error does not shrink rapidly. The controller needs to
calculate more aggressive control inputs to eliminate the tracking error. However, the standard MPC
controller is unable to do so since it overestimated df;/dD. The normalized control costs of the
standard MPC are smaller than those of the adaptive MPC due to the same reasons—overestimated
dfi/dD. If the state-space model is linearized at low power, then the controller may overshoot
the control input due to underestimated df;/dD, and the power may oscillate—-this result is not
presented only inferred.

1.2
g 1.0 o e e
~ (! i
w3 \ I
g 1 i
9] i i
2 06] | [ dfs/dn
§ “| ,‘ ..... df,/dTy
2 %4 | === dpaz,
021 l‘._——_———_-—-’ ....... dfs/dD;
0 20 40 60
Time (min)

Figure 13. Time-varying components of matrix A from adaptive MPC

4.2.3 Prediction and control horizons

The MPC computes the optimal control inputs within the prediction and control horizons, but only
the first control input is actually implemented in the plant model. The calculations made by the
MPC controller are aimed at minimizing the tracking error throughout the entire prediction horizon.
However, merely enhancing the number of horizons does not always ensure improved accuracy. On
the contrary, utilizing a small number of horizons does not guarantee superior accuracy either, as
it may potentially compute an aggressive input focusing solely on the immediate time frame.

Figs. 14 and 15 and Table 7 depict the simulation results corresponding with varying numbers of
horizons. While all instances demonstrate reasonable accuracy and stability, minute discrepancies
merit further examination. With smaller numbers of horizons as depicted in Fig. 14, the overall
tracking accuracy sees a slight enhancement compared to the base case. As anticipated, a larger
maximum error of 0.213% is evident—this is likely due to the more aggressive inputs calculated
by taking into account immediate timing rather than a wider time window, resulting in higher
normalized control costs.
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Figure 14. 2D core simulation results with N;, = 2 and N, = 1 time step(s)
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Figure 15. 2D core simulation results with N, = 8 and N = 4 time steps
Table 7. Comparison with different prediction and control horizons

Tracking difference (%) Normalized control cost

Description RMS Max Velocity | Acceleration |
N,=2,N.=1 0.016 0.213 1.00 1.18
N, =4,N. =2 (Base case) 0.017 0.170 1.00 1.00
N,=8,N.=4 0.045 0.370 0.95 0.51

Conversely, the case with the higher number of horizons, shown in Fig. 15, employs a reduced
control cost through minimizing control input and overshooting to achieve the desired power. The
modification in reactivity resultant from control drum rotation is immediate, while the reactor also
exhibits several delayed responses. This scenario tends to rotate the control drum more slowly due
to the delayed effect’s contribution to power alteration. Even though most of the power change
occurs instantly, cases with extended horizons experience a larger RMS error of about 0.045%.
These results suggest that it is crucial to leverage a specific time period in the optimization problem
to obtain stable and accurate results.

4.2.4 Cost function weight

For the cost function given in Eq. (41), there are two weighting factors involved. These factors
within W,, and W, serve to manipulate the significance of the cost of control inputs. It is generally
the case that a smaller weight allows for the use of a more aggressive control input to attain greater
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accuracy. Taking into consideration that these weights do not have an identifiable physical unit
makes it challenging to intuitively assess what the magnitude of the weights used should be. In this
section the weight factor is modified to be 0.1 and 10 times that of the base case.
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Figure 16. 2D core simulation results with 10 times smaller control input weights
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Figure 17. 2D core simulation results with 10 times larger control input weights

Table 8. Comparison with different prediction and control horizons

e Tracking difference (%) Normalized control cost
RMS Max Velocity Acceleration
Weights x0.1 0.017 0.201 1.37 7.31
Base case 0.017 0.170 1.00 1.00
Weights x10 0.053 0.318 0.96 0.56

When using a smaller weight for control as depicted in Fig. 16, it leads to a much higher cost for
control inputs with minor changes in the tracking error. Conversely, utilizing a larger weight in a
simulation as shown in Fig. 17 reduces accuracy while reducing the costs for the control inputs.
The MPC controller, when operating with a smaller weight, tends to compute aggressive control
inputs, which may cause a degree of oscillation in the control inputs and system.

The choice of the number of horizons and control input weights is not absolute, considering the
varying objectives. However, in this work, the authors have opted to use the number of horizons
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and weights adopted in the base case for the remaining studies. This decision appears to achieve a
satisfactory balance between the accuracy of the simulation and the incurred control input costs.

Determination of the weights and N, and N, represent factors that must be tuned in the MPC
controller. From these results we see that while they do have some effect, the overall effects on the
result are not significant.

4.2.5 Control input constraints

An advantage of the MPC controller is its capability to consider constraints while determining an
optimal control input. These constraints are typically due to mechanical or physical limitations. In
the base case simulation, neither the control drum velocity nor acceleration hits the constraints as
defined in Table 2. The reactivity worth of control drum is large enough to manage the power for
this simulation, implying that minor and slow rotation of the drums is sufficient to accomplish the
objective. In this section, the performance of the MPC controller is further analyzed by modifying
the constraints.
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Figure 18. 2D core simulation results with 10 times smaller control input constraints

Table 9. Comparison with 10 times smaller input constraints

Tracking difference (%) Normalized control cost

D o RMS Max Velocity
Base case 0.017 0.170 1.00 1.00
Constraints x0.1 1.014 8.286 0.78 0.41

Since the base case does not hit the constraints, only stricter or smaller constraints are tested. Fig. 18
exhibits the simulation results with constraints reduced by a factor of 10. The figure illustrates that
the control drum velocity and acceleration are regulated within +0.036 deg/s and +0.036 deg/s?,
respectively. These stricter constraints hinder the use of quicker or more aggressive actions, thus
reducing the power prediction accuracy. The maximum power tracking error is 8.286%, which is a
marked increase compared to the base case results. Strict constraints tend to degrade the controller’s
accuracy. In such scenarios, it is preferable to utilize the control drums more to ensure sufficient
reactivity worth with small and slow rotation. Results such as this demonstrate the usefulness of
the simulation capability here because if better results from the controller are not achievable with
the system constraints, this indicates that the controlled system should be redesigned. Further a
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simulation capability can determine what controlled system design points or operating envelope
should be.

4.2.6 Control drum reactivity worth

A wide range of the control drum reactivity worth is tested for the 2D microreactor load-follow
simulation in this section. The reactivity worth varies from —60% to 60% compared to the reference
value listed in Table 3. The tracking error and normalized control cost are summarized in Table 10.
The tracking error increases as the drum worth moves away from the base case. As mentioned in
Section 4.2.2, the larger drum worth (i.e. dfs/dD) makes the controller undershoot the control
input causing smaller control cost but larger tracking error. Conversely, as the drum worth becomes
smaller, the larger control cost is limits performance of the controller. Essentially, this means the
controller with a sufficiently small drum worth may overshoot the reference trajectory such that the
system and control action exhibit increasingly oscillatory behavior. This situation is clearly shown
in Fig. 19. The control inputs with the 60% smaller drum worth hit the constraints many times
while the power and control input oscillate. If the constraints are not used, the simulation may
diverge due to the aggressive control inputs. This result also indicates estimated limits for how
accurate the control rod worth must be for the state-space model. We conclude that being within
30% of the actual drum worth would allow for a sufficiently performant controller.

Table 10. Comparisons with different control drum reactivity worths

‘ Dot ‘ Tracking difference (%) Normalized control cost
RMS Max Velocity Acceleration
Drum worth —60% 0.106 0.790 4.90 37.87
Drum worth —30% 0.022 0.326 1.00 1.48
Base case 0.017 0.170 1.00 1.00
Drum worth +30% 0.031 0.172 1.00 0.88
Drum worth +60% 0.049 0.226 0.99 0.80
Position-dependent drum worth 0.019 0.166 1.00 1.03
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Figure 19. 2D core simulation results with 60% lower control drum reactivity worth

An additional comparison is made for the position-dependent control drum worth. As presented
in Fig. 5a, the control drum worth may vary depending on the position. The results with the
position-dependent drum worth is also listed in Table 10. The tracking error and the control costs
are not much different from those of the base case which uses the constant control drum worth. We
note that this a conclusion based on this result would be flawed. This is because the control drum
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Figure 20. 2D core simulation results with 60% higher control drum reactivity worth

differential worth is fairly flat in the operation range which is 180 - 205 deg. As shown in Fig. 5a,
the slope of the reactivity between the ranges is monotonic. If the control drum is initially located
in a different rotation (such as 220 deg), the position-dependent worth may be essential to have
accurate and stable results.

In this section, the sensitivity test results with different control drum reactivity worths are presented.
The simulation results show that it is important to have an accurate estimate of the control drum
worth to have accurate and stable simulation results. However, the controller with +£30% error in
the control drum worth still predicts fairly accurate and stable results. The +30% of error in the
control drum worth is a quite large margin therefore the MPC controller is reasonably robust.

4.2.7 Point kinetics parameters

A range of values in the point kinetics parameters are tested in this section. The purpose of this
study is to gain some insight into how accurate the coeflicients in the state-space representation
must be compared to the real system. As mentioned in Section 4.1, the point kinetics parameters
may have some error since the parameters were not calculated from homogenization by weighting
solutions from PROTEUS transport calculation. Instead, medium values or typical values were
chosen for the reduced order model. In reality, these parameters can be determined during startup
physics testing, but will change to some degree as the reactor operates. Therefore, in practice, it
may be difficult to calculate the point kinetics parameters for every configuration and condition of
the real reactor. Consequently, we assume that the point kinetics parameters used in the controller
will generally have some amount of error. As a result, it is important to check how much the MPC
controller is sensitive to the selection of the point kinetics parameters. Tables 11 to 13 summarize
the sensitivity test results for the delayed neutron fractions, decay constants, and generation time,
respectively.

Table 11. Comparisons with different delayed neutron fractions

‘ Tracking difference (%) Normalized control cost

Description . RMS | Max | Velocity | Acceleration
Bi —60% 0.046 0.375 0.99 0.62
Bi —30% 0.020 0.145 1.00 0.84
Base case 0.017 0.170 1.00 1.00
Bi +30% 0.019 0.267 1.00 1.24
Bi +60% 0.027 0.403 1.24 2.78
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Figure 21. 2D core simulation results with 60% lower 3;
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Figure 22. 2D core simulation results with 60% higher 3;

Figs. 21 and 22 present the simulation results for 60% lower and higher §; cases, respectively. The
control cost and the tracking error increase as §; increase. This means that the reduced order model
underestimates the effect of the prompt neutron so that the MPC controller overshoots the control
input to compensate for the underestimated prompt neutron effect. On the contrary, the reduced
order model overestimates the effect of the prompt neutron as the 3; decreases. The MPC controller
undershoots the control inputs in this case. The small g; reduces the control cost but it increases

the tracking error.

Table 12. Comparisons with different decay constants

‘ Tracking difference (%)

Normalized control cost

Description RMS Max Velocity Acceleration
A; —60% 0.032 0.224 1.03 1.36
A; =30% 0.021 0.176 1.01 1.11
Base case 0.017 0.170 1.00 1.00
A; +30% 0.016 0.165 1.00 0.94
A; +60% 0.017 0.160 0.99 0.88
A; +90% 0.019 0.155 0.99 0.84

Table 12 summarizes the sensitivity results for the decay constant. The decreased A; means the
delayed neutron has a longer half-life so that the effect of the prompt neutron is underestimated.
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The MPC controller overshoots the control input due to the underestimated prompt neutron effect.
When using 30% increased A;, the simulation results appear to have better accuracy in terms of
the RMS tracking error, and use less amount of control cost. This result is likely interpreted that
increasing A; makes the overall reduced order model be more accurate than the equations with the
base parameters since not all parameters used in the reduced order model are accurate. However,
the RMS tracking error increases again if the A; is increased by 60% and 90%. Thus, we conclude
that the 30% increase in A; merely provides some easier controllability in the dynamics (it becomes
easier to control since the dynamics are “slower”). However, the A; are fairly well known, and only
change by fissionable isotope, thus these parameters will generally have less error than others.
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Figure 23. 2D core simulation results with 60% lower A;
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Figure 24. 2D core simulation results with 60% higher A;

Changing the prompt neutron generation time is observed to make little difference in the control
result. The results are summarized in Table 13. There are very small difference between these
simulations so that the results in the table have the same value depending on cases. The neutron
time derivative in Eq. (5) shows that A exists at the denominator of the entire right hand side
equations. Therefore, all 0 f;/0x (i.e. 0 fz/0n ... 3 f7/0D1) change with the same fraction (30% or
—30%) when A changes in the sensitivity test. If the temperature feedback or the drum reactivity
worth in Eq. (11) have more complicated form rather than the simple linear equation, the sensitivity
results per A may be different.

Generally, we would expect the control system to be insensitive to A as it influences the fastest
dynamics in the system and its effect decays away quickly with time. Should the reactivity insertions
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Table 13. Comparisons with different generation time

‘ Tracking difference (%) Normalized control cost

Description 1 2Y Max Velocity Acceleration
A =30% 0.017 0.170 1.00 1.00
Base case 0.017 0.170 1.00 1.00
A +30% 0.017 0.170 1.00 1.00

become much closer to $1, this parameter would matter quite significantly, but for small reactivity
insertions over long time periods, the physics of the prompt neutron generation time become
“instantaneous’ over a broad range of values (likely + an order of magnitude).

4.2.8 Temperature reactivity coefficients

The sensitivity results for the temperature reactivity coefficients are summarized in Table 14. Since
the reacitivty feedback effect from the temperature change is very slow compared to neutronics, all
cases have almost identical control costs. As presented in Fig. 10, the temperature changes much
more slowly than the power or neutron density. A large control cost is usually used when prompt
action is required to reduce the power error. There is only a slight difference in the performance of
the controller depending on the reactivity coefficients. When the reduced order model has smaller
reactivity coefficients such as Fig. 25, the calculated power tends to change more slowly than the
setpoint power. Note that the difference in the plot is calculated by Calculated — Setpoint. Due
to the underestimated temperature coeflicient, the required control input is also underestimated.
In other words, the change in temperature introduces negative reactivity, so the control input is

Table 14. Comparisons with different temperature coefficients

‘ Tracking difference (%) Normalized control cost

Description . RMS | Max | Velocity | Acceleration
af, am —60% 0.048 0.294 1.00 1.00
af,ay, —30% 0.030 0.221 1.00 1.00
Base case 0.017 0.170 1.00 1.00
af, am +30% 0.019 0.170 1.00 1.00
af, ay +60% 0.035 0.186 1.00 1.00
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Figure 25. 2D core simulation results with 60% lower o and a,,

Nuclear Reactor
Analysis & Methods \/\ 31

Growp | NURAM



COLLEGE OF ENGINEERING

NUCLEAR ENGINEERING & RADIOLOGICAL SCIENCES

UNIVERSITY OF MICHIGAN

Transient PROTEUS Simulations with MPC

150 c 0.2
9 —— Setpoint 2 —— Velocity (deg/s)
~ ©
= 100 Calculated & 0.1 Acceleration (deg/s?)
; (V]
3 50 §
0 G
: 0.4 g
g 0.2 2
S I I h >
—
g 0.0 RMS=0.035% S Velocityrms=2.03E-02 deg/s2
& —0.2 Max=0.186%. a 03 Accelerationgms=5.12E-03 deg/s’
0 20 40 60 0 20 40 60

Time (min) Time (min)

Figure 26. 2D core simulation results with 60% higher oy and «,,

underestimated if the negative reactivity is not sufficiently accounted for. On the other hand, the
required control input is overestimated when using the overestimated temperature coeflicients as
shown in Fig. 26. The calculated power with the 60% larger temperature coefficient tends to go
ahead of the setpoint power.

In summary, the temperature coeflicients have a significant margin for achieving accurate load
follow results. The control cost is even less sensitive to variations in temperature coefficients,
primarily because the rate of temperature change tends to be slower compared to the power.

4.2.9 Heat capacity

The sensitivity results for the heat capacity are summarized in Table 15. Changing the heat capacity
or the mass leads to the same results since both heat capacity and the mass appear together on the
left hand side of Egs. (7) to (9). Therefore, additional sensitivity test on the mass is not performed.
It can be assumed that changing the mass has the same effect as changing heat capacity. Similar to
the sensitivity test on the temperature coefficients in Section 4.2.8, the temperature changes slower
than the power or neutron density. Therefore, the control cost does not have a big impact according
to the choice of the heat capacity as shown in Table 15. The error in the heat capacity primarily
influences the speed of temperature change depending on the value as shown in Figs. 27 and 28.
In the figures, ROM indicates temperatures calculated from the reduced order model. However,
+30% perturbed heat capacity or mass, again do not make the temperature feedback effect as fast
as the neutronics so that tracking error does not have significant impact from the heat capacity or
mass.

In other words, the mc,, terms of the thermal problem in the HTGR are so much slower than the
delayed neutrons that relatively large changes in their values such as 30% are not sufficient to change

Table 15. Comparisons with different heat capacity

Normalized control cost

Tracking difference (%)

Description RMS Max | Velocity Acceleration |
Cp.frCp,m>Cp,c —30% 0.020 0.171 1.00 1.00
Base case 0.017 0.170 1.00 1.00
CpfrCpm Cpe +30% | 0.022 0.192 1.00 1.00
32 el e
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Figure 27. 2D core simulation results with 30% lower heat capacity
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Figure 28. 2D core simulation results with 30% higher heat capacity
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the time scales between the thermal dynamics and neutron dynamics in any meaningful way. 30%
difference in “far away” is still “far away”.

4.2.10 Ramp rate and power level

A wide range of ramp rates and different scenarios are tested in this section. It is expected that
a slow transient scenario is easier to calculate the control input for than a fast transient scenario.
Table 16 presents the sensitivity results with 5%/min ramp rate to 30%/min ramp rate including the
base case (20%/min ramp rate). Figs. 29 to 31 show the detailed simulation results. As expected,
the simulation results have a higher tracking error when using the faster ramp rates however the
overall change in error is less than 0.1%. For the 5%/min of ramp rate case, the maximum tracking
error is only 0.097% and the normalized control cost for the acceleration is only 32% of the base
case. On the other hand, the case with 30%/min ramp rate has 0.384% of maximum tracking error
and 63% higher control costs than that of the base case. From the sensitivity test on the ramp rate,

Table 16. Comparisons with different scenario

Tracking difference (%) Normalized control cost

Description . .
P RMS Max \ Velocity Acceleration \
Ramp rate 5%/min 0.012 0.097 0.61 0.32
Ramp rate 10%/min 0.014 0.112 0.75 0.54
Ramp rate 20%/min (Base case) 0.017 0.170 1.00 1.00
Ramp rate 30%/min 0.021 0.384 1.27 1.63
Power 100% — 140% — 100% 0.015 0.140 0.40 0.24
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Figure 29. 2D core simulation results with 5% ramp rate
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Figure 30. 2D core simulation results with 10% ramp rate
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Figure 31. 2D core simulation results with 30% ramp rate
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it is concluded that the MPC controller can calculate accurate control inputs to follow the setpoint
for essentially the whole range of required or allowable ramp rates.
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Figure 32. 2D core simulation results with maximum 140% power level

Another scenario considering an uprated power is also simulated and presented in Fig. 32. The
scenario has 100% power initially, increases the power to 140%, and then comes back to the original
power. This test case illustrates the potential of this analysis capability to be used to assess the
control system performance for a potential future power uprate. In this simulation, it is confirmed
that the code system does work properly at the higher power. The control drum is rotated out to
introduce positive reactivity from the control drum in order to raise the power level. From the
simulation results, it is also confirmed that the control drum decusping function works well in
the other direction as well. There is no noticeable difference in the tracking error or the control
cost compared to that of the base case. The simulation has accurate results and does not have a
significant overhead on the control cost.

4.3 Discussion on Numerical Results

In Section Section 4, we demonstrate the load-follow simulation for a 3D microreactor similar to the
HTGR. The MPC controller predicts highly accurate control inputs, thus enabling the prescribed
power to be followed precisely. The RMS error is 0.027%, and the maximum error reported is
0.234% for the nominal operating case.

A potential concern with the MPC controller involves its need for a model that represents the
plant to a sufficient level of accuracy. Obtaining a highly accurate reduced-order model may be
impractical, given the inherent and inevitable presence of model error and uncertainty in model
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parameters. Therefore, a series of sensitivity tests were performed on the MPC method and model
parameters, as described in Section Section 4.2.

The sensitivity tests confirm that the MPC controller is generally robust, and allows for a consider-
able margin when selecting parameters for inclusion in the reduced order model. Even with an error
range as much as +60% in the point kinetics parameters, temperature reactivity coefficients, and
lumped TH models, the maximum tracking error remains below 0.5%. The control drum reactivity
worth exhibits the most sensitivity compared to other variables—this is expected. For instance,
a simulation with a 60% decrease in control drum worth results in significant oscillation in the
control inputs, and saturates the controller (inputs are limited by constraints). However, simulations
with control drum worth values ranging from 30% lower to 60% higher showed accurate results
and resulted in a maximum tracking error of less than 0.326%.

The sensitivity test demonstrates that overshooting in the control input can negatively impact the
precision and stability of simulation. The MPC controller exceeds the control input when parameters
such as underestimated control drum worth, overestimated decay constant 5;, and underestimated
decay constant A; are used. Temperature-based parameters, like the temperature reactivity coef-
ficient and heat capacity, could also produce similar effects. However, these parameters are less
sensitive than others due to the slow rate of the temperature change relative to the power or neutron
density. While undershooting the control input can diminish tracking accuracy, it does not cause
significant solution oscillation.

S. CONCLUSIONS

This report presents the development and assessment of a new simulation capability that combines
the MPC controller with high-fidelity simulation for autonomous load follow operation of a HTGR
type microreactor. The high fidelity neutronics code, PROTEUS, is used to emulate the actual
plant model, making the “plant” simulation more realistic in the absence of a physical system. The
simplified TH and control drum decusping method have both been implemented in PROTEUS. A
reduced order model, based on the point kinetics equation and lumped TH models, was also derived
and incorporated in the MPC controller. The adaptive MPC controller is deployed for computing
the control input to adhere to the given power scenario. This adaptive MPC sequentially linearizes
the nonlinear reduced order model for use in the MPC optimization problem, thereby enhancing
accuracy of the controller for nonlinear systems.

In the assessment of numerical results, the PROTEUS/MPC code system is evaluated for the load
follow operation of a 3D microreactor with a ramp rate at 20%/min of the nominal power. The
simulation reveals that the error in the tracking power is under 0.234%, while the control inputs
remain within the established constraints. For further verification, extensive sensitivity tests have
been performed by adjusting parameters used in the MPC controller and reduced order model. The
conclusions drawn confirm that the MPC controller offers a sizable margin for adjusting parameter
values, thus validating the feasibility of autonomous control with the MPC controller. For additional
verification, a comprehensive series of sensitivity tests was conducted by modifying parameters
within the MPC controller and the reduced order model. The results of these tests confirm that
the MPC controller allows a significant range of flexibility or uncertainty in the parameters. This
flexibility provides robust assurance of the autonomous control feasibility via the MPC controller.
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Lastly, we identify a few ways in which such a capability may add value to reactor designers.
With being able to simulate the controller comapred with high fidelity simulation, analysts can gain
confidence that a particularly controller is sufficiently robust compared with best estimate simulation
methods in the absense of physical systems and experimental data. Further, this capability can be
used to identify design flaws for targets, particularly as it relates to the choice of control drum drive
motors and reactivity worth curves. This simulation capability also presents a tool to assess system
and controller performance for design or operating scenarios that may happen such as after a power
uprate or some other significant design change.

Future areas of research related to this can include considering other transient scenarios, expanding
the simulation model to include the balance of plant system components, development of a multiple-
input, multiple-output control problem, introduction of noise, control of a different variable (e.g.
core average temperature inestead of core power)
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Abstract

This paper presents the application of a Model Predictive Control (MPC) controller for the
autonomous load follow operation of a High-Temperature Gas-Cooled Reactor (HTGR) type
microreactor. Utilizing the high fidelity neutronics code, PROTEUS, to serve as the actual
plant model, the study enhances the reliability of the simulation. The Simplified Thermal Hy-
draulics/Fluids (STH) solver and control drum decusping methods have been incorporated into
PROTEUS. The work also develops a reduced-order model, based on the point kinetics equation
and lumped TH models, for integration into the MPC controller. An adaptive MPC is utilized
to compute the control input required to adhere to a given power scenario; it enhances accu-
racy by sequentially linearizing the nonlinear reduced-order model for optimization. Numerical
results from the PROTEUS/MPC code system for a 3D microreactor’s load-follow operation at
a 20% maximum ramp rate show that the tracking power error is minimal (under 0.234%), and
the control inputs stay within predetermined constraints. Additional in-depth sensitivity tests
on the parameters used in the MPC controller and reduced-order model verify the robustnesss
and flexibility of the MPC controller.

Keywords: Model predictive control, load follow, transient, microreactor, high-fidelity simula-
tion

I Introduction

As the global demands on nuclear energy output continue to rise, so does the necessity for more
advanced, robust, and efficient methods of controlling and managing nuclear reactors. The move
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towards more autonomous control systems such as Model Predictive Control (MPC) has emerged
as a key area of interest within the field of nuclear reactor operation, holding vast potential to
revolutionize safety, performance and operational efficiency.

MPC, a control strategy known for efficiently handling multi-input and multi-output systems, has
seen increasing application within the fields of the nuclear engineering as well as process industry
due to its capacity to predict and optimize system performance. Leveraging a model of the system
to predict future behavior, MPC allows for advanced planning and adjustments, thereby enhancing
the safety, efficiency, and reliability of nuclear power plants operation.

Given the advantages of MPC, significant efforts have been dedicated to implementing MPC in
nuclear reactor applications. Na, Shin, and Kim [1] employed the MPC methodology to design an
automatic controller for thermal power control during load follow operations in Pressurized Water
Reactor (PWR). Point models, specifically nonlinear point kinetics equations, and lumped thermal
hydraulic balance equations, represented the reactor and its systems. In a similar vein, Wang et al.
[2] utilized the MPC method for PWR core power control, demonstrating the superior performance
of MPC in comparison to Proportional-Integral-Derivative (PID) controllers. Eliasi, Menhaj, and
Davilu [3], on the other hand, employed a robust nonlinear MPC technique for PWR applications,
incorporating additional constraints to manage Xenon oscillation within a predefined range. In
relatively recent work, Naimi et al. [4] enhanced the traditional MPC’s performance by integrating
intelligent feedback linearization and a dynamic neural network to address the nonlinearity of
reactor models.

There have been numerous applications of MPC to nuclear power plants. However, to the best
of the authors’ knowledge, no previous research has demonstrated a real plant model as a high-
fidelity neutron transport simulation with multiphysics coupling, particularly with respect to Gen-
IV microreactors. Historically, plant models have most commonly been depicted by nonlinear or
linear point dynamics models.

In this research, a High-Temperature Gas-Cooled Reactor (HTGR)-type microreactor is modeled
using multiphysics transient simulations. A high-fidelity neutron transport code, PROTEUS [5],
is coupled to an adaptive MPC controller to achieve this. The MPC controller is employed to
ascertain the optimized control drum rotation for load-following operations. The outcomes of this
paper offer a more realistic and dependable depiction of load-following results.

Section II presents the reactor model employed in this work, while Section III presents the method-
ologies implemented in PROTEUS and the MPC controller. Some of the preliminary results for
load-following operations using the PROTEUS/MPC procedure can be found in Section IV. It’s
worth noting that this research is an extension of the authors’ previous work [6].

II HTGR Model

The authors hold a particular interest in HT'GR~type microreactors, with the Holos-Quad microre-
actor being an ideal candidate for in-depth study. A Gen-IV microreactor concept proposed by
HolosGen LLC [7], the radial layout of Holos-Quad (Gen 2+) is illustrated in Fig. 1a [8].

Although the design is fundamentally HTGR type, the reactor has unique features, such as Sub-



critical Power Modules (SPMs) and control drums. These rotating control drums are strategically
located in the radial reflector region and are employed for load-follow operation. As depicted in
Fig. 1b, a unit-cell is defined as a 3x3 pin array. Each unit-cell contains five fuel compacts, three
helium coolant channels, and one burnable absorber.
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Figure 1: Holos-Quad (Gen 2+) model [8]
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Figure 2: Simplified microreactor model

Table 1: Comparison between Holos-Quad and simplified model

Holos-Quad Simplified

Parameter (Gen %—i—) MicroI;'eactor
Power (MW) 22.00 2.42
# of fuel compacts 2300 480
Active core height (cm) 380 200
Power density (W/m) 2517 2517
# of coolant channels 1528 288
Core coolant mass flow rate (g/s) 21896 3085
Inlet temperature (K) 863 863
Estimated outlet temperature (K) 1123 1014
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While the Holos-Quad microreactor is suitable for the focus of this research, its size combined with
a long-running transient presents a notable challenge for computational resources. Consequently,
we have decided to modify the Holos-Quad model into a simplified, yet representative model.

The modified microreactor model and its unit-cell model are visually represented in Figs. 2a and 2b.
In Table 1, we compare some design parameters between the Holos-Quad and the simplified mi-
croreactor.

The restructured model presumes quarter symmetry and is smaller in size than the Holos-Quad
while maintaining the linear power density. The control drum has a 90-degree arc of absorber
material. Although there are two control drums in the quarter core, only one will be operational in
this work to facilitate problem simplification. Stated differently, one control drum’s absorber faces
the core peripheral region, while the other control drum can rotate as needed to reach the desired
power level.

IIT Methodology

The objective of our study is to develop a control strategy and demonstrate the load-follow operation
performance of the Holos-Quad microreactor design. To accomplish this, we employ the PROTEUS
code for high-fidelity, multiphysics calculations in order to best represent an actual plant operation.
For the load follow operation, the MPC controller calculates the control input, namely the control
drum rotation, for every time step. The subsequent subsections provide detailed descriptions of the
individual components incorporated in the calculation.

ITII.A Plant Model — PROTEUS
ITII.A.1 Neutronics solver

The PROTEUS code [5] developed by Argonne National Laboratory (ANL) is a high-fidelity neu-
tron transport code based on unstructured finite element meshes that allow users to model complex
and unconventional geometry in reactor problems like microreactors and Gen-IV reactors. PRO-
TEUS has several methods for the transport calculation. In this work the MOCEX solver, which
uses 2D MOC radially and the discontinuous Galerkin finite element method axially with extruded
geometry [5], is used. The transient fixed source problem solver is used by relying on the isotropic
approximation of the angular flux time derivative. The transport solution is accelerated by the con-
sistent Coarse Mesh Finite Difference (CMFD) [9]. The study uses a 6 energy group macroscopic
cross-section library, formulated in ISOTXS format, and was generated from a Serpent Monte Carlo
simulation.

ITI.A.1 Thermal Hydraulics/Fluids feedback solver for HTGR

To ensure reliable load-follow simulation, it is important to accurately incorporate Thermal Hy-
draulics/Fluids (TH) feedback. A prior research study coupled PROTEUS and Systems Analysis
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Module (SAM) using a MOOSE-based wrapper for a molten salt reactor [10]. However, coupling
PROTEUS and SAM requires significant effort and computational time, hence this study imple-
ments Simplified Thermal Hydraulics/Fluids (STH) solver for HTGR

The STH solver divides the system into four regions - fuel compact, graphite moderator, cladding,
and helium coolant. The coolant channels in each unit cell, as presented in Figs. 1b and 2b, are
consolidated into a single coolant channel. The solver assumes single-phase flow in an axial flow
channel subject to constant pressure. The governing equation for one coolant channel is as follows:

dp  Opv
N E_O’ (1)

dph  Ophv ny
_ = _— c = 5 2
ot + 0z s Ne ta q 2)

where p is the density; v is the velocity; ¢ is the time; z is the axial coordinate; h is the enthalpy.
qr is the power density per fuel compact; ny is the number of fuel compact per unit cell; n. is the
number of coolant channel per unit cell; g. is the heat deposited in the coolant; and ¢ is the total
heat source.

The fuel compact, moderator, and cladding in each unit cell are individually homogenized and
made to cylindrical geometry such as Fig. 3.

Fuel Moderator Cladding Coolant

Figure 3: STH solver cylindrical geometry

The STH solver solves the radial heat transfer equation in the 1D cylindrical coordinate:

oT 0 oT
PCpE = %MT)g +4q, (3)

where ¢, is the heat capacity; 1" is the temperature; and £ is the thermal conductivity. The
boundary condition is applied at the cladding wall as follows:

oT

/!

= —k—| =ho(Ty—T 4
q oz |, w(Tw b) (4)
where ¢” is the heat flux; h,, is the heat transfer coefficient at the surface; T, is the wall temperature;
and Ty is the coolant temperature. Eq. (3) is defined in each region of the geometry so that a system
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of equations is made for the geometry. The system of equations is solved with the finite difference
method. Since the unit cell geometry is approximated to the cylindrical coordinate, the accuracy
may be degraded. The thermal conductivity and heat transfer coefficient can be tuned to preserve
the desired temperature of each region at the steady-state condition. The desired temperature may
come from a solver using a higher-order method as the finite element.

IITI.A.1 Control drum modeling

The thermal power level of a microreactor is controlled by the control drums that may rotate
continuously in space. In the computational model, the mesh is finite, and it is generally quite
difficult to change the mesh during the transient simulation. Therefore, we calculate an effective
material or cross section for the mesh that is partially spanned by the absorber material. Simply
homogenizing it based on volume fraction may lead to significant error and cause the so-called
control rod or drum cusping issues. To mitigate the drum cusping issue, the control drum was
divided into 96 sectors, however, this discretization was still not sufficient to completely eliminate
the cusping effect. As shown in the Fig. 4, the volume weighting method causes a “cusping” effect
in the eigenvalue as a function of the control drum rotation. The drum cusping behavior does
not represent a realistic situation. Futhermore, it makes the reactivity control difficult since the
differential reactivity worth does not have a monotonic slope.
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Figure 4: Eigenvalue as a function of control drum rotation with different methods

1.13540 1.13540 1
. Ideal o k calculated . —#-ldeal . 09
1.13520 1.13520 ) + k with adjusted volume fraction £ 08
* - & .
* - e
o 1.13500 )3 o 1.13500 ™y 5"\0_7
2 4 2 he S 06
s 1.13480 s 1.13480 . 25
> 2 £2
H] LY F] . 5205
£1.13460 "o £ 1.13460 . S g
ke X $204
A ‘ A * 2%
1.13440 . 1.13440 - z 03
1.13420 ? 1.13420 * g 02
: . . : = g 01
1.13400 1.13400 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Volume fraction of absorber (-) Adjusted volume fraction of absorber (-) Volume fraction of absorber (-)

(a) Eigenvalue vs. volume frac- (b) Eigenvalue vs. adjusted vol- (¢) Control drum decusping
tion of absorber ume fraction of absorber function

Figure 5: Control drum decusping function

To reduce the cusping effect, a homogenization correction factor has been generated and used in this
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work. The way to generate the correction factor is similar to that in [11], but with consideration
of the control drum geometry. First, 15 eigenvalue calculations were performed with different arc
lengths of control drum absorbers from 90 deg to 93.75 deg. In this calculation, the starting point
of the absorber was fixed and only the length was changed. The volume weighting homogenization
was used when calculating cross section of the mesh which is partially spanned by the absorber.
Recall that the control drum geometry has 96 azimuthal sectors so each sector is 3.75 deg. Fig. bHa
shows the eigenvalue as a function of the volume fraction. In the figure, a 0 of volume fraction
means the length of absorber is 90 deg while 1 means the length of absorber is 93.75 deg. Based
on the assumption that the eigenvalue should vary linearly, the adjusted volume fractions were
calculated as Fig. 5b. Additional eigenvalue calculations are not necessary to calculate the volume
adjustment fraction. Instead, the z-axis was shifted to locate eigenvalues on the ideal line. Fig. 5¢
shows the adjusted or effective volume fraction as a function of the model volume fraction. This
function is used to calculate the effective volume fraction when absorber material spans a mesh
partially. Even though the calculation is based on perturbing the volume fraction of one side of the
absorber, the function is used for both sides of the absorber. With this drum decusping function,
the eigenvalue changes smoothly as shown in Fig. 4. The function was made based on series of
2D core calculations, however, it turned out that the same function behaved well for a 3D core
simulation as well. This approach has limitations in that this function is not general, nevertheless
the procedure may be repeated for any particular reactor configuration. A more general method
may need additional research but the decusping function behaves well for the microreactor.

III.B Reduced Order Models and MPC Controller

This section describes the methodology of the controller. In this work, the MPC is used for the
controller. Since the MPC relies on the mathematical model, it is necessary to set up reason-
able models. Section III.B.2 describes reduced order models for neutronics and TH feedback.
Section III.B.2 describe how to define the state-space equation from the reduced order models.

Section IT1.B.2 describes the theroy of MPC.

IT1.B.2 Reduced order models

The neutron kinetics is represented by the point kinetics equations with normalized forms:

T U Y ©)
de(t)  _ . L _
G = Ain(t) = ici(t) , i=1...6, (6)

where n(t) is the normalized neutron density at time t; p(t) is the reactivity; f; is the total delayed
neutron fraction; A is the neutron generation time; A; is the delayed neutron time constant for i-th
group; and ¢;(t) is the normalized precursor density for i-th group.

Since the plant model represented by PROTEUS has the TH feedback, it is better to have the
lumped TH feedback model for a reduced order model for more accurate MPC prediction. The
lumped TH model has three temperatures for the fuel, graphite moderator, and helium coolant:
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4Ty (1)

mfCp,f dt = quTﬁ(t) - Kf—>’m (Tf(t) - Tm(t)) ’ (7)
My T = (1 ) Pa() + Ky (T (1) = Tn(1) ~ Ko (Tnlt) ~ Te1) . (8)
ey e T o (Tyn(t) = Tolt)) — Ko (T2lt) ~ Ta) 0

where subscripts f, m, and ¢ denote the fuel, moderator, and coolant, respectively; m,. is the mass
of material z; ¢, , is the heat capacity; T (t) is the temperature; g is the fraction of heat generated
from fuel; P, is the rated power; K;_,, is the heat transfer coefficient from material = to y; and T;,
is the inlet coolant temperature.

The rotation of the control drum is also one of the state variables. The following is the equation
for the control drum:

dD (1)
dt

= W), (10)

where Dj(t) is the position of control drum; and Vi () is the velocity of the drum. The controller
determines the velocity.

The reactivity model has the reactivity feedback from temperature, and the reactivity change from
control drum:

p(t) = po + ap(O)T5(t) + am () Tim(t) + ac(t)Te(t) + Wi(t)Di(t) (11)

where pj is the base reactivity; a,(t) is the temperature coefficient of the material z; and Wy (t) is
the differential reactivity worth of the control drum.

These equations for the reduced order models can be written in a system of equations as follows:

x = f(x(t),u(t)) , (12)

where x(t) and u(t) are the state vector and input vector, respectively. x(¢) contains the state
variables introduced above, and it is defined as follows:

(13)

where IV, is the number of state variables.

For simplicity, we assume a single input case for the system therefore N, is 1 here. With this
assumption u(t) is
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u(t) = [ur ... uNu]T = [Vl(t)]T . (14)

The system of equations, f, is defined as follows:

T
f(x(t),u(t)) =i ... fn.]
T
= [fﬁ fEl fEG fo me ch fDl] (15)
_ [dﬁ(t) dey (t) des(t)  dT;(t)  dTm(t) dTu(t) dDy(t)]7
dt . T dt dt dt dt dt

This form may be helpful for the linearization of the equations.

For extended periods of load-follow operation, the impact of the Xenon effect is crucial. Xenon,
which builds up over several hours, carries substantial reactivity worth [12]. Regrettably, PRO-
TEUS does not possess functionality that allows modeling of Xenon for transient simulations.
Consequently, it was not possible to include the Xenon model in the reduced order model either.

IT1.B.2 State-space representation

State space representation is a mathematical model of a physical system expressed as a function of
input, output, and state variables related by first-order differential equations or difference equations.
All system variables may be represented by a linear combination of the state variable and system
inputs by the ordinary differential equations.

It is useful to define the state-space model based on the linearization of the nonlinear equation.
The state-space model is used in the control theory. The state-space model is defined as follows:

4(t) = Agxs(t) + Baus(t)
y.lt) = Coxa(1) 1e)

where A is the system matrix with dimensions N, x N.; By is the input matrix with dimensions
N, x Ny; and Cg is the output matrix with dimensions N, x N,. x,(t), us(t), and ys(t) are
the state vector, input vector, and output vector of state-space model, respectively. The column
vectors, xs(t), ug(t), and ys(t) have length N, N,, and N,, respectively.

In the state-space representation, it is inherently assumed that x4(¢), us(¢), and ys(t) are the
differences from nominal condition where the linearization is done. In other words, the vectors are
defined as follow:

xs(t) = x(t) — x(ty)

u,(t) = u(t) —u(ty) (17)

ys(t) =y(t) —y(tn) ,
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where t,, is the time at the nominal condition where the linearization is done.

An arbitrary function g(z) can be linearly approximated at a nominal state z, as follows:

dg(zn)
dz

g(z) - g(zn) ~ (z - Zn) : (18)

Similarly, Eq. (12) is approximated at nominal time ¢,, as follows:

x(t) — x(tp) = Ag(x(t) — x(t,)) + Bs(u(t) —u(t,)) . (19)
where
i gﬁ 88f1 7
of of of o e
A x = [371 80%” B : : (20)
X lt=t, t=tn OfNg Of Ny
L Ox1 oz, | t=t,
i gﬂ 8<'9f1 )
of of of o e
B =5, = [aTl 8uNu:| B : : (21)
Uli—, t=tn Afng OfNy
L 8’1,61 8’LLNu_ t:tn

Eq. (19) is the same form as Eq. (16). In many cases, ¢, is time at an initial steady-state, namely
t, = 0. The linearization process can be done either by the analytical method or the numerical
method. In the following sections, the state-space model generated at the initial steady-state
condition is used for the controller algorithm.

I11.B.2 Model Predictive Control

The state-space control problem is solved using the MPC algorithm, a sophisticated technique
for process control that complies with a set of constraints [13]. The technique is based on an
iterative optimization over a finite horizon for the system, essentially a trajectory optimization.
For the purposes of this research, we concentrate on the linear, time-invariant state-space model.
To minimize the discrepancy between a desired set-point and the predicted output, the control
input is computed for a comparatively short time horizon by evaluating a cost function. This
computation is consequently repeated at each ensuing time window.

For completeness, the basic theory of the MPC method is detailed below. The subsequent derivation
of the MPC is primarily referenced from [14], presented here to ensure thorough understanding
within the context of this work. The state-space model is outlined as follows, featuring a time-
discretized linear system.

xa(k +1) = Agxa(k) + Bgug(k), (22)

10
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ya(k) = Caxa(k) , (23)

where k is the time step index, and Ay, By, and C,4 are the discrete forms of A, By, and Cg,
respectively. These discretized matrices are defined with Tayler expansions as follow:

1
Ag= Z il (A AL, (24)
=0
(o) 1 3
By ZﬁAls At By, (25)
=1
C,=0C,, (26)

where At is the time difference between step k and &k + 1.
Applying a finite difference approximation to Eq. (23) yields
xa(k +1) —xa(k) = Ag (x4(k) —xq(k — 1)) + Bg (u(k) —u(k —1)). (27)
Next, we make use of the following simplifying notation
AC)(R) = ()(k) = ()(k=1), (28)

to yield
AXd(k‘ + 1) = AdAXd(k‘) + BdAu(k:) . (29)

Note that the input to the state-space model is Augy(k). The next step is to connect Axy(k) to the
output, y4(k). To do so, a new state variable vector is defined as

T T
xa(k) = [Axa(b)" y(h)] - (30)
Note that
Y1) = ¥(k) = Ca (Axalle+ 1) o
= CdAdAXd(k) + CdBdAu(k) .
Combining Eqgs. (29) and (31) leads to the following discretized state-space model:
Xq(k+1) A, Xa (k) B,
ki) T A, O Al T B, T —
Axgq(k + d NgxN, Xd ] [ d ]
- =X No 4 Auy(k), 32
[ ya(k +1) } |:CdAd INOXNO:| [ ya(k) CyBg ua(k) (32)
Xq (k)
o Tawa)]
o(k) =[O0 1] |7 ] 33
vty = o 1] | Tt 3

11
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where Opn, «x N, is the zero matrix with dimension N, x Ny; and Iy, «n, is the identity matrix with
dimension N, X N,. A,, B,, and C, are called the augmented model which will be used in the
design of the predictive control.

Assuming that at the sampling instant k, where k& > 0, the state variable vector x(k) is available
through measurement, then the state x(k) provides the current plant information. The future
control trajectory is denoted by

Aug(k), Aug(k +1) ... Aug(k+ N, — 1), (34)

where N, is called the control horizon — dictating the number of parameters used to capture
the future control trajectory. With the information given in x(k), the future state variables are
predicted for IV, number of samples, where V,, is called the prediction horizon. N, is also the length
of the optimization window. We denote the future state variables as

Xo(k|k), xq(k+1|k) ... xq(k + Np|k), (35)

where x(k + mlk) is the predicted state variable at k + m with given current plant information
x(k). The control horizon N, is chosen to be less than (or equal to) the prediction horizon N,,.

The state-space model for the prediction horizons can be denoted as follows:

Y = Fx, (k) + ®AU, (36)
where
T T T
Y = [ya(k + 1B . yalk+ N BT (37)
AU = [Au (k)T ... Aug(k+N.—1)T]" (38)
C.A,
C. A"
[ C.B. 0 0 e 0 T
C.,A.B, C.B, 0 . 0
- | C.AZB, C.A,B, C.B. e 0 ' (40)
_CaAfzvp_lBa CaAfzvp_QBa CaAgzvp_?)Ba T CaAtjlvp_NcBa_

For a given set-point signal (or reference trajectory), the objective of the predictive control system
is to bring the predicted output as close as possible to the set-point signal. One of the advantages
of MPC is that MPC can uses preview capability for set-point signal. If an application allows
anticipating the signal, the MPC controller with signal previewing can improve reference tracking.
This objective is then translated into an input to find the “best” control parameter vector AU
such that an error function between the set-point and the predicted output is minimized. The cost
function J, which reflects the control objective, is defined as follows:

J=R-Y)'R-Y)+AU"W,AU +U"W,U . (41)

12
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In Eq. (41), the first term is linked to the objective of minimizing the errors between the predicted
output Y and the set-point signal R. The vector R contains the set-point information as follows:

R=[r(k)T r(k+1)7 ... r(k+N,— 17", (42)

v(k) = [r(k) ro(k) ... ra,(B)]", (43)

where 71 (k) to rn, (k) are the set-point signals corresponding to output vector. If an application
does not allow previewing the set-point signals for some reason, r(k) can then be used for the rest
of the prediction horizon.

The second term reflects the consideration given to the size of AU. This term reflects the considera-
tion to minimize the control effort. W, is a diagonal matrix in the form that W, = w,In.xn, (w, >
0) where w,, is used as a weighting parameter for the desired closed-loop performance.

The third term also reflects the consideration to minimize the control effort but the third term is
to reduce u, instead of Au,. U is defined as follows:

U= [T . wgb+N— 17"

(44)
= Cug(k — 1) + C,AU

where C; = 1n.x1 ® In,xnN,; 1N.x1 is the 1-vector with dimension N, x 1; Co2 = T ® In, xnN,;
and T is the lower triangle with all non-zero elements are 1 and dimension N, X N.. W, in the
third term is a diagonal matrix in the form that W, = w,In_xn, which w,, is used as a weighting
parameter.

The cost function is rewritten as a function of AU as follows:

J = AUTHAU + 2AU'L + ¢, (45)

where
H=&"®+W,+CIWwW,C,, (46)
L = &7 (Fx,(k) - R) + CIW,Cu,(k - 1), (47)

and c is the remainder which is not multiplied to AU. The remainder, ¢, is not used when solving
the quadratic programming problem.

One of the other advantages of MPC is that design constraints can be considered in the optimization.
To incorporate the design constraints into the control problem, it is necessary to translate the
constraints into linear inequalities. The constraints are taken into consideration for each moving
horizon window. Since the MPC problem is formulated and solved in the framework of the receding
horizon control, the constraints on the rate of change are expressed as

Au™" < Aug(k) < Au™, (48)

where the superscripts min and max denote the minimum and the maximum constraints, respec-
tively. The constraints are defined within the control horizon so that it can be expressed in terms
of function AU as follows:

AU™" < AU < AU™, (49)

where AU™™ and AU™ are column vectors with N, elements of Au”" and Au™*, respectively.
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The constraints then need to be decomposed into two parts to reflect the lower and the upper limit.

This is expressed as follows: A
-C; —AUm™n
<
o avs g ] (50)

where I is the identity matrix, and its size depends on N, and u.

This procedure also applies to the control input and output constraints. All constraints are ex-
pressed in terms of AU. The constraints for the velocity, which U defined in Eq. (51), is written
as follows:

U™n" < Cru,(k — 1) + C,AU < U™ | (51)

Using Eq. (36), the output constraints are expressed in terms of AU as:

Y™ < Fx(k) + ®AU < Y™, (52)

Finally, the MPC in the presence of constraints is proposed as finding AU that minimizes the
quadratic cost function

J = AUTHAU + 2AUTL + ¢, (45 revisited)

subject to the inequality constraints:

MAU <N , (53)

where

—Cy [—U™n + Cyu(k —1)]
Cs Umew — Cru(k — 1)
B _Cl ' B _AUmm
M = Cl ’ N = AUmax (54)
P Y™ 4 Fx(k)
| P | | Y™ — Fx(k)

To solve this quadratic programming problem, the Operator Splitting solver for Quadratic Programs
(OSQP) solver is used [15]. The OSQP solver is a numerical optimization package for solving convex
quadratic programs. The solver is very efficient and accurate for these kind of convex quadratic
programming problems. The OSQP solver is not applicable to the more complicated nonlinear
optimization problem for nonlinear MPC. However, the optimization problem with a nonlinear
model can be handled with the adaptive MPC which is not much different from the standard MPC
but the state-space model is updated during simulation by linearizing the nonlinear model every
time step. A detailed algorithm is presented in Section II1.B.2.

Although the optimal parameter vector AU contains the controls Au,(k), Aug(k+1), ..., Aug(k+
N, — 1), with the receding horizon control principle, the first sample of this sequence, i.e. Au(k),
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is implemented only while ignoring the rest of the sequence. When the next sample period arrives,
the more recent measurement is taken to form the state vector x(k + 1) for calculation of the new
sequence of control signal. This procedure is repeated in real time to give the receding horizon
control law. Fig. 6 presents the calculation flow of the standard MPC.

Measurement

Control input
Plant Model @

(PROTEUS/STH)
P
MPC ; .
f repeat for ‘3
Optimization Solver \every time step;
(OSQP)
Setpoint, Cost Prediction model Constants
- PKE, rod worth,
(Elom et G State-Space Model ( tem:mez)

Figure 6: Calculation flow with standard MPC

II1.B.2 Adaptive MPC

The theory of MPC is presented in Section III.B.2. The standard MPC described in Section I11.B.2
is based on the state-space model which is linearized or defined at a particular time such as an
initial steady-state condition. However, the reduced order model described in Section II1.B.2 is
not necessary to be linear. Ignoring the nonlinearity of the reduced order model may degrade the
accuracy of reference tracking. Applying nonlinear MPC [16] may resolve the issue. However,
the nonlinear MPC is computationally expensive and a nonlinear constraint is rarely necessary for
many applications. Therefore, this work uses the adaptive MPC [17]. The adaptive MPC controller
adjusts its prediction model at run time to compensate for nonlinear or time-varying characteristics.
Figs. 6 and 7 present the calculation flow with the standard MPC and the adaptive MPC.

Measurement

Control input Plant Model
—— _Ob
(PROTEUS/STH) @

/"" Constants
MPC s, | Reduced Order Model (PKE, rod worth,
{ repeat for temp. coef. )
Optimization Solver tevery time step/ Linearization
(OSQP) \‘\ ,/’ & state update
Setpoint, Cost Prediction model
Constraints G State-Space Model

Figure 7: Calculation flow with adaptive MPC

The only different thing between the standard MPC and the adaptive MPC is that the state-space
model is linearized during the simulation in the adaptive MPC. To do this, the reduced order model
defined in Eq. (12) needs to be solved during the simulation as well as the plant model and the state-
space model. The state-space model is updated every time step or as needed by using the exact same
process in Section I11.B.2. The MPC problem is updated repeatedly with the updated state-space
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model. Compared to the standard MPC, the adaptive MPC requires additional calculations in
solving the reduced order model and repetitive setups of the state-space model and MPC problem.
However, the overhead is negligible and is readily manageable with modern computing power while
the accuracy of the adaptive MPC may be comparable to that of the nonlinear MPC as long as the
linearization is repeated with a short time interval. Therefore, the adaptive MPC can be a good
trade-off between the standard MPC and the nonlinear MPC.

I11.B.2 Model mismatch and observer

The MPC optimization is conducted based on the reduced order model. It is nearly impossible to
directly use the plant model or a high-fidelity model in the MPC optimization due to the complexity
and computational cost. Instead, the reduced order model is used as described in Section 1I1.B.2.
The issue is that the reduced order model also approximates the plant or high-fidelity model. It
means that the solutions from the plant model and the reduced order model are different. Therefore,
there should be a process to correct the difference. This is done by an observer.

Before explaining the observer, it is necessary to mention the measurement. It is necessary to
consider which state variable can be obtained from the plant or high-fidelity model. In practice, it
is not feasible to measure some state variables (e.g. the delay neutron precursors and core-averaged
temperature for each material). The power level or relative neutron density (i.e. 7) may be the
only parameter that can be obtained from the real plant. In this sense, it is assumed that only the
power level or relative neutron density is obtained from the plant model in the simulation and the
observer is used to correct the neutron density.

The measurement correction process done by the observer is quite straightforward. Once the
measurement is obtained from the plant or high-fidelity model, the output vector, y4(k) in Eqgs. (32)
and (33) is corrected as follows:

Ya(k) = ya(k) + K (y(k) — ya(k)) (55)

where y/;(k) is the corrected output vector; y(k) is the output vector from the plant; and K is the
observer matrix with dimension N, x N,. When the optimization problem is a single output case
and the only power can be measured from the plant, the K would be 11x;. What the observer
is doing is simply replacing the output from the state-space model with measurable output from
the plant. The corrected output vector, y/(k), is then used in the subsequent MPC optimization
instead of y4(k).

An additional correction is necessary for the adaptive MPC since the adaptive MPC algorithm
solves the reduced order model separately and the measurement correction needs to be done to the
reduced order model as well. The observer for the state-space model simply corrects the output
vector. However, simply updating the neutron density in Eq. (12) may lead to an unphysical
neutron time derivative. The corrected neutron density is not calculated from the reduced order
model so the neutron balance is not necessary to meet. An additional calculation to preserve the
time derivative of neutron density is necessary to resolve the issue. In other words, the following
relation needs to meet:
dn(t)  dn/(t)

d —  dt

where 7/(t) is the corrected neutron density which is the same as the neutron density of the plant

(56)
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model. To preserve the time derivative with the corrected neutron density, an additional parameter
is needed or some variables are needed to be modified. This will be handled by updating the base
reactivity. Using Eq. (5), the above equation is written in following:

S0 NGt
n i = (57)

A Y

where p/(t) is the corrected reactivity corresponding to 7/(¢) and it is defined as a function of
corrected and uncorrected neutron densities:

+ Bt - (58)

The correction on the reactivity may be assumed that the base reactivity, pp, is updated to have
p'(t). The updated neutron density and the reactivity are used in the subsequent calculations.

IV  Numerical Results

IV.A 3D microreactor results

In this section, the load-follow simulation results for the HTGR-type microreactor described in
Section II are presented. As mentioned in Section II1.B.2; one of the advantages of the MPC is an
ability to consider constraints in the optimization problem. Three kinds of constraints are applied
to the drum rotation rate u, and drum rotation acceleration Au/At. It should be noted that these
constraints are assumed because they have not been determined in the reactor design, yet. The
numerical values of the constraints are listed in Table 2. There is no specific constraint for the
control drum rotation since the drum can rotate over 0 degree or 360 degree. The constraints for u
and Au/At are simply chosen to have +0.1%/s and +0.1%/s?, respectively. These constraints are
corresponding to £0.36 deg/s and £0.36 deg/s?, respectively. In reality, the constraints should be
first based on the mechanical performance of the drum rotation system, and secondarily on tech-
nical specification limits for the operation that should satisfy safety and operational performance
requirements.

Table 2: Applied constraints to microreactor control

Parameters Constraints
Control drum rotation (deg) 0 <s <360
Control drum rotation rate (deg/s) —0.36 <u<0.36
Control drum rotation acceleration (deg/s?) | —0.36 < Au/At < 0.36

Table 3 presents parameters used in the reduced order model. The delayed neutron fraction and the
delayed neutron time constants were extracted from the 6-group cross section library of PROTEUS.
A typical generation time for thermal reactor was used. Therefore, the point kinetics parameters are
not necessary to be accurate. The feature to generate the point kinetics parameters in PROTEUS
is not ready to use yet. In Section IV.B, the sensitivity test results are presented to determine the
effect of these parameters. The temperature coefficients and control drum differential worth were
determined from a series of 2D core simulations.
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Table 3: Parameters

used in the reduced order model simulation

Parameter Value Unit Parameter Value Unit
153 0.01181 - A 2.627E-5 S
51 0.00041 - A1 0.01334 1/s
B2 0.00213 - Ao 0.03274 1/s
53 0.00204 - A3 0.12078 1/s
B4 0.00457 - A4 0.30278 1/s
Bs 0.00187 - A5 0.84949 1/s
B6 0.00078 - A6 2.85300 1/s
Qg -4.0 | pem/K cr 977.0 | J/kg/K
Q. -0.2 | pem/K Cm 1697.0 | J/kg/K
O 0.0 | pem/K Ce 5190.0 | J/kg/K
Wi -33.3 | pcm/deg - - -

Table 4: Power level setpoint

Time period (sec) Description for power level
0-5 Maintain 100%
5 - 245 Decrease to 20% with ramp rate of -20%/min
245 - 1800 Maintain 20%
1800 - 2040 Increase to 20% with ramp rate to 20%/min
2040 - 3600 Maintain 100%
150 c 0.2
9 Lol Setpoint -%, —— Velocity (deg/s)
= Calculated & 0.1 Acceleration (deg/s?)
b3 [}
5 50 §
0 5
Z 0.2 >
X =
g 0.0 »——w—— §
(v} ()
CICJ >
g =02 RMS=0.027% E Velodityaws=2.22E-02 deg/s
?QE—OA Max=0234% ‘D' ~0.3 Accelerationgus=5.55E-03 deg/s?
0 20 40 60 0 20 40 60
Time (min) Time (min)
< 1100 205
o — Fuel
2 10501 — Moderator/_ o 200
S —— Cladding _— | £ 105
E‘ 1000 Coolant — 5
3 S
2 2 190
° o
g 950 1 o
o 2
© 900 o 180
p
8 850 175
0 20 40 60 0 20 40 60
Time (min) Time (min)

Figure 8: 3D microreactor load-follow simulation results
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Table 4 present the results for the 3D microreactor load follow simulation. The prescribed power
scenario starts at 100%, decreases to 20%, and then increases back to 100%. The ramp rate between
100% and 20% power is +20%/min which is the fastest ramp rate requirement for nuclear reactors
[18]. As depicted in Fig. 7, the plant is represented by PROTEUS coupled with STH. The adaptive
MPC is used for the simulation. One second of the time interval is used for both PROTEUS
simulation and MPC control. The initial position of the control drum is 180 deg which the center
of the control drum absorber faces south as shown in the Fig. 2a. In the simulation, 40 computing
cores were used.

The objective of the controller is to predict control inputs to have accurate power compared to
setpoint while minimizing control costs and being regulated within the given constraints. Fig. 8
presents the load-follow simulation results. The prescribed power scenario starts at 100%, decreases
to 20%, and then increases back to 100%. The calculated power with the MPC controller is very
accurate. The RMS tracking error over the entire simulation is 0.027%. The maximum tracking
error is 0.234%. The core-averaged temperature is also calculated for fuel, moderator, cladding,
and coolant. The temperature changes very slowly than power. The power level decreases to 20%
and maintains the level between 4 min and 30 min. In this period, the MPC controller needs to
keep solving the optimization problem to compensate for the temperature feedback effect by adding
negative reactivity with the control drum. In the same period, the control drum keeps rotating.
Similar behavior is repeated when the power increases back to 100% but with opposit direction.
During the load-follow simulation, the control drum rotates between 180 deg and 203 deg.

To determine the cost for input control, RMS velocity and RMS acceleration are calculated and
shown in the figure. The RMS velocity and RMS acceleration are 2.22E-2 deg/s and 5.55E-3 deg/s?,
respectively. It is not straightforward to determine whether these costs are large or small. The
same parameters are calculated for several other 2D core simulations and then compared to each
other in the next section.

IV.B Sensitivity Test

This section presents the sensitivtiy test results on numerous parameters including the MPC
method, control drum worth, kinetics parameters, TH parameters, ramp rate and the different
scenario. Table 5 summarizes the tracking error and the noramlized control cost. The normalized
control cost indicates the RMS velocity and RMS acceleration of the control drum over the entire
simulation but these are normalized by the costs of 2D core simulation. The normalization is per-
formed since it is not straightforward to determine whether the control costs are expensive or not
based on the absolute values. Therefore, relative or normalized control costs are calculated and
presented.
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Table 5: Summary of sensivitiy test based on 2D simulation

Description Tracking difference (%) Normalized control cost

RMS Max Velocity Acceleration
3D core simulation 0.027 0.234 1.09 1.09
2D core simulation (Base case) 0.017 0.170 1.00 1.00
Standard MPC 0.180 1.196 0.89 0.40
Drum worth —60% 0.106 0.790 4.90 37.87
Drum worth —30% 0.022 0.326 1.00 1.48
Drum worth +30% 0.031 0.172 1.00 0.88
Drum worth +60% 0.049 0.226 0.99 0.80
Position-dependent drum worth 0.019 0.166 1.00 1.03
B; —60% 0.046 0.375 0.99 0.62
Bi +60% 0.027 0.403 1.24 2.78
Ai —60% 0.032 0.224 1.03 1.36
i +60% 0.017 0.160 0.99 0.88
i +90% 0.019 0.155 0.99 0.84
A —30% 0.017 0.170 1.00 1.00
A +30% 0.017 0.170 1.00 1.00
af, oy, —60% 0.048 0.294 1.00 1.00
ay, iy —30% 0.030 0.221 1.00 1.00
ay, o +30% 0.019 0.170 1.00 1.00
ay, iy +60% 0.035 0.186 1.00 1.00
Cp tr Cpms Cpre —30%% 0.020 0.171 1.00 1.00
Cp,f1Cp,m» Cp,e +30% 0.022 0.192 1.00 1.00
Ramp rate 5%/min 0.012 0.097 0.61 0.32
Ramp rate 30%/min 0.021 0.384 1.27 1.63
Power 100%—140%—100% 0.015 0.140 0.40 0.24

IV.B.2 2D core simulation

For fast running, all sensitivity tests are performed with a 2D core model. The 2D core has the
same design and the same size but only the boundary condition at the top and bottom surface of
the core is reflective. Therefore, only one axial plan is necessary to simulate the core model. Fig. 9
shows the 2D core simulation results. This comparison is made to confirm that the 2D core model
can show similar behavior as the 3D core so that the subsequent sensitivity test still represents the
situation of the 3D core.
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Figure 9: 2D microreactor load-follow simulation results

Table 5 also presents the comparison between the 2D and 3D core simulation. Both 2D and 3D
core simulations have a similar level of accuracy. The 2D core has a smaller tracking error, i.e.,
the maximum error is 0.17%. The normalized control cost in Table 5 indicates the RMS velocity
and RMS acceleration of the control drum over the entire simulation but these are normalized by
the costs of 2D core simulation. The normalization is performed since it is not straightforward to
determine whether the control costs are expensive or not based on the absolute values. Therefore,
relative or normalized control costs are calculated and presented. The 3D core simulation shows
about 9% higher control costs for both control drum velocity and acceleration than those of the
2D core. It may be more difficult to approximate the plant by the reduced order model since
the 3D core may have a more heterogeneous flux profile. In addition, the reduced order model
may approximate the 2D core model more accurately since the control drum differential worth and
temperature reactivity coefficients were generated based on the 2D core simulation. These are the
reasons why the 2D core load follow results have higher accuracy and lower control cost than those
of the 3D core simulation. However, these differences are not significant and it can be assumed
that the 2D core load follow simulation has a similar behavior as the 3D core. Therefore, the 2D
core model is used for the rest of the sensitivity tests.

IV.B.2 Adaptive MPC vs. Standard MPC

In Sections IV.A and IV.B.2, the results are based on the adaptive MPC controller. As discussed
in Section II1.B.2, the adaptive MPC can consider the nonlinear characteristics of the reduced
order model. The impact of considering the nonlinearity can be determined by comparing it to the
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standard MPC case. Fig. 10 shows the results with the standard MPC controller.

150 c 0.15
;\3100 —— Setpoint -‘% —— Velocity (deg/s)
o Calculated b 0.10 Acceleration (deg/s?)
2 (]
5 50 §
0 S
g 2 z
g 1 3
= >
g 0 E— )
£ RMsols0% | S os Accelorationm2 03E.03 deg/e?
0 20 40 60 20 20 40 60
Time (min) Time (min)

Figure 10: 2D microreactor load-follow simulation results with standard MPC

The standard MPC has less accurate results than the adaptive MPC results. The RMS tracking
error is 0.18% and the maximum error is 1.196%. The difference may be acceptable but there
is accuracy degradation due to the methodology in the controller. The main difference comes
from the time-varying components of the matrix A, in the state-space equations (i.e. Eq. (16)).
Fig. 11 shows the time-varying components of A which is calculated from the adaptive MPC. Four
elements from the adaptive MPC highly depend on time and vary significantly. Especially, dfn/dTY,
df/dTy,, and dfz/dD; have upto 80% differences compared to those at the initial condition. On
the other hand, the state-space model of the standard MPC is generated at the initial steady state
and does not vary during the simulation. It means the standard MPC overestimates the magnitude
of dfs/dT,,, and dfs /dDy between 4 min and 30 min. According to the power difference in Fig. 10,
once a tracking error is calculated for some reason, the tracking error does not shrink rapidly. The
controller needs to calculate more aggressive control input to eliminate the tracking error. However,
the controller cannot do it due to the overestimated dfy/dD;. The normalized control costs of the
standard MPC are smaller than those of the adaptive MPC due to the same reasons — overestimated
dfr/dD;. If the state-space model is linearized at low power, then the controller may overshoot
the control input due to underestimated df;/dD, and the power may oscillate — this result is not
presented but it can be guessed.
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Figure 11: Time-varying components of matrix A from adaptive MPC

IV.B.2 Control drum reactivity worth

A wide range of the control drum reactivity worth is tested for the 2D microreactor load-follow
simulation in this section. The reactivity worth varies from —60% to 60% compared to the reference
value listed in Table 3. The tracking error increases as the drum worth moves away from the base
case. As mentioned in Section IV.B.2, the larger drum worth (i.e. df/dD;) makes the controller
undershoot the control input causing smaller control cost but larger tracking error. On the other
hand, as the drum worth becomes smaller, the larger control cost is spent. It means the controller
with the small drum worth may overshoot the control input so that the solution may oscillate in
a severe case. This situation is clearly shown in Fig. 12. The control inputs with the 60% smaller
drum worth hit the constraints a lot of times while the power and control input oscillate. If the
constraints are not used, the simulation may diverge due to the aggressive control inputs.

An additional comparison is made for the position-dependent control drum worth. As presented in
Fig. 4a, the control drum worth may vary depending on the position. The tracking error and the
control costs are not much different from those of the base case which uses the constant control
drum worth. This is because the control drum differential worth is fairly flat in the operation range
which is 180 - 205 deg. As shown in Fig. 4a, the slope of the reactivity between the ranges is
monotonic. If the control drum is initially located in a different rotation (such as 220 deg), the
position-dependent worth may be essential to have accurate and stable results.

In this section, the sensitivity test results with different control drum reactivity worths are pre-
sented. The simulation results show that it is important to have an accurate estimate of the control
drum worth to have accurate and stable simulation results. However, the controller with +30%
error in the control drum worth still predicts pretty accurate and stable results. The +30% of
error in the control drum worth is a quite large margin therefore the MPC controller is reasonably
robust.
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Figure 12: 2D core simulation results with 60% lower control drum reactivity worth

IV.B.2 Point kinetics parameters

A various range of point kinetics parameters is tested in this section. As mentioned in Section IV.A,
the point kinetics parameters may have some error since the parameters were not calculated from
homogenization by weighting solutions from PROTEUS transport calculation. Instead, medium
values or typical values were chosen for the reduced order model. In practice, it may be difficult
to calculate the point kinetics parameters for every configuration and condition of the real reactor.
The point kinetics parameters used in the controller may have some amount of error. Therefore,
it is important to check how much the MPC controller is sensitive to the selection of the point
kinetics parameters.

The control cost and the tracking error increase as (3; increase. This means that the reduced order
model underestimates the effect of the prompt neutron so that the MPC controller overshoots the
control input to compensate for the underestimated prompt neutron effect. On the contrary, the
reduced order model overestimates the effect of the prompt neutron as the 3; decreases. The MPC
controller undershoots the control inputs in this case. The small 3; reduces the control cost but it
increases the tracking error.

The decreased \; means the deleted neutron has a longer half-life so that the effect of the prompt
neutron is underestimated. The MPC controller overshoots the control input due to the underesti-
mated prompt neutron effect. When using 30% increased \;, the simulation results look like to have
better accuracy in terms of RMS tracking error, and use less amount of control cost. This result is
likely interpreted that increasing A; makes the overall reduced order model be more accurate than
the equations with the base parameters since not all parameters used in the reduced order model
are accurate. However, the RMS tracking error increases again if the \; is increased by 60% and

90%.

Changing the prompt neutron generation time does not make any noticeable difference. There are
very small difference between these simulations so that the results in the table have the same value
depending on cases. The neutron time derivative in Eq. (5) shows that A exists at the denominator
of the entire right hand side equations. Therefore, all 0fz/0x (i.e. Ofz/0n ... Ofa/0D1) change
with the same fraction (30% or —30%) when A changes in the sensitivity test. If the temperature
feedback or the drum reactivity worth in Eq. (11) have more complicated form rather than the
simple linear equation, the sensitivity results per A may be different.
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IV.B.2 Temperature reactivity coefficients and heat capacity

The control cost and tracking accuracy do not have significant impact from choosing the temper-
ature related parameters such as temperature reactivity coefficients and heat capacity is relatively
small since the reactivity feedback effect from the temperature change is very slow compared to
neutronics. As shown in Fig. 9, the temperature changes relativelty slowely than the power level.
Changing the heat capacity and the mass makes the same results since both heat capacity and the
mass are multiplied to the left hand side of Eqgs. (7) to (9). Therefore, additional sensitivity test
on the mass is not performed. It can be assumed that changing the mass has the same effect as
changing heat capacity.

IV.B.2 Ramp rate and power level

A wide range of ramp rates and different scenarios are tested in this section. It is expected that a
slow transient scenario is easier to calculate the control input for the controller than a fast transient
scenario since the slow transient scenario has smooth power change. Table 5 presents the sensitivity
results with 5%/min ramp rate to 30%/min ramp rate including the base case. Figs. 13 and 14
show the detailed simulation results. As expected, the simulation results have a higher tracking
error when using the fast ramp rate. For the 5%/min of ramp rate case, the maximum tracking
error is only 0.097% and the normalized control cost for the acceleration is only 32% of the base
case. On the other hand, the case with 30%/min ramp rate has 0.384% of maximum tracking error
and 63% higher control costs than that of the base case. From the sensitivity test on the ramp
rate, it is concluded that the MPC controller can calculate accurate control inputs to follow the
setpoint for a wide range of ramp rates.
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Figure 13: 2D core simulation results with 5% ramp rate
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A different scenario with uprating power is also simulated and presented in Fig. 15. The scenario
has 100% power initially, increases the power to 140%, and then comes back to the original power.
In this simulation, it is confirmed that the code system does work properly even for a higher power.
The control drum needs to rotate in the other direction to reduce the negative reactivity from the
control drum in order to raise the power level. From the simulation results, it is also confirmed
that the control drum decusping function works well in the other direction as well. There is no
noticeable difference in the tracking error or the control cost compared to that of the base case.
The simulation has accurate results and does not have a significant overhead on the control cost.
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Figure 15: 2D core simulation results with maximum 140% power level

IV.C Discussion on Numerical Results

In Section Section IV, we demonstrate the load-follow simulation for a 3D microreactor similar to the
HTGR. The MPC controller predicts highly accurate control inputs, thus enabling the prescribed
power to be followed precisely. The RMS error is 0.027%, and the maximum error reported is
0.234%.

A potential concern with the MPC controller involves its need for a model that represents the
plant. Obtaining a highly accurate reduced-order model may be impractical, given the inherent
and inevitable presence of model error. Therefore, a series of sensitivity tests were performed on
the MPC methods and model parameters, as described in Section Section IV.B.

The sensitivity tests confirm that the MPC controller allows for a considerable margin when se-
lecting parameters for inclusion in the reduced order model. Even with an error range as much as
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+60% in the point kinetics parameters, temperature reactivity coefficients, and lumped TH models,
the maximum tracking error remains below 0.5%. The control drum reactivity worth exhibits more
sensitivity than the other variables. For instance, a simulation with a 60% decrease in control drum
worth results in significant oscillation in the control inputs, which strike constraints. However, sim-
ulations with control drum worth values ranging from 30% lower to 60% higher showed accurate
results, as seen in a maximum tracking error less than 0.326%.

The sensitivity test demonstrates that overshooting in the control input can negatively impact
the precision and stability of simulation. The MPC controller exceeds the control input when
parameters such as underestimated control drum worth, overestimated decay constant (;, and un-
derestimated decay constant \; are used. Temperature-based parameters, like the temperature
reactivity coefficient and heat capacity, could also produce similar effects. However, these parame-
ters are less sensitive than others due to the slow rate of temperature change relative to the power
or neutron density. While undershooting the control input can diminish tracking accuracy, it does
not cause significant solution oscillation.

V Conclusion

This paper presents the practicality of an MPC controller for autonomous load follow operation
of a HTGR type microreactor. The high fidelity neutronics code, PROTEUS, is used to emulate
the actual plant model, making the simulation more reliable. The simplified TH and control drum
decusping method have both been implemented in PROTEUS. A reduced order model, based on the
point kinetics equation and lumped TH models, has been established and incorporated in the MPC
controller. The adaptive MPC controller is deployed for computing the control input to adhere to
the given power scenario. This adaptive MPC sequentially linearizes the nonlinear reduced order
model and utilizes it for optimization, thereby enhancing accuracy.

In the assessment of numerical results, the PROTEUS/MPC code system is evaluated for the load
follow operation of a 3D microreactor with a ramp rate at 20% of the maximum. The simulation
reveals that the error in the tracking power is under 0.234%, while the control inputs remain
within the established constraints. For further verification, extensive sensitivity tests have been
performed by adjusting parameters used in the MPC controller and reduced order model. The
conclusion drawn confirms that the MPC controller offers a sizable margin for adjusting parameters,
thus validating the feasibility of autonomous control with the MPC controller. For additional
verificaiton, a comprehensive series of sensitivity tests was conducted by modifying parameters
within the MPC controller and the reduced order model. The results of these tests confirm that
the MPC controller allows a significant range of flexibility for parameter adjustment. This flexibility
provides robust assurance of the autonomous control feasibility via the MPC controller.
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