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Real-time hybrid simulation (RTHS) is an enabling technology that has transformed engineering experimentation

and helped researchers expandmodeling capabilities. However, breakthroughs are necessary to expand the range of

hybrid simulationmethodsand, thus, enable experimentswith loading conditions representingmultiple hazards. This

paper discusses the development of a new thermomechanical RTHS framework and a systematic approach to

determining RTHS control requirements. First, the framework is established using a representative finite element

model of a layered structural system subjected to thermal loading. A complete two-layer system model serves as the

reference system, and it is then partitioned into a numerical layer and an experimental layer that share interface

conditions.Next, a thermal actuator is introduced to impose dynamic thermal loading on the experimental subsystem,

serving as a transfer system. Finally, control and performance metrics are defined to evaluate the realization of

interface boundary conditions andmap this to the RTHS execution. Through an illustrative example considering the

influence of temperature on a lunar habitat, we demonstrate how to establish controller requirements for RTHS and

demonstrate that this approach can be used to conduct RTHS on structures with thermomechanical loading.

I. Introduction

R EAL-TIME hybrid simulation (RTHS) is a cyber-physical test-
ing technique that enabled efficient and cost-effective dynamic

testing to evaluate the seismic performance of structural systems
[1–6]. This method is especially useful when the full experiment is
just not possible in a laboratory due to the size of the full structure or
the extreme conditions that must be realized. This class of testing
methods has been extended in recent years to enable researchers to
conduct realistic experiments to consider multiple hazards and phys-
ics [7–10]. A reference system is partitioned into two subsystems:
experimental and numerical. The substructured test is executed in
real-time, enforcing interface conditions using feedback controllers
and actuators, and thus including the effect of interactions between
the two subsystems.
Although the method was initially introduced for studying the

mechanical behavior of structures exposed to extreme base motions
[6] and wind/wave loads [11–13], an emerging area for the applica-
tion of this testingmethod is to consider thermal effects on structures,
and especially the extreme environmental conditions that structures
may be exposed to in space. Thermal hybrid simulation has been
realized by imposing thermal heat loads on experimental elements to
assess their performance under thermal stresses due to fire [9,14–17].

Thermomechanical hybrid simulation has thus far aimed to assess a
member’s dynamic structural response to high-temperature loads,
with thermal loading consisting of heating using a furnace to supply
the heating load [9,14,15,17]. In these studies, the numerical sub-
structure is not typically exposed to the heat emitted from the physical
substructure. The thermal disturbances are also applied directly to the
experimental substructure, thus limiting the thermal behavior to
consider only one-way thermal interactions. Additionally, the inter-
face between the experiment and numerical substructures is concen-
trated at one or just a few degrees of freedom (DOF),whereas systems
involving thermal stresses often involve heating and cooling over a
continuous region or surface.
Based on current RTHS research efforts, several gaps have been

identified that have prevented researchers from tackling more complex
problems [18]. A major challenge is the development and mechanical
design of actuators or transfer systems to impose new interface con-
ditions [19,20], such as distributed loads over continuous regions. New
transfer systemconfigurations can expandhybrid testing applications to
multiphysics problems, such as using RTHS for the testing of complex
space systems [21,22].Additionally, one of themain reasons toperform
RTHS is to capture the true behavior of the experimental subsystem,
which inmost cases is unknown. Thus, validatingRTHS results against
numerical analysis remains a challenge. As RTHS methods and appli-
cations grow in complexity, such does the need for systematic proce-
dures for the overall evaluation and validation of RTHS tests [6,23].
Performance indicators have been developed that can be computed in
advance to predict the success of a test [24]. Systematic approaches that
evaluate the performance of RTHS results for the design of controllers
and controlling techniques remain challenging.
This study presents a novel thermomechanical RTHS framework

developed to enable researchers to perform realistic experiments con-
sidering two-way thermal coupling between a numerical and an exper-
imental subsystem. The framework is developed and numerically
demonstrated for implementation in a two-layer heat transfer system,
with each layer having different thermal and material properties. The
system ispartitioned bybreaking the two layers into anouter numerical
layer and an inner physical layer. The thermal load is applied to the
outer layer, while the focus of the experiment is the response of
the inner physical layer. At the interface, a transfer system is employed
to enforce the distributed thermal boundary conditions along the
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experimental subsystem surface, and measurements of the physical
system capture the thermal coupling to be fed back to the numerical
subsystem. A new thermal transfer system, along with the design of a
thermal actuator, is introduced to impose thermal interface conditions
leveraging RTHS capabilities. Potential applications for this thermo-
mechanical RTHS framework include deep space structures and arctic
or deep ocean systems. The thermomechanical RTHS is illustrated
through an example considering the influence of temperature on a
lunar habitat. Additionally, we establish a systematic approach to
developing control and performance assessment measures for such
RTHS experiments. Finally, acceptance criteria specific to thermome-
chanical RTHS are established. The results demonstrate that thermo-
mechanical RTHS is feasible to enable realistic testing and that careful
attention must be paid to the design of the controller to ensure that
researchers can meet their testing objectives.
The technical approach is discussed in Sec. II. The heat conduction

problem is formulated, and the thermal actuator components are
introduced in Sec. III. The system dynamics for the control plant
are described in Sec. IV, and the control and performance metrics are
established in Sec. V. An illustrative example is described in Sec. VI.
Finally, we share the conclusions in Sec. VII.

II. Technical Approach

The framework for the thermomechanical RTHS testing in this
study, strictly from the heat conduction standpoint, is defined using a
block diagram in Fig. 1. Here it is assumed that the studied structural
system is divided into two layers, and the outer layer is subjected to a
disturbance that takes the form of a temperature fluctuation, which
has a heat flux effect on the structure. The testing is intended to be
conducted so that the inner layer, which is the experimental sub-
structure, will experience sufficiently similar thermal effects. Thus,
the transfer system provides the necessary computation, interactions,
and control to achieve that objective. Here we establish the method-
ology to meet this goal and demonstrate using a computational
example. There are three major components to this framework:
1) A numerical subsystem (left side) contains a portion of a

two-layered structural system subjected to thermal loading and
undergoing heat conduction, typically modeled with finite elements.
This subsystem takes in an external input, generating the desired
interface response imposed on the experimental subsystem.
2) An experimental subsystem (right side) is realized physically in

a laboratory setup and contains the remaining portion of the two-
layered structural system.
3) A thermal transfer system (inside the dashed box) enforces the

interaction conditions between the numerical and experimental sub-
systems at the boundary where they meet.
The input to the test is the external temperature on the structure’s

outer (numerical) layer, which is input into the numerical model, as
shown in Fig. 1. The numerical model is used to compute the resulting
inputs to the experimental subsystem, known as the desired response,
and also takes in the response from the experimental subsystem.
The thermal transfer system consists of the physical equipment

needed to realize the desired response in the experimental subsystem.

It may take various forms, and one realization is discussed in the

illustrative example in this paper. Actuators have dynamics, and a

controller is needed to compensate for any time lags due to the

presence of the thermal actuator. Thus, the controller block generates

the command signal for the control plant (i.e., the thermal actuator

plus the experimental subsystem). The measured response from the

experimental subsystem is fed back to the thermal transfer system.

This feedback signal plays two roles. In the control feedback loop, it

is used by the observer block to estimate the experimental subsystem

states from the measured temperature response. In the RTHS feed-

back loop, the state estimation block calculates the unmeasured
experimental states from available measurements for the next

numerical integration step. It is important to note that, even though

these two estimation blocks may perform similar operations, their

purpose is different, as discussed further in subsequent sections of

this paper.
To realize the interface conditions, a controller is needed to com-

pensate for the transfer system dynamics and potential interactions

with the physical substructure. Regardless of the control algorithm

used, the control requirements must be established to meet the needs

of a given experiment. Thus, in addition to the thermomechanical

RTHS problem formulation, a systematic approach is developed to

determine those transfer system control requirements to conduct

RTHS generally with high confidence.
Unlike traditional control approaches, we developed a systematic

approach to establish control criteria, shown in Fig. 2. The main

components of the approach include developing a controller set,

control metrics, and performancemetrics. Our approach is developed

to expand the evaluation and implementation of RTHS experiments

to more challenging problems, such as transfer systems withmultiple

components, interconnected two-dimensional (2D) and three-

dimensional (3D) systems, or thermal experiments performed inside

a laboratory with controlled temperature conditions.
The controller set and control metrics are related to tracking the

desired input to the experimental subsystem, i.e., a local evaluation.

In contrast, the performance metrics evaluate the global performance

of the RTHS approach through a comparison to a reference problem.

Because the reference system test typically cannot be performed due

to its scale or cost, a model must be assumed. Four phases are defined

to establish the control requirements: control metrics development

and verification, performance metrics development and verification,

control requirements generation, and controller design.
The control metrics development and verification phase is per-

formed by simulating a set of candidate controllers when applied to

the control plant (i.e., the transfer system and experimental subsys-

tem). Candidate controllers may be designed using various control

strategies and methods. Based on the dynamics of the control plant,
control metrics are adopted to quantitatively evaluate the controller’s

behavior. Recall that these control metrics are exclusively related to

the ability to effectively enforce the desired temperature on the

control plant, i.e., tracking. In this phase, the goal is to assess how

well each candidate controller achieves proper tracking with mini-

mum error and verify that the control approach is properly achieving

Fig. 1 Control block diagram of thermomechanical RTHS framework.
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its goal. Threshold values are then established for the control metrics.
Controllers that satisfy this threshold move on to the next phase.
Simulations of the entire RTHS system are then executed to assess

the global RTHS performance. Global performance must be assessed

with a reference system, typically a model of the ideal thermome-
chanical system with the same external input. The goal is to quantify

how well the controller reduces the global error at the numerical and
experimental subsystems interface and verify that the adopted control

approach fulfilling its goal withminimum error. Threshold values are
then established for the performancemetrics. Once this step is done, a

mapping is available between local and global performance to iden-
tify the control strategies that have the most favorable performance.

The control strategies that best meet the global performance metrics
are used to generate control requirements.
The performance metrics can also be used to define the acceptance

criteria by which one would determine if an RTHS transfer system
controller or control strategy is acceptable for its intended use.

Acceptance criteria are part of a whole control strategy defined to
perform RTHS testing with high confidence and consistency and

yield accurate results that reflect reality as much as possible. In
addition, acceptance criteria are needed for different types of RTHS
to be considered standard testing procedures, such as shake table
testing for earthquake engineering. Currently, acceptance criteria do
not exist for any RTHS application.
Once the control metrics are mapped to the performancemetrics, we

turn to the return path. Here the control requirements generation phase
involves identifying strategies that reduce tracking and global errors.
The set strategies determine the confidence or error thresholds for
testingobjectives and serve as the standards for redesigningor assessing
controller sets available to perform RTHS, as shown in the final phase.
The next section discusses the thermomechanical RTHS frame-

work specifically for a heat conduction problem.

III. Problem Formulation: Thermomechanical RTHS

Consider a system that consists of two layers ofmaterials subjected
to time-varying thermal loading, as shown in Fig. 3. The top layer is
exposed to an external thermal load, and the bottom layer responds

Top Layer

Bottom Layer
Insulation
( = 0)

Flux Load

Flux Load
Top Layer

Bottom Layer

Top Layer

Bottom Layer

Insulation
( = 0)

Element

Node

Flux Load

Flux Load

Load

Flux Load

Flux Load
a) Two-layered solid body system

b) Two-dimensional (2D) unit thickness problem definition

c) Finite element (FE) model mesh illustration

Fig. 3 The problem formulation illustration for a 2D, two-layered finite-element solid body.

Control Metric 1

Control Metric 2

Control Metric 3

Controller Set Control Metrics Performance Metrics

Control Metrics 
Development and Verification

Performance Metrics Development 
and Verification

Control Requirements 
Generation

Controller Design

Performance Metric 1 Performance Metric 2

Performance Metric 3 Performance Metric 4

Acceptance 
Criteria

Criteria 1
Criteria 2
Criteria 3

Fig. 2 Diagram of the systematic approach for developing control criteria for RTHS.
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according to the governing physics and internal thermal load. To
formulate the RTHS problem, we first consider a model of the
reference system,which is the entire system shown, and then partition
the system into numerical and experimental subsystems. The parti-
tioned system, under ideal conditions, would behave similarly to the
reference system. However, the equipment needed to enforce boun-
dary conditions in the laboratory has dynamics and limitations, and
thus it would be ideal.

A. Reference System

A finite element model of a two-layered structural system sub-
jected to thermal loading is developed to replicate the physics of
transient heat transfer through solid bodies. For illustration, the
analysis of a two-layered system shown in Fig. 3a is reduced to a
2D analysis by considering a slice with a unit-thickness that is
perpendicular to the x–y plane, as shown in Figs. 3b and 3c. This
model serves as the reference system. The system has a length L and
heightH. Several assumptions are made to develop the finite element
model. First, the physics represented by the model herein allows the
dynamics for thermal conduction only. Other thermal processes, such
as convection and radiation, are not considered, enabling a simplified
thermomechanical system to illustrate RTHS.Thematerial properties
are assumed to be homogeneous and isotropic for all elements, with
linear thermal behavior.
The finite element problem formulation for this transient heat

conduction analysis is derived from the following governing differ-
ential equation [25]:

ρCp

∂T
∂t

� ∂
∂x

�
k
∂T
∂x

�
� ∂

∂y

�
k
∂T
∂y

�
� qv (1)

where the relevant thermal-material properties are density ρ, specific
heat capacityCp, and isotropic thermal conductivity k, with volumetric

internal heat generationqv in the solid body. This equation governs the
temperature distribution across the solid body as a function of space
and time, T�x; y; t�, by defining initial and boundary conditions (pre-
defined temperatures and heat fluxes). Heat fluxes can be position
dependent, time dependent, or surface temperature dependent. For
example, in Fig. 3, the system is assumed to be insulated at both

vertical ends (x � 0 and x � L), restricting the heat flux to ~q � 0.
Applying the finite element method, the nodal temperature

through an element is specified by its shape function given by

Tel�x; y; t� �
Xnen
j�1

Tel
j ⋅Φel

j �x; y; t� � �Φel�Tel (2)

where Φel is the element shape function matrix, Tel is the element
temperature vector, and nen represents the number of nodes of the
element. After applying the Galerkin method and Green’s theorem
[25] to Eq. (1), a summation over the element domain is obtained.
Finally, the 2D transient heat conduction analysis is given by

�Mel� _Tel � �Kel�Tel � Fel (3)

where Mel is the capacitance matrix, Kel is the conductance matrix,

Fel is the flux load vector, and _Tel is the temperature gradient vector.

The element load vector Fel accounts for the convective flux load at

the outer boundary elements. The element conductance, �Kel�, and
capacitance, �Mel�, matrices are assembled by

�Kel� �
Z
Ωel

�Bel�T�Del��Bel� dΩ (4)

�Mel� �
Z
Ωel

ρCp�Φel�T�Φel� dΩ (5)

where �Bel� and �Del� are the temperature gradient matrix and

conductivity matrix, respectively, across the element domain Ωel.

The conductivity matrix �Del� for a four-node rectangular element,
as shown in Fig. 3c, has the form

�Del� �
�
kxx kxy
kyx kyy

�
(6)

Because the conductivity for this problem formulation is isotropic,
kxx � kyy and kxy � kyx � 0.

The system shown in Fig. 3 has two layers, each with its own
thermal properties. Figure 3c illustrates the mesh used for the finite
element model containing elements representing each material layer.
The global matrices for the two-layered system are assembled,
yielding the global matrices for the two-layered 2D transient heat
conduction model, referred to as the reference model, which is
presented as

�Mr� _Tr � �Kr�Tr � Fr (7)

where �Mr� is the global capacitance matrix, �Kr� is the global con-
ductance matrix, Fr is the global flux load vector, and Tr and _Tr are
the global temperature and temperature gradient vectors, respec-
tively. The �⋅�r subscript denotes reference.

B. System Partitioning

The partitioning of the transient heat conduction system is
shown in Fig. 4. The numerical subsystem contains the top layer,
while the bottom layer represents the experimental subsystem.
Both subsystems interact at the nodes through the interface tem-
perature, and heat flux exchanged between the two layers. Hence-
forth, the flux load in the boundary elements will be denoted
as the numerical and experimental flux load for each subsystem,
respectively.
To implement RTHS, the reference model is partitioned into

numerical and experimental subsystems. The thermal reference
model is a continuous-surface, solid-body system. Thus, both sub-
systems share boundaries through interface element nodes. The
reference matrices are thus partitioned as follows:

�Mr��

2
664

Me Me;i 0

Mi;e Mi Mi;n

0 Mn;i Mn

3
775; �Kr��

2
664

Ke Ke;i 0

Ki;e Ki Ki;n

0 Kn;i Kn

3
775 (8)

The �⋅�e, �⋅�i, and �⋅�n subscripts denote experimental, interface,
and numerical, respectively. The off-diagonal matrix entries repre-
sent the coupling between the experimental and numerical nodeswith
the interface nodes. Likewise, the temperature, temperature gradient,
and flux load vectors can be partitioned into the experimental, inter-
face, and numerical nodes:

Tr �

8>><
>>:
Te

Ti

Tn

9>>=
>>;; _Tr �

8>><
>>:

_Te

_Ti

_Tn

9>>=
>>;; Fr �

8>><
>>:
Fe

Fi

Fn

9>>=
>>; (9)

Substituting Eqs. (8) and (9) into Eq. (7), the transient heat con-
duction problem can be rewritten as2
664

Me Me;i 0

Mi;e Mi Mi;n

0 Mn;i Mn

3
775
8>><
>>:

_Te

_Ti

_Tn

9>>=
>>;�

2
664

Ke Ke;i 0

Ki;e Ki Ki;n

0 Kn;i Kn

3
775
8>><
>>:
Te

Ti

Tn

9>>=
>>;�

8>><
>>:
Fe

Fi

Fn

9>>=
>>;

(10)

The interface nodes of the continuous surface contain material prop-
erties of both the numerical and the experimental subsystems. Thus,
the capacitance and conductance interface matrices are influenced by
the properties of both layers

2630 MONTOYA ETAL.

D
ow

nl
oa

de
d 

by
 N

A
SA

 L
A

N
G

L
E

Y
 R

E
SE

A
R

C
H

 C
E

N
T

E
R

 o
n 

N
ov

em
be

r 
13

, 2
02

3 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.J

06
28

57
 



�Mi� � �M�p�
i � � �M�c�

i �; �Ki� � �K�p�
i � � �K�c�

i � (11)

The �⋅��p� and �⋅��c� superscripts denote the physical and cyber
(numerical) node properties of the interface nodes.
Using Eq. (11) and the problem formulation in Eq. (10), we can

separate the thermal model into two models representing the numeri-
cal and experimental subsystems. The interactions between the two
subsystems are captured through their respective inputs and outputs.
The numerical subsystem can be written as follows:

"
M

�c�
i Mi;n

Mn;i Mn

#(
_Ti

_Tn

)
�
"
K

�c�
i Ki;n

Kn;i Kn

#(
Ti

Tn

)

�
(
Fi

Fn

)
−

"
Mi;e M

�p�
i

0 0

#(
_Te

_Ti

)
−

"
Ki;e K

�p�
i

0 0

#(
Te

Ti

)
(12)

Hereafter, the numerical capacitance and conductance matrices
from the left-hand side of Eq. (12) will be referred as

�MN� �
"
M

�c�
i Mi;n

Mn;i Mn

#
; �KN� �

"
K

�c�
i Ki;n

Kn;i Kn

#
(13)

The two last terms from the right-hand side of the first row of
Eq. (12) can be denoted as

f �p�
i � �

Mi;e M
�p�
i

�( _Te

_Ti

)
� �

Ki;e K
�p�
i

�(Te

Ti

)
(14)

where f �p�
i is the feedback heat flux at the interface associated with

the experimental response.
The experimental subsystem is represented by

�Me� _Te � �Ke�Te � Fe − �Me;i� _Ti − �Ke;i�Ti (15)

Equations (12) and (15) can be written in state-space form. The
state-space representation of the numerical subsystem, indicated by
the subscript �⋅�N, is given by

"
_zN

yN

#
�

"
AN BN

CN DN

#"
zN

uN

#
(16)

where �AN� is the state matrix, �BN� the input matrix, �CN� the output
matrix, �DN� the feedthrough matrix, zN the state vector given by

�Ti Tn� T, uN the input vector given by �Fi Fn f �p�
i 0� T, and

yN the output vector given by �Ti Tn
_Ti

_Tn� T. The numerical

subsystem state-space matrices in Eq. (16) are defined as

�AN� �
�
−M−1

N KN

�
; �BN� �

�
M−1

N −M−1
N

�
;

�CN� �
"

I

−M−1
N KN

#
; �DN� �

"
0 0

M−1
N −M−1

N

#
(17)

The state-space form of the experimental subsystem, indicated by

the subscript �⋅�E, is given by"
_zE

yE

#
�

"
AE BE

CE DE

#"
zE

uE

#
(18)

where �AE� is the state matrix, �BE� the input matrix, �CE� the output
matrix, �DE� the feedthrough matrix, zE the state vector given by

�TE�T, uE the input vector given by �FE
_Ti Ti� T, and yE the output

vector given by �TE
_TE� T. The experimental subsystem state-space

matrices in Eq. (18) are defined as

�AE� �
�
−M−1

e Ke

�
; �BE� �

�
M−1

e −M−1
e Me;i −M−1

e Ke;i

�
;

�CE� �
"

I

−M−1
e Ke

#
; �DE� �

"
0 0 0

−M−1
e −M−1

e Me;i −M−1
e Ke;i

#

(19)

FromFig. 4 and in the partitioned Eqs. (12) and (15), notice that the

inputs to the numerical subsystem are the heat flux load vector plus

the feedback heat flux response from the experimental subsystem.

The outputs of the numerical subsystem are selected such that they

are the inputs to the experimental subsystem. Likewise, the outputs of

the experimental subsystem are selected such that they are inputs to

the numerical subsystem.

C. Thermal Transfer System Components

The thermal actuator is used to impart the desired temperature at the

interface between the numerical and the experimental subsystems.

Flux Load
Top Layer

Bottom Layer

Top Layer (Numerical Subsystem)

Bottom Layer (Experimental Subsystem)

Numerical Flux Load

Experimental Flux Load

Interface 
Temperature

Interface Flux 
Response

Flux Load

a) System partitioning schematic b) Partitioned RTHS system

Fig. 4 Two-dimensional, two-layer system RTHS partitioning schematic.
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There is actually a coupling between these two subsystems enforced

with a feedback loop involving temperature and heat flux. The thermal

actuator has a similar design to the panel surface temperature control

system in [26]. The threemain components are a cryogenic chiller that

transfers heat to the fluid, a piping system to circulate the fluid to the

experimental subsystem, and a thermal transfer panel that acts at the

interface with the experimental subsystem. A schematic diagram

showing how these components are set up is shown in Fig. 5.

A chiller transfers heat to and from a system by adjusting its

temperature through a heat transfer cycle and circulating fluid. A

chiller, in general, is intended for cooling. However, the chiller

presented in this framework also has heating capabilities. Therefore,

a cryogenic chiller with dual heat exchange capacity is chosen to

enable a wide range of desired temperatures for the experimental

subsystem.

The pipe system and panel are the thermal actuator components

used to circulate the fluid that transfers heat to the experimental

subsystem. The chiller supplies fluid to the thermal transfer pipe

system, shown in Fig. 5, which is responsible for circulating the heat

transfer fluid (HTF) from the chiller to the thermal transfer panel. A

common approach for building the transfer panel is the “serpentine-

channel cooling plate” design, involving a flat plate with fluid

channels, often used in liquid cooling systems [26–28]. The

serpentine-channel layout of the pipes on top of the panel (see Fig. 5b)
increases the contact area with the panel [27]. The circulating fluid is
themediumbywhich heat transfers to or from the thermal transfer flat
plate and then to the experimental subsystem. In addition, heat
spreaders are often used between pipe channels to facilitate the heat
transfer between the piping arrangement and the flat plate. The
thermal transfer panel is thus in direct contact with the upper surface
of the experimental subsystem, as shown in Fig. 5c. The thermal
transfer panel, through conduction, serves as a heat exchanger
between the HTF and the experimental subsystem. The challenge
in thermomechanical RTHS is to enforce the desired temperature at
the interface between the numerical and experimental subsystems,
given that the tests are performed in a temperature-controlled labo-
ratory with heat losses to the surroundings.

D. RTHS Implementation and Limitations

The block diagram for the complete RTHS implementation is
shown in Fig. 6. The external flux load vector for the numerical
subsystem,Fu � �Fi Fn �T, and feedback flux vectorFf are inputs
to the numerical subsystem. The numerical subsystem determines
and outputs the desired interface temperature vector Ti;d using the

state-spacemodel. This vectorTi;d is then input to the controller as the

desired temperature vector. A feedback controller must be designed

A

A

a) Thermomechanical RTHS control plant (thermal 
actuator system and experimental subsystem)

b) Thermal transfer panel

c) Cross-section A-A

Fig. 5 Thermomechanical RTHS control plant: thermal actuator components with the experimental subsystem.

Fig. 6 Schematic block diagram of the thermomechanical RTHS problem.
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to generate an appropriate command temperature signal TG;C, to

achieve the desired temperature when input to the thermal actuator.
Feedback is provided to the controller using the measured interface
temperature vector Ti;m, which includes several temperature mea-

surements from the experimental subsystem. The experimental tem-

perature output vector TG;E � �Te Ti;m �T is used in the state

estimation block for computing the feedback flux to be input the

numerical subsystem Ff � � f �p�
i 0 �T.

Some assumptions and limitations are used in formulating this
RTHS problem and performing the computational studies discussed
here. Additionally, one should also be mindful of certain realistic
experimental challenges.
1) The block diagram in Fig. 6 shows that many of the inputs and

outputs, in particular to the transfer panel and the numerical subsystem,
are vectors. However, the HTF entering any given thermal actuator
component can only be controlled by the scalar temperature TG;C.
2) Modeling of the dynamics of the thermal actuator components

assumes spatially distributed behavior and is based on basic thermal
principles limited to the availablemeasured signals. Themeasured states
assumed to be available for this study are temperature and flow rate.
3) The HTF properties are assumed to be constant and homo-

geneous for both heat-exchange cycles (cooling and heating). This
study assumes that the fluid is incompressiblewith a stronger depend-
ence on temperature than pressure. Thus, the pressure drops in the
HTF loop through the thermal transfer pipe system are negligible.
4) The thermal panel performance has been experimentally assessed

for prototype testing. Thermal transfer panel performance limits for
cooling and heating modes were determined by evaluating the maxi-
mum temperature change achieved within 1 minute with the given
chiller and design conditions. Themaximumperformance limits of the
thermal panel are 4.2°C/min for cooling and 1.4°C/min for heating.
5) Thermal transfer panel designs show significant heat losses at

the panel edges evenwith the use of insulation [26]. Air gaps between
the panel and insulation have high thermal resistance and hinder the
overall conductance. From experimental observations, the region
with the lowest temperature error is localized in the center of the
thermal transfer panel. Thus, panel edge heat losses are considered
when evaluating the RTHS control tracking and performance.
6) The feedback to the numerical subsystem is the interface thermal

flux, a physical state that is not modeled as an output of the thermal
transfer system.Thermal fluxmaybemeasured directly using heat flux
sensors or indirectly using temperature sensors. If the entire RTHS
framework is executed virtually, as in this study, the state estimation
block provides the interface feedback flux f �p�

i by solving Eq. (14). On
the other hand, suppose that the experimental subsystem is an actual
experimental setup with a limited number of thermal sensors. In that
case, the available boundary measurements of the experimental output
TG;E may be used with an estimation block (see Fig. 6) to obtain the

appropriate flux vector to feedback to the numerical subsystem.

IV. Thermal Actuator System Dynamics

Once the thermomechanical RTHS control problem is formulated,
a model is needed for the thermal actuator for the control plant shown
in Fig. 7.

The chiller is the first component of the thermal actuator, and the
system is defined as the thermal response of the HTF supplied. The
HTF reservoir is treated as a lumped-capacitance system, assuming
uniform spatial behavior (the refrigerant fluid properties are constant
and homogeneous). The inputs to the chiller are the command
temperature TG;C and a set flow rate (assumed constant herein).
The output is the outlet HTF temperature TC, and its rate temperature
change is expressed as

_mf;CCp;f
_TC � _QC;load − _QC;loss (20)

where _mf;C is the constantmass flow rate of the fluid inside the chiller,

Cp;f is the specific heat capacity of theHTF, _QC;load is the heat transfer

rate from the chiller into the fluid, and _QC;loss is the rate of thermal

energy loss by convection to the ambient.
The heat load transfer into the fluid is computed by introducing an

effectiveness

_QC;load � ϵ _QC;capacity (21)

where _QC;capacity is the heat rate exchange design capacity of the
chiller, and ϵ is the heat exchange effectiveness coefficient from the
chiller to the HTF.
The heat loss to the ambient is defined as Newton’s law of cooling

that is described as

_QC;loss � hfAC�TC − Tamb� (22)

where hf is the HTF natural convection heat transfer coefficient, AC

is the heat transfer surface inside the chiller, whileTamb is the ambient
temperature (suitably far from the heat transfer surface area).
Considering in this numerical study that the ambient temperature is
constant, it is ideally assumed that the lumped parameter hfAC,
known as fluid-to-pipe thermal resistance due to convection, is equal
to one.
From the definition of Eqs. (21) and (22), the HTF rate of temper-

ature change in Eq. (20) is rewritten as

_TC � −RfTC � RfTamb � ϵRf
_QC;capacity (23)

The lumped parameter Rf � 1∕ _mf;CCp;f is the HTF thermal
resistance.
Additionally, the chiller operates by switching its heat exchange

cycles on or off based on an internal tracking error, and its behavior is
not symmetric for cooling and heating. Generally, chillers have a
wide range of heat exchange capacities and mechanisms. A commer-
cial chiller’s controller(s) is unknown and proprietary. Thus, the
chiller was modeled as a switched-mode linear time-invariant system
with a switching rule triggered by the continuous state evolution
of TC.
The three modes of the chiller are OFF, heating, and cooling. The

OFF mode describes the cycle at which the HTF flows through the
chiller with no active heat exchange mechanism. The heating mode
describes when the chiller generates heat and transfers it to the HTF,

Cryogenic 
Chiller
(Actuator)

Thermal Transfer  Pipe 
System
(Actuator)

Thermal Transfer 
Panel

(Actuator)

Experimental 
Subsystem

G,C

e

i,m

Control Plant

Heat Transfer Fluid Loop (Convection and Ambient Heat Loss) Contact Heat Loss Signal

Fig. 7 Schematic block diagram of the thermomechanical RTHS control plant.
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while the cooling mode describes the chiller cycle when heat is

removed from the HTF. The state-dependent switching rule was

identified as follows:

σ�TC� �

8>><
>>:
1∶ −etol;C ≤ TG;C − TC ≤ etol;C

2∶ TG;C − TC > etol;C

3∶ TG;C − TC < −etol;C

(24)

where σ is the switching signal or indicator, and etol;C is the predeter-

mined internal tracking error tolerance to transition modes. The

temperature TC does not change because of switching modes. Thus,

the switching reset condition is the state itself. The OFF, heating, and

cooling modes are denoted by σ � 1; 2; 3, respectively.
The switched-controlled HTF rate of temperature change, using

Eqs. (23) and (24), can be described by

_TC � �AC;σ �TC � �BC;σ �uC;σ � �AC;σ �TC � �BC;σ �
�
uC�σ; TC�

Tamb

	
(25)

where �AC;σ � and �BC;σ � are the state and input matrices for switching

mode σ, respectively. The input, denoted by uC;σ, is the collection of
the chiller control input variableuC�σ; TC� and the uncontrolled input
Tamb. The control input variable uC is defined as

uC�σ; TC� �

8><
>:

0 ∶ σ � 1

_QC;heat ∶ σ � 2

_QC;cool ∶ σ � 3

(26)

where _QC;heat and _QC;cool are the heating and chiller mode rate

exchange design capacity, respectively. The heat rate capacity for

the OFF mode is set to 0, because there is no active heat exchange

taking place.
The matrices in Eq. (25) follow the form of Eq. (23) and are as

follows:

�AC;1�� �AC;2� � �AC;3�� �−Rf �;
�BC;1��

�
0 Rf

�
; �BC;2� �

�
ϵheatRf Rf

�
; �BC;3��

�
−ϵcoolRf Rf

�
(27)

The sign convention for the load capacity of the cooling mode is to

use negative when heat is being removed from the system. For all

modes,

yC;σ � �CC�TC � �DC�uC;σ (28)

where the output matrix �CC� � I1×1 and the feedthrough

matrix �DC� � 01×2.
The thermal response of the HTF in the thermal transfer pipe

system is identified using a lumped capacitance approach [29]. The

rate of change for the output HTF temperature of the supply pipe

system TS, with input TC and disturbance Tamb, is described by

_TS � 1

Mf;SCp;f

� _mf;SCp;f�TC − TS� − hfAS�TS − Tamb�� (29)

whereMf;S is themass of HTF in the piping system, _mf;S is the piping

mass flow rate, and AS is the heat transfer area in the piping system.

The first term of the right-hand side of the equation is the heat transfer

by convection from the chiller to the panel, i.e., themotion of the fluid

itself carries heat from one place to another. The second term in the

equation is the heat loss from the fluid to the pipe and the ambient,

defined byNewton’s lawof cooling. Equation (29) can be rewritten as

_TS � −
�

_mf;S

Mf;S

� hfAS

Mf;SCp;f

�
TS �

_mf;S

Mf;S

TC � hfAS

Mf;SCp;f

Tamb

� −λS;1TS � λS;2TC � λS;3Tamb (30)

The last component is the thermal transfer panel. As shown in
Fig. 7, this component has two heat transfer mechanisms: the HTF
loop and contact heat loss. The HTF loop involves the heat transfer
through fluid motion in the serpentine channel and its heat loss to the
ambient. The contact heat loss is the convection heat transfer between
the HTF and the flat plate. The rate of change for the thermal transfer
panel temperature due to the HTF loop, TP;f , is described by

_TP;f �
�

_mf;P

Mf;P

� hfAP;amb

Mf;PCp;f

�
TP;f �

_mf;P

Mf;P

TS �
hfAP;amb

Mf;PCp;f

Tamb

� λP;1TP;f � λP;2TS � λP;3Tamb (31)

whereMf;P is the mass of HTF in the serpentine channel, _mf;P is the

channel flow rate, and AP;amb is the heat transfer area of the panel to

the environment. The rate of change for the thermal transfer panel
temperature due to the contact heat loss, TP;l, is defined as

_TP;l �
hfAP;l

MP;lCp;l

TP;l �
hfAP;l

MP;lCp;l

TS � λP;4TP;l � λP;5TS (32)

whereMP;l is the mass of the thermal transfer panel plate, Cp;l is the

specific heat capacity of the plate, and AP;l is the heat transfer area

between the fluid and the plate.
The thermal transfer panel output temperature TP can be deter-

mined by

TP � wP;fTP;f � wP;lTP;l (33)

The parameters wP;f and wP;l are the weighting factors for each heat

transfer process.
The values for the lumped parameters λS;1, λS;2, λS;3, λP;1, λP;2, λP;3,

λP;4, λP;5, wP;f , and wP;l are determined from experimental obser-

vations.
As the HTFmoves through the thermal transfer panel, the heat loss

transfer areas from input temperature TS increase. Thus, the temper-
ature through the thermal transfer panel changes from the inlet to
the outlet of theHTF loop. Parameters λP;1 − λP;3 are identified for the
inlet, midpanel, and outlet areas of the thermal transfer panel.

V. Control-Criteria Metrics

This section discusses the control and performance metrics for the
systematic control-criteria approach. The control-criteria metrics are
used to set the acceptance criteria to accept or reject RTHS transfer
system controllers and develop control design requirements.

A. Control Metrics

The goal of the control metrics is to quantitatively evaluate the
measured tracking performance of the control plant.The controlmetrics
use scalar value representations based on the vector outputs of the
numerical subsystem and control plant described in the previous sec-
tions.The setpoint temperatureTG;S and interface feedback temperature
TG;F introduced for tracking performance based on each subsystem

interface temperature vector. Meanwhile, during an RTHS experiment,
temperaturesTG;S andTG;F are determined from the availablemeasured

states of the system. Three control metrics are defined as follows:

J1 �





















































P

N
k�1 �TG;F�k� − TG;S�k��2P

N
k�1 �TG;S�k��2

s
(34)

J2 �



























































P

N
k�1 �TG;F�k� − TG;S�k��2∕N

q
max jTG;Sj

(35)
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J3 �
max jTG;F − TG;Sj

max jTG;Sj
(36)

The controlmetrics are assessed byminimizing thevaluesJ1,J2, and
J3. The closer the control error indicator values are to 0, the better the
controller performance. The first two control metrics are normalized
root-mean-square error (NRMSE) measures, which assess the actual
performance of the tracking controller. Controlmetric J1 is theNRMSE
relative to TG;S at each time step, while the maximum absolute ampli-

tudeofTG;S normalizesJ2. The third controlmetricJ3 is the normalized

peak absolute error (NPAE), which assesses the tracking amplitude
errors.

B. Performance Metrics

Performance metrics are established to assess how the control
strategies and estimation methods impact the global RTHS perfor-
mance. They evaluate the ability of the controllers to reduce simu-
lation error with respect to a reference model and establish RTHS
acceptance criteria. The performance metrics used are the following:

PM1 � 1 −




















































P
N
k�1 �Tpart�k� − Tref �k��2

q
































P

N
k�1 �Tref �k��2

p (37)

PM2 � 1−
����max�jTpartj� −max�jTref j�

max�jTref j�
���� (38)

PM3 � 1−
����
P

N
k�1 �Tpart�k��2 −

P
N
k�1 �Tref �k��2P

N
k�1 �Tref �k��2

���� (39)

where subscripts �⋅�ref and �⋅�part denote reference and partitioned
system, respectively.
The performance metrics for global RTHS would ideally have a

value of one. The closer these values from the performance are to 1,
the better the global RTHS performance. The first performance
metric PM1 is the second norm or NRMSE that quantitatively
assesses the difference between responses Tref and Tpart. The latter

two performancemetrics,PM2 andPM3, assess the amplitude errors
between the reference and partitioned results. The indicator PM2 is
the normalized maximum amplitude error (NMAE), and indicator
PM3 is the normalized energy error (NEE) to assess the continuity of
the heat flux at the interface.
For comparison, the performance metric vectors obtained with

Eqs. (37–39) are combined to a scalar value PMi as

PMi � βmid ⋅ PMmid � βedge ⋅ PMedge (40)

where βmid and βedge are theweighting values given to themean of the

midpanel and edge-panel vectors, respectively. Because the thermal
actuator ismore effective in themidpanel region than at the edges, the
weighting should be given a higher value at the midpanel area than at
the edge.

VI. Illustrative Example

This section demonstrates an illustrative example of thermome-
chanical RTHS for a lunar habitat. The example consists of a two-
layered system where the numerical subsystem is lunar regolith, and
the experimental subsystem is aluminum. The length and height of
the system are 46.5 cm (18.30 in) and 21.3 cm (8.37 in), respectively.
The thermal properties of the layer materials are provided in Table 1.
The physical components for the thermal actuator consist of 1) a

MydaxCryoDax 16 recirculating cryogenic chillermodelwith a fluid
temperature setpoint range from −70°C to �80°C; 2) a copper
thermal transfer pipe system; and 3) a 3-mm-thick thermal transfer
panel made of aluminum with a copper serpentine channel. The
parameters for the thermal actuator models in this simulation were
determined from prototype testing and observed experimental behav-
ior in the laboratory. A set of step-input, open-loop experiments were

performed to determine the parameters of each thermal actuator
component model, listed in Table 2.
The control-criteria approach developed in Sec. II is followed in

this illustrative example for the thermomechanical RTHS problem.
For the control metrics development and verification phase, a set of
1000 Proportional-Integral-Derivative (PID) controllers was created
by adjusting 10 values of each controller gain. The values for each
controller gain are shown in Fig. 8a. The scalar values TG;S and TG;F

for the controller are defined as themean temperature of themidpanel
nodes in the Ti;d and Ti;m vectors. The thermal transfer panel is more

effective in the midpanel region than the edges. Thus, using the
midpanel region states will provide a good assessment of the effec-
tiveness of the controller.
Simulations of the thermomechanical control plant were per-

formed with each controller. The input to the control plant, the
temperature at the interface of the numerical lunar regolith layer,
was defined as an exponential temperature drop from 20 to −10°C
over 40 min. Likewise, the cooling flux input to the thermomechan-
ical RTHS system is a low-frequency half-cycle sine pulse excitation

with frequency 2 × 10−4 Hz and an amplitude of 35W, which results
in a smooth exponential temperature drop over the range of interest
temperature for a lunar habitat. The thermal conductivity for the
experimental subsystem layer was multiplied by a factor of 0.001
to account for the thermal resistance due to the temperature-
controlled laboratory environment (even with the use of insulation).
The control metrics were calculated for each of the 1000 simu-

lations, and a threshold of 5%was set for all controlmetrics. Then, the
gains of the controllers that passed the metric control threshold were
extracted. Finally, the new controller set is compared to the initial
controller set in Fig. 8a, and its distribution of the gains is shown in
Fig. 8b. Noticeably the integral gain has localized more than the
proportional or derivative gains based on purely tracking perfor-
mance. Thus, an integral gain in the 2.5–25 × 10−2 range provides
control metrics equal to or less than 5%.
The new set of 255 PID controllers from the previous phase was

used next for the performance metrics development and verification.
First, an RTHS simulation was performed for each of the 255 con-
trollers, starting from thermal equilibrium (all nodes at 20°C) and
imposing a cooling load excitation to the numerical subsystem. The
performance metrics defined in Eqs. (37–39) were computed and
transformed throughEq. (40) to obtain allPMi values. Theweighting
values βmid and βedge were defined as 0.80 and 0.20, respectively. A

threshold of 95% was set for all performance metrics, and every
controller below these criteria was disregarded. Next, a new PID
controller set with 184 controllers was extracted from the RTHS’s
performance results. The distribution of the new set of 184 PID
controllers is shown in Fig. 8c, where the blue-filled dots denote
the controllers that passed the performance threshold, and the unfilled
dots denote the controllers that did not pass the criteria. Again, the
controller gain distribution was narrowed down for the I gains to the
2.5–10 × 10−2 range.
The new set containing 184 PID controllers was then used in the

return path to extract the associated control metrics values in the
control requirements generation phase. The control requirements in
this illustrative example were defined based on the mean control
metric Ji values of the controller set: J1 ≤ 2.0, J2 ≤ 1.5, and

J3 ≤ 3.0. The I gain range was further narrowed to 2.5–5.0 × 10−2,
while the P gain range narrowed to 0.1–25. The D gain distribution
remained the same for all combinations.

Table 1 Illustrative example thermal material properties

Layer Material
Height,
H [m]

Specific heat
capacity, Cp

[J∕�kg ⋅ K�]

Density,
ρ

[kg∕m3]

Thermal
conductivity,

k
[W∕�m ⋅ K�]

Top Lunar
regolith

0.200 1053 2000 0.014

Bottom Aluminum
6061 T6

0.013 896 2700 167
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For the controller design phase, the defined control requirements

threshold was used to extract the PID controller set that met the

defined control metric criteria. A reduced set of 86 PID controllers

was then selected, shown in Fig. 8d, where the red-filled dots denote

the controllers that passed the control requirements. As a result, the

optimal PID controller gains can be found in a smaller controller set

that achieves all tracking control requirements and provides an RTHS

performance exceeding 90%.

a) PID controller set (black points – controller gains that have 
all control metrics ≤ 5%; faded points – controllers that did not 
pass the 5% control metric threshold)

b) PID controller set after control metrics assessment (Ji ≤ 5%) 
– 255 controllers

c) PID controller set after performance metric assessment (PMi  ≥ 95%) 
– 184 controllers

d) Reduced PID controller set after control requirements – 86 controllers

Fig. 8 The set of PID controllers for the illustrative example.

Table 2 Thermal transfer actuator system parameters

Thermal actuator component Parameter Units Value Description

Heat Transfer Fluid (HTF) Rf K ⋅W−1 4 × 10−4 Thermal resistance

Cryogenic Chiller _QC;heat
W 3000 Heating exchange rate design capacity

QC;cool W 7200 Cooling exchange rate design capacity

ϵheat —— 0.0123 Heating exchange effectiveness coefficient

ϵcool —— 0.0300 Cooling exchange effectiveness coefficient

etol °C 0.25 Internal tracking error tolerance

Thermal Transfer Pipe System λS;1 1/s 9.3 × 10−3 State lumped parameter

λS;2 1/s 8.1 × 10−3 Input lumped parameter

λS;3 1/s 0.8 × 10−3 Disturbance lumped parameter

Thermal Transfer Panel λP;1;in 1/s 2.2 × 10−2 HTF inlet state lumped parameter

λP;2;in 1/s 1.7 × 10−2 HTF inlet input lumped parameter

λP;3;in 1/s 0.4 × 10−2 HTF inlet disturbance lumped parameter

λP;1;mid 1/s 2.2 × 10−2 HTF midpanel state lumped parameter

λP;2;mid 1/s 1.7 × 10−2 HTF midpanel input lumped parameter

λP;3;mid 1/s 0.6 × 10−2 HTF midpanel disturbance lumped parameter

λP;1;out 1/s 2.0 × 10−2 HTF outlet state lumped parameter

λP;2;out 1/s 1.4 × 10−2 HTF outlet input lumped parameter

λP;3;out 1/s 0.7 × 10−2 HTF outlet disturbance lumped parameter

λP;4 1/s 7.0 × 10−4 Contact heat loss state lumped parameter

λP;5 1/s 7.0 × 10−4 Contact heat loss input lumped parameter

wP;f —— 0.7 HTF loop weighting factor

wP;l —— 0.3 Contact heat loss weighting factor
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One PID controller was chosen from the reduced controller set for
future testing. The selected PID controller has the following gains:
P � 5, I � 0.025, andD � 10.Acontroller with lowerP and I gains
was conservatively chosen to reduce overshoot or steady-state oscil-
lation, as higher gains can increase these phenomena. The tracking
performance results are shown in Fig. 9. The PID controller offers
good tracking performance as seen with the scalar control signals in
Figs. 9a and 9c, with a J1 � 1.8%. In Fig. 9b, the interface temper-
ature distribution for the experimental subsystem is much wider
when compared to the desired due to the thermal actuator. The wider

distribution results from the thermal transfer panel having a nonuni-
form behavior within the localized effective area and the HTF loop
having heat losses as it circulates above the experimental subsystem.
The thermal distribution difference of the experimental subsystem
with the desired temperature response does not exceed 1.5°C.
The performance metrics for the chosen controller are shown in

Fig. 10. All performance metric distribution plots show lower values
in the edges of the system due to the localized effectiveness of the
thermal transfer panel at the center. In contrast, the edges of the
experimental subsystem and the edges of the numerical interface
show lower performancemetrics. In this type of cooling load scenario
where the absolute value of the initial temperature does not exceed
other target temperature values, performance metrics PM1 and PM3

aremore informative thanPM2. However,PM2 is a good assessment
metric for scenarios where the absolute value of a target temperature
value exceeds the initial temperature.
Even thoughwe are using the available temperaturemeasurement

for tracking control and temperature states to assess performance, it
is important to replicate the thermal disturbance or thermal load
effects on the structure or subsystem. Most importantly, we should
evaluate if, through RTHS and the thermal transfer system, we can

impose the thermal load on the experimental subsystem layer. As
seen in Fig. 11a, the bottom layer experiences different temper-
atures through its thickness, meaning that energy flows through the

system due to the imposed flux load from the top layer and the
experimental heat flux.
The reference and RTHS comparison for the mean imposed heat

load from the top to the bottom layer and its respective error are
plotted in Fig. 11b. These results demonstrate good RTHS perfor-
mance imposing the cooling load on the bottom layer with an
NMRSE � 1.1% and an error that does not exceed 0.5W.We should
also assess if the experimental feedback flux is in good agreement
with the reference system. The results comparison and error for the
feedback heat flux are shown in Fig. 11c. Again, the results indicate
good agreement from the RTHS results with the reference, with an
NMRSE � 2% and a time history error below 0.5 W.
The control and performance metric results provide guidance for

the acceptance criteria that should be established for thermomechan-
ical RTHSwith cooling heat loads. We developed a set of acceptance
criteria listed in Table 3 to reach a high level of performance with
thermomechanical RTHS. The acceptance criteria address specifica-
tions that play a significant role in assuring the RTHS level of
performance. These criteria should not be considered universal for
all RTHS experiments but should be adapted for each specific appli-
cation of RTHS based on the goals of the testing.

VII. Conclusions

This study introduces a novel thermomechanical RTHS frame-
work and problem formulation, expanding the range of hybrid sim-
ulation methods. The framework considers two-way coupling
between the numerical and experimental subsystems for an innova-
tive thermal transfer system design. Although the RTHS implemen-
tation in this paper is conceptual and computational, the models and
parameters for the thermal transfer system components are based on
experimental observations. Simultaneously, this conceptual study
contributes to the development of RTHS theory by introducing a
systematic approach for control and performance assessment and

a) Tracking signals comparison b) Interface response distribution comparison c) Tracking performance of the chosen controller

Fig. 9 Tracking performance of the chosen PID controller.

a) PM1 distribution b) PM2 distribution c) PM3 distribution

Fig. 10 Performance metric results of the chosen PID controller.
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defining requirements for implementing acceptance criteria to tackle
and implement complex problems through RTHS. In addition, the
result of acceptance testing will allowRTHSmethods to reach higher
performance levels and validate RTHS as a standard testing tech-
nique. One of themain contributions of this systematic approach is to
serve as a model and set the path to determine further and define
acceptance testing and criteria for RTHS applications.
The thermomechanical RTHS framework and a systematic control

criteria approach are shown herein through a 2D heat conduction
illustrative example of a lunar habitat. The cooling thermomechanical
RTHS testing scope presented in this study can be expanded to further
assess deep-space structures and deep-ocean or arctic systems.
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