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As for high- and medium-voltage electrical-thermal coupling systems in nuclear power
plants, conventional real-time simulation employs the second law of thermodynamics only
as a posteriori validation criterion, failing to guarantee thermodynamic consistency and
numerical stability during simulation. This study elevates the second law of
thermodynamics from a constraint to the first-principles foundation and organizing
principle of the real-time simulation framework, establishing a non-equilibrium
thermodynamics-driven theoretical architecture for electrical-thermal coupled real-time
simulation. The proposed dynamic model decomposition method based on entropy
production rate spectrum analysis enables adaptive and precise identification of dynamic
boundary layers within the coupled system. Furthermore, the developed entropy-
preserving data interaction mechanism grounded in the maximum entropy production
principle ensures physically compliant transfer of energy and entropy between electrical
and thermal submodels. The proposed nonlinear variable-step solution strategy oriented
toward thermodynamic time allows the relaxation characteristics of the system to be
consistently matched with real-time computational requirements. The method enables a
unified characterization of numerical stability and thermodynamic stability, thereby
resolving the stiffness challenges inherent in strongly coupled multiscale systems from a
fundamental physical perspective. Validation under representative operating scenarios—
including steady-state operation of the nuclear power plant, grid short-circuit disturbances,
and abrupt steam load variations—demonstrates superior physical self-consistency,
numerical robustness, and real-time computational performance. This work establishes a
novel paradigm for the application of non-equilibrium thermodynamics in the real-time
simulation of complex energy systems and provides foundational theoretical and technical
support for safety analysis and control validation of electrical-thermal coupling systems in
nuclear power plants.

1. INTRODUCTION

equilibrium thermodynamics, as the foundational theory
describing irreversible energy conversion and dissipation

High- and medium-voltage electrical-thermal coupling
systems in nuclear power plants encompass multiple
interacting physical processes, including electromagnetic
transients, energy transfer, and thermodynamic dissipation [1,
2]. These systems exhibit pronounced multiscale
characteristics, strong nonlinear interactions, and severe
numerical stiffness. Real-time simulation serves as a core
technological instrument for safety assessment, fault
mechanism analysis, and control strategy validation in nuclear
power plant systems [3-5], directly determining operational
reliability and the effectiveness of disturbance mitigation.
Current research on real-time simulation of complex energy
systems has largely concentrated on numerical algorithm
optimization [6, 7] and computational architecture
enhancement [8, 9]. However, the fundamental physical
constraints imposed by irreversible processes are frequently
overlooked. As a consequence, deviations may arise between
the simulation result and actual physical evolution. Non-
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processes [10, 11], enables quantitative characterization of
entropy variation, entropy production, and the evolution of
energy quality within complex systems, offering a
fundamental physical basis for the modeling and simulation of
complex coupled systems. Reconstruction of the simulation
paradigm around non-equilibrium thermodynamic principles
not only enhances physical fidelity and intrinsic stability but
also promotes a transition from mathematically driven
simulation frameworks to physics-driven methodologies. Such
a transformation is of substantial scientific significance and
engineering value for the accurate simulation and safe
operation of electrical-thermal coupling systems in nuclear
power plants.

Existing studies on real-time simulation of electrical—
thermal coupling systems predominantly rely on mathematical
stiffness analysis as the principal criterion for model
decomposition [12]. Decomposition boundaries are typically
aligned with fixed physical interfaces [13], limiting
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adaptability to dynamically evolving disturbances. Boundary
data exchange between subsystems often lacks unified
physical constraints, which may induce distortion in energy
transfer and thermodynamic inconsistency [14, 15].
Furthermore, the selection of simulation time steps is generally
governed by numerical error control strategies, rather than by
the intrinsic thermodynamic evolution of the system.
Consequently, coordinated optimization between real-time
performance and computational fidelity remains difficult to
achieve [16]. Under such conditions, thermodynamic
consistency cannot be rigorously guaranteed throughout the
simulation process. When subjected to strong disturbances or
far-from-equilibrium operating regimes, numerical instability
and simulation failure may readily occur.

Four fundamental scientific challenges remain unresolved
within existing real-time simulation frameworks. First,
numerical stability in simulation and thermodynamic stability
of the system are treated as independent constructs, and no
unified mathematical representation or constraint framework
has been established to couple them coherently [17]. Second,
model decomposition of electrical-thermal coupling systems
is conducted primarily on the basis of mathematical criteria,
while quantitative decision metrics derived from non-
equilibrium thermodynamics are largely absent [18]. Third,
data exchange across heterogeneous subsystems does not
systematically adhere to the physical laws governing
irreversible  processes, thereby preventing rigorous
enforcement of entropy balance and energy transfer [19, 20].
Fourth, the simulation time scale is not aligned with the
intrinsic thermodynamic relaxation characteristics of the
system, making it difficult to satisfy the demands of refined
simulation under far-from-equilibrium disturbances [21].

To address these limitations, the conventional paradigm in
which the second law of thermodynamics is treated merely as
a posteriori evaluation criterion is transcended. Instead, it is
elevated to the status of a first-principles foundation and
central organizing logic for real-time simulation. A non-
equilibrium thermodynamics-driven real-time simulation
methodology for high- and medium-voltage electrical-thermal
coupling systems in nuclear power plants is thereby
established. The principal innovations are manifested in three
aspects. First, a dynamic model decomposition method based
on entropy production rate spectrum analysis is developed,
enabling adaptive identification of coupling boundaries and
domain-partitioned solution of subsystem models. Second, an
entropy-preserving data interaction mechanism grounded in
the maximum entropy production principle is proposed to
ensure physical consistency in energy and entropy transfer
across heterogeneous subsystems. Third, a nonlinear variable-
step solution strategy oriented toward thermodynamic time is
designed, allowing dynamic matching between simulation
step size and the intrinsic thermodynamic relaxation
characteristics of the system. Through these developments,
numerical stability and thermodynamic stability are unified at
the physical level, and the stiffness challenges inherent in
strongly coupled multiscale systems are fundamentally
mitigated.

The remainder of this study is organized below. In Section
2, the second law of thermodynamics is reformulated as the
first-principles foundation of the simulation framework, and a
thermodynamically constrained manifold together with a
unified stability characterization framework is constructed.
Section 3 introduces the dynamic model decomposition
method based on entropy production rate spectrum analysis,
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with  explicit decomposition criteria and boundary
identification algorithms. Section 4 establishes the entropy-
preserving data interaction mechanism derived from the
maximum entropy production principle and formulates the
cross-domain subsystem interaction protocol. Section 5
presents the nonlinear variable-step solution strategy based on
thermodynamic time and develops a collaborative simulation
architecture for heterogeneous platforms. Section 6 provides
validation under representative nuclear power plant operating
conditions, and comparative analyses are conducted to
demonstrate the performance advantages of the proposed
methodology.  Section 7 discusses the theoretical
contributions, practical implications, and potential extensions.
Section 8 concludes with a synthesis of the principal findings
and core conclusions.

2. PARADIGM RECONSTRUCTION OF REAL-TIME
SIMULATION

Conventional simulation paradigms are centered on
mathematical stiffness analysis for system decoupling and
model decomposition. Such an approach, however, does not
fundamentally align with the intrinsic irreversibility of high-
and medium-voltage electrical-thermal coupling systems in
nuclear power plants. Within this framework, the second law
of thermodynamics is treated merely as a posteriori validation
criterion, whereby the non-negativity of entropy production is
examined only after completion of the simulation to assess
result plausibility. Consequently, no active constraint is
enforced during the simulation evolution itself. As a result,
numerical stability in computation and thermodynamic
stability of the system remain conceptually and
mathematically disconnected. This separation allows the
simulation trajectory to deviate from the underlying physical
principles. Under far-from-equilibrium operating conditions in
particular, distortions in energy transfer, violations of entropy
balance, and inconsistencies in entropy production may arise.
Such deviations ultimately manifest as numerical instability or
even simulation failure. This intrinsic limitation substantially
restricts the physical fidelity and robustness of traditional
methodologies and renders them inadequate for high-precision
real-time simulation of complex coupled systems. Figure 1
illustrates a schematic comparison between the conventional
simulation paradigm and the thermodynamics-driven
simulation paradigm proposed herein.

A thermodynamic first-principles framework for real-time
simulation of electrical-thermal coupling systems is
reconstructed. The physical essence of model decomposition
is explicitly reinterpreted as an information-theoretic mapping
of irreversible processes, rather than as a purely mathematical
forced partition. On the basis of the axioms of non-equilibrium
thermodynamics, and starting from the non-negativity of
entropy production, it is theoretically established that the
second law of thermodynamics defines the physical
admissibility condition for simulation algorithm stability. Let
the system state vector be denoted by x, and let the numerical
evolution operator be represented by F. For any physically
admissible simulation algorithm, the global entropy
production rate induced by F(x) must satisfy Sge,,ZO. If there
exists an evolution step for which Sgen<0, the corresponding
numerical evolution necessarily violates the physical law of
irreversibility and must therefore be regarded as physically
inadmissible. On this basis, a thermodynamically constrained



manifold is constructed using a Lyapunov function
formulation. The total entropy production functional of the
system is defined as Sge,,: f 0 (x,t)dV, where o(x,t) denotes the
local entropy production rate at spatial position x and time ¢,
and V represents the spatial domain of the system. The
Lyapunov function is selected as V(x,t):Sgen. By enforcing
V(x,t)>0 , thermodynamic consistency of the simulation

evolution is guaranteed. The thermodynamically constrained
manifold thus becomes the physical boundary of the feasible
numerical solution space. The simulation paradigm is
transformed from a mathematics-driven framework to a
physics-driven formulation. Figure 2 illustrates the schematic
representation of the thermodynamically constrained manifold
and the feasible domain of numerical solutions.
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Figure 1. Schematic comparison between the conventional simulation paradigm and the thermodynamics-driven simulation
paradigm
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Figure 2. Schematic representation of the thermodynamically constrained manifold and the feasible domain of numerical
solutions

A unified mathematical formulation of numerical stability
and thermodynamic stability is established, thereby
overcoming the conventional separation between these two
concepts. An entropy-production-equivalent representation of
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truncation and round-off errors is introduced. In numerical
computation, truncation error Axm..c and round-off error
Axrouna induce an associated energy deviation AE,.. This
deviation is transformed into an equivalent entropy production



term o, defined as oen=AEe/Tr;, Where T, denotes a
characteristic reference temperature of the system. Through
this transformation, the accumulation of numerical errors is
quantitatively mapped onto an equivalent entropy production
rate. On the basis of the global entropy production non-
negativity criterion, the feasible domain of numerical solutions
is redefined as Sgen+ae,.,20. Under this condition, numerical
stability requirements are embedded directly within the
thermodynamically constrained framework. The permissible
range of numerical error is thus explicitly bounded: the
superposition of the equivalent entropy production and the
system’s intrinsic entropy production must remain non-
negative at all times. Through this formulation, cumulative
numerical error and the entropy-increasing tendency are
regulated in a coordinated manner. In this way, the
longstanding conceptual separation between numerical
stability and thermodynamic stability is resolved at the
physical level. This unified representation provides a coherent
theoretical foundation and constraint criterion for subsequent
dynamic model decomposition, cross-domain data interaction,
and real-time solution strategies.

3. DYNAMIC MODEL DECOMPOSITION VIA
ENTROPY PRODUCTION RATE SPECTRUM
ANALYSIS

For the high- and medium-voltage electrical-thermal
coupling system of a nuclear power plant, a distributed entropy
production rate model is established. Analytical expressions
for the local entropy production rate of key components are
explicitly formulated, providing a quantitative foundation for
constructing the entropy production rate spectrum. For the
reactor core, the local entropy production rate is dominated by
the irreversibility associated with nuclear heat release and
convective heat transfer to the coolant. The corresponding
analytical expression is written as:

" "

9" q
Tfuel Tcool

(1)

Ocore™

where, ¢"" denotes the heat flux at the fuel rod surface, Tjies
represents the fuel cladding temperature, and 7 is the bulk
coolant temperature. For the steam generator, entropy
production arises from both heat transfer and flow dissipation.
It is expressed as:

Q 9 Ak
T, T, T,

avg

)

Osg™

where, O denotes the heat transfer rate, 71 and 7> are the
average temperatures of the primary and secondary working
fluids, respectively, AP represents the pressure drop, m is the
mass flow rate, and 7, is the average fluid temperature. For
the high- and medium-pressure turbine stages, entropy
production is governed by the irreversibility of steam
expansion, i.e.,

act

3)

gturb:m(sl '52)'
turb

where, 51 and s> denote the specific entropy at the turbine inlet
and outlet, respectively, W,,, denotes the actual output power,

156

and Ty, represents the average operating temperature of the
steam turbine. The entropy production rate of the generator
corresponds to electromagnetic and mechanical losses, and is
expressed as ggen = Ploss/Tgen, Where Tgen 1s the average stator
temperature of the generator. The entire system is treated as a
distributed parameter system. The control volumes of each
component are discretized using the finite volume method, and
the spatiotemporal evolution of the entropy production rate is
obtained by solving the following governing equation:

“

Oo v .
ot (O-u)fo-source

where, u denotes the working fluid velocity and 6y, ..
represents the entropy production source term. Through this
formulation, the entropy production rate spectrum of the entire
system is constructed, enabling quantitative characterization
of irreversible dissipation intensity across different regions.
Figure 3 presents a schematic of the system entropy production
rate spectrum and the principle of dynamic boundary layer
identification.

An original quantitative criterion for coupling stiffness
based on the magnitude of the entropy production rate gradient
is proposed, thereby replacing conventional eigenvalue-based
mathematical stiffness diagnostics with a physically grounded
measure. The coupling stiffness K is defined as the magnitude
of the spatial gradient of the local entropy production rate:

@@

where, o denotes the local entropy production rate, and x, y, z
represent the spatial coordinates. The core innovation of this
criterion lies in the direct linkage established between
coupling stiffness and irreversible dissipation. A smaller value
of K indicates a relatively smooth spatial distribution of
entropy production, weaker interaction among physical
processes, and proximity to local thermodynamic equilibrium.
Conversely, a larger value of K signifies pronounced spatial
variation in entropy production, intensified irreversibility in
energy conversion between electrical and thermal domains,
and strong coupling behavior. Through this formulation, the
decision basis for model decomposition is elevated from a
purely mathematical level to a physical level. As a result, the
partitioning result remains consistent with the intrinsic
thermodynamic evolution of the system, thereby preventing
the physical distortions that may arise from conventional
mathematically enforced decomposition.

A dynamic boundary layer adaptive identification algorithm
is further constructed. By combining threshold discrimination
of coupling stiffness with entropy wavefront tracking, real-
time dynamic updating of decomposition boundaries is
achieved. The critical coupling stiffness threshold K. is
determined by fitting steady-state operational data of the
system, satisfying KC,:k-KY,ead)), where k is a correction
coefficient (typically within the range 1.2-1.5), and Kjweady
denotes the average coupling stiffness under steady-state
conditions. Based on this criterion, the system state is
classified into near-equilibrium regimes (K<K.,) and far-from-
equilibrium regimes (K>K.). When disturbances occur,
regions exhibiting abrupt variation in entropy production
propagate in the form of entropy waves. The propagation
velocity of the entropy wavefront is defined as:

K = ||Voll = (a”)2+ (5)

ox
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The entropy wavefront position is tracked in real time by
integrating the velocity:

r(t):ro—i_/vwave dt
0

where, ro denotes the initial disturbance location. At each
simulation step, the global distribution of coupling stiffness is
evaluated, and the entropy wavefront is identified as a
dynamic boundary layer. In this manner, the decomposition
boundary is adaptively updated in synchrony with disturbance
propagation, ensuring that partition interfaces remain
precisely aligned with regions of concentrated dissipation.
Based on the dynamically identified boundary layers, a
rigorous domain-adaptive modeling rule is established to
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achieve coordinated optimization between simulation
accuracy and computational efficiency. Within near-
equilibrium regions, the system approaches local

thermodynamic equilibrium, and thermodynamic forces and
fluxes approximately satisfy the Onsager reciprocal relations.
Reduced-order models are therefore employed. On the thermal
side, a lumped-parameter model is adopted, and the entropy

production rate is simplified as:

X0, IW,
Olump™ T T

avg avg

®)

On the electrical side, a quasi-steady-state model is
employed.  High-frequency electromagnetic  transient
components are neglected, and only the evolution of the
fundamental frequency component is computed. Within far-
from-equilibrium  regions, nonlinear effects become
significant, and the Onsager reciprocal relations are no longer
applicable. High-fidelity models are therefore adopted. On the
thermal side, a reduced computational fluid dynamics
formulation is applied, in which the three-dimensional
Navier—Stokes equations coupled with the energy equation are
solved to obtain the spatial distribution of entropy production.
On the electrical side, a full-order electromagnetic transient
model is employed. The Park transformation equations are
solved, and entropy production associated with
electromagnetic losses is computed accordingly. The adaptive
rule dynamically matches the thermodynamic state of the
system with model complexity in real time. Under the global
entropy production non-negativity constraint, computational
efficiency is maximized, providing high-efficiency and high-
precision model support for real-time simulation.
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Figure 3. Architecture of the cross-domain entropy-preserving data interaction protocol based on the maximum entropy
production principle

4. CROSS-DOMAIN ENTROPY-PRESERVING DATA
INTERACTION MECHANISM

In conventional real-time simulation frameworks, boundary
data exchange between electrical and thermal subsystems is
performed primarily at the numerical level, without strict
adherence to the physical laws governing irreversible energy
conversion. As a  consequence, thermodynamic
inconsistencies may arise during cross-domain interaction,
including loss of physical information, artificial energy
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injection, and violation of entropy balance. Such
thermodynamic mismatch directly compromises the overall
thermodynamic consistency of the coupled simulation system.
The evolution of boundary energy flux and entropy flux may
deviate from physical reality, and under strong coupling
disturbances or far-from-equilibrium conditions, numerical
oscillations may be amplified, ultimately leading to simulation
instability. These deficiencies prevent conventional
approaches from supporting high-fidelity real-time simulation
of electrical-thermal coupling systems in nuclear power



plants.

To resolve this limitation, the maximum entropy production
principle is adopted as the core physical criterion for cross-
domain entropy-preserving data interaction. All energy and
entropy exchanges occurring across dynamic boundaries are
required to maximize the total entropy production rate, subject
to system state constraints and energy conservation laws. Let
Sgen,e and Sgen,, denote the entropy production rates of the
electrical and thermal subsystems, respectively, and let Sgen,b
represent the entropy production induced by boundary
interaction. The total entropy production rate of the coupled
system satisfies Sgen:Sgen’ﬁsgenﬁsgen’b. The total entropy
production rate is treated as the optimization objective. The
optimal boundary interaction flux is determined through the
variational extremum condition 48y, =0. Through this
procedure, cross-domain interaction is aligned with the natural
evolution trajectory of the non-equilibrium thermodynamic
system, and thermodynamic mismatch is eliminated at its
physical origin.

An entropy-preserving data exchange protocol tailored for
electrical-thermal coupling systems is further constructed. A
rigorous coupling relationship between generalized forces and
generalized fluxes at the dynamic boundary is established. On
the electrical side, generalized force variables—such as
electromagnetic torque and terminal voltage—are denoted by
F,. On the thermal side, generalized flux variables—such as
mechanical torque and working fluid mass flow rate—are
denoted by J,. The instantaneous exergy transfer rate across
the boundary satisfies £, =F,-J,. A quantitative constraint
exists between the boundary entropy production rate and the
exergy transfer rate:

E,

T, )

Sgen,b:

where, T, denotes the characteristic dynamic boundary
temperature. The proposed protocol strictly constrains both the
form and numerical relationships of transmitted variables,
ensuring that exergy transfer and entropy production evolve in
a quantitatively matched manner. This ensures entropy
production conservation throughout the entire cross-domain
interaction process. Figure 3 illustrates the architecture of the
cross-domain entropy-preserving data interaction protocol
based on the maximum entropy production principle.

A thermodynamic variational optimizer is constructed to
implement entropy-preserving interaction at the algorithmic
level. Within each single real-time simulation cycle,
variational optimization of the boundary constraints is
completed. A Lagrange multiplier 4 is introduced to construct
the augmented objective function L:Sge,,H(EX—Fe-J,). The
optimal boundary interaction variables are obtained by solving
the condition VL = 0. The electrical subsystem executes sub-
microsecond computation of generalized force variables using
a field-programmable gate array (FPGA) parallel architecture.
The thermal subsystem performs iterative computation of
generalized flux variables using a multi-core central
processing unit (CPU) parallel architecture. Both subsystems
are synchronized using a unified thermodynamic clock.
Within a single simulation time step, bidirectional variable
exchange and variational optimization are completed,
enabling  coordinated  interaction and  numerical
synchronization across heterogeneous FPGA and CPU
platforms.
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A real-time thermodynamic consistency verification
method is further established to enable online quantitative
assessment of  boundary interaction  validity. A
thermodynamic consistency verification function is defined as

E=Sgen—Sgen’mepp, where Sgen,mepp denotes the theoretical
entropy production rate that satisfies the maximum entropy
production principle. A verification threshold Z is prescribed.
When Z=>-E;, the interaction process is considered
thermodynamically consistent. When E<-ZE;, automatic
reconstruction of boundary variables and iterative
optimization correction are triggered. Through this
mechanism, interaction errors are detected and rectified in real
time, thereby ensuring entropy production conservation and

physical fidelity throughout the entire simulation process.

5. NONLINEAR VARIABLE-STEP REAL-TIME
SOLUTION STRATEGY

Conventional real-time simulation strategies typically
regulate the time step according to either the physical clock or
numerical truncation error control. Such approaches are
detached from the intrinsic thermodynamic evolution of the
system and therefore fail to adapt to the state-dependent
dynamics of electrical-thermal coupling systems in nuclear
power plants. A fixed time step cannot simultaneously
accommodate fine-resolution simulation under far-from-
equilibrium conditions and high computational efficiency near
equilibrium. Similarly, truncation-error-based variable-step
strategies focus exclusively on numerical accuracy while
neglecting entropy production evolution. As a consequence,
the simulation time step may become mismatched with the
system’s thermodynamic relaxation characteristics, resulting
either in excessive computational expenditure or insufficient
physical fidelity. These limitations prevent conventional
approaches from meeting the requirements of real-time
simulation in complex coupled systems.

To address this deficiency, an original definition of
thermodynamic relaxation time based on the local entropy
production rate is introduced. This relaxation time
quantitatively characterizes the intrinsic time scale over which
the system evolves from a non-equilibrium state toward local
thermodynamic equilibrium and is computed dynamically in
real time. The thermodynamic relaxation time 7 is defined as ¢
= C/ko, where C is a thermodynamic constant determined by
working fluid properties and component structural parameters,
k is a correction coefficient (typically within the range 0.8—
1.0), and o is the local entropy production rate obtained from
real-time computation. This formulation establishes a direct
physical linkage between relaxation time and irreversible
dissipation intensity. When ¢ is large, the system is far from
equilibrium, and the relaxation time 7 becomes small,
indicating rapid system evolution. Conversely, when 7
increases, this corresponds to slower evolution dynamics. By
solving for the spatial distribution of ¢ across all control
volumes, the spatiotemporal distribution of thermodynamic
relaxation time for the entire system is obtained, thereby
providing a direct physical basis for time-step control.

A nonlinear step-size control law based on thermodynamic
relaxation time is subsequently established to achieve dynamic
matching between the simulation time step and the intrinsic
thermodynamic evolution of the system. The time step /4 is
nonlinearly correlated with the thermodynamic relaxation time
7, and the control law is expressed as h=az, where « is a step-



size adjustment coefficient selected adaptively according to
simulation accuracy requirements (typically within the range
0.1-0.3). In near-equilibrium regions, where ¢ is small and
spatially smooth, 7 is large, and the step size /4 is automatically
increased. Computational efficiency is thereby maximized
while thermodynamic consistency is preserved. In far-from-
equilibrium regions, where ¢ is large and rapidly varying, ©

decreases, and the step size / is correspondingly reduced to
ensure accurate capture of entropy production peaks and
detailed energy dissipation behavior. Through real-time
feedback of 7z, the simulation step size / is nonlinearly and
adaptively adjusted. In this manner, the traditional limitation
of step-size control detached from physical principles is
overcome.
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Figure 4. Field-programmable gate array and central processing unit (FPGA—CPU) heterogeneous collaborative real-time
solution architecture

An FPGA-CPU heterogeneous collaborative real-time
solution architecture is constructed to fully exploit the
complementary performance advantages of the two computing
platforms, enabling efficient parallel solution of the electrical
and thermal subsystems. On the electrical side, the parallel
pipelined architecture of the FPGA is utilized to execute full-
order electromagnetic transient simulations. A generator
electromagnetic transient model is established based on the
Park transformation equations, and hardware-level logic
implementation enables sub-microsecond solution cycles. In
this manner, abrupt entropy production variations induced by
electromagnetic losses are captured. On the thermal side, a
multi-core CPU parallel architecture is employed to execute a
hybrid solution strategy combining a simplified computational
fluid dynamics model and lumped-parameter models. The
thermal system is partitioned into multiple component-level
computational units, and a synchronized parallel solution is
achieved through multi-core scheduling. This strategy ensures
an effective balance between computational accuracy and
efficiency. Data interaction between the heterogeneous
platforms is realized through a high-speed communication
bus, guaranteeing coordinated solution progress between the
electrical and thermal subsystems. The FPGA-CPU
heterogeneous collaborative real-time solution architecture is
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illustrated in Figure 4.

A thermodynamic clock manager governed by global
entropy variation is designed to replace traditional CPU clock-
cycle-based scheduling logic. Through this mechanism,
simulation progression is deeply aligned with thermodynamic
evolution. The global entropy variation AS is defined as the
integral of the system-wide entropy production rate over a
single simulation step:

t+h .
AS= f Seen dt (10)
t

where, Sgen denotes the global entropy production rate and %
represents the current simulation time step. The
thermodynamic clock manager computes AS in real time.
When AS reaches a prescribed threshold ASp, subsystem
synchronization and boundary data exchange are triggered. If
the threshold is not reached, the current step is dynamically
extended until the entropy variation constraint is satisfied. By
placing thermodynamic evolution at the center of the
scheduling logic, the simulation trajectory remains
intrinsically consistent with the physical evolution of the
system, thereby avoiding the decoupling between simulation
time and physical processes that may arise under conventional



CPU-clock-driven scheduling.

A coordinated assurance mechanism for real-time
performance and physical fidelity is further established to
achieve optimal balance between these two objectives. This
mechanism operates through three synergistic layers.
Dynamic adaptation between step-size control and
thermodynamic relaxation time, ensuring high-resolution
simulation under far-from-equilibrium conditions and high
computational efficiency in near-equilibrium regions.
Heterogeneous task allocation, whereby the FPGA is
dedicated to high-frequency electromagnetic transient
computation and the CPU to parallel thermal computation,
thereby maximizing computational resource utilization. Real-
time verification and feedback adjustment, in which step-size
suitability and entropy production consistency are
continuously monitored. When deviations in real-time
performance or thermodynamic consistency are detected, the
step-size adjustment coefficient a and heterogeneous
scheduling priorities are automatically modified. A real-time
error ¢ and a physical fidelity deviation J are defined, subject
to the constraints ¢<10 ps and <5%. Through closed-loop
feedback regulation, coordinated optimization of real-time
performance and thermodynamic fidelity is achieved. This
integrated framework provides robust technical support for
real-time simulation of electrical-thermal coupling systems in
nuclear power plants.

6. SIMULATION VALIDATION AND RESULTS
ANALYSIS

6.1 Validation platform, and
evaluation metrics

operating conditions,

To validate the effectiveness and superiority of the proposed
methodology, an FPGA—CPU heterogeneous collaborative
simulation platform was established. Representative operating
conditions and quantitative evaluation metrics were defined to
provide a unified benchmark for performance assessment. The
validation platform was configured with a Xilinx UltraScale+
FPGA (xc7z045ffg900-2) and an Intel Xeon Gold 6248 CPU
(24 cores, 48 threads, 2.5 GHz base frequency), equipped with
32 GB DDR4 memory. The simulation software was
independently developed using C++ (CPU side) and Verilog
(FPGA side). An interface with a data transmission rate of 10
Gbps was employed. Three representative operating scenarios
of the high- and medium-voltage electrical-thermal coupling
system were selected, encompassing both steady-state and
transient disturbance conditions. Four categories of core
evaluation metrics were defined to comprehensively quantify
thermodynamic consistency, decomposition performance,
interaction accuracy, and real-time capability. The detailed
platform specifications and operating condition parameters are
summarized in Tables 1 and 2.

Table 1. Simulation validation platform parameters

Hardware / Software Type

Specifications

Field-programmable gate
array (FPGA) chip
Central processing unit (CPU)
Memory
Bus transmission
Simulation software

Working fluid property model

Electromagnetic transient

Xilinx UltraScale+ xc7z045ffg900-2; 450,000 logic cells; 220 Digital Signal Processing (DSP) slices
Intel Xeon Gold 6248; 24 cores/48 threads; 2.5 GHz; 35.75 MB cache

32 GB DDR4; 2933 MHz

PCle 4.0; 10 Gbps transfer rate

Independently developed; C++ (CPU side), Verilog (FPGA side); adjustable solver time step
Water—steam thermophysical properties based on the International Association for the Properties of Water
and Steam Industrial Formulation 1997 (IAPWS-IF97)

Generator Park equations; transient step size 0.1 ps

model
Table 2. Representative simulation operating conditions
Operating .. . Simulation
Condition Description Key Parameter Settings Duration
Steady-state Rated-load operation without external Rated power 1000 MW; coolant flow rate 4000
. X 100 s
operation disturbance t/h; steam pressure 16.7 MPa
Grid short-circuit Three-phase short circuit at the high-voltage Fault at # =20 s; fault duration 0.1 s; recovery
" : . _ 100 s
condition side with post-fault recovery atr=20.1s
Steam load sudden Secondary-side steam load drop followed by Load reduced from 100% to 70% at ¢ = 20 s;
100 s
change recovery restored to 100% at 1 =40s

6.2 Verification of thermodynamic characteristics

The verification of thermodynamic characteristics was
conducted to evaluate the thermodynamic consistency of the
proposed methodology. Particular emphasis was placed on
validating global entropy production non-negativity, entropy
wave propagation tracking accuracy, and physical
consistency. These indicators collectively ensure that the
simulation evolution remains aligned with the fundamental
principles of non-equilibrium thermodynamics. The validation
results under the three representative operating conditions are
summarized in Table 3.

As shown in Table 3, the global entropy production rate
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remained strictly non-negative under all three operating
conditions, and no intervals of negative entropy production
were observed. This outcome confirms strict compliance with
the second law of thermodynamics and validates the rationale
of elevating the second law to a first-principles foundation
within the real-time simulation framework. Under steady-state
operation, the system remained in a near-equilibrium regime.
The global entropy production exhibited minimal fluctuation,
and the physical consistency deviation rate was limited to
2.1%. The entropy wave tracking error was 1.2%, indicating
strong thermodynamic stability under steady conditions.
Under grid short-circuit and steam load sudden-change
conditions, the system transitioned into far-from-equilibrium



regimes. Significant surges in global entropy production were
observed, with a peak value of 1.562 W/(m*-K). However,
entropy wave tracking errors were maintained below 3%, and
physical consistency deviation rates did not exceed 3.8%.
Furthermore, entropy wave response delays were kept below
1 ps, demonstrating that abrupt entropy production variations
and entropy wave propagation induced by disturbances were
captured with high temporal precision. These results
demonstrate that the proposed methodology effectively
preserves thermodynamic consistency throughout the
simulation process. The evolution of entropy production was
shown to closely match the underlying physical behavior.
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Figure 5. Time response curves of global entropy production
under representative operating conditions

To evaluate the capability of the proposed method to capture
the dynamic evolution of global entropy production under
different thermodynamic states, time-domain simulations
were conducted for the three representative operating
conditions. The results are illustrated in Figure 5. As shown in
the figure, all three operating conditions maintained steady-
state operation from 0 to 20 s. During this interval, the global
entropy production rate remained stable at approximately
0.084 W/(m?*-K) and was strictly non-negative throughout the

simulation, satisfying the second law of thermodynamics. This
behavior reflects the low-dissipation characteristics of near-
equilibrium operation. Under the grid short-circuit condition,
a sudden disturbance was introduced at ¢ = 20 s. The global
entropy production rate exhibited an instantaneous surge,
reaching a peak value of 1.562 W/(m3-K). Subsequently, the
entropy production rapidly decreased and stabilized at a level
slightly above the initial steady-state value. This response
demonstrates the high-dissipation characteristics associated
with far-from-equilibrium states under strong electromagnetic
disturbances. Under the steam load sudden-change condition,
the entropy production rate began to increase progressively at
t =20 s. A peak value of 0.975 W/(m*K) was observed at
approximately ¢ = 30 s, corresponding to the minimum load
level. After the load was restored at # = 40 s, the entropy
production gradually returned to the initial steady-state level,
exhibiting a smoother disturbance response pattern compared
with the short-circuit scenario. No negative entropy
production intervals were observed in any of the three cases.
The entropy production evolution curves accurately
characterized thermodynamic dissipation dynamics under
varying disturbance intensities. These results confirm that the
proposed methodology reliably captures the evolution law of
entropy production and achieves a unified representation of
numerical stability and thermodynamic stability. The
thermodynamic consistency enforced by the framework

provides robust support for physics-driven real-time
simulation of complex energy systems.
6.3 Validation of dynamic model decomposition

performance

The validation of model decomposition performance
focused on the effectiveness of dynamic boundary layer
adaptive identification and the computational efficiency of
domain-partitioned solution. The objective was to evaluate the
accuracy and efficiency of the dynamic model decomposition
method based on entropy production rate spectrum analysis.
The validation results are summarized in Table 4.

Table 3. Thermodynamic characteristic validation results

Operating Global.Entropy Entropy Wave Ph)fs1cal Negative Entropy Entropy Wave
Condition Production Range Tracking Error Consistency Production Interval Response Delay
(W/(m*-K)) (%) Deviation (%) (ps)
Steady-sate 0.082-0.086 12 2.1 None —
operation
_ Grid short- 0.083-1.562 2.7 3.8 None 0.8
circuit condition
Steam load 0.082-0.975 2.3 32 None 0.6
sudden change
Table 4. Model decomposition performance validation results
Operating Dynamic Boundary Domain-Partitioned  Full High-Fidelity Efficiency Ratio Boundary Update
Condition Tracking Accuracy (%) Solution Time (ms) Model Time (ms) (Partitioned/Full) Frequency (kHz)
Steady-state 1.1 18.6 482 0.386 10
operation
_ Grid short- 2.4 273 49.1 0.556 85
circuit condition
Steam load 2.0 238 48.7 0.489 62

sudden change

As indicated in Table 4, the dynamic boundary tracking
accuracy remained below 2.5% for all three operating
conditions, satisfying the predefined evaluation criteria. These
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results demonstrate that the entropy production rate spectrum—
based adaptive identification algorithm accurately captures
both the spatial location and temporal evolution of dynamic



boundary layers. Under steady-state operation, the entropy
production distribution was spatially smooth, and the
boundary update frequency was relatively low (10 kHz). The
efficiency ratio of the domain-partitioned solution was 0.386,
corresponding to a 61.4% reduction in computational time
compared with the full high-fidelity model. This outcome
reflects the computational advantage of reduced-order
modeling. Under the grid short-circuit condition, entropy
wave propagation became intense, and the boundary update
frequency increased to 85 kHz to enable real-time tracking of
the entropy wavefront. Although the efficiency ratio increased
to 0.556, a 44.4% reduction in computational time relative to
the full model was still achieved. Under the steam load
sudden-change condition, the boundary update frequency
reached 62 kHz, and the efficiency ratio was 0.489. This
balance indicates that accurate boundary tracking and
computational efficiency were simultaneously maintained.
Collectively, these results confirm that the proposed dynamic
model decomposition method adaptively adjusts partition
boundaries and model complexity according to the
thermodynamic state of the system. High boundary tracking
accuracy is preserved while computational efficiency is
significantly enhanced. Consequently, efficient model support
is provided for real-time simulation.

To evaluate the capability of the proposed methodology to
capture entropy wave propagation and to adaptively update
dynamic boundaries under strong disturbances, simulations
were conducted for a three-phase grid short-circuit condition.
The entropy wave propagation pattern and dynamic boundary
trajectory are illustrated in Figure 6. As shown in the figure,
the short-circuit disturbance was initiated at the generator
location at ¢ = 20 s. Immediately following the disturbance, a

Four-Frame Synthesis)

Entropy Wave Spatial Propagation
CloudMap(t=20.0s-t=20.5s

t=20.0s t=20.1s

Grid Three-Phase Short Circuit
(Disturbance Trigger)

Reactor Core —Steam Generator—High-and-Medium Pressure (H-MP) Cylinders Cylinders — Generator

Entropy Wave Propagation Direction

high-entropy-production region was generated and propagated
in the form of an entropy wave toward the high- and medium-
pressure turbine stages and the steam generator. The proposed
method captured the entropy wavefront within 0.5 s and
completed adaptive updating of the dynamic boundary layer
accordingly. Prior to the disturbance, the dynamic boundary
remained stable. After the short circuit occurred, the boundary
rapidly shifted toward the generator region, where entropy
production intensified. The maximum boundary displacement
was reached at approximately ¢ = 20.5 s, after which the
boundary gradually stabilized. The dynamic boundary
trajectory clearly delineated the far-from-equilibrium high-
fidelity solution region from the near-equilibrium reduced-
order solution region. These results demonstrate that the
proposed method is capable of real-time adjustment of
partition boundaries along the entropy wave propagation path.
Even under strong disturbances, the global entropy production
non-negativity constraint was maintained, thereby ensuring
unified numerical stability and thermodynamic stability. This
provides a rigorous physical foundation and technical support
for adaptive domain decomposition in complex coupled
systems.

6.4 Validation of data interaction performance

The validation of data interaction performance focused on
evaluating  the  entropy-preserving  capability  and
thermodynamic consistency of the data exchange mechanism
based on the maximum entropy production principle. Entropy
production deviation and thermodynamic mismatch error
during interaction were quantitatively assessed. The validation
results are presented in Table 5
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Table 5. Data interaction performance validation results

Overatin Boundary Entropy Thermodynamic Interaction Interaction Entropy-Preserving
an di timgl Production Deviation Mismatch Error Latency (us) Success Rate Constraint Satisfaction
(%) (W/(m*K)) v (%) (%)
Steady-state 1.0 0.0003 0.5 100 100
operation
Grid short-
circuit 1.8 0.0008 0.7 100 100
condition
Steam load 1.5 0.0006 0.6 100 100
sudden change
Table 6. Real-time solution performance validation results
Operating Step-Size Step-Size Stiffness-Induced Rea.l-Tlme Computat.l(.)nal. ) Slmulz.ltlon )
Condition Range Response Oscillation Count Compliance Rate  Resource Utilization = Time/Physical Time
(ps) Delay (ps) (%) (%) Ratio
Steady-state 5410 0.6 0 100 88.2 0.82
operation
Grid short-
circuit 0.1~20 0.8 1 99.8 92.5 0.98
condition
Steam load 10~60 0.7 0 99.9 90.3 0.89

sudden change

As shown in Table 5, the entropy-preserving constraint
satisfaction rate and interaction success rate both reached
100% under all three operating conditions. These results
indicate that the proposed entropy-preserving data exchange
protocol strictly adheres to the maximum entropy production
principle and ensures compliant transmission of boundary
energy flux and entropy flux. Under steady-state operation, the
boundary entropy production deviation was limited to 1.0%,
and the thermodynamic mismatch error was as low as 0.0003
W/(m?3-K), with an interaction latency of 0.5 ps. These values
demonstrate high precision and low latency in interaction.
Under the grid short-circuit and steam load sudden-change
conditions, significant variations in boundary energy flux and
entropy flux occurred due to strong disturbances.
Nevertheless, the boundary entropy production deviation
remained below 2%, and the thermodynamic mismatch error
did not exceed 0.0008 W/(m*-K). Interaction latency was
maintained below 0.7 ps. No information loss, artificial energy
injection, or violation of entropy balance was observed. These
results confirm that the proposed entropy-preserving data
interaction mechanism effectively guarantees thermodynamic
consistency in  cross-domain data exchange. The
thermodynamic mismatch issues inherent in conventional
interaction methods are fundamentally eliminated, thereby
providing robust support for the global stability of the
simulation system.

6.5 Validation of real-time solution performance

The validation of real-time solution performance focused on
the adaptive capability of the nonlinear variable-step control
law, the mitigation of numerical stiffness, and the real-time
compliance rate. The objective was to evaluate the
effectiveness of the thermodynamic-time-oriented real-time
solution strategy. The validation results are summarized in
Table 6.

As indicated in Table 6, the proposed nonlinear variable-
step solution strategy demonstrates strong adaptive capability
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and robust real-time performance. Under steady-state
operation, the system remained in a near-equilibrium regime.
The simulation step size was maintained within 50-100 ps,
and the step-size response delay was limited to 0.6 ps.
Computational resource utilization reached 88.2%, and the
ratio of simulation time to physical time was 0.82, indicating
sufficient real-time margin. Under the grid short-circuit
condition, pronounced stiffness characteristics emerged. The
step size was rapidly reduced to a range of 0.1-20 pus to
accurately capture entropy production peaks. Only a single
minor numerical oscillation was observed. The real-time
compliance rate reached 99.8%, computational resource
utilization increased to 92.5%, and the simulation time to
physical time ratio was 0.98, satisfying real-time operational
requirements. Under the steam load sudden-change condition,
the step size was dynamically adjusted within the range of 10—
60 us. No numerical oscillations were detected. The real-time
compliance rate reached 99.9%, and computational resource
utilization was 90.3%, demonstrating an effective balance
between real-time performance and fidelity. These results
confirm that the proposed real-time solution strategy
dynamically adjusts the simulation step size in accordance
with thermodynamic relaxation characteristics. Strong
stiffness effects inherent in strongly coupled systems are
effectively mitigated, while high real-time compliance rates
are consistently maintained. The strategy satisfies the
engineering requirements for real-time simulation of
electrical-thermal coupling systems in nuclear power plants.

6.6 Comparative analysis with the conventional method

A conventional fixed-step simulation approach based on
mathematical stiffness analysis was selected as the benchmark
for comparison. Only core performance indicators were
evaluated to highlight the advantages of the proposed
methodology. The comparative results are summarized in
Table 7.



Table 7. Comparison of core performance metrics with the conventional method

Evaluation Metric Proposed Method Conventional Method Performance
(Average) (Average) Improvement (%)
Entropy deviation (%) 23 12.8 82.0
Numerical robustness (instability 0 4 100
events/three conditions)
Computational resource utilization (%) 90.3 65.7 374
Real-time compliance rate (%) 99.9 88.5 12.9
Dynamic boundary tracking accuracy (%) 1.8 8.7 79.3
Thermodynamic mismatch error (W/(m?-K)) 0.0006 0.0042 85.7

As indicated by the comparative results in Table 7, the
proposed methodology outperformed the conventional
approach across all core performance metrics. The entropy
deviation was reduced to 2.3%, representing an 82.0%
improvement relative to the conventional method, thereby
demonstrating substantially enhanced thermodynamic fidelity.
In terms of numerical robustness, no simulation instability
events were observed under the three representative operating
conditions, whereas four instability events occurred with the
conventional method. This corresponds to a 100%
improvement in robustness and confirms that stiffness-
induced instability under strong disturbances was effectively
eliminated. Computational resource utilization reached 90.3%,
reflecting a 37.4% improvement compared with the
conventional approach and indicating significantly enhanced
computational efficiency. The real-time compliance rate
increased to 99.9%, corresponding to a 12.9% improvement
and fully satisfying real-time simulation requirements.
Dynamic boundary tracking accuracy improved to 1.8%,
yielding a 79.3% enhancement in partition precision.
Furthermore, the thermodynamic mismatch error was reduced
to 0.0006 W/(m?*-K), representing an 85.7% decrease relative
to the conventional method. This result confirms that
thermodynamic inconsistency was fundamentally resolved.
Collectively, these comparative results demonstrate that the
inherent limitations of traditional simulation paradigms were

effectively overcome. Significant improvements were
achieved in thermodynamic consistency, numerical
robustness, real-time compliance, and computational

efficiency, indicating strong engineering applicability and
methodological innovation.

When the six categories of validation results are considered
comprehensively, it is demonstrated that the proposed model
decomposition and real-time simulation framework for high-
and medium-voltage electrical-thermal coupling systems in
nuclear power plants—constrained by the second law of
thermodynamics—strictly satisfies thermodynamic
consistency requirements. The global entropy production rate
remained non-negative throughout all operating conditions,
and high accuracy was achieved in entropy wave propagation
tracking and dynamic boundary identification. The dynamic
model decomposition method adaptively matched model
complexity to the thermodynamic state of the system, thereby
significantly improving computational efficiency. The
entropy-preserving data interaction mechanism effectively
eliminated thermodynamic mismatch, ensuring physical
authenticity of cross-domain data exchange. The nonlinear
variable-step solution strategy successfully mitigated
numerical stiffness and enabled coordinated optimization of
real-time performance and physical fidelity. Compared with
the conventional method, substantial improvements were
consistently observed across all core performance indicators.
The effectiveness, superiority, and engineering applicability of
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the proposed methodology were therefore comprehensively
validated, providing a reliable technical framework for high-
precision real-time simulation of high- and medium-voltage
electrical-thermal coupling systems in nuclear power plants.

7. DISCUSSION

Through  deep  integration of  non-equilibrium
thermodynamics and engineering real-time simulation, a
paradigm shift in thermodynamics-driven numerical
simulation has been achieved. The second law of
thermodynamics, traditionally treated merely as a posteriori
validation criterion, has been elevated to the status of a first-
principles foundation and central organizing logic for real-
time simulation of electrical-thermal coupling systems. By
constructing a thermodynamically constrained manifold, a
unified mathematical representation of numerical stability and
thermodynamic stability has been established. The proposed
original methodologies—including entropy production rate
spectrum analysis, maximum entropy production principle—
constrained interaction, and thermodynamic-time-driven
variable-step control—systematically extend the application
framework of non-equilibrium thermodynamics to the
numerical evolution of distributed energy systems. The
resulting paradigm is not restricted to a specific system
architecture; rather, its fundamental criteria are applicable to a
broad class of multiphysics coupled systems characterized by
irreversible energy conversion. The universality of the second
law of thermodynamics as a foundational physical constraint
for simulation has thus been substantiated. Furthermore, a
novel theoretical pathway has been opened for
interdisciplinary research at the interface of non-equilibrium
thermodynamics, computational mechanics, and numerical
simulation.

The proposed methodology has been specifically developed
to address the multiscale and strongly stiff characteristics of
high- and medium-voltage electrical-thermal coupling
systems in nuclear power plants. A practically deployable real-
time simulation solution has thereby been formed,
demonstrating substantial engineering value. The framework
can be directly integrated into full-scope nuclear power plant
real-time simulation platforms, enhancing both simulation
fidelity and numerical robustness under steady-state and
transient operating conditions. The method enables accurate
reproduction of energy evolution and entropy production
distribution under representative disturbance scenarios, such
as grid short-circuit events and sudden steam load variations.
Reliable thermodynamic data support is thereby provided for
fault mechanism inversion and fault localization. In addition,
a high-precision real-time validation environment can be
established for coordinated control and fault-tolerant control
strategies of nuclear generating units. By reducing on-site



commissioning risks and associated costs, the framework
offers significant support for safe, stable, and intelligent
operation and maintenance of nuclear power plants.

The proposed methodology possesses clearly defined
applicability boundaries and inherent limitations. Superior
performance is maintained within the high- and medium-
voltage sections of nuclear power plants under conventional
energy conversion processes spanning near-equilibrium to far-
from-equilibrium regimes. However, under extreme transient
conditions characterized by intense phase transitions, strong
multiphase flow coupling, or highly non-equilibrium shock
phenomena, further refinement of local entropy production
rate modeling is required. The performance of the framework
depends on accurate real-time identification of key
thermodynamic parameters and characteristic boundary
temperatures of critical components. Measurement or
estimation errors in these parameters may influence entropy
production rate calculation and dynamic boundary
identification accuracy. In addition, the present investigation
focuses on electrical-thermal coupling systems in nuclear
power plants. For complex multi-energy systems
incorporating chemical energy storage, hydrogen energy
conversion, and large-scale renewable integration, the entropy
production rate models and interaction protocols would
require adaptive reconstruction.

Future research will proceed along two principal directions.
First, the thermodynamics-driven real-time simulation
framework will be extended to multi-energy coupling
scenarios, including wind-solar—nuclear—storage hybrid
systems and integrated energy systems. In such contexts,
entropy production rate formulations and dynamic coupling
criteria across multiple energy forms will be reconstructed to
enhance cross-scenario applicability. Second, deeper
integration between non-equilibrium thermodynamics and
digital twin technology will be pursued. Real-time entropy
production monitoring and thermodynamic consistency
verification will be embedded within the closed-loop
evolution logic of digital twins, enabling both physical entities
and virtual models to evolve in strict compliance with the
second law of thermodynamics. Furthermore, machine
learning techniques may be incorporated to enable rapid
prediction of entropy production rate spectra and adaptive
optimization of dynamic boundaries, thereby further
improving the efficiency and precision of real-time simulation
for complex coupled systems.

8. CONCLUSION

To address the multiscale characteristics, strong
nonlinearity, and severe numerical stiffness inherent in high-
and medium-voltage electrical-thermal coupling systems in
nuclear power plants, the second law of thermodynamics was
elevated from a posteriori validation criterion to the first-
principles foundation and central organizing logic of real-time
simulation. A comprehensive non-equilibrium-
thermodynamics-driven simulation framework was thereby
constructed. A dynamic model decomposition method based
on entropy production rate spectrum analysis was established,
enabling adaptive identification of dynamic boundary layers
and domain-partitioned solution of the coupled system. An
entropy-preserving cross-domain data interaction mechanism
grounded in the maximum entropy production principle was
proposed to ensure physically consistent transfer of energy and
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entropy flux between electrical and thermal subsystems. A
nonlinear variable-step solution strategy oriented toward
thermodynamic time was developed to achieve precise
matching between simulation step size and intrinsic
thermodynamic relaxation characteristics. Through this
unified formulation, numerical stability and thermodynamic
stability were coherently integrated within a single constraint
framework. Simulation results demonstrated that the global
entropy production non-negativity constraint was strictly
satisfied under all representative operating conditions.
Significant improvements were observed in dynamic
boundary tracking accuracy, entropy-preserving cross-domain
interaction, and real-time solution robustness compared with
the conventional method. Numerical stiffness and
thermodynamic mismatch issues commonly encountered in
strongly coupled systems were effectively mitigated. The
integration of non-equilibrium thermodynamics with
engineering real-time simulation constitutes a methodological
advancement that establishes a fundamentally physics-driven
paradigm for complex energy system simulation. The
framework provides high-precision and high-reliability
theoretical and technical support for nuclear power plant
safety analysis, fault mechanism reconstruction, and control
strategy validation.
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