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ABSTRACT

Simulation is vital for scientific and engineering disciplines, as it enables the pre-
diction and design of physical systems. However, the computational challenges
inherent to large-scale simulations often arise from complex device models fea-
turing high degrees of nonlinearities or hidden physical behaviors not captured by
first principles. Gray-box models that combine deep neural networks (DNNs) with
physics-based models have been proposed to address the computational challenges
in modeling complex physical systems. A well-crafted gray box model capitalizes
on the interpretability and accuracy of a physical model while incorporating deep
neural networks to capture hidden physical behaviors and mitigate computational
load associated with highly nonlinear components. Previously, gray box models
have been constructed by defining an explicit combination of physics-based and
black-box models to represent the behavior of sub-systems; however this alone
cannot represent the coupled interactions that define the behavior of the entire
physical system. We, therefore, explore an implicit gray box model, where both
DNNs (trained on measurement and simulated data) and physical equations share a
common set of state-variables. While this approach captures coupled interactions
at the boundary of data-driven and physics-based models, simulating the implicit
gray box model remains an open-ended problem. In this work, we introduce a
new hybrid simulation that directly integrates DNNs into the numerical solvers of
simulation engines to fully simulate implicit gray box models of large physical
systems. This is accomplished by backpropagating through the DNN to calculate
specific Jacobian values during each iteration of the numerical method. The hy-
brid simulation of implicit gray-box models improves the accuracy and runtime
compared to full physics-based simulation and enables reusable DNN models with
lower data requirements for training. For demonstration, we explore the advantages
of this approach as compared to physics-based, black box, and other gray box
methods for simulating the steady-state and electromagnetic transient behavior of
power systems.

1 INTRODUCTION

Simulation tools enable the design and verification of critical engineering and scientific systems,
ranging from power grids and circuits to biological networks. However, the complexity of modern
physical systems creates a computational burden on simulation engines’ underlying numerical
methods. This computational challenge arises from two key challenges:



1. Nonlinearities and Large State Space Models: Accurate physics-based models of complex
sub-systems (such as power grid inverters or an integrated circuit component that is a
combination of nanoscale CMOS transistors) often require several state variables specific
to the sub-system that exhibit highly nonlinear behavior. This expands the mathematical
representation of the entire system and introduces nonlinearities that limit the performance
of numerical solvers, such as Newton-Raphson.

2. Hidden Behavior: Sub-systems often exhibit behavior not captured by the first princi-
ples. Surrogate models are often used to mimic the true behavior but inevitably introduce
inaccuracies to the simulation.

In response to these challenges, black-box models, trained on empirical data, have emerged as poten-
tial solutions to represent complex devices with lower computational effort. Recent advancements in
universal function approximators, particularly deep neural networks (DNNs), have demonstrated the
ability to accurately model complex behavior of specific devices. However, simulation of black box
models lack the ability to guarantee established physical constraints, potentially leading to unrealistic,
infeasible system behavior. Furthermore, DNNs’ practical implementation is often hindered by the
demand for extensive training data characterizing the entire system, as well as lack of generalizability
and explainability.

To combine the explainability of physics-based and computational performance of black-box methods,
DNN-based gray-box models have been proposed to model entire physical systems. This approach
leverages the predictive capabilities of DNNs to model the input-output behavior of a subsystem
while enforcing the rest of the system’s constraints using physics-based models. Specifically, these
methods aim to model a general physical system represented as:

h(z,u) =0 €))

where z is the vector of state variables describing the system and w is a vector of inputs. In this
work, we assume h(z, u) represents a set of algebraic constraints or differential equations that can be
separated as follows:

h’(Z7U) :hl(Z,U)+h2(Z,’UJ) =0 (2)

We propose a DNN-based gray box method that models sub-system behavior via physics-based
equations, h,p (2, u), or DNNS, h,, (2, u). The entire system is then represented as:

hpn(z, 1) + hppn(z,u) = 0. 3)

In the proposed method, the DNNS, Ay, (2, u), macromodel the input-output relationships of sub-
systems by using state-variables, z, and system inputs, u, to predict the sub-system’s output. The
use of state variables, z, as inputs for both DNN and physics-based models results in an implicit
combination of data-driven and physics-based models. The benefits of a well-crafted implicit gray
box model, , for the entire system are:

» Unlike explicit gray box models, we directly capture the coupled interactions between
physics-based and data-driven models

» Compared to a black-box model of the system, our approach improves the generalizability,
explainability and re-usability of DNN models with lower training data requirements

* Accurately model the hidden behavior of sub-systems using observed or simulated data
compared to physics-based models

However, because the implicit gray box model shares state variables between both DNNs and
physics-based equations, it necessitates a new simulation engine capable of solving both models
simultaneously to study the behavior of the entire coupled system.

In this work, we introduce a hybrid simulation engine that directly integrates DNN models into
the underlying numerical methods of simulation engines to efficiently solve the gray box system
expressed in (3). The proposed methodology simulates the coupled system via a Newton-Raphson
(NR) method and extracts specific values of the Jacobian for the NR using backpropagation of trained
DNN models. This enables simulating an implicit gray-box model of full physical systems to achieve
the advantages of the proposed model.



We demonstrate the capabilities of the implicit DNN-based gray box model in conjunction with
our hybrid simulation engine by studying the steady-state and electromagnetic transient behavior
of power systems. Unlike traditional physics-based simulations, our approach not only accurately
predicts hidden physical behaviors overlooked by pure physics-based models, but also significantly
reduces the simulation runtime for complex subsystems. Furthermore, in comparison to other gray
box and black box methods, our methodology guarantees that established physical constraints are
met and directly captures the interactions between coupled subsystems.

2 RELATED WORKS

Previous studies have explored different approaches, such as white box, black box, and gray box
methods, for simulating physical systems. In the domain of physics-based simulation engines,
considerable efforts have been dedicated to developing numerical techniques and exploiting a physical
systems’ structure to the efficiency of simulating large and intricate systems in various fields, including
circuits Pillage (1998), biology |Hines & Carnevale|(1997). Although a wide range of methods is
available for physics-based simulations, here we primarily focus on the use of black box and gray
box models for simulating physical systems.

Black Box Simulations: Black box simulation engines are trained using observed or simulated data
to approximate a system’s input-output behavior. These black box methods, such as artificial neural
networks |Zurada| (1992)) and their specialized variant, convolutional neural networks Krizhevsky et al.
(2012), have been widely employed for various applications including fault diagnosis /Aminian &
Aminian (2000) Aminian et al.| (2002) and component modeling [Wang et al.|(2021) in electronic
circuits, vision Redmon & Angelova) (2015) and manipulator control [Lewis et al. (1998) He et al.
(2018) in robotics, as well as cancer diagnosis /Abbass|(2002) [Munir et al.|(2019). Time series models,
such as the Recurrent Neural Network [Elman| (1990), Long Short-Term Memory (LSTM) Hochreiter|
& Schmidhuber| (1997) and Gated Recurrent Unit (GRU) |Chung et al. (2014), have been used to
predict the behavior of renewable energy sources |Abdel-Nasser & Mahmoud| (2019) Wang et al.
(2019). Compared to physics-based models, black box methods have been shown to reduce the
computational load of simulating systems |Gensler et al.|(2016), and modeling hidden behaviors |[Liu
et al.[(2017), however, often require large amounts of data Reichstein et al.|(2019). To address this
issue, methods such as data augmentation Wong et al. (2016)) and meta learning Vinyals et al.| (2016)
Finn et al.|(2017) have been utilized to reduce the amount of required data. Furthermore, physics-
inspired neural networks such as PINNs |Raissi et al.| (2019), DeepOnets [Lu et al.| (2019),Fourier
neural operators |Li et al.|(2020) and JAX-CFD [Toshev et al. (2024) have emerged as a promising
method to learn behavior of physical systems by modifying the neural network structure based
on physics-based equations. However, black-box simulation engines cannot guarantee physical
constraints [Ljung (2001),|Camporeale (2019)), and their limited explainability poses challenges in
engineering and scientific applications |Loyola-Gonzalez (2019).

Gray box Simulations: Gray box methods have been widely proposed to combine the benefits of
black box and physics-based models by incorporating data-driven techniques to identify hidden or
complex behavior into physical knowledge of a system’s structure.

One approach to gray box modeling is through parameter fitting techniques, where sub-systems are
represented by a surrogate model whose parameters are optimized to match simulated or observed data
Law & Hutson|(1997)Sebastiao| (2013). The surrogate model is then integrated into physics-based
equations and are used to model transistors in BSIM [Cheng & Hu|(2007), renewable energy sources
in power systems Rodriguez et al. (2019), as well as biochemical reactions |Goulet| (2016). However,
parameter fitting relies on a highly accurate surrogate model to precisely capture a sub-system’s
behavior and sensitivity. This work explores the consequences of inaccurate surrogate predictions
and sensitivities.

Alternatively, to reduce reliance on accurate surrogate models, gray box methods have adopted DNN's
to model sub-system behavior. The challenge, however, is integrating DNNs with the system’s
physics-based equations. One approach is through a serial architecture, where system inputs are first
processed by a black-box model, and then its outputs feed into a physics-based model. This has been
successful in applications with well-defined physical equations, allowing the black box to fine-tune
parameters of these equations using historical data. This has been used for thermal storage tanks



Arahal et al.|(2008)), thermal error modeling [Zhang et al.[(2012), mold cooling simulations |[Everett &]
Dubay (2017), and engine control Bidarvatan et al. (2014). However, the serial architecture is limited
to systems with well-defined structures that only need fine-tuning.

A parallel architecture is another approach to integrating DNNs in gray box methods, where system
inputs are fed into both black-box and physics-based models simultaneously. Each model represents
a sub-system, and their outputs are combined to replicate the entire system’s behavior. This method
is useful when data-driven techniques accurately capture complex or hidden behaviors in coupled
subsystems. This has been applied to simulating decanter centrifuges Menesklou et al. (2021),
predictive analytics in intelligent manufacturing | Yang et al. (2017), chemical process modeling |Xiong
& Jutan (2002), and thermal error management Zhang et al. (2012). However, past applications
Menesklou et al.| (2021)Xiong & Jutan (2002),Li et al. (2021) focus on the explicit combination of
both models defined as:

0 = hpn(z,u) + hnn(u). 4)

This explicit combination eliminates the reliance on state variables in the black-box models (denoted
by hnp). As aresult, this method cannot capture the coupled interactions between physics-based,
hpn, and data-driven models, Ay,

Contributions: Our work builds on the parallel gray box architecture, but we introduce a new
approach that solves the implicit combination, expressed in (3)), and reproduced below:

hph(2,4) + hpn(2,0) =0 (%)

This equation represents an implicit coupling of physics-based and DNN models, both sharing the
same state-space variables, z. As a result, simulating (3] requires solving the DNNs and physics-based
equations simultaneously. We introduce a technique that directly integrates data-driven models into
physics-based simulations for efficient and accurate analysis of the coupled system.

3 CONSTRUCTING IMPLICIT DNN-BASED GRAY-BOX MODELS

We begin by constructing the implicit DNN-based gray box model to effectively capture the complex
behaviors of physical systems. To capitalize on the advantages of this model, we partition the physical
system into coupled sub-systems, each represented by either a physics-based or a data-driven model.

The physical system is represented by S(z, u, h), where z € R"™ is a vector of state variables, u is
a vector of system inputs, and i : R™ — R is the set of characteristic equations in (1)) that define
the behavior of the system. The system is then partitioned into sub-systems, S; C .5, represented
as S; ({x4,yi},u, {fi, g:}) where z; € R™ are the internal state variables that are exclusive to the
sub-system S;, and 3; € R are the state variables shared among neighboring sub-systems. The
internal state variables are governed by the characteristic function f;(z;, y;,u) = 0 and the interaction
between neighboring sub-systems are captured by

gi(‘rlv"' vl.m’yivu)zoa (6)

where g; : Rbitni _y RY s a function of internal state variables, z;, of m connected subsystems and
shared boundary variables, y;. In this framework, we assume the boundary equation is separable with
respect to each internal state-variable, x;, leading to the following:

m

Zgzk('r/wylﬁu)zo' (7)
k=1

Therefore, the behavior of the entire system, .S, is now described as a collection of subsystems, .S;,
governed by internal, f;(x;, y;, u), and boundary behavioral equations, g;(z;, y;,u), as:

Zgzl'c(xkvyiau) =0 Viell,B]. 9)
k=1



3.1 SUB-SYSTEMS IN GRAY BOX SIMULATIONS

Using a system-level partitioning, we introduce a DNN-based gray-box methodology that models
each subsystem, S;, using physics-based equations or DNNs. In cases where first-principles are
well understood, the characteristic functions, f;, and boundary interactions, g;, are modeled by
physics-based equations. However, for more complex or poorly understood subsystems, trained
DNNs can macromodel the input-output behavior without explicitly modeling the internal dynamics.

The inputs to the DNN are the system inputs, u, and the shared state-space variables, y. The DNN
then predicts the output behavior of the subsystem, g;, as perceived by the rest of the system. By
doing so, the DNN eliminates the need to explicitly define internal state variables, opting to model the
relationships between the inputs and the boundary conditions that govern interactions with adjacent
subsystems. The boundary equations for a sub-system, g;(x;, y;, u), are then approximated as:

The boundary conditions are now partitioned according to:

mMn

myp
ngh(zjayj;u)+Zgnn(yjau) = 0. (1D
Jj=1 j=1

By macromodeling the input-output behavior of sub-systems, the implicit gray box model decreases
the number of state-variables and equations. To best utilize the benefits of the gray box model, users
are encouraged to model a subsystem, .S;, using a DNN under the following conditions:

1. Complexity of the physics-based equations: A complex white-box model introducing large
nonlinearities can hinder simulation performance, suiting a DNN for reducing run-time and
masking internal state variables.

2. Hidden behavior: If a sub-system’s behavior is better captured through data rather than
physical equations (e.g., weather-dependent renewable energy sources), DNN models may
provide better accuracy.

3. Data availability: Abundant and accurate data can allow DNNSs to effectively capture the
sub-system behavior.

An example of constructing an implicit gray box model that capitalizes on the benefits of DNNs is
demonstrated for a power grid, shown in Appendix

Training DNN to Model Subsystems The proposed gray box methodology independently trains
each DNN using experimental and simulated data to accurately capture the input-output behavior of a
sub-system, g;. One of the key advantages of this approach is that the training dataset is localized to
model the input-output behavior of each sub-system, (10). Unlike full black-box models that require
data for the entire system, this method eliminates the need for data samples from other subsystems.

Another benefit of this approach is the reusability of DNN models. Physical systems often feature
multiple instances of a device, and with the gray box paradigm, a single trained DNN can be used to
model each device instance. This reduces the size of the required training dataset, compared to full
black-box methods, and helps lower the barrier to implementing DNNs in low-observable systems.

4 SIMULATING THE IMPLICIT DNN-BASED GRAY BOX MODELS

Using the implicit gray box methodology, the entire system behavior is described as:
fon(z,y,u) =0 (12)
gph(x,yﬂi) +gnn(y7u) = 0, (13)
where fpn,(x, y, u) captures the behavior of the physics-based subsystems with internal state variables,
x, and shared variables of all subsystems, y. The boundary conditions between the physics-based
models, gn(z,y, u), and DNN, g,,,, (y, u), are captured by (L1)). Since both DNNs and physics-based
equations share the state variables y;, simulating the system behavior requires solving the full set
of behavioral equations, simultaneously within a numerical solver. We introduce a hybrid
simulation engine that effectively simulates gray box models where the system behavior can be
represented by both algebraic and differential equations.



4.1 HYBRID SIMULATION FOR SOLVING ALGEBRAIC CONSTRAINTS

We begin by demonstrating the hybrid simulation of gray box models where the system behavior
is governed by algebraic equations (e.g., for simulating steady-state conditions). The system is
simulated using the Newton-Raphson (NR) method, which is ideal for analyzing physical systems
due to their inherent sparsity. This helps reduce the computational cost associated with building and
inverting the NR Jacobian matrix in each iteration.

At each iteration, NR updates the system states of the gray box model, [z¥*1 y*+1] | by utilizing the
partial derivatives of both physics-based ( fp1, gpn) and DNN (g,,,,) components according to:

ag;fph( AT ) a%,fph(xkazr/k) |:Axk] _ —a{ fph( " yb) (14)
2 9o (T,y*) 2 gn (@, y") + L gan(yh) | Ay ) + (4]

where « is a scalar step size that dampens the NR step to improve convergence. The key additions
for simulating gray box models involve computing the output of the DNN model g,,,,(y*), and the
respective sensitivity term (% Grn (YF).

We extract the Jacobian values for the DNN (da gnn(y*)) by backpropagating through a trained

model, g, (+), with respect to the 1nput tensor, ¥, as outlined in Algorlthml Additionally, a forward
pass of the DNN using an input of y* determines the corresponding terms in the right-hand side
vector, gny, (y*), of the NR step (14). The workflow for solving nonlinear algebraic constraints within
the proposed gray box framework, in Algorithm 2] seamlessly integrates DNN models within physical
simulation, leveraging backpropagation to construct the Jacobian.

Algorithm 1 Solving Newton-Raphson Step for Hybrid Architecture Using PyTorch Paszke et al.
(2017)
Input: g,,(-),y

I gnn=gnn(y)
gnn backward(retain_graph=T"rue)

2:
3: g,m—y grad detach().clone()
4:

. return Inn, aygnn

Algorithm 2 Solving Algebraic Constraints with Hybrid Simulation
Input: fph(')»gph(')’ Zo, yO’gnn(')’ Q, €
1: 2k« Zo, yk — Y

2: do while: H[ e fph<)+gjn(y"’)w > €

Evaluate: f,, (2", ")
Evaluate the sensitivity terms: %fph(xk, yb), a%fph (xF, yk), %gph(:ck, yk), a%gph(:rk, y*)

o

5:  Extract Sensitivity Terrns from DNN: g,,,, (%), 2 Fgdnn Algorithm [gm ), y*)
6:  Solve NR Step in (14)

7o af 2k 4 AP

8: Yk yF + AyF

9: return z¥,y*

4.2 HYBRID ARCHITECTURE FOR DIFFERENTIAL EQUATIONS

Next, we propose a hybrid simulation of the gray box model described by differential equations as:

E(t) = fon(x(t), y(t)) (15)
9(t) = gpn(z(t), y(t)) + gnn(y(t)) (16)



with an initial value at ¢ = 0 denoted by [z, yo]. To solve for the response of z(t) and y(¢),
differential equation solvers employ numerical methods to approximate the state at discrete time-
points. A commonly used numerical method is the trapezoidal integration, which approximates the
system states at a time-point ¢ + At as:

ot ) = () + S hnalt + 80,00+ A0) + S fne@,00) ()

(AL = (0 5 g e A1), (180 (0 A S L (2(8) 4(2)) 1 (1))
We determine the system states, z(t + At), y(t + At, by solving the following equations: 49
ot D)~ a(t) — S el A0yl 4+ 80) — S hne0)90) =0 19)

y(t+At)—y(t)—%[gph(x(tJrAt), Y(t+At))+Gnn (y(t+At))]—%[gph(x(t), Y(t))+gnn(y(t))] =0
(20)

To solve the resulting set of nonlinear equations, we employ an iterative NR method. Similar to
the algebraic constraints in Section [4.1] using the NR requires performing the forward pass and
computing the Jacobian values for a trained DNN model, g,,,,, at time ¢ + At. To extract the Jacobian
values, we backpropogate through the DNN using the system state from the previous NR iteration,
[2*(t + At), y*(t + At)], as inputs and as described in Algorithm|1. The entire workflow to solve
for the states [x(t), y(t)] is described in Algorithm[3|in Appendix By directly integrating DNN
models into the numerical method for solving differential equations, we can efficiently capture
complex system dynamics and leverage the strengths of physics-based and data-driven modeling to
improve the computational performance of physical simulation.

5 EXPERIMENTS

This section demonstrates the efficacy of our proposed hybrid simulation engine for simulating
implicit DNN-based gray box models. We first validate the accuracy of the sensitivity extracted by
backpropagation for diode and transistor devices. Then, we apply the hybrid simulation to study the
steady-state and transient simulation of a power systems network where renewable energy sources and
loads are macro-modeled using DNNs and integrated into hybrid simulation engines. We demonstrate
the following benefits of the gray box model:

1. Accurately model the output and sensitivity of devices, unlike explicit gray box methods.
2. Guarantee that established physical constraints are met, unlike black box methods
3. Reduce runtime of physics-based simulators by modeling complex devices with DNNs.

5.1 VALIDATING JACOBIAN ELEMENTS OF THE IMPLICIT DNN-BASED GRAY BOX MODELS

We first verify that backpropagation through a trained DNN using Algorithm [T extracts Jacobian
values that accurately represent the sensitivity of physical devices. To demonstrate this, we learn
the current-voltage behavior of a diode and a transistor by training DNNs (details in Appendices
and [7.4.2) to a mean absolute error of 2.2¢ — 5 and 1.3e — 8 amps. The trained DNNs are
integrated into a circuit, shown in Figure[I2 (in the Appendix), and the steady-state currents of the
devices are determined at different voltage levels using the hybrid simulation in Algorithm 2. As
shown in Figure[Ia] this approach accurately simulates the steady-state device behavior within 1%
of the physics-based simulators. Furthermore, our results demonstrate that the backpropagation
method accurately captures the Jacobian entries (i.e., sensitivities to the device port voltage) with an
average 1% error for the diode as Figure[Ta compared to sensitivities derived from physical equations.
Furthermore, for the 45nm NMOS transistor, the backpropagation method reaches a 4% margin for
both Vgs and Vpg compared to the sensitivities from physics-based BSIM models, as shown in
Figures[IbJand[8] The approach is further validated for 90nm NMOS transistors, shown in Appendix
[7.3] This confirms that backpropagating through a well-trained DNN can yield precise Jacobian
entries.
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model’s output current and sensitivities extracted is measured. The output sensitivities extracted by
by backpropagating agrees a average error within backpropagating through the DNN agrees within
1% compared to the calculated diode sensitivity. 4%.
Figure 1

5.2 STEADY-STATE POWER FLOW SIMULATION

In this experiment, we demonstrate the effectiveness of a DNN-based gray box method for accurately
modeling power networks with renewable energy sources and real-time household loads. These
devices, influenced by weather, time of day, and node voltage data, exhibit behavior not solely
captured by conventional current-voltage equations. Since physical equations cannot account for the
impact of weather and time, alternative methods like parameter fitting and black-box simulations
are often used. We compare these with our DNN-based gray box model and highlight its ability to
capture device sensitivity while ensuring network constraints.

5.2.1 COMPARISON WITH EXPLICIT GRAY BOX METHODS

To model the hidden behavior that is not captured by physical equations, prior methods use an explicit
gray box method known as parameter fitting which uses a DNN to forecast the hyperparameters of
the surrogate model to align with past data. The surrogate model with a fixed set of hyperparameters
is then explicitly added to the system equations for simulation.

Parameter fitting relies on a precise surrogate model to depict the device’s behavior under different
operational scenarios; however, inaccurate surrogate models can lead to unreliable simulations. One
significant source of error arises from imprecise sensitivities of the surrogate models, causing the
simulation engine to follow divergent solution paths.

Our proposed hybrid simulation integrates DNN models directly into the simulation engine, avoiding
inaccuracies from assumed surrogate model forms. We compare this approach to a parameter-fitting
method by simulating a composite load (capacitor, inductor, and induction motor), shown in Figure
Specifically, we contrast it with the commonly used PQ model:

P+jijQ=VI* 2n

where P and () are real and reactive powers. and, V' and I are the device voltage and current. While
the parameter fitting method uses a DNN, described in Appendix [7.4.3, to forecast P and @) of
the surrogate model using weather and time of day, our approach trains a DNN to directly predict
current, I, using weather, time of day, and node voltage, V. This model is seamlessly integrated into
the power grid’s KCL equations via the steady-state hybrid simulator described in Section[4.1} To
demonstrate the effectiveness of our methodology, we show how the surrogate model can produce
inaccurate device sensitivities, leading to infeasible results in larger steady-state simulations.

Inaccurate Sensitivities The surrogate PQ model implicitly assumes a fixed sensitivity between
node voltage, V', and current, I, which may not match the device’s actual behavior. To illustrate this,
we compare the steady-state current of a trained PQ surrogate model for a composite load with the
ground-truth electromagnetic transient (EMT) simulation. As shown in Table[3, the surrogate PQ



EMT PQ Hybrid
(Ground | Model | Simula-
_ Truth) tion
v P.0 FAAAAANA, I(pu)atV = | 0.032 0.031 | 0.031
ot PO . ’ 1.0pu
E I(pu)atV = | 0.037 0.024 | 0.0364
+ 1.2pu
dI/dV atV =|1.24 -0.179 | 1.252
s 1.0pu
Figure 2: Simulation of a composite load con- Figure 3: The output current, I and sensitivity,
sisting of a capacitor, resistor and induction dI/dV, using different models (EMT model, PQ,
motor that is modeled by a static PQ model hybrid) to represent composite load are recorded
(whose parameters are learned according to at a node-voltage operating point of V' = 1.0pu
Appendix[7.4.3) and the proposed hybrid sim- and V = 1.2pu. While the PQ and hybrid models
ulation. The current response of both models accurately predict the current at V' = 1.0pu, they
is compared against the ground truth of an show different sensitivities, causing the PQ model
electromagnetic transient simulation (EMT). to inaccurately predict the current at V' = 1.2pu.
Type of Model Vinaz | Vinin
PQ Surrogate Model 1.09 | 0.86
Proposed Hybrid Simulation 1.09 | 1.038
Ground-Truth EMT Simulation | 1.09 | 1.038

Table 1: The maximum and minimum voltages
(Vinaz, Vmin) of a post-contingency 14-bus net-
Figure 4: Loads and renewables in a 14- work is determined using PQ models or DNNs to
bus test case are modeled by DNNSs. represent renewables.

model accurately predicts the composite load’s output current at a nominal voltage of V' = 1.0pu,
however, exhibits inaccurate sensitivity to changes in the node voltage. The PQ model incorrectly
predicts a decrease in the output current as the voltage increases, contrary to the behavior observed in
EMT simulations. As a result, when the node voltage increases to V' = 1.2pu (20% above nominal),
the PQ model fails to accurately predict the output current, as shown in Figure 2]

In contrast, the implicit gray box model trains a DNN to directly predict the current based on voltage,
and uses Algorithm|I]to accurately compute a sensitivity, which aligns the EMT simulation (as shown
in Table[3). As a result, when the node voltage is increased to V' = 1.2pu, the proposed hybrid
simulation accurately predicts the resulting current. This highlights the advantage of the proposed
gray box method, which avoids the potential inaccuracies from a surrogate model.

Simulating System Behavior Inaccurate sensitivities from surrogate models can aggregate in larger
simulations, leading to infeasible solutions. To demonstrate this, we replace renewable energy sources
and household loads in the 14-bus system with surrogate PQ models and study the post-contingency
behavior after removing one line (bus 2 to bus 3). The resulting steady-state simulation converges
to a point where the lowest voltage is at 0.86pu (signficantly below the normal operating limits of
0.95pu). In contrast, we use our proposed implicit gray box model integrates a trained DNN model
of renewable energy sources and household loads into the network, shown in Figuref, to study the
steady-state behavior. Since our methodology accurately extracts device sensitivities, we converge to
a realistic voltage level, as indicated in Table 1] which aligns with the ground-truth EMT simulation.
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Figure 6: An EMT simulation of a 14-bus
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phase A voltage of bus 8 (where an induction
motor is placed), is compared against a full
physics-based EMT simulation.

training set). The KCL residue resulting from
both simulators’ output is shown.

5.2.2 COMPARISON WITH FULL BLACK BOX SIMULATION

Black box methods have been used to simulate the steady-state of entire power grids, however, cannot
guarantee established physical network constraints are met. We demonstrate this in our experiments,
where we compare a DNN that predicts the network’s steady-state nodal voltages using generator
set-points, weather and time of day, with our proposed hybrid simulation.

In this experiment, we train a DNN, shown in Appendix[7.4.4, to model the 14-bus network across
a voltage range of 0.8 — 1.2pu, and assess its ability to simulate operating conditions beyond the
training set to replicate the process of studying grid failures. We observe that the residues from
the system’s network constraints (i.e., || f(2)||) resulting from the black-box’s output increase with
deviations from the nominal set points of the generator powers of 1.0pu (see Figure[5). This indicates
that a full black box simulator fails to ensure physical constraints are met for scenarios outside the
training set. On the other hand, the proposed hybrid simulation is used to simulate the behavior 14 bus
network, with DNNs modeling the behavior of renewables and loads. This approach always satisfy
the network’s KCL constraints, even outside nominal set-points, thus highlighting the advantage over
black box methods.

Another advantage of the implicit gray box model is its efficiency in terms of training data and
reusability. Although the full black-box simulator requires 2000 training samples to accurately model
a single scenario of the 14-bus network, by training DNN models for each individual device types,
our implicit gray box method only 400 training samples to model 14 bus network. This not only
saves training data but also improves the reusability of the DNNs, as changes in network topology
can be handled by the physics-based model without retraining the DNNss.

5.3 IMPROVING THE SIMULATION RUNTIME OF PHYSICS-BASED MODELS

A key advantage of the hybrid simulator over physics-based simulators is that it can reduce the size
of the state-space and simulation runtime by macromodeling the input-output behavior of subsystems
as DNNs. We demonstrate this by using hybrid simulation to solve EMT simulations with a DNN to
model induction motors, as shown in Appendix [7.4.5]EMT simulates the grid’s transient response
by solving differential equations of nonlinear devices, which often introduce many internal state
variables. For example, the differential equations of an induction motor, described in [Pandey et al.
(2023), introduce 11 internal state variables and require multiple NR iterations while simulating a
14-bus system. Using the hybrid simulation, we reduce the simulation’s state-space and the overall
runtime by modeling the input-output relation of the induction motor using a DNN. This effectively
masks the device’s internal state variables only requiring a model-call and a single backpropagation
during each NR step, as performed in Algorithm 3. Compared to an EMT simulation of a 14-bus
network with physics-based models of induction motors, the hybrid simulation, in Figure[6]provides

10



Number of Buses | Runtime Reduction (%) | State-Space Reduction (%) | Maximum Error (%)
2-Bus 0.95 3.9 1.5
14-Bus 0.87 15.9 34
39-Bus 0.81 38.4 5.9

Table 2: Integrating a DNN model of an induction motor into an EMT simulation, we evaluate the
runtime (normalized to the runtime using the physics-based model), reduction in state-space, and
maximum error of the hybrid system using a DNN to model the induction motor.

an accurate transient response of the system (with a 3.4% error), while reducing the state-space by
15.9% and runtime by 13%, as shown in Table@ We observe similar outcomes for larger networks,
shown in Table 2]

6 CONCLUSION

In this study, we present an implicit DNN-based gray-box model that couples DNNs with physics-
based equations. To simulate the combined system, we introduce a hybrid simulation framework that
incorporates both forward passes and backpropagation of DNNs within the numerical solvers used in
traditional simulation engines. This enhances simulation accuracy and efficiency, outperforming fully
physics-based simulations and black-box methods. We validate the approach by simulating the steady-
state and transient behaviors of a power grid, demonstrating its ability to accurately capture the hidden
dynamics of devices while significantly reducing simulation runtime by macromodeling complex
components using a DNN. This hybrid technique paves the way for more efficient simulations that
leverage the strengths of DNNs with well-established physics-based models.

11



REFERENCES

Hussein A Abbass. An evolutionary artificial neural networks approach for breast cancer diagnosis. Artificial
intelligence in Medicine, 25(3):265-281, 2002.

Mohamed Abdel-Nasser and Karar Mahmoud. Accurate photovoltaic power forecasting models using deep
Istm-rnn. Neural computing and applications, 31:2727-2740, 2019.

Farzan Aminian, Mehran Aminian, and HW Collins. Analog fault diagnosis of actual circuits using neural
networks. IEEE Transactions on Instrumentation and Measurement, 51(3):544-550, 2002.

Mehran Aminian and Farzan Aminian. Neural-network based analog-circuit fault diagnosis using wavelet
transform as preprocessor. [EEE Transactions on Circuits and Systems Il: Analog and Digital Signal
Processing, 47(2):151-156, 2000.

Manuel R Arahal, Cristina M Cirre, and Manuel Berenguel. Serial grey-box model of a stratified thermal tank
for hierarchical control of a solar plant. Solar Energy, 82(5):441-451, 2008.

M Bidarvatan, V Thakkar, M Shahbakhti, B Bahri, and A Abdul Aziz. Grey-box modeling of hcci engines.
Applied Thermal Engineering, 70(1):397-409, 2014.

Adam B Birchfield, Ti Xu, Kathleen M Gegner, Komal S Shetye, and Thomas J Overbye. Grid structural
characteristics as validation criteria for synthetic networks. IEEE Transactions on power systems, 32(4):
3258-3265, 2016.

Enrico Camporeale. The challenge of machine learning in space weather: Nowcasting and forecasting. Space
weather, 17(8):1166-1207, 2019.

Yuhua Cheng and Chenming Hu. MOSFET modeling & BSIM3 user’s guide. Springer Science & Business
Media, 2007.

Junyoung Chung, Caglar Gulcehre, KyungHyun Cho, and Yoshua Bengio. Empirical evaluation of gated
recurrent neural networks on sequence modeling. arXiv preprint arXiv:1412.3555, 2014.

Jeffrey L Elman. Finding structure in time. Cognitive science, 14(2):179-211, 1990.

Scott E Everett and Rickey Dubay. A sub-space artificial neural network for mold cooling in injection molding.
Expert Systems with Applications, 79:358-371, 2017.

Chelsea Finn, Pieter Abbeel, and Sergey Levine. Model-agnostic meta-learning for fast adaptation of deep
networks. In International conference on machine learning, pp. 1126-1135. PMLR, 2017.

André Gensler, Janosch Henze, Bernhard Sick, and Nils Raabe. Deep learning for solar power forecasting—an
approach using autoencoder and 1stm neural networks. In 2016 IEEE international conference on systems,
man, and cybernetics (SMC), pp. 002858-002865. IEEE, 2016.

Dave Goulet. Modeling, simulating, and parameter fitting of biochemical kinetic experiments. siam REVIEW,
58(2):331-353, 2016.

Wei He, Zichen Yan, Yongkun Sun, Yongsheng Ou, and Changyin Sun. Neural-learning-based control for a
constrained robotic manipulator with flexible joints. IEEE transactions on neural networks and learning
systems, 29(12):5993-6003, 2018.

Michael L Hines and Nicholas T Carnevale. The neuron simulation environment. Neural computation, 9(6):
1179-1209, 1997.

Sepp Hochreiter and Jiirgen Schmidhuber. Long short-term memory. Neural computation, 9(8):1735-1780,
1997.

Alex Krizhevsky, Ilya Sutskever, and Geoffrey E Hinton. Imagenet classification with deep convolutional neural
networks. Advances in neural information processing systems, 25, 2012.

Mark M Law and Jeremy M Hutson. I-nolls: A program for interactive nonlinear least-squares fitting of the
parameters of physical models. Computer physics communications, 102(1-3):252-268, 1997.

FW Lewis, Suresh Jagannathan, and Aydin Yesildirak. Neural network control of robot manipulators and
non-linear systems. CRC press, 1998.

Yanfei Li, Zheng O’Neill, Liang Zhang, Jianli Chen, Piljae Im, and Jason DeGraw. Grey-box modeling and
application for building energy simulations-a critical review. Renewable and Sustainable Energy Reviews,
146:111174, 2021.

12



Zongyi Li, Nikola Kovachki, Kamyar Azizzadenesheli, Burigede Liu, Kaushik Bhattacharya, Andrew Stuart,
and Anima Anandkumar. Fourier neural operator for parametric partial differential equations. arXiv preprint
arXiv:2010.08895, 2020.

HaiLong Liu, Tadahiro Taniguchi, Yusuke Tanaka, Kazuhito Takenaka, and Takashi Bando. Visualization of
driving behavior based on hidden feature extraction by using deep learning. /IEEE Transactions on Intelligent
Transportation Systems, 18(9):2477-2489, 2017.

Lennart Ljung. Black-box models from input-output measurements. In IMTC 2001. Proceedings of the 18th
IEEE instrumentation and measurement technology conference. Rediscovering measurement in the age of
informatics (Cat. No. 01CH 37188), volume 1, pp. 138—-146. IEEE, 2001.

Octavio Loyola-Gonzalez. Black-box vs. white-box: Understanding their advantages and weaknesses from a
practical point of view. IEEE access, 7:154096-154113, 2019.

Lu Lu, Pengzhan Jin, and George Em Karniadakis. Deeponet: Learning nonlinear operators for identifying differ-
ential equations based on the universal approximation theorem of operators. arXiv preprint arXiv:1910.03193,
2019.

Antonio J Lopez Martin. Cadence design environment. New Mexico State University, Tutorial paper, 35, 2002.

Philipp Menesklou, Tabea Sinn, Hermann Nirschl, and Marco Gleiss. Grey box modelling of decanter centrifuges
by coupling a numerical process model with a neural network. Minerals, 11(7):755, 2021.

Khushboo Munir, Hassan Elahi, Afsheen Ayub, Fabrizio Frezza, and Antonello Rizzi. Cancer diagnosis using
deep learning: a bibliographic review. Cancers, 11(9):1235, 2019.

Amritanshu Pandey et al. Circuit-based electromagnetic transient simulation. Foundations and Trends® in
Electric Energy Systems, 6(2):83-118, 2023.

Adam Paszke, Sam Gross, Soumith Chintala, Gregory Chanan, Edward Yang, Zachary DeVito, Zeming Lin,
Alban Desmaison, Luca Antiga, and Adam Lerer. Automatic differentiation in pytorch. In NIPS-W, 2017.

Lawrence Pillage. Electronic Circuit & System Simulation Methods (SRE). McGraw-Hill, Inc., 1998.

Maziar Raissi, Paris Perdikaris, and George E Karniadakis. Physics-informed neural networks: A deep learning
framework for solving forward and inverse problems involving nonlinear partial differential equations. Journal
of Computational physics, 378:686-707, 2019.

Joseph Redmon and Anelia Angelova. Real-time grasp detection using convolutional neural networks. In 2015
IEEFE international conference on robotics and automation (ICRA), pp. 1316-1322. IEEE, 2015.

Markus Reichstein, Gustau Camps-Valls, Bjorn Stevens, Martin Jung, Joachim Denzler, Nuno Carvalhais, and
faom Prabhat. Deep learning and process understanding for data-driven earth system science. Nature, 566
(7743):195-204, 2019.

Jesus Morales Rodriguez, Edgar Medina, Jean Mahseredjian, Abner Ramirez, Keyhan Sheshyekani, and Ilhan
Kocar. Frequency-domain fitting techniques: A review. [EEE Transactions on Power Delivery, 35(3):
1102-1110, 2019.

Pedro J Sebastido. The art of model fitting to experimental results. European Journal of Physics, 35(1):015017,
2013.

Artur P Toshev, Harish Ramachandran, Jonas A Erbesdobler, Gianluca Galletti, Johannes Brandstetter, and
Nikolaus A Adams. Jax-sph: A differentiable smoothed particle hydrodynamics framework. arXiv preprint
arXiv:2403.04750, 2024.

Oriol Vinyals, Charles Blundell, Timothy Lillicrap, Daan Wierstra, et al. Matching networks for one shot
learning. Advances in neural information processing systems, 29, 2016.

Huaizhi Wang, Zhenxing Lei, Xian Zhang, Bin Zhou, and Jianchun Peng. A review of deep learning for
renewable energy forecasting. Energy Conversion and Management, 198:111799, 2019.

Jing Wang, Yo-Han Kim, Jisu Ryu, Changwook Jeong, Woosung Choi, and Daesin Kim. Artificial neural
network-based compact modeling methodology for advanced transistors. IEEE Transactions on Electron
Devices, 68(3):1318-1325, 2021.

Sebastien C Wong, Adam Gatt, Victor Stamatescu, and Mark D McDonnell. Understanding data augmentation
for classification: when to warp? In 2016 international conference on digital image computing: techniques
and applications (DICTA), pp. 1-6. IEEE, 2016.

13



Qiang Xiong and Arthur Jutan. Grey-box modelling and control of chemical processes. Chemical Engineering
Science, 57(6):1027-1039, 2002.

Zhuo Yang, Douglas Eddy, Sundar Krishnamurty, Ian Grosse, Peter Denno, Yan Lu, and Paul Witherell.
Investigating grey-box modeling for predictive analytics in smart manufacturing. In International design
engineering technical conferences and computers and information in engineering conference, volume 58134,
pp. VO2BT03A024. American Society of Mechanical Engineers, 2017.

Yi Zhang, Jianguo Yang, and Hui Jiang. Machine tool thermal error modeling and prediction by grey neural
network. The International Journal of Advanced Manufacturing Technology, 59:1065-1072, 2012.

Ray D Zimmerman, Carlos E Murillo-Sdnchez, and Deqiang Gan. Matpower. PSERC.[Online]. Software
Available at: http://www. pserc. cornell. edu/matpower, 1997.

Jacek Zurada. Introduction to artificial neural systems. West Publishing Co., 1992.

14



	Introduction
	Related Works
	Constructing Implicit DNN-based Gray-Box Models
	Sub-systems in Gray box Simulations

	Simulating the Implicit DNN-based Gray Box Models
	Hybrid Simulation for Solving Algebraic Constraints
	Hybrid Architecture for Differential Equations

	Experiments
	Validating Jacobian Elements of the Implicit DNN-based Gray Box Models
	Steady-State Power Flow Simulation
	Comparison with Explicit Gray Box Methods
	Comparison with Full Black Box Simulation

	Improving the Simulation Runtime of Physics-based Models

	Conclusion
	Appendix
	Power System Example
	Algorithm for Solving Differential Equations with Hybrid Simulation
	Validating the Jacobian Entries
	DNN Models used in Experiments
	DNN Model of Diode
	DNN Model of NMOS
	DNN Model to Forecast Hyperparameters for Surrogate PQ Model
	DNN Model for Steady-State Composite Load
	DNN Model for EMT Induction Motor


	Scaling Hybrid Simulation Engine for Steady-State Simulation of Power Grids
	Hybrid Simulation of Integrated Circuits

