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RESUME
The evolution of microgrids over time may lead to changes in its mo-
dels that involve several disciplines like electrical engineering, control
systems, and optimization. These models need to be updated regularly
whenever there is a change in the composition of the system, as changes
in the system’s composition directly affect the governing equations
of power flow and network dynamics. However, some traditional ap-
proaches lack a formal framework to update automatically the models
that reflect these composition changes, mainly when considering com-
plex systems integrating several modeling paradigms. To tackle with
this, we propose a formal approach based on graph and DEVS for-
malism that will enable rigorous representation of microgrid behavior
and its dynamic structural evolution. Our approach ensures that sys-
tem equations are automatically updated as the microgrid composition
evolves, allowing for more accurate, scalable, and flexible simulations.
We validate the efficiency and applicability of our approach through its
implementation in Power Flow Analysis (PFA), demonstrating its ca-
pability to handle dynamic structure systems across multiple domains.

Microgrid, Power Flow Analysis, graph transformation, DEVS,
Theory of Modeling and Simulation

1. INTRODUCTION

The rapid evolution of microgrids introduces considerable
challenges in providing formal representation of its models and
simulating them, mainly due to changes in their composition.
An example of evolutionary microgrids is illustrated in Figure 1.
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FIG. 1. Example of evolutionary microgrid over time

While generators, loads, and storage devices are added or remo-
ved or updated, the models representing the power flow have to
be updated at any time. Such structural changes directly affect
the mathematical equations describing power flow and network
dynamics, for this reason, a method for dynamic adaptation of
the models is required.

Additionally, a fundamental challenge in microgrid modeling
arises from the fact that its models are loosely defined across
different fields, necessitating a system theory backed by a sound
mathematical foundation for its semantics [1]. Moreover, mo-
deling microgrids is an intrinsically multi-discipline task, hence
interfacing different disciplines, and therefore different model
types. Such complexity calls for a framework that is able not
only to cope with dynamic structural changes but also to ensure

consistency and accuracy.

In this paper, a new approach is proposed that will handle this
problem, including the DEVS formalism for rigorous, formal
modeling, and graph transformation for presenting changes in
behavior and composition of the microgrid over time. Our ap-
proach ensures that system equations are dynamically adapted
in response to structural modifications, enabling a more flexible
and accurate simulation of evolving microgrids. To demonstrate
the effectiveness of our methodology, we validate it through its
application in Power Flow Analysis (PFA).

2. BUILDING COMPONENTS OF OUR
GRAPHS AND DEVS FORMALISMS

In this section, we lay the groundwork for building compo-
nents of our method.

METHOD

2.1.  Graphs

Graph theory is [2] a fundamental area of mathematics wi-
dely used in control systems to model the interconnections bet-
ween system elements. For microgrid representation, graphs
serve as a powerful tool for representing the system’s structure
and dynamics. By representing microgrid components such as
generators, loads, and storage devices as nodes, and their inter-
connections as edges, graphs provide a clear and intuitive visua-
lization of the microgrid’s configuration. For instance, a study
discusses how graph theory can model the connections between
elements in microgrids [3], emphasizing its applicability in po-
wer flow analysis.

To represent its dynamic structure behavior, features of
graphs provide powerful framework to represent it among these
features graph transformation. Graph transformation techniques
offer a formal approach for modeling dynamic structure sys-
tems. The intention of graph transformation techniques [4] is the
modification of graphs by applying certain rules in accordance
with changes that the system’s structure undergoes over time.
This is of particular interest for microgrids, where components
are added and removed or replaced frequently.

An example of graph transformation is illustrated in Figure 2,
where L represents the pattern graph that must be present in
the current graph to apply the rule instruction shown in R;. In
this example, the pattern graph specifies three interconnected
nodes : S, L, and G, representing Slack, Load, and Generator
respectively. The rule states that if a graph contains this pattern,
a new generator node should be added to the existing structure,
thereby augmenting the microgrid’s generation capacity.

2.2.  DEVS formalism

The Discrete Event System Specification (DEVS) formalism,
introduced by Zeigler [5], provides a rigorous framework for
modeling discrete-event systems, establishing a solid founda-
tion for the formal description of microgrid behavior. DEVS de-
fines two fundamental types of models : atomic models and cou-
pled models. Atomic models represent the basic behavioral units
and define the state transitions and outputs of individual com-
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ponents. Coupled models specify the structural composition of
systems by coupling atomic and/or other coupled models, repre-
senting the hierarchical and modular interconnections between
components.

DEVS is inherently hierarchical and modular, allowing the
representation of microgrid components and their interconnec-
tions, which evolve over time. It allows for the formal modeling
of complex systems by defining components that are hierarchi-
cally related and connected, following rules defined within the
formalism. It characterizes the structure and behavior of a sys-
tem, using sets and systems theory mathematics in DEVS. This
formalism enables real-world systems modeling and simulation
by providing formal description of its components and relation-
ship between them, adhering to the rules defined within the for-
malism.

A DEVS atomic model [5] is described by Equation (1) :
A:< Xa}/asa(;emta(sintaA7ta > (1)

Where :
— X ={(p,v) | p € InPorts,v € X} is the set of input
ports and values,
— Y ={(p,v) | p € OutPorts,v € Y,} is the set of output
ports and values,
— S is the set of sequential states,
— Oext : Q@ X X — S'is the external state transition function,
with :
— Q ={(s,e) | s € 5,0 <e< ta(s)} is the total state
set,
— e is the time elapsed since last transition
— int S — S is the internal state transition function,
— A : .S — Y is the output function
— ta: S — Ry U oo is the time advance function
In DEVS, a model is defined by a set of inputs X, outputs Y
and states S. Each element of X and Y sets is defined by a pair
of key and value and represent a potential event v on a port p.
In the DEVS formalism, components state belong to the S set
and can be changed using transition functions. When an input
event occurs, d.,¢ the external transition function is executed
to change the component’s state. If no external event occurs,
the component will stay in its state until the period of time re-
turned by time advance function ta(s) is reached, then it will
change its state using the internal transition. When the state
change, either as a result of internal or external event, the re-
sult of ta(s) will change accordingly. The component whose ta
is minimal amongst all components is said to be imminent. The
output function ) is executed when the state changed as a result
of a component being imminent. After delivering the output, the
imminent components list is updated.
A DEVS coupled model [5] is described by Equation 2 :

N =< X,Y,D,{M, | d € D}, EIC,EOC,IC > (2)

Where :
— D is the set of the component names,
— Foreach d € D, {M,} is a DEVS model,
— External input coupling connects external inputs to com-
ponent inputs :
EIC C {((N,ipn),(d,ipq)) | ipny € IPortsy,d €
D,ipg € IPortsq}
— External output coupling connects component outputs to
external outputs :
EOC C {((d,op4), (N,opn)) | opn € OPortsy,d €
D, opy € OPortsy}
— Internal coupling connects component outputs to com-
ponent inputs :
IC - C {((a,0pa), (byipy)) | a,b
OPorts,,ipy, € IPortsy}
Coupled models dictate the system composition by describing
how components will interact during simulation. In a coupled
model a set of the network inputs X and outputs Y are defined.
The D set contains the names of the components contained into
this model. A coupled model connects the components to each
other thanks to connections defined into EOC, EIC, and IC sets.
Figure 3 provides the architecture of an example of intercon-
nected coupled and atomic models. This hierarchical structure
demonstrates how complex systems can be constructed through
component description within the DEVS formalism.

€ D,op, €

coupled; EOC,
coupled,

IC
atomiczatomic3 EO o0 Yn

FIG. 3. Architecture of an example of interconnected DEVS atomic and
coupled components
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In the context of a microgrid, DEVS addresses the challenge
of providing formal descritpion of its models. This involves the
hierarchical, modular nature of its description entailed in DEVS,
using its mathematical rigor to model effectively and simulate
emerging microgrid compositions and behaviors.

Graph transformation techniques integrated with the DEVS
formalism enhance the modeling and simulation of microgrids.
DEVS enables the rigorous definition of system behaviors,
while graph transformations manage structural changes. In this
way, this combination guarantees that during the evolution of the
microgrid, its structure and behavior will be properly represen-
ted and simulated. One such example follows the study concer-
ning modeling and simulation of renewable sources in smart
grids by DEVS formalism and proves to be quite efficient [6].

3. FORMAL APPROACH FOR EVOLVING MICROGRIDS
REPRESENTATION

Our proposal enable to represent a microgrid as graph where
the vertices represent microgrid components and edges re-
present the links between these components. Figure 4 illustrates
the representation of a microgrid using graph theory.

For our proposal, we developed a modular simulator which
architecture is described in Figure 5. The simulation of micro-
grid is ensured using PythonPDEVS simulator [7].

The simulator is structured into a clock and three main DEVS
coupled components data generation, equations generation and
power flow analysis. Each coupled component consist of a set
of interconnected atomic components.

The data generation component is responsible for hand-
ling graph-based system representations, ensuring that structural
modifications are accurately captured and integrated. This com-
ponent contains atomic DEVS components such as the decsion



vertices

represented G @
as graph '
—>

Power Flow

Analysis .>_‘

driven data generator, process input data and checker, which
are responsible for generating input data in the form of graphs
and validating its correctness. Figure 6 provides a zoom of the
constituents of data generation component.
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The equations generation produces the required mathema-
tical expressions, facilitating the computation of system dy-
namics. This coupled DEVS component composed of atomic
DEVS components named symbols generator and equations ge-
nerator which are secialized for PFA. These specialized com-
ponents are responsible for generating the mathematical repre-
sentation of microgrid elements, including mathematical sym-
bols, equation functions, and other related constructs. Figure 7
provides an overview of the constituents of equation generation
component.
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FIG. 7. Equation generation coupled component

Lastly, the Power Flow Analysis component that performs
the core computations to determine the steady-state operating
conditions of the microgrid. This component is composed of
interconnected atomic components such as compute equations,
convergence checker, solve equations and checker. Figure 8 pro-
vides a zoom of the constituents of Power Flow Analysis com-
ponent. Once the core computations are completed, this com-
ponent provides results as a graph containing the computed data

and sends them to the data generation component. The data ge-
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FIG. 8. Power Flow Analysis component

neration component then interprets the provided data and deter-
mines, based on the simulation script, if there is any need for
structural changes in the microgrid, such as the addition of new
loads or generators, or the replacement of existing ones. It then
decides how and which data to generate to reflect these changes
in the form of a graph.

Detailed description of these components and their imple-
mentation in executable code is available in a git repository [8].

4. IMPLEMENTATION RESULTS

We tested our simulator for a microgrid case initially com-
posed of two buses, each representing a microgrid component.
When the load reaches a threshold of P, = 2.2pu, a new ge-
nerator bus is automatically added and the microgrid structure
changed. The generated graph incorporates an additional gene-
rator compared to the previous configuration, as illustrated in
Figure 9.
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FIG. 9. Load active power evolution and generator addition trigger

As new generator is added, the active and reactive power
equations are altered as shown in Figures 10,1 1. For two bus mi-
crogrid the equations were the sum of two, while for three bus
microgrid as a new bus is added, the sum become the contribu-
tion of the three buses.
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FIG. 10. Power flow equations of two bus microgrid

Figure 12 illustrates our study case. At t=3h the expansion is
applied to the structure of the micro-grid and the results change.

5. CONCLUSION

This paper presents a formal approach combining DEVS with
graph transformation to model and simulate microgrids and its
structural evolution over time. The microgrid composition is re-
presented using graphs, its structural evolution is represented
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FIG. 12. Charts of slack, load and generator active power

using graph transformation, while the simulation is carried by
DEVS simulator. The simulator processes the updated graphs
iteratively, maintaining mathematical rigor and flexibility.

The approach is demonstrated through Power Flow Analysis.
However, challenges remain, including scalability for larger mi-
crogrids. Additionally as part of future work, we aim to validate
our approach by comparing our simulation results with those ob-
tained from other simulators, such as those provided by Linux
Foundation, PyPSA, etc.
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