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Uwe Kühnapfel∗, Veit Hagenmeyer∗

∗ Institute of Automation and Applied Informatics, Karlsruhe Institute of Technology, Karlsruhe, Germany
arjun.madhusoodhanan@kit.edu

† Department of Informatics, Karlsruhe Institute of Technology, Karlsruhe, Germany

Abstract—This paper presents a comprehensive workflow for
automating substation modeling using labeled aerial images.
Our approach streamlines the process into three key steps:
generating the input dataset as labeled images, inferring an
electrical substation model based on standard design princi-
ples and exemplarily importing the model into DIgSILENT
PowerFactory as a simulation environment. We demonstrate
that this new automated process significantly enhances speed,
improves consistency, and facilitates easier updation of models,
outperforming traditional manual methods.

Keywords—Labeled Images, Powerfactory API, Electrical Sub-
station Model, Automation.

I. INTRODUCTION

In the rapidly evolving landscape of renewable energy inte-
gration and smart grid technologies, expanding and moderniz-
ing the electrical grid has become critical. This task is increas-
ingly relevant as we address challenges such as ensuring grid
robustness against disruptive events and adapting to dynamic
shifts in political, social, and technological landscapes [1].
Accurate modeling of electrical power grids is a fundamental
and well-established practice in energy system analysis and
design, playing a key role in navigating these complexities
[2], [3]. Comprehensive grid simulations enable the analysis
and optimization of various scenarios, such as integrating
new energy sources, predicting demand, and managing grid
stability. These models are essential for assessing the potential
impacts of policy decisions, investment strategies, technolog-
ical innovations, and possible grid expansions. Despite the
critical role of grid modeling, existing manual methods are
time-consuming, error-prone, and difficult to maintain, making
it challenging to keep models accurate and up-to-date.

A. Motivation

Although Distribution System Operators (DSOs) have ac-
cess to detailed data of the electrical grid, including the struc-
tural and electrical parameters such as network topology, load
distribution, voltage levels, and real-time operational metrics,
this information is typically not available to researchers [4]. As
a result, researchers often rely on generic or black-box models
to emulate grid behavior [5], [6]. These models focus on the
grid topology and do not include the electrical configurations
of the substations such as installed transformers, busbars
with single or double configurations, busbar splits, cross-
couplings, and switches. Having such detailed grid models will

greatly enhance the precision and reliability of electrical grid
simulations, especially in the case of adverse events, such as
line faults, where the grid topology needs to adjust. In recent
years, there has been a significant enhancement in the quality
of publicly available aerial imaging, with resolutions reaching
down to 2cm per pixel [7]. The majority of substations are
of the open-air type, where insulation is primarily achieved
through air and by maintaining physical distance between
the conducting components. Due to the required insulating
distances for substations operating at 380 kV, 220 kV, and
110 kV levels, these substations have large dimensions and
follow standardized designs [8], [9]. This characteristic makes
it possible to model substations in unprecedented detail by
inferring electrical configurations from aerial images, poten-
tially filling the gap left by existing manual and generic grid
modeling methods.

B. Contribution

We present a new method for automatically generating
electrical grid models from aerial images, particularly suited
for large structures like the German 380/220/110 kV grid.
Our approach uses labeled images to infer substation layouts,
creating detailed electrical models that are then imported into
PowerFactory as an exemplary case. This method establishes
a verifiable workflow for automating electrical grid modeling,
reducing initial modeling time, and keeping models up-to-date.

The remainder of this paper is organized as follows: sec-
tion II reviews related work, and section III details our
methodology. In section IV, we evaluate the proposed method,
followed by results and discussion in section V. Finally,
section VI concludes our findings and proposes future work.

II. RELATED WORKS

The challenge of power grid simulation is not new, as
electrical grid models are used for multiple applications. Con-
sequently, various software tools for simulating the electrical
grid have been developed. Notable software solutions include
ETAP, PowerFactory, GridLAB-D, and NEPLAN, among oth-
ers. An overview of these can be found in Egert et al.
[10]. The quality of simulation results depends not only on
the simulation environment but also on the level of detail
and completeness of the model [11]. Below, we provide an
overview of common approaches.



As mentioned in the motivation, the restrictive policies of
DSOs to share information regarding critical grid infrastructure
necessitate that models be created based on publicly available
data. To address the lack of detailed models, transparent
planning tools have been developed for electrical grids, em-
phasizing open-source and open-data methods [4]. Hoffrichter
et al. [12] developed a 110 kV model using publicly avail-
able OpenStreetMap data [13]. This model integrates into an
existing comprehensive European transmission grid model to
analyze congestion management but simplifies substation rep-
resentation by assuming coupled busbars, limiting its accuracy
in substation configurations. Heitkoetter et al. [14] explored
different methodologies, with and without heuristics, to deduce
connections between electrical grid nodes. They compared
models from SciGrid [15], GridKit [16], and OpenStreetMap
transmission grid models [17], noting that these approaches
can only generate simplified abstractions of substations. Rive-
ria et al. [18] adopted a hybrid approach, combining traditional
data inferred from topological information with data from
the available Common Information Model (CIM); however,
their method still lacked detailed substation modeling. Several
works have utilized automated approaches to model electrical
grids, primarily relying on OpenStreetMap as their primary
data source [19]–[22]. In summary, to the best knowledge
of the authors, no project or method has created electrical
substation models using aerial images at the desired level of
detail.

III. METHODOLOGY

This section describes the methodology used to derive
electrical substation models from aerial images. The goal
of this work is to develop electrical models of substations
and their components, including installed transformers, busbar
configurations, busbar splits, cross-couplings, and switches.
We have divided the entire process into four independent steps.
The steps are processed sequentially and collectively to form
the automated workflow, as shown in Figure 1:

1) Manual identification and labeling of substation compo-
nents in aerial images.

2) Automatic inference of the electrical configuration of
the substation based on the labeled dataset and standard
design principles.

3) Automatic generation of an electrical model in Power-
Factory.

1) Step 1 - Manual identification and labeling of substation
components in aerial images: Label Studio [23] is an open-
source software project designed to streamline the manual
creation of labeled datasets. In this study, we used Label Studio
to annotate images of substations obtained from publicly
available repositories, namely Bing Maps and Google Maps.
The resolution and clarity of these images vary depending
on the provider and location, influenced by factors such as
geographical location, weather conditions, and viewing angles
[7], [24]. To ensure optimal quality, the available images (one
from each provider) are displayed in Label Studio, allowing
the annotator to select the best image for each substation based

Figure 1: Workflow
From left to right: Labeling substation components in Label
Studio, creating an intermediate model, and importing it into

the simulation environment (PowerFactory)

on clarity and resolution. Additional information sources, such
as links to 3D or street views, are accessible through the user
interface to assist in the identification of components.

For image annotation, a set of predefined labels corre-
sponding to the electrical components of the substation is
provided to the annotator. Each image is manually marked
with these components and assigned the appropriate labels.
Figure 2 illustrates an example of such a labeled image
of a substation. In our analysis, we identified the busbar
system as the central connecting component of a substation.
A busbar system is typically built in single, double, or triple
configuration, where the busbars run parallel. Cross-couplings
connect parallel busbars, facilitating flexibility in grid opera-
tions. A busbar can also be divided into segments by busbar
splits. These components (parallel busbars, cross-couplings,
and splits) allow for the segmentation of the electrical grid.
A use case is, for example, to bypass a transmission line
when the complete substation needs to undergo maintenance.
Electrical components, such as transformers and transmission
lines, are aligned along the busbar system and connected to
the busbars via bays. Transmission lines and underground
cables are labeled by their associated connection bays, which
hold the circuit breakers, disconnectors, voltage and current
measurement, and earthing devices. The connection bays for
overhead lines and underground cables can be differentiated
by the presence or absence of visible lines and towers.

2) Step 2 - Automatic inference of the electrical config-
uration of the substation based on the labeled dataset and
standard design principles: In open-air substation designs,
sufficient insulation between current-carrying components is
ensured by arranging them in a two-dimensional grid-like
manner (compare to Figure 2). The design is further simplified
to one dimension, with the busbar system serving as the
central element, running straight with connection bays for
transmission lines and transformers arranged on both sides.
Busbar splits, indicated by discontinuities, segment the busbar,
while cross-couplings connect busbar segments above them.
Therefore the arrangement of components, derived from aerial
images, provides information about electrical interconnections.



Figure 2: The substation components in Label Studio are
marked in different colors: busbar (red), split-coupling (yel-
low), cross-coupling (pink), transmission line (blue), and trans-
former (green).

These component positions, defined as rectangular labels, are
exported from Label Studio into a JSON file. Initial label
positions are normalized using an affine transformation to
account for busbar rotation and translation. Busbar segments
and cross-couplings are placed along the busbar’s length, and
connection bays are positioned relative to these segments,
maintaining their order and connection side. This information,
along with other attributes listed in Table 1, is stored in
an intermediate model consisting of Python classes for each
electrical component. This intermediate model serves as the
data structure for subsequent model generation in a suitable
simulation environment.

Attributes Explanation

Name Name of the substation
Short name Short name of the substation
Substation category Type of substation (generic, industrial, generation)
Busbar category Busbar type (single, double, triple)
Geographical location Latitude and longitude of substation
Status Operational or construction, or wrong location
Covering Can be open air, partially in-house or fully in-

house
Voltage Voltage on which the substation runs

Table 1: The attributes in the intermediate model for each
substation.

The busbar serves as the central element for defining the
interconnection of electrical components. However, due to
variations in substation designs, certain special cases require
alternative approaches. If a substation omits a busbar to
reduce costs, a dummy busbar is introduced to standardize the
model representation without affecting electrical simulations.
Substations may have multiple busbars, especially when they
are placed at different angles or locations to accommodate
the spatial constraints of the surrounding area. An example of
this is illustrated in Figure 3. In such cases, the main busbar
is identified as the one closest to the components.

Figure 3: In the substation in Ettringen the busbar is split into
multiple sections (redbox)

3) Step 3 - Automatic substation generation in PowerFac-
tory: PowerFactory is a leading software for power system
analysis, known for its ability to evaluate generation, transmis-
sion, distribution, and industrial systems [25]. It is widely used
by DSOs for preliminary studies, grid planning, and operations
due to its robust scripting and interface capabilities, which
support automated grid modeling. PowerFactory features a
logical representation of electrical components and interactive
graphical diagrams [26]. The logical representation connects
all grid components for simulations and analysis, while the
interactive diagrams provide user interaction with a subset
or abstraction of these components. Since each graphical
component references a logical component, generating the
logical representation of the grid is a prerequisite.

The logical model includes terminals (such as busbars
and junctions) and bays (for components like transformers
and transmission lines). Each bay features detailed switch
connections to its components. Cubicles link components to
terminals and additional bays represent couplings between
terminals. The intermediate model is parsed and a simulation
model created by using the simulation environments script-
ing API. Transformers and generic loads are added to the
substation for inclusion in the detailed diagram generation.
Additionally, a naming scheme for components is applied, and
a default datatype for transformers is created. For the graphical
representation, a simplified overview diagram features busbars,
transformers, loads, and key circuit breakers, each depicted
with distinct symbols. An example of this representation, using
the Bobingen substation in Germany, is depicted in Figure 4.
The space between the two transformers accommodates an
additional bay, which can be used for connecting overhead
lines or cables in subsequent modeling steps.



Figure 4: Graphical representation of Bobingen substation

Metric Value

Number of substations 127
Number of revisions 166
Number of annotations 1689
Substations skipped 0
Renamed substations 1
Missing attributes 1
Sectioned substations 2
Import time (model) 0,0625s
Import time (PowerFactory logic) 8.375s
Import time (PowerFactory graphic) 3.25s
Import time (whole process) 11.688s
Size of the grid 841mm × 1189mm

Table 2: Test summary of substation import to Powerfactory

IV. EVALUATION

Before implementing the automated workflow, a manual
process was used to model the substations within the simula-
tion environment, based on labeled images. The performance
of the automated workflow is evaluated by comparing it to the
manual workflow using the same labeled dataset. This dataset
includes 110 kV substations operated in the control zone
D76 in Germany. Performance indicators for the comparison
include time efficiency, accuracy, and data variation. Testing
was conducted on a Windows PC with 16GB RAM and a 12th
Gen Intel Core i7-1255U processor, utilizing Python 3.11 and
PowerFactory 2023 SP1 with a research license.

The results, shown in Table 2, cover 127 substations, each
with 1-2 revisions. Revisions refer to annotation sets created
on different dates, and attributes were sourced from these
various revisions, successfully condensing the annotations
into attributes. Two substations were flagged as ambiguous
due to multiple definitions of distinct busbars in different
locations. Other errors, such as empty annotations and dupli-
cate components, were identified and excluded from further
processing. This exclusion did not impact the final model, as
only redundant information was discarded.

V. RESULTS AND DISCUSSION

The new automated approach to generate electrical models
of substations with the relative position of components in la-
beled aerial images shows significant time savings compared to
established manual workflow. The manual approach involves
customizing templates and placing them on the overview grid,
which takes about 10 minutes per substation. With about
4,800 substations in the German 110 kV grid, this results
in an estimated total of 800 hours of work. In contrast,

the automated method creates each component (transformers,
connection bays, busbars, splits, cross-couplings, and dummy
loads), applies a standardized naming scheme, connects the
components, and generates a graphical representation of the
substation. The processing time depends on the number of
substations and components. For example, importing and
placing 127 stations takes just 11.7 seconds. Extrapolating
this, processing the 4,800 substations of the German 110 kV
grid would require approximately eight minutes, representing
a substantial reduction from the estimated 800 hours required
for manual model generation. The automatic approach also
minimizes human error in model creation, such as errors in the
naming conventions of substation components and the risk of
overlooking components in images and failing to include them
in the model. It handles minor errors automatically and flags
significant issues for user review, although complex busbar
layouts still require manual inspection. This limitation pertains
only to errors that would make a substation semantically
incorrect. For example, in the case of sectioned busbars (see
Figure 3), the automated methods can still identify the main
busbar, which connects to a larger number of components
and generates the corresponding substation layouts. However,
due to the complexity of the design, these cases are flagged
for manual review. This affects only a small percentage of
substations (2 out of 127 in the sample dataset).

A limitation of using aerial images is that substations
located partially or entirely indoors, such as Gas Insulated
Substations (GIS), cannot be identified. While this issue was
rare in the rural test dataset, it could be significant in urban
areas like Frankfurt in Germany, where in-house substations
are more common. This limitation affects both manual and
automated workflows based on aerial imagery. Another ad-
vantage of the automated approach is the ease of maintaining
the model. As power grids evolve, due to factors such as
the integration of renewable energies and the electrification
of transport and heating, it is essential to keep grid models
up-to-date. The automated workflow allows for easy updates
of the labeling and direct modifications to the electrical model,
eliminating the need for manual component identification.

VI. CONCLUSION AND FUTURE WORK

This paper introduces a new automated method for im-
porting labeled images into electrical substation models in
Powerfactory. This approach can be used to import models into
any similar simulation environment with scripting capabilities,
such as ETAP, GridLAB-D, NEPLAN, and others. This new
method significantly reduces the time required compared to
the manual model creation. By implementing error preven-
tion mechanisms, we enhance the reliability and accuracy
of the resulting models. The method can automatically infer
most electrical substation configurations using only labeled
aerial images. Instances with uncertainty are flagged for man-
ual review, ensuring robustness and reliability. The primary
constraint is the correctness of the manually created input
dataset. As aerial imaging quality improves, this methodology
promises even greater precision and speed for power grid



modeling and analysis. Additionally, this method creates a
transparent workflow for model creation, allowing for easier
evaluation and critique by model reviewers.

We propose three key improvements to enhance the ap-
proach. First, we recommend automating the import of over-
head lines and cables using publicly available map data, such
as the ’Digitales Basis-Landschaftsmodell’ [27], to reduce
the time spent connecting substations. Second, since image
labeling is currently done manually, automating this process
could significantly speed up and improve the model’s relia-
bility. This could be accomplished by using image processing
algorithms, such as machine learning. Recent developments
in machine learning have highlighted the importance of large
training sets, for which manual labeling is already an essential
step. Finally, integrating power plants from databases like
the Marktstammdatenregister [28] and incorporating electrical
load estimates for each substation would enhance the model’s
accuracy and comprehensiveness through continuous updates.

VII. ACKNOWLEDGEMENTS

This work is funded by the Helmholtz Platform for the
Design of Robust Energy Systems and their Supply Chains
(RESUR).

REFERENCES

[1] Helmholtz Energy System Design, Helmholtz platform for the design
of robust energy systems and their supply chains (RESUR), Available:
https://www.esd.kit.edu/422.php.

[2] C. Singh, Chanan, P. Jirutitijaroen, J. Mitra, Electric Power Grid
Reliability Evaluation: Models and Methods, 978-1-119-48627-5, John
Wiley & Sons, December 2018.
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