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sy Abstract

SDU Center for Energy Digital twin technologies have become popular in wind energy for monitoring and
Informatics, Maersk Mc-Kinney what-if scenario investigation. However, developing a digital representation of the
gﬂfog‘ﬁ;:;;:th:’nLi:ai\fSity wind is challenging, especially due to the digital twin platform constraints. Game
5230 Odense, Denmark engines might be possible to solve this issue, especially since game engines have

been used for product design, testing, prototyping, and also digital twins. Therefore,
this study investigates the potential of developing a digital twin of wind power in the
Unreal game engine. A case study of two types of wind turbines (Vestas V164-8 and
Enercon E-126 7.580) and one location (Esbjerg, Denmark) is chosen for this study.
The digital twin includes the environment with historical wind data and the visual
representation of the wind turbine with a wind power production model and the
estimated production in the given wind conditions of the area. The results show that
game engines are viable for building entire digital twins where a realistic graphical user
interface is required. Unreal Engine 5 provides the tools for modelling the landscape,
surrounding water, and lighting. In addition, the Unreal Engine ecosystem provides
vast amounts of content, such as 3D assets and game logic plugins, easing the digital
twin development. The results prove that digital twins built in Unreal Engine 5 have
great potential development of digital twins and user interfaces for communicating
with a digital twin. The developed digital twin allows for further extension to benefit
future digital twins utilizing wind turbines.

Keywords: Digital twin, Wind energy, Game engine, Unreal Engine, Simulation

Introduction

Increasing the implementation of renewable energy resources in the energy systems
is critical for reaching the global and local climate goals (Christensen et al. 2019). For
instance, the European Union has decided that the capacity of offshore wind energy is
to be expanded to 300 GW before 2050 (Larsen 2022). To reach this goal, much more
and better wind turbines are required. Wind turbine technologies have been developed
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comprehensively in recent years, and there is a great implementation of wind turbines,
especially in Denmark and China. However, there are still many challenges to the mas-
sive adoption of wind turbines. For instance, noise and natural life disturbance due to
wind turbines, climate change-related natural disasters’ impacts on wind power produc-
tion (Ma et al. 20194, b). Therefore, pre-investigation, analysis, and planning are essen-
tial for the success of the implementation, especially in the selection of wind turbine
sites (Ma et al. 2017).

Usually, onsite inspections are conducted before the installation of wind turbines.
However, onsite inspection only can collect static information. Even with historical data,
onsite investigation is not good enough to ensure the success of the wind turbine imple-
mentation. Therefore, modelling and simulations of wind turbines and wind farms have
been well developed to conduct what-if scenario investigation and testing. Lately, digi-
tal twin technologies have become popular in wind energy. Different types of simula-
tions have been used popularly in the energy sector, e.g., discrete event simulations (Ma
et al. 2020) and agent based simulations (Veerbak et al. 2019). A digital twin supports
the connection to the real-world environment and allows for real-time visualization and
estimated energy production. However, simulations do not include this integration, but
simulations are sually used for the prediction capabilities in digital twins.

The applications of digital twin technology in wind energy in the literature mainly
focus on the wind turbine, e.g., the blade (Fahim et al. 2022), or wind farms (Ospina-
Bohoérquez et al. 2022), with the main purposes of monitoring (Moghadam and Nejad
2022) or maintenance (Moghadam et al. 2021). However, there are challenges in the
development and implementation of most applications. For instance, the developed
digital twins are difficult to be integrated with other applications. There is no graphi-
cal interface where the third parties, e.g., residents and wind turbine contractors, can
understand or participate in developing the digital twins. Furthermore, the developed
digital twins only focus on the turbine or multiple turbines (farm), but the wind (envi-
ronment) is neglected. There is no doubt that wind is an important element in the digital
twins of wind energy. However, it is difficult to develop a digital representation of the
wind, especially due to the digital twin platform constraints.

In recent years, game engines have been used for product design, testing, prototyping,
marketing, and digital twins. The two top game engines in the market are Unreal and
Unity. Both Unreal and Unity have claimed their ambitions in digital twin applications.
For instance, many digital twins of industrial facilities have been developed in the Unity
engine, e.g., the digital twin of Hyundai’s actual factory (Chang-won 2022). Compara-
tively, besides industrial facilities, several digital twins of cities have been developed in
the Unreal Engine e.g., 51 World modelling Sydney harbour (51World: 51World https://
www.51vr.com.au/). There are many similarities and differences between these two game
engines, and one of the significant differences is that the Unreal Engine has a higher-
quality physical environment imitation.

Therefore, this study aims to investigate the potential of developing a digital twin of
wind power in the Unreal Engine. A digital twin prototype is developed in Unreal Engine
5 with a 3D visualization for an area where various wind turbine models can be placed.
A case study of two types of wind turbines (Vestas V164-8 and Enercon E-126 7.580) and
one location (Esbjerg, Denmark) is chosen for this study. The digital twin includes the
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environment with historical wind data and the visual representation of the wind turbine
with a wind power production model and the estimated production in the given wind
conditions of the area.

This report firstly introduces the background of digital twins, followed by the meth-
odology section. The main elements of the developed digital twin prototype for wind
energy are introduced in the wind power digital twin architecture section, followed by
the scenario design section. Furthermore, the results for each scenario are introduced in
the result section, followed by the discussion and conclusion sections.

Literature review

The digital twin is a concept which has been growing rapidly in both industry and aca-
demia in the later years (Howard et al. 2021). The first publication presenting digital
twins was by Glaessgen and Stargel from their work on NASA air force vehicles in 2012.
Their vision was a high-fidelity digital version of a cyber-physical system to enhance the
operation in the physical world. Their definition of a digital twin was: “A Digital Twin is
an integrated multiphysics, multiscale, probabilistic simulation of a ... system that uses
the best available physical models, sensor updates, ... history, etc., to mirror the life of its
corresponding ... twin” (Glaessgen and Stargel 2012). Note that the domain-specific ele-
ments are removed from the definition to improve the interpretation.

Although Glaessgen and Stargel defined a digital twin as an ultra-high-fidelity model
for simulation, there is still no univocal definition of a digital twin commonly used in
either industry or academia (Negri et al. 2020; Ors et al. 2020; Traore 2021; Worden et al.
2020). With definitions varying from a concept to technology, the term and the related
research encapsulate district implementations with no limits to what it can solve. Fur-
thermore, the lack of standardization of capabilities, terminology and structure is an
increasing problem (Bradac et al. 2019; Mostafa et al. 2021; Redeker et al. 2021). Cur-
rently, the digital twin concept encapsulates the digitization of physical systems—the
physical twin—to support goals such as real-time system insights, scenario and con-
figuration testing, and optimal automation of physical systems. Systems with these
capabilities are often complex structures, making the digital twin—which may combine
multiple—a complex structure, often with multiple pieces of distributed software work-
ing towards the common goal.

Digital twins can be categorised into digital twin instances and digital twin prototypes.
A digital twin instance (DTI) is a digital twin developed from an existing system in the
real world—the physical twin. This DTI requires large amounts of data to construct
models matching the behaviour of the physical twin. When constructed, the DTI can
provide the capability of monitoring, fault detection, scenario testing, and control of the
physical twin (Grieves et al. 2017).

The digital twin prototype (DTP) is a variation of the digital twin. A DTP is a digital
twin built before or without a physical system. The use of a DTP is to simulate the sys-
tem’s behaviour in a setting without building it, saving on development and testing costs.
When the DTP is of the desired quality, it can help construct the physical twin.

The disadvantage for digital twins is primarily the development costs and the
required knowledge. The development of digital twins is complex and often time-con-
suming (Howard et al. 2021). The complexity also increases the cost of maintenance.
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The required knowledge to develop a digital twin encapsulates the domain, modelling,
software development, and development of graphical interfaces (Grieves et al. 2017).

The literature on digital twins in the energy sector has mainly focused on elec-
tricity grids in general, e.g., (Andryushkevich et al. 2019; Steindl et al. 2020; Zhang
et al. 2021). So far, little literature on digital twins has focused on renewable energy
resources, although there are some discussions regarding digital twins for solar farms
(Zohdi 2021) and wind farms (Ospina-Bohérquez et al. 2022), the focuses are not on
the development of digital twins, but on monitoring (Moghadam and Nejad 2022) or
maintenance (Moghadam et al. 2021).

Recently, gaming technology has developed powerful abilities of sophisticated
visualization capabilities that help enhance simulations, from product prototypes to
digital twins. Multiple industries have used game engines for product design, testing,
prototyping, marketing, and digital twins’ functionality. According to Perforce Soft-
ware’s 2021 State of Automotive Software Report (Perforce 2022), 50% of respondents
from the automotive industry expressed interest in using game engines in the coming
months (Grieves et al. 2017).

Game engines have in recent years realized their potential for developing digital
twins due to the fast development of interactive and immersive visual applications.
Game engines such as Unity and Unreal Engine both allow for real-time connectivity
to the physical twin across multiple devices and platforms and have begun to brand
their engines on their capability of digital twin development. The connectivity of the
game engines allows for real-time monitoring of the physical twin in 3D, virtual real-
ity, and augmented reality while metrics can be calculated and monitored (Engine
2022; Unity: Digital Twin 2022). Unity and Unreal Engine are similar in many ways,
however, the significant difference is that the Unreal Engine has a higher-quality phys-
ical environment imitation and focuses more on the environment and world-building.
Not only industries but also academia has also applied game engines for the digital
twin development in numerous applications, e.g., (Abdallah et al. 2022; Eyre et al.
2018; Kong et al. 2020; Lee et al. 2021; Leskovsk. 2020; Negrin et al. 2021; Pereira and
Ellman 2020; Rolle et al. 2021; Shahsavari et al. 2021; Sharotry et al. 2020; Talkhestani
et al. 2019).

Methodology

The development of a digital twin of wind power was chosen to be carried out in
Unreal Engine 5 (UE5). UE5 was selected due to its physical environment imitation
and world-building capabilities allowing for the digital twin to closely imitate the real-
world area (the physical twin). For the development of the digital twin in UE5, both
Blueprints and C+ + were chosen for fast development and flexibility. Blueprints are
the built-in graphical scripting system based on nodes that allow interaction with the
game engine or extension of complex C+ + classes. For more complex implementa-
tions, C+ + was chosen as it is the default supported programming language in UE5.
UES5 Plugins were chosen as part of the setup to allow for the reusability of non-spe-
cific area components. Plugins are a collection of code, data, and visual assets which
can be added to multiple UE5 projects.
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Five steps of wind power digital twin development in unreal engine 5

To develop the digital twin of wind power in UE5, this study applies the following 5
steps: environment setup, wind turbine design, display interface design, data integration
design, and wind power production prediction design:

1. Environment setup:
Environment setup is the creation of a specific area, which aims to create a detailed
digital version of the area. The step utilises a range of the built-in world-building
tools provided by UE5. The Landscape tool was chosen to create large-scale immer-
sive terrains. Furthermore, the Water System was chosen to create rivers, lakes, and
oceans ensuring that the digital twin closely resembles the physical environment.
In addition, the Water System allows for physics interactions and fluid simulations.
Quixel was used as a 3D content library providing highly detailed assets and scans of
real-world objects to be placed in the world.

2. Wind turbine design:
The design and implementation of specific wind turbines include the functionality
and 3D assets. This step aimed to create a UE5 plugin containing 3D wind turbine
assets and their associated logical models. Firstly the wind turbine brands and mod-
els were selected. The selection was based on the environment type—onshore or off-
shore—and the data availability.
Assets that closely resemble the selected wind turbines were acquired from 3D
model brokers. The logic for the wind turbine model—rotation speeds and energy
production—was implemented in C+ + based on a designed inheritance hierarchy.
The wind turbine hierarchy design was created to ease the implementation of future
wind turbines and expand the collection of wind turbines for future projects.

3. Display interface design:
Interface design display was performed using Unreal Motion Graphics to display the
current wind speed and the energy production information of the wind turbines. The
observer design pattern was used to let the interface observe the data and receive
notifications whenever a value changes (Gamma et al. 1994).

4. Data integration design:
Data integration design aims to design the flow to and from the digital twin, includ-
ing the connection to the physical twin. The data integration was split into two parts,
import and export. The data import was designed as an event-driven systems archi-
tecture using the publish-subscribe pattern, allowing the digital twin to subscribe to
data published from the physical twin and other applications. The data export was
designed to periodically publish information from the digital twin for storage and
further analysis.
The event-driven architecture for both import and export ensures that the services
are decoupled and allows for replacement and/or addition of services. An example of
this is the use of a software application to act as the physical twin to conduct experi-
ments using predefined data. The realisation of the event-driven architecture uti-
lised the MQTT (Message Queue Telemetry Transport) protocol to transport JSON
(JavaScript object notation) formatted messages to and from the digital twin. MQTT

Page 5 of 30
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was chosen due to its wide popularity within [oT and the digital twin domain as a
lightweight publish-subscribe messaging protocol (Gppert et al. 2021; Malakuti et al.
2021; Yun et al. 2017). The messaging format’s choice of JSON is because it is light-
weight, human-readable, and easy to process (Introducing JSON www.json.org).

5. Wind power production prediction design:

Wind power production prediction design is the design of the prediction capabil-
ity provided by the digital twin to assess a specific wind turbine in the area. The input
parameters for the prediction are the specific wind turbine and wind data for the desired
prediction period. Furthermore, the interface was designed to easily select the wind tur-
bine model and input the wind data.

Data sources

To develop and verify the digital twin for wind power, the data used for wind speed in
this study is part of the Typical Meteorological Year (2005-2020) from the Photovol-
taic Geographical Information System provided by the European Commission (Com-
mission E 2022). This data set contains wind data for a typical year for a given location.
Furthermore, the data for the Danish city of Esbjerg (Lat 55.457, Long 8.526) is used in
this study, because Esbjerg is well known as a city of onshore and offshore wind farms.
The data on wind turbines are gathered through manufacturer specifications and web-
sites such as https://www.thewindpower.net, and https://en.wind-turbine-models.com/,
which provide power curves for specific models.

Wind power digital twin architecture
The wind power architecture consists of the wind power digital twin, the physical twin, and
their interaction (as shown in Fig. 1). The digital twin contains the following main elements:

+ Environment (e.g., wind, land) used for visualising the area
+ Connection to Physical Twin

+ Physical Twin

+  Wind turbine plugin

+ Wind

« Input interface

+ Prediction

Wind Power Architecture )

Wind Power Digital Twin
Wind Power Physical Twin

«Unreal Level» «Unreal Level» MaTT «Broker» marT
Prediction Environment Mosquitto
' use

u?e pTTTTTTTTeTeeeTmT use
v v

«Unreal Plugin» «Unreal Plugin»

Wind Turbine Plugin MQTT

Fig. 1 The wind power architecture
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Environment

The physical twin of wind power is a software application created as a stand-in for
the real-world environment. The environment utilises the MQTT plugin for receiv-
ing changes of state in the physical twin and publishing information for storage. It
should be noted that MQTT stands for MQ Telemetry Transport, and the protocol is
a set of rules that defines how IoT devices can publish and subscribe to data over the
Internet.

In this study, the environment is modelled to match the selected area by first creating
an empty world partition level. This creates an empty black world without lighting or a
landscape. Hereafter, the lighting and atmosphere were created using the Environment
Light Mixer. The Environment Light Mixer eases the process of creating the atmosphere
and lighting. The mixer (see Fig. 2) was used to create the sky light, atmospheric light,
sky atmosphere, volumetric clouds, and height fog resulting in a naturally lighted envi-

ronment—see Fig. 3.

u @© Env.Light Mixer

Only tmospheric lights Minimal v Create Sky Light Create Atmospheric Light 0 Create Atmospheric Light 1

Create Sky Atmosphere Create Volumetric Cloud Create Height Fog

Fig. 2 Environment Light Mixer

Fig. 3 Environment after using the Environment Light Mixer
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The landscape was created using the landscaping tool provided by Unreal Engine. The
texture for the landscape was selected using Quixel Bridge, which provided access to the
Quixel MegaScan library. The library contains assets, surfaces, etc. categorized into col-
lections such as broadleaf forest, American sidewalk, wetland, etc. For the landscape, the
surface “Beach Sand” was chosen and imported into the project, resulting in the land-
scape seen in Fig. 4. Hereafter, The water was created using the Water plugin provided
by Epic Games—see Fig. 5.

Fig. 4 Environment after creating landscape

Fig.5 Environment after creating the water
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After the environment was created, the wind turbines from the wind turbine plugin
could be placed—see Figs. 6 and 7.

Fig. 6 Screenshot of the environment from the front

r

Fig. 8 Initialize connection to MQTT broker
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Connection to physical twin

The MQTT connection to the physical twin was implemented in Blueprints using the
MQTT Utilities Plugin developed by Nineva Studios (Studios N 2022). The implemen-
tation was placed in the Environment level blueprint. This allowed the environment to
connect and receive the state of the physical twin. Figure 8 shows the blueprint imple-
mentation of the connection to the MQTT broker. First, an MQTT client is created
based on an MQTT client configuration containing the host, port and the ID of the
client application. Hereafter, the message handler is defined. The message handler is
set to the function “HandleMessage” where the MQTT message is passed as an argu-
ment (See Fig. 9). After the message handler is configured the client connects to the
broker. Lastly, the client is set to subscribe to the topic used by the physical twin to
publish its state.

When a message is received from the broker, the function “Handle Message” is
executed. The function breaks the message object to examine the topic of the mes-
sage. Based on the topic, the message is processed accordingly. Figure 9 shows that
the topic “wind” triggers the function “Wind Speed Received” followed by “Print
Message’, whereas messages from other topics only are processed by “Print Message”.

© Wind Speed Received
Handle Message E* Switch on String

» ssS - Wind P — D »

Mgtt Message Selection Target | self
= & Default B o (el
= Break MqttM

Mqtt Mes: Addpin @

Message

Retain & Print Message
Qos O
»
Target [self)

Message

Fig. 9 HandleMessage implementation

Wit
F Get All Actors with interface (EEEICT
» » — P Exec Loop Body » D
Interface Out Actors Amay  Array Element Target
Array Index O» @ New Wind Speed

Completed B @ Altitude
[ Notify Wind Observers

»
New Wind Speed @

Altitude @

5@ © Wind Speed Changed

[GiForEach toop
» P — PExc Loop Body »

o Get All Widgets with Interface
Interface Found Widgets Aray  Armay Element Target
Array Index O ® New Wind Speed

Top Level Only Completed D> Altitude [0,0]

S N N
New Wind Speed @

Fig. 10 Notify Wind Observers
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The “Wind Speed Received” function extracts the wind speed from the MQTT message
object and calls the “Notify Wind Observers” function seen in Fig. 10. The function uti-
lizes the observer pattern by finding all Actors and Widgets in the world implementing the
WindSpeedObserver interface and notifying them of the new wind speed and altitude.

Physical twin

To simplify the creation of the digital twin, the physical twin was mocked using a python appli-
cation allowing the user to notify the digital twin with new wind speeds via MQTT. The python
script connects to the MQTT broker and publishes the wind speed before disconnecting again.

Wind turbine plugin

The wind turbine plugin is a UE5 plugin which enables the use of the wind turbine
implementations in multiple projects. The plugin consists of visual models and their
associated wind turbine implementations.

Wind Turbine Plugin )

<<Interface>>
IWindturbine

+ EnergyProduced(windSpeed float): float
+ IsWithinOperationalWindSpeed(windSpeed float): bool
+ RotationPerSecond(windSpeed, float): float

A

el AbstractWindTurbine El Vestas V164-8

+ name: string

+ survivalWindSpeed: float
+ cutinWindSpeed: float

+ cutOutWindSpeed: float
+ ratedPower: float

+ maxRotationsPrMinute: float <t
+ rotorDiameter: float
+ maxTipSpeed: float
+ blsRotationClockwise: bool = Enercon E126-7
+ tipSpeedRatio: float
+ hubHeight: float

Fig. 11 The wind turbine class hierarchy
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The implementations of the wind turbines were designed to allow for fast future addi-
tions of new wind turbines to the plugin. The class hierarchy in Fig. 11 shows the wind
turbine interface. This interface allows the components in the Planning Application that
only require the functionality of the wind turbine to depend on a generalised type, allow-
ing for reusability in the application.

The abstract implementation expands this by having fields for the wind turbine specs.
Like the interface, the abstract class allows for reusability when working with the wind
turbine plugin by ensuring that each wind turbine implementation contains the required
specs to function in the environment. The abstract class also implement the two meth-
ods IsWithinOperational-Speed and RotationPerSecond dictated by the interface. This
allows the concrete implementations to use or override the implementations. If imple-
mentations in the abstract class are used, the concrete applications only need to define
the specs via the fields and implement the EnergyProduced method.

The wind turbine hierarchy was implemented in C++. The implementation of
IWindTubine- see Listing 1—defined the functions. Unreal Engine generated the inter-
face template inheriting from Ulnterface. The template was extended with the three
functions. Each function is annotated with UFUNCTION to let UE interpret the func-
tions. Furthermore, the tag BlueprintCallable allows blueprints to call the function,
while BlueprintNativeEvent allows blueprints to implement the function.

Listing 1. IWindturbine implementation

UINTERFACE(MinimalAPI, Blueprintable)
class UWindTurbineInterface : public UInterface

{
GENERATED_BODY ()

s

class TURBINE_ 2 API IWindTurbineInterface

{
GENERATED_BODY ()

public:

UFUNCTION(BlueprintCallable, BlueprintNativeEvent)
float EnergyProduced(float WindSpeed);

UFUNCTION(BlueprintCallable, BlueprintNativeEvent)
bool IsWithinOperationalSpeed(float WindSpeed);

UFUNCTION(BlueprintCallable, BlueprintNativeEvent)

float RotationPerSecond(float WindSpeed);
}s
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The implementation of the AbstractWindTurbine class was annotated with the tags
Abstract and Blueprintable—see Listing 2. Abstract defines that the class can not be
initialized during runtime. Blueprintable allows for blueprint implementations of the
class. The AbstractWindTurbine implements the IWindturbine interface. Furthermore,
the class inherits from the UActorComponent class provided by UE. By inheriting from
UActorComponent, the wind turbine implementations can be used as logic components
by actors in the environment.

Listing 2. AbstractWindTurbine class declaration

UCLASS(Abstract, Blueprintable, ClassGroup=(Custom),
meta=(BlueprintSpawnableComponent) )

class TURBINE_2_API UAbstractWindTurbine : public UActorComponent, public
IWindTurbineInterface

{

The AbstractWindTurbine class defined the properties of a wind turbine. This was
implemented as floating point variables on the class with the UPROPERTY annotation—
see Listing 3.

Listing 3. AbstractWindTurbine property

UPROPERTY(blueprintreadOnly, EditAnywhere)
float rotorDiameter;

In addition to the properties, the abstract class implemented the functions IsWithin-
OperationalSpeed and RotationPerSecond. The implementation of the functions in the
abstract class allowed for the reuse of the implementations for all wind turbines inher-
iting the abstract class. The functions were implemented firstly in the header file—see
Listing 4—and thereafter in the C+ +file. The header file defined that the functions had
to be implemented by the abstract class. In addition, the EnergyProduced function had
to be implemented to throw an error if not extended due to how inheritance is imple-
mented in UE.
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Listing 4. AbstractWindTurbine header file

UFUNCTION(BlueprintCallable, BlueprintNativeEvent)
bool IsWithinOperationalSpeed(float WindSpeed);
virtual bool IsWithinOperationalSpeed Implementation(float WindSpeed) override;

UFUNCTION(BlueprintCallable, BlueprintNativeEvent)
float RotationPerSecond(float WindSpeed);
virtual float RotationPerSecond_Implementation(float WindSpeed) override;

UFUNCTION(BlueprintCallable, BlueprintNativeEvent)

float EnergyProduced (float WindSpeed);

virtual float EnergyProduced_Implementation(float WindSpeed) override {
check(0 & & "Must be overridden");

return 0;

3

The C+ +file contained the implementations for the two functions — see Listing 5.
The function IsWithinOperationalSpeed checks if the wind speed is within the opera-
tional speed and returns a Boolean based on the check. The function RotationPerSecond
calculates the number of rotations of the wind turbine rotor based on the wind speed.
First, the tip speed in m/s is calculated based on the wind speed and the tip speed ratio
of the wind turbine. The speed is ensured that it can not be greater than the max tip
speed. Hereafter the rotor circumference is calculated in meters. The two values are
thereafter used to calculate the number of rotations per second.

Listing 5. AbstractWindTurbine function implementations

bool UAbstractWindTurbine::IsWithinOperationalSpeed_Implementation(float WindSpeed)

{
return (cutInWindSpeed <= WindSpeed && cutOutWindSpeed >= WindSpeed) ? true : false;

float UAbstractWindTurbine::RotationPerSecond_Implementation(float WindSpeed)

{
float tipSpeed = tipSpeedRatio * WindSpeed;
tipSpeed = std::min(tipSpeed, maxTipSpeed);

float rotorCircumference = rotorDiameter * PI;

return tipSpeed / rotorCircumference;

The AbstractWindTurbine is implemented by the classes VestasV164 and Ener-
conE126. The implementation of a wind turbine shown here is based on the Ves-
tas V164. Listing 6 shows that the properties from the abstract class are initialized
with the wind turbine specifications. In addition to the properties, the EnergyPro-
duced function is implemented accordingly to the power curve found for the specific
model.
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Listing 6. Vestas V164 implementation

UVestasV164_8::UVestasV164_8()

{

survivalWindSpeed = 50.0f;
cutInWindSpeed = 4.0;
cutOutWindSpeed = 25.0f;
ratedPower = 8000.0f;
maxRotationsPrMinute = 12.1f;
rotorDiameter = 164.0f;
maxTipSpeed = 104.0f;
bIsRotationClockwise = true;
tipSpeedRatio = 5.0f;

float UVestasV164_8::EnergyProduced_Implementation(float windSpeed)

{

float powerProduction = ©.0f;

if (windSpeed < cutInWindSpeed || cutOutWindSpeed < windSpeed) {
powerProduction = @.0f;
}
else if (cutInWindSpeed <= windSpeed && windSpeed < 5) {
powerProduction = 549.9999999999999 * windSpeed - 2099.9999999999995;
}
else if (5 <= windSpeed && windSpeed < 6) {
powerProduction = 499.99999999999983 * windSpeed + -1849.999999999999;
}
else if (6 <= windSpeed && windSpeed < 7) {
powerProduction = 699.9999999999998 * windSpeed + -3049.999999999998;
}
else if (7 <= windSpeed && windSpeed < 8) {
powerProduction = 1049.9999999999998 * windSpeed + -5499.999999999998;
}
else if (8 <= windSpeed && windSpeed < 9) {
powerProduction = 1249.9999999999998 * windSpeed + -7099.999999999998;
}
else if (9 <= windSpeed && windSpeed < 10) {
powerProduction = 1449.9999999999998 * windSpeed + -8899.999999999998;
}

else if (10 <= windSpeed && windSpeed < 11) {

powerProduction = 1499.999999999999 * windSpeed + -9399.99999999999;
}
else if (11 <= windSpeed && windSpeed < 12) {

powerProduction = 699.9999999999998 * windSpeed + -599.9999999999973;
}
else if (12 <= windSpeed && windSpeed < 13) {

powerProduction = 199.99999999999994 * windSpeed + 5400.000000000001;
}
else if (13 <= windSpeed) {

powerProduction = ratedPower;
}

else {

throw std::invalid_argument("Power production could not be calculated for provided

wind speed.");

¥

return powerProduction;

Page 15 of 30
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Wind

The built-in wind system in Unreal Engine only affects foliage objects. Therefore the
wind turbine was not affected. To solve the problem, the wind was stored in an invis-
ible object in the environment and the wind turbines could receive the current wind
speed from this object. Due to the difference in the height of the wind turbines, the
wind speed is adjusted to the height of the wind turbine hub using the wind profile
power law. Equation 1 shows the rearranged wind profile power law, where u is the
wind speed at height z and u, is the known wind speed at height z,. Lastly, the expo-
nent a is the coefficient of the stability in the atmosphere (Touma 1977).

—(2)

Equation 1. Wind profile power law.

The adjustment of the wind speed was performed by each of the observers imple-
menting the WindSpeedObserver interface. This allows each wind turbine model to
adjust the new wind speed to the height of the hub. To allow for code reuse, a blue-
print function library was created. The library contained an implementation of the
rearranged wind power law—see Fig. 12.

Input interface
The interface for receiving and sending messages was based on MQT'T topics and the
messages were formatted as JSON strings. Listing 7 is an example of a message sent
from the physical twin containing the latest wind speed. The JSON object contains
the following:

+  timestamp—int64—Unix timestamp of when the message is sent.
o wind_speed—float—Wind speed in meters per second.
+ altitude—int32—The altitude of the wind speed reading in meters.

Listing 7. Example of JSON object sent from the physical twin

{
"timestamp": 1657175353000,
"wind_speed": 5.2,
"altitude": 10

}

Addpin ®

Fig. 12 Implementation of wind profile power law
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Prediction
The prediction mechanism in the digital twin was implemented as a series of functions
in a blueprint function library able to calculate:

+ Number of hours where the wind turbine produces energy
+ Max wind speed the wind turbine experiences

+ Number of hours at rated energy production

+ Hourly production

+ The total amount of energy produced for a period

All functions take an object of the abstract wind turbine, a list of hourly wind speeds,
and the altitude of the measured wind speeds as input.

The number of hours with production was implemented as seen in Fig. 13. When the
function is called the list of wind speed values is converted to the altitude of the wind
turbine hub using the wind profile power law. The new wind speeds are iterated, check-
ing if the value is within the cut-in and cut-out values of the wind turbine. If the check is
true, an integer variable is incremented. When the list has been iterated, the variable is
returned as the number of hours with production.

The function for finding the highest wind speed the wind turbine experiences was
implemented as seen in Fig. 14. When the function is called, the wind speeds are con-
verted to match the height of the wind turbine hub. Hereafter, the largest value is found
and returned.

The function for calculating the hours where the wind turbine is at its rated produc-
tion was implemented as seen in Fig. 15. When the function is called, the wind speeds
are converted to match the height of the wind turbine hub. Hereafter, the wind speeds
are iterated and used to calculate the power output from the wind turbine. If the pro-
duced power is equal to the rated power of the wind turbine, an integer variable is incre-
mented. When the array has been iterated, the integer variable is returned.

The function for calculating the hourly production for a wind turbine was imple-
mented as seen in Fig. 16. First, the wind speeds are converted to the height of the
wind turbine hub. The wind speeds are thereafter looped and used to calculate the
production using the power curve of the wind turbine. The production value is added
to an array which is returned when the loop is completed.

O T Rage TPy

Return Value

Fig. 13 Calculate the number of hours with production
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The function for calculating the total production for a wind turbine was imple-
mented as seen in Fig. 17. The function uses the Hourly Production function
described above. The sum of the array is thereafter found and returned.

Digital twin scenario design

To verify the designed digital twin of wind power, six scenarios are designed in this
study. The five scenarios are tested under various conditions to showcase the response
of the digital twin. Furthermore, a scenario with real-world data is designed to vali-

date the developed digital twin of wind power.
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Scenario 1—if there is no wind

+ Description: If there is no wind, how do the selected brands and selected models
of wind turbines react, and how much wind power produced

+ Purpose: To examine how the different wind turbines react to an environment
containing no wind.

+ Expected result: It is expected that all models produce no energy. Furthermore, it

is expected that the wind turbine will not rotate.

Scenario 2—if the wind is in the normal range

+ Description: If the wind is in the normal range, how do the selected brands and
selected models of wind turbines react, and how much wind power produced

+ DPurpose: To examine how the different wind turbines react to an environment
with a wind speed within normal operational wind speeds.

+ Expected result: It is expected that the wind speed affects the wind turbines
based on the height of the wind turbine hub. Wind turbines with a higher hub
are expected to experience a higher wind speed. Furthermore, wind turbines are
expected to have a fixed energy production according to their power curves. The

wind turbines are expected to be rotating.

Page 19 of 30
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Scenario 3—if the wind is out of the normal range

+ Description: If the wind is out of the normal range, how do the selected brands and
selected models of wind turbines react, and how much wind power produced

+ DPurpose: To examine how wind turbines react to an environment with a wind speed
that is out of normal range.

+ Expected result: It is expected that all the models produce no energy. Furthermore, it
is expected that the wind turbine will not rotate.

Scenario 4—if the wind is increasing

+ Description: If the wind is increasing, whether and how the selected brands and
selected models of wind turbines change the reaction, whether and how the wind
power production changes

+ Purpose: To examine how the wind turbines react to increasing wind speeds.

+ Expected result: The wind turbines will begin energy production, and the rotor will
rotate when the wind speed meets the cut-in speed of the specific model. The energy
production will thereafter increase together with the wind speed. When the wind
speed becomes greater than the cut-out wind speed of each wind turbine, the energy
production and rotation are expected to stop.

Scenario 5—if the wind is decreasing

+ Description: If the wind is decreasing, whether and how the selected brands and
selected models of wind turbines change the reaction, whether and how the wind
power production changes

+ Purpose: To examine how the wind turbines react to decreasing wind speeds.

+ Expected result: The wind turbines will begin energy production, and the rotor will
rotate when the wind speed decreases to the cut-out speed of the specific model. The
energy production will thereafter decrease together with the wind speed. When the
wind speed becomes less than the cut-in wind speed of each wind turbine, the energy
production and rotation are expected to stop.

Scenario 6—Wind turbine performance with real-world data

+ Description: If the wind speed is based on real-world data, how the selected wind
turbine models react, and how much electricity is produced by the selected wind tur-
bine models

+ Purpose: To examine how the wind turbines perform with the given inputs measured
at a physical site.

+ Expected result: It is expected that the selected wind turbines will produce electricity
according to Eq. 1 and the read-world wind data input. It is expected that the differ-
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ent wind turbine models will perform differently based on the hub height, cut-in and
-out speeds, and their power curves according to the specification.

Case study
This section presents the case study performed in this study, containing the descrip-
tion of the environment, and the wind turbine models used.

Represented wind environment

The represented wind environment is an open space outside Esbjerg’s Danish coastal
city. The city of Esbjerg is chosen because the wind speeds in the surrounding area are
suitable for wind turbines. Figure 18 shows the wind speeds for the location in Octo-
ber 2020. The data is from the Typical Meteorological Year, with data collected from
2005 until 2020. Note that the atmospheric stability (alpha) is defined as neutral for
all scenarios, having a value of 1/7.

Wind turbine models

The wind turbines used for the case study were chosen based on the availability of
specifications and power curves. The selected wind turbines are the Vestas V164-8.0
and the Enercon E126-7.58 which provides similar energy outputs. The specifica-
tion for both wind turbines can be seen in Table 1. The V164-8 made by Vestas is a
taller wind turbine with a rated power of 420 watts higher than the E126. However,
the E126 has a broader range of operable wind speeds. It should be noted that the
survival wind speed for the Enercon E126 could not be found. Therefore, the value is
estimated to be 40 m/s for the remainder of the study.

Results

This research conducts six scenarios, the first scenario is for the verification testing and
the last is for the validation testing of the developed digital twin of wind power. The veri-
fication testing results prove that the developed digital twin of wind power can perform

Wind speed

12

101

Wind speed at 10 meters [m/s]

2020-10-01 2020-10-05 2020-10-09 2020-10-13 2020-10-17 2020-10-21 2020-10-25 2020-10-29 2020-11-01
Time

Fig. 18 The wind speeds in October 2020, Esbjerg, Denmark
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Table 1 Two wind turbine models used in the case study (wind-turbine-models: Vestas V164-8.0
2022; wind-turbine-models: Enercon 2022)

Model Unit Vestas V164-8.0 Enercon
E126-
7.58
Survival wind speed [m/s] 50 (~40)
Cut-in wind speed [m/s] 4 3
Cut-out wind speed [m/s] 25 34
Rated power [33] 8000 7580
Max rotations per minute [rpm] 12.1 12.1
Rotor diameter [m] 164 127
Max tip speed [m/s] 104 80
Rotation clockwise [bool] True True
Tip speed ratio -] 5 5
Hub height [m] 150 135

according to the design and the validation testing results show that the developed digital

twin can facilitate the investigation of wind turbine planning and deployment.

Scenario 1—if there is no wind

Scenario 1 investigates how the selected brands and selected models of wind turbines

react, and how much wind power is produced if there is no wind. The input data for

scenario 1 is sent from a mocked version of the physical twin. The input message can be

seen in Listing 9. The message contains the wind speed of 0 m per second measured at

10 m. The resulting output from the wind turbines can be seen in Table 2 and Fig. 19. The

results show that both turbines have an output of 0 kW, matching the expected result.

Table 2 Scenario 1T wind turbine results

Wind turbine model Vestas V164-8.0 Enercon
E126-
7.58

Electricity production 0 kw 0 kw

Experienced wind speed 0m/s om/s

Wind speed (10 m): 0.0 m/s

Vestas V164-8: 0.0 kW
Enercon E126-7: 0.0 kW

Fig. 19 Screenshot of the output at Scenario 1
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Listing 9. Scenario 1 input

{
"timestamp": 1657611557000,
"wind_speed": 0.0,
"altitude": 10

}

Scenario 2—if the wind is in the normal range

Scenario 2 investigates how the selected brands and selected models of wind turbines
react, and how much wind power is produced if the wind is in the normal range. The
input data for scenario 2 is sent from a mocked version of the physical twin. The input
message can be seen in Listing 10. The message contains the wind speed of 5 m per
second measured at 10 m.

The resulting output from the wind turbines can be seen in Table 3 and Fig. 20. The
results show that both turbines are producing energy. The Vestas wind turbine experi-
ences a higher wind speed (7.3617 m/s) and produces more electricity (2.229.87 kW)
compared to the Enercon wind turbine (which experiences a wind speed of 7.2518 m/s
and produces 1413.67 kW electricity) due to its hub being at a higher altitude.

Table 3 Scenario 2 wind turbine results

Wind turbine model Vestas V164-8.0 Enercon E126-7.58
Electricity production 2229.87 kW 1413.67 kW
Wind speed at hub 7.3617 m/s 72518 m/s

Wind speed (10 m): 5.0 m/s

Vestas V164-8: 2229.87 kW
Enercon E126-7: 1413.67 kW

Fig. 20 Screenshot of the output at Scenario 2
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Listing 10. Scenario 2 input

{
"timestamp": 1657611557000,
"wind_speed": 5.0,
"altitude": 10

}

Scenario 3—if the wind is out of the normal range

Scenario 3 investigates how the selected brands and selected models of wind turbines
react, and how much wind power is produced if the wind is out of the normal range.
The input data for scenario 2 is sent from a mocked version of the physical twin. The
input message can be seen in Listing 11. The message contains the wind speed of 5 m per
second measured at 10 m. The resulting output from the wind turbines can be seen in
Table 4 and Fig. 21. The results show that both turbines are not producing energy due to
the wind speed not being operational

Table 4 Scenario 3 wind turbine results

Wind turbine model Vestas V164-8.0 Enercon E126-7.58
Electricity production 0.0 kW 0.0 kw
Wind speed at hub 2.9447 m/s 2.9007 m/s

Wind speed (10 m): 2.0 m/s
Vestas V164-8: 0.0 kW

Enercon E126-7: 0.0 kW

Fig. 21 Screenshot of the output at Scenario 3
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Listing 11. Scenario 3 input

{
"timestamp": 1657611557000,
"wind_speed": 2.0,
"altitude": 10

}

Scenario 4—if the wind is increasing
Scenario 4 investigates whether and how the selected brands and selected models of
wind turbines change the reaction, and whether and how the wind power production
changes if the wind is increasing. The input for scenario 4 was a series of incremental
changes to the wind speed at 10 m from 0 to 30 m/s.

The results of Scenario 4 can be seen in Fig. 22. The figure shows that both wind tur-
bines start their energy production when the wind speed matches their cut-in wind
speed. Likewise, the production stops when their cut-out speeds are met.

Scenario 5—if the wind is decreasing

Scenario 5 investigates whether and how the selected brands and selected models of
wind turbines change the reaction, and whether and how the wind power production
changes if the wind is decreasing. The input for scenario 5 was a series of changes to the
wind speed at 10 m from 30 to 0 m/s.

The results from scenario 5 can be seen in Fig. 23. The figure shows that both wind
turbines start their energy production when the wind speed is below their cut-out wind
speed. The results show that the production from the wind turbines decreases as the
wind speed decrease.

Scenario 6—the performance overview of the wind turbines

The electricity production by the two wind turbine models (Vestas V164 and Enercon
E126). During the whole testing period (from 1 to 31st October 2020) is shown in Fig. 24
and summarized in Table 5.

Wind turbine production
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Fig. 22 Scenario 4 results
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Fig. 23 Scenario 5 results
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Fig. 24 The performance overview of the wind turbines in October 2020, Esbjerg, Denmark

Table 5 Summary of the performance overview of the wind turbines in October 2020, Esbjerg,

Denmark

Wind turbine model Vestas V164 Enercon E126
Total electricity production 2,410,838.142 kWh 1,641,128.283 kWh
Hours for production 89.7% 96.8%

Hours at rated production 5.0% 0.3%

The max wind speed experienced at hub height 18272 m/s 17.999 m/s

The results show that, although Enercon E126 has produced more hours (96.8% of the
time) in the period compared to Vestas V164 (89.7% of the time), Vestas V164 has pro-
duced more electricity (around 2.4 GWh) than Enercon E126 (around 1.64 GWh). Fur-
thermore, the results for hours at rated production show that the hours that Vestas V164
(around 5.0%) has its peak production is more than Enercon E126 (around 0.3%).

Moreover, the results of the max wind speed at hub height that the two wind turbines
were exposed to do not exceed either of their survival speeds. The Vestas V164 was
exposed to a maximum wind speed of 18.272 m/s, while the Enercon E126 experienced
a maximum wind speed of 17.999 m/s. Based on the results in scenario 6, it can be con-
cluded that the wind turbine of Vestas V164 has a better overall performance than Ener-
con E126.
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Discussion

The developed digital twin of wind power in this study is created with two purposes:
monitoring the environment and predicting energy production from placed wind tur-
bines either in real-time or for a given period. The monitoring provided by the digital
twin for wind power enabled easy assessment of the physical environment via the user
interface of the digital twin, allowing the user to place wind turbines in the environ-
ment and assess the visual impact and the potential production of the wind turbine. The
prediction interface allowed the user to estimate total production from a wind turbine
and test if the conditions in the area matched its specification. The results show that the
developed digital twin for wind power can perform the assigned purposes.

Unreal Engine 5 is selected in this study for the digital twin development due to its
promised functions of high-quality physical environment imitation and world-building
capabilities and tools for realistic lighting, water, physics, etc. The results prove that
Unreal Engine 5 is useable for developing entire digital twins, e.g., wind power.

The user interface development in the Unreal Engine for the digital twin development
is beneficial, due to built-in world-building, lighting, atmosphere, and water tools. In
addition, the vast amounts of content available via 3D model brokers and the Unreal
Marketplace allowed for world-building without having to build these artefacts.

The Unreal Engine provides the options of Blueprint Scripting and C+ + for the logic
implementation. This allows developers to implement the logic closely to the visual logic
and components. It should be noted that Blueprint Scripting is highly capable for the
development of digital twins, but can be tedious and cumbersome in branching logic.

The benefit of developing a digital twin in the Unreal Engine is the plugin system,
allowing for the distribution and integration of logic, assets, and tools. These plugins are
reusable and speed up the development of future similar projects. With game engines
becoming a more popular tool, it is estimated that more plugins will appear in the future
to support more complex projects for digital twins.

Conclusion

This study examines the benefits of utilizing game engines for digital twin development.
A digital twin prototype for wind power in Unreal Engine 5 is developed to investigate
wind power planning and deployment potentials. A wind environment outside the city
of Esbjerg, Denmark, is chosen to showcase the visual impact of the wind turbine, esti-
mate the electricity production based on the wind conditions in the area, and assist in
the selection of the wind turbine best fitting to the area.

The results show that the visualization function of the Unreal Engine can showcase
various wind turbines in the environment and provide estimated energy production of
the wind turbines based on the wind in the area. Furthermore, the realistic visualization
of the area using the built-in weather systems in Unreal Engine 5 allows a third party,
e.g., a wind turbine producer, to place specific models of wind turbines to assess the uti-
lization of an area, optimize their position, estimate production, and assess whether the
wind turbines disturb the surroundings in the developed digital twin.

Moreover, digital twins built in Unreal Engine 5 have great potential for communi-
cating and showcasing different scenarios of wind turbines in an area with its visual
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capabilities. The digital twin also allows for further extension in the future to include
monitoring of wind turbine energy production, connection to the electricity grid, and
more. Furthermore, the developed digital twin can facilitate users to investigate and plan
wind power in chosen areas by estimating the electricity production and analysing the
utilisation using historical data.

Overall, the use of a game engine can benefit the digital twin development by pro-
viding tools for environment modelling with a high degree of realistic visuals. How-
ever, it can be complicated to integrate models and third-party code into unreal
applications, if not already existing as an Unreal plugin. This can, however, be miti-
gated by utilizing Unreal Engine as the user interface for distributed digital twins.

This study mainly focuses on investigating the potential of developing a digital
twin of wind power in the Unreal Engine. Two types of wind turbines (Vestas V164-8
and Enercon E-126 7.580) and one location (Esbjerg, Denmark) are chosen for the
verification and validation testing due to the data availability. Therefore, future work
should consider investigating more types of advanced wind turbine models to more
accurately predict their behaviour in the environment. Furthermore, this study
mainly focuses on the modelling of the wind turbines and environment. The environ-
ment might be different between on-shore and off-shore wind energy. Therefore, an
invesigtation of the off-shore environment is recommended in the future work.

Abbreviations

DTl Digital twin instance

DTP Digital twin prototype

KW Kilowatt

GW Gigawatt

MQTT Message Queue Telemetry Transport
JSON JavaScript object notation

loT Internet of things
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