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Abstract: Data science-based digital twin models of renewable energy system technologies developed in
a real-time data-rich environment help develop better decisions and predictions than those in the present
environment. Based on this real-time analysis of countrywide data, digital twin contributes to effective
and reduced cost-based power system control at the localised level. Developing digital twin models
from the collection of relevant data is an innovative technology. The challenge is how to leverage all the
operational data and analyse the use of data from across transmission and distribution networks to help
achieve the objectives. This paper presents an overview of the existing applications of digital twins in
power systems.
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1. Introduction

The energy system of the future is a work in progress to address the deregulation of electricity markets,
and the deployment of wide and distributed energy resources [1]. At the same time, as announced by
the United Nations Department of Economic and Social Affairs, affordable and clean energy has been
announced as one of the 17 Sustainable Development Goals (SDGs) for an urgent call for action [2].
In addition, the New Zealand government has made a target for the electricity system to be completely
renewable by the year 2050. How the power system eventually forms, such as the business models, the key
players, and its architecture and how it works will be dependent on the impacts of the outcomes of trends,
forces, regulations, and strategic actions by some of the diverse players in energy trading.

The digitalisation of the traditional generation plan and transmission has been proposed. The future
power system will be so complex because of the multiple forces affecting various system levels, especially
the Distribution Network Level. They are thousands of local distribution areas operated by distribution
operators (suppliers) on top of the consumers, etc. Thus, it appears not too different, but the power flows
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are no longer just one way from the bulk power system to the consumer end. In fact, the power flow will be
extremely complicated to trace because it can be from one consumer to the other, consumer to the grid, grid
to consumer, and some of them will be mobile/random due to the charging/discharging of electric vehicles.
A major part of decision-making in the power industry has been the usage of highly technical power system
models. The evolving research around digital twin models has also been a highly technical model that
some of our industrial sectors use. However, a data science-based digital twin is a unique phenomenon, and
a new trend in energy systems is starting to emerge right now.

These types of renewable energy resources, such as solar, photovoltaic (PV), and Wind Turbine
Generation, depend on nature and its factors, including wind speed and direction, temperature, solar
irradiation, and humidity. Therefore, the outputs are stochastic in nature. This necessitates using new
data science-inspired real-time solutions to co-develop digital twins of large intermittent renewable plants
alongside energy utilities, whose services could be delivered globally. Also, as indicated in [3], the natural
and sometimes unpredictable factors that affect renewable energy sources make combining different types
of renewable energy sources important. This increase the complexity of the energy efficiency of renewable
energy.

In addition, in some other areas, such as offshore power systems, the new and driving concept of smart
cities puts higher emphasis on having more on close monitoring and supervision of power systems at
different levels of generation, storage and distribution. Data Science techniques to manage big data in
real-time will ideally fit this stream. Online monitoring of the system’s behaviour, performance, and status
would also require addressing the system’s efficiencies [1]. This requires an innovative system control
that is not achievable solely based on traditional systems. Integrated Systems Modelling methods and
concepts are needed to study self-organisation, complexity, emergent properties, and dynamical behaviour
of complex systems for their holistic understanding, management, and development based primarily on
Neural networks, Fuzzy and soft systems/Fuzzy Cognitive Maps, network modelling, and Mathematics.
Other Advanced applications in computational early detection of mastitis and Computer-Based Decision
Support Systems for complex systems are also needed. Due to the scale of the network and the amount of
data that needs to be digitised, new techniques in data mining and AI approaches are needed to analyse and
predict the behaviour of the complex system.

This paper presents an overview of the increased number of developments in applying digital twins to
various parts of industries, especially in electrical power utilities.

2. Literature Review

Michael Grieves informally introduced the concept of digital twins (DT) in 2002 [4]. Since then,
many definitions have been addressed, and through them, we can briefly define a digital twin as a digital
replica of a physical system or an object, which is constantly evolving through connecting to the physical
system [5, 6]. A well-designed digital twin creates real-time digital models which can diagnose the true
value of heterogeneous data by integrating sensors, artificial intelligence, cloud computing, and machine
learning [7]. DT applications can be divided into three main applications of conceptualization, comparison,
and collaboration [8]. Since the emergence of DTs, they have been used in various industries, and their
application can be divided into six primary areas [3] - see Figure 1:

• Manufacturing (consists of goods production activities).
• Services (general services activities, such as IT, energy systems, laboratories, etc.).
• Logistics (consist of activities which are related to logistics, such as material handling, routing, etc.).
• Healthcare (health operations activities, such as clinics, hospitals, etc.).
• Construction (civil construction related activities).
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Figure 1. Digital Twin Primary Areas.

• Others.

In the power systems, based on the available models and methods, the digital twin technology can
be integrated with the power system for different purposes, including optimisation design of the power
grid, the simulation of power grid faults, virtual power plants, intelligent equipment monitoring, and other
services [9]. However, in this paper, more specifically, the authors mostly imply the following aims of
using digital twins [10]:

• Load balancing.
• Power management.
• Fault identification.
• Demand forecasting.
• Cyber security.
• Power monitoring system (PMS).
• Others.

In the following, some of the applications of digital twins in the power systems sections will be briefly
explained.

2.1. Load balancing

In [11], a tree-shaped chained multi-hop digital twin algorithm (TUCM) is proposed to balance the
network energy consumption and promote the network load. In this study, the nonuniform clustering
method is applied to solve the problem. Since clustering methods play important roles in this kind of
problem, applying other clustering methods may lead to better results. A dynamic load balancing method is
proposed in [12]. In this study, the Hungarian algorithm is applied to solve the maximum matching of the
bipartite graph, and to complete the match of the weighted bipartite graph Kuhn-Munkres algorithm is used.
Because, in some cases Hungarian algorithm cannot find complete match results, using other algorithms
leads to better results.

2.2. Power management

In [13], a multi-layer digital twin approach is introduced to reduce energy demands peak by shifting
loads. In this study, an Internet of Things (IoT) smart gateway is used to collect hourly data on all
appliances’ consumption. But improving the time (for instance, collecting data every 30 minutes instead
of 1 hour) will provide better results. Authors in [14] created the digital twin of a micro-grid to make an
energy storage system optimal charging/discharging schedule. In the proposed framework, some supervised
learning techniques such as MARS and decision trees are used to minimize electricity bills. To improve
this research’s results in the future, researchers can change predictors or each model’s parameters. In [15],
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a new control system is proposed for renewable energy complexes that create digital twins of equipment.
In this method, researchers used an algorithm to select a combination of renewable energy resources to
increase energy efficiency.

2.3. Fault identification

Using renewable energy resources, especially offshore wind energy, is increasing. Therefore, some
technical challenges related to frequency and voltage stability are rose. To reduce these challenges, authors
in [16] proposed Direct Voltage Control (DVC). This method is tested for the three-phase line-to-ground
fault, which is one of the most severe dynamic conditions in the network. Despite all the satisfactory results
of the proposed method, this research has some gaps. For instance, it is not implemented for single-phase
faults and is not expanded to large-scale offshore networks (equal to or greater than 2GW). A new DT-based
method of fault diagnosis in photo voltaic (PV) systems such as building-integrated PV (BIPV) and rooftop
is proposed in [17]. In this study, DT is developed to predict the measurable characteristic outputs of
PV energy conversion unit (PVECU) through mathematical modelling. Unfortunately, it is not using a
data-based approach. However, in [18], a new data-driven procedure is proposed to obtain the DT of a
system. This method is based on the study of time series and the application of deep learning techniques to
detect anomalies in the system. To remotely diagnose and investigate an ultrahigh-voltage converter station,
authors in [19] proposed an IoT-based method named “Pavatar.” This station converts direct current (DC) to
alternating current (AC) of clean energy such as wind, and Pavatar predicts the system errors and diagnoses
faults. Results show that in Pavatar, data sampling faces the problem of category imbalance. Therefore,
using other learning techniques may lead to better results.

2.4. Demand forecasting

In [20], an ordinary differential equation, which is a novel class of deep neural network (DNN), is
applied to solve the residential load demand forecasting problem. Despite an acceptable prediction accuracy
level, this method suffers from high uncertainty in data attributes. Furthermore, this method is restricted to
just analysing short-term load forecasting for residential household demands ranging from several minutes
up to a few hours in the future. Solving this problem would be a promising idea for next studies. An energy
management tool based on DT is proposed in [21]. This tool used machine learning modules to coordinate
and control the interconnected energy assets in the system. In this paper, just local forecasting of the
generations or demands is done. To fill this research gap, authors in [22] proposed a machine learning-based
method to solve the integrated energy system scheduling problem with multiple uncertainties. In this study,
a day-ahead scheduling method based on digital twins is used. Furthermore, a deep neural network method
is proposed. This method is trained by learning from both historical forecasting errors and day-ahead
forecasts to make a statistically day-ahead cost-saving schedule.

2.5. Cyber security

As information communication technologies (ICT) have been embedded in power systems, the risk
of cyber security threats on power systems has grown substantially. These cyber-threats can attach to
economic dispatch, power system state estimation, or power control systems, as indicated by [23]. To
address this issue, in [24], an internet of things (IoT)- based digital twin of the cyber-physical system is
proposed to ensure that the control system is operating properly. The DT does this by interacting with
the control system and applying a control theory named Luenberger Observer (LO). This proposed DT is
able to mitigate the coordinated false data injection and the denial of service (DoS) attacks. Although the
results are acceptable, a fusion of a machine learning method such as deep learning and LO will improve
the speed, accuracy, and predictability of attacks.
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2.6. Power monitoring system (PMS)

In a wind turbine, because of gradual degradation, the gearbox being prone to failure. In [25], a digital
twin method is proposed to monitor this component. In this paper, a vibration sensor is used to determine
the occurrence of a fault. Similarly, in [26], a DT framework is suggested to predict the remaining useful
life (RUL) of an offshore wind turbine power. The suggested framework has the potential to decrease the
operational and maintenance cost of wind turbines. Additionally, the proposed DT framework could be
used as a comprehensive platform for optimum predictive maintenance strategy with the potential of an
accurate damage and RUL prediction for fixed and floating offshore wind turbines. In [27], a new approach
is presented to monitor and operate all wind farms in parallel. This method integrates technical and business
data into one single digital twin implemented via augmented reality (AR). In [28], a method based on
creating a digital twin of a power transformer is proposed. This approach is used to manage the health of
transformer equipment but, voltage, current and power monitoring in real-time are not considered. Hence,
authors in [1] created the digital twin of the medium voltage (MV) sides of distribution transformers (T/F).
In this study, measurements of the low voltage (LV) sides are used to monitor the waveforms of the MV
sides. Therefore, voltage and current are monitored in real-time, and as a result, T/F power is calculated.
However, the proposed digital twin fails to calculate the phase and magnitude of phase voltages of the MV
side. Authors in [29] used digital twins to monitor the residual life of floating wind turbines’ components,
specifically the drivetrain main shaft. To do this, the authors applied the torsional dynamic model, but it
seems that it is not applicable to other components, and researchers need to apply more detailed torsional
models.

2.7. Others

In [30], the authors study the potential of digital twins in the power systems sector and discuss the
importance and challenges of applying digital twins in power systems. DTs provide some benefits which
motivate engineers to apply them to offshore wind turbines. Some of these pros are system behaviour
prediction, rough environment simulations, less downtime, less maintenance cost, and improvement in the
lifespan of systems, among others. All the mentioned benefits decrease expenses [31]. The accessibility
of offshore wind turbines is challenging and needs to be approached in specific weather windows [32].
Furthermore, compared to the past, offshore wind turbine farm locations are further away from land,
growing larger and more expensive. Therefore, decentralizing maintenance programs for offshore wind
turbines is more critical than for the onshore wind turbines [33]. A new digital twin-based method for
offshore structures is proposed in [34]. The digital twin is applied in this framework to update the structural
reliability and quantify uncertainties. A probabilistic method using digital twin is presented in [35] to
update the structural reliability of offshore wind turbine structures. By using digital twin information,
the uncertainties related to the load modeling parameters in fatigue damage accumulation and structural
dynamics can be quantified and updated. In [26], a new physics-based method is proposed to predict the
remaining useful life (RUL) and damage accumulation of offshore wind turbine power converters. This
method is successfully implemented on fixed and floating offshore wind turbine converters. However, the
authors did not consider the boundary conditions related to the floating platform.

A new assessment procedure for distributed renewable energy resources (DRESs) impact at local and
global levels is proposed in [36]. This method is based on using the power-hardware-in-the-loop (PHIL)
technique, and the global level, via the integration of PHIL to the digital twin on the grid in real-time (RT)
simulation. The DTs of the inverter model are built in [37] using the neural network (NN). NN-based
identifier is used to replicate the dynamic behavior of the targeted control loop of the inverter.

To reduce the difference between the software-in-loop (SIL) and its actual controller, researchers in [38]
used the concept of DT. In this study, SIL and hardware-in-loop (HIL) are integrated, and a new DT-based
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adaptive controller is introduced. Authors in [39] proposed a method to develop a medium voltage cable
model to prevent failures caused by thermal stress in wind turbines. This model is created based on the
combination of a real-time interpolation algorithm and a dynamic thermal model of an MV cable. A new
method is proposed in [40] to develop a data-driven DT in the context of electrical energy generation.
In this study, DT is used to provide the possibility of developing control algorithms that increase the
efficiency, safety, and reliability of control objects. Authors in [41] provided a review paper about the
frequent operational failures in wind turbines and their subsystems. This paper discusses technologies such
as the internet of things and artificial intelligence that can be applied for monitoring wind turbines. In
[42], a review of DTs application in smart energy grids is presented. Authors review the DT applications
in the following domains: fault and security diagnosis, energy asset modeling, operational optimisation,
and business models. Researchers in [43] developed a data-driven model to predict NOx emissions of
power plants using informative operation data, which were selected by genetic algorithm. In [41], a hybrid
modelling method based on operation data and first-principle mechanisms is proposed for the performance
monitoring of control stage systems. In [44], authors proposed a new method based on digital twins to
address the regularity difficulties problem in an electrical power system. Hence, this new management
system supervises the substation more effectively. In [19], a digital twin framework is used for power flow
monitoring by applying random matrix theory and deep learning.

3. Conclusion

The paper has presented a perspective on how the digital twin is becoming increasingly popular to be
applied to overcome many complex problems in power systems. Today’s power systems are very complex
and dynamic due to the high penetration of renewable energy sources (RESs), Electric Vehicles, Energy
Storage systems, Fast Charging Stations, etc. As a result, the amount of data and information is huge.
Therefore, one needs to be aware that the technical risk we may face in delivering excellent research is the
availability of a high-speed network. This can be managed by collaborating with the relevant party with
access to an advanced network that allows high-speed network communications of data; otherwise, it is
necessary to develop an alternative for doing it without a high-speed network platform.

Disclosure statement: The authors declare no conflict of interest.
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