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Abstract—As electrical systems become increasingly complex
with the integration of new electronic loads and variable renew-
able energy sources (VRES), modern tools are essential for their
effective management and operation. This paper discusses an
initial step toward the complete implementation of a digital twin
for the Dutch electrical power grid: the development of a real-
time digital model. This model represents the Randstad region’s
electrical grid, which has recently been enhanced by substantial
offshore wind power installations, including Hollandse Kust Zuid
and Hollandse Kust Noord.
The Real-Time Electromagnetic Transient (EMT) model de-
scribed in this study enables the assessment of the impacts
of offshore wind integration on network stability and power
quality. Network elements have been modeled using RSCAD and
implemented within the Real-Time Digital Simulator (RTDS).
Detailed simulations are conducted to evaluate the grid’s capacity
to handle the active and reactive power influx from the offshore
wind farms. This study highlights the critical role of precise
modeling in ensuring the reliability and efficiency of wind power
integration into the national grid.

Index Terms—Digital model, digital twin, power system, power
system dynamics, power flow, offshore wind farms, real-time,
EMT model.

I. INTRODUCTION

The fast evolution of electrical power systems, fueled by

technological advances and the shift toward sustainable energy,

presents challenges in grid management. As variable renew-

able energy sources (VRES) such as offshore wind farms in-

creasingly integrate into national grids, advanced management

tools are necessary to maintain reliability and stability [1].

In recent years, various models have been developed to

simulate the Dutch electrical network, such as [2], which

employs offline simulations. However, these models do not

offer real-time analysis capabilities, limiting their use for

dynamic system monitoring and control. Offline models, while

useful for planning and scenario analysis, are insufficient when

immediate system response is necessary.

Digital twins have emerged as a pivotal solution in this

landscape. They enable real-time monitoring, simulation, and

analytical processes that provide essential insights, facilitating

informed decision-making and necessary operational modifica-

tions [3]–[5]. Power system operators are strongly considering

the use cases of these tools in operation, stability control, and

cybersecurity management [6].

To make this exchange of information in real time, the

digital models shall also be real-time. Furthermore, if the

digital representation will be used for stability analyses, an

Electromagnetic Transient (EMT) model is required.

This study aims to create an EMT digital model of an electrical

grid that includes the Randstad region of the Netherlands. As

a critical hub within the Netherlands, the Randstad region

has seen significant enhancements to its grid infrastructure,

which is gradually transitioning towards VRES to reduce

carbon emissions. The recent integration of the Hollandse Kust

Zuid and Hollandse Kust Noord offshore wind farms marks a

significant step forward in this regard [7].

The remainder of the paper is organized as follows. Sec-

tion II analyzes available digital representations for physical

systems. Section III delves into the methodology to select

and configure the different components and interconnections.

Section IV outlines the simulation results using the Real-Time

Digital Simulator (RTDS). Section V evaluates the results and

provides insight into the effectiveness of the proposed model.

Finally, Section VI describes future research and developments

required to achieve a complete digital twin of the electrical

system of the Netherlands.

II. REAL-TIME DIGITAL MODELS: STEPPING STONES TO

DIGITAL TWINS IN POWER SYSTEMS

As mentioned in [8], differentiating between various digital

representations of physical systems is crucial to avoid miscon-

ceptions. The current literature offers multiple classification

methods for these representations, but the classification based

on the nature of data interaction between the digital and

physical counterparts is particularly compelling.

This approach includes three central digital representations

with characteristics detailed below.

• Digital model – A digital version of a physical object.

In power system engineering and research, these models

are utilized for simulations that can be real-time or non-

real-time, supporting studies, planning, and optimization

tasks.
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Fig. 1. Schematic representation of the digital twin of a power system and its interactions.

• Digital shadow – A digital representation that maintains a

one-way data flow from the physical object to the digital

counterpart. Updates in the physical object’s state are

automatically reflected in the digital shadow, enabling it

to perform all tasks achievable by digital models, with

the added capability of updated data usage for enhanced

monitoring and operational management. Models within

the shadow should be real-time or updated as rapidly as

necessary for their intended tasks.

• Digital twin – This representation features a bidirectional

automatic data flow, ensuring that any changes in one

are immediately mirrored in the other. Digital twins

support all functions of models and shadows and are

particularly valuable for control operations and advanced

system studies, with enhanced real-time responses and in-

depth analysis. Models within digital twins should also

be real-time or nearly real-time, depending on their task

requirements.

A critical factor to consider in digital representations is

the step time used by the digital models within the core

of the replicas. Some applications, such as transient stability

analysis, require smaller time steps due to their sensitivity to

rapid changes. In contrast, other studies, like long-term system

planning, may tolerate longer step times. A practical replica

only requires a data exchange rate that matches the demands

of the specific problem being addressed.

Fig. 1 depicts a scheme of the interactions between a digital

twin and its physical counterpart. As observed, a digital twin

can be modeled as the combination of a digital shadow and

the necessary infrastructure to process output data and man-

age outgoing communications towards the physical system.

Similarly, a digital shadow can be considered a combination

of a real-time digital model and the required infrastructure

to process input data and manage incoming communications

from the physical power system.

Based on this layered building, it is easy to understand how

the progression from models to shadows to twins represents

an evolutionary path in how data and simulations are used to

enhance understanding, monitoring, and management of power

system operations.

III. REAL-TIME EMT DIGITAL MODEL DEVELOPMENT IN

RSCAD

A. Real-Time Simulation Performance

This study conducted real-time simulations using three

NovaCor racks within the RTDS system at Delft University

of Technology. The model operates continuously in real-time,

with a consistent simulation time step of 50µs for the main

network and a time step ranging from 1.4µs to 2.5µs for

high-frequency components. The system demonstrated stable

performance throughout, maintaining real-time operation with-

out latency or delays.

The NovaCor racks efficiently managed the computational

demands of the simulation, ensuring accurate and reliable

real-time performance. This stability is essential for detailed

analysis and control in complex scenarios, such as integrating

offshore wind power into the Dutch EHV network.

B. Randstad’s EHV Grid

The first step in building the extra-high-voltage (EHV)

transmission network corresponding to the Randstad region

was establishing its corresponding topology. Publicly available

data from [9] was utilized. The transmission lines and power

transformer parameters were sourced from previous research

conducted at Delft University of Technology, as referenced

in [10]. Additional grid data was obtained from other public

data sources such as [11], an independent website focusing on

the high-voltage grid in the Netherlands and Belgium. Fig. 2

shows the Randstad electrical grid and the offshore wind farms

considered for the model.
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Fig. 2. Randstad region’s electrical network. Adapted from [9], [12].

C. Power and Control Connections of a Wind Turbine in

RSCAD

Wind farms’ power outputs were supported by data from

the Netherlands Enterprise Agency (RVO) [7]. The synthetic

models of the wind turbine and power converter used in the

RSCAD EMT simulation were developed for the MIGRATE

project [13]. This model includes a 6-MW type-4 wind turbine

and its power electronic converters. The model is scaled up

to 700 MW, to match the power output of Hollandse Kust

(noord), Hollandse Kust (zuid) Alpha, and Hollandse Kust

(zuid) Beta wind farms. Fig. 3 illustrates the components of

the wind farm model, comprising:

• Small dt Block (6 MVA): This smaller time-step block

contains a permanent magnet synchronous machine

(PMSM), voltage source converters (VSC), and the DC

link between the converters.

• Grid VSC Controls: This hierarchy box manages the

controls for the grid-side converter.

• PMSM VSC Controls: This hierarchy box governs the

machine-side converter.

• Wind turbine and measuring devices: A hierarchy box

that includes measuring devices and functional blocks to

simulate the dynamic behavior of the wind turbine.

Each component will be examined in further detail in the

subsequent sections.

D. Small Time-Step Block ( Small dt Block)

Simulations run in the Real Time Digital Simulator (RTDS)

via RSCAD require high-power processing to achieve real-

time performance. To optimize processing demands, RSCAD

allows the adjustment of simulation step times based on the

specific requirements of different components. A dedicated

step-time of 50µs is established for the main network op-

erations to balance performance and computational load.

However, power electronics components involve complexities

requiring a finer time resolution for accurate simulation. The

small time-step block addresses this by allowing a reduced

step-time, ranging from 1.4µs to 2.5µs, thereby ensuring

Fig. 3. Power and control connections of a wind farm in RSCAD.

numerical stability.

Fig. 4 shows the configuration within this block. It includes

a PMSM connected through a three-level voltage source

converter to a DC link. The other end of the DC link

is connected with another three-level converter linked to a

transformer, which acts as the interface between the small step-

time subnetwork (small dt block) and the main network.

This section also hosts triangular wave generators and firing

pulse generators for the operation of the three-level converters.

These components utilize a comparison method where sinu-

soidal waves, generated from either the grid side or the PMSM,

are compared with a triangular signal. This comparison gen-

erates the necessary logic to trigger accurately the converter

valves.

E. Grid VSC Controls

This hierarchy box contains the controls of the machine-

side VSC, which also allows the wind turbine to recover after

a fault occurs. A synchronous reference frame control or dq-

control is used to provide adequate inputs to the controllers.

A phase-locked loop (PLL) will set the q-axis to zero. Then,

this block’s output angle will be used to calculate the dq

components via the Park transformation. This transformation

will be performed for the grid voltages as well as for the

currents.

The PLL outputs are also used to create the shape of the

triangular wave and its rate, which, in this case, is 19 times

higher than the power system frequency.

Direct- and quadrature-voltage components are converted to

the abc frame. Then, they are used to build the sinusoidal

waves to compare with the triangular wave and give the firing

logic for the valves on the grid side of the three-level converter.

F. Permanent Magnet Synchronous Machine (PMSM) VSC

Controls

On the machine side, the currents that need to be controlled

are the stator currents. As illustrated in Fig. 5, these currents

are transformed into the dq reference frame using the rotor

angle in the Park transformation. After transformation, the
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Fig. 4. Small time-step block (small dt block).

direct current id is compared with the machine speed and then

introduced into the current controller. iq is then compared to a

reference current derived from a proportional-integrative (PI)

controller within the maximum power point tracking (MPPT)

module, optimizing power generation across varying wind

speeds.

The adjusted current is fed into the current controller,

whose output comprises voltages in the dq reference frame.

Subsequently, these voltages are converted to the abc reference

frame to generate sinusoidal waves. These waves are then

compared with a triangular wave to establish the firing logic

for the valves on the synchronous machine side.

G. Wind Turbine and Measuring Devices

This hierarchy box encompasses the aerodynamic model of

the wind turbine, as depicted in Fig. 6. Central to this model is

the power coefficient (Cp) vs. tip-speed ratio (λ) curve, which

illustrates how efficiently the turbine converts wind kinetic

energy into electrical power across different blade speeds.

Additionally, the model integrates a control mechanism for

adjusting the pitch angle, which is regulated by a slider that

modifies the PMSM speed to optimize the turbine’s response

to changing wind conditions.

H. Equivalent Models of Neighbouring Networks

Since only the electrical network of the Randstad region is

under study, connections to neighboring networks are modeled

based on their active and reactive power flow extraction. These

equivalents are depicted using dynamic load blocks with active

and reactive power consumption equal to the corresponding

power flow through the network interconnection.

IV. SIMULATION RESULTS USING THE REAL TIME

DIGITAL SIMULATOR (RTDS)

A. Signal Selection

To effectively test the system’s behavior, the following

signals were selected:

1) Active power from three generators connected at Sub-

station 6.

2) Active and reactive power from the Hollandse Kust

Noord and Zuid wind farms.

3) Active power of the BritNed DC link.

B. Steady-State Simulation

Fig. 7 illustrates the active power response of the generators

connected to Substation 6. The generators reach a steady state

within 6 seconds.

Figure 8 depicts the response of the wind farms and the

BritNed DC connection. The three wind farms achieve a

steady-state power output of 700 MW approximately 15 sec-

onds after initialization. The reactive power of these farms

remains stable at around zero, indicating no significant fluc-

tuations. Additionally, the BritNed DC connection attains its

nominal active power in about 6 seconds and maintains it

throughout the simulation.

C. Behavior under Three-Phase Short-Circuit Fault

The system resilience was tested by introducing a 150ms

three-phase short-circuit fault at the main busbar of Sub-

station 1, near the connection point of Hollandse Kust No-

ord. Exceptional settings were used as an exercise to see

how unprecedented oscillations could theoretically be caused.

Hence, duration of this disturbance is longer than typical

real-world clearance times and it was chosen to assess the

system dynamics under unprecedented challenging conditions.

Figure 9 shows the active power of the generators, which

oscillates after the fault but stabilizes once the fault is cleared.

In practice, faster fault clearance would likely result in less

pronounced oscillations.

Figure 10 illustrates the performance of the northern wind

farm. During the fault, there is a noticeable drop in active

power, which stabilizes post-fault. Reactive power is employed

during the fault to support voltage levels and returns to zero

after the fault is cleared. The fault did not significantly affect

the southern wind farms, which maintained a steady-state

active power of 700 MW. Therefore, to see the response of

these wind farms, a second place was chosen to apply the

fault.

The second fault was applied at Substation 6’s main busbar

to evaluate the Hollandse Kust Zuid connection. As seen

in Figure 11, the wind farms’ active and reactive power

show significant oscillations, which do not stabilize. In reality,

coordinated control between synchronous generators and wind

farms and faster protection schemes would mitigate such

issues.
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Fig. 5. PMSM current controller.

Fig. 6. Wind turbine aerodynamic model

Fig. 7. Power output of generators connected to Substation 6 during normal
start-up to reach steady-state in RSCAD.

V. CONCLUSIONS

This study overviews the initial development and

implementation of a real-time EMT synthetic digital

model designed for the Randstad region of the Dutch EHV

network. Exceptional settings were used as an exercise to see

how unprecedented conditions (e.g., excitation of oscillatory

phenomenon) could theoretically be caused. Numerical results

show the feasibility of evaluating the impact (i.e., steady-sate

Fig. 8. Power output of Hollandse Kust wind farms (1-Alpha and 2-Beta)
and BritNed during normal start-up to reach steady-state in RSCAD.

and dynamic system performances) of topological changes,

e.g. integration of offshore wind power plants.

VI. FUTURE RESEARCH AND DEVELOPMENT

A primary challenge is addressing the computational com-

plexity of a larger network size (e.g., additional renewable

sources). Testing the model with real-world data is another

important step. Developing a user-friendly interface will en-

hance practical applications by enabling real-time monitoring

and control.

The digital model can be enhanced with real-time incoming

communications from the physical system. and outgoing com-

munication capabilities to enable closed loop control.
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Fig. 9. Behavior of generators connected to Substation 6. Short-circuit fault.

Fig. 10. Behaviour of Hollandse Kust Noord wind farm. Short-circuit fault.
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