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Abstract

As the penetration of wind turbine generators (WTG) and other inverter-based resources increase in the system, offline elec-
tromagnetic transient simulations (EMT) using black-box user-defined controls are becoming widely available and used in the
industry for stability and grid compliance studies. Nonetheless, there are certain challenges when using offline EMT models for
tasks that involve large system simulation, testing of protection and control devices (i.e., protection relays), or interoperability
analysis of different OEMs and other equipment such as HVDC, STATCOM, etc, mainly posed by simulation time. In this sense,
real-time EMT simulations are emerging as important solutions for such challenges, where traditionally, hardware-in-the-loop
(HiL) is used, incorporating control and protection hardware and, more recently, real-time software-in-the-loop (RTSiL). This
paper gives an overview of RTSiL, illustrating different alternative development approaches of real-time SiL. models. The paper
starts by defining the domain of applicability of offline EMT models, real-time SiL, and HiL, highlighting the importance and
differences between each method. It then proceeds to explain the different methodologies available for black-boxing controls
and simulating SiL in different real-time simulators and the advantages and disadvantages of different methods. The paper shows
results for the implementation of the real-source code of Type IV offshore wind turbines and power plant control (PPC) in both
offline and online platforms, utilizing PSCAD and the SiL solutions from Real-Time Digital Simulator (RTDS) with GTSOC.
The paper ends by discussing important differences between offline and online and the fact that RTSiL, as a new technology, still
needs more maturation and verification.

In this paper, the experiences and results of RTSiL develop-
ment in RTDS are shown. The paper starts by clearly defining
the region of applicability of real-time SiL. models. It further
addresses and highlights the importance of offline EMT mod-
els and why offline EMT models shall still be considered the

1 Introduction

The penetration of large-scale wind power plants (WPPs) and
other inverter-based resources (IBRs) is expected to grow
significantly in the coming decades, leading to increased com-

plexity in power system design and operation. In light of these
challenges, Real-time Simulation (RTS), especially with the
use of hardware-in-the-loop (HiL), has become increasingly
important in recent decades. The need for thorough verification
of control, protection, and communication features has grown
across various power system sectors [1]. HiL testing has been
popular for verifying the functionality of control systems, but
software-in-the-loop (SiL) testing is emerging as a viable alter-
native. SiL testing involves embedding the control system’s
software in the loop with the real-time simulator instead of
using the actual physical proprietary control hardware. While
HiL testing has the advantage of testing the control system’s
hardware and software together, SiL. testing has benefits in
terms of requiring very little to no extra hardware apart from
the real-time simulator itself. Therefore, developing and scal-
ing up large-scale real-time simulation environments becomes

simpler and more flexible, as the setups can be quickly adapted.

primary source for studies in grid compliance and stability,
especially for plant-level studies. It then proceeds to explain
the different methodologies available for black-boxing controls
in different real-time simulators. Results are also shown for the
implementation of the real-source code of industrial large-scale
Type IV WTGs and power plant control. The SiL solutions
from Real-Time Digital Simulator (RTDS) with GTSOC are
benchmarked in the paper with PSCAD.

The rest of the paper is divided as follows. An overview of
different aspects of model validation is presented in Section 2.
Section 3 presents the model development, the test cases used,
and the code generation process for the different platforms.
The benchmarking between the offline and online platforms is
shown in Section 4. The main contributions of this paper are
summarized as follows:



1. OEM perspective on the applicability and relevance of
Real-Time SiL.

2. Definition of currently available methodologies for
applying Real-Time SiL.

3. Benchmarking results between offline and online plat-
forms, utilizing PSCAD and RTDS.

2 Overview of Simulation and Testing
Strategies

In this section, an overview of simulation and testing strategies
online is given. The focus is given to control HiL and SiL. Dif-
ferent types of SiL are further described, and finally, an OEM
point of view on the applicability of this strategy is also given.

2.1 Types and Terminologies of Real-Time EMT Simulation
Systems

Across different guidelines and standards, it is common to see
various terminologies for testing in real-time systems. Different
types of hardware and software can be coupled to a real-time
simulator, and acronyms such as cHiL (control & protection
HiL), mHiL (mechanical HiL), pHiL (power HiL), and more
recently SiLL (software-in-the-loop) are used to identify what
is included in the system [2]. Different standards also deal
with such terminologies in different contexts. For testing and
certification of WTGs, the recently released "IEC DTS 61400-
21-4: Wind turbine components and subsystems" [3] defines
testing procedures and classifications for acceptance of differ-
ent test benches. Moreover, on the WPP level, the upcoming
standard "IEC TS 61400-21-5: Configuration, functional spec-
ification, and validation of hardware-in-the-loop test bench for
wind power plants" [4] is intended to establish consistent spec-
ifications for control-hardware-in-the-loop test benches used to
test the reliability and compatibility of large wind power plants
connecting to AC or DC grids.

Particularly for grid compliance, stability, and interoperabil-
ity testing purposes of WPPs in connection with large systems,
cHiL or SiL are the main types used with real-time simulators.
Figure (1) is a high-level representation of the different choices
one can make for RTS when it comes to SiL and cHiL. In the
first part, the entire system is represented, and CHiL is shown.
Additionally, one can connect the power plant controller in
real-time systems either in HiL or SiL. The "grid" modeling
can comprise different electrical simulated parts as well as
other hardware representing control & protection systems from
HVDC, STATCOM, BESS, etc.

2.2 Types of SiL

In the context of SiL, the terminology can be applied to both
offline (e.g., PSCAD, EMTP, etc.) and real-time systems. The
meaning of the concept is that one or more pieces of soft-
ware are running in the loop with the simulation tool, where
each determined time-step the tool calls the software and
executes the logic, regardless if offline or real-time. On this
topic, guidelines from ENTSO-E for HVDC control interfaces
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Fig. 1 Different Types of Software-/Hardware-in-the-loop
Real-Time Simulation Test Benches. [2].

were presented back in 2020 [5], and some experiences were
reported in 2022 [6].

For offline applications, the most common implementation
of source code is the use of dynamic libraries. In the con-
text of Windows-based operating systems, .dlls interface source
code with simulation software such as PSCAD, EMTP, Power-
Factory, etc. Recently approved CIGRE and IEEE JWG IN°
B4.82/IEEE working group on "Guidelines for Use of Real-
Code in EMT Models for HVDC, FACTS and Inverter based
generators in Power Systems Analysis" defined a standardized
interface for dynamic libraries.

A .dll is a collection of small programs that larger pro-
grams can load when needed to complete specific tasks. The
.dll file contains instructions that help the larger program han-
dle what may not be a core function of the original program.
However, due to the limitations of DLLs with Windows™ pro-
prietary software, other solutions may be required for real-time
software integration.

In this context, three emerging ways of implementing source
code and running it in real-time are currently implemented in
the industry. The first is using external hardware (HW), which
is not the actual control HW, where an example is the GTSOC
by RTDS [7]. The second method is using an external com-
puter with an operating system capable of running .dlls, where
an example of that is the use of .dlls in the interval zero program
[8]. Finally, another option is to implement real code directly in
the RTS hardware. Several sub-options are currently available,
ranging from compiling/running code directly from Matlab
Simulink, compiling code in dynamic libraries for Linux, using
static libraries (.a), etc. [9, 10].

Authorized licensed use limited to: Technical University of Denmark DTU Library. Downloaded on September 11,2025 at 08:50:52 UTC from IEEE Xplore. Restrictions apply.
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2.3 Applications of Real-Time SiL

Besides the types and implementation options for Real-Time
Software-in-the-Loop (RTSiL), it is also crucial to define its
possible applications. When comparing SiL, it is important to
define the two sides that SiL comprises. On the one hand, real-
time SiL is similar to offline tools such as PSCAD, as it only
uses the software. In this paper, the exact same software is uti-
lized in the offline EMT tool PSCAD. On the other hand, unlike
offline software tools, it is a solution that can run in real-time
and be interfaced with hardware from other equipment. There-
fore, real-time SiL can offer new applications to the industry,
such as:

+ Interoperability with several devices for stability and
grid compliance analysis: One of the primary areas
of application for RTSiL is to assess interoperability
between different equipment in a scenario where control
interactions are expected to occur. Since HVDC sys-
tems are primarily tested in large HiL setups [11], it
is envisioned that SiLL for wind turbines can be a good
complementary solution for carrying out studies on such
systems. An example of that is the European Union
(EU) Horizon Europe project InterOPERA [12], which is
focused on facilitating interoperability of multi-vendor,
multi-terminal HVDC grids that link large-scale offshore
wind power plants to the DC grid.

+ Evaluation of Protection Relays with Integration of
Wind Power Plants and other IBRs: The protection
challenges for systems with high penetration of wind
and other inverter-based resources are an emerging topic.
Traditionally, protection relays are tested in real-time
environments where the protection HWs are connected
in the loop with the simulator. In such systems, includ-
ing RTSIL solutions from WTGs and other IBRs would
enrich and ensure more accurate testing and parametriza-
tion of such devices.

+ Large-Scale EMT Simulation of Large-Systems: This
use case is emerging in some grids as a potential way
to simulate large systems in real-time or quasi-real-time

[13]. In this sense, RTSiL can be incorporated into the
simulation for more accurate responses from WPPs.

* Speeding up simulation: RTSiL. can speed up verifica-
tion in the early studies of a new WPP, contrasting with
offline EMT models. Particularly for studies with power
plant controllers (PPCs) where long simulation times
are necessary (on a scale of tens of seconds), real-time
simulation can facilitate testing and debugging.

+ Operational training: is becoming more and more
essential for complex systems with high shares of con-
verters. Certain transmission system operators (TSOs)
and plant operators are investing in real-time simulation
tools not only for performing studies but also for aiding
in the training of operators, often using the same inter-
face of the real control room. In this context, RTSiL of
WTGs and PPCs can be incorporated into such real-time
simulators and can offer more flexibility while keeping a
reduced size footprint.

+ Lifetime Assessment and Continuous Model Valida-
tion: These test benches can enhance grid compliance
assessments throughout the plant’s lifetime. Simulations
can be performed faster, accounting for updates in the
software version and parameters. Additionally, these test
benches allow for the use of Digital Twin technologies.
Offline EMT models, as shown by [14], can accurately
replicate real events on WPPs. Real-time simulation and
data feeding to actual hardware and high-fidelity EMT
models enable systems for real-time model validation,
opening avenues for new applications like real-time sta-
bility evaluation, prediction of possible failures, and
optimization of operation, among many other use cases.

» Evaluation Plant Controllers and other Energy Man-
agement System HW: Often, the HW of energy man-
agement systems (EMS) and other higher-level plant
controllers are tested in real-time to ensure proper HW
design. In this context, SiL. of WTG and PPC controllers
can aid the development of such HW as the responses
will be more accurate than using generic models.

Nonetheless, with all the applications mentioned below, it
is also important to highlight that RTSiL is not a one-to-one
match with HiL. Apart from using, in most cases, the actual
source control source code, SiLL presents differences. When
considering HW dependencies such as delays, sampling, and
filtering, among others, assumptions are often incorporated in
SiL, which may yield minor differences in the response. It is
important to, therefore, understand such differences and, most
importantly, understand the region of applicability of SiL. and
HiL.

2.4 Differences between cHiL, RTSiL, and offline tools

As EMT models and real-time simulations are increasingly
used in the industry, questions constantly arise about the appli-
cability of these different tools. On one side, there are offline
EMT models that do not run in real-time but contain the actual
source code in the form of .dlls. On the other side, there are
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cHiL simulations where the actual hardware (such as con-
trol and/or protection) is simulated in the loop, providing high
fidelity in terms of converter control and its hardware depen-
dencies, including filtering, delay, etc. Nonetheless, through-
out the last decade, the wind industry has developed quite a
large experience with offline EMT model validation against
full-scale field prototype WTGs [14, 15]. Therefore for most
applications, offline models are accurate representations of the
actual behavior.

RTSIL shall not be directly compared to any of these two
tools. It should be treated as a tool for serving slightly differ-
ent needs and is comparable to the equivalent offline model,
except that it operates in real-time. This may result in minor
differences in how the model operates due to real-time con-
straints. Since offline tools do not run in real-time, RTSiL may
be an interesting solution, especially when studying interop-
erability between a wide range of equipment, including other
IBR vendors and protection & control equipment. Furthermore,
RTSIL is not the same as a cHiL simulation setup because it
does not include the actual control hardware. Setups with cHiLL
are generally robust and applicable for most applications, but
using hardware may present limitations in terms of scalability
and flexibility when implementing solutions for larger systems
with multiple wind turbines and different vendors. Therefore,
a new avenue for RTSiL. opens up where new use cases can be
explored. However, it is essential to understand the limitations
and qualities of a simulation tool/test bench so that the choice
can be made accordingly.

3 Model Definitions

This section includes model definitions and detailed descrip-
tions for code generation.

3.1 OEM Defined WTG and PPC models

The EMT models utilized in this paper are developed in
PSCAD and RTDS. Both models are identical in terms of
electrical equipment, control algorithm, and simulation time-
step. To satisfy requirements for higher simulation time-step,
the Type IV WTG converter system is developed as voltage
source model without a PWM, where the modulation sig-
nals are directly connected to controlled voltage sources. In
PSCAD, the different control blocks and the PPC are called
separately as .dlls, while in RTDS, the same control blocks are
embedded into GTSOC, which then communicates with RTDS
at a specific desired cycle time. The models presented in this
paper all run at 20 us of simulation time step and are processed
to show RMS and sequence component quantities.

3.2 Code Generation

For generating the code and embedding it in the offline and
online platforms, the high-level procedure is shown in Figure
(3). The different blocks of source code described are com-
piled in C++, which are then used to generate the code in a
specific format for the desired platform. In the case of offline
platforms, the steps are relatively similar, irrespective of the

software utilized, where .dlls are generated. On the other hand,
for the online tool, it will depend on how the online tool man-
ufacturer embeds code into its hardware. In this case, the C++
code gets compiled into a ".a" file using an ARM compiler for
static libraries. Sequentially, the ".a" file is used to generate the
firmware for the GTSOC, by means of a proprietary builder
and a wrapper, defining the interface. The steps described here
are for the RTDS platform and may differ from other real-time
OEMs.

I~ = 7 7 7 7 7 "Matlab/SimuliinkSource Code 1

WTG Converter
Control = Block 1

WTG Converter

Control - Block 2 Control — Block n

|
WTG Converter |
I
|

Compile in C++

Offline Online

Compile .a (static library)
Generate separate .dll’s

Generate firmware(s) for
integration with real-time
platform

Fig. 3 Code Generation Steps for Offline and Online plat-
forms.

3.3 Model Architecture for Benchmarking

The test system of a Single Machine Infinite Bus (SMIB) is
described in Figure (4). The PSCAD model has been vali-
dated as shown in [14]. The wind turbine model is connected
to a simplified grid represented by a voltage source behind a
Thévenin impedance (Z;;,). The Thévenin impedance used in
the simulation can be calculated based on (1). The resistance
and reactance between the turbine’s high voltage terminals and
the fault, as well as the ones between the voltage source and
the fault, are calculated based on (2). In these equations, four
important values are used: the short circuit ratio (SC'R), reac-
tance over resistance ratio (X/R), fault location (F},.), and
retained voltage (V,.ciain)- Floc 1S defined by the distance in %
of Z;;, between the turbine HV terminals and the fault point.
If Fi,. = 0%, the fault happens in front of the HV terminals of
the turbine transformer, and if F},. = 100%, the fault is located
in front of the voltage source.

V2
Z base
" Spuse - SCR
Zth Xth (1)
X = & Ry, =
2 X/R
w1 /

th = Rth : Eoc 9 Rsc = Rth : (1 - Eoc/loo)
th - Xth : Floc ) Xsc = Xth : (1 - Eoc/loo)
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Where Sy, . represents the nominal power of the WTG and
Viase represents the nominal voltage at the HV terminals of the
transformer. To calculate the retained voltage (V,..;u:n) at the
fault point, a reverse calculation is carried out to determine the
correct fault impedance, as per the following equation.

Zth : ‘/tretain : (1 - Eoc)
‘/ba,se - Vl'etain

: 3)
R _ Zfault X _ ZQ _ R2
fault — 1+ X/R2 ’ fault — fault fault

4 Benchmarking Results

Zfault -

In this section, the benchmarking results between the two solu-
tions are shown. Initially, a time-domain simulation of PPC
setpoint changes was performed both in RTDS and PSCAD
for initial benchmarking. Next, fault ride-through (FRT) sim-
ulations were performed. The results present five quantities in
total, namely Positive Sequence Voltage, Active Power, and

Reactive Current (i.e. V,, P,, and I,,,) and Negative Sequence
Voltage and Reactive Current (i.e. V,, and I..,,).

The FRT simulation test cases are based on the following
eight parameters, namely voltage and power reference to the
WTG (Vi and P,¢), the magnitude of the infinite bus voltage
source (Viy), the short circuit ratio (SCR) and X/R ratio of the
equivalent grid impedance, the voltage retained (1;) at the fault
location, fault location (fi,.), and fault type. The first 6 cases
simulated are described in Table 1.

Case Viey Prey Veys SCR £ V. fio. Ftype
1 1 1 1 5 7 005 0 3ph
2 1 1 1 5 7005 0 2ph
3 1 1 1 25 7005 07 3ph
4 1 1 1 25 7005 07 2ph
5 1 1 1 10 708 07 3ph

Table 1. Test cases for Benchmarking Online and Offline

4.1 Comparison for Setpoint Changes

Initially, as described above, the complete model with the con-
verter control, additional blocks, and PPC was tested. Figure
(5) shows the results for the test where a grid impedance rela-
tive to SCR of 5 and X/R of 7 was used. At time ¢t ~ 12s and
t = 27s, the voltage reference is changed from 1 p.u. to 1.05
and then to 0.95 p.u. Sequentially, at t ~ 42s and ¢ = 57s the
active power reference is changed from 1 p.u. to approximately
0.5 and 0.225 p.u.

4.2 Results for Fault-Ride Through

Figures (6) and (7) show the results for Cases 1 and 2, where
3ph and 2ph faults are applied in front of the MV side of the
WTG. It is possible to see that the models match very well
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Fig. 5. Comparison of Complete Model with PPC.
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for all the stages. A minor mismatch in the 3ph fault clearing, fault clearing for Case 3. Finally, Case 5 in Figure (10) shows
especially for power, can be observed. Cases 3 and 4, shown in  a longer fault applied for 850 milliseconds, and once more, a
Figures (8) and (9), present results for far away faults applied at  good match can be observed.

low SCR conditions. Again, the results match well between the

different tools, with a minor mismatch on active power during
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Fig. 10. Case 5 - Distant 3ph Fault for longer time.

5 Conclusion

In conclusion, this paper has provided an overview of
Real-Time SiL, illustrating different alternative development
approaches of real-time SiLL models. The domain of applica-
bility of offline EMT models, real-time SiL., and cHiL has been
defined, highlighting the importance and differences between
each method. Additionally, the paper has explained the differ-
ent methodologies available for implementing SiL in different
real-time simulators. Finally, results for the implementation of
the real-source code of Type IV offshore wind turbines and
power plant control in both offline and online platforms have
been presented, utilizing PSCAD and the SiL. solutions from
Real-Time Digital Simulator (RTDS) with GTSOC.

Besides the events presented, many other scenarios were
applied, and the conclusion is that the models match well with
a wide variation of faults. However, the list of cases presented
and tested in this paper is non-exhaustive, and it is important
to reinforce that the two tools are not expected to show an
exact match in every situation. As discussed extensively in the
industry, there are intrinsic differences between running EMT
models in offline and online tools and between different tools
in general. It is, therefore, important to continue gaining matu-
rity in running RTSiL of WTG and PPC controls in real-time
to identify potential differences and limitations.

Moving forward, RTSiL solutions for WTG and PPC, when
accurately represented in real-time, can be an useful tool to
carry out simulations in real-time for interoperability and other
types of study. Nonetheless, this is a new emerging technology,
and several points on the overall limitations of the method still
need to be thoroughly verified. For future work, the SiL. models
will be further enhanced with additional control blocks and the
limitations will be further explored.
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