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Abstract

This work addresses practical issues in the design and operation of advanced
smart grid test infrastructures. Both aspects are analyzed with particular
emphasis on test facilities including Power hardware-in-the-loop (PHIL)
systems. The minimal requirements along with an architectural classification
of the elemental laboratory equipment are suggested for the suitable facility
design and effective operation. A set of fundamental operational use-cases
are formulated for the straightforward applicability of advanced testing
approaches especially based on the PHIL technique. The assessed design
and operational aspects are evaluated on an existing smart grid laboratory
equipped with a PHIL system together with typical full-scale smart grid
components. Particularly, a number of representative test-cases are selected
and performed by operating the existing PHIL system according to the
suggested operational use-cases. Results show the potential together with
the actual implementation issues arising when performing advanced PHIL

tests for practical research applications.

Kurzfassung

Diese Arbeit adressiert praktische Fragen beim Design und Betrieb von er-
weiterten Smart-Grid-Testinfrastrukturen. Beide Aspekte werden mit beson-
derem Schwerpunkt auf erweiterten Testeinrichtungen einschliefllich Power
Hardware-in-the-Loop (PHIL)-Systemen analysiert. Die minimalen An-
forderungen zusammen mit einer Architekturklassifizierung der elementaren
Laborgerite werden fiir das geeignete Design der Einrichtung und den
effektiven Betrieb vorgeschlagen. Eine Reihe grundlegender betrieblicher
Anwendungsfille wird fiir die praktische Anwendbarkeit fortschrittlicher
Testanséitze formuliert, die insbesondere auf der PHIL-Technik basieren.
Die bewerteten Design- und Betriebsaspekte werden in einem bestehenden
Smart-Grid-Labor evaluiert, das mit einem PHIL -System zusammen mit
typischen Smart-Grid-Komponenten in vollem Maflstab ausgestattet ist.

Insbesondere wird eine Reihe von reprasentativen Priiffallen ausgewahlt
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und durch den Betrieb des bestehenden PHIL-Systems entsprechend den
vorgeschlagenen betrieblichen Anwendungsfallen durchgefiithrt. Die Ergeb-
nisse zeigen das Potenzial sowie die tatsdchlichen Implementierungsprob-
leme, die bei der Durchfiihrung erweiterter PHIL-Tests fiir praktische

Forschungsanwendungen auftreten.
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Chapter 1

Introduction

A transformation of the energy system is taking place in many countries
around the world. This includes structural changes as well as the deploy-
ment of innovative solutions for the development of a sustainable, reliable
and economically a ordable energy supply infrastructure. Environmental
policy together with technological progress represent the principal driving
factors leading to such transformation. In November 2016, the German
government deliberated the Climate Action Plan 20501]. This establishes
the development strategy for the long-term reduction of greenhouse gas
emission in compliance with the Paris Agreemeng]. According to [1], the
German target includes a reduction of greenhouse gas emissions of 55 % by
2030 and 80% to 95% by 2050 (compared with 1990). Electricity sector
plays a relevant role for the achievement of such decarbonization targets.
Energy production from conventional power plants, mainly based on fossil
fuels, is going to be replaced by Renewable Energy SourcBES) such as
Photovoltaics (PV) or wind generation. This energy can be used to cover
typical electricity demand but also to serve di erent elds. In fact, elec-
tricity from RES can directly be used in other forms by the electri cation
of strategical sectors such as transportation and heating. This leads to
the deployment of innovative assets in power systems. For instance, due
to the technological advance on Electric Vehicles (EVs), a relevant growth
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in electri cation of road transportation is expected within the next few
years B]. This leads to the development of a suitable charging infrastructure
as additional power system technology. The use of renewable energy via
the electri cation of heating systems also leads to new components such as
heat pumps while further technologies known as Power-to-X make use of
electricity to supply sectors which cannot be electri ed directly: shipping,
aviation, heavy industry, just to mention a few. Technology advancement on
co-generation systems such as Combined Heat and Pow€HP) plants en-
hances their application for both heating and electricity supply of buildings
or urban districts. Among others, these technologies enable more e ec-
tive storage of renewable energy in di erent forms within a comprehensive
multi-energy system [4].

1.1 Background

The high penetration of RES together with the increasing share of innova-
tive technologies result in structural consequences as well as management
iIssues for a secure and reliable power system infrastructure. Conventionally,
electricity was produced from large power plants connected to the transmis-
sion system and delivered to the nal costumers through the distribution
grid. However, RES such asPV or smaller wind plants are typically of

a smaller power size and installed at di erent locations on the distribu-
tion grid. This leads to structural changes of power systems as electricity
production takes place at distribution level by various Distributed Energy
Resources DER), thus altering the conventional unidirectional power ow.
Moreover, electricity production fromRES (as PV and wind) depends on
variable factors such as actual weather conditions. Therefore, the large pen-
etration of RES contributes to higher power ow volatility. Electri cation

of the energy and transportation sectors increases the overall electricity
demand, thus challenging the actual power system infrastructure. Moreover,
these innovative loads result in a di erent behaviour with respect to the
well established patterns for conventional electricity demand. On the one
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hand, these new characteristics of generation and demand can challenge the
secure power system operation. Extreme behaviors such as generation or
load peaks are more likely to happen. Therefore, more e orts are required
to keep the global balance between electricity production and consumption.
Moreover, grid violations such as voltage deviation or power congestion
can also challenge power system operation at local level. On the other
hand, such innovative components also provide additional opportunities
for grid operators to improve power system management. In fact, various
innovative assets have the potential to adapt their generation or consump-
tion behavior in a controllable manner compared to their natural power
pro le. This exibility can be used by network operators to adjust power
pro les, thus avoiding grid violations. Moreover, advanced components
such as inverter basedDER can be properly controlled to provide addi-
tional ancillary services for supporting grid operation. Innovation in typical
assets for Distribution System Operators (DSOs) such as On-Load Tap
Changer (OLTC) transformers can mitigate the impact ofRES [5], [6].
Further components such as line voltage regulatord [10] or power ow
controllers [L1], also provide additional control for grid operation, thus
potentially reducing the need for additional grid extensions.

Over the past few years, the concept of smart grids has been introduced
by the research community to de ne a suitable grid infrastructure to
accommodate and accelerate the roll-out of such innovative technology. Even
though a single and comprehensive community accepted de nition is not
yet achieved, smart grids are generally intended as intelligent distribution
grids where information is exchanged among grid users and assets. This
information is used for automatic coordination or control actions such as
balancing active power, coordinating generation and storage, providing
active power exibility to the electricity market, keeping voltages and
currents of the distribution grids within given limits or providing active
and reactive power exibility to the transmission grid. The introduction

of the smart grid concept increases the complexity of the power system.
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The e ective implementation of aforementioned smart grid functionalities
requires the deployment of innovative solutions and technologies from
di erent domains. Particularly, the application at distribution grid level of
coordination and automation systems, advanced metering infrastructure,
reliable and securdCT become fundamental elements within the smart
grid framework.

1.2 Motivation

Suitable testing approaches are required to ensure reliability, safety and
proper system integration of innovative smart grid solutions and technologies
before deployment. On the one hand, there is a need for testing methods to
be capable to reproduce system complexity that re ects the actual smart grid
architecture. This includes test activities with complex setups that involve
multiple components also from di erent domains within a comprehensive
system-level perspective. On the other hand, accurate outcomes must be
provided to ensure results delity with respect to the actual real-world
behaviors.

Conventional testing approaches such as full simulation, full hardware
and eld tests might result not longer suitable if considered individually.
Software simulations and hardware setups represent the main approaches
for testing complex systems in a controlled environment. Simulations can be
practically scaled and can cover a wide range of scenarios, thus improving
test coverage. Furthermore, worst-case conditions such as system failures
can be assessed in a secure manner and without additional costs in the
development phase. However, results of software simulation are strictly
related to the accuracy of the simulated model. Especially for complex
models, the simulation outcomes might require further measures to be
validated. In contrast to simulation, the outcomes from hardware setups
result in a close to real-world behavior, thus enhancing system validation.
However, the development of complex hardware setups that are capable
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to serve for multiple targets often results cost expansive and impractical.
As a consequence, full hardware tests usually consist of small-scale setups
that are limited to specic applications. Field tests permit to detect
possible unexpected events and behaviors otherwise not considered within
software simulation or hardware tests. However, testing on an uncontrolled
environment (as the actual eld), generally reduces the possibility to test
under worst-case scenarios. Moreover, a eld test is the most risky approach
due to possible critical consequences (in terms of security and costs) in
case of system failure. Therefore, a eld test is usually the last step on the
validation process.

Beside conventional methods, advanced laboratory testing procedures such
as hardware-in-the-loop and co-simulation can be applied to enhance testing
and validation at the component and at the system level. The former aims
to overcome the limitations of full simulation tests and full hardware
setups by merging these two approaches. Thanks to modern real-time
simulators, physical components can be virtually interconnected with a
simulated environment. Moreover, by means of dedicated supply systems,
also power components can be interfaced within a software simulation,
thus enabling the so called Power hardware-in-the-loop simulation. Within
the co-simulation approach, multiple simulators can be coordinated to
perform an overall simulation, thus reducing the computational e ort of
the single simulator. Moreover, multi-domain system models such as power
system, heating system, information and communication technology can be
implemented within the overall simulation without further simpli cations

or abstractions otherwise needed for a single simulation platform. The
application of the hardware-in-the-loop technique within a co-simulation
setup is also a possible procedure to further enhance the validation of the
outcomes.
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1.3 Scienti c and technical objectives

This thesis aims to assess practical issues in the design and operation
of advanced smart grid test infrastructures. These practical aspects are
considered with particular emphasis on smart grid test facilities based on

power hardware-in-the-loop technique. Particularly, the following three

main aspects are considered:

1)

2)

3)

Design: identi cation of the key design and quality attributes that
advanced smart grid test facilities should provide. Particular emphasis
IS given to assess what is the minimal equipment and how it can be
allocated within a proper architectural con guration especially for
hosting PHIL systems.

Operation: analysis of the fundamental operational use-cases in order
to identify the potential applications for advanced laboratory testing
especially by means oPHIL systems. The goal is to determine how
exibly such systems can be operated to extend their applicability and
the related criticisms to be considered.

Application: an existing laboratory infrastructure is considered as
case-study in order to evaluate the applicability of the assessed design
and operational aspects in a real-world facility. Exemplary test-cases
are selected and performed in order to evaluate test capability and
challenges in case of realistic research applications.
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1.4 Thesis outline

This work is structured in seven main chapters. Chapter 2 and Chapter 3
are mainly based on scienti c literature and technical reports.

Chapter 2 provides a summary of the state-of-the-art in the area of testing
and validation with main focus on power system applications.

Chapter 3 includes a more detailed overview of th®HIL approach for
advanced power system testing. This includes a description of the
major components of 8PHIL setup along with the principal hardware
interfacing methods.

Chapter 4 assesses the major design and operational aspects for advanced
laboratory infrastructures based onPHIL systems. The principal
requirements along with the essential equipment and architectural
concerns are analyzed. Furthermore, a formulation of the fundamental
operational use-cases including PHIL systems is proposed.

Chapter 5 describes an existing smart grid laboratory that provides a
study-case for the assessed design and operational concerns. Par-
ticularly, the design and system integration of @PHIL system are
discussed in detail as a fundamental part of the test facility and
principal element within this work.

Chapter 6 provides some practical implementations and laboratory tests
on the deployedPHIL system in order to validate its fundamental
test functionalities.

Chapter 7 collects the results of a selected set of laboratory test-cases
based on realistic research applications for smart grids. These rep-
resentative test-cases include testing at the component and at the
system level which involve the application of the PHIL system.

Chapter 8 gives a nal and critical evaluation of the overall outcomes of
this thesis together with recommendations for further work.






Chapter 2

State-of-the-art

This chapter summarizes the state-of-the-art in testing, veri cation and
validation approaches with main focus on power system applications. First,
the major concerns about a system development process are introduced in
a more general form. Later, the principal testing methods applied to power
systems are discussed with a distinction between conventional and advanced
testing approaches. Major concerns about strengths and weaknesses of
these approaches are considered with particular emphasis on validation
perspective within the smart grid paradigm. Lastly, a brief review of the
present work related to smart grid laboratories along with considerations
about relevant gaps in the available literature is given.

2.1 System development

The development of complex systems such as the smart grid one, requires
appropriate approaches that ensure safety and reliability and enhance
system integration before the deployment. System engineering approach
Is widely adopted in di erent application elds to de ne the development
process of such complex systems. In contrast to traditional disciplines,
within the system engineering approach a whole system is de ned as a set
of interrelated smaller systems or components working together toward
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a common objective 12]. Many di erent models that specify a series of
steps for system development within the systems engineering approach have
been developed over the years. These methodologies vary in terms of the
progression that is followed through the phases of the development process
[13]. A largely adopted model is the so called V-model. The V-model exists
under several variants that are developed according to the given application
eld [14]. Fig. 2.1 shows a minimal and more general representation of the
V-model diagram. The development stages are articulated in four di erent

Fig. 2.1: The V-model for Systems Engineering Process

abstraction levels: component, sub-system, system and functional level.
Particularly, the left-hand part refers to the design process while the right-
hand part considers the testing process. As main features of this approach,
veri cation and validation are performed at each abstraction level, thus
ensuring that all the implemented parts meet both functional speci cations
and user requirements. The description of the development stages suggested
by the the V-Model are discussed in the following sections.
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2.1.1 Requirements, design and implementation

In accordance with the considered V-model, the principal preliminary stages
that lead to complex system implementation can be summarized as:

Requirements analysis: consists of the examination of the prop-
erties that the overall system must provide for its nal deployment.
Requirements can be classi ed as functional and non-functional re-
quirements. The former ones refer to the speci ¢ functions that the
system must perform. The latter ones, de ne the principal quality
attributes that the system must ful Il to perform a given function.

Design: consists of the translation of the de ned requirements into
the speci cations for the correct system development. According to
the V-model, design starts with the de nition of the speci cations
for the overall system followed by the more detailed design at the
sub-system and at the component level.

Implementation:  refers to the practical realization of the designed
system. According to the speci c case, the implemented element can
be a software or a hardware part or a combination of both.

2.1.2 Testing

Testing is applied to software and hardware parts of the developed system.
Depending on the given abstraction level, testing includes:

Component-level test: also known as unit test, refers to test ac-
tivities at the component level in order to prove that each individual
element ful lls the design speci cations.

Integration test:  aims to prove the correct integration of the multi-
ple components which are assembled to construct larger sub-systems.
This is particularly important for complex systems where the individ-
ual components and sub-systems are created from multiple developers
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from dierent elds. The correct interface of those heterogeneous
parts is essential for the correct operation of the nal system.

System-level test: consists of a set of trials that aims to prove the
correct operation of the overall system functionalities.

Acceptance test: is typically performed by the customer itself to
prove that the overall system meets the user-de ned requirements.

2.1.3 Veri cation and validation

System testing can be intended as the activity conducted to perform veri ca-
tion and validation. These two terms refer to a di erent set of activities. As
mentioned in [LY], diverse de nitions for veri cation and validation are given
in the scienti c and engineering literature. Among others, the following
de nitions are considered as reference for the context of this work.

According to the modelling and simulation community [15]:

Veri cation is the process of determining that a model implementa-
tion accurately represents the developer's conceptual description and
speci cation.

Validation is the process of determining the degree to which a model
IS an accurate representation of the real world from the perspective
of intended uses of the model.

According to the IEEE Community [16]:

Veri cation is the process of evaluating a system or component to
determine whether the system of a given development phase satis es
the conditions imposed at the start of that phase.

Validation is the process of evaluating a system or component during
or at the end of the development process to determine whether a
system or component satis es speci ed requirements.
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The rst de nition ts with most of development processes related to power
system applications. In fact, the use of mathematical models for describing
power systems is a largely adopted method. Therefore, veri cation and
validation with respect to the evaluation of model's e ectiveness is an
essential aspect. However, such models are supposed to be converted into
practical systems for the nal deployment. Therefore, according to the
second de nition, veri cation and validation referred to the satisfaction of

the speci ed functional conditions is also appropriate.

2.2 Testing approaches for power systems

In the perspective of validation, testing approaches for power systems
are distinguished between conventional and advanced approaches. To
the former ones belong traditional methods and tools typically adopted
for power system analysis, testing and validation. Among others, full
simulation, full hardware and eld tests represent the principal conventional
approaches. The latter ones refer to innovative techniques that aim to
overcome limitations of conventional approaches. In this regard, Hardware-
in-the-loop (HIL) and co-simulation are the most promising advanced
methods. HIL aims to improve test capability by combining simulation and
physical parts within a common setup. Within a co-simulation, multiple
simulators can be coordinated to perform a joint simulation. This reduces
the computational e ort of a single simulator and enhance parallel multi-
domain simulation.

Advanced approaches are not intended to be the substitute of conventional
approaches. According to the specic application, conventional testing
approaches can still be suitable. However, the additional features provided
by advanced approaches make those methods a promising option to meet
the innovative test requirements needed for enhancing the smart grids
development. The state-of-the-art in both the main conventional and
advanced approaches is summarized in the following section.
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2.2.1 Conventional simulation

The use of software tools for power system simulation is a common and
largely adopted practice. A simulation consists of mathematical models of
physical systems running on a generic computer that allow studies in both
steady-state and dynamic conditions. Conventional simulation is also called
o ine simulation to distinguish from the real-time simulation approach
(later introduced). Depending on the analysis or testing purpose, a suitable
simulation model can be selected. The selection criterion for a suitable
simulation model is generally based on the dynamics of the phenomena to
be analyzed. The most used simulation methods applied to power system
studies are as follows.

Root Mean Square (RMS)  simulation (also known as Phasor-type sim-
ulation) consists of frequency-domain models where alternating quan-
tities are approximated as sinusoidal waveforms at the network fun-
damental frequency. Typically,RMS models are implemented within
the Phasor (here the name Phasor-type) or Laplace domain. The
former is typically used for modelling power system components while
the latter is often used for modelling component's controllers. In both
cases, the power system is described by algebraic equations rather
than di erential equations, thus reducing the computation time and
allowing for large scale simulations. Applying the Discrete Fourier
Transform (DFT) within a discrete time-step (Ts) to a periodic signal
x(), 2 [t Tst], the related phasor expression is obtained, as
shown in 2:1) [17].

x()= Agcog2f ot + ' o) (5 X = Age © (2.1)

where:

Ao Amplitude at the fundamental frequency
fo  fundamental frequency

o phase at the fundamental frequency

X  phasor representingx( )
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As drawback, the assumption oRMS simulation neglects the represen-
tation of subcycle phenomena. This limitation can be observed when
phenomena of interest have a dominant frequency deviation greater
than £ 5 Hz with respect to the network fundamental frequencylf].
Moreover, mostRMS simulations are based on symmetrical models,
thus neglecting unbalance conditions. For this reasomRMS simu-
lation is mainly used to assess classical power system issues such
as planning, operation and stability analysis of large interconnected
power systems where a detailed representation of transients can be
neglected [19].

Electromagnetic Transient (EMT) simulation consists of time-domain
models to reproduce the instantaneous voltage and current waveforms.
EMT simulation adopts equivalent models deduced from the di eren-
tial equations that govern power systems and is capable of representing
not only electromagnetic phenomena but also the frequency depen-
dence of network components, harmonics, unbalanced networks, power
electronic devices, including the switching transients as well as the
detailed controls and protection systems2[)). However, large scale
simulations of such detailed models require higher computational
e orts with respect to RMS simulations. EMT simulation consists of
three main steps:

1. Discretization
2. Numerical integration
3. Network solution

Discretization is needed for the digital representation of the contin-
uous waveforms quantity within a de ned time-step Ts). Then, a
numerical integration method is used to solve di erential equations
that describe power system elements such as inductors or capacitors.
The trapezoidal integration rule is one of the most applied approaches
[21]. After numerical integration, all power system elements are mod-
elled by the relationship between branch currents and nodal voltages.
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The resulting system of algebraic equations that describes the state
of the system at timet can be expressed in the following form:

h ih i h i h i
Y(Ts) v(t) = i(t) 1(t Ty (2.2)
where:

:Y(Tis)I admittance matrix

hv(t)i vector of nodal voltages

hi(t) i vector of injected node currents of external sources
I(t Tg) vector of current sources from past history terms

The solution of (2.2) depends on the vector of current sources repre-
senting past history terms. This data storing might lead to memory
issues especially for large simulations. The integration time-step can
be xed or variable during the simulation and determines both the
accuracy and the complexity of the computation process. With the
xed approach the admittance matrix is not varying, thus reducing
computation e orts. However, if the network includes switching ele-
ments (such as power electronics based components) the admittance
matrix varies and a recalculation is needed. Within the variable ap-
proach, time-step is reduced to increase accuracy when fast dynamics
occur and increased during slow dynamics. The time-step variability
will a ect the bu er sizes continuously, thus challenging the compu-
tation [22]. A viable method to speed up computation is known as
Bergeron's method 23]. In case of transmission system models, the
natural delay due to the propagation of the electromagnetic wave-
forms on long transmission lines can be used to split the network
into subsystems that can be solved independently. Each subsystem
consists of a smaller admittance matrix that can be solved in much
shorter time. If computational time for one of these subsystems is still
too large, the common practice is to add arti cial delays to enable
parallel processing. An arti cial delay is usually implemented by
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adding a line with a given length adjusted to obtain a propagation
time of one time-step. However, adding arti cial delays implies addi-
tional parasitic inductances and capacitances that might a ect the
simulation outcomes [22].

Dynamic Phasor approach was proposed in2f] and applied for large
power system simulationsg5] as well as for power electronics based
components simulation 26). Dynamic Phasor simulation can be in-
tended as an extension dRMS where the periodical system quantities
are described by a set of time varying Fourier coe cients that provide
a suitable approximation of the original waveform. The Dynamic
Phasor representation for a periodic waveform( ) on the time inter-
val 2 [t Tst]is expressed in (2.3). This approach provides more
accurate models than theRMS ones along with less computation duty
with respect to detailed EMT models.

x()  Xn(t)dn2fo (2.3)
n2N

where:

N set of Fourier coe cients approximating x( )
Xn(t) n™ time-variant Fourier coe cients (dynamic phasor)
fo fundamental frequency

Hybrid simulation  techniques can also be used to combiteMT and
RMS or Dynamic Phasor models into the same simulatior2f], [2§].
According to the object of the test, some of the simulated elements are
approximated with RMS or Dynamic Phasor approach whileEMT
models are used for detailed system representation.

Many simulation tools are nowadays available for power system modeling
and simulation. A detailed review of power system simulation tools is
provided in [29 and [30]. A review of simulation tools particularly focusing
on EMT simulation is given in B1]. Most simulation tools provide a
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graphical environment together with model libraries that allow power
system modelling as block-diagram. These tools speed up the modelling
and implementation process. In fact, common power system parts such as
transmission lines or classical power sources do not need to be modelled
from scratch, thus allowing users to focus on theoretical concepts rather
than programming issues. On the other hand, most commercial tools do
not permit or limit the modi cation of default models and generally require
costly licenses. Beside commercial products, open source software packages
mainly based on Java and Python can be viable alternative for power system
analysis and simulation. Most of these tools perforlrRMS simulation

for power system calculation. In 32] the use of Python is particularly
encouraged due to its exibility and competitive performance. In33], [34] a
distribution grid planning tool based on Java Agent Development Framework
(JADE) is introduced. The agent based modelling approach is implemented
to convert non-electric data (e.g., weather and economic information) into
power feed-in and consumption while system state is obtained by time series
load ow calculation. In [35], [36] a similar tool is also deployed to simulate
agent based control strategies for the exible power system operation.

Validation of software simulation remains one of the most important issue.
EMT modeling provides accurate simulation outcomes. HoweveEMT
models might also need to be validated. Typically, simulation outcomes
require to be compared with measurements from the eld to be validate@%).
A comparison between the di erent models running on di erent simulation
programs is also widely used in model validation. For example, a simpli ed
RMS model can be checked against a well- prov&MT simulation [20].
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2.2.2 Conventional laboratory based testing

Conventional laboratory based tests are performed on a physical environ-
ment that includes hardware elements connected together to implement a
testbed. Testing with hardware aims to overcome the limitations of full
simulation especially with respect to modelling issues. Full hardware setups
are suitable for speci c components or small systems testing. However,
for wide and distributed systems as the power system infrastructure, it is
obviously required to con ne hardware setups within small representations.
Therefore, hardware testing facilities aim to prove and validate power sys-
tem applications on a reduced-scale setup in order to scale up the results to
the real-world equivalent afterwards. One of the rst applications was to use
the analog Transient Network Analyzer TNA) to emulate a power network
by means of reduced-rate physical resistors, inductors and capacitors. In
particular, the TNA was used for testing software and hardware controllers
of Flexible AC Transmission System FACTS) and High-Voltage Direct
Current (HVDC) transmission. In 37] a small-scale analog NA was used
to validate the operation of reduced-scale hardware model of a Dynamic
Power Flow Controller. However, the use of lumped parameters to represent
transmission lines, unrealistic modelling of losses, ground mode of trans-
mission lines and magnetic non-linearities represent the main limitations
for TNAs [21]. Moreover, due to their cost and maintenance requirements
TNAs were gradually replaced by real-time digital simulators or used for
educational purposes [38].

Testing with full-rate hardware equipment is also an option. TheHdVDC
Test Center B9 recently developed at TU Dortmund University is an exam-
ple of such large-scale facilities. As main advantage, these infrastructures
reproduce test conditions very close to eld applications, thus enhancing
validation purposes. As drawbacks, conventional full-scale facilities require
high investment and maintenance costs and often personnel with special
quali cations are essential to safely operate with speci c components. Fur-
thermore, the recon guration of those setups for di erent test purposes
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often results in cost expensive investments. Therefore, full-scale laboratories
are usually designed for limited and speci c test purposes.

Along with the traditional laboratory setting, there is a rising tendency
of living laboratories. Many times that is done by harnessing the power
network in a university campus area, for example, by monitoring and
automation equipment so that it can be used to implement new control
strategies or test devices4D 43. Such an approach can be cost-e cient
due to the fact that the main infrastructure (cabling, transformers, possible
generators, etc.) exists already and there is no lack of reality. On the other
hand, the use is more restricted in order not to a ect the normal network
operation.

2.2.3 Field tests

Field tests are performed after the component installation at its nal place
of utilization. These are usually supplementary to factory tests (either
simulations or laboratory tests) and therefore may not provide a complete
investigation of the deployed component or system capabilities [16]. Tests
under speci ¢ conditions such as worst-case scenarios or failure operations
are not feasible directly within the eld. However, eld trials are still of
importance for the validation of innovative components, system architectures
and concepts. Particularly, aspects related to the integration and interface
of those innovations within the existing power system can be properly
assessed. Furthermore, unpredictable behaviors otherwise neglected due
to the simpli cations needed within simulations or laboratory tests can be
analysed for further improvements. However, setting up a eld test require
much e orts and resources. Typically, special agreements between di erent
involved parts such as research centers, manufacturers and grid operators
are essential.
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2.2.4 Real-time simulation

Real-time simulation refers to xed-step solver methods where the sim-
ulator's clock is synchronized to the universal time. Therefore, a given
period of actual time represents the same period of time in the system being
modeled; simulated time advances at the same rate as actual tinf][
Although real-time simulation can also be performed aRMS simulation,
EMT simulation type is the most of interest. In real-time simulation, the
execution time (Te), namely the time interval to process inputs, model
calculation and outputs, should be shorter or equal to the de ned time-step
(Ts). If not, the simulation is not considered as real-time one, so that is
called not-real-time simulation. A graphical representation of this concept is
shown in Fig. 2.2. In the event thatT, is shorter thanTs, an idle time occurs
before the following sample. This available time can be used to compute
more calculations. Diversely, whel is greater thanTg overruns occur.

In this case, the execution process is truncated before being completed,
thus providing incorrect outcomes. In practice, overruns create distortion
of the waveforms thereby producing an erroneous behavior of the system.

Fig. 2.2: Relationship between execution time and real-time clock in case of
real-time simulation (top) and not-real-time simulation (bottom) [44]
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Several approaches can be applied to avoid overruns. In case of transmission
system models, the Bergeron's method (prior introduced for o iIneEMT
simulations) can be applied. By the way, this decoupling method is not
suitable for distribution grids where line and cable connections are much
shorter and usually modelled with lumped elements. Also adding arti cial
delays can be problematic because the introduced parasitic inductances
and capacitances will be larger compared to the actual component values.
Therefore, the standard decoupling methods should be carefully used in
distribution systems R2]. In [45] the State-Space-Nodal$SN method is
introduced as more general approach to compute the time-domain solution
of EMT real-time simulation. In contrast to oine EMT simulation where

all the nodal voltages must be solved simultaneously, within thBSN ap-
proach the user arbitrarily selects the unknown nodal voltage points thereby
splitting the overall network in subgroups ESNgroups). This approach
reduces the time to compute the admittance matrix, thus allowing for faster
simulations. Fig. 2.3 shows a comparison of nodes, branches and partitions
between classicaEMT nodal admittance method andSSN approach for
an exemplary three-phase grid with -model lines. Within the classical

Fig. 2.3: Exemplary comparison of nodes, branches and partitions for classical
EMTP nodal admittance method (top) and SSN approach (bottom), deduced
from [22]
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EMT approach (upper part), the grid consists of 18 nodes and 9 branches.
Applying the SSNapproach, the number of nodes can be reduced to 3 and
the grid is split into two partitions ( SSNgroups). Therefore, the concept
of branches from the classical approach is replaced with the more general
multi-terminal partition element of the SSN method.

In the event that the SSNgroup's equations are too large, they can also be
computed in parallel on di erent processor cores but without delays, thus
accelerating the simulation even more. Th&SN method is successfully
applied to improve the simulation performance of large distribution networks
in [46], [47]. 1t should be mentioned that even applying theSSNapproach,
the limited computation capability of the simulation platform might still
lead to overruns. In those worst-cases, it might be needed either to increase
the time-step of the simulation or to reduce the model complexity.

In contrast to oine EMT simulation, real-time simulation is usually
performed on a dedicated hardware architecture: the Real-Time Simu-
lator (RTS). The hardware design of aRTS di ers depending on the
manufacturer, in case of commercial products, or according to user require-
ments in case of custom-made con gurations. However, most RTSs consist
of two main physical platforms called target and host.

The target platform represents the core of &S and accommodates the
required hardware for the simulation computation, the internal buses and
the Inputs and Outputs (I/0O ) board for interfacing external physical devices
(HIL purpose). Multi-parallel Central Processing Units (CPUs) and Field-
Programmable Gate Arrays (FPGASs) are the state-of-the-art in hardware
components for real-time computation. A comparison between these two
technologies with respect to RTSs is given idg§] and [49]. CPU based
RTSs are more suitable for large-scale power system simulations involv-
ing complex solver methods. However, their limited sampling frequency
allows low-bandwidth simulations. Moreover, additional delays due to
the limited data transfer rate of the Peripheral Component Interconnect
Express PCle) should be considered when performingllL. Typically,
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CPU based simulations can achieve a minimal time-step in the 10 5Qs
range pb0]. FPGA based RTSs, require more e orts for the model imple-
mentation and, therefore, they are less e ective for complex computations.
On the other hand, FPGA is more suitable for high-bandwidth applications
(0.1 1 ps range B0Q]). Indeed, FPGA models can run at very high sampling
rates and thel/O systems are directly connected to the model without the
PCle bus. This makesFPGA technology more suitable foHIL tests that
require high dynamics. Hybrid architectures can include both CPUs and
FPGA on the same target. In this case, FPGAs can be used for fasiéd
processing.

The host is usually a generic computer where a de ned software is used to
manage all the implementation stages of a real-time simulation. Within
CPU based RTSs, the host computer permits model implementation and
debugging also in oine mode. Then, the model is compiled into the
target platform for the real-time simulation. In case ofFPGA based
RTSs, the host can also be used to program the FPGAs. Furthermore,
the host computer allows for managing and monitoring the simulation
during real-time executions. Usually, commercial solutions also provide
Application Programming Interfaces (APIs) based on common scripting
tools for online model parameters update, thus enhancing automatic tests
execution. Typically, the communication between the target platform
and the host computer consists of an Ethernet link. Further features for
commercial RTSs are later discussed in Section 5.3.2 with respect to a
practical implementation.

Two main improvements of real-time simulation with regard to testing and
validation can be deducted. On the one hand, RTSs provide a higher com-
putation capability than classical o ine EMT simulators, thus extending
simulation and testing to larger power systems or more complex components.
In fact, small benchmark models that are typically used as representative
networks can be replaced with larger power systems models based on real-
world network data. On the other hand, the possibility to incorporate
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physical components withinHIL approach allows for more close to real-
world results. In fact, replacing model parts with the respective physical
components reduces propagation of errors due to model approximations,
thus improving the overall outcomes.

2.2.5 Hardware-in-the-loop

One of the main features of real-time simulation is the capability to interact
with a physical component by exchanging digital or analog signals in real-
time. The HIL simulation is realized when one or more parts are physical
components that are connected to the rest of a simulated system. In this
case, the scope of the simulation is the hardware device testing. A baldiit
setup requires three main components: the Hardware under TeddyT),

a simulator, and the interface between them. TheéduT represents the
object of the test and can be generally intended as a physical device that
includes various units such as control, measurements, communication and
power elements. Typically, aRTS is used to performHIL simulations.
However, for slow dynamic applicationsHIL based on o ine simulation
can also be possible. In this case, the time period of the interaction
between the simulator and theHuT must be larger than the maximum
time for computation [51]. In [5Z], an optimal charging control for Electric
Vehicles (EVs) is investigated with aHIL setup based on Python simulation.
In this case, grid loads as well as the charging controller are simulated
in Python with one second time-step while further physical components
are looped within the simulation. Apart from speci ¢ applications,HIL
approach based on real-time simulation remains the most common method.
Therefore, in the rest of this work theHIL approach is referred as the
real-time one. The interface is de ned as the shared boundary between
the simulation and the physical environment16]. The interface consists of
di erent components according to the nature of theHuT to be interfaced.
Fig. 2.4 shows a schematics of the principal HIL techniques.
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Fig. 2.4. Block diagram of the majors HIL simulation techniques: CHIL
simulation (left-hand), PHIL simulation (right-hand)

When the HuT is a controller and its power elements are modelled within
the RTS, the simulation is called Controller hardware-in-the-loop CHIL).

In this case, theHUT exchanges analog or digital signals (setpoints and
feedbacks) with theRTS. Therefore, the interface consists of th#O board
of the RTS. The I/O board is equipped with Digital-to-Analog Convert-
ers (DACs) and Analog-to-Digital Converters (ADCs) for analog signals
exchange. Digitall/O are also included to permits communication message
exchange (e.g., based on Transmission Control Protocol/Internet Proto-
col (TCP/IP)). Indeed, within a CHIL simulation the HUT can include
not only the controller unit but also the measurements and communication
units. Diversely, the power apparatus of theHuT is entirely modelled
within the simulation. Therefore, CHIL simulation is a reasonable option
for those applications in which otherwise testing including power elements
would require a complex hardware setup. Concerning power system simula-
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tion, the CHIL approach is largely adopted for testing protection devices
[53], [54]. In this case, power system failures can be reproduced within
the simulation, thus reducing the risk of damaging expensive equipment
while the physical protection device can still be safely tested. Previous
works demonstrate thatCHIL simulation also enhances the automation
in application oriented testing of physical devicesSp]. Another classical
application is the validation of FACTS [56], [57] or controllers for wind
plants [58], [59]. In fact, due to the power rating and complexity of these
components a full hardware setup would require a dedicated test infrastruc-
ture. Further typical CHIL applications include testing of measurement
devices such as Phasor Measurement Units (PMUSs) for grid monitoring
[6Q], [61]. Due to the upcoming smart grid conceptCHIL simulation is
nowadays applied for research on distribution grid6f]. In recent work,
CHIL is applied for testing innovative grid management concepté3] or
combined measurement, protection and control device84 as well as con-
trollers for speci c technologies such as storage systen@$|| [66] or EV
charging stations 67]. However, the precision of the simulation outcomes
are strictly related to the accuracy of the power part's model. Moreover,
possible interface non-idealities such as delays might also compromise the
correctness of the results.

When the HuUT includes its power apparatus, a power ow emulation
between the device and the simulated system is required and the simulation
is called Power hardware-in-the-loopRHIL). In addition to the 1/O board,

a power interface is needed to scale up the signals coming from &ES,
thus supplying the HUT. The measurements from the physical environment
are fed back to the simulator thereby closing the loop. Typically, the
measurement system is embedded to the power interface. The software
interface reproduces the measurements from the physidaliT within the
simulated system. In contrast to the power elements model for theHIL
setup, the software interface is an elemental model (typically a controlled
source) that transfers the electrical measurements from thduT to the
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simulated system. This represents the main advantage BHIL simulation;
complex and detailed models are no longer needed because the model of
the power apparatus is replaced by the physical component. However, the
design of the software interface must be properly coordinated with the power
interface con guration in order to guarantee the stability and the adequate
accuracy of the overallPHIL setup (see Chapter 3). The most common
PHIL application is the testing of power converters. This also includes
components from various elds such as aerospad@d|, naval applications
[69], rail transportation [70], [71] or automotive [72]. Concerning power
system applications, conventionaPHIL simulation includes grid emulation
for testing grid connected inverters{3 76 or further electrical components
such as motors and drives/[/], [78]. Special setups as in7[9] consider multi-
physicsPHIL, thus combining mechanical and electrical parts emulation.
Least popular is the application ofPHIL for components emulation such as
loads [80], cables [81], [82] or electrical machines [83], [84].

2.2.6 Co-simulation

Co-simulation refers to a test approach where multiple and independent
simulation tools are coordinated together to perform an overall joint simu-
lation. The involved tools, exchange a de ned amount of data as output, in
order to share their own outcomes with the rest of the simulators, and as
input for internal model updating. Therefore, the overall simulation com-
putation is distributed into multiple simulators, thus enhancing large-scale
and more complex simulations. Furthermore, specialized tools for di erent
domains such as heating systems or Information and Communications Tech-
nology (ICT) systems can be included in addition to power system tools
which is an essential aspect within smart grids applications. Recent work
on power system co-simulation includes e orts to integrate communication,
automation and control [51], [85].

Co-simulation is particularly of interest not only for conventional simulation
but also with respect to real-time simulation ancHIL testing. Indeed, one of
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the limitations of HIL is the limited scale of the hardware test environment.
Typically, the available equipment of a laboratory facility belong to a specic
domain and technology. Therefore, co-simulation would be a viable option
to merge the test capabilities from di erent test infrastructures. The share
of heterogeneous components might bene t the single facility by avoiding
extra costs due to additional facility extensions. Moreover, merging the
expertise from di erent elds contributes to achieving higher quality results.
In recent work, experimental co-simulation tests are performed involving
test facilities form di erent geographical location also including remote
PHIL [8€], [87]. The main challenge of such co-simulations remain the
synchronisation and coordination of such distributed setups taking into
account the required data transfer architectures and the non-idealities of
live data streaming. Further barriers related to data sharing policy or cyber
security might also be a limitation when linking di erent facilities.

2.3 Related work and relevant gaps

Over the past few years, the number of test facilities in the area of smart grids
in Europe and worldwide has signi cantly increased. Research laboratories
focused on smart grids exist in several forms and for di erent research
targets. Within this review, mainly research laboratories with a public or
semi-public character are considered, this means universities and public
or partly public research institutions. A recent survey based on humerous
smart grid laboratories worldwide 88], shows that most facilities are active
on diverse areas such as Distributed Energy Resourc&HR), Distribution
Automation, Grid Management, Electromobility, Energy Storage, just to
mention a few. Typically, laboratories cover multiple topics in combination
rather than a speci c one. For instance, a quite common research target
Includes combined studies oWER and Grid Automation. The survey also
shows a common trend on interactions between di erent facilities within
collaborative activities. This include a two-way exchange of data and
expertise as well as sharing of test capability by joint setups.
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In addition to the scienti c focus, laboratories largely vary in size and
testing approach. According to the laboratories gathered ir8f], the major
test facilities in Europe operate at Low-Voltage IV) level. Such facilities
are characterized by AC power rating between 100 and 500 kVA with a
voltage level up to 400V, as typical EuropeahV distribution networks.
Just a few facilities operate at Medium-Voltage N1V) level with voltage
rating over 10kV. DC testing is also a common practice. DC power rating
between 10 and 50 kW with voltage level up to 400V, and in many cases
also between 400 and 2000V, are the most common. Many facilities also
include a number of physical busbars that typically varies between 3 to 5
to connect multiple components within a desired grid topology.

Further reports con rm the rising tendency of most test facilities to perform

HIL simulation in the form of both CHIL and PHIL [89 91]. This endorses

the fact that HIL has become a largely accepted testing approach for smart
grid applications within the recent years. Smart grid laboratories based on
HIL should be designed properly in order to enhance the capability of this
testing approach. However, most of the publicly available resources seem
to underestimate the design and development aspects for HIL facilities.
Aspects such as functional and non-functional requirements or minimal
type and amount of necessary components are usually not assessed in
the current literature. Major e ort is particularly given for describing a
holistic approach for smart grid testing also includingHIL techniques, as

in [92], [93]. Similar smart grid testing methodologies are investigated

in [94]. However, minor concerns are given with respect to the design
concepts and suitable architectural options for such smart grid laboratories.
Moreover, while most studies deal with the application oHIL for a specic

test purpose, less resources assess the issue of de ning the practical use-
cases and recommended procedures for applying this technique in a more
extensive manner. Many works focus on the assessmenP#flL and its
implementation [0, [95]. However, most of those works mainly focus on a
single and more general understood use-case where a physical component
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can be tested as if connected to an actual electric grid. Therefore, for a
clearer understanding of the test capabilities within the HIL approach, a
more detailed and generalized classi cation of the use-cases for the e ective
utilization of this testing method is needed. Other works focus on the
theoretical assessment dPHIL especially concerning stability and accuracy
iIssues with di erent interface approaches (see Chapter 3). However, less
emphasis is given on the de nition of con guration schemes for more general
use-cases.

As part of this thesis, the aforementioned considerations are taken into
account and further analyzed to provide a valuable contribution on these
lacking aspects.






Chapter 3

Fundamentals of PHIL
simulation

Concerning power system applications, a typicdPHIL setup can be simpli-
ed with an equivalent circuit. The overall simulated network as well as
the physicalHUT to be interfaced are modeled with a Thévenin equivalent
circuit, as shown in Fig. 3.1. The grid model from the software side is
represented by the voltage sourc¥sy and the equivalent impedance sy.
The equivalent model of the simulated grid is also called Rest of the Sys-
tem (ROS). Similarly, the HUT can be generalised as voltage sour®g,t
along with its impedanceZy,t. The interface apparatus implements the
interconnection between the hardware and the software side and consists

Fig. 3.1: Equivalent circuit of a PHIL setup
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of two elements: a power interface and a software interface. The former
Is the hardware component in charge to emulate the electrical connection
point of the simulated network into the physical environment. The latter
Is the software model that reproduces the electrical behavior of thduT
within the simulated network. The Interface Approach (A) de nes the
con guration and the speci cations of both the power interface and the
software interface within aPHIL setup. These speci cations include the
type, quantity and function of the interconnection circuits and the type
and form of signals to be interchanged between those circuits [16].

3.1 Power interface

Although some applications might require a conventional generato®4j,
[97], the most common power interface foPHIL simulations consists of
Power Ampli ers (PAs). The PA is a power electronics based device able
to amplify an input signal by modulating an external power source. The
PA is the output stage of an overall power conversion system that typically
includes a main grid converter (to provide the DC supply to thePA)
along with the required additional components such as lters, control unit,
measurements and communication systems. A simpli ed schematics of a
PA system is shown in Fig. 3.2 where thA is depicted with a triangle.
The input and output quantities can be either voltages or currents. Power
can also be used as an input or output quantity but usually is considered as

Fig. 3.2: Simpli ed schematics of a power ampli er system
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a dependent quantity. Ideally, aPA should have unity gain with an in nite
bandwidth and no time delay, but this is neither achievable nor a ordable
[50]. In reality, undesired e ects such as time delays, sensor noise, gain-
and phase-error and o set are present. Some of those non-ideal e ects also
depend on the PA's technology.

3.1.1 Technology of power ampli ers

Power transistors such as Bipolar Junction Transistors (BJTs), Insulated
Gate Bipolar Transistors (IGBTs) or Metal Oxide Semiconductor Field
E ect Transistors (MOSFETS) are the most common controllable devices
that implement a speci c PA stage. Depending on the way of driving the
power transistors, PAs are grouped into two main categories: linear or
switched-mode. In linear PAs the power transistors are driven as variable
resistors. Each transistor operates in conduction mode (on state) along
the linear zone of its I/V characteristics. In switched-mode PAs the power
transistors are driven as controlled switches, thus commuting between
conduction and interdiction mode (0 state) with a de ned frequency.

Linear PAs are further divided into di erent operation classes. Operation
classes A, B, AB, and C are the most popula©B 1004. Fig. 3.3 shows
the operating principle of those ampli er classes for a BJT with ideal 1/V
characteristics. The instantaneous base-emitter voltagge(t) represents the
input signal while the instantaneous base current,(t) is the current con-
ducted by the transistor. The biasing point (q) determines the conduction
angle of the transistor. In Class A operation, the transistor conducts over
the whole period (2 ) of the input signal. Class B operation is de ned for
conduction angle. In this case, only half cycle of the alternating input signal
Is converted into current. Therefore, an additional transistor is needed to
reproduce the whole input waveform. Class AB is introduced to overcome
the phenomenon of crossover distortion typical for Class B operation (not
shown here but detailed described ir@p]). In Class AB operation, each
transistor conducts between and 2 . Lastly, Class C operation is de ned
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for conduction angles greater than 2. Fig. 3.4 shows an exemplary class

Fig. 3.3: Operation classes for linear power ampli ers in case of ideal transistor:
(a) Class A, (b) Class B (c) Class AB, (d) Class C

AB linear PA and the respective input and output voltage waveforms. Two
transistors are need in order to amplify both positive and negative half
cycles of the input signal. The input voltage is directly sent to the power
transistors and the output voltage is linearly ampli ed according to the

transistor characteristics.

Fig. 3.4. Exemplary Class AB linear power ampli er: (a) Push-pull con gu-
ration, (b) Voltage waveforms

Switched-mode power ampli ers (also known as Class D ampli ers) generate
the output quantity by switching between two or more voltage or current
levels. A modulator processes the input signal and provides a two-level
switching signal that determines the state of the transistor (on or o).
The typical modulation technique is the Pulse-Width Modulation PWM).
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The input signal is compared with a triangular waveform with a frequency
greater than the highest frequency in the input waveform. The frequency
of the PWM determines the switching frequency of the power transistor.
The output waveform is Itered by using inductive and capacitive reactors.
The reactors supply thePA output within the time intervals in which the
transistor is in the interdiction state. Fig. 3.5 shows an exemplary topology
of a switched-modePA known as half-bridge con guration together with
its typical waveforms.

Fig. 3.5: Exemplary switched-mode power ampli er: (a) Half-bridge IGBT
con guration, (b) Voltage waveforms

3.1.2 Technology comparison for PHIL

The selection between linear and switched-mode technology determines
not only the performance but also the weight, size and cost of the overall
PA system. As underlined in 101], there is no technology better than
another one but the appropriate solution is the one that meets the specic
application requirements. Previous work examined the performance of
linear and switched-mode PAs with main focus oRPHIL applications [L02],
[103. Linear PAs provide more e ective dynamic characteristics such as
high bandwidth (up to 20kHz [BQ]) and fast response time. However, the
conduction losses of the power transistors drastically reduce the overall
e ciency. The theoretical maximum e ciency is 50 % for Class A, 78.5%
for Class B and even less than 78.5 % for Class AB operati@g]. Therefore,
linear PAs are suitable for low powelPHIL applications. Switched-mode
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PAs provide a higher e ciency due to the lower conduction losses of the
power transistors. Although additional components such as lters contribute
to system losses, the overall e ciency is typically greater than 80 %dD1].
Moreover, switched-mode PAs are characterized by additional sources of
distortion inherent their operating principle. Distortion due to dead-time,
output ripple, non-idealities and external factors such as Electromagnetic
Interferences EMI) typically limit the bandwidth of switched-mode PAs.
The switching frequency can be selected, in order to optimize the dynamic
behavior and have an e ective bandwidth of up to 2 10 kHz%0]. Therefore,
switched-mode PAs are preferred foPHIL simulation ranging from small-
scale power applications up to the megawatt range where e ciency is
predominant rather than system dynamics.

3.2 Interface Approaches

The selection of the appropriatdA is usually based on a trade-o between
its performance in terms of stability and accuracy and the complexity of its
practical implementation. Both depend on the con guration requirements
of the software interface and the power interface (depending on the selected
IA additional hardware components could be required). Several alternative
IAs are proposed and analyzed irbp, 104 106. As result of these studies,
the so called Ideal Transformer MethodITM ) and Damping Impedance
Method (DIM) are suggested as the most e ective 1As for PHIL simulations
not only in terms of stability and accuracy but also due to their practical
implementation [1L07, [10§. Moreover,ITM and DIM provide good perfor-
mance also in case of non-linedduT as power converters]05. According

to the nature of the HuT to be interfaced, eachA can be con gured as
voltage-type or current-type. Fig. 3.6 shows the equivalent circuit of the
ITM for both voltage-type (V-ITM) and current-type (I-ITM) con gura-
tions. According to its simple implementation, thelTM can be considered
as the most natural interface scheme for RHIL simulation. Both software
and power interfaces have minimal requirements. The software interface
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Fig. 3.6: Equivalent circuit for the ITM IA: voltage type (top), current type
(bottom)

Is implemented as a controlled generator. Additional resistors are usually
needed to improve the convergence of the solution. However, the contri-
bution of those components on the performance of the overall simulation
can be usually neglected. The power interface (here ideally represented
as controlled generator) does not require particular settings or additional
hardware components to be included. From both software and hardware
sides only one measurement is required to perform the virtual connection
between the two circuits.

The DIM can be implemented with a minimal con guration L04, [107], as
shown in Fig. 3.7. Compared to thdTM , the software interface for the
DIM requires one additional controlled generator and a virtual damping
impedance Zp). In contrast to the ITM, two measurements are needed
from the hardware side in order to virtually connect the two circuits. As
discussed in the following section, the damping impedance must be properly
designed to meet the stability and accuracy requirements for the overall
PHIL setup.
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Fig. 3.7: Equivalent circuit for the DIM IA: voltage type (top), current type
(bottom)

3.3 Stability and accuracy

Stability and accuracy issues represent the main challenges in developing
and operating PHIL testbeds. Within a PHIL setup a number of non-
idealities such asPA bandwidth, sensor noise and time delay may a ect
both system stability and accuracy. In case of unstablEHIL simulation
voltage and current waveforms result extremely distorted and diverge to
amplitudes that might highly exceed the normal operating range. Therefore,
stability of a PHIL must be properly evaluated before the implementation in
order to prevent test failures and preserve the integrity of the overall looped
physical components. Accuracy is an index of performance and precision of
the results for aPHIL test. Therefore, accuracy is of importance to validate
the overall PHIL experiment. Several approaches can be applied to quantify
accuracy ofPHIL simulations. However, the de nition of a community
accepted approach still remains an open research issue. Previous work
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suggests two principal approaches for stability evaluatiori)9. The two
approaches are discussed hereunder.

Time-domain approach

The time-domain approach consists of preliminary o ine simulations where
the whole PHIL setup (including the HUT) is implemented within a simula-
tion model. The non-idealities of the looped components are also included
within the simulation. Then, the simulation outcomes are analysed in order
to de ne the stability limits of the speci ¢ setup. The main drawback of this
method is that accurate models of the looped component are required.

Frequency-domain approach

The frequency-domain approach is largely applied for preliminary stability
and accuracy evaluation. The non-ideal behavior of RHIL setup can be
modelled considering the transfer function of the looped parts. 111Q

a detailed characterization of PHIL setups is suggested. An exhaustive
analysis of the delay contribution is also given inlf11. However, a simpli ed
approach is typically preferred for preliminary analysis. Fig. 3.8 shows the
block diagram in the Laplace domain for a generdHIL setup. The signal
from the simulation (Ssy) and the signal from the hardware $.w) can be
either voltages or currents according to the adoptetA. The equivalent
impedance from the software and hardware side are expressed with the

Fig. 3.8: Block diagram for a general PHIL setup in the Laplace domain



42 Fundamentals of PHIL simulation

transfer functions Gsw(s) and Guw(S), respectively. TheDAC and the
ADC of the RTS are modelled with the transfer function in (3.1). Typically,
a unity gain is assumed while the delay contribution due to the discrete
time-step of the simulation (Ts) is considered.

Ggrrs(s) = e T (3.1)

The delay due to the data transfer from the RTS to the PA as well as the
data transfer from the measurement system to th&TS can be assumed to
be similar (Ty,) and the corresponding transfer function results:

Gr,(s)= e ™ (3.2)

The transfer function of the PA (3.3) and measurements system (3.4) can
be modelled as second-order Low-Pass FiltdtKF) and rst-order LPF,
respectively [102], [112].

(21 pa)?
s?+2 f pas+(2 f pa)?

Gpa(s) = e St (3.3)

2f Sensor
G S) = 3.4
MeaS( ) S + 2 f Sensor ( )

where:

fea PA bandwidth

Damping ratio
Tpa Delay due to PA drives
fsensor Measurements bandwidth

After the identi cation of the principal transfer functions, stability and
accuracy are analysed with respect to the closed-loop system described in
Fig. 3.8. However, the depicted system di ers according to the adopted
IA. Previous works provide a detailed analysis of stability and accuracy
for dierent IAs [ 113, [104. As scope of review, stability and accuracy
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evaluation is discussed in the following section with the respect to tH&M
and DIM within the frequency-domain approach.

3.3.1 Stability of the ITM

Considering the V-ITM (see Fig. 3.6), the resulting block diagram is depicted
in Fig. 3.9. The stability analysis is performed with respect to the open-loop

Fig. 3.9: Block diagram for the V-ITM in the Laplace domain

transfer function:

Vitm (S) _ Zsw(s)

= G G s2(Ts+ Ty ) 35
Vaw(s)  Zpw(S) pa(S)Gmeas(S)€ (3.5)

GoL v itm (S) =

According to the Nyquist criteria, the stability condition for (3.5) is satis ed
when jGo. v itm(S)] < 1. In the case of ideal interface Gpa(s) =
Gumeas(S) = 1) the stability condition results:

(= LW g (3.6)

Znw

Therefore, the stability strictly depends on the impedance ratio, namely the
circuits to be interconnected. The Nyquist diagram in Fig. 3.10 shows the
possible conditions for (3.5) depending on di erent values of the impedance
ratio. This dependency can be critical especially when thguT is not a
constant impedance. In this caseZpw varies dynamically according to the
actual operating point of theHuT. Therefore, even an initially stablePHIL
simulation might become unstable during the test execution for certain
operating points of the HuT.
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Fig. 3.10: Nyquist diagram for the V-ITM with di erent impedance ratio:
stable condition (, = 0:5), limit for the stable condition (r, = 1) and unstable
condition (r, = 2). First order Padé approximation is used to linearize the
delay in (3.5)

Contrary to the V-ITM, the open-loop transfer function for the I-ITM is
expressed as follows:

Vitm (8) _ Znw (S)
Vaw(S)  Zsw(s)

GoL 1 1mm(S) = Gpa(S)Gumeag(s)e 2 ) (3.7)

and the stability condition results:

= LW g (3.8)
Zuw

Therefore, according to the impedance ratio, the I-ITM might be preferred
rather than the V-ITM. However, the possibility to select the V-type rather

LFirst order Padé approximation of the transfer function for a pure time delay :
=s+1
2

—s+1
2S
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than the I-type interface can be limited by the nature of theHuT (i.e.,
when the HUT behaves either as a voltage or current source).

The stability analysis carried out according to the Nyquist method presents
some limitations when the contribution of the frequency depending elements
(inductive and capacitive reactances) oZy are signi cant with respect

to the resistive one. In this case, the conditions in (3.6) and (3.8) are
not su cient to ensure system stability. In [114] an alternative stability
assessment method that takes into account the discrete-time representation
of impedance from both software and hardware sides is suggested. Other
works propose the Routh-Hurwitz criterion as a more suitable stability
evaluation method [L19, [116§. According to this approach, the stability
conditions can be assessed with regard to the exact nature (R, L, C and
their combinations) of the hardware and software impedances.

Previous works recommend several interface compensation methods to
extend the stability margin of the ITM [104, [117]. The benet of a PHIL
simulation is that those compensation methods can be easily implemented
within the simulation by means of additional blocks without need for
additional hardware elements. The aim of interface compensation is to
improve stability and accuracy without changing the topology of thdA
[118. The authors in [L19 suggest a dual-rate interface compensation
consisting on partitioning the simulation system into two subsystems with
di ering sample rates. The subsystem coupling the software to the hardware
part is simulated with a small sampling rate, thus thdA in terms of stability
and accuracy. Another commonly adopted approach considers the insertion
of a LPF in the feedback loop that is virtually implemented within the
simulation. However, this solution increases the stability margin but lowers
the accuracy with respect to the originallTM . In [11§ a dynamically
adaptive IA is suggested. This combines the application of the MM and
I-ITM that can be online switched according to the actual impedance ratio.
However, for the practical implementation of this method two groups of PAs
must be available. Moreover, the synchronous commutation between the two



46 Fundamentals of PHIL simulation

ampli ers output might be challenging in practice. A promising approach is
presented in 120 where an additional voltage measurement together with
control functions to compensate the undesired interfacing e ects are applied
to the V-ITM. Although this method improves the stability of V-ITM, a
properr, is still a prerequisite to ensure system stability.

3.3.2 Stability of the DIM

The DIM can be intended as an advanced implementation of tH€M that
aims to improve thePHIL stability by reducing the impact of the impedance
ratio. Fig. 3.11 shows the block diagram for the \BDIM obtained from
the equivalent circuit previously introduced (see Fig. 3.7). The open-loop

Fig. 3.11: Block diagram for the V-DIM in the Laplace domain

transfer function is obtained as follows:

0 1
VDIM (S) = ZSW @ZHW(S) ZD(S)Ae S2(Ts+ Ty )
Vsw(s)  Znw(S) Zsw(S)+ Zp(s)

Znuw(s) Zp(s)
Zsw(s) + Zp(s)

GoL v pim(S) =
(3.9)

= GoL_ v M (S)

According to (3.9), a particular condition is obtained whenZp is equal to
Zuw - In this case, the open loop transfer function is equal to zero and the
PHIL system will always be stable. Therefore, in contrast to théTM , the
system stability would not depend anymore om,. However, depending
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on the nature or the complexity of theHuT, the correct design ofZy is
challenging issue. Also additional elements such as cable or connectors
needed to implement thePHIL setup can lead to inaccurate estimation of
Zp. As suggested inJ0§, the matching error of the damping impedance
(",) can be de ned to evaluate the e ects of a improper design of the
damping impedance to the overall system stability:

75

n - 1
’ Znw

100 (3.10)
Fig. 3.12 shows a comparison between an unstalitéllL with ITM and the
improvements of theDIM to the stability. It can be observed that the DIM

improves the stability margin even in case of considerable. However,

Fig. 3.12: Stability margin comparison between ITM and DIM: unstable
V-ITM with r, =2, V-DIM with ", = 30% and V-DIM with ", = 80%. First
order Padé approximation is used to linearize the delay in (3.5) and (3.9)

high values of", reduce theDIM accuracy. Therefore, the design o
requires to be accurate enough in order to meet the prede ned accuracy
requirements. Several approaches can be applied in order to improve the
design ofZp. A simple option suggested in]J04 considers the approximation

of Zp from the historical simulation data. In [121], [129 online estimation
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algorithms are suggested. According to those methodgp is estimated
within the simulation according to the actual measurements. However, those
methods only provide the impedance at a particular operating frequency.
Furthermore, cannot be e ectively applied to aPHIL simulation of a DC
system. In [L23 wideband system identi cation techniques are applied
to estimate Zp. According to this approach, a small-signal, white noise
perturbation is injected into the HUT by using the switchingPA acting as
the power interface. Cross correlation methods are applied to construct a
wideband estimation ofZp that can be online updated afterwards.

3.3.3 Accuracy concerns

Evaluation of PHIL accuracy, is typically carried out by comparing the
analytical expression of thePHIL quantities in case of ideal and non-
ideal PHIL interface [LO8 109 124. The former is also known as Naturally
Coupled System NCS) and intends the ideal situation in which the hardware
and software parts are ideally coupled without anyA. The latter refers to
the actual PHIL using anlA an its related non-idealities. This comparison
can also be expressed in the frequency-domain by de ning error functions as
in the form of (3.11) [L119. This approach allows a more realistic accuracy
evaluation throughout the frequency range of interest [117].

GoL_nes(S)  Gov_1a(S)
GoL_ncs(S)

“(s) = (3.11)

Another approach is suggested inlP4 where accuracy is evaluated by
means of two error functions representing system perturbations de ned
as transfer function perturbation and noise perturbation. In this case,
those error functions are expressed in a form as (3.12) wher&(s) is the

given perturbation. The authors in 125 demonstrate that unless small

di erences, (3.11) and (3.12) are equivalent. Further accuracy evaluation
methods are mentioned in]18. However, due to the complexity of those
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methods they are rarely applied in practice.

S
1 GoL ia(s)

"(s) = G(s)] (3.12)

Time-domain approach can also be used for accuracy evaluation. Although
it can be used for preliminary accuracy evaluation, this approach is better
applied to determine the accuracy of the nalPHIL experiments. Basically
this method is based on the comparison between the relevant instantaneous
waveforms from the simulation and the actual measurements from théuT .
The comparison is typically performed in terms of amplitude deviation
and phase shift. Practical methods and metrics for verifying the absolute
accuracy of aPHIL simulation are presented in12(d. However, at the cur-
rent state no standard metrics are de ned. Therefore, di erent comparison
methods can also be applied.

3.4 Test procedure

At the current state, there does not exist any standard for approachingHIL

and more in generaHIL simulation. However, the research community
is currently working in that direction. The forthcoming IEEE P2004
Recommended Practicel2q intends to provide established practices for the
use ofHIL simulation based testing of electric power apparatus and controls
also in compliance with testing standards. However, up to now, di erent
guidelines and recommendation are established out of the experience gained
with practical applications. A straightforward test procedure for bothCHIL

and PHIL simulations is given in L27. An exemplary application of a test
procedure forPHIL based on preliminary simulation is given in]2§.

Considering that PHIL simulation involves power components, additional

protection requirements are needed for the secure and safety operation in
order to preserve components integrity and personnel health, respectively.
In [50], the adoption of software protection measures is suggested as good
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practice besides classical protection systems for the hardware components.
Using the existing simulation environment, protection algorithms can be
easily implemented at the software level to prevent undesired setpoints for
the power interface that might bring to uncontrolled and dangerous power
outputs.

For a given test case a largely accepted test procedure foHIL simulation
includes the following steps:

de nition of the appropriate 1A

selection of the required hardware and software components

model implementation of the overall components

veri cation of o ine model system stability

stability and accuracy evaluation in the frequency-domain

implementation of the actual PHIL setup
veri cation of hardware and software security and possible issues
concerning safety

execution of the real-time PHIL test

Further two practical issues related toPHIL execution are system initial-
iIsation and synchronisation 129. Within a given PHIL test, the power
interface is connected with theRTS in a closed loop. However, these two
systems cannot be initialised simultaneously. This asynchronous activation
might lead to erroneous measurements and signals exchange that might
cause system instability. Therefore, a good practise is to provide de ned
feedback values within the simulation and switch to the actual measurements
after the initialisation phase.



Chapter 4

Analysis of laboratory
design and operation

Facilities for advanced laboratory testing require a proper architectural
design as well as diverse types of components with di erent features. The
former is essential for the e ective operation of the facility while the latter
ones mainly determine test capability and test targets. In the following
part of this chapter, the major design requirements to enhance advanced
laboratory testing especially withHIL approach are analysed. An architec-
tural classi cation of the elemental laboratory equipment is also proposed.
As essential element within an advanced laboratory facility, major design
concerns forPHIL systems are also discussed. Finally, the fundamental
operational use-cases for CHIL and PHIL testing are formulated.

4.1 Functional requirements

Functional requirements refer to the speci c functions that the overall test
facility must be able to perform. Therefore, the functional requirements are
strictly related to the individual targets of a given test facility. However, a
more generalized de nition of the functional requirements can be formulated
with respect to the possible test approaches. According to the concept
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of advanced laboratory testing considered within this work, the minimal
functional requirements (denoted by F_R) for such a test infrastructure
can be generalized as follows:

F R1 Simulation

F R2 Co-simulation

F R3 HIL testing

F R4 Full hardware testing

As these testing methods are extensively discussed within the previous
chapters, no further considerations are given in this context. Together
with the specic laboratory targets, these requirements also de ne the
characteristics of the necessary laboratory equipment. For instance, a
facility targeting testing on Photovoltaics (PV) systems can be equipped
with suitable simulators for PV applications to ful Il F_R1 as well as with
inverters for PV-systems to fulll F_R3 - F_R4, and so on.

4.2 Non-functional requirements

Non-functional requirements describe quality attributes that the test facility
should meet from an operation capability and performance perspective.
Therefore, these requirements are more related to the practical design con-
cerns that enhance the overall facility utilization. Some of these attributes
are of particular relevance for enhancinddIL tests (particularly PHIL)
while others refer to more general purposes. As a result of the requirements
analysis for advanced test facilities, the major recommended non-functional
requirements (denoted by NF_R) are summarized below.

NF_R1 Modularity: modular design of the principal laboratory com-
ponents would facilitate their integration and operation within the
overall test facility. Each component can be operated as stand-alone
module for component-level testing or in combination with multiple
modules for system-level testing.



4.2 Non-functional requirements 53

NF _R2 Recon guration: the test environment should enable practi-
cal and straightforward setup implementation for diverse purposes.
In fact, a given test-case might require an execution of the test un-
der diverse scenarios and/or for di erent use-cases. Therefore, a
re-con gurable hardware framework that allows for quick, straightfor-
ward and safe setup con guration is an indispensable element.

NF_R3 Flexibility: advanced test facilities covering multiple targets
might need very di erent setup requirements. The test environment
should be designed to practically be adapted for multiple test purposes
with diverse components. Moreover, a exible design should also
include the possibility for multiple users to perform parallel tests,
thus increase laboratory usability.

NF_R4 Integration: laboratory design should ensure that individ-
ual components can be properly integrated within the facility area.
Among others, this includes design solutions about devices installation
and placement to optimize the utilization of the available space as
well as to allow users for comfortable and practical operation of the
overall test environment.

NF_R5 Extensibility: laboratory development often take place in
several stages. Typically, possible laboratory extensions are taken
into account at each development stage according to planned needs
and resources. Therefore, the laboratory should be designed in order
to enhance follow-up facility extensions.

NF_R6 Interoperability: with special regards to the smart grid con-
cept, the laboratory design should ensure the capability for each
component module to operate in conjunction with each other. This
includes not only their electrical interconnection but also the exchange
of information data that is essential for system level-testing.

NF_R9 Conformity: technical standards are essential for the the in-
teroperability of power equipment and communication devices. There-
fore, test facilities should be developed to ensure conformity to the
existing standards. Furthermore, when possible, standards should



54 Analysis of laboratory design and operation

also be applied as testing procedure, thus enhancing test reproduction
along with a larger community acceptance of test results.

NF_R7 Monitoring: one of the practical issues by testing with multi-
ple components from di erent manufacturers is that each one usually
operates with its own control platform. This makes it di cult for
test engineers to coordinate the operation and monitoring actions
during the experiments. For this purpose, exible monitoring tools
are required to integrate the main visualization and basic control
functionalities of the operated components.

NF_R8 Data repository: a central data storage system is essential to
collect results and to share them with multiple laboratory users. Data
repository might also be bene cial to collect information about prior
users know-how for complex components operation. This can bene t
follow-up users for a better understanding and e ective operation of
the overall components.

NF R10 Safety: often laboratories are intentionally operated to re-
produce abnormal system operations in order to test under worst-case
scenarios. Therefore, safety requirements must be formulated also to
allow abnormal test conditions without any risk for personnel and
components. This requirement is particularly important in case of
testbeds for innovative prototypes for which the operation might result
in unexpected behaviors.

NF_R11 Security: a proper security level is essential to guarantee
adequate protection against cyber attacks that might compromise the
secure operation of the facility or access to con dential information
within local repositories.

NF_R12 Stakeholder engagement: to better meet components or
system requirements for smart grid applications, the cooperation with
stakeholders including utilities, manufacturers and consumers is a
valuable practice. Therefore, such test infrastructures should also
promote joint activities that involve various stakeholders during the
di erent stages of development and testing.
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4.3 Architecture and testing equipment

Advanced laboratory infrastructures for smart grid applications are complex
facilities that include di erent components. Some of these components
represent the object of the test while further equipment is needed to provide
suitable test scenarios to prove théluT. Further equipment is needed as
auxiliary systems to perform tests. An architectural classi cation of testing
equipment is given in this section. This classi cation is intended to be
applied to smart grid test infrastructures with a particular focus on power
system operation. It must be underlined that a general and full exhaustive
inventory of the required equipment is an ambitious task. The di erent
nature and diverse target of a test infrastructure make it almost unique.
However, the overall equipment can be classi ed into speci ¢ typologies
according to their function while performing a test. A visual conception of
the proposed classi cation is depicted in Fig. 4.1. The overall equipment
can be split into three main typologies. Each component type is equally
important and it is considered as necessary part to accomplish the test
purposes.

Type | components are the essential tools required to simulate and/or
emulate the desired test scenarios. Usually, these devices are not the
object of the test but are operated to test other components

Concerning the power system, test scenarios represent the simulation or
emulation of speci c load or generation conditions. Usually, these scenarios
refer to abnormal operating circumstances such as overload, overvoltage,
undervoltage or frequency deviation. For advanced test infrastructures the
possibility to perform those test scenarios by combining both full simulation
and full hardware approach is a prerequisite. Therefore, components such
as RTSs and PAs belong to this group. The former ones can be used in case
of full simulation while the latter ones can be used for full hardware tests to
emulate speci c voltage and current scenarios. The proper design of these
two components result in aHIL system that can be used for botfCHIL
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Fig. 4.1: Proposed architectural classi cation of advanced laboratory based
test infrastructures

and PHIL tests. Beside of those components, auxiliary modules such as
controllable loads or generators can also be used to emulate speci ¢ scenarios
for the given test purposes. A con gurable test-network can be required
to emulate speci ¢ network topologies. For instance, tests on the area of
voltage control might require the emulation of voltage variation within
several nodes. In that case, real cables or hardware cable emulators can be
used to emulate a grid portion. In case of particular needs, further specic
equipment can also be included. For instance, fault emulation systems such
as short circuit emulators require a special machine design.

Type Il components represent theHuT or the elements required
to properly test a third component. This equipment is optionally
selected according to the prede ned targets of the test facility
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According to the given de nition, type Il components identify the specic
focus of the test facility. Regarding smart grid testing, typical applications
are con ned to MV and LV distribution grids. However, applications related
to the transmission network are also possible. Type Il components can be
power devices, controllers, protection, meters or further prototypes. The
power components can be of di erent nature such as grid operator's assets
(e.g., On-Load Tap Changer QLTC) transformers) or DER such asPV
systems and Battery Energy Storage SystenBESS or further technologies.
Some of these type |l components can either be usedHisT or operated

to test a further component that is the main object of investigation. For
example, testing a controller for voltage regulation witftOLTC evidently
presupposes the use of aDLTC even though this is not itself the object of
the test.

Type Il components include all the equipment needed to support
test execution, monitoring, and data acquisition

Auxiliary elements such as exible hardware frameworks that enable a
straightforward setup con guration, suitable measurement instruments,
data visualisation and control tools are some of the possible type llI
components. According to the facility targets, theCT infrastructure can
also be assumed as an auxiliary element. In this cas€,T is not the object
of investigation but still essential for test execution. For instance, the
communication network can be required for controlling type Il components
during a test. Further physical ICT components such as repository servers
also belong to this category and are essential for o ine activities.

The suggested classi cation aims to provide a structural and modular

approach to identify the fundamental type of components and their role

within a test facility. On the one hand, this can favourite the design process
of an overall complex test infrastructure. On the other hand, this approach

provides a method for describing the applied devices and their functions
within a given test setup.
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4.4 Design concepts of PHIL systems

The design of aPHIL system involves formulation of the requirements for
both RTS and PAs. Some of these requirements are needed for the use
of both components as stand-alone devices while others are needed for a
comprehensive utilization of the two components as a whoRHIL system.
PHIL system requirements are here formulated with respect to the following
suggested categories.

4.4.1 Simulation requirements

Simulation requirements mainly refer to the fundamental prerequisites that
a RTS must provide for the given simulation purposes. The simulation
bandwidth (f sinmg,, ) de nes the range of capable applications and represents
the main functional requirement to be de ned. The bandwidth of theRTS
must be selected according to the simulation bandwidth that is usually
expressed in terms of minimal time-step that thdkTS can perform. The
admissible time-step is obtained by the practical application of the Nyquist-
Shannon theorem, as in 4.1. By practice, a factdgy, between 10 and 30
samples per cycle is usually considered as suitable margin for the proper
discrete representation a continuous sine waveform over one period.

1 1

Ts <
S kBW| fSimBW

(4.1)

Beside the speci cation imposed by the simulation bandwidth, the de nition

of a target simulation size should be also considered to determine the needed
computation capacity. The larger is the size and the complexity of the
simulated model, the higher is the computation capacity needed to perform
the simulation within the de ned bandwidth. Concerning power system
simulation, in case of CPU based RTSs, the simulation size is typically
given in terms of theoretical number of nodes per CPU. However, the
required computation capacity might vary also according to the complexity
of the implemented models. For instance, depending on the test purpose, a
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simpli ed model of a speci c component can be preferred to a more detailed
one. This will reduce computation, thus permitting larger simulations.

A practical non-functional requirement to be further considered is the mod-
elling tool. Some commercial RTSs include their own dedicated modelling
software in order to improve simulation performance and reduce third
parties dependencies. From a practical prospective, this solution poses
some limitations such as complicating the inclusion of existing projects
implemented with conventional tools and reducing projects exchange be-
tween users. Furthermore, users starting to approach real-time simulation
need to be prior trained to properly operate such speci c modelling tools.
Therefore, RTSs that adopt modelling tools based on typical power system
software can be considered as more e ective solution.

4.4.2 Requirements for hardware interfacing

Hardware interfacing forHIL simulations is made possible by th#O board.
This can be either an embedded component of tHeTS or an external unit.
The formulation of the I/O board's requirements is strictly related to
the application purposes. Analog and digital/O s might be required for
interfacing a physical controller within the CHIL approach. Particularly, for
communication basedCHIL, additional physical connection ports together
with dedicated software interfaces are needed for the emulation of a specic
communication protocol.

The main requirements can be formulated by considering:

~

Number and types (digital/analog) of 1/0
Resolution

" Bandwidth

" ADC/DAC conversion time

Rating of voltage and current signals

~

Communication interfaces
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The aforementioned requirements mainly refer to the prerequisites of the
I/O board of the RTS. However, when considering?HIL simulations, the
requirements for hardware interfacing also refer to the common commu-
nication link between the RTS and the PAs. When those components
are committed as separate items, it must be veri ed that both include a
compatible communication link that meets the performance requirements
discussed in the follows.

4.4.3 PHIL dynamic requirements

Dynamic requirements aim to assess the required dynamic performance
of the PAs as well as the performance of the communication link between
the RTS and the PAs. The dynamic requirements are formulated with
respect to the frequency-domain model of BHIL setup prior introduced

in Chapter 3 and taking into account the suggested approach i13d. As

a fundamental requirement, thePA bandwidth should be higher than the
simulation bandwidth of a factor kgw, > 1, as expressed in (4.2). As
recommended practicekgy should be set in order to provide an open-loop
phase shift under 30 [130].

fPagw ( 3dB) > KBw, T simgw (4.2)

The time delay of the open-loop transfer functionTp, ) for a given frequency
can be expressed in term of phase shift as shown in (4.3). The phase shift
can be further expressed by the phase margim() as given in (4.4):

2f
m= (4.4)

To|_ — (43)

Therefore, the maximum open-loop delay can be designed by specifying the
admissible phase margin for the open-loop transfer function at the designed
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simulation bandwidth:

m

ToL,. = (4.5)

2 f SimBW

Considering the Nyquist's stability criterion, the phase margin must be
greater than 45. Finally, the contribution of the looped parts to the overall
open-loop delay must satisfy (4.6):

Tea +2(Ts+ Ty) <ToL,,, (4.6)

Therefore, considering the admissibl&és deduced from (4.1), the delay due
to the PA drive (Tpa) as well as the latency of the communication link
between theRTS and the PAs (T ) must meet the condition in (4.6).

4.4.4 Electrical design and safety aspects

Beside the speci cations for PHIL simulation, thePA system must meet
electrical and safety requirements. Typically, these requirements are for-
mulated in compliance with the characteristics of the given laboratory
infrastructure. However, the general requirements to be de ned can be
summarized as follows:

~

PA technology
" Installed power

Power operating quadrants

~ Operation mode (DC, AC, DC & AC)
Voltage range

Current range

Frequency range at full output voltage
Frequency range for small signals
Protection devices

Cooling system



62 Analysis of laboratory design and operation

Among others, protection and safety requirements represent an important
aspect. Compared to conventional electrical components, PAs can be
operated at variable frequency, voltage and current ratings which di er from
the nominal ones. However, protection components are typically designed
for a speci c operating mode (AC or DC) and for speci ed ratings. This
makes the design of the protection system more complex. For switched-mode
PAs, additional concerns should be considered with respect to the output
lters. In fact, possible leakage currents due to the output Iters might

a ect the operation of the residual current protection that must be properly
selected in order to avoid undesired trips (see Section 5.4). Moreover, the
lters should meet the Electromagnetic Compatibility (EMC) requirements.
To achieve functional safety, thePA system should additionally be equipped
with Safety Instrumented Systems (SISs). These include a number of
sensors, actuators and control logic to enable the required safety functions
such as emergency system shutdown. SISs are designed depending on the
required Safety Integrity Level SIL) (as de ned in IEC 61511) that is
usually de ned according to the test facility requirements.

4.5 Fundamental operational use-cases

A schematic description of the fundamental operational use-cases of HIL
techniques within an advanced laboratory infrastructure is provided in
the following. The given formulation does not consider all the possible
use-cases but only the practice relevant ones. For the formulated use-cases
the concept ofHUT is extended by considering its nature as component or
system. As depicted in Fig. 4.2, a component is considered as a subsystem
including four main units: control, measurement, communication and
power elements. According to this organization, component-level testing
Is considered when a single or multiple units of a component are involved
within the test. A test including multiple components connected together
and interacting within a common setup is assumed as system-level testing.
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Fig. 4.2: Elements involved in testing at the component and system level

The layout of the formulated use-cases is shown in Fig. 4.3. On the left-hand
are included the possible approaches for advanced laboratory based testing.
For each testing approach a set of fundamental use-cases is de ned. On the
right-hand, the typical testing targets for each use-cases is also considered.
According to the test purpose, multiple use-cases can be combined and
applied to a conjunct setup. Co-simulation represent a promising testing
approach for both full-simulation or HIL testing, as prior discussed in
Chapter 2. Within the suggested use-cases formulation, co-simulation is
distinguished between local and remote. The former refers to the case
in which multiple simulation platforms are involved within a common
test setup that is con ned to a local test facility. The latter is intended

as the coupling of multiple tools from di erent test facilities interacting
together for the overall test objective. The implementation of local and
remote co-simulations has a relevant impact on the setup con guration as
well as on the performance requirements. However, co-simulation is not
further analyzed in the follows as this approach is not explored within
this work. For completeness, the application of full real-time simulation
Is also included as testing approach. Particularly, the possible application
of real-time simulation running on a single simulation platform (UC1)
as well as the application of co-simulation locally or remotely performed
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Fig. 4.3: Fundamental operational use-cases for advanced laboratory based
testing

(UC2 and UC3, respectively) is highlighted.CHIL and more particularly
PHIL are considered as most relevant approaches for the purpose of this
work. Therefore, a more detailed description of the formulated use-cases is

given in the following section with particular emphasis or€CHIL and PHIL
approaches.

4.5.1 Use-cases for CHIL

The use-cases fo€HIL are de ned according to the di erent distribution
of the component's units between the simulated parts and the physical
ones. As common pattern for each de ned use-case, the power elements
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of the component that implements the electric plant are always modelled
within the simulation while the control unit is a physical part. However,
measurements and communication units can either be simulated or physical
parts. Fig. 4.4 shows the block diagram for each respective use-case.

Fig. 4.4: Block diagram of the principal CHIL use-cases from top to bottom:
Simulated measurements (UC4), Physical measurements (UCHELT emulation
(UCb)

UC4: describes the situation in which the control unit (and eventually the
communication unit) is the only HUT while the measurement unit is
included within the simulation. In this case, the analog measurements
from the power plant model are obtained by virtual current and
voltage probes. These signals are scaled down with respect to the
allowed range of thd/O board of the RTS and provided to the control
unit.

UC5: if the measurement unit is also included within theHuT, PAs are
needed to scale up the measurements from the simulated plant. When
the measurements unit also includes current measurement, a setup
involving two PAs is required in order to emulate the current ow, as
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depicted in Fig. 4.5.PA 1 is operated as voltage source (V-Mode) and
emulates the voltage from the plant modelPA 2 operates as current
sink and emulates the current from the plant model. The twdrA
are parallel-connected thereby allowing a current ow between them.
The physical measurement unit is installed in between and provides
the measured signals to the control unit. A typical application is the
test of a protection device that can be supplied with full-rate voltage
and current to validate its protection algorithms.

Fig. 4.5: Setup con guration for CHIL within UC5

UCG6: refers to the situation in which a physical controller exchanges set-

points and measurements exclusively via a communication link. In
this case, the measurement unit is included within the simulation and
the simulator is set to exchange digital data via a de ned communi-
cation protocol. With reference to Fig. 4.4, thdCT emulator block
represents the implementation of the needed con guration settings
for the communication protocol to be enabled.

These formulated use-cases can be implemented individually or in combina-
tion. For instance, combining UC5 and UC6 a physical measurement units
can be included within the setup while the control unit send the setpoints

to the plant model via a selected communication link.
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4.5.2 Use-cases for PHIL

Referring to Fig. 4.3, UC7 to UC9 belong to the classical understanding of
PHIL simulation and co-simulation as frequently discussed in the literature.
Additionally, UC10 to UC12 are formulated in consideration of the test
capability that the combined operation of RTSs and PAs can provide as a
whole system. For these use-cases, tR&IL system is mainly operated for
full hardware tests in addition to further type | equipment. Fig. 4.6 shows
the block diagram of the aforementioned use-cases with exception of the
co-simulation use-cases (UC8 and UC9) as their application is not explored
within this work in detail.

Fig. 4.6: Block diagram of the mainPHIL use-cases from top to bottom:
Conventional PHIL (UC7), Open-loop grid emulation (UC10), Time-series
emulation (UC11), Component emulation (UC12)
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UC7: refers to the classical understanding d?HIL simulation where the

RTS is used for grid simulation while thePA is used to emulate the
grid for testing the HUT. Typically, the HuT is a single component.
However, PHIL with multiple components are also possible. From a
practical perspective, the type of the electrical connection of thluT
determines diverse interface approaches. Parallel-connected compo-
nents are the most common applications. In this case, a singh&
group is su cient for emulating the power terminal of the simulated
component. Series-connected components require the emulation of
two power terminals, thus increasing the setup complexity. Fig. 4.7
shows two suggested setups for interfacing a physical component which
IS connected in series between two portions of a simulated grid (both
indicated asROYS). The physical component can be assumed as its
Thévenin equivalent model. Fig. 4.7a depicts the case of voltage type
interface where two groups of PAs operate in voltage mode (V-Mode)
to emulate the voltage at the connection terminals of the physical
component. The initial voltage di erence between the two connection
points favourites the current ow through the physical component.
The current is measured and sent back to th&TS where the com-

Fig. 4.7: PHIL setup for interfacing a series-connected component to a simu-
lated grid (a) Emulation of terminal's voltage with PAs, (b) Current based
emulation via unity ratio transformer
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ponent is simulated by a series-connected current source. A second
option based on current type interface is depicted in Fig. 4.7b. In this
case, a transformer is optionally included as additional setup element.
This is particularly e ective to adapt voltage and current in case that
the ratings of the physical components exceed tHeA capability. The
reference signals as well as the feedback measurements require to be
properly scaled within the RTS according to the transformer ratio.
Fig. 4.7b includes a unity ratio transformer in order to simplify the
diagram. The physical component is connected at the secondary side
of the transformer in a closed circuit.PA 1 operates in current mode
(I-Mode) and supplies the primary side of the transformer according
to the reference from the simulated gridPA 2 can be used to emulate
the neutral voltage at the primary side of the transformer. In case of a
symmetrical three-phase component and depending on the connection
(Delta or Star) the secondPA can be omitted. Finally, the voltage
measured at the primary side is sent back to th&TS where the
component is simulated by a series-connected voltage source.

The rst setup is realized without additional elements. However,
according to the nature of the physical component (especially for small
impedance components) the stable operation of the parallel V-Mode
PAs might be an issue. The second setup can include transformers as
additional elements. This will a ect the overall stability and accuracy

of the setup. However, compensation schemes can be implemented
within the simulation in order to compensate the additional impedance

of the transformer (see Section 7.2).

UC10: open-loop grid emulation is applied under the assumption that the
operation of theHuT, either a component or a system, does not a ect
the behavior of the simulated grid. Therefore, the feedback from the
HuT is not needed to be fed back to the simulation. In this case, the
objective of the test is to prove how theHuT reacts to speci c inputs.
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The selected grid conditions can be modelled in a form of test signals
within the RTS and emulated by operating the PAs in open-loop.

UC11: time-series emulation is applied to emulate selected time varying
signals to reproduce suitable test scenarios for thdéuT. A particular
application is the emulation of active and reactive power pro les. In
this case, the PAs need to be operated in closed-loop. In contrast to
conventional PHIL simulation, the feedback is needed for the correct
computation of the reference signals for the PAs. To compute the
power reference, PAs are operated in current mode and the voltage
feedback is used to implement the Phase Locked LodPL(L ) algorithm
for calculating the correct phase of the instantaneous currents.

UC12: describes the case where tHeHIL system is used to emulate the
operation of a simulated power component with the aim of testing
the actual HuT. In this case, thePHIL system emulates the behavior
of power system components that otherwise would not be available
as physical components for the testing purpose. This use-case can
be intended as the dual application of UC7 where the simulated
grid is replaced with a physical test environment while the physical
component is substituted by a simulated model. Similarly to UC?7,
diverse interface approaches can be implemented according to the
electrical connection of the emulated component. Fig. 4.8 shows
two suggested setups for the speci c case of series-connected com-
ponents. Particularly, the component is connected in series with a
hypothetical physical test network (indicated asROS). Also in this
case, the component model can be assumed as its Thévenin equivalent.
According to the solution depicted in Fig. 4.8a, the insertion of the
simulated model into the physical setup is virtually realized by two
PAs groups. PA 1 guarantees the current continuity for the ROS on
the left-side while PA 2 emulates the voltage at the output terminal of
the simulated component. The operation of the simulated component
Is implemented by the injection of the voltage V in addition to
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Fig. 4.8: PHIL setup for emulation of a series-connected component within a
physical test network (a) Virtual series connection with PAs, (b) Physical
series connection via unity ratio transformer

the input voltage Vi, by PA 2. Fig. 4.8b, shows a di erent solution
where the current continuity is obtained by means of an additional
unity gain transformer that is connected in series with thROS. The
primary side of the transformer is supplied by two PAs that emulate
the voltage at the terminals of the simulated component. Despite
internal voltage drops of the transformer, the voltage from the PAs
Is transferred to the secondary side thereby emulating the behavior
of the simulated component within the physical environment. Also
in this case, a transformer with a suitable ratio can be selected to
scale voltage and current according to the ratings of the physical test
network.

4.6 Remarks

The minimal requirements for the design of advanced smart grid test facili-
ties are analyzed. Particularly, a number of non-functional requirements
are identi ed as essential attributes to enhance the operation and the
performance of such advanced infrastructures. A possible laboratory ar-
chitecture based on the classi cation of the principal test equipment is
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also suggested. This considers three main typologies of components that
are identi ed according to their function within a test. The major design
concepts forPHIL systems are also analyzed. Beside the typical dynamic
requirements, complementary features for RTSs and PAs are given for their
use as individual components. Finally, a set of practice-relevant operational
use-cases is formulated with respect to the principal testing approaches
for advanced laboratory infrastructures. Particular emphasis is given to
describe the fundamental use-cases involvil@HIL and PHIL techniques

as main object of this work.



Chapter 5

Case-study: the Smart
Grid Technology Lab

The existing Smart Grid Technology Lab 6GTL) ! infrastructure at TU
Dortmund University is considered as reference to prove the design and
operational concepts formerly introduced in Chapter 4. First, a description
of the laboratory with respect to the research targets and architecture
Is given. Subsequently, practical aspects and challenges in designing and
integrating a PHIL system into the SGTL facility are discussed in detail
since it is the principal focus of this work.

5.1 Research targets

The SGTL is the advanced laboratory infrastructure of the Institute of
Energy Systems, Energy E ciency and Energy Economics (# at TU
Dortmund University for testing and validation of smart grids applications.
The main activity of the laboratory consists of practical research projects
carried out with partners from di erent sectors, such as Distribution System

1The laboratory realisation was carried out by others in the course of the project SGTL (FKZ: 03ET7550)
funded by the German Federal Ministry for Economic A airs and Energy (BMWi) . The existing facility
including a PHIL system is employed to prove design and operational concepts suggested in this work.
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Operators (DSOs), component manufacturers and public institutions. It
provides a way to transform the theoretical know-how from the academy
to serve the needs of the industry. The laboratory was initially devel-
oped to provide a testbed for electromobility applications. Particularly,
thanks to the collaboration between specialists in di erent elds related
to electromobility, the laboratory was promoted as Competence Center for
Electromobility and Network Integration. The laboratory provided a suit-
able test environment for both grid operators and charging infrastructure
manufacturers for evaluating new products and their interoperability within
a distribution grid. Today, this center of excellence is still an active part
of the current facility. Later on, the need to extend laboratory capability
for testing and validation in a more holistic manner has led to further
laboratory expansions for practical experiments in the wider area of smart
grids. At the current state, the SGTL o ers suitable test capability in the
area of DER, Distribution Automation, Grid Management, Electromobility
and Energy Storage.

The test facility is designed to perform advanced laboratory testing that
includes full simulation, full-scale hardware testing an#iIL simulation. This
allows for experimental tests with commercial products of diverse nature and
from di erent manufacturers also includingICT. Those testing approaches
are mainly applied for studies of distribution grids with a particular focus on
voltage control, distribution grid state estimation, congestion management,
ancillary services withDER as well as innovative controllers and power
components prototyping.

The SGTL also provides an advanced infrastructure for teaching purposes.
TU Dortmund University o ers a novel master-level course exclusively
focusing on smart grids. The format of the course includes active frontal
lectures focusing on current research topics along with practical trials. In
this context, the laboratory is used for practical demonstrations and hands-
on experiments. This provides students rsthand experience on modern
laboratory tools and smart grid technologies.
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5.2 Laboratory architecture

The SGTL is located within the Dortmund Science and Technology Campus
close to the campus area of TU Dortmund University. The overall laboratory
Is implemented within an industrial hall that covers a total area of about

400 n?. Fig. 5.1 shows a portrait of the facility area.

Fig. 5.1: The Smart Grid Technology Lab at TU Dortmund University

The laboratory architecture gives an immediate application of the require-
ments and design concepts prior discussed in Chapter 4. It consists of an
extensivelLV test network equipped with several components integrated as
modular elements within the facility area. A pseudo schematics of ti&GTL
architecture is given in Fig. 5.2. The diagram refers to a representative
topology including the major laboratory components and their principal
electrical features. In compliance with the architectural classi cation pro-
posed in the previous chapter, all the components can be associated to a
speci c typology. This classi cation is also highlighted within Fig. 5.2 where
the various components are mapped by di erent colors accordingly.



76 Case-study: the Smart Grid Technology Lab

As major type | components the laboratory includes théPHIL system
(being integrated) together with further stand-alone PAs and controllable
resistors. Furthermore, a desired network topology can be implemented by
con guring available segments of typical cables fotV grids. Otherwise,
cable emulators consisting of adjustable resistors and inductors can be
proper con gured to emulate a speci ¢ cable. A total number of 8 busbars
allows to connect components to the di erent nodes of the con gured
grid. If needed, a secondary substation connects the test network with the
utility grid. Otherwise, PAs can be used for grid emulation or to emulate
speci c island operations. The secondary substation is particularly designed
for testing in the area of voltage control. For that purpose, two series-
connectedOLTCs are allocated rather than a single unit. Particularly, a
10/10kV OLTC operates as type | component in order to emulate voltage
deviations from the MV side of a second 10/0.4 KMOLTC. The former has

a specialized design and consists of a nominal unity ratio while the latter
has a conventional design as MV/LV distribution transformer and is used
in the form of type Il component. Both OLTC s provide a regulation range
of 10% with respect to the nominal secondary voltage.

Besides theOLTC and in line with the research targets, the laboratory is
further equipped with several type Il components. A testbed including a
number of commercial AC charging stations along with commercial EVs
Is available for studies on Electromobility. As major BESSs, a Vanadium
Redox ow storage along with smaller size Li-iorBESS are also part of
the facility. The laboratory also includes a testbed foDER that can host
power converters while thePHIL system can be used to emulate the speci c
technology such a$?V-systems. Additional type Il components are often
interfaced with the main test network according to the individual research
needs. Among others, speci ¢ prototype components such as the line voltage
regulator included within the schematics. Furthermore, according to the
test purpose, di erent forms of hardware controllers are also part of the
setup as type Il components.
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Among the major type Il components, thelCT infrastructure ensures a
communication link between the various components for monitoring and
control. Standard industrial communication protocols such as Modbus
as well as innovative communication protocols such as 5G are used for
testing including ICT. Another remarkable feature of the laboratory is
the close-to-real-time data stream from the several DSOs. This enables
the test network behave as if it was a real low voltage network. In other
words, realistic load conditions can be reproduced in the laboratory. This
Is extremely valuable in order to verify that the developed control strategy
or a prototype behaves in the required way under real network conditions.
Secondly, the system gives the researchers an access to a valuable amount
of grid data that will support various studies. Finally, a control room hosts
the main laboratory server also used for running control, visualization and
analysis tools that are essential elements for testing.

5.3 PHIL system architecture

The PHIL system is designed to meet the laboratory targets and the
requirements of the existing hardware devices that compose tIsTL
facility. The deployed PHIL system is following described with particular
emphasis on the key attributes of the selected RTS and PAs.

5.3.1 System speci cations

System speci cations are in the following formulated in compliance with
the generalPHIL system design concerns prior discussed in Section 4.4.
Although most of the speci cations are stated in order to ful | technical
requirements, some of them are also guided by unavoidable cost aspects.

Simulation According to the research targets discussed in the previous
section, a maximal simulation bandwidth of 2 kHz is selected. This al-
low EMT as well asRMS simulations for a wide range of power system
applications, as shown in Fig. 5.3. The selected simulation bandwidth
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also provides an e ective compromise between simulation capability
and cost of the required equipment. As the principal function of the

Fig. 5.3: Designed simulation bandwidth and principal power system applica-
tions (adapted from [21])

system isPHIL testing, detailed simulations of small-size grids are
prioritized rather than larger ones. Therefore, computation capability
of 80 to 100 nodes is considered as reference. Moreover, multi-core

CPU based simulation is also selected for performing parallel model
execution.

Hardware interfacing Testing hardware controllers or protection de-
vices also belong to th&sGTL targets. Therefore, a set of analog and
digital 1/0 s is required. A further important aspect of the test facil-
ity is also the capability to perform tests includingICT . Therefore,
besides conventional analog and digitdlO s, emulation of standard
communication protocols is also required. As the minimum require-
ment, the system is speci ed to emulate Modbu3 CP/IP along with
IEC 60870-5-104 protocols. The former is selected as the majority of
the installed type Il components are commercial products that include
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Modbus TCP/IP as a standard industrial communication protocol.
The latter is the major standard for power substation communication,
supervisory control and system automation. Concerning communi-
cation betweenRTS and PAs for PHIL applications, an optical ber
link is selected as most suitable option to minimize communication
latency, thus enhance PHIL stability.

PHIL dynamics Considering the speci ed simulation bandwidth and

according to equations (4.1), (4.2) and (4.5) (see Section 4.4), the
major dynamic speci cations forPHIL are de ned. Particularly, the
following design factors are taken into account:

" kBW| =25
a kBW|| =15
" m =60

A graphical representation of the system dynamic speci cations is
depicted in Fig. 5.4 where the main design parameters are represented
as a function of the simulation bandwidth. The speci ed simulation
bandwidth (f simg,, ) Of 2kHz de nes the performance speci cations
for the PA system essential for PHIL simulation.

Fig. 5.4. Graphical representation of the PHIL system speci cations
for the selected simulation bandwidth of 2 kHz (inspired by [130])



5.3 PHIL system architecture 81

Particularly, the RTS must be capable of discret&EMT simulations
with a minimal time-step of 20us. The PA system requires a minimal
bandwidth of 3kHz. Moreover, in order to meet the designed margin
of stability, the open-loop delay should be limited to about 16jds.

Power and safety The PA system is designed as 4-Quadrant system in
order to allow bidirectional power ow and full emulation of genera-
tion and load components. Three-phase AC operation is the principal
application. Therefore, the major speci cations are formulated ac-
cordingly. However, DC operation is also planned to provide DC-link
for inverter based DER as well as for direct testing of further DC
components. The power rating is selected according to the rating of
the actual test facility, as shown in (5.1). Particularly, the system is
designed to substitute the secondary substation for supplying a given
test-network that includes the available type Il components. However,
the PA system rating must not exceed power rating of the secondary
substation, thus avoiding overload conditions when operating at full
range.

X
Soitc Spa Kg Sh (5.1)

Sea apparent power of the PA system

Soitc  apparent power of the OLTC transformer

Ky global contemporary factor ( 1)

N Typel + Type ll power components (OLTC excluded)

The minimum installed power of 200 kVA is selected as suitable design
for this given application. As further design option, the total required
power is split into two groups of PAs for a more exible utilization and
also to allowPHIL setups with series components (see UC5, UC7 and
UC12). According to the designed power rating for théA system
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along with the relative small required bandwidth, switched-mod®A
technology can be selected rather than a linear one.

Concerning voltage speci cations, the system must provide a nominal
phase-to-ground voltage of 230Mys according to the rating of the
existing facility. Moreover, in compliance with the laboratory targets,
the maximum AC voltage is designed to perform overvoltage tests
and therefore must be higher than 10 % of the nominal voltage.

Particularly important is the design of the PA output lters. This

a ects the dynamic performance forPHIL and the quality of the
power output directly. Moreover, the output Iter must meet the
current regulation on EMC. Further aspects must be also considered
when interfacing the PA system with speci ¢ power components. For
instance, the designedPA system is planned to be also operated as
DC emulator for inverter based DER. Therefore, the PA system
must meet the connection requirements to be proper interfaced with
power inverters. These requirements are particularly selective when
operating with commercial inverters. In fact, commercial inverters
are set to ful ll typical connection requirements for eld installations
that might include rigorous safety standards. For instance, in case of
commercialPV inverters, insulation resistance must be kept above
a speci ed threshold to allow inverter operation. The output Iters
of switched-mode PAs include capacitors that contribute to system
leakage currents. Therefore, as additional speci catiorRA lters
must be proper designed in order to guarantee an adequate insulation
level according to the inverter requirements.

Further power and safety considerations will be discussed in the
following Section 5.4.



5.3 PHIL system architecture 83

5.3.2 Selected real-time simulator

As design solution, aRTS from Opal-RT is selected for the developed
PHIL system. A picture of the system architecture is shown in Fig. 5.5.
The overall system includes two units: the target PC (OP5030) and the

Fig. 5.5: Installed real-time simulation system at Smart Grid Technology Lab

I/O extensions unit (OP5607) forHIL simulations. In addition, the main
laboratory server is used as host PC. It consists of a Windows OS running
on a virtual machine where the simulation control platform is installed.
This solution allows for multiple users to remotely access to the simulation
platform. The target and the I/O unit are connected together via PCle
Gen.2 cable while the host server communicates with the target via Ethernet
within the local laboratory network.

The target unit includes all the computation parts and mainly consists of an
Intel processor with 8 cores at 3.2 GHz. This enables to split complex models
up to 8 parts for parallel computation. The principal hardware speci cations
of the OP5030 are summarized in Table 5.1. As main peripheral, the
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Table 5.1: Principal speci cations of the OP5030 real-time target PC

Computation

CPU 1 Intel processor, 8 cores at 3.2 GHz
Communication systems 4 PCle slots
Operating System Linux RedHat, 32-bit
Peripheral
Intel EXPI19404PTL PT adapter
Number of Ethernet ports: 4
Data rate(s) supported per port: 10, 100 and 1000 Mbit/s
Bus Type: PCle 1.0a
Bus width: lane PCle (x4)
Bus speed (x4, encoded rate): 10 Ghbit/s uni-directional

20 Gbit/s bi-directional

Communication protocols

Ethernet based protocols Modbus TCP/IP Slave
IEC 60870-5-104 Slave
Total number of data points 2100

Intel EXPI9404PTL PT is also used as physical Ethernet port for the
emulation of the requiredTCP/IP based communication protocols. This

is particularly required for CHIL simulations including ICT emulation
(UC6). According to the current system license, a total number of 2100
data points for Ethernet based communication protocols is enabled. In line
with the RTS requirements, ModbusTCP/IP slave and IEC 60870-5-104
slave are the activated protocols. The con guration of the communication
protocol is performed via the provided real-time simulation management
platform. If multiple slaves are simulated in the same model on the target
IP address, the device driver will attempt to create an IP aliases on the
network interface and attach each slave to the related alias. In this case,
an external master device will be able to reach the slaves using the alias
IP address. This functionality is useful to simulate di erent slaves in the
same model and have each of them being reachable using their own IP
address. The I/O expansion unit is equipped with a number of analog
and digital 1/0 s for conventionalCHIL simulation (UC4). Moreover, the
embedded Xilinx Virtex-7 FPGA provides additional high speed Small
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Form-factor Pluggable GFP) communication ports. These can later be
used to link the RTS with the PA system to full Il the PHIL requirements.
The main speci cations of the OP56071/O s expansion unit are given in
Table 5.2.

Opal-RT provides a set of software specialized for power system simulation
at di erent levels. An overview of the software solutions together with
their main features is given in Table 5.3. According to the simulation
purpose, a suitable software can be selected. In line with tHeGTL
targets the eFPGASIM is not included within the selectedRTS. In case

of full-simulations (UC1 UC3), ePHASORSIM and HYPERSIM can be
preferred especially for large scale power system models. However, both
solutions require dedicated editing approaches and tools. For reduced power
system or component models to be applied tBHIL tests, the eMEGAsIm
provides a more suitable solution. Within eMEGAsim, model editing is
performed on Simulink L31]. Precisely, the simulation control platform
RT-LAB [ 137, [133 is used to combine the power system toolbox from the
Simscape Electrical library of Simulink with specialized libraries for real-time
simulation. Therefore, prior models developed in Simulink can be quickly
imported and adapted for real-time execution. This feature is particularly
valuable considering that MATLAB and Simulink are largely used in the
academic context. As additional feature, eMEGASsIm provides accurate
solvers for enabling real-timeEMT simulation. Among others, ARTEMIS
and ARTEMIiS-SSN solvers and algorithms eliminate arti cial delays in case
of parallel computation, by using advanced decoupling techniques for added
speed and e ciency. Besides model editing functionalities, RT-LAB is also
used to compile, load, execute and analyze models3{]. As additional
feature, the RT-LAB platform also includes anAPI based on Python or C
programming language. Among others, this enhance user customization as
well as automatic tests execution.
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Table 5.2: Principal speci cations of the OP5607 I/O extension unit

FPGA
Model VIRTEX 7 FPGA
FPGA Slices 75900

Digital Signal Processing (DSP) slices 2800

Analog Input Card (ADC) OP5340-1

Number of channels
Resolution

Max. sampling frequency

Min conversion/acquisition time
Nominal input ranges

16 di erential

16 bit

500 kHz

2.5us per channel
+20Vto+120V

Analog Output Card (DAC) OP5330-1

Number of channels

Resolution

Default range

Maximum current

Max. sampling frequency

Min conversion/acquisition Time
Maximum noise

Maximum o set

16 single-ended
16 bit
+ 16V
15 mA
1 MHz
1us per channel
20 mV peak-to-peak
+ 80 mV

Digital Input Card OP5353-3

Number of channels
Isolation

Input current
Voltage range
Delay low-to-high
Delay high-to-low
Rise/fall time

32 digital inputs
Optical isolator
3.6 mA, current limiting diode
4 to 50 V¢
110 ns
60 ns
6 ns/6 ns

Digital Output Card OP5360-1

Number of channels
Isolation

Reverse voltage limit
Voltage range

Delay Low-to-High
Delay High-to-Low
Rise/Fall times

32 digital outputs
Galvanic isolator
maximum 30 V¢
51to 15 V¢
50 ns
50 ns
15 ns

Communication

PCle Gen2 (x4)

SFP connectors with speeds from 1 to 5 Gbit/s (x16)
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5.3.3 Selected power ampli er system

The PA system is selected taking into account both the dynamic spec-
I cations for PHIL purpose as well as the electrical speci cations with
regards to the existing laboratory components. The commerci®A prod-
uct CSU200-2GAMP4 by EGSTON Power Electronics1f3q is selected
as suitable solution to full | the stated speci cations. A picture of the
deployed system is shown in Fig. 5.6. The overall system is implemented

Fig. 5.6: Architecture of the power ampli er system

within a total number of four cabinets that also include control, protection
and cooling systems. By design, the overall system capability is split in two
similar groups with a power rating of 100 kVA and each one including four
PA modules. Each module is a 4-Quadrant switched-modRA working as

6 legs buck-boost converter. Every leg is commuted at rate of 20.833 Hz,
thus providing an e ective switching frequency of 125 kHz. BotlPA groups
are supplied by the same grid conversion system that consist of a galvanic
isolated transformer together with a bidirectional power converter. The
Isolating transformer provides galvanic isolation between the DC-link and
the external AC grid that supplies the overall system. EaclitA group also
includes a dedicated communication unit equipped witlsFP connectors
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to enable ber optic communication with the OP5607 unit. A simpli ed
diagram of the communication ow between theRTS and the PA system

Is depicted in Fig. 5.7. ThePHIL loop is realized via the ber optic link
between the OP5607 unit and thé&SsFP communication module of thePA
system. The ampli er control loop consists of a high-speed real-time link
(RT-link) to drive the PA with a setpoint frequency of 250 kHz, thus provid-
ing a minimal transfer delay. The embedded probes for voltage and current
measurements together with theéADC are aligned to minimize measurement
inaccuracy. Current measurements give 1.1 % error over a range d200 A
with a 15bit ADC resolution while voltage measurements provide 0.3 %
error over a range of 1000V with 16 bit ADC resolution.

Fig. 5.7: Communication architecture of the PHIL system

Each PA group can be operated independently and simultaneously with the
selected operating mode. The two groups can be contemporary operated
also for diverse test purposes. For instance, one group can be used for
emulating a power component while the second groups operates as grid
emulator at the same time. According to the operating mode, eadPA
group is di erently con gured, as depicted in Fig. 5.8. Within the Free
Amp mode eachPA module can be operated independently according to
the reference signal. However, all the fouPA modules can be operated
either in voltage mode or current mode. In case of 3ph+N mode théA
group operates as three-phase system where the fourth module emulates the
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Fig. 5.8: PA system operating modes from left to right: Free Ampli ers and
three-phase plus neutral mode; Three-phase plus neutral with transformers;
DC Unipolar; DC Bipolar

neutral conductor. This operating mode can be also applied as voltage mode
or current mode. In the second case, thre@A operate in current mode
while the fourth PA is still operated in voltage mode. Three single-phase
transformers are also part of the system and can be eventually included at
the output of the PAs, thus providing galvanic isolation ( 3ph+N+Trafo
mode ). DC operation can be con gured either in DC Unipolar mode or
DC Bipolar mode . The former consists of the parallel connections of all
the PA modules in order to emulate the positive DC pole while the negative
pole is obtained by accessing the DC-link ground. This con guration is
more e ective when a higher current range is required. Within the DC
Bipolar mode, each pair oPA modules is connected in parallel. Each couple
of PAs is controlled to symmetrically emulate the positive and negative
DC poles. All the operating modes are manually set by the user via the
provided system Supervisory Control and Data AcquisitionRCADA). A
basic Simulink library is also provided to establish real-time communication
with the simulated model running into the RTS.

A summary of the principal speci cations of the deployed®A system is
given in Table 5.4.
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Table 5.4: Principal speci cations of the deployed PA system

Electrical supply

Input voltage

400 VRMS +10% (50 HZ)

Input current 332 Arms
Input power 230 KVA
Output power 200 kVvA
DC-link voltage 770 V
Single Power Ampli er

Switching frequency 125 kHz

Current overload capability
Output frequency

Output ripple voltage

10% (1 min)

DC to 5 kHz sine wave (-3 dB)
up to 15 kHz (small signal)

< 2.5 Vpeak (Vocink = 770 V)

System Operating Modes

Free Amp Mode (per Ampli er)
AC Mode

AC Power rating 31.5 kVA
Voltage O set 380V
AC Voltage range 0-250 ¥ums
AC Current range 0-126 Aws
DC Mode (unipolar)
DC Power rating 100 kKW
DC Voltage range 20-732 V
DC Current range 0-150 A
AC 3ph+N Mode
Maximum Power 94.5 kKVA
Voltage range 0-250 ¥us
Current range 0-126 Aws
DC Unipolar Mode
Maximum Power 100 kKW
Voltage range 20-732V
Current range 0-600 A
DC Bipolar Mode
Maximum Power 100 KW
Voltage range +713V
Current range 0-300 A
Cooling System
Water cooling 8 KW
Air cooling 11 KW

Communication

Real-time link to drive each ampli er
SFP module
SCADA link

fsepoint = 250 kHz (setpoint frequency)
5 Gbit/s
100 Mbit/s optical, UDP
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5.4 System integration

The overall laboratory components must be properly integrated into the test
facility especially to ful Il the non-functional requirements, as discussed in
Section 4.2. Among others, modularity and recon guration are considered
as fundamental requirements for the exible operation of the overall facility.
Therefore, each component is deployed as single module that can be operated
as stand-alone device for component-level testing as well as in connection
with further components for system-level testing.

Due to logistical reasons, the laboratory components are distributed at
di erent places within the facility area. Therefore, con guration cabinets
are designed in order to converge the output power terminals of each
modular component. According to the architectural classi cation proposed
within this work, this kind of equipment is intended as type Ill components
and therefore, essential elements also for supporting setup implementation
and test execution. For example, a con guration cabinet is designed to
implement a re-con gurable grid topology by combining multiple physical
cable segments. In this case, several cable segments with di erent lengths
are placed along the basement of the laboratory area, as shown in Fig. 5.9.
Available cables are of type NAYY 4x150 mrhand NAYY 4x25 mm? which

Fig. 5.9: Re-con gurable test network available atSGTL cables installation
along the basement of the laboratory area (left-middle) and con guration
cabinet for manual network topology implementation (right)

are common in German LV grids. The terminals of each cable segment are
made available into the con guration cabinet where, by means of auxiliary
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power patch cables, the user can manually con gure a desired topology.
The con guration cabinet also include four individual busbars that can be
also connected to the rest of test facility.

Similar to the design solution for the re-con gurable network, further
con guration cabinets are adopted for interconnecting all the remaining
component modules. A schematics of the overall implementation is depicted
in Fig.5.10. Particularly, the AC test environment includes two similar
con guration cabinets (AC-Cabinet A and B) each one hosting the out-
put terminals of the main AC components together with an independent

Fig. 5.10: Simpli ed electrical diagram of the selected design solution for the
practical integration of modular power components including the PHIL system
within the test facility
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busbar. These two busbars can eventually be connected together within a
common setup or operated individually, thus allowing parallel testing for
di erent users. A separate con guration cabinet is designed for testing DC
components and grid-connected inverters. The DC-Cabinet also includes a
busbar equipped with all the required protection devices suitable for a DC
supply system. A picture of the deployed cabinets is shown in Fig. 5.11.

Fig. 5.11: Deployed con guration cabinets outer view (left); inner view of
the two similar AC cabinets (middle); inner view of the DC cabinet (right)

Both AC and DC cabinets are also designed to host the power outputs of
the PA system. However, for practical needs the PA system is installed
on the opposite side of the laboratory's perimeter with respect to the
position of main con guration cabinets. Therefore, additional stationary
cables with a length of about 80 m are installed to link PA outputs to the
con guration cabinets. This will contribute to the total output impedance of
the PA system and should be taken into account for PHIL stability analysis.
Moreover, the adopted implementation solution leads to reworking concerns
of the PA system. On the one hand, a dedicated commutation logic must
be integrated to connect PAs outputs to the proper con guration cabinet
according to the selected operating mode (AC or DC operation). On the
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other hand, also dierent types and sizes of cables should be installed
according to the speci c operating mode. Also within a given operating
mode (e.g., DC operation), current ratings can vary signi cantly (as between
DC Unipolar and DC Bipolar), thus resulting either in cable oversizing or in
the impractical installation of multiple cable paths for the given operating
modes. In light of these considerations, additional design concerns (including
a trade-o between requirements and implementation costs) have led to the
conclusion of limiting the PA system con gurations in favor of a more cost
e ective and task-oriented design. Particularly,PA Group 1 is designed to
operate only in AC mode as major operating target of the facility. In this
way, a single three-phase connection to the AC-Cabinet A is implemented.
Moreover, the outputs of PA1 can be ether directly connected to the AC-
Cabinet A (Free Amp/3ph+N mode) or connected through the insulated
transformer (3ph+N+Trafo mode). By contrast, PA Group 2 is employed
for both AC and DC operating modes. However, DC operation is restricted
to DC Bipolar mode as no high currents are required. With respect to
Fig.5.10, the embedded Programmable Logic ControlleP{C) of the PA
system controls SW2.1 and SW 2.2 complementary to connect thi#&
outputs either to AC-Cabinet B or to the DC-Cabinet according to the
selected operating mode. Furthermore, PAs within a group are controlled
as comprehensive system and connected to the con guration cabinets by
4-pole breakers; this limit the possibility to use a singl®A group in a more
exible way. In fact, each PA group can be operated either in current or
voltage mode but not in a mixed form.

The allowed operating modes for eacRA group after the con guration
reworking are summarized in Table 5.5.

Table 5.5: Allowed PA operating modes after system integration

Operating modes
Free Amp 3ph+N 3ph+N+Trafo DC Unipolar DC Bipolar

PA Group 1 3 3 3 7 7
PA Group 2 3 3 7 7 3
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Besides the aforementioned operational concerns, further aspects such as
protection, measurements and safety are also of relevance for the proper
system integration. The developed con guration cabinets as well as the
installed PA system are equipped with typical protection devices for AC and
DC systems in line with the possible operating modes. Particularly, each
AC cabinet is equipped with usual overcurrent and overvoltage protection
devices for three-phase systems with special regards to the residual current
protection relays. In fact, due to the connection with thePA system
(or further power electronics based components), the Residual Current
Device (RCD) must be properly selected in order to avoid undesired trips
due to leakage currents or, even worst, missing detection of residual currents.
In contrast to residual current, leakage current does not represent a fault
situation (see Fig. 5.12).

Fig. 5.12: Concept of residual current (left) and leakage current (right)

Typically, leakage currents are caused by capacitive currents to ground
during normal operation due to lIters or the capacitance of long cable
connections. However, leakage currents must be limited within specic
thresholds (0.4 times the rated residual current of the residual current
operated protective device 137). In fact, conventional RCDs cannot
distinguish between residual currents and leakage currents. In case of high
leakage current theRCD might trip even though there is no fault (residual
current) in the system [L37. Furthermore, switch-mode power converters
may produce a smooth DC residual current in case of fault at the DC-link
or at the load side 3§. In conventional RCDs (such as type A), this
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DC residual current saturates the magnetic core, thus leading to improper
operation of the circuit breaker that may not trip in case of fault.

In compliance with EN 50178, type B RCDs must be used to provide
protection against direct and indirect contact if electric equipment may
produce a smooth DC residual current in the event of a fault. In facts, the
specialized design of type BRCD includes an additional magnetic core for
the detection of DC residual currents, thus guarantee a proper degree of
protection especially by operating power converters [138].

As principal busbar measurements, the power quality analyzer EPPE CX
by KoCoS [139 is included within each AC-cabinet. Besides conventional
measurements, this device provides advanced functions such as Total Har-
monic Distortion (THD) calculation or fault recording. In contrast to
conventional measurements devices, the EPPE CX also allow to implement
and to execute user-de ned control functions. In fact, the device is equipped
with analog and digital I/0O s to interact with hardware components. Fur-
thermore, a communication module including diverse standard protocols
Is also available for communication based control. Therefore, the device
can also be operated as type |l component according to the individual test
purposes.

As further system integration concerns, the implemented con guration
cabinets as well as the integratedPA system are designed to provide §IL

2, thus ful ll the actual safety level of the existing facility. In practice, this

Is achieved by installing additional SISs such as position and safety switches
or emergency shutdown buttons. These parts are integrated within the
emergency shutdown system of the existing facility. In case of manual stop
or trip of protection devices, the overall test environment is shutdown and
a manual restart of the system is required. This is also essential to avoid
unintentional operations under voltage during setup re-con guration.
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55 Remarks

The existing SGTL facility is presented and considered as case-study to
describe the principal features and the main challenges by designing and
developing such advanced laboratory infrastructures. Particularly, the
overall laboratory is described according to the architectural classi cation
suggested within this work. Particular emphasis is given to describe the
PHIL system as principal element considered in this work. Finally, system
integration aspects are discussed to provide an overview of the possible issues
when applying the major non-functional requirements in practice.

In the next two chapters the SGTL facility and particularly the integrated
PHIL system are used to prove the operational concepts formerly introduced
in Chapter 4.



Chapter 6

Test of the elemental PHIL
system functionalities

In this chapter preliminary tests are performed on the deployeBHIL sys-
tem in order to prove its elemental functionalities. These provide a practical
application of parts of the operational use-cases f&HIL applications in-
troduced in Section 4.5. First, preliminary tests are performed to determine
the dynamic model of the PA system and to assess the principal Interface
Approaches (IAs) for conventionalPHIL simulation. Later, the overall
PHIL system is operated to emulate typical grid disturbances. Finally, a
setup for the emulation of power pro les is implemented and applied to
reproduce scenarios based on time-series within a test network.

6.1 Conventional PHIL test

PHIL setups require to be formerly analyzed in order to prove setup stability
and accuracy before their practical implementation. In this regard, accurate
models of the main looped components can be required. The dynamic model
of the PA system together with the behavioral model of the speci ¢A
represent the major elements to be considered. Therefore, preliminary tests
are performed to assess botRA system model and IAs performance with
respect to the deployed PHIL system.
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6.1.1 PA dynamic model evaluation

PAs are usually modelled as second order transfer functions due to the LC
output lters and including a time delay that represents the internal drives.
The mathematical expression of this transfer function was introduced in
Section 3.3 and reported in (6.1).

Gon(9)= 31y ) e ot (6.1)
2+2 2f pas+ (2 f pa)?

In the following, the PA system is tested in both frequency and time domain
to determine the proper parameters in (6.1). In both cases, tHeA system is
con gured as three-phase voltage source operating at the maximum output
voltage. A resistive load of 3.2 is used to operate at about 50 % of the
maximum current. Fig. 6.1 shows the results of the frequency response
tests. The physicalPA system is tested with frequencies up to 10 kHz.
First, the measurements are compared with simulation results based on
the application of the datasheet speci cations for the parametrization of

Fig. 6.1. Frequency response: comparison between the simulated model and
measurements from the physical PA (test at max voltage output with 3.2
Y-connected load)
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(6.1). Results show a proper response approximation for frequencies up to
5kHz. However, for higher frequencies the model outcomes deviate from
the actual measurements. Therefore, the model parameters are further
tuned to improve the model outcomes afterwards. The nal model results
in a transfer function characterized by a cut-o frequencyfpp = 6 kHz, a
damping factor =0:8 and a time delayTpa =30 s.

Similar test conditions are reproduced also to evaluate the time response of
the PAs to a step reference signal. The measurements are compared with
the response of the determined model with respect to the similar reference
signal, as shown in Fig. 6.2.

Fig. 6.2: Step response: comparison between the simulated model and measure-
ments from the physical PA (zero to max voltage output with 3.2 Y-connected
load

The identi ed model provides an acceptable approximation of the actual
physical system. However, the application of (6.1) as a reference model
results in an inexact behavior with respect to the measurements of the
physical system. The actual response of a physidah also depends on the
control parameters of the inner Pl (proportional plus integral) regulator.
This contribution is not included in the generally adopted dynamic model.
Therefore, the frequency response of the closed-loop physical system di ers
from the resulting second order dynamic model. Furthermore, Pl parameters
can be adjusted according to the application requirements. Therefore, PA
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system response can vary accordingly. Moreover, further aspects related
to the actual operating conditions such as the load level (in closed circuit
operation) also a ect the dynamic performance. Therefore, the exact
determination of the PA model should be performed also considering those
aspects. The determined dynamic model is in line with the community
accepted modeling approach and results in a su cient approximation of
the actual PA system response. However, in case of particul@HIL
applications where the stability conditions are close to the limits a more
detailed evaluation of the dynamic model is recommended.

6.1.2 Interface assessment

A basic setup is implemented for the development and assessment of the
|IAs required for PHIL testing. The principal software interfaces are imple-
mented for both Ideal Transformer Method (TM ) and Damping Impedance
Method (DIM) as main ones applied foPHIL testing. Particularly, the
implementation of the DIM is given with a xed damping impedance as well
as with online estimated damping impedance. The latter implements the
algorithm suggested in121]] to adjust the damping impedance according to
the actual impedance of theHuT, as shown in Fig. 6.3. This algorithm can
be applied to a RL (resistive and inductive) typeHuT where the resistive
part (Rp) and the inductive part (Lp) are obtained in real-time from the
voltage and current measurementsv(t) and i(t), respectively) of theHuT.

Fig. 6.3: Algorithm for the online damping impedance estimation [121]
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All the implemented IAs are tested on a similar setup, as shown in Fig. 6.4.
Two similar circuits are simultaneously simulated within theRTS. These
can be intended as Thévenin equivalent circuits of more complex grids. The
simulated impedanceZy,t is connected to the circuit on the top-side, thus
forming the NCS. This represents the ideal implementation of the actual
PHIL setup that is realised with the circuit on the bottom-side. Physical
variable resistors are used aduT for the actual PHIL setup. The simulated
ImpedanceZy,t is set with resistance values similar to the physical resistors
used for thePHIL setup. Lastly, a group of PAs is operated as voltage
source @Bph+N V-Mode) to emulate the Point of Common Coupling PCC)

of the simulated circuit. The software impedanceZsy) and the hardware
resistor are selected in order to ensure a stable PHIL simulation.

Fig. 6.4: PHIL setup in case of emulated HUT

Fig. 6.5 shows the test results for the various IAs as well as for titNCS with
particular emphasis on the amplitude and phase shift between the relevant
waveforms. As suggested irnp§, these results can be compared in terms
of amplitude error and phase shift with respect to theNCS case where the
HuT is modelled within the RTS. However, this approach might lead to
erroneous interpretation of the results. In fact, theNCS simulation only
considers a xed and pure resistiveHuT. However, the resistance of the
physicalHUT is varying due to external factors such as the actual operating
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Fig. 6.5: Waveform comparison between NCS, ITM, DIM with xedZp and
online Zp estimation (a) voltage of the ROS, (b) current of the ROS, (c)
voltage of the HuT, (d) current of the HuUT

temperature. This, together with additional cable connections needed
for the setup implementation, contribute to the actual impedance of the
HuT. Moreover, the resulting impedance of théluT also includes parasitic
reactive parts that contribute to the load angle. Therefore, the accuracy
evaluation based on the comparison of the outcomes with respect to the
simulated NCS is not a viable solution in case of practical implementations.
To proper perform such comparison the compensation of the aforementioned
iIssues should be formerly considered.
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An alternative approach is to consider instantaneous error functions to
compare the results betweeiduT and ROS, as suggested in12d. The
instantaneous error functions can be de ned for both voltage (6.2) and
current quantities (6.3).

VRQ$(t) Vit (t)

"v(t)= —P PVros. (6.2)
() = |Hu£‘(;)l : lRos(t) (6.3)

The application of (6.2) and (6.3) results in to the instantaneous quantities
shown in Fig. 6.6. A better accuracy of thdTM can be observed especially
with regard to the current error. Minimal accuracy improvements can be
detected for the application of the DIM,pjine coOmpared with the DIM ygq .
The former, however, should result more e ective in case of online variations
of the HuT.

Fig. 6.6: Instantaneous error functions for the di erent IAs instantaneous
voltage error (top); instantaneous current error (bottom)
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The steady-state error can be quanti ed by considering th&MS value
of the instantaneous error, as reported in Table 6.1. Although th&lr'M

Table 6.1: RMS error for the di erent IAs

Error IT™ DIM xed DIM online
"Veus [%0] 1.961 2.446 2.246
" laus 1%0] 0.622 1.681 1.589

provides more accurate results its stability highly depends on the setup
parameters (see Section 3.3). In contrast, thBIM provides lower accuracy
due to estimation errors of the damping impedance. Howevdd]M does
not require detailed stability analysis to be performed every time as stability
does not depend on the parameters of the circuits. Therefore, the use of the
DIM (particularly the DIM oniine) Can be encouraged in case &HIL setups
that do not require high level accuracy or to speed up the development
of prove of concept setups. To better assess the performance of the
implemented DIMgniine, @ variable RL load is required aHuT. For this
purpose, an exemplary test is performed by emulating theluT with a
secondPA group, as depicted in Fig. 6.7. The current oiZp,t drives PA 2

in order to emulates its behavior on the power hardware layer. Therefore,

Fig. 6.7: PHIL setup in case of emulated HUT
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PA 2 acts asHuT for the PHIL simulation that involves the simulated
network on the bottom realized byPA 1. This solution can be generally
applied to emulate power components otherwise not available as physical
ones (see UC12). In this case, the emulated impedance provides a variable
RL load, thus allowing to test the online estimation of both resistive and
inductive parts. A qualitative comparison between the simulation results
of the NCS and PHIL is given in Fig. 6.8. Particularly, between 40 and

Fig. 6.8: Comparison betweerNCS and online DIMgpine in case of emulated
impedance adHuT Instantaneous current (top); set and estimated resistance
and reactance (bottom)

60 ms the resistance and the inductance of the simulated impedarg,r is
varied step-wise. Results show the ability of the implemented algorithm to
estimate the actual impedance within 20 ms. Moreover, a lower estimation
error is detected for higher current values. However, as formerly mentioned,
this comparison is considered for qualitative evaluations only. In fact, in
contrast to the simulated impedanceZy, T, the impedance estimation also
includes the contribution of additionally looped elements such d2A lters
and connection cables. However, the implemented DUMne behaves as
expected and can be further applied according to the givdPHIL setup
requirements.
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6.2 Open-loop grid emulation

The PHIL system is tested to prove its capability to emulate typical volt-
age disturbances in power system according to the operational use-cases
UC10 suggested in Section 4.5. In this case, tliRF'S is used as a exible
signal generator while thePA system provides the full-scale outputs to the
laboratory test environment. Compared to conventional signal generators,
the use of a RTS provides more practical bene ts in term of exible and
straightforward signal editing. Steady-state as well as dynamic signals
can be programmed as mathematical functions and real-time executed.
Moreover, a test routine including di erent signal parametrization can be
automatically performed, thus improving the execution of multiple tests.
A block diagram of the overall setup is depicted in Fig. 6.9. A set of test

Fig. 6.9: Setup for grid disturbance emulation

functions is selected and implemented within the RT-Lab environment
and running on the RTS. These functions can be individually selected
and converted into instantaneous reference signals that are sent to tRA
system via aSFP link. The developed test functions aim to emulate typical
power quality disturbances according to the standard IEEE-11594Q.
However, due to the minimal simulation time-step and the maximuniPA's
bandwidth, transients such as impulses and oscillations are neglected. The
test functions include steady-state disturbances such as harmonics or icker
as well as long and short time duration events such us undervoltage or
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overvoltage conditions. Exemplary applications for each developed test
function are given in the follows.

Undervoltage/Sag

As suggested in IEEE-1668141], depending on the recorded frequency
of sag events in the eld, three main common sag types can be de ned.
These are considered as reference and implemented within fR€S. Their
mathematical implementation is summarized in Table 6.2. Particularly,
type | and type |l refer to asymmetrical voltage sags while type Il refer
to symmetrical ones. Undervoltage conditions can be emulated as long
duration sags. For instance, symmetrical undervoltage emulation can be
obtained by long duration type Il voltage sags.

Table 6.2: Voltage sag emulation selected test vectors according to [141]

Voltage sag Description Equations* Vector diagram

Voltage sag in which a V;= aE;

drop in voltage takes _ 1. = .P3
. . V = sak»

place mainly in one of the 2

phase-to-ground voltages V; =

Type |

Voltage sag in which a v
drop in voltage magni-
Type Il tude takes place mainly in V, =
one of the phas,e-to-phaseV _
voltages 3°

NIk NI P
m
N
—
N
QD
N

m|
+
'\"w\
QD
w

Voltage sag in which V;= a
there is a drop in voltage « _ 1
magnitude that is equal 2~ 2
for each voltage V3 :

m

Type Il

* Where: a = sag voltage factor @ < 1); E., E,, E; = pre-sag phase-to-ground voltages;
V1, V5, V3 = actual phase-to-ground voltages

Results of voltage sag emulation with di erent sag voltage factors (a) and
di erenttime intervals ( T) for each selected sag type are shown in Fig. 6.10.
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Fig. 6.10: Emulation of di erent types of voltage sags at di erent time
intervals T expressed as a fraction of the fundamental period T (pu values
refer to a fundamental sine waveform at 50 Hz and 23QMs phase-to-ground)
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Overvoltage/Swell

According to the limits speci ed by EN 50160, overvoltage in LV distribution
grids is de ned for voltage increase above 10% of the nominal voltage.
However, thePA system is designed to provide a maximum output voltage
of 250 Vkus phase-to-ground according to the available DC-link voltage.
Therefore, the maximum sinusoidal output achievable within the linear
region of PWM modulation corresponds to +8.7 % with respect to the
nominal voltage of 230 Vaus (typical of LV grids). For setpoints higher than
250 ks the PWM converter operates in overmodulation, thus distorting
the output waveform. This situation is shown in the top-side of Fig. 6.11.
Starting from a nominal voltage of 230 Vs, the voltage is increased
of 25%. For setpoints above 8.7 %, the output waveform is truncated
due to the limited DC-link voltage. To better exploit DC-link voltage, a

Fig. 6.11: Overvoltage emulation test with phase-to-ground voltage slope
from 230 Vrus to 287.5Vkus (+25%) overvoltage without third harmonic
injection (top); overvoltage with automatic third harmonic injection (bottom)
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third harmonic component can be injected in addition to the fundamental
waveform. This provides an increase of 15 % with respect to the maximal
output voltage with a minimal harmonics content. Therefore, a total
overvoltage of 25 % can be achieved. For this purpose, the reference voltage
Is generated by an algorithm that automatically injects a third harmonic
component in addition to the fundamental waveform. The resulting output
waveform in case of an automatic injection of third harmonic components
Is shown in the bottom-side of Fig. 6.11. The waveform distortion due to
the third harmonics is observable within the phase-to-ground voltage while
it does not a ect the phase-to-phase voltage where the third harmonics are
cancelled.

Flicker

The icker emulator generates a sinusoidal waveform modulated with a
de ned signal. Three di erent modulating signals are considered to shape
the icker disturbance as: sine icker, sawtooth icker and square icker.

Fig. 6.12 shows the test results of icker emulation for the aforementioned
modulating signals in case of similar modulation amplitude and frequency.

Fig. 6.12: Flicker emulation test with di erent modulating waveforms in case
of similar modulation amplitude and frequency (pu values refer to a fundamental
sine waveform at 50 Hz and 230Mss phase-to-ground)
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Harmonics

The harmonics emulation includes the possibility to set a desired harmonic
order with a de ned amplitude with respect to a de ned fundamental
waveform. Multiple harmonics can be simultaneously applied to each phase
while the PAs operate as a symmetrical three-phase system. Otherwise, the
individual setpoints of the harmonics can be provided for each phase inde-
pendently. These operation options are tested according to the parameters
reported in Table 6.3.

Table 6.3: Harmonics emulation Test cases and parameters

Harmonics
Test case
Order*  Amplitude* [%]
3 30
Low-frequency Symmetrical system 5 20
7 20
: . 21 10
High-frequency =~ Symmetrical system 23 10
Phase 1 (L) 3 35
3 10
Individual phase Phase 2 (L) 7 10
11 10
23 10
Phase 3 (L) o5 5

* with respect to a fundamental sine waveform at 50 Hz and 230 Wus

Fig. 6.13 shows the resulting output voltage measured at théA's termi-
nals. The implemented model is performed without overruns with a xed
simulation time-step of 10 s. Therefore, the simulator is able to provide
a good quality of the signal waveforms for harmonics up to 4kHz (see
Equation 4.1). However, thePA system is limited to 2.5 kHz harmonics
when operating at full output voltage. Therefore, harmonics emulation
at full output voltage can be performed up to 58 harmonic order with
respect to the fundamental frequency of 50 Hz.
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Fig. 6.13: Harmonics emulation test with a fundamental sine waveform at
50Hz and 230 V\us phase-to-ground (a) Low frequency harmonics; (b) High
frequency harmonics; (c) Individual phase harmonics

Frequency slope

The frequency slope emulator implements a set of three-phase voltage signals
with a desired frequency modulation. Fig. 6.14 shows the results frequency
slope emulation for di erent frequency setpoints in both underfrequency
and overfrequency case.

Fig. 6.14: Frequency slope emulation
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6.3 Power pro les emulation

Besides the emulation of desired voltage waveforms, tRHIL system can
be used to emulate generation feed-in and load consumption within the
laboratory test environment. In this case, thePA system is operated in
current mode (I-mode) and the reference currents are provided by ther'S.

Of particular interest is the emulation of power pro les (see UC11). In this
case, the reference active and reactive power values must be converted in
to instantaneous currents and sent as setpoints to thiRA system. For this
purpose, aPLL algorithm is implemented within the RTS, thus providing a
closed-loop setup, as shown in g. 6.15. The amplitude and the angle of the
instantaneous currents are computed within the reference generator block
according to the outcomes of thé’LL and the reference power. Active and
reactive power setpoints can be derived from an external data source as
time-series format. In this case, the scenario interface implements a python
based script that uses theAPI of the RTS to transfer power references from
an external data source.

Fig. 6.15: PHIL setup for emulation of power pro les based on time-series

An exemplary application of this operational use-case is depicted in Fig. 6.16.
A cloud based state estimation tool is installed within a LV network in the
city of Dortmund and integrated into the SGTL infrastructure. The state es-
timation tool is a commercial product called Venios Energy Platform\(EP)

by company Venios 142. At eld level, VEP performs grid estimation
based on the measurements at the secondary substation of the selected LV
grid. VEP is interfaced at laboratory level by using the mentioned scenario
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Fig. 6.16: Setup for laboratory level power emulation based on eld measure-
ments and state estimation outcomes

interface. This transfers eld measurements as well as the outcomes of the
state estimation to the RTS. Finally, the PA system is used to emulate
the resulting power pro les within the laboratory test network thereby
providing realistic scenarios for the given test purposes.

The selected LV grid covers a residential area close to the campus of TU
Dortmund University with a total number of 97 nodes. The grid includes
20 PV units for a total installed power of 81 KWp. An illustration of the
selected LV grid is shown in Fig. 6.17. Measurements and communication
modules are installed at the secondary substation as shown in Fig. 6.19.
A voltage measurement is installed at the 0.4 kV busbar while current
sensors are installed in each feeder. A commercial rooter is included on a
Virtual Private Network ( VPN) and used to transfer measurements from the
secondary substation to VEP via IEC 60870-5-104 communication.

The scenario interface is running on a local terminal of the laboratory
and performsTCP/IP requests to the server oWEP in order to acquire
speci c data from the eld. This allows for collecting measurements and
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Fig. 6.17: Selected LV grid in Dortmund City grid topology (magenta lines);
roof PV-system installations (green marks)

Fig. 6.18: Measurements and communication module installed at the secondary
substation
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