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Kurzfassung

Power Hardware-in-the-Loop PHIL Testing kombiniert die Flexibilitit numerischer Simulationen
mit der hohen Genauigkeit von Hardware-Experimenten und ermoglicht die Validierung elek-
trischer Systeme unter realistischen und kontrollierbaren Laborbedingungen. Ein PHIL-System
verbindet ein simuliertes Model-of-Interest Mol, das in einem Digital Real-Time Simulator DRTS
ausgefiihrt wird, mit physischer Hardware, dem Hardware-of-Interest Hol, iiber Schnittstellenkom-
ponenten und -algorithmen. Obwohl PHIL erhebliche Vorteile hinsichtlich der Reduzierung von
Entwicklungszeit, -kosten und der Abhingigkeit von Feldtests bietet, fithrt das Vorhandensein von
Schnittstellenkomponenten zu grundlegenden Herausforderungen in Bezug auf Systemstabilitét
und -genauigkeit, die in der bestehenden Literatur nicht systematisch oder einheitlich behandelt
werden.

Diese Arbeit adressiert diese Liicke durch die Entwicklung einer umfassenden Methodik zur
Modellierung, Analyse und Validierung von PHIL-Systemen, mit Beitrigen in vier miteinander
verbundenen Bereichen.

Erstens wird der Einfluss wesentlicher Schnittstellenkomponenten, namlich Zeitverzogerungen,
Filterstufen und Leistungsverstirker, auf die PHIL-Stabilitit und -Genauigkeit mittels Ubertra-
gungsfunktionsanalyse charakterisiert, und konventionelle Schnittstellenalgorithmen (IAs) wer-
den systematisch hinsichtlich ihrer Anwendbarkeit und Einschridnkungen verglichen.

Zweitens wird, um dem hybriden Charakter von PHIL-Systemen aus Kontinuierlicher Zeit CT und
Diskreter Zeit DT gerecht zu werden, ein neuartiger Mehrfachabtastrate-Diskrete-Zeit MDT Mod-
ellierungsansatz vorgeschlagen, um die PHIL-Modellierungsgenauigkeit zu verbessern. Quantita-
tive Genauigkeitsmetriken werden eingefiihrt und durch Simulations- und experimentelle Studien
validiert, wobei Messunsicherheiten berticksichtigt werden.

Drittens wird die Wechselwirkung zwischen PHIL-Schnittstellendynamik und einem aktiven
Hol, nimlich einem dreiphasigen netzgekoppelten Umrichter, analysiert, wobei gezeigt wird,

il
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wie die Regelungsdynamik des Umrichters sowohl die Stabilitdtsgrenzen als auch die Testge-
nauigkeit entscheidend beeinflusst. Dies verdeutlicht die Notwendigkeit einer koordinierten Ab-
stimmung zwischen Schnittstellenparametern und Umrichterregelungsdynamik und fiihrt einen
Modellierungsrahmen ein, der die Regelungsdynamik des Hol explizit in die PHIL-Kreisanalyse
einbezieht.

Viertens wird ein impedanzbasierter Stabilititsanalyserahmen entwickelt und iiber die klassische
Annahme passiver Lasten hinaus erweitert, um die dynamischen Regler netzgekoppelter Um-
richter als aktive Hols einzubeziehen. Der Rahmen umfasst netzfolgende GFL und netzbildende
GFM Umrichter, Auswirkungen der Sensorplatzierung, Zwischenkreisdynamik sowie Riicken-
an-Riicken-Umrichterkonfigurationen in Mehrport-PHIL-Aufbauten.

Abschlieend werden die theoretischen Erkenntnisse in praktische Leitlinien fiir die Auslegung
und den Betrieb von PHIL-Systemen iiberfiihrt, die Stabilitéit, Genauigkeit und Skalierbarkeit
adressieren und zur Entwicklung standardisierter Methoden fiir zukiinftige PHIL-Implementierungen
beitragen.

v



Abstract

Power Hardware-in-the-Loop PHIL testing combines the flexibility of numerical simulations
with the high fidelity of hardware experiments, enabling the validation of electrical systems under
realistic and controllable laboratory conditions. A PHIL system interfaces a simulated Model-
of-Interest Mol, running in a Digital Real-Time Simulator DRTS, with physical Hardware-of-
Interest Hol via interface components and algorithms. While PHIL offers significant advantages
in reducing development time, costs, and reliance on field testing, the presence of interface
components introduces fundamental challenges related to system stability and accuracy that are
not systematically or uniformly addressed in the existing literature.

This thesis addresses this gap by developing a comprehensive methodology for modeling, analyz-
ing, and validating PHIL systems, with contributions spanning four interconnected areas.

First, the impact of key interface components, time delays, filtering stages, and power ampli-
fiers on PHIL stability and accuracy is characterized through transfer-function-based analysis,
and conventional Interface Algorithms (IAs) are systematically compared with respect to their
applicability and limitations.

Second, to address the hybrid Continuous-Time CT and Discrete-Time DT nature of PHIL systems,
a novel Multi-rate Discrete-Time MDT modeling approach is proposed to improve the PHIL
modeling accuracy. Quantitative accuracy metrics are introduced and validated through simulation
and experimental studies, accounting for measurement uncertainties.

Third, the interaction between PHIL interface dynamics and an active Hol, namely a three-phase
grid-connected converter, is analyzed, demonstrating how converter control dynamics critically
influence both stability margins and testing accuracy. This establishes the necessity of coordinated
tuning between interface parameters and converter control dynamics, and introduces a modeling
framework that explicitly incorporates Hol control dynamics into the PHIL loop analysis.

Fourth, an impedance-based stability analysis framework is developed and extended beyond the
classical passive-load assumption to incorporate the dynamic controllers of grid-connected con-
verters as active Hols. The framework encompasses Grid-Following GFL and Grid-Forming GFM



Abstract

converters, sensor placement effects, dc-link dynamics, and back-to-back converter configurations
in multi-port PHIL setups.

Finally, the theoretical insights are translated into practical guidelines for the design and operation
of PHIL systems, addressing stability, accuracy, and scalability, and contributing toward the
development of standardized methodologies for future PHIL implementations.

vi
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1 Introduction, Motivation and Scope
of Work

1.1 PHIL Motivation

A wide range of new energy solutions for power systems is proposed each year, including energy
storage systems, renewable energy sources, and components for transportation infrastructure.
The fast pace of these developments challenges system operators to validate new technologies
before their adoption. While compliance with grid codes can be easily assessed with standard
laboratory testing, the real system-level performance can be validated only in the field. For some
consolidated technologies (e.g., photovoltaics), the learning curve is already advanced, and only
limited testing is needed. However, for less mature technologies (e.g., electrolyzers, new battery
chemistries), relatively limited information is available about their field performance and overall
system impact.

Setting up a full-scale demonstrator is the only current practice for increasing operational know-
how. However, this may lead to several issues: (z) high testing costs associated with long
installation time and the need for specialized workforce on the field; (i) low testing flexibility
due to the limited possibilities to change the demonstrator configuration and its properties, and the
need to extend the testing campaign duration until all desired scenarios are covered; (¢¢¢) liability
issues because the Hardware-of-Interest (Hol) is still at prototype stage and could eventually
provoke large disturbances in the grid or at local customers. This could require insurance policies
to cover unexpected damage to adjacent equipment.

Having a test bench that the actual Hol interacts with a simulation model (e.g., a power grid
model), known as a Model-of-Interest (Mol), provides the flexibility of simulation scenarios and
the fidelity of working with the actual power hardware (Fig. 1.1a). Therefore, the concept of
Power Hardware-in-the-Loop (PHIL) was introduced in the early 2000s [1] to reduce testing costs,
time, and risk while maintaining high assessment accuracy, and has continued to gain traction
since then [2-4]. As shown in Fig. 1.1b, a PHIL setup combines the fidelity of full-power
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Figure 1.1: PHIL concept

hardware tests with the flexibility of numerical simulations by interfacing Hols, via specialized
power amplifiers (PA), with a real-time model of its operational environment. The Mol is running
in a digital real-time simulator (DRTS). The DRTS provides the PA setpoints (typically in digital
form), which are converted to the corresponding voltages and currents in the physical system.

The presence of a PA as an interface between the Mol and the Hol is a distinct feature of PHIL
systems, and compared to Control Hardware-In-the-Loop (CHIL), as depicted in Fig. 1.1, a PHIL
system intends to preserve the real coupling with the real power exchange [5]. A PA enables the
flow of instantaneous power at the interface point as in the real system, thus reproducing the real
coupling case between the Hol and its operational environment. This operational environment
comprises DRTS and PA, which are collectively referred to in this thesis as the Emulated Model
(EM). Any Hol that respects the voltage and current ratings of the PA can be connected at its
output. Moreover, a chosen variable (e.g., current or voltage) should be measured and fed back
to the simulator [6], closing the loop. This approach allows assessment of Hol performance by
applying equivalent test conditions to those used in field testing.



1.1 PHIL Motivation

1.1.1 PHIL Evolution

In the academic world, there is a clear increasing trend of using PHIL systems for experimental
validation of electrical components, as shown in Fig. 1.2. Initial works on PHIL are dated at the
beginning of the 2000s. Currently, papers with PHIL as the main topic have grown to more than
40 per year in 2024, with a linear increase. As Table 1.1 shows, the focus changed greatly over
time. The initial focus was on motors and electric drives applications, targeting the performance
validation of machines under external disturbances [1,7-9,23,24] while even earlier works [1,25]
introduced the concept and focused more on the basic aspects. However, as global attention shifts
to renewable energy production and integration, the focus of PHIL-related research has shifted
toward grid-connected components. For example, the validation under realistic conditions of
energy storage systems has been performed to counteract the higher power variations caused by
renewable resources [10—13]. Finally, in the most recent years, the results of more complicated and
accurate real-time-based simulations using the PHIL approach have been published mostly in the
domain of electric power grids and power electronics-based control approaches [14—16, 18-22].

Table 1.1: Evolution of the PHIL applications in literature from 2007

Simulation Time frame Size of Hardware power Hardware voltage

Refe Yo Applicati
elerences Year pplication time step  of interest simulated grid scale factor scale factor

[7] 2007 Super Conducting Motor 1.5 & 50ps  minutes 756 nodes

1 1
[8] 2008 Electric Drives 50us hundreds ms 1 Bus 1 1
[9] 2010 Large Motor Drives 50ps hundreds ms 1 Bus 1 1
[10] 2013 Unintentional islanding hundreds ms Small 1 1
(1] 2017 Frequency response of S0ps  hundredsms 24 Buses 5-50e3 500

Energy Storage
[12] 2017 Flywheel Energy Storage 50ps minutes 24 Buses 1 1
Heat Pump and .
[13] 2018 Energy Storage Systems 50ps minutes 1 Bus 1 1
[14] 2018 Distribution Voltage minutes 14 Buses 10 1
Regulation
[15] 2019 ~ SolidState Transformers hundreds ms ~ Small 100 1
Primary frequency support
[16] 2020  Flywheel Frequency Response 24ps hundreds ms 18 Buses 1 1
[17] 2021 Power electronics grid integration 50ps ms 1 Bus 1 1
[18] 2021 Energy Storage Integration 50ps minutes 1 Bus 3&7 5&8
[19] 2021 Variable Speed Diesel | 50ps  hundreds ms Small 1 1
Generator with Supercapacitor

[20] 2021 Virtual Motors 15pus seconds Small 1 1
[21] 2024 Asynchronous Grids 24ps hundreds ms 18 Bus 10 1
[22] 2024 Virtual Synchronous Machine 24ps  hundreds ms Small 1 |

validation in flywheels
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Figure 1.2: Number of published papers for each year from 2008 using Web of Science database. Research performed in
Web of Science with the query TS=("power hardware in the loop" OR "power-hardware-in-the-loop")

1.1.2 Challenges of PHIL Testing

A PHIL is a multi-component system, and the communication between components and the
method to interconnect them can change the dynamics of PHIL results, affecting the functionality
and accuracy of PHIL tests. Therefore, users should be aware of factors that challenge PHIL
testing. The key aspects of these challenges are discussed below.

1.1.2.1 Modeling Approach

A PHIL system is made of coupling software (DRTS) and Hol (analog device). The DRTS
operates in the discrete domain, whereas, on the other side of PA, real-world hardware operates
continuously. To achieve a dynamic model of the PHIL systems, the loop transfer functions are
required. While choosing continuous-time domain transfer functions makes it easier to understand
the dynamic behavior of each component, modeling the entire PHIL in the continuous domain
ignores the actual behavior of DRTS, and vice versa. Additionally, in many studies, the model of
interface components is neglected, and delays are understated; for example, Padé approximations
are used. Finally, on the hardware side, the Hol model is often uncertain, further complicating
loop modeling.



1.1 PHIL Motivation

Open points: A modeling approach that mimics PHIL’s hybrid discrete/continuous nature is
required. Also, to analyze the loop transfer functions, a general methodology must be adopted
that accounts for interface dynamics and delays. Hence, for PHIL modeling, a general approach
must be adopted, considering the possibility of inaccuracies in the Hol or interface model.

1.1.2.2 Stability vs. Accuracy

As mentioned above, the PHIL introduces elements for interfacing the Mol and Hol that do
not exist in reality (real coupling scheme): DRTS, PAs, sensors, etc. As a consequence, these
elements impose delays in the software-hardware communication and limit the PHIL bandwidth.
The stability and accuracy of the PHIL systems are, therefore, affected [3,4].

To solve this issue, two approaches have been followed:

1. Varying the interface method, which is given in [26] and will be illustrated in the next
chapter.

2. Inserting a feedback (or feed-forward) filter to damp the high-frequency system dynamics,
and thus stabilize the loop [27].

Both approaches help to stabilize the PHIL systems. However, they also modify the loop plant by
introducing transfer functions that do not exist in reality, deteriorating the PHIL accuracy, mostly
at the high-frequency range. Therefore, a trade-off emerges between accuracy and stability in
PHIL testing. Furthermore, as noted earlier, in many cases the behavior of the Hol is unknown;
therefore, its detailed model has yet to be verified via PHIL itself. This complicates the stability
of PHIL even more.

Open points: In the literature, the stability of PHIL is mostly analyzed when passive loads are
employed as Hol. A methodology for analyzing the stability of PHIL regardless of the Hol (e.g.,
grid converters) prior to laboratory experiments is lacking. A general approach applicable to
a wide range of Hols can help operators choose better stabilizers for interface components and
interface algorithms (the method of coupling Hol to EM), thereby optimizing the stability-accuracy
trade-off.
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1.1.2.3 Scalability

The PHIL testing is mainly limited by the PA sizing, which is typically limited to several MVA in
low-voltage applications (1kV RMS or 1.5kV DC). However, higher-voltage and higher-power
applications are currently of great interest to the academic and industrial communities. The
results of PHIL tests performed using reduced-scale prototypes connected to simulated networks
of significantly larger size are presented in several papers. This approach is typically used to test
wind power plants [28,29], HVDC systems [30-32], and high-power electric drives [33].

Although some performance characteristics can be easily captured, the main concern with this
trend is the fidelity of testing due to power converter scaling-up. Improper scaling can introduce
significant inaccuracies in test results because some converter properties, such as switching
characteristics, dynamic and thermal properties, cannot be accurately scaled.

Open points: The fidelity of tests based on scaled-down Hol with respect to the full-scale hardware
needs to be verified. Using reduced-scale PHIL system components may neglect certain phenom-
ena or dynamics, leading to an incorrect performance assessment. In some cases, a well-built
simulation or CHIL testing could produce more accurate results.

1.1.2.4 Experimental Dynamics

PAs in PHIL systems are used as an interface between the Mol and the Hol. PAs used in PHIL
systems can be either linear PAs, or switched-mode PAs [34]. Due to their operating principle,
linear PAs can achieve very high bandwidths but suffer from low efficiency and cannot regenerate
energy into the input power source. On the contrary, switched-mode PAs offer significantly
higher energy efficiency (above 90%), bidirectional power flow, and smaller size and weight.
Furthermore, Chapter 2 shows that choosing the interface algorithm alters the PHIL dynamics.

All these aspects need to be taken into account during PHIL testing (especially when testing
phenomena involving fast transients), because the amplifier’s limited bandwidth and the interface
algorithm can compromise test accuracy in several cases.

Open points: Additional research is needed to characterize the effects of PA limitations and inter-
face algorithm methods on simulation testing accuracy of highly dynamic systems and phenomena
(e.g., faults). There is a need for new PA technologies capable of operating at high frequencies
and high power levels (e.g., for testing medium-frequency transformers).
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1.2 PhD Research Question

Given that the first two issues also occur across all the other challenges discussed above, the re-
search framework of this thesis is developed to address the PHIL modeling and stability challenges.
To be concise, this thesis is structured around the following core research questions:

1. How can a PHIL system be modeled to accurately capture the effects of interface components
and time delays in closed-loop operation?

2. How can the stability of PHIL systems with active Hols, e.g., grid converters, be assessed
using prior experimental testing?

3. How can PHIL stability be evaluated when the internal dynamics of the Hol are partially
unknown?

4. How do the control dynamics of active Hols influence PHIL stability and accuracy?

5. What practical design guidelines can be derived for selecting PHIL configurations and
controller parameters to ensure stable and accurate operation?

1.3 Scope of the Work and Thesis Structure

To address the research questions, this thesis examines PHIL modeling techniques, considers the
modeling domain and interface components, and proposes an impedance-based approach suitable
for active Hols in PHIL systems modeling and stability analysis. Various converters are examined
using the selected approach and verified through simulations and laboratory experiments. The
structure of the thesis is shown graphically in Fig. 1.3, and the main contribution of each chapter
is given as follows:

e Chapter 2 provides an overview of the PHIL concept, its components and their impact,
classic methods to couple the EM and Hol, and the most recent studies on the PHIL.

e Chapter 3 proposes a modeling approach that considers the hybrid continuous/discrete
nature of PHIL setups, and the closed-loop response is verified via simulations and experi-
ments.
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e Chapter 4 takes a grid-following converter as an active Hol in a PHIL and investigates its
impact on the stability and accuracy of the PHIL considering the converter controller loop.

» Chapter 5 proposes Impedance-based stability analysis to study the stability of a PHIL for
grid-converter testing, with the advantage of stability verifications for uncertain Hols. The
impact of control variables on the stability of PHIL is studied. The approach is further
developed for an active front-end converter with a dynamic DC link.

* Chapter 6 compares the current and voltage mode of the commonly-used interface algo-
rithm, Ideal Transformer Method (ITM), for Grid-following and Grid-forming converter
testing in a PHIL setup.

e Chapter 7 expands the methodology of the impedance-modeling and stability analysis to
a double-PHIL, required for back-to-back converter testing.

* Chapter 8 provides testing guidelines on PHIL testing, highlighting the importance of
various scenarios.

» Chapter 9 concludes the thesis by summarizing the key findings, identifying open research
questions in the field, and outlining directions for future work.
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2 Power Hardware-in-the-Loop
Systems: Elements, Interface
Algorithms, and State-of-the-Art
Review

The main components of the PHIL used in this thesis are introduced here before going to the
modeling details. The impact of each component on PHIL stability and accuracy is then shown
through simulations. The common interface algorithm for connecting Mol to the Hol is reviewed
and compared with respect to stability and accuracy. Finally, the selected PHIL setups for
experimental verification in the thesis are presented in the last section.

2.1 PHIL Elements

As shown in the Fig. 2.1, a PHIL setup combines DRTS with a physical Hol through a power
interface, enabling the evaluation of power devices under realistic operating conditions. The
PHIL setup chosen in this section employs the Voltage-type Ideal Transformer Method (V-ITM)
as its interface algorithm, meaning that the output voltage of the Mol is measured and sent to the
amplifier to be reproduced and applied to the Hol, and the current of the Hol is measured and
sent back to the DRTS. Detailed explanations of different interface algorithms, including V-ITM,
are provided later in this chapter.

A typical PHIL setup consists of several key components whose dynamic characteristics deter-
mine the stability and accuracy of the closed-loop system. The main components are described
in the following subsections.

@ Digital Real-Time Simulator

11
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The DRTS constitutes the computational core of a PHIL system. It executes a numerical model of
the simulated power system with a fixed and deterministic time step to ensure real-time operation.
The simulator calculates electrical quantities, such as voltages and currents, that represent the
virtual network connected to the Hol. These calculated quantities are provided as reference signals
to the power interface, while measured feedback signals from the hardware are incorporated into
the simulation model to close the loop. The achievable simulation bandwidth and fidelity are
limited by the selected time step, solver structure, and model complexity. As will be shown in the
next section, excessive computational delay or insufficient time resolution can introduce phase
lag, negatively affecting PHIL stability and accuracy. The delays imposed by DRTS due to the
computational time can be described as follows:

Gprrs = ¢~ (Ta,pRTS)S 2.1)

where T, pr7s is normally equal to the time step chosen for the DRTS, and its typical range is
from hundreds of ns to around a few ps for power electronics switching simulations and between
10-50 ws for power system analysis. It is important to note that this delay occurs at least once in
both sending and receiving the data.

@ D/A and A/D Converters

. . . D/A Power ¢ Hardware
Digital Real Time Simulator converter Amplifier ~"°"  of Interest

o @) ® @ ®
@ ﬁl@ e STV AVE SNEx - A Wy e
Ao m=

Y7 el
Lol 1] Sl

® @

\
rummanl

L

1
Tt B
D V\
= @ Model q% Low-pass A/D
of Interest filter converter

Figure 2.1: Structure of a PHIL
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Digital-to-analog (D/A) and analog-to-digital (A/D) converters form the signal-level interface
between the DRTS and the physical components of the PHIL system. The D/A converters trans-
form the simulator-generated digital reference signals into analog signals suitable for operating
PA. However, depending on the PA technology, communication between DRTS and PA can be
digital-to-digital, and then the PA itself converts it to analog. Therefore, D/A section may be part
of the DRTS, e.g, add-on card, or within the PA. Conversely, A/D converters sample the measured
analog feedback signals and convert them into digital form for processing within the simulator.
The resolution, sampling frequency, and conversion latency of these converters directly affect the
quality of the signals exchanged. Quantization effects, sampling delays, and limited bandwidth
contribute to inaccuracies and phase shifts in the PHIL loop. These effects must be accounted for
when analyzing the system’s closed-loop dynamics via modeling signal conversion exchange as:

Gap = e~ Taarp)s (2.2)
Gpja = e~ (Tap/a)s (2.3)

which Ty 4/p, and Ty p 4 are signal conversion delays and their typical range is around 5 us.

@ Power Amphﬁer The PA is a defining element of a PHIL setup, as it enables the
exchange of real power between the DRTS and the Hol. Its role is to reproduce the electrical
quantities calculated by the simulator at appropriate voltage and current levels. Different PA
technologies are employed in PHIL applications [35]:

A. Linear Power Amplifiers The linear amplifier is designed to operate in the linear range of
transistors, resulting in lower efficiency but higher bandwidth. They offer wide bandwidth, high
voltage ramp rate, and low distortion, making them suitable for applications that require accurate
reproduction of fast transients. However, operating in the linear region results in low efficiency
and limited power-scalability, limiting their use to low- and medium-power PHIL experiments.

B. Switching Power Amplifiers The switching-mode amplifiers are based on multiple conversion
stages from input to output, including AC/DC, DC/DC, and DC/AC (or DC/DC, depending on the
application) converter topologies. The amplifier consists of a front-end rectifier and a back-end
inverter, enabling operation in either current or voltage mode. Moreover, by selecting the control
type, filter topology, and switching frequency, the amplifier bandwidth can be tuned [3]. Their
high efficiency and scalability make them suitable for medium- and high-power PHIL systems.

13
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However, switching dynamics, internal control loops, and modulation processes introduce finite
bandwidth and time delays that can significantly affect PHIL stability and accuracy.

C. Motor/Generator Sets A generator-type amplifier operates by employing a DC motor that
drives a synchronous generator. They represent an electromechanical approach to power am-
plification, in which a motor driven by a conventional power source supplies mechanical power
to a generator connected to the Hol. While these systems provide electrical isolation and high
overload capacity, their large mechanical inertia limits dynamic performance. Consequently, mo-
tor/generator sets are generally unsuitable for PHIL applications involving fast power-electronic
dynamics.

Independent of the underlying technology, PAs may operate as voltage sources or current sources.
In voltage-source operation, the amplifier enforces a specified output voltage waveform, whereas
in current-source operation, it regulates the injected current. The selected operating mode must
be compatible with the interface algorithm and the Hol characteristics, as it directly affects the
PHIL loop’s stability.

In this thesis, primarily the linear amplifier model is used for simulations, modeling, and experi-
ments, whose dynamic impact and delay can be described:

e—(Ta,pa)s
1/w02)82 + (2 . D/wo)s + ].)
(1 + é)e_(Td,PA)S

Gpa, = (2.5)
B LA

G = 2.4
PAy (( 2.4)

where G'p 4, is the transfer function of the amplifier in voltage mode, Ty p4 is the amplifier’s
delay, and wg and D are the natural frequency and damping factor, with the values of 2 - pi - 180000
Rad/s and 0.9, respectively . G p 4, is the amplifier’s transfer function in current mode, wp, and
wy are pole and zero angular frequency, and dp is the damping ratio. The typical delay of the
linear amplifier is around 1.5 ps in the voltage mode and 1.6 ys in the current mode [36].

@ Sensor

Sensors measure physical quantities at the interface between the PA and the Hol. Typical mea-
surements include voltages and/or currents, which are fed back to the DRTS to close the PHIL

14
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loop. Sensor performance is characterized by bandwidth, accuracy, noise level, and inherent
delay. Insufficient bandwidth or excessive noise can distort the feedback signals, while measure-
ment delays can introduce additional phase lag into the closed-loop system. As a result, sensor
selection and placement are critical for maintaining PHIL stability and accuracy. Similar to signal
converter modeling, the sensors’ delay can be modeled as:

Gsens = 67(Td,5‘ens)8 o

and the typical range for sensor delay, T, gens 1S less than 5 ps.

® Hardware-of-Interest

Evaluating the Hol behavior is the main purpose of the PHIL experiments. Therefore, in many
cases, the Hol model is uncertain or even unknown. PHIL systems can be differently developed for
various Hols as given in Table 1.1. In this thesis, passive loads and grid converters are employed
as Hols. For passive loads, Hol modeling is straightforward; however, when a digital controller
is added, e.g., in grid converters, Hol modeling becomes more challenging. In Chapter 4, it is
shown that even Hol can affect the stability and accuracy of PHIL systems.

® Low-Pass Filter

LPFs are commonly applied to measured feedback signals in PHIL systems to attenuate high-
frequency noise, and switching harmonics effects introduced by sensors and PAs. Filtering
improves signal quality and prevents numerical issues within the DRTS. However, LPFs introduce
additional phase delay, which reduces the stability margin of the PHIL loop. Therefore, the
filter cutoff frequency must be carefully selected to balance noise attenuation against dynamic
performance. Improper filter design may significantly degrade the stability and accuracy of PHIL
experiments. The dynamic impact of the LPF can be depicted via the following transfer function:

Grpr = we/(s 4+ we) 2.7

15
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in which the w, is the cut-off angular frequency of the LPF. To maintain a balance between noise
rejection and capturing the important dynamics of grid/converter interaction, the typical range for
the cut-off frequency is around 2 kHz.

2.2 Elements Impact on PHIL Stability and Accuracy

PHIL faces stability and accuracy challenges compared to real coupling due to the presence of
interfaces. Each interface element employed in PHIL alters the outputs compared to real coupling,
potentially affecting accuracy and compromising the setup’s stability. The aim of this section is to
analyze and demonstrate how interface elements impact PHIL results using a simplified example.

For time-domain simulations, a PHIL system and its real coupling based on [26] is modeled
in MATLAB/Simulink as shown in Fig. 2.2, where the Hol is chosen as an RL load, and the
Thévenin equivalent of the grid is chosen as Mol. In addition to time-domain simulations, the
models of the real coupling and PHIL systems are obtained from their transfer functions for
frequency-domain analysis. For simplicity of representation, the transfer functions are given
without (s). The transfer functions of the Hol and the grid impedance can be described as

follows:
G = ; 2.8)
Hol — RH n LH s .
Gs=Rs+ Ls-s 2.9)

where, G 7, is the transfer function of the RL load as Hol and G is the transfer function of the
grid model as Mol. According to Fig. 2.3a, open-loop and closed-loop transfer functions for real
coupling can be described as, G rc, and G re:

Goi,rc = Gs - GHor (2.10)
Gol,rc = 1+Gloch (2.11)

and for PHIL system, the open-loop:
Govprrr =€ 1%7° - Gpa-Gror - Grpr - Gs (2.12)
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where Ty, is the total delay of the setup, excluding T, p 4 which is included in G'p 4, is as follows:
Tay =2 -Typrrs +Tap/a+Tasens +Taa/p (2.13)

Lastly, the closed-loop transfer function, G, can be defined as follows:

wa
G, — . Tfw (2.14)
BPHIL =97y Gol,PHIL
Gy = e~ (Ta,prrs+tTap/a)s . G p (2.15)
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Figure 2.2: Benchmark for interface elements impact analysis: a) Real Coupling, which shows the connection in the real
field without the interfaces of PHIL, b) PHIL setup, which shows the interfaces needed to couple the DRTS
to the actual Hol

To illustrate the overall impact of the interfaces, a time-domain simulation is performed in
addition to the closed-loop frequency response (using the parameters in Table 2.1), and the results
are shown in Fig. 2.4 and Fig. 2.5, respectively. The results show that the voltage at the PCC in
the PHIL lags that in the real coupling setup.
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Figure 2.3: Block diagram comparison of real coupling and PHIL system

Then open-loop transfer functions of the real coupling and PHIL systems are compared and shown
in Fig. 2.5. The observable differences in the frequency response are the result of the difference
in (2.10) and (2.12), namely the term G p4.Gppp.e”Tdr?,

Td S

The results show that the phase difference increases with frequency due to the term e~ “97%.
Moreover, a gain difference can also be seen in the Fig. 2.5. This difference stems from the PA
and the LPF. Therefore, the interface elements’ impacts are divided into three sections, namely,
time delays, PA, and LPF. To understand how each interface component contributes to this

difference (i.e., inaccuracy), the impact of each element is explained next.

Table 2.1: PHIL Benchmark parameters

Ta,prrs Ta,sens Taa/p Tap/a Tapa Tay Vs Ry Ly Rs Ls
[pes] [ps]  [us]  [ps]  [us] [wps] [V] [Q] [mH] [ [mH]

50 3 3 3 1.5 1105310 05 5 1.25 6.25
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Figure 2.4: Time domain comparison: PCC voltage
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Figure 2.5: Closed-loop Bode plot results

2.2.1 Time Delays Impact

A PHIL system, regardless of the interface algorithm applied, will experience time delays. A full
characterization of these delays is presented in [37]. Accordingly, the delays could be divided into
simulation delay, communication delay, and PA delay. The simulation delay is the delay resulting
from the DRTS or digital controllers. As noted in the previous section, where the PHIL elements
and their equations are given, besides PA and DRTS, the A/D and D/A converters, and the sensors
introduce delays into the loop. It is worth mentioning that, in most power system studies, the
dominant loop delay is the DRTS delay, which is twice the DRTS time step (i.e., 10-50 ps).
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Figure 2.6: Bode plot results of real coupling and PHIL setup for various DRTS time steps

According to (2.12), the greater the delay in the loop, the greater the phase shift due to the term
e~ Tars A comparison of the frequency responses of different time delays in the loop is shown
in Fig. 2.6. Based on the figure, such delays do not occur in the real coupling; therefore, a greater
delay, e.g., a larger time step for the DRTS, results in less accurate PHIL as it further deviates
from real coupling.

In addition to accuracy, the stability impact of the interface is examined. In this thesis, Bode plots
are primarily used for accuracy comparison, and Nyquist plots are used for stability analysis to
improve intuition. A closed-loop setup is stable if the Nyquist plot from its open-loop does not
encircle the critical point at (—1,05). The total delay in the PHIL is 110.5us. The DRTS delay
is then increased gradually, and the Nyquist plots are presented in Fig. 2.7. The figure illustrates
that as the delay increases, the system becomes unstable. Therefore, the delay introduced by the
interface components, especially DRTS, can, in addition to inaccuracy, lead to an unstable setup.

2.2.2 Low-Pass Filter Impact

The LPF filter is added to reject high-frequency noise in the sensor-measured values and can also
be used to stabilize the system by limiting the loop bandwidth. To show the effect of the LPF,
the Bode plots of the open-loop are shown at different filter cut-off frequencies in Fig. 2.8. The
figure shows that as the cutoff frequency decreases, the gain decreases at higher frequencies.
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Figure 2.7: Nyquist plots at different delays
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Figure 2.8: Bode plot results at different filter frequencies

To show the effect of the filter and the required cut-off frequency, the Nyquist plot is redrawn at
different cut-off frequencies in Fig. 2.9. The figure shows that the setup can be stabilized if a filter
with a cut-off frequency of at least 4 kHz is added in the feedback. However, according to Fig.
2.8, as the cut-off frequency decreases, the PHIL open-loop transfer function shifts further from
the real coupling; therefore, it is necessary to make a trade-off between stability and accuracy
when choosing the cut-off frequency.
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Figure 2.9: Nyquist plot at impedance ratio of 1.25 at different filter cut-off frequencies

2.2.3 Power Amplifier Impact

PAs impact the PHIL setup through time delays, as shown in its transfer function G'p 4 presented
in (2.12), which may change depending on the type and the parameters of the PA, e~ 74.745 . Tp 4,
where T p 4 is the delay of the amplifier and T'p 4 is a transfer function that is based on the
amplifier’s bandwidth. Therefore, the change in the amplifier will either result in the same effects
as the change in delay shown before, or a change in bandwidth as shown in the change of the LPF.

2.3 Interface Algorithms

Interface algorithms enable communication between the EM and the Hol. In the previous subsec-
tion, the effect of each component was studied; however, the interface algorithm employed was
the V-ITM. This section reviews and compares the five main interface algorithms as described
in [26]. First, each interface algorithm is detailed; then, they are compared with respect to stability
and accuracy.

2.3.1 Ideal Transformer Method (ITM)

The I'TM, shown in Fig. 2.10, is widely used as it is straightforward to implement and it requires no
additional hardware. The interface can be implemented using the Voltage-type Ideal Transformer
Method (V-ITM, shown once more in Fig. 2.10a). Another option is the Current-type Ideal
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(a) V-ITM Schematic

Zg -

1pcc,S

Vs

(b) C-ITM Schematic

Figure 2.10: ITM Schematics

Transformer Method (C-ITM), given in Fig. 2.10b. The difference lies in the amplified signal
and the feedback: in C-ITM, the current is amplified, and the voltage is the feedback, whereas in

V-ITM, the voltage is amplified and the current is the feedback. For a passive impedance as in

Hol, the V-ITM and C-ITM open-loop transfer functions as follows:

A
_T s
Gopvirm =€ 7% - Gpa-Grpr -
ZHor
A4
_T Hol
Go,crrm =¢ 7° -Gpa-Grpr - >
S

(2.16)

(2.17)

By comparing (2.16) and (2.17), the change is the ratio of the impedance in the transfer function.

As a result, the stability can be reversed. For example, for resistive impedances, if Zp,7/Zs > 1,

V-ITM is stable, C-ITM will be unstable, and vice versa.

2.3.2 Partial Circuit Duplication (PCD)

PCD is based on splitting the hardware and software into two sub-circuits and solving them

iteratively. The schematic for PCD is shown in Fig. 2.11, where the linking impedance Zg s is

added on both sides to ensure the split. The open-loop transfer function can be written as follows:

Zs : ZHOI

_T( 3
Goi,pcp =€ 7% -Gpa - Grpr - (

Zs+ Zsu)(Zror + Zsu)

(2.18)
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Figure 2.11: PCD schematic

By adding the impedance Zg, stability can, in theory, be more easily ensured than with ITM.
However, to ensure stability, it is necessary that Zgy exceed Zs and Z 7, which affects accuracy
as this linking impedance does not exist in the real coupling scheme. Furthermore, adding a
high-power impedance increases the system’s size, cost, and thermal stress.

2.3.3 Damping Impedance Method (DIM)

DIM is a combination of the ITM and PCD, which is achieved by adding the impedance Z* as
shown in the schematic in Fig. 2.12. The open-loop transfer function for this algorithm can be
written as follows:

ZS(ZHOI - Z*)
(Zs+ Zsg+ Z*)(Zyor + Zsnu)

—Tyq,.8s
r®.Gpa-Grpr-

Go,pim = ¢ (2.19)
By changing the value of Z*, the interface algorithm shifts towards either PCD or ITM. If Z* = 0,
then the interface becomes PCD, and when Z* = oo, the interface shifts to ITM. Moreover, by
inspection of (2.19), if Z* = Zy,1, then the open-loop gain is zero, and consequently the setup
is stable. The issues of PCD are also present in DIM. Also, it is not always practically possible to
set Z* equal to Zx,71, as the hardware impedance changes during the experiment due to the heat
and noise.

Figure 2.12: DIM Schematic
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1pccH Y UpccHg

ch,H

Figure 2.13: TFA Schematic

2.3.4 Time variant First order Approximation (TFA)

TFA simplifies the Hol as an RL or RC load. Using this assumption, the simplified model
coefficients are updated at each simulation step based on the hardware’s voltage and current from
the previous timestep. The schematic is shown in Fig. 2.13, and the open-loop transfer function
can be written as follows:

STdT ZS
2 " Zuor

Goirra =Gpa-Grpr(l — (2.20)
The TFA algorithm provides delay compensation; however, it has several drawbacks, including
high noise sensitivity, high implementation complexity, and limitations with nonlinear Hols.

2.3.5 Transmission Line Model (TLM)

TLM employs the Bergeron model, which is widely used in transmission-line modeling. The
models decouple the circuit into two sides, with each side representing the other via resistive
Norton or Thévenin equivalents, in which only the values from the previous time step are present.
The same idea could be applied in PHIL, where the delay in the system is considered the same
as the transmission line propagation time. Therefore, the linking impedance (Rgp) can be
calculated based on the linking inductor or capacitor as follows:
Ron =~  Ren= 21)
TdT
where L is the value of the linking inductor, and C is the value of the linking capacitor in the
transmission line. The schematic is shown in Fig. 2.14 and the open-loop transfer function can
be written as follows:

;. Zs — Rsg Zror — Rsm
o 2Tups ) 2.22
Gol,rLm =€ . Gpa-Grpr Zs+ Rsg Zyor + Rsy ( )
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Figure 2.14: TLM Schematic

u'pcc,s + uR,l

TLM provides high stability; however, there are some limitations that arise from replacing the
linking components with resistors, as these resistors increase the loss of power, which might not
be possible in all PHIL setups. Moreover, the value of Rg must be adjusted when the simulated
system changes, as it is calculated based on the linking components.

2.3.6 Comparison of Interface Algorithms

The frequency responses of all of the previously mentioned open-loop transfer functions for each
interface algorithm are compared using the parameters in Table 2.1. G p is set to 1 to see the
intrinsic stability of the setup without a LPF. Moreover, the additional impedances required by
some interface algorithms are shown in Table 2.2. From Fig. 2.15, it can be concluded that TFA
is extremely unstable for the selected parameters, and that V-ITM is also unstable, but C-ITM,
DIM, PCD, and TLM are stable.

The accuracy comparison is shown in Fig. 2.16, where the open loops of all IAs are plotted
against real coupling. By considering both phase and magnitude, C-ITM provides the best
accuracy, followed by TLM, PCD, and DIM.

Table 2.2: Extra impedances added for each IA

PCD/DIM PCD/DIM DIM DIM TLM

Rspy Lsy R* L* Rgsu
(€] (mH] [ [mH] [Q]
1.25 12.5 045 45 5
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Figure 2.15: Nyquist Plot for Interface Algorithms
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2.4 PHIL State-of-the-Art

As shown in the previous section, for the real coupling scheme, which represents the ideal case in
which the Hol is directly connected to a real grid, the PHIL test results may deviate from this ideal
scheme due to the presence of interface components. In the literature, it has been shown that these
interfaces can introduce inaccuracies, potentially compromising the validity of test results [38]. In
addition to inaccuracy, the literature highlights that time delays introduced by the DRTS, PA, and
the current/voltage sensors can eventually cause instability in the PHIL system [37]. Hence, the
stability analysis for PHIL testing has been the subject of intensive investigation in recent years,
as reviewed in the well-known literature [3,4,39]. The aforementioned interface algorithms, such
as the ITM, PCD, DIM, and TLM, to connect the Mol to the Hol are evaluated in [26] to improve
the stability and accuracy of a PHIL, among which the ITM is regarded as a straightforward and
accurate algorithm. However, when the ITM is used, the stability of the PHIL setup is limited
to the software/hardware impedance-ratio criterion. Another interface algorithm with a greater
stability margin than ITM is DIM, which combines ITM with PCD. In [40,41], the wideband
system identification technique is employed to enhance the DIM interface algorithm, thereby
ensuring simulation stability and accuracy. The modified DIM is proposed in [42], which updates
the linking-impedance parameters based on the new Hol value.

Due to the added complexity and implementation costs of the DIM, the ITM and its variants have
been further modified to maintain simplicity while enhancing the stability of PHIL. For example,
the use of a feedback filter in ITM is one of the most common techniques for ensuring PHIL
stability across a wide range of testing conditions. As shown in the previous section, the concept
of this method is to add a LPF in the feedback loop in the DRTS software. This approach, first
proposed in [27], allows damping the system dynamics and thus strengthening the stability of the
PHIL loop. The main advantage of this method lies in its simplicity of implementation, as the
LPF can be readily applied in the simulated part as a transfer function within the DRTS. A scheme
in [43] relocates part of the delay outside the PHIL, and uses a phase-lead compensator and a
digital linear-phase Frequency-Sampling Filter (FSF), thereby enhancing stability and accuracy.
Although stability can be significantly improved, the use of LPFs, or compensators, affects the
phase and magnitude of the PHIL transfer function, thereby degrading the accuracy of testing
relative to the real coupling. A summary of the employed, or improved interface algorithms for
PHIL testing is given in (2.3). As can be seen, a majority of PHIL users chose ITM for its
simplicity and accuracy.

The accuracy of PHIL testing has been a subject of ongoing discussion for years. In [44],
several indexes based on amplitude and phase difference have been introduced in order to val-
idate mathematical models and the PHIL testing concerning the real coupling of the system.
However, it focuses exclusively on passive loads (linear and nonlinear) and offers no practical
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approach to assessing the accuracy of power electronics converter testing. The discrete-time
impedance frequency responses are preferred for better evaluating PHIL stability over conven-
tional continuous-time-based analysis [45], as PHIL is not a fully continuous system. To represent
the discrete nature of DRTS and the analog Hols in a PHIL, [C1,J1] propose a multi-rate discrete-
time formulation of the PHIL closed-loop transfer function, which reproduces the phase more
accurately than single-rate or continuous models.

Recent contributions have extended PHIL applications to power converters as Hol, focusing on im-
proving both feasibility and stability. When high-power devices must be emulated with lower-rated
hardware, [46] supplies a physics-informed scaling based on capability curves to preserve funda-
mental behavior across all four quadrants, and [47] contributes a harmonic-invariant scaling so
that spectral characteristics are retained, together making scaled PHIL testing more representative
of full-scale converters. Learning-based control also appears in [48], where an adaptive dynamic
programming reinforcement-learning interface policy is proposed to test uncertain inverter-based
resources dynamics without detailed plant models. The work in [49] proposes a multirate co-
simulation framework for large-scale PHIL applications. Additionally, [50] presents a novel
power interface using a golden section search algorithm to relax impedance ratio constraints. [51]
implements a Smith predictor to mitigate delay-induced instability in a classic PV-inverter PHIL.
Interface robustness is explicitly addressed in [52], which modifies the ITM interface using an
MIMO optimal controller that preserves fidelity across a wide range of uncertainties. Authors
in [53] study RHP poles in PHIL with a grid-tied converter using DQ impedance modeling and
link their emergence to PLL dynamics. Lastly, for smart transformers, [54] enhances the C-ITM
by incorporating a PR controller in the interface section, thereby improving stability and fidelity.
Building on delay compensation, [55] shows a (damped) Smith predictor stabilizing positive- and
negative-feedback PHIL interfaces; [56] presents an adaptive Smith predictor that uses online
impedance identification to maintain robustness as the plant varies. Rather than a conventional
LPF in the current feedback, [57] proposes a stabilizing digital filter directly derived from the
frequency scan, providing guaranteed closed-loop stability under uncertainty. To improve stabil-
ity, bandwidth, synchronization, and power-transfer fidelity, [58] also enhances phase-shift and
gain-skew compensation at the interface. Authors in [37] demonstrate that PHIL loop delays are
variable, and propose a methodology to characterize PHIL delays to improve stability precision.
The idea of multi-rate partitioning of PHIL is also used in [59], which compares it with other
methods, e.g., Hardware Inductance Addition (HIA), feedback current filtering (FCF), and partial
shifting impedance (PSI), to improve bandwidth and enhance stability. A NelderMead auto-tuning
approach is similarly examined in [60]. However, the impact of the controller on the Hol side for
testing a grid-converter is not investigated. A different approach is taken in [61], which virtually
shifts software impedance toward hardware through command shaping, improving stability and
extending high-fidelity operation without additional components. In [62], an optimal PHIL inter-
face design method is presented that synthesizes optimal controllers without iteration, explicitly
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Table 2.3: Interface Algorithms Investigated in PHIL Literature

Reference(s) Interface Algorithm
I™ PCD DIM TFA TLM

[26] v v v v v

[40-42] X X v X X

[55] v v X X X

[67] X X X X v

[27,37,43,51-54,56-59,61,62,64,66,68,C1—

C4,J1,12] v X d X d

increases bandwidth, and defines metrics to measure absolute accuracy in real time. Adding
an external inductor is proposed to interface the EM and GFM as Hol in [63], using C-ITM,
while [64] examines both ITMs, extending the concept to GFM black-start testing with attention
to timing and angle synchronization and delay compensation.

Authors in [J2] embed converter-controller dynamics in the PHIL loop and represent its impact
on both stability and accuracy of PHIL with respect to the real coupling. Similar to converter
versus grid output impedance-based stability analysis, the impedance models of GFL converter
as Hol and EM are derived to analyze PHIL stability in [C2]. In addition to modeling the EM
and converter output impedance, measurements at the PCC are performed to verify the accuracy
of the impedance model. [C4] shows how the controller of a DC/AC converter alters the apparent
source impedance, resulting in errors when using Nyquist with impedance-based criterion. A
Kalman filter for online estimation of equivalent grid impedance interacting with a grid-tied
inverter is addressed in [65]. For impedance measurement, [66] introduces a time-domain MIMO
identification procedure that extracts dg-impedances in a single cycle and corrects errors due to
nonzero grid impedance. [67] designs an optimal filter to emulate transmission-line impedance
robustly under delay/uncertainty. [C3] studies the impact of sensor placement on PHIL stability
with a GFL converter as Hol. An approach for PHIL stability analysis is formulated in [68] using
Padé approximation to model delays.

2.5 Experimental Setups

In this thesis, several simulations are conducted to verify the introduced modeling approaches.
For further verification, simulations are replaced with experimental results obtained primarily
using two PHIL setups in the Energy Lab at Karlsruhe Institute of Technology (KIT). First,
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Figure 2.17: PHIL setup I for passive load testing at the Energy Lab, KIT

information about the used DRTS and PA is provided, as they are similar across both setups, and
then the different Hols used in each setup.

2.5.1 Digital Real-Time Simulator: NovaCor from RTDS

In this thesis, for the PHIL setups used, a DRTS manufactured by RTDS Technologies is employed.
An overview of the key hardware-related characteristics of the simulator is provided in Table 2.4.
The simulator provides multiple CPU cores, which determine the simulation’s maximum com-
putational performance based on the network model’s size and complexity. The grid model and
LPF are implemented in RSCAD for compilation on NovaCor. The bilinear (trapezoidal) method
is used in RSCAD to discretize the first-order LPF [69]. The Small Form-factor Pluggable (SFP)
connectors are replaced with D/A and A/D converters, enabling faster communication among
NovaCor and PA.
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Table 2.4: DRTS used for experimental setups

Simulator NovaCor
Manufacturer RTDS
Simulation Software RSCAD FX1.2
CPU Cores® up to 10 cores
CPU Clock 3.5GHz
CPU Type IBM Power8
Analog Input Voltage +10V
Analog Output Voltage +10V
Input Voltage Resolution 304 uvV
Output Voltage Resolution 304 uvV
Isolation Galvanically isolated
Data Acquisition®) Continuous

a) Depending on the simulator configuration and licensed cores.
b) Up to 96 channels at 10 us.

2.5.2 Linear Power Amplifier: APS 15000 from Spitzenberger
& Spies

The kVA APS 15000 4-quadrant amplifiers from Spitzenberger & Spies are used to provide
the desired power to the supply Hol. 4-quadrant means that the amplifier supports bidirectional
voltage and current, therefore, bidirectional power flow: source and sink operation. It provides
a continuous output capability of 15 kVA in AC operation (single phase) and 15 kW in DC
operation, with an increased continuous rating of 22.5 kVA/kW for approximately one hour, and
a peak current capability of 616 A (p). With respect to dynamic performance, the amplifier offers
a large-signal bandwidth from DC to 10 kHz (—3 dB) and a small-signal bandwidth (10%) up
to 50 kHz (—3 dB). The specified slew rate exceeds 52 V/us (rise time < 5 pus at 230 V (rms),
and the input-to-output delay is around 4.1 ps when fiber optic communication is used. These
characteristics directly affect the achievable stability margins and the accuracy of fast transient
reproduction in the PHIL loop. Therefore, the amplifier’s dynamic characteristics are shown via
step responses in Fig. 2.18a and Fig. 2.18b, taken from the manufacturer’s data sheet. Also,
except in Chapter 4, for the rest of the thesis, the transfer function and the delay of the amplifier
are considered in the PHIL dynamics.
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Figure 2.18: Step response of the linear amplifier taken from Spitzenberger & Spies user manual [36]

2.5.3 PHIL Setup I, Hol: Passive Loads

The DRTS and PA described above are used with a passive load to arrange a PHIL setup. The
employed passive loads comprise an inductor, REO, 8 mH/111A, NPT-LD 100-111-8-150000;
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a resistor, TE1000B1R0J; and 6 capacitors, KOMET C’s 1,7kV / 47 uF, in series. For low-
voltage/current operation, the resistor’s temperature does not significantly affect its resistivity.
However, as shown in Table 2.5, the inductance and internal resistance of the employed REO
inductor vary with frequency, whereas the employed resistors and capacitors remain relatively
constant over the 50-1000 Hz range. These values are measured with the R&S®HMS8118 LCR-
Messbriicken/-Messer LC meter. To verify the measurement accuracy of the data in Table 2.5,
the impedance of the REO inductor at each frequency is calculated using a Meatest M-142 multi-
function generator as a current source and measuring the inductor voltage, showing a good match
between the datasheet data and the experimental results. Based on these measurements, L( f) and
r(f) are defined in (2.23) as functions of frequency to estimate actual values in other frequencies
than those given in the table.

L(f) = (5.9291e — 10) - f3 — (9.7235¢ — 07) - 2 — 0.00046659 - f +8.0371  (2.23)

r(f) = (3.7209¢ — 12) - f* — (1.2197e — 08) - f3 + (1.4196¢ — 05) - f?—

(2.24)
(0.00028625) - f + 0.11441

where f is the frequency, and the coefficients are the results of interpolation in a way that, for
example, for the frequency of 750 Hz, the L and r are equal to the values given in Table 2.5,
7.3910 mH and 3.917 €2, respectively.

2.5.4 PHIL Setup Il, Hol: Grid Converter

In Fig. 2.19, another PHIL setup is arranged, with an active Hol, i.e., a three-phase grid-connected
converter. The main hardware building blocks used to implement this Hol are given next.

2.5.4.1 Power Rack: Imperix PEB 8038 SiC Power Modules

The converter power stage was implemented using Imperix PEB 8038 half-bridge power modules.
Each module integrates two 1200 V SiC MOSFETs, an embedded DC-bus capacitor bank (500 pF
@ 800 V), embedded protection functions (over-voltage/current/temperature), and galvanically-
isolated onboard sensors for DC-bus voltage and AC-side current measurement. The module
is specified for a nominal DC-bus voltage of 800 V (up to 850 V in the ratings table), with a
maximum continuous leg current of 38 Ars at 20 kHz (and a switching frequency up to 50 kHz,
indicated as a typical capability range). Direct access to the gating is provided via 650 nm optical
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Table 2.5: Used REO inductor’s frequency sensitivity

Frequency (Hz) L (mH) r ()

50 8.0100  0.1288
60 8.0027  0.1436
75 7.9920  0.1686
100 7.9976  0.2195
120 7.9636  0.2687
150 7.9450  0.3559
180 7.9241  0.4598
200 7.9095  0.5368
250 7.8702  0.7355
300 7.8270  1.0080
360 7.7716  1.3455
400 7.7328  1.5870
450 7.6830  1.9020
500 7.6330  2.2300
600 7.5331  2.9020
720 7.4180  3.7160
750 7.3910  3.9170
800 7.3470  4.2500
900 7.2640  4.9030
1000 7.1890  5.5500

fiber inputs, enabling robust EMI performance in a laboratory environment. For safe switching
operation, the manufacturer recommends a dead time of 400—500 ns [70].

2.5.4.2 Output Filtering: Passive Rack

To interface the converter with external loads/grids and to shape switching harmonics, an Imperix
passive filter rack was used. The rack provides reconfigurable passive components accessible via
4 mm safety terminals and can be used in either three-phase AC or DC/DC configurations. It
includes six power inductors (nominally 2.2 mH, rated 32 A) and two EMC filter sections with
star-connected capacitors, with an effective output filter capacitance of approximately 10 pF and
a damping resistance of 1 € (per side). The main power circuits are specified for three-phase
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Figure 2.19: PHIL setup II with the Imperix grid converters at the Energy KIT

line-to-line voltages up to 520 V (RMS), currents up to 30 A (RMS) with EMC filtering, and 32
A (RMS) without EMC filtering [70].

2.5.4.3 Digital Controller: Imperix B-Box RCP

The converter control and modulation were executed on an Imperix B-Box RCP rapid control
prototyping platform. The B-Box provides high-speed PWM generation (including optical PWM
outputs) and a programmable analog front-end for measurement acquisition. The analog input
stage offers 16 channels with a differential input range of £10 V and a large-signal bandwidth of
approximately 410 kHz (without filtering). The ADC subsystem is 16-bit, supports simultaneous
sampling, and operates at sampling rates up to 500 ksps. For timing-critical gating, the optical
PWM outputs exhibit sub-20-ns-scale lane-to-lane delay asymmetry and low relative jitter (on
the order of a few ns). The platform also provides programmable protection thresholds that can
block PWM within about 1.6 s after a threshold crossing [70].
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2.5.4.4 Sensors

Accurate voltage and current measurements are essential for closed-loop control, stability inves-
tigations, and experimental validation within the PHIL setup. In this work, Imperix ModuLink
sensors are employed for voltage and current acquisition. These sensors provide galvanic iso-
lation, high measurement bandwidth, and balanced full-differential outputs compatible with the
BoomBox control platform.

2.5.4.4.1 ModuLink +800 V Isolated Voltage Sensor

The ModuLink £800 V isolated voltage sensor is used for voltage measurements in the PHIL
setup. It provides an optimized measurement range of £810 V and a full-scale input voltage
range of +1.0 kV. The sensor has a nominal sensitivity of 2.46 mV/V and produces a balanced
full-differential output signal. Its measurement bandwidth is between 60 kHz and 100 kHz, with
a typical settling time of 5.3 ps and a maximum settling time of 9.9 pus. The typical uncalibrated
sensitivity error is +0.15%, and the input-referred offset is typically £0.7 V. The sensor provides
a permanent working isolation voltage of 1.2 kV,c.x and an input impedance of approximately
8 M(2. Therefore, it is suitable for DC-link and grid-voltage measurements in the PHIL test bench.

2.5.4.4.2 ModuLink 50 A Isolated Current Sensor

Current measurements are performed using the ModuLink +50 A isolated current sensor. The
sensor provides a nominal peak current range of 50 A and a nominal rms current range of +35
A, while its linear input current range extends up to £110 A. It has a nominal sensitivity of 99.0
mV/A and provides a balanced full-differential output signal. The measurement bandwidth is at
least 200 kHz, and the settling time is up to 2.0 us. The typical uncalibrated sensitivity error
is £0.45%, and the typical input-referred offset is £0.05 A. The sensor provides a permanent
galvanic isolation of 1.0 kV,ca1 and has an input impedance of approximately 2.1 m€). Therefore,
it is suitable for current control, transient analysis, and impedance measurements in the PHIL
setup.

2.5.4.4.3 Integration with the control platform

All sensors provide a differential analog output and are supplied with 15 V through an RJ45
connector. They include an embedded EEPROM accessible via a 1-wire link, which enables
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auto-identification and the use of stored calibration parameters (offset and sensitivity) by the
Imperix B-Box controller. This plug-and-play integration improves measurement accuracy and
repeatability during experimental evaluation.

2.5.4.5 DC Supply: EA Elektro-Automatik PSI 91500-30

The DC link was supplied by a programmable EA Elektro-Automatik PSI 91500-30 DC power
supply (PSI 9000 3U series). This unit provides a rated output voltage range of 0-1500 V and
a rated current of 0-30 A, corresponding to a maximum output power of 15 kW. According to
the manufacturer, the output voltage regulation time (10-100% load step) is below 2 ms. The
specified output ripple for the PSI 91500-30 is below 2400 mV (PP) and 400 mV (RMS). The
supply includes protective functions (OVP/OCP/OPP/OTP) and a discharge circuit for models
with nominal voltage >200 V, discharging the output to below 60 V within 10 s after DC output
shutdown under no/low-load conditions. A galvanically-isolated analog interface is available
(selectable 0—10 V or 0-5 V ranges for programming/monitoring), and true master—slave operation
is supported up to 36 units. The datasheet reports an efficiency of approximately 95% for the
PSI91500-30 [71].

2.6 Summary

In this chapter, first, the main PHIL interfaces used in this thesis are briefly introduced; then,
via their transfer functions, their impact on the stability and accuracy of PHIL output, compared
with the real coupling results, is examined. It has been shown that interface effects can be
summarized in two: delays that affect the phase spectrum and bandwidth that affects both gain
and phase. Classical interface algorithms are implemented in Simulink/MATLAB, and their
frequency responses are compared under a single set of parameters. The State-of-the-Art of
PHIL is presented, and lastly, the selected experimental setups for the verifications done later are
introduced.

39






3 Power Hardware-in-the-Loop
Modeling Domain

As mentioned in Chapter 2, PHIL systems comprising a digital simulator and physical hardware
are a hybrid digital-analog setup. Due to its hybrid nature, accurately modeling the PHIL system
and choosing an appropriate time domain, i.e., Continuous-Time (CT) or Discrete-Time (DT), can
be challenging. CT-based modeling has been widely adopted in literature [26,54,59,72] due to
its simplicity and stability analysis tools, whereas other works [73,74] demonstrated that the CT
domain for stability assessment is not reliable since numerical discretization and holding effects
of the real setup can be captured better in the discrete domain. Also, delays are less accurately
represented (e.g., via Padé approximations) in continuous systems, potentially degrading model
accuracy, especially at high frequencies. Several discretization techniques, i.e., step-invariant
(also known as zero-order-hold), ramp-invariant (first-order-hold), adaptive discretization based
on input in [75], and trapezoidal approximation (bilinear method) in [73] are used to discretize the
CT transfer functions. However, the sampling time in the Single-rate Discrete (SDT), where the
simulator time-step is used as the discretization time for the analysis, may fail to accurately repre-
sent the analog Hol. In other words, to address the dual nature of the PHIL, a possible solution is
to treat the CT part in the discrete-time domain with a relatively small sampling time, building the
model in a Multi-rate Discrete-Time domain (MDT). MDT is employed and developed to enhance
stability by using a relatively small time step at the hardware-software intersection in [76]. The
same concept can be applied to enhance the accuracy of PHIL systems modeling.

In this chapter, the proposed MDT modeling approach is developed and compared with conven-
tional CT and SDT models, with the comparison conducted quantitatively using the introduced
accuracy indices. The chapter also provides experimental validation of the MDT modeling ap-
proach using an RTDS-based PHIL with a linear amplifier across two test cases, an RL load and
an RLC load, to evaluate its accuracy in practice. In addition, the measurement uncertainty is
assessed, and the results are used to confirm the reliability of the experimental accuracy analysis.
It is important to clarify that, throughout this chapter, the accuracy of the PHIL system does
not refer to the accuracy of the PHIL with respect to the natural coupling shown in Fig. 3.1(a),
but rather to the modeling of the PHIL system’s configuration shown in Fig. 3.1(b). Next, the
modeling approach for the selected PHIL section is presented using transfer functions. However,
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Digital Simulator Analog Hardware
D/A Ampllfler
Hal
Dlgltal Analog
LPF A)‘D Sensor|
Digital Simulator Interface Analog Hardware
(b)
Figure 3.1: Generic scheme of PHIL: (a) Real coupling, (b) An existing PHIL scheme: a partly digital, partly analog

system

as in this chapter, both continuous (s) and discrete (z) transfer functions are used, the arguments
of the transfer functions are kept for better clarification.

3.1 PHIL Modeling Approach

The voltage-type ideal transformer method (V-ITM) shown in Fig. 3.1(b) is selected as the
interface algorithm. In the V-ITM, the amplifier applies the voltage to the Hol (V,7), and the
current (777,7) is fed back through the sensor. This section focuses on obtaining the closed-loop
transfer function of each CT, SDT, and MDT model. The equivalent block diagrams for each are
shown in Fig. 3.2, Fig. 3.3, and Fig. 3.4, respectively. Two different sampling times are chosen
for the software and hardware sides of the PHIL systemin the MDT method. The primary time
step (T1) is assigned to the software side of the PHIL, and the secondary time step (7%2), closer
to the CT domain, represents the hardware side. The Thévenin model with an RL impedance is
chosen as the simulated grid, and RL and RLC impedances are employed as Hol in two different
case studies. Delays in the A/D and D/A conversions, sensors, and the DRTS are considered, in
addition to the PA and LPF dynamics.
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iHnI is Hol
V. e'(Td,DRTS)s > e'(Td,n/A)s > G 'p4g ( S) N GHoI ( S ) > e'(Td,Sens)s L) e'(T 4am)S >
Vs DRTS delay D/A delay  Ampilifier Hardware Sensor A/D delay
I
G.(s) < G,,..(5 |

Grid Impedance

Figure 3.2: Continuous-time modeling block diagram

3.1.1 Continuous-Time Modeling

According to Fig. 3.2, the closed-loop transfer function of the system, G;(s), implies the loop
admittance driven by the measured current in DRTS, ¢, g,7, over the input voltage v. The transfer
function of each unit to attain G;(s) is defined in the following equations:

Ga(s) = Gru(s)/(1+Gpp(s) - Gru(s)) 3.1

where G () is the feedback transfer function and G s, () is the transfer function of the forward
path from input to is ror. G (s) is defined by the following relation:

Gruw(s) = Gpa(s) - Gror(s) - e~ Tar)s (3.2)
where:
Gpa(s) = e Taamp)s /((1/wg)s? 4 (2D Jwp)s + 1) (3.3)
GHO[(S) = I/ZHO](S) (34)
Tay = Ta,prrs +Tipja+ Ta,sens +Ta,a/p (3.5)

The transfer function of the linear power amplifier, G p4(s), consists of a resonant frequency
wo and a damping factor D [36]. T}, is the whole loop delay and Ty prrs, Ta,p/a> Ta,a/D>
T4, sensor> and Ty Ay, are delays introduced by the DRTS, A/D and D/A conversions, sensor
measurements, and the power amplifier respectively. The impedance of the hardware, Z g, (s),
for the RL and RLC cases are respectively:

Zuor,re(8) = Ruor + Luors (3.6)
Zto1,rRLc(8) = Znor,rL(5) + 1/(CHors) 3.7
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Accordingly, G ¢;(s) in (3.8) contains the G'5(s) as the simulated grid impedance, and G1pr(s)
as LPF with w, as cut-off frequency:

Gyp(s) = Grpr(s) - Gy(s) (3.8)
Grpr(s) = we/(s +we) (3.9)
Gs(s) =Ls-s+ Rs (3.10)

3.1.2 Single-rate Discrete-Time Modeling

The step-invariant transformation, also known as the Zero-Order Hold (ZOH) discretization
technique, has been chosen to model the holding effects originating from DRTS during the D/A
conversion more accurately [74]. Fig. 3.3 represents the discretized model of the system. The
ZOH transformation can be described analytically as follows:

Gzom(s) = (1—e T9)%) /s (3.11)

Applying (3.11) to the derived G, (s) from section 3.1.1 and performing the s to z mapping
with the given sampling time, T, the G 7., sp7 (%) becomes:

Grw,spr(2) = Z{Gz0m () - Gru(s)}

(3.12)
= (1—-2"HZ{L HGCruw(s)/s}}r,

The term (1 — e=*7%)/(s) consists of two parts: the factor 1/(s) corresponds to the integration

sTs represents a time delay of one sampling

73’115)

of a unit-step input, while the exponential term e~
interval. The factor (1 — z~!) appears due to the term (1 — e in (3.11) after performing
the s-to-z mapping, thereby accounting for the ZOH operation in discrete time. The division
by s produces the Laplace-domain step response of G ,,(s), and applying the inverse Laplace
transform yields the corresponding time-domain step response. Sampling this response at T’y and

applying the Z{-} transform gives its discrete representation.

Itis to be noted that the DRTS delay is handled with ZOH transform, and the delay of the amplifier
is considered with its transfer function in (3.3) and therefore the forward delay shown in (3.5)
here is updated as:

Tar =Tap/a+Tusens + Ty /D (3.13)
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Sampler .

ZOH | Gps) 5™

-1

VAR

A

Gp(z)

Gcl( Z)

Figure 3.3: Single-rate discrete modeling block diagram

To avoid excessive modeling of the holding effect and to introduce unintentional additional unit
delay, instead of the ZOH transform, the Bilinear Transform Method (BLT) is picked to transform

the G (s) to its discrete counterpart. The approximate relation between s and z in the bilinear
method is [77]:

s~ 2(1 =27 /(Ts(1+271)) (3.14)

Applying (3.14) to (3.8), the Gy spr (%) is obtained, but due to the complexity, the full
representation is avoided here:

Grv,spr(z) = Zprr{Gyru(s)}r. (3.15)

Therefore, the closed-loop SDT transfer function of the system, considering the sampling delay
in the feedback, is achievable as:

Gfuw,spr(2)
1+ Gyuw,spr(2) - Grospr(2)/2)

Ge,spr(z) = 0 (3.16)

3.1.3 Multi-rate Discrete-Time Modeling

In the MDT approach, the system is partitioned with two different sampling times. The sampling
time of the section 3.1.2 is kept for the digital part of the setup but renamed as T, , and a smaller
sampling time T, << T, (blue line in Fig. 3.4) is assigned to the hardware section. The goal
is to decouple the two system dynamics to represent the analog part of the circuit as an extremely
fast-sampled DT model (e.g., up to 2-3 magnitude orders faster). Accurate modeling of delays
minimizes transfer function phase errors and improves the overall model’s accuracy. In the MDT
modeling, it is possible to model delays that are smaller than 7, , for example, with a sampling
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time of Ts, << Ts,, and thus approximate the phase frequency dependency more accurately.
Similarly, the closed-loop transfer function of the system in the ~ domain is attainable as follows:

Gampr(2) = Gru(2)/(1+ Gru(2) - G(2)) (.17)

where G s (2) describes the feedback path and G, (%) is the transfer function of the forward
path from input to %, r,7. Due to the different sampling rates, two rate transition blocks, shown
in yellow in Fig. 3.4 are added. According to the definition of the rate transition block, the slow-
to-fast block acts as a unit delay (in this case, it represents the DRTS delay), and the fast-to-slow
block acts as the ZOH of the A/D sampling. In the forward path, transfer functions with 7%,
sampling time are multiplied as follows:

G, (2) = Gpa(2) - Gror(z) - 2~ Tar/Te) (3.18)

The same approach as explained for G, (%) in section 3.1.2, BLT is used here to obtain the
discrete transfer functions of the power amplifier and Hol:

Gpa(z) = ZpLr{Gpa(s)}r, (3.19)
Gror(2) = Zprr{Gror(s)}t., (3.20)

The sampling time of the transfer function G'yy, 1,,(2) is yet to be transitioned to T, , so the
forward path from input to 75 g7 is completed. As discussed above, the rate transition block,
acting as a ZOH, handles fast-to-slow rate differences. However, instead of direct resampling of
Gfw,r,,(2) to Gy, (2), which causes losing excessive information, Gy, 1, (2) is achieved
in two stages:

1. Gyw,r,,(2) is transformed back to continuous using bilinear transform using:
z=eT2 x (14 5T,,/2)/(1 — 5T, /2) (3.21)
and:

Grw(s) = Zppr{Grur., (2)} (3.22)
Where 7}, represents the discrete-to-continuous transformation.

2. Then Gpw (s) is sampled with T, using ZOH. Similar to 3.12:

Grom, (2) = (1= 2" Z{L"HGCrw(s)/s}}r,, (3.23)
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Figure 3.4: Multi-rate discrete modeling block diagram

Since the calculated Gy, 7, (2) has the same sampling time as G'y;(2), (3.17) is now resolvable.
Following is the calculation of G f;(z) using the bilinear method to achieve the discrete transfer
functions of the LPF and equivalent grid shown as G pr(z) and G(z), respectively:

Gfb(Z) = GLPF(Z) . GS(Z) (3.24)
w
Grpr(z) = (3.25)
(#:) (55) +
2-Ly1—271
Gi(z) = T T3 T hs (3.26)

3.2 Definition of Accuracy

Based on the calculated closed-loop transfer functions in the previous section, the accuracy of
a PHIL system model can be defined as the proximity of the models gain and phase values to a
reference value (e.g., a benchmark model or experimental results) at each frequency [59]. The
relative percentage error is measured at each frequency, and the mean of all measured errors has
been employed for accuracy comparison purposes:

|GT€f Jw | — |Gmodet (jw)|
ain g -100 (3.27)
Co |Gres(jw)]

ZG,«ef (]w) - 4Gmodel (]w)
ZGTef (]OJ)

N
AVGphase = Z

i=1

- 100 (3.28)

where |Gycy|, and ZG,.s are the gain and phase of the closed-loop reference, which is the
simulated MDT system in MATLAB/Simulink in the section 3.3 and experimental measurements
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in section 3.4. G,,04e; implies the closed-loop transfer function of the calculated CT, SDT, and
proposed MDT model. Following the same procedure in [C1], the weighted average error is
defined as:

- |% |G”’f ]w)| - |Gmodel(jW)|)‘2

WAV G = Gres G

-100 (3.29)

M

i=1

N ZGref jW) ZGnLodel(jw))P
A hase — 1 '
WAV Gptore =\ 212G G v

In the following section, the Gy is chosen to be the MDT closed-loop implemented in Simulink,
and the validity of the linearized MDT model is verified using the accuracy error indexes.

3.3 Simulation Results

The goal of this section is to verify the analytical modeling given in the section 3.1, specifically
the formulated rate transition blocks, with the Simulink model. Furthermore, it gives an overall
insight into the CT and SDT behaviors compared to MDT.

To validate the MDT model’s accuracy, a comparison between the analytical model in section
3.1.3 and the Simulink simulation has been carried out. The reference is set to the implemented
MDT V-ITM PHIL model in Simulink for two different Hol cases: an RL load and an RLC load,
respectively. The reference model is implemented in Simulink as follows:

All the delays are modeled as shown in Fig. 3.4.
 Series RL branches for grid impedance and series RL/RLC branches are used as Hol.
e Gpr shown in Fig. 3.4 is implemented in the feedback using (22).

* Two rate transition blocks shown in Fig. 3.4 are implemented for changing the sampling
time.

* For the transfer function of the amplifier (16) is employed.
Results of all three MDT, CT, and SDT methods shown in this section are modeled based on

the equations represented in section 3.1. The bode diagram is then calculated using the three
linearized modeling approaches and compared with the frequency-sweep results of the Simulink
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Table 3.1: PHIL simulation parameter

Setup Value  Unit Setup ~ Value  Unit
Ts,, Ta,prrs 50 [ps] T, 0.05  [ps]
T, Amp 3.0 [us]  Tasens 08  [us]
Ta,p/A 3 [usl  Taa/p 2 [1s]
we /27 2 [kHz]  Cpgor 7.5 [wF1]
Ly 0.8 [mH]  Lpgor 8 [mH]

Ry 1 (2] Rror 1 (]

wo /2w 180  [kHz] D 0.9 —

Table 3.2: RL accuracy calculation based on simulations

Model Index Error(%) Index Error(%)
CT 0.4451 0.0055
SDT AV G ggin 0.0039 WAVG gqin 0.0001
MDT 0.0039 0.0001
CT 4.2291 0.0391
SDT  AVGphase 91196 WAV Gppase  0.0872
MDT 0.0399 0.0004

model over a frequency range of 50-1000 Hz, with a step of 50 Hz. The PHIL setup parameters
are given in Table 3.1.

3.3.1 RL Load as Hol

This section validates the modeling of the PHIL with an RL load via simulation. According to Fig.
3.5 and its zoomed plot at 650 Hz (Fig. 3.6), the linearized MDT model provides a more accurate
approximation of the Simulink model across the entire range compared to the other models. As
the frequency increases, phase deviations in the CT and SDT models increase as well, whereas the
MDT modeling follows the reference throughout the frequency spectrum. It can be seen that the
CT and SDT models underestimate the phase values concerning the Simulink model. In addition
to the bode diagrams, the accuracy is also calculated using the indexes formulated from (3.27)
to (3.30), and compared in Table 3.2. As can be seen for the phase indexes, the MDT achieves
relatively negligible errors, at least 2 orders of magnitude smaller than those of the other two
modeling approaches, confirming the accuracy of the proposed MDT modeling approach.
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3.3.2 RLC Load as Hol

For further analysis of the accuracy of the MDT approach, the RLC load has also been examined
as Hol. This testing is needed because the RLC load has a resonance frequency around 650 Hz,
where modeling errors may be amplified. Diagrams in Fig. 3.7 demonstrate the frequency
behavior of the PHIL system, where the spectrum range is divided into three main areas: smaller,
around, and larger than the resonance frequency shown in 3.8, 3.9, and 3.10, respectively. In
the analyzed frequency range, the MDT model overlaps with the simulator output. On the other
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Figure 3.8: Frequency response using RLC as Hol, Zone 1

hand, the CT and SDT models diverge from the reference at frequencies both smaller and larger
than the resonance frequency of the RLC testing system. Gain and phase graphs are shown at the
resonance frequency in Fig. 3.11.

As with Bode diagrams, Table 3.3 assesses the accuracy of the described analytical MDT modeling.
Both phase error indicators in the table demonstrate that the presented linear MDT is well
formulated and reproduces behaviors similar to those of the MDT Simulink model.
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Table 3.3: RLC accuracy calculation based on simulations

Model Index Error(%) Index Error(%)
CT 1.2297 0.0133
SDT AV Gyain 0.0033 WAV Gyain  3.28e-05
MDT 0.0045 4.02e-05
CT 1.1097 0.0119
SDT  AVGphase 24933 WAV Gphase  0.0245
MDT 0.0013 1.31e-05
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Figure 3.12: Frequency response comparison using RL as Hol

3.4 Experimental Results

The PHIL setup I described in section 2.5.3 is employed to verify the accuracy of the proposed
modeling approach. Delays of A/D and D/A conversions can be considered negligible with respect
to the DRTS time step (i.e., 50 us due to the use of SFP connections. The remaining delays (e.g.,
amplifier, sensor) are treated as unitary, denoted by Ty con,. The parameter specifications for the
experiment are provided in Table 3.5.

53



3 Power Hardware-in-the-Loop Modeling Domain

o
o
a

M Experiment =Continuous ==Uncertainty Bandwidth
=Multirate Discrete =Single-rate Discrete -

o
o
=

Gain (absolute)
o
o
w

©
o

Phase (degree)
)
o

L
o
a

550 600 650 700 750 800
Frequency (Hz)

(o))
o
o

Figure 3.13: Zoomed frequency response using RL as Hol

0.15 T T

- Experimenf -Continhous
=~Multirate Discrete =Single-rate Discrete
== Uncertainty Bandwidth

=
=

0.05

Gain (absolute)

-300
-350
-400
-450

Phase (degree)

_500 1 1 1 1
0 200 400 600 800 1000

Frequency (Hz)
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3.4.1 Measurement Uncertainty

According to the uncertainty propagation of the used PA built-in current/voltage transducers, the
uncertainty of magnitude measurements is given in Table 3.4.
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Table 3.4: Uncertainty of magnitude measurements [36]

Parameter Range  Error  Unit

I(rms) 451  +0.15 [A]
V(rms)  +650 £0.39 [V]

Then the uncertainty error of the gain measurements can be obtained as:

Y =1I/V

dy =Y - \/(di/T)? + (dv/V)? (3.31)

where Y is the loop admittance gain and dy is the gain error propagated by current and voltage
sensors’ uncertainties, depicted as di and dv, respectively. As an example in the RL case, if a
voltage equal to V' = 40 V is applied at a frequency of 50 Hz, the current [ resultsin 11.3 A, where
the gain uncertainty, dy, is equal to £0.0034 S. Likewise, in the RLC case, I is approximately
0.01 A, and dy is calculated as +£0.0035 S.

3.4.2 Accuracy Comparison

Similar to Section 3.3, the gain and phase of the loop admittance are obtained by measuring the
amplitude and phase of the current at each frequency up to 1000 Hz with a 50 Hz step-size for the
applied voltage. Results are shown in Fig. 3.12 - Fig. 3.15, where different models are compared
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Table 3.5: PHIL experiment parameter

Setup Value  Unit
Vs (rms) 40 [V]
Ts,, TapRTS 50 [ps]
T4,conv 4 [ps]

Je 2 [kHz]

CHor 7.5 [F]

L 0.8 [mH]

Lyor 8 [mH]
R 1 (2]
Ryor 1 (2]

with respect to the experimental reference. The experimental measurements shown in red color
here are replaced with the simulated PHIL system response in the previous section. Uncertainty
bandwidth is also added to the gain subplot. The phase subplots in Fig. 3.12 and Fig. 3.14
for both Hols graphically reveal that the proposed MDT model is the most accurate relative to
the reference among the studied models. More illustrative plots to judge gain measurements are
shown in Fig. 3.13 and Fig. 3.15.

Analytical accuracy calculation results are given in Table 3.6 and Table3.7. Beginning with Table
3.6, the smallest AV G 44y, error among the considered approaches is equally achieved with SDT
and MDT at 1.93%. However, all achieved AV G g4y, errors can be considered acceptable since
they are within the uncertainty error of +1.22% (dy = 0.0034 S). Considering the phase accuracy
with the W AV G yq4r index, MDT achieves the smallest weighted errors. The phase-related index
reveals that MDT is around ten times more accurate in AV Gppqse and at least 2.5 times better in
W AV Gphase than the other two methods, achieving the best phase match with the experimental
response. This implies a better representation of the system delays, which is fundamental to
estimating the stability of the PHIL system.

In Table 3.7, where the experiment has been repeated with the RLC load, the MDT shows errors
lower than 1% in AV Gppese and 0.01% in that of W AV G. This proves a better phase accuracy
of the MDT model with respect to the currently proposed models.

Therefore, considering the performed experimental accuracy investigations, the MDT approach
shows higher accuracy for both examined Hols.
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Table 3.6: RL accuracy calculation based on experiments

Model Index Error (%) Index Error (%)
CT 2.4409 0.0215
SDT AV Gyqin 1.9349 WAVG gain 0.0164
MDT 1.9349 0.0164
CT 5.0939 0.0576
SDT AV Gphase 10.3394 WAV Gphase 0.1077
MDT 0.6033 0.0220

Table 3.7: RLC accuracy calculation based on experiments

Model Index Error (%) Index Error (%)
CT 3.7050 0.0612
SDT AV G yain 2.9292 WAV G gain 0.0599
MDT 2.9295 0.0599
CT 1.2171 0.0177
SDT AV Gphase 2.6379 WAV Gphase 0.0297
MDT 0.4030 0.0073
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3.5 Summary

This chapter examines the accuracy of a V-ITM PHIL system modeling by testing RL and RLC
loads as Hol. In addition to classical approaches, namely Continuous-Time (CT) and Single-rate
Discrete-Time (SDT) modeling methods, a Multi-rate Discrete-Time (MDT) method is proposed.
The MDT method uses a relatively short sampling time to model the analog hardware section
of the setup and a larger time step for the real-time simulation. Accuracy is assessed using
defined error indices based on the closed-loop transfer function, which describes the loop’s
admittance. The frequency response of the proposed linearized MDT model is verified with its
MATLAB/Simulink model using Bode plots and error indices. To further validate the modeling
approach, experimental results from a PHIL setup have been obtained, also accounting for the
uncertainty bandwidth of the gain measurements. In both Hol cases, the proposed MDT model
outperforms the primarily used CT and SDT models, achieving higher accuracy, particularly
representing the system phase.
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Hardware-of-Interest

As discussed in Chapter 2 in a typical PHIL setup, the DRTS imposes at least two time-step
delays to emulate the grid, while interfaces such as sensors and power amplifiers (depending on
their bandwidth) may introduce additional phase shifts. These phase shifts introduce inaccuracies
relative to the real coupling and reduce stability margins. The primary objective of employing
PHIL is to analyze the interaction between the Hol and the EM, which is often unknown before
a PHIL experiment. The lack of prior knowledge of the Hol/EM interaction, along with delays
introduced by system components and interfaces, threatens closed-loop stability and may lead
to hardware damage. Therefore, ensuring setup stability during the preparatory phase of PHIL
experiments is crucial to prevent hardware damage and ensure accurate results. It has been
shown in Chapter 1, analyzing grid-connected inverters as Hol is increasingly common due to
their wide-ranging applications [78] and [79]. However, several PHIL interface algorithms and
stability enhancements described in Chapter 2 are either for passive load testing or consider only
the converter’s physical impedance, without accounting for the controller’s impact. By varying the
GFL’s controller bandwidth, the power converter’s equivalent transfer function changes, thereby
shifting the stability boundaries of the PHIL setup. Such changes may also impact the PHIL’s
accuracy compared to the real coupling. However, in the literature, the Hol is not explicitly
analyzed as a potential source of inaccuracy. Also, as noted in 2.4, most in-field studies focus on
improving interface algorithms, with the I'TM still widely used due to its simplicity. Those studies
generally assess accuracy in the time domain or by comparing different interface algorithms rather
than benchmarking against a real coupling. In this chapter, the stability and accuracy of the PHIL
systems when a grid-converter is employed as Hol are analyzed using frequency responses and
loop transfer functions. It analyzes the impact of the Hol’s current controller bandwidth on both
stability and accuracy, showing how Hol control dynamics influence PHIL performance beyond
the interface sector.

The PHIL system chosen for the analysis is shown in Fig. 4.1. The Mol is represented by the
Thévenin equivalent of the grid, while the Hol is a three-phase GFL converter with an LCL filter.
A GFL converter synchronizes to the grid voltage (typically via a PLL) and regulates the injected
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Figure 4.1: Power Hardware-in-the-Loop setup with 3 phase DC/AC converter as Hardware-of-Interest.

N\

' Z,
| 4]
¥, S

~ Mol, Grid Model

current. The accuracy is assessed by comparing the PHIL with the real coupling frequency
responses, and stability is analyzed using pole-zero maps, first by modeling each component and
then the entire PHIL via transfer functions in the discrete domain. Additionally, the obtained
transfer functions are verified through simulation and experimental validation.

4.1 Mathematical Formulation of the Selected PHIL
Setup

This section introduces a new approach to the mathematical modeling of the benchmark PHIL,
namely the Mol interfaces and the GFL converter as Hol, and compares it with the real coupling
case. The trapezoidal approximation (bilinear method) is used to discretize transfer functions.
For simplicity, the argument (z) is removed from the transfer functions. In the following, the
PHIL components are modeled.

4.1.1 Grid Model

The grid is represented as a Thévenin equivalent with a voltage source V; and a line impedance

Zg:
2.0y 1— 271
Zy=Z{Rs+s L} =R+ 2. — %

= A.1)
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4.1 Mathematical Formulation of the Selected PHIL Setup

4.1.2 Converter Model

The transfer function of the system shown in Fig. 4.1 is illustrated in Fig. 4.2. The converter delay
itself is shown as T}, and its transfer function is denoted 7, which equals a one-time-step (50
us) delay in the discrete domain, denoted z~!. The converter model is described mathematically
as its ability to track the current setpoint, i /:*:

) Gp[-Y'2’71
— = 42
* 1+GP]'Y'Z_2 ( )

where G py and Y ¢, represent the proportional-integral controller and the combined admittance
of the GFL converter and the grid, respectively:

K' Ts 1+ -1
Gpr= Z{Kp, (1 + —2)} = Kp,(1+ Kp, - = - 2 43)
s 2 1—2z1
Y =Yicr +Ys
s-Crer - Rror +1
Y] =7
LCL {a~s3+b'52+c-s+d} @.4)
1 14271
T 'R+ Le-s’ T Ro+2 Lt (Ry—2 L)t

where the LC' L formulation can be expanded as [80]:

a=Crcr-Lrer. - Lrer,
b=Crcr Lrcr,  Reer +Cror - Licr, - Reer +Creor - Licr, *rrer,
+Crer - Lircr, *rrcr. 45)
c=Lror, + Lror, + Crer - Rrer - TroL, .
+Crer - Rrer -rrer, + Crer - oo, *TLer,

d=rrcL, +7rL0L,

The following assumption has been made to perform the analysis in the discrete domain:

» The discretization of these variables has been performed using the Tustin method with a

time sampling equal to T = 50 pus.
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4 Grid Converter as an Hardware-of-Interest

e The PWM and measurement delays in the converter have been assumed to be equal to T
to simplify the PHIL mathematical analysis. While different delays, converter types, or
control strategies may yield varying numerical results, the proposed modeling framework
remains valid and applicable.

4.1.3 Conventional PHIL Modeling

The classical approach to evaluate the PHIL system stability is to consider the Hol with its
equivalent passive impedance (e.g., the AC filter of a converter), as shown in Fig. 4.2(a). The
equivalent closed-loop transfer function can be expressed mathematically as:

—1
Gpa-Yrcr -2

i
— = (4.6)
Y]
Voo g +Grpp-Gpa- =L -2
Yy
where the filter transfer function consists of a low-pass filter with time constant 7':
a —— Lre 4.7)
LPF = = .
} 2-T 2-T
1+Ty-s 1+ Tf_|_(1_ Tf)z_1

It is assumed that the power amplifier has a unity gain Gp4 = 1. This assumption is correct if the
transient response of the amplifier is faster than the simulator time step T, = 50 ps. In the case
of linear power amplifiers, their fast voltage slew rate allows them to reach the new steady-state
condition in about 4 us, which is more than ten times smaller than 7.

Based on this modeling, stability is determined by the impedance ratio % If this ratio satisfies
the Nyquist criterion, the stability is guaranteed. If not, the system is ﬁnstable, and corrective
actions must be taken to ensure stability. However, as shown in the mathematical formulation in
(4.6), the converter controller is not accounted for in the analysis. As demonstrated in the next
section, this leads to an incorrect characterization of the system’s frequency behavior and, thus,
of its stability.
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Figure 4.2: PHIL block diagram: a) without controller loop. b) with the controller loop.

4.1.4 Proposed PHIL Modeling

This section introduces the PHIL model, which includes a simplified converter model in the PHIL
mathematical representation. The new model of the converter is shown in red in Fig. 4.2(a). It
includes the AC filter impedance 1/Y¢ry, and the converter controller Gp;.

The main difference between the two figures is that, although the AC filter remains in the forward
path, the controller G p; provides feedback action for the loop. The internal loop of the converter,
CCloop, can be described as:

Yiop -zt
CCloop = 4.8
foop 1+Yrcr-Gpr-272 (4.8)
and obtaining the forward path transfer function of the system:
Gw = —CCloop - 21 4.9)

The closed-loop transfer function for the PHIL system Vi is finally obtained:
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4 Grid Converter as an Hardware-of-Interest

Bode Diagram
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Figure 4.3: The impact of the controller loop on the PHIL analysis transfer function VL

1 wa
o 4.10
Vo 1=Gfuw-Zs-Grprp-2z71 (4-10)

As can be noted, the transfer function Vi in the classical (4.6) and in the proposed analysis (4.10)
approach differ substantially. To illustrate this difference, in Fig. 4.3, the Bode diagrams of the
two transfer functions are shown when the current controller proportional gain is Kp, = 8 and a
filter with a time constant T’y = 300 us is used. As depicted in the figure, the frequency behavior
between the classical model without modeling the converter control for PHIL stability analysis and
the proposed model, which includes the converter controller model, has apparent differences. At
lower frequencies, the classical approach overestimates the frequency amplitude, while at higher
frequencies, it underestimates the resonance peak. Also, the frequency of resonance appears to
be lower due to the current controller. Furthermore, the phase diagram shows an entirely different
behavior in the frequency spectrum, which may lead to an incorrect assessment of the gain and
phase margin during the loop stability analysis.

The transfer function Z%, which involves the capability of the converter to follow its reference,
can be determined considering the open-loop and PHIL closed-loop transfer function:

Hloop = CTVLPF . Zs : Zil (411)

Yicr - 27t

1+Yer - Hloop -z71

CHipop = (4.12)
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4.2 Verification of the Transfer Functions

From this point, the converter transfer function li can be determined as in (4.13):

) GPI . C’I—Iloop

¥ - 1+Gpr- CHloop ozl

(4.13)

This transfer function will be particularly important in the next section to compare the converter
frequency behavior in the real coupling and the PHIL-coupled system.

4.2 \Verification of the Transfer Functions

The calculated closed-loop transfer functions of the PHIL and the converter from the previous
section are verified using MATLAB/Simulink. The PHIL described in Fig. 4.1 is implemented in
Simulink using the parameters given in Table 4.1. Different sample frequencies via perturbation
sources are applied to the system, namely V), to verify the PHIL closed-loop transfer function
and 7, to confirm the converter transfer function. Then, ¢ is measured and fed into the Fourier
Transform FTblock to obtain the gains and phases at each frequency. These measured values are
compared to the frequency response of the obtained transfer functions in Table 4.2 and Table 4.3,
respectively.

By comparing the transfer function frequency response and the measured values from the FT
block in Simulink, it can be seen that the gain and phase values are nearly equal at each sample
frequency. From the tables, the correctness of the calculated transfer functions in describing the
benchmark’s dynamic behavior can be concluded.

Table 4.1: PHIL simulation parameters.

Ts Typ, Ty Rs Ls Licr, Lrcr. Crer Ricr,rier, rrer. Kp, Ky,
[ps] [ps] [ps] [£2] [mH] [mH] [mH] [uF] [©2] @ — —

50 50 50 05 031 093 085 10 0.1 2 5.59 62831
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4 Grid Converter as an Hardware-of-Interest

Table 4.2: Verification of the PHIL Transfer Function, Vi

Frequency (Hz) | Transfer Function | Simulink | Parameter

100 1.33 133 | Gain (absolute)
| | -143 | -142 | Phase (Degree) |
| 150 | 1.57 | 158 | Gain (absolute) |
| | -160 | 159 | Phase (Degree) |
| 200 | 1.67 | 167 | Gain (absolute) |
| | -173 | 173 | Phase (Degree) |
| 00 | 1.67 | 1.675 | Gain (absolute) |
| | 167 | 168 | Phase (Degree) |
| 500 | 1.49 | 141 |Gain (absolute) |
| | 144 | 145 | Phase (Degree) |
| 700 | 1.35 | 117 | Gain (absolute) |
| | 131 | 131 | Phase (Degree) |
| 450 | 1.01 | 129 | Gain (absolute) |
‘ ‘ 123 ‘ 123 ‘ Phase (Degree) ‘
| 1000 | 1.28 | 086 | Gain (absolute) |
| | 116 | 116 | Phase (Degree) |

4.3 Impact of the Hardware on PHIL

This section demonstrates the effect of different current controller bandwidths on the stability and
accuracy of the PHIL evaluation.

To assess the influence of different controller bandwidths, the current controller bandwidth is
varied from 100 to 1100 Hz in both the real coupling and PHIL-coupled systems. The grid
impedance is Z; = 1+ 70.2 €, and the LPF bandwidth is 150 us. The objective is to observe how
the PHIL transfer function changes with bandwidth and how closely it matches the behavior of
the real-coupling system. The pole-zero map of the converter loop, ii*, and PHIL Vis, is presented
in Fig. 4.4 and Fig. 4.5, respectively.
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Table 4.3: Verification of the Converter Transfer Function, Zi*

Frequency (Hz) | Transfer Function | Simulink | Parameter

100 1.04 1.04 | Gain (absolute)
‘ ‘ -10 ‘ -10 ‘ Phase (Degree) ‘
| 150 | 1.05 | 1.04 | Gain (absolute) |
| | 17 | -17 | Phase (Degree) |
| 200 | 1.03 | 103 | Gain (absolute) |
| | 224 | 24 | Phase (Degree) |
| 00 | 0.97 | 0.97 |Gain (absolute) |
| | 36 | 36 | Phase (Degree) |
| 00 | 0.85 | 083 | Gain (absolute)|
| | .55 | 55 | Phase (Degree) |
| 00 | 0.75 | 077 | Gain (absolute) |
| | .69 | 70 | Phase (Degree) |
| $50 | 0.71 | 074 |Gain (absolute) |
| | 78 | 80 | Phase (Degree) |
| 1000 | 0.70 | 074 | Gain (absolute) |
‘ ‘ -86 ‘ -90 ‘ Phase (Degree) ‘

As can be noted, the real coupling system behaves differently from the PHIL system. While the
real coupling system remains stable with a current controller bandwidth of 900 Hz, the PHIL
system is already unstable at 500 Hz. To prove that, the time domain responses of the closed-loop
system are depicted in Fig. 4.6 and Fig. 4.7 at a controller bandwidth of 700 Hz, confirming the
pole-zero map outputs.

Also, by looking at the Bode plot in Fig. 4.8, it can be noted that the PHIL is able to represent
the system up to 2 kHz at low bandwidths (e.g., 100 Hz) accurately. However, the accuracy
deteriorates as the current controller bandwidth increases. For example, at a bandwidth of 500
Hz, the two frequency responses begin to differ above 1 kHz. The deviation is evident even before
1000 Hz, with a bandwidth of 1.1 kHz. This indicates that at higher frequencies, the Hol no
longer behaves as in the real field, invalidating the accuracy of the PHIL evaluation.
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4 Grid Converter as an Hardware-of-Interest

If we look at the Bode plot of the transfer function v%’ shown in Fig. 4.9, it can be noted that
there is a worse noise rejection capability from the PHIL system with the increase in the current
controller bandwidth. This implies that any external noise will be amplified under high converter
bandwidths.

4.4 Impact of the Feedback Filter

In this section, the interface feedback filter is designed to guarantee sufficient stability in large
operation points.

As shown in section 2.2 for passive loads, the feedback filter typically has a stabilizing effect,
allowing otherwise unstable systems to regain stability. In Fig. 4.10 and Fig. 4.11 the poles of
the transfer function i%, and Vis are plotted, considering a current controller bandwidth of 700 Hz
and a system impedance of Z; = 1 + j0.2 . It can be seen that a feedback filter of only 550 us
(i-e., 1820 Hz) can let the system regain stability.

However, this comes at a cost in terms of accuracy across the frequency spectrum. As can be noted
in Fig. 4.12, the slower the used filter, the larger the difference between the frequency response of
the real coupling and PHIL systems. For a slow filter (e.g., > 500 us), dynamics above 1 kHz are
damped, and the LCL filter resonance peak shifts to higher frequencies.
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Figure 4.4: Poles of the transfer function Zi* considering variable current controller bandwidth (100 Hz to 1.1 kHz).
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Figure 4.5: Poles of the transfer function V , considering variable current controller bandwidth (100 Hz to 1.1 kHz).
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Figure 4.6: Time response of the real coupling at controller bandwidth 700 Hz.
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Figure 4.7: Time response of the PHIL at controller bandwidth 700 Hz.
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Bode Diagram
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Figure 4.8: Bode plot of the transfer function Z% considering variable current controller bandwidth (100 Hz to 1.1 kHz).

4.5 Impact of the Simulated Grid Impedance

One of the main uncertainties of the PHIL evaluation is the complex value of the grid impedance
Zs. The grid impedance changes depending on the connected loads and generators, namely the
grid configuration, which leads to changes to the Thévenin equivalent. To achieve a stable PHIL
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Figure 4.9: Bode plot of the transfer function VL , considering variable current controller bandwidth (100 Hz to 1.1 kHz).
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Figure 4.10: Poles of the transfer function ii*’ considering different filter time constants [50 us — 550 ps].
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Figure 4.11: Poles of the transfer function -,

considering different filter time constants [50 ps — 550 ps].
evaluation, the impact of impedance values under different feedback filter gains can be evaluated
prior to conducting experiments.

For each of the five different values of Z,, as demonstrated in Fig. 4.13, the time constant of
the filter is varied from 7§ to 11 times of it. It can be concluded that, to regain the stability of
the PHIL system against changes in the grid impedance, the time constant of the filter can be
accordingly changed; however, as discussed above, the high time constant of the filter deteriorates
the accuracy of the PHIL system.
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Table 4.4: PHIL experiment parameters.

Ts Tprrs Teomw Rs Ls Licr,,Licr, Crcr Ricr,rror, Toow, Kp, K,
[us] sl [ps] [S2] [mH] [mH] [1F] (2] Q] — —

50 100 4.1 0.005 0.22 2.5 12 0.045 1.5 0.1 40

4.6 Experimental Results

To validate the PHIL and the converter models achieved in section 4.1, the PHIL setup II, described
in 2.5.4, is employed. Parameter values for the experiment are given in Table 4.4. A frequency
scan is performed on the described setup in two cases. In the first case, perturbation i,, with
the frequency range of 100-1000 Hz (f,) and the magnitude of 55 A, is added to the reference
current of the PI controller, ¢*, and the corresponding harmonic is measured at the PCC, ¢, using
DIN RAIL-MOUNTABLE current sensors of Imperix. The current signal, denoted as ¢*, and the
measured current signal, referred to as ¢, are fed into the FT block within the MATLAB/Simulink
environment. This specific step is essential for computing the gain and phase of the ratio i/i*
at each harmonic frequency. The resulting outcomes, presented as red stars, are then compared
with the results obtained through the model implemented in Simulink, as illustrated in Fig. 4.14.

The same procedure is used to verify i/V;. This time, a 20 V perturbation is added to the
voltage source in RTDS, V), and the current is measured with the IT 700-S ULTRASTAB current
sensors. The measured gain and phase comparison is shown in Fig. 4.15. In both cases, the
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Figure 4.12: Filter impact from 7’ to 11*Ts with respect to the real coupling.
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Figure 4.14: Frequency response comparison of Zi*

close agreement between the measured frequency response and the simulation results provides

evidence of the validity of the obtained transfer functions.

In addition to Bode plots, a quantitative assessment is performed to evaluate the validity of

the modeled transfer functions across measured gains and phases from experiments, using the
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Figure 4.15: Frequency response comparison of Vi

normalized root-mean-square error (nRMSE) and maximum deviation error (MaxDev). The
following equations are used to achieve these error metrics:

RMSE,ain = Grmodet (jwi)] = |Grep(jwi)])? (4.14)

= \

(I
RMSE £ Grmodet(jwi) — £Gres(jwi))? 4.15)

V3
vy

phase — \

Where |Grer(jw)| and |Gnoder (jw)| are the measured gain of the closed-loop transfer function
(i/3* or i/ V) from experiments and modeling, respectively. The symbol £ represents the phase,
1 is the perturbation number, and N is the number of perturbation samples, i.e., 9 (from 200 to
1000 with a step of 100). The RMSE is then normalized by the range of experimentally measured
values using the following equation:

RMSE

nRMSE = - - - 4.16
max{Grey (1)} — i Greg o)} (10

The equations used to evaluate MaxDev are:

MaxDevgain = m?x| Grerl(jwi) = |Gmoder (jwi)|| 4.17)

MaxDevphase = mlax‘LGref(jwi) — ZGmodel(jwi)‘ (4.18)
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Table 4.5: Accuracy of the modeling based on experiments.

Closed-Loop i/i* i/ Vs
Error Index Gain | Phase | Gain | Phase
nRMSE 0.055]0.036 {0.080| 0.025
MaxDev 0.001|8.94210.007 | 6.747

Applying the measured values of gain and phase from each closed-loop transfer function to the
equations described above will result in Table 4.5. From the Bode plots and the output results
of the Table 4.5, the validity of the modeling of the benchmark PHIL, and the achieved transfer
functions can be concluded.

4.7 Summary

PHIL has emerged as a key approach for realistically simulating grid behavior to test the system-
level power electronic technologies. However, the stability and accuracy of PHIL setups are
often constrained by trade-offs, previously believed to be due solely to the effects introduced by
interface components. This section investigates the influence of not only the interface components
but also an active Hol on the PHIL stability and accuracy. It is shown that the current controller
bandwidth of a three-phase grid-following converter as a Hol affects the accuracy of PHIL results.
The analysis is conducted by modeling the three main components of a PHIL system Mol, the
interface, and the Hol using their respective transfer functions. These transfer functions are
validated through perturbation-based simulations in Simulink. Subsequently, the sensitivity of
PHIL stability and accuracy to both the current controller bandwidth and the interface feedback
filter is evaluated. The results indicate that the choice of current controller parameters not only
affects PHIL stability but also significantly influences accuracy, indicating the need for a more
conservative controller tuning and a more refined feedback filter design. To further validate the
findings, the derived transfer functions are experimentally verified.
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5 Impedance-based Theory for Power
Hardware-in-the-Loop Stability
Analysis

In the previous chapter, the stability and accuracy of the PHIL system with a grid-connected
converter acting as the Hol were analyzed using classical control-theoretic tools, including loop
transfer functions and pole-zero maps. These methods provide valuable insight into the converter’s
internal control dynamics and the influence of each PHIL section on the system’s closed-loop
behavior. However, such methods generally require a detailed analytical model of the entire
closed-loop system. In PHIL applications, this requirement is often difficult to fulfill because the
Hol may not be fully known. In many practical testing scenarios, the Hol can only be represented
as a gray- or black-box system, for which internal controller structures and parameters are not
fully accessible. Under such conditions, deriving complete loop transfer functions becomes
challenging, limiting the applicability of classical modeling approaches.

To overcome similar limitations in analyzing the stability of converter-grid interactions, impedance-
based modeling has emerged as a powerful, widely adopted framework. In this approach, inter-
connected subsystems are characterized by their equivalent terminal impedance or admittance,
allowing their interaction to be analyzed without requiring full knowledge of their internal struc-
ture. This makes the method particularly suitable for PHIL testing, where different physical and
simulated components interact through the power interface. The impedance-based representation
provides a modular, physically intuitive description of system dynamics and enables stability
assessment using classical criteria, such as the Nyquist criterion. Moreover, it allows the dynamic
influence of controllers, measurement systems, and interface components to be systematically
incorporated into the analysis.

In this chapter, the impedance-based framework is first briefly introduced in section 5.1, and an
example is made using the interaction between a GFL converter and a stiff grid. Subsequently,
the same methodology is extended to the PHIL configuration in section 5.2, where the physical
grid is replaced by an Emulated Grid (EG) implemented through the DRTS and power interface.
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To obtain the impedance models, each component is represented by transfer functions, excluding
the PLL model from the formulation. The influence of the PLL on the impedance model and the
resulting stability analysis is neglected in this thesis, as incorporating the PLL would considerably
increase the complexity of the Hol modeling. The resulting impedance models are verified through
perturbation-based simulations and measurements. The system’s stability is then assessed using
the Nyquist criterion and benchmark time-domain responses. In one case, the impedances are
experimentally measured to validate the analytically derived impedance models under realistic
laboratory conditions. Based on this formulation, the influence of controller structures and sensor
placement in section 5.3, and DC-side dynamics on the stability of the PHIL system, in section
5.4 are investigated. Section 5.5 concludes the chapter.

5.1 Impedance-based Theory for Grid Converters

The theory was first introduced in [81], where system stability was determined by applying the
Nyquist criterion to the ratio between the load input impedance and the source output impedance
to assess the stability of DC/DC converters interacting with their input filters. The concept
was later generalized in [82], showing that both loads and sources can be characterized by their
impedance and that the Nyquist criterion can be used to determine system stability. The approach
was subsequently extended to grid-tied converters, as described in [83]. For grid-connected
converters interacting with the power grid, system stability depends on the impedance ratio at
the point of common coupling. The Nyquist criterion can therefore be applied to this ratio
for stability assessment, since it represents the open-loop transfer function of the interconnected
system. In [84], the method is further developed for impedance shaping and stability improvement
using Bode plots of individual impedances rather than impedance ratios. Most grid-connected
Voltage Source Converters (VSC) employ current control in a rotating (dq) reference frame
synchronized with the grid voltage using a PLL [85]. However, both dq-domain current control
and PLL-based grid synchronization introduce nonlinearities into power electronic systems. To
address this issue, the harmonic linearization method is investigated in [86]. This method directly
models the three-phase VSC impedance in the phase domain, thereby bypassing the limitations
of the dq reference-frame approach. In [87], the impedance of an AC network and a Modular
Multilevel Converter (MMC) is estimated.

Based on the literature reviewed, this section briefly introduces the fundamental principles
of impedance-based modeling and stability analysis, and then illustrates the approach using a
converter-grid interaction example. For simplicity, the argument (s) of the Laplace domain are
removed from all the transfer functions.
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5.1.1 Fundamentals of Impedance-based Stability Analysis

First, it is assumed that the system elements can be represented as Linear Time-Invariant (LTI)
systems. In practice, this assumption is satisfied by deriving impedance models from the small-
signal linearization of the devices around their operating point. Based on that assumption, the
source is modeled as a Thévenin equivalent circuit, and the load is modeled as an impedance, as
shown in Fig. 5.1. The current ¢ could be described as follows:

V.
) = ————— 1
‘T Z. v 7 .1
Vs 1
j= —= . (5.2)
Zy, 1—|—§z

Following the assumption that both the voltage source and the load are intrinsically stable (V;
and Z1), the stability of the interconnected system depends only on the term

1
H=—p.
1+ 2=

The theory is based on the observation that 7 resembles the closed-loop transfer function of a
negative feedback control system, where the forward gain is 1, and the feedback path is given
by Zs/Z1,. Therefore, the system will be stable if the open-loop transfer function, i.e., Zs/Zp,
satisfies the Nyquist stability criterion. The same theoretical framework is extended to current-
source representations. Fig. 5.2 shows the same setup in Fig. 5.1, but instead of representing the
source using a Thévenin equivalent circuit, it is represented as a Norton equivalent circuit, and
the load is represented using an admittance. The voltage V' could then be described as follows:

I
V=c—-———r 5.3
Y3+YL ( )
I, 1
V=—- 64
Yo 1+ }%

Under the same assumption done for the Thévenin equivalent circuit that the source and the load
are intrinsically stable (I; and Y7,), the setup will be stable if Y; /Y7, satisfies the Nyquist criterion.
It is also noted in [83] that (5.4) and (5.2) can be used interchangeably for stability analyses. This
is important because many grid converters operate in the GFL mode, behaving as current sources
rather than voltage sources.
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Figure 5.2: Current source impedance model

A grid can be represented with a voltage source and series impedance Z, and the converter could
be described using a current source with a parallel admittance Z., as shown in Fig. 5.3. Following
the basic theory in the previous subsection, the current ¢ can be written as follows:

) Vs 1
= <1z> Tz 55

Assumption: For active Hol, the impedance ratio alone is not sufficient for Nyquist-based stability
assessment, and the complete relation Z = N + P must be considered to correctly determine the
stability condition, where Z denotes the number of right-half-plane (RHP) poles of the closed-
loop system, N is the number of encirclements of the critical point —1 + 50 by the Nyquist plot
of the open-loop transfer function, and P is the number of RHP poles of the open-loop transfer
function.

For all considered configurations and parameter ranges, the standalone converter connected
to an infinite bus is assumed to be internally stable. Since the standalone converter and its
corresponding representation are governed by the same characteristic equation, the coupling
condition does not alter the characteristic equation of the converter representation. Therefore, the
converter introduces no additional RHP poles. Moreover, since the grid impedance is passive,
the open-loop transfer function satisfies P = 0.
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Grid __. Converter

el

i

Figure 5.3: Impedance model of a converter-grid junction

Therefore, the Nyquist stability assessment reduces to the encirclement condition, and V directly
determines stability, unless stated otherwise.

5.1.2 An example of Modeling a Grid and a Grid-Converter
System

The selected benchmark for impedance modeling is shown in Fig. 5.4. To apply the theory, it is
necessary to derive the transfer functions describing both loads and sources.

An equation describing the voltage at the point of common coupling from the grid side can be
written as follows:

V=V,+i Z (5.6)
Zy=Ls s+ Ry (5.7)

Since the grid is represented as a Thévenin equivalent circuit, it matches directly the model
presented in Fig. 5.3. Therefore, the grid side impedance is Z itself.
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To complete the impedance model, an equation describing the current at the PCC from the
converter side is needed. To simplify the derivation, Z ¢y, i.e, the LCL filter impedance,
transfer function can be split into two transfer functions, and the current can be written as follows:

Licr, = Lrcr,, 7oL, =TLCL, (5.8)

Zp=Lrcr,-s+rier, = Lrcr. - s+ ricr. (5.9

Zc =1/(Crcr - s) + Rrow (5.10)

Yicr,y ={i/V}ivep =0 = QZZCC;LZ_L'_Z% (5.11)

Yiorver, ={i/VarLlv—o = LQ (5.12)
9 Zc-Zp + 22

i=YrcLver, - VorL —YooLyv -V (5.13)

(5.13) does not represent the converter’s controller internal loop. Therefore, a relation between
Ve rr and ¢ can be derived as follows, under the assumption that the PLL is ideal:

Vorr = (" =Ty -1)Gpr-Ty (5.14)
GPI:KP,-‘FKL-/S (5.15)
T, = e~ Tapr)s (5.16)

Substituting (5.16) into (5.13) results in the final equation describing the current as shown in
(5.17). By inspecting the equation, it can be matched to the converter model Fig. 5.3, where
ZC = 1/YG'FL and IS = HGFL -,

_ Gpr-Ty-Yierver, i
- 2
1+Gpr- 14" - Yicrvers

1

HgrL
_ Yrcr,v v
2
1+Gpr- 14" Yicrvers

(5.17)

YeFL

5.1.2.1 Impedance Model Verification

The model of a grid-connected converter, as shown in Fig. 5.4, is implemented in MAT-
LAB/Simulink as a benchmark. Table 5.1 lists the parameters used in the simulation. Before
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Figure 5.4: Benchmark model

applying impedance-based theory to study stability, it is important to verify that the impedance
in (5.17) corresponds to the converter measured impedance. The converter impedance can be
measured using perturbation over a wide frequency range of 200-2000 Hz, measuring current and
voltage at the PCC, and feeding the measured values to the Fourier transform. Therefore, the
grid voltage is perturbed by a small magnitude voltage V), at different frequencies f,, as marked
on Fig. 5.4 in orange. The impedance measured at each frequency is then compared against the
Bode plot of (5.17), as shown in Fig. 5.5. The figure shows that the impedance Zg ry matches
the benchmark measurements with small deviations due to the assumption that the PLL is ideal.
Since the grid impedance, Z,, represents the trivial impedance expression of an RL element, it
does not require further verification at this stage.

5.1.2.2 Impedance-based Stability Analysis

After the impedances were verified, (5.5) can be used for stability verification, where Z,. =
1/Ysrr. The Nyquist criterion is then applied to the impedance ratio Zs/Z, as stated in the
impedance-based theory. The Nyquist criterion results are then compared with the time-domain

Table 5.1: PHIL Benchmark parameters

Vs Ls Rs rrer,,rrer. Locr,, Licr, Crer Bron Kp, Ki, Tap,
[V] [mH] [€] (2] [mH] [wFl [ - - [us]

310 0.5 0.01 0.05 2.5 12 1.5 0.1 150 50
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Figure 5.5: Impedance at different frequencies compared to Bode plot

response, i.e., ¢ in the benchmark model. Fig. 5.6a shows the Nyquist criterion applied to the
impedance ratio Z;/Z.., and the results of the benchmark current are shown in Fig. 5.6b. The
benchmark results verify the Nyquist criterion’s stability outcomes. The same diagrams in Fig.
7.11 are repeated with changing the values of R, and L, to 0.5 (2 and 25 mH, respectively. The
results are then depicted in Fig. 5.7, where the Nyquist plot shows -1 + 0j encirclements, i.e.,
unstable closed-loop, and the time-domain response, ¢ in the benchmark model confirms it.
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Figure 5.6: Frequency domain and time domain responses comparison for stability verification, at Rs= 5 m£2, Ls=0.25
mH

5.2 Impedance-based Theory for PHIL Systems

In this section, the impedance-based approach shown in the previous section for a converter-grid
junction stability analysis is expanded to a PHIL system where the GFL converter is employed
as Hol. The difference is shown in Fig. 5.8, where Fig. 5.8a, shows the case of converter (Hol)
and grid (Mol) which was discussed in previous section and Fig. 5.8b, shows that in a PHIL the
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Figure 5.7: Frequency domain and time domain responses comparison for stability verification, at Rs= 0.5 €2, Ls= 25
mH

Znror 18 expanded to Z g due to the presence of interfaces when the same Hol is employed. As
in the grid converter integration stability analysis discussed in the previous section, applying the
impedance-based method for stability analysis in a PHIL setup eliminates the need for a detailed
Hol or Mol model to analyze system stability [C2].
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Figure 5.8: Impedance-based modeling in PHIL systems: a) Ideal natural coupling, b) PHIL actual scheme, which
includes the interface impacts and changes the impedance from Zp;,7 to Zpa

5.2.1 Emulated Grid Impedance Model

As in the previous section, a Thévenin equivalent is used for the grid model in DRTS throughout
the rest of this chapter. As shown in Fig. 5.9, it is a voltage source (V) with a series impedance
(Zs). This impedance consists of a resistance and an inductance in series, which is formulated
in (5.19). The measured voltage after Z; is applied to the Hol through a D/A converter and the
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Figure 5.9: V-ITM PHIL scheme with a GFL converter as Hol

amplifier with their transfer functions. Although the transfer functions of the interface components
are described in detail in section 2.1, they are briefly reviewed here for clarity:

Z,=L,-s+R, (5.18)
Gpa, = e T /((1/w)s” + (2D /wo)s + 1) (5.19)
Gpja = e (Tpra)s (5.20)

Gprrs = e~ (TPATs)s (5.21)

Gfw=Gpa, Gpsa-GpRrrs (5.22)

where wg and D are the resonant frequency and the damping factor of the amplifier, respectively.
Tamp> Tpya, and Tprrs are associated delays and Gz, is the forward path within the interface
section (Fig. 5.9).

Similarly, the backward path, G g, involves:

Gy = Gsens - Gayp - GLpr (5.23)
Glgens = e~ (Tsens)s (5.24)
Gasp = e Tasp)s (5.25)
Grpr = we/(s + we) (5.26)
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Figure 5.10: PHIL impedance model

where T'sens and Ty p are the sensor and A/D converter delays, and w, is the cut-off frequency
of the LPF. Through the KVL from V; to PCC, V:

V=Vs-Gp-Zs-1)Gw (5.27)
1 1
= Vs
GnZ, " GnZ, Gra
—_ —

i 1% (5.28)

HEG YEG

According to (5.28), the current at the PCC point can be presented with chosen coefficients, Hgg,
and Ygg = 1/Zgg. Therefore, Zgq is not equal to Z, anymore (in the previous section), and
the interface components’ impacts (G f, - Gfp) are included in it.

5.2.2 Hardware-of-Interest Impedance Model

As the GFL converter remained exactly the same as in the section 5.1.2, the impedance model
of the converter does not change, and it will be the same as in (5.17). Therefore, considering
(5.28) and (5.17), the whole setup can be represented with impedances, Zgg and Zgpr, and
their associated sources, namely, Vgg and igpr, as:

Veag = Hgg Vs (5.29)
Igpr = Hopyr - 3" (5.30)
. \% 1
i=lgrr — ZEG ] (5.31)
GFL 1+ EG
ZGFL
CYYol

The proposed impedance model is represented in Fig. 5.10. As discussed in 5.1, assuming Vgg
and igFr, are stable sources (no right half-plane poles in Hgg, and Hgrr), the stability only
depends on the Zg¢/Zcrr .
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5.2.3 Impedance Verification

The approach to impedance verification is similar to that in section 5.1.2.1 and will remain the
same throughout the rest of the thesis. Parameters of PA are not repeated here as they are given in
section 2.1, and Chapter 3, and they remain the same throughout the thesis. The PHIL setup with
the parameters given in Table 5.2 is implemented in Simulink for perturbations and measurements,
serving as a reference for verifying the calculated impedances in the previous section. To measure
ZEG,., (blue color in Fig. 5.11), the perturbation source ip(fp) (in Fig. 5.9), is enabled to
perform the frequency sweep. The sweep is performed with the current perturbation of 10 A and
a frequency range of 200-1200 Hz. According to Fig. 5.10, the measured voltage over current (in
d axis) at PCC equals the Zgg. At each frequency, the gain and phase of the PCC voltage and
current are measured using the Fourier transform block, which eventually delivers the gain and
phase of the impedance Zgg,.,,, which is then compared with the Zgc Bode plot. Similarly,
for Zgrr,, e Vp( fp) in Fig. 5.9, makes the PCC measurements correspond to the converter
side impedance measurement. The attained gain and phase are shown in red, in Fig. 5.11. The
Bode plot of Zgr, is then plotted in the same figure to illustrate the excellent match between the
calculated impedance model, Z¢Fr,, and its Simulink reference, Zgrr,., e

The matching between impedances and their references in Fig. 5.11 confirms the validity of the

modeled impedances.
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Figure 5.11: Impedance verification
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Table 5.2: PHIL simulation parameter

Tporrs Tamp Tayp, Tpja Tsens  fe  Ls Rs Lipcr, Crerricr,,. Roon Kp, K1, Tap,
[ps]  [ps] (18] [ps] [kHz] [mH] [mQ] [mH] [pF]  [Q]  [Q] — — [us]

50 1.5 3 3 2 023 5 236 12 0.1 1.5 1 40 50

5.2.4 Stability Verification

For stability verification, two different grid parameters are used with the same Hol. Therefore,
Z1, is held constant, and its parameters are provided in Table 5.2. The grid-side impedance Z;
is adjusted according to variations in the parameter k, which is defined as follows:

k= 271,/2, (532)
Zy,=LrcL, -s+rLcw, (5.33)

Variations in k lead to changes in the grid-side impedance, which in turn affect the EG impedance
and, ultimately, the ratio Zgc/Zgrr. Then, Zpa/Zarr (i-e., stability criterion) is applied
to the Nyquist plot, and the result is compared with Simulink. For example, if k=9, the graph
encircles (—1+ 07) in the Nyquist plot (Fig. 5.12), showing an unstable system, confirmed by the
benchmark’s instability. Whereas, with k=10, the new Z; eventually modifies the Zgc/Zcrr,
ratio and holds the system within the stable region (Fig. 5.14). As shown in Fig. 5.15, the current
controller exhibits excellent tracking of reference changes.

Thus, the stability of the PHIL setup is examined through its impedance model. The following
section presents experimental impedance verification results from an actual PHIL setup.

Nyquist Diagram
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Figure 5.12: Nyquist plotof Zgc/ZcrL
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Figure 5.15: Time-domain response of the converter current

5.2.5 Experimental Verification

Similar to impedance verification in Simulink, the approach is the same, but the verification
reference is experimental impedance measurements rather than Simulink. The setup used for
this experiment is described in the section 2.5.4. The majority of the parameters used for the
experiment are the same as in the simulation (Table 5.2), except that K p;= 0.1, which is reduced
to avoid an overly fast controller response. To validate the accuracy of the calculated Zgry, the
perturbation source, V,(f,) shown in Fig. 5.9, is activated. Next, a three-phase disturbance with
a magnitude of 2 V is added to V in RSCAD. Since the LCL filter capacitor exhibits inductive
behavior at frequencies above 1200 Hz due to parasitic effects, and the resolution of measuring
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Figure 5.16: Experimental GFL converter impedance verification

high-frequency signals decreases with a 50 us time step, the perturbation frequency is varied from
200 Hz to 1000 Hz in increments of 100 Hz. The resulting voltage and current at the PCC are
measured with Imperix voltage and current sensors at each frequency to calculate the impedance,
which equals Zg 1. Using the Fourier transforms of the measured variables, the gain and phase
of Zarr,. , are obtained and compared with the Bode plot of the Z¢ ry, transfer function from
the modeling section. This comparison is shown in Fig. 5.16, proving the correctness of the

evaluated ZgFpy,.

Similarly, for Zgg,.,, the perturbation source 4, (f,) is added to 7*. For a 220 V (rms) voltage,
Tprrs is 2 times the chosen time-step 7, one in the forward path and one in the feedback path.

The comparison results are presented in Fig. 5.17, demonstrating a close agreement between the
model-predicted EG impedance and the reference values obtained from experimental data. The
experimental impedance verification in this section confirms the correctness of the impedance
model outlined in Fig. 5.10, and the functionality of the impedance-based approach to evaluate
the stability of the PHIL setup ahead of running lab testing.

5.3 Sensor Placement Impact on the PHIL System
Stability

The GFL converter used as the Hol in the previous section, the current controller, the physical
LCL filter, and the digital control delays were modeled without voltage feedforward. However,
in practical implementations of GFL converters, voltage feedforward is typically employed to
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Figure 5.17: Experimental EG impedance verification

reduce the control effort required from the current controller. The presence of this feedforward
alters the converter’s dynamic behavior. In this section, while the grid model in DRTS is kept the
same, the feedforward is added to the GFL converter impedance model. Also, the feedforward is
implemented in the abc frame rather than in the d axis, since the PLL dynamics are not included
in the impedance model. As a result, the voltage measurement used for feedforward depends
directly on the sensor location; thus, the voltage sensor’s placement influences the feedforward
path and modifies the effective converter impedance. Consequently, sensor placement affects the
interaction between the converter and the EG.

For the current sensor, it directly impacts the controlled variable, whether the grid-side current or
the converter side current is controlled, which also changes the effective output impedance of the
GFL converter.

Therefore, in this section, the impact of current- and voltage-sensor placement on PHIL stability
across four scenarios: two for current-sensor placement and two for voltage-sensor placement
within the LCL filter. The results are presented and validated in the time and frequency domains
using Simulink/MATLAB.

As highlighted in [88], the placement of sensors for controlling a GFL converter can vary across
LCL filters for different applications, making four combinations:

Case I: Current sensor location on the grid side inductor, and voltage sensor location across the
PCC.

Case II: Current sensor location on the converter side inductor, and voltage sensor location across
the PCC.

94



5.3 Sensor Placement Impact on the PHIL System Stability

o

o kel
l;
O P P-O>Nab
i O o] 7 |-
—>C)>{ Pl | T !
0 ide 0&’ / (] i
<. 7o
: lGFL CFL i
LL(‘L;,' LLCLc i
I{ FL .

VL =
Hol, Grid-Following Converter
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Case III: Current sensor location on the grid side inductor, voltage sensor location across the
capacitor of the LCL filter.

Case IV: Current sensor location on the converter side inductor, voltage sensor location across
the capacitor of the LCL filter.

5.3.1 Hol Impedance Model Across Sensor Placement

As the same grid model as in section 5.2 is used, in the modeling section, the Zga is not
repeated. For the converter side, all four different scenarios are depicted in Fig. 5.18. Altering
the location of the current sensor means transitioning the controlled variable from ¢ to ¢gpy.
Although the PLL’s impact on the converter impedance is neglected, changing the voltage sensor
affects the feedforward, thereby influencing the dynamics of the controlled variable. Establishing
the stability criterion in this section involves deriving the open-loop transfer function for each
scenario via impedance-based modeling.
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5.3.1.1 Casel: i,V

In this case, the PCC variables are fed into the control unit; namely, ¢ is controlled, and V' is
feed-forwarded. The EG side and GFL converter side LCL inductors are treated independently,
namely, Zr,, and Zy, . Therefore, the following equations are updated as given:

Yicrver, = Zc/(ZL, - Zo+ Zc - Zy, + Z1. - Z1,) (5.34)
YicLy = (Zo+2Z1,)/(Z1, - Zc +Zc - Zr. + 21, - Z1,) (5.35)
Zc=1/(Crer - 8) + Rrcr (5.36)
Zr,=Lrcr, - s+rrer, (5.37)
Zr.=Licr, - s+rLeoL, (5.38)

and due to the added feedforward, the converter controller loop is now changed to:

Vaorrp = (i* =Ty -i)Gpr - Ty +V - T3 (5.39)
i Grr-Ta-Yicrver, o YioLyv — YLCLVars Ty v
14+ Gpr T - YoorLvers, L+ Gpr-Ta® - Yicrvers (5.40)
Hgrr.1 Yorr,r

which describes the current source Iy, and the GFL converter impedance model. Compared to
the converter impedance model without feedforward given in (5.17), the term V - T77 is added to
(5.39) and therefore Yo, vy, - Tf is added to (5.40). The impedance model of the converter
can be represented as:

Iorr,r =Hgrr,r- 1" (5.4D)
Zarpg=—(1+Gpr-Ti* Yicrver,)/(Yeorv — Yoo ver, - Ta®) (5.42)

5.3.1.2 Casell:iqrr, V

The synchronization process occurs at the PCC; however, control is now transferred to the current
on the converter side. Here, only the equations affected by these sensor placements are revised
and provided here. Since the controlled variable is now the iGry, it is substituted to ¢ in (5.39):

Varr = (i* =Ty -igr)Gpr - Ty+V -T2 (5.43)
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Where the same as Case I, igr, can be achieved by applying superposition:

igrrL =Y - Varr — Yocr,ver, -V (5.44)
Y = (Zo + Z1,)/(Z1, - Zo + Zo - Zp, + 71, - Z1,) (5.45)

and ¢ remains the same as in (5.13). Therefore, by replacing (5.44) to (5.43), and to (5.13), the
converter model is achieved as follows:

i Gpr- Ty -Yicr,vers -
14+Gpr T2 Y

Hgrr,i1

Yrerv(1+Y - Gpr- Ti*) = Yicrver, Ti?(1+ Yoon ver,, - Gpr)
14+Gpr -T2 Y

(5.46)
V

Yorr, 11

5.3.1.3 Caselll: Vi

Placing the voltage sensor at V. means that synchronization and, consequently, feedforward is now
over the capacitor of the LCL filter. This means the relation between Vi rr and the controlled
variable holds:

Varr = (Z* —Ty- i)Gp[ Ty + V.- T; (5.47)
VC:V-i-Z'-ZLg (5.48)

and by returning (5.48) to (5.47) and (5.47) to (5.13) the impedance model is achieved as following:

Gpr-Ty-Yicr,ver, o Yeorv — Yoorveps - Ta® v
1+ (Gpr — ZLg)Td2 “Yrer vers 1+ (Gpr — ZLg)Td2 “Yrcr,vers (5.49)

7;:

Hgrr,1rr Yorr, 111

5.3.1.4 CaselV:V, iqcr;

In the last scenario, the converter current is controlled, and the converter is synchronized with the
grid at the filter capacitor leg. Therefore:

Vorr = (i* =Ty -igr)Gpr - Ty + Ve - T3 (5.50)
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Figure 5.19: EG impedance verification

By returning (5.44) and (5.48) to (5.50), and (5.50) to (5.44) the impedance model is achieved
and shown below:

Gp] . Td . YLCL,VcFL i
1+ (Y -Gpy — YLCL,VGFL : ZLg)Tc%

Z':

Hgrr,1v

_YLCL,V(l +Y- GPI . Td2) - YLCL,VGFL ) Td2(1 + GPI ) YLCL’VGFL)
1+ (Y -Gpr — YLCL,V(;FL ' ZLQ)Tg

(5.51)
\%4

Yarr,1v

with the setup now fully modeled across all scenarios, the models’ veracity is validated in the
next section.

5.3.2 Impedance Verification

To validate the impedance model, the Hol shown in Fig. 5.18 is replaced with Hol in Fig. 5.9
and implemented in Simulink using the parameters listed in Table 5.2. Only the value of Z; is
set as 0.7 times the value of Zp,,. Perturbation sources, V), and ¢, in a range of 200-1000 Hz for
fp» are applied. Then, PCC current and voltage are measured and fed to the Fourier transform
for gain and phase measurements of Zgrr,

and Zgq, _,, respectively. The achieved values are

ref
compared with the Bode plot of modeled impedances in section 5.3.1, and the comparison in each

ref?

case is represented from Fig. 5.19 to 5.23.
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Figure 5.23: Case IV, GFL converter impedance verification

The proximity of the modeled frequency responses to the measured values, as referenced, validates
the accuracy of the modeling approach.

A similar frequency response is observed in cases I and II, as well as in cases III and IV. In other
words, the plots reveal minimal discrepancies in the converter impedance gain and phase when
only the current-sensor location is altered. However, a notable reduction in gain is observed when
the voltage sensor is repositioned across the capacitor rather than across the PCC. Additionally,
beyond 400 Hz, a gradual divergence in the phase of cases III and IV is observed, resulting in
a distinct alteration in the shape of the GFL converter impedance. With the model validated in
the preceding section, the system’s stability is assessed next using the impedance-based stability
criterion.

5.3.3 Stability Verification

The stability analysis is performed using the Nyquist plot of the impedance-ratio stability criterion,
Zgc/ZarL, for each case of sensor arrangements using two different values for C'o 1, namely,
12 and 4 pF'. The results are then compared with the time-domain response from Simulink.
Similar to Bode plots, Fig. 5.24 indicates that the response and stability margin in cases I and II
are close to each other, the same as with cases III and IV. All cases with this capacitor value are
stable, and the margins appear close. However, with a 4 1 F’, as depicted in Fig. 5.25, there is
a margin difference between group one, cases I and II, which are unstable, and group two, cases
IIT and IV, which are within the stable zone. Based on Nyquist plots, placing the voltage sensor
across the LCL filter capacitor enhances system stability, whereas the current sensor’s location
does not affect closed-loop stability. To prove this finding, the time domain response from the
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Figure 5.24: Nyquist plot of Zg/ZcFL. all cases are stable

implemented Simulink model is shown in Fig. 5.26, where at 0.7 s, the voltage sensor is switched
from the capacitor’s location to the PCC (from V, to V'), and the system becomes unstable and at
0.8 s, it is switched back to case III and the system regains the stability, confirming the Nyquist
plot’s correctness.
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Figure 5.25: Nyquist plot of Zg¢/ZGFL. cases I and II are unstable, cases III and IV are stable
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Figure 5.26: Time domain response of the controlled current when changing the position of the voltage sensor

5.4 Source Impact on the Impedance-based
Stability Criterion

This section extends the GFL converter model by incorporating DC link dynamics and a cascaded
DC voltage controller to assess the influence of the GFL converter control system on impedance-
based stability analysis of a PHIL setup. The grid model and the interfaces are similar to the
section 5.2 and 5.3, but for the GFL converter compared to the section 5.3.1.1, here, as shown in
Fig. 5.27, the DC link of the GFL converter is not ideal, and there is a DC voltage controller over
a capacitor creating the current reference for the current controller of the GFL converter. The
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Figure 5.27: Schematic of the V;.-Regulating GFL converter

converter impedance of this setup is then modeled. Through frequency response, the calculated
impedance is verified in simulations. The stability criterion for the PHIL setup is verified by
comparing the Nyquist plot with the time-domain response in Simulink/MATLAB.

5.4.1 Impedance Model of the GFL Converter with a Dynamic
DC Source

As the IA, interface components, and the grid model are the same as what is used in section
5.2, here only presents the impedance model of the GFL converter with its dynamic DC source,
employed as the Hol as in a PHIL setup.

The structure of the converter can be seen in Fig. 5.27. The converter side of the PHIL includes
the LCL filter, the cascaded controller, and the DC link. The cascaded controller consists of an
inner current controller and an outer voltage controller. The current ¢ at PCC can be described as
a superposition of the LCL transfer functions seen from the grid side Y7c, v and the converter

side YLCL,GFL'

i =Yrcr,grr - Varr — Yrcr,v -V (5.52)

103



5 Impedance-based Theory for Power Hardware-in-the-Loop Stability Analysis

According to this figure, the V51, depends on the DC link voltage V., the reference of the DC
link voltage V}, and the voltage and current at PCC:

Verr = [((Vi, = Vae - Ta) Gprv,, —i-Tq) Gpr, +V - Ty Ty (5.53)

The DC link voltage can be expressed as the difference between the power injected from the grid
side into the DC link through the converter and the power consumed by the load. To achieve a
stable DC link voltage, the injection and consumption of power in the DC link must be equal.

Assumption: The DC-link voltage is assumed to vary only slightly around its steady-state
operating point (Ve = Vye, + Vge, With 04, < Vy,, ), such that second-order terms can be
neglected and V2, &~ Vj., Vg holds. By aligning the synchronous dq reference frame with the
PCC voltage vector, the PCC voltage is entirely represented on the d-axis. Therefore, v, = 0 and
vg = V, where V denotes the PCC voltage magnitude. Moreover, for the small-signal derivation,
the PCC voltage magnitude is assumed to remain constant and equal to its operating-point value,
ie,V = Vips.

3 1

Vdc = (Vn * - 5 . Vdcn

The term Ty appears in the power-related equation, (5.54) of the present model, not as part of

T2 4+ 11) Zae (5.54)

the physical power balance, but because the impedance model is derived from the corresponding
Simulink implementation, where these terms are required to ensure a realizable and non-singular
formulation. The DC link impedance Z;. itself consists of the DC capacitor and a resistor in
series:

Zge = Rac + (5.55)

S Cvclc
By replacing (5.55) in (5.54), then in (5.53) and the resulting equation in (5.52), the current at
PCC is expressed depending on the voltage reference V,, the load current I, and the voltage V'
at PCC with the coefficients Hqpr 1, Horr,2 and Yorr = 1/Z¢rr shown in (5.56).
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; Gprv, -Gpr, - Ta-Yicr,grr

— ‘7*
2 3 1 4 de
1+Gpr,-T; Yocrgrr + Vo - 5 - v Ty Zac- Gpryv, -Gpr, - Yocr,grL
Cn

Hgrr 1

2
Ty Zic-Gprv,, -Gpr, - YocL,gFL

_ I,
2 3 1 1
L+ Gpr, Ty - Yiorero + Va5 v— Ty Zac- Grryv,. - Grr, - Yicrarr
n
Hgrr,2
2
Yicrv —T7 - Yicrn,crL v

- 3 1
1+ Gpr, -T2 - Yicrgro+ Va5 - Vi T3 Zge - Gprv,, - Grr, - YioL,arL

YorL

(5.56)
As mentioned, the grid impedance Zgs equation remains the same as (5.28). As shown, the
GFL converter equation is modified from (5.40) to (5.56) due to the cascaded controller and the
addition of the DC link impedance to the converter. V. and I;, give the source/sink equations,
and if internally stable, stability of the EG/GFL can be assessed by their output impedance ratio
Zrc/ZcrL, which will be presented after verification of these impedances. Since the stability
analysis without verification of the modeled impedances is not reliable, next the impedance
verification is given.

5.4.2 Impedance Verification

To verify the modeled impedance, the PHIL setup is implemented in Simulink as a reference with
the following parameters shown in Table 5.3, and the remaining parameters are the same as in
Table 5.2. Even though the EG as in section 5.2 is adopted for this section, the Zg is verified
with these new parameters once again. To find the grid impedance, perturbations via i, (f,,) (Fig.
5.27) at frequencies between 100 and 1600 Hz, each of the same magnitude, are added to the
current ¢. For each perturbation frequency, the gain and phase of the impedance are determined
using the Fourier transform on the measured current and voltage at PCC. The results are displayed
in orange markers in a Bode plot in Fig. 5.28. For comparison, the modeled impedance is also
plotted in blue in the same Bode plot. The figure shows a good match between the simulated and
calculated grid impedance; therefore, the EG impedance is verified.

Similarly, for Zg y, verification, perturbations are applied to the grid voltage Vs (Fig. 5.9) in the
Simulink model; the current and voltage at the PCC are measured, and the gain and phase are
determined via Fourier transform. These reference gain and phase values are plotted in a Bode
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Figure 5.28: EG impedance verification

plot and compared with the calculated converter impedance Zgry, shown in Fig. 5.29. Overall,
the calculated converter impedance closely matches the reference impedance.

5.4.3 Stability Verification

Since the EG and GFL converter impedances have been successfully verified, as noted in 5.4.2,
the stability of the setup can be assessed using the impedance ratio Zg¢ /Z¢ rr, and the Nyquist
criterion. This stability criterion applies only if the modeled sources are stable. Stability analysis
is performed by varying the converter’s AC-side parameters. Here, the EG impedance is changed
by using the same k defined in (5.32). While Zp,, is held constant, Z; is varied via k to change the
stability criterion Zgg/Zgrr. An increase in k reduces 7, because Z L, 1s unchanged, resulting
in a smaller grid resistance R, and/or inductance L.

Table 5.3: PHIL simulation parameters

Parameter Value Unit | Parameter Value Unit

Kp, 3 - L, 34 mH
K, 50 - |Cu 200 pF
Kp,, 01 - |R, 0.143 Q
K, 1 = | Vi, 800 V

v, 310V
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Figure 5.29: DC regulating GFL converter impedance verification

Below are two examples of different k-factors. In Fig. 5.30a, k= 0.5. As shown, the point [-1,
jO], marked with a red cross in the Nyquist diagram, is enclosed by the graph. This indicates
that the system is unstable. For verification, the current ¢ at the PCC is measured in the Simulink
benchmark model. In Fig. 5.30b, the current is displayed and also shows the instability of the
setup when k is 0.5. The current at the PCC is three-phase, but for clarity, only one phase is
shown in this work.

When changing k to 0.7, the point [-1, jO] in the Nyquist diagram is no longer encircled by the
graph shown in Fig. 5.31a, indicating a stable setup. The current measured at the PCC in the
benchmark is stable, as shown in Fig. 5.31b. Therefore, the Nyquist criterion-based analysis
matches the benchmark measurements. Further analyses showed that the setup is unstable for
k-factors below 0.5 and stable for k-factors above 0.7. There is a small error between 0.55 and
0.65: the Nyquist diagram indicates instability, but the setup remains stable. The reason for this
mismatch is that the impedance model of the PHIL setup is formulated in the continuous domain.
The benchmark, by contrast, is in the discrete domain. This difference for the k-factor of 0.6
can be seen in Fig. 5.32. The continuous Nyquist criterion in Fig. 5.32a predicts instability,
whereas the discrete Nyquist criterion in Fig. 5.32b aligns with the Simulink. To address these
mismatches, the multi-rate approach presented in Chapter 3 can be employed at the cost of
increased complexity.
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5.4.3.1 Source Model Impact on Impedance-based Stability Criterion

In this section, the sensitivity of the Hol parameters in the impedance-based stability analysis
is examined. It is shown that when such a highly dynamic Hol is employed, the probability of
unstable internal sources appearing in the impedance model of the PHIL system increases. Con-
sequently, this may lead to errors in the validity assessment of the impedance ratio Zg/Zgr1 -
For the sensitivity of the Hol parameters, some cases are shown graphically via Nyquist plots and
time-domain responses, and for the rest, tables are used, where a checkmark indicates stability
and a cross indicates instability.

Remark: In the tables, a checkmark indicates that the closed-loop system is stable according
to the Nyquist criterion. For the considered cases, this corresponds to a condition where the
Nyquist encirclement and the associated number of right-half-plane poles of the open-loop transfer
function satisfy NV 4+ P = 0. Although the analysis is primarily based on Nyquist encirclements,
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Figure 5.30: Stability analysis for k=0.5
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Figure 5.31: Stability analysis for k=0.7
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Figure 5.32: Nyquist criterion for k=0.6

additional verification, including the evaluation of P, confirms that the stability conclusions remain
unchanged.
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Figure 5.33: Stability analysis for Cy. = 200 uF

A. DC Capacitor

In this section, the size of the DC capacitor is varied. First, the setup is evaluated with a DC
capacitor that has a capacitance of 200 uF. In Fig. 5.33a, the Nyquist diagram of this setup is
shown. It can be seen that the point [-1, jO] is not encircled, and therefore, stability is predicted.
This stability is confirmed by measuring the current at PCC. The result is displayed in Fig. 5.33b,
which shows a stable current.

When changing the capacitance of the DC capacitor to 6 uF, the Nyquist plot does not encircle
the origin, indicating that the system is stable. In contrast, the time-domain result of the system
is unstable, as evidenced by the benchmark current measurement in Fig. 5.34b.

In the literature, the stability criterion based on the impedance ratio was introduced under the
assumption that the sources are stable. Therefore, when testing a dynamic Hol, it is necessary to
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Figure 5.34: Stability Analysis for Cy. = 6 uF

verify whether the internal sources are stable. The impedance model of this setup consists of a
single voltage source Vg and a single current source i¢ . Due to the presence of only passive
elements in the modeled EG source, H g, it has no poles in the right half-plane in the pole-zero
map, and therefore this source is internally stable. The modeled current source, on the other hand,
can become unstable depending on the DC side’s parameters. This instability can not be seen in
the Nyquist diagram of the impedance ratio. Therefore, to determine the stability of a system, not
only the impedance ratio but also the internal stability of the modeled sources must be checked.
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The modeled current source of the converter side can be expressed by the following equation, as
it was introduced in 5.4.1:

; Gpiv, -Gpr, - 14 -YiorL,arr v

= 2 31 1
1+ Gpr, Ty - Yicrero+ Va5 5Ty - Zac- Grrva, - Gpr, - Yior,arr

T2 Zae - Gprv,, - Gpr, - YioL.GFL ;
_ o L
1+ Gpr, - T; - Yoor.aro + Va - 3V “Tj Zae - Gprva, - Gpr, - YooL,crL
Cn

Gol

(5.57)

To check the stability of the current source, the open-loop transfer function of the current source
is used, which is defined as follows:

1
Vdcn

3
Go=Gpr, - T7 - Yicr.crr — Vi 5 T} Zge - Gprv,. - Gpr, - Yroorarr (5.58)

A DC capacitor with a capacitance of 6 uF is used to verify the second stability criterion. In
Fig. 5.35a, the Nyquist diagram of the ratio Zg/Zgry, is displayed. The point [-1, jO] is
not encircled, which indicates a stable system. However, when G, is checked with the Nyquist
criterion, Fig. 5.35b shows that the internal source is unstable as the point [-1, jO] is encircled.

The size of the DC capacitor has been varied for further investigation, and the behaviors of the
stability criterion and the internal source are recorded in Table 5.4. In the first column, the DC
capacitor size is displayed, followed by the source stability and the impedance-ratio stability. In
the last column, the stability assessment of the modeled setup in Simulink is presented, which
serves as the benchmark. As shown, the Nyquist plot of the impedance ratio alone does not reveal
the benchmark’s stability when the current source is internally unstable, i.e., for capacitor sizes
below 14.3 uF.

This additional Nyquist analysis provides an indirect assessment of the right-half-plane poles of
the overall system (P in section 5.1.1). Rather than explicitly evaluating P in the Nyquist criterion
of the impedance ratio, the internal dynamics of the GFL converter are analyzed separately. This
provides a more physically interpretable way to identify potential instabilities originating in the
source subsystem that are not captured by impedance interactions alone.

B. Voltage Controller
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Table 5.4: Comparison of Stability for Different DC Capacitors

Cae Goi Zrc/Zarr Benchmark

400 uF v v v
200 uF v
50uF v
20uF v
143 uF v
6 uF X
3 uF X
1 uF X

NN NS N NN
X X X X NN

For further verification, the voltage controller parameter is varied to examine the response of the
impedance ratio Zg ¢ /Z ¢ 1, and the open-loop transfer function G ,; in the Nyquist diagram. The
proportional gain of the voltage controller is varied, and stability is assessed using the Nyquist
criterion. The graph of the impedance ratio Zg¢/Z¢ 1., on the other hand, does not encircle the
point [-1, jO] in the Nyquist diagram in Fig. 5.36a when Kp,_ is 3.2. However, the graph of G,
encircles the critical point shown in Fig. 5.36b. This indicates that the modeled current source in
the converter’s Norton equivalent is internally unstable. The measured current at the benchmark
is shown in Fig. 5.36¢, indicating that the current at the PCC is unstable.

Stability verification was performed for various proportional gains Kp, , and the results are
presented in Table 5.5. The PHIL setup is stable when the Nyquist plot of the source and
impedance ratio is stable. When the source is stable, and the impedance ratio is unstable, as
in the case of a Kp,, of 1.4, the system is unstable. If the open-loop transfer function G; is
unstable, the Simulink model is unstable. These cases are shown in the last three rows of the
table, supporting the assumption that, when the modeled source is unstable, relying solely on the
impedance ratio to assess stability is erroneous.
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5.4 Source Impact on the Impedance-based Stability Criterion

C. Current Controller

Nyquist Diagram
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Figure 5.36: Stability analysis for Kp, =3.2
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5 Impedance-based Theory for Power Hardware-in-the-Loop Stability Analysis

Table 5.5: Comparison of Stability for Different Voltage Controller Parameters

Kp,. Go Zgc/Zarr Benchmark
001 Vv v v
005 Vv v v
0.1 v v v
1 v v v
1.4 v X %
3.2 X v X
5 X v X
10 X v X

The current controller parameter is the last Hol parameter, whose sensitivity is analyzed to assess
the stability of the PHIL setup. In Table 5.6, the results of the stability analysis are shown
when K p,, the proportional gain of the current controller, is changed. The first two rows show
that if the modeled source and the impedance ratio are stable, the combined stability criterion
predicts stability. This prediction is consistent with the Simulink model, which is also stable.
However, when the open-loop transfer function G; is not internally stable, the assumption of
a negligible number of right-half-plane (RHP) poles is no longer valid. As shown in Table 5.6
for Kp, = 9,12,15, 20, although the modeled source is unstable, the benchmark system may
remain stable or unstable depending on the interaction with the grid. In particular, while some
cases exhibit stabilization due to the grid interaction, others do not, even when the impedance-
ratio-based Nyquist evaluation yields N 4 P = 0. These observations indicate that, for internally
unstable subsystems, the impedance ratio may no longer fully represent the closed-loop system
dynamics. As a result, even when accounting for P # 0, the Nyquist-based stability assessment
using the impedance ratio may not consistently predict the benchmark behavior. Therefore,
classical impedance-based stability criteria, which implicitly assume P = 0 and the internal
stability of the subsystems, may lead to misleading conclusions when these assumptions are
violated.

5.5 Summary

In this chapter, impedance-based modeling and stability analysis, commonly applied to study
converter integration with the grid, are employed to evaluate the stability of a PHIL setup using
a GFL converter. The stability condition is determined using the Nyquist criterion, where the
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5.5 Summary

Table 5.6: Comparison of stability for different current controller parameters

Kp, Goi Zpc/Zcrr Benchmark

1 v v v
3

9

12
15
20
30
45

X X X X X X N

SR NENENENENEN
S SENENENENEN

open-loop transfer function corresponds to the impedance ratio at the PCC, Zgo/Zgrr. The
analysis considers the effects of PHIL interface dynamics and delays, the converter controller,
and the LCL filter. The modeled impedances are verified using Bode plots obtained from
Simulink simulations and experimental measurements. Furthermore, time- and frequency-domain
responses are compared to confirm the validity of the impedance model. The results demonstrate
that this approach can ensure PHIL stability and prevent erroneous analyses and potential hardware
damage. Moreover, based on the perturbation and measurement methods used for impedance
verification, the stability can still be evaluated even if an accurate model of the Hol is not available.

Then, the influence of sensor placement on system stability is also investigated. Since the
placement of voltage and current sensors in GFL converters varies by application, understanding
their effects is particularly important for PHIL users. Therefore, a GFL converter with an LCL
filter acting as the Hol is analyzed under four different sensor placement configurations. For each
case, the converter impedance is analytically modeled and verified through Simulink simulations.
The stability of each configuration is then assessed using Nyquist plots of the impedance ratio
and confirmed through time-domain simulations. The results indicate that the location of the
voltage sensor affects the stability margin, whereas the location of the current sensor has only
a minor influence. Specifically, placing the voltage sensor across the filter capacitor improves
system stability compared with placing it at the PCC. These findings provide practical guidance for
PHIL users, enabling them to balance stability requirements with application-specific constraints
without modifying Hol side parameters. However, since the sensitivity of Hol parameters is
typically unknown to PHIL operators, awareness of their potential impact on overall system
stability remains essential.
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5 Impedance-based Theory for Power Hardware-in-the-Loop Stability Analysis

Finally, the impact of a GFL converter with a dynamic DC link as Hol is investigated. The GFL
converter is modeled with a DC-link capacitor and a cascaded DC voltage controller. A new
impedance model for this converter is derived and validated by comparison with a benchmark
MATLAB/Simulink model. When DC-link dynamics are considered, both the source subsystem’s
internal dynamics and the Nyquist stability of the impedance ratio Z g /Z¢ 1, must be evaluated.
If the internal sources are stable, the impedance-based Nyquist analysis provides a valid stability
criterion: zero Nyquist encirclements of the impedance ratio indicate a stable PHIL setup, and
nonzero encirclements indicate instability. However, if the internal source dynamics become
unstable, the impedance-ratio-based assessment alone becomes invalid. In such cases, the overall
system behavior may deviate from the impedance-based prediction, and even stable responses
may be observed in simulation due to interactions within the complete system. Therefore, relying
solely on the impedance ratio may lead to misleading conclusions, and particular care must be
taken to avoid unstable internal dynamics during practical experiments. In general, the Nyquist
criterion (Z = N + P) should be applied to the impedance ratio. In particular, when strong
internal dynamics are present, the number of right-half-plane poles P may become non-zero,
which can influence the overall stability assessment.
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6 Ideal Transformer Algorithms for
Grid-Converter Testing

Several [As are proposed in the section 2.4 to address the trade-off between stability and accuracy.
Among common [As, the ITM is known for its accuracy, high bandwidth, and simplicity; however,
the stability of ITM PHIL is limited to Mol/Hol impedances, shown only for passive-load testing
as Hol. The ratio is inverted depending on the ITM mode, i.e., V-ITM or C-ITM, and therefore
stability can be restored by changing the ITM mode. However, the transition from V-ITM to
C-ITM for grid-converter testing remains absent from the literature. Traditionally, grid-following
converters are modeled as current sources; therefore, the EG in the PHIL system is modeled as
a voltage source. This implies that the amplifier should be operated in voltage mode; therefore,
the proper ITM is V-ITM. Whether it is possible to test a GFL converter via C-ITM and a GFM
converter via V-ITM has not yet been investigated. If so, the stability of PHIL for grid-converter
testing can be restored by changing the ITM if one is unstable. For example, if the EG impedance
is too high, then it can lead to V-ITM instability. In that case, stabilization solutions could involve
changing the Hol parameters to increase its output impedance, but this is not possible if the Hol
is a black box or if it is provided by a customer (i.e., PHIL operators are not allowed to change its
parameters). Other solutions could be adding interface impedances or lowering the low-pass filter
bandwidth, but they deteriorate accuracy as discussed in Chapter 2. Reducing the DRTS time step
to decrease the loop delay and stabilize the system can lead to overrun when the Mol is complex.
Therefore, similar to the approach proposed for testing passive loads, this chapter examines both
ITM modes, V-ITM and C-ITM (and vice versa), to restore the PHIL system stability when the
Hol is a grid converter. Each ITM is taken to test both GFL and GFM converters in four scenarios
given in Table 6.1.

The impedance models of both the EG, comprising the DRTS, PA, interfaces, and the converter,
including its controller, are derived and validated across four distinct test cases. The obtained
impedance models are then used to determine the systems stability conditions based on the voltage-
source and current-source output-impedance criteria commonly used in converter-integration
stability analysis (section 5.1). All scenarios are implemented in MATLAB/Simulink to serve
as a benchmark for the impedance-based stability verifications. The modeled impedances are
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6 Ideal Transformer Algorithms for Grid-Converter Testing

Table 6.1: Overview of considered PHIL configurations

H Configuration Case Mol Hol ‘ IA H
ConfigurationI | GFM Converter | GFL Converter | V-ITM
Configuration II | GFM Converter | GFL Converter | C-ITM
Configuration III | GFL Converter | GFM Converter | V-ITM
Configuration IV | GFL Converter | GFM Converter | C-ITM

verified against measured impedances using perturbation signals and the Fourier transform in
Simulink, and for the first scenario, experimentally. After verifying the impedances, the stability
criterion is given via the Nyquist plot for each case. The Nyquist plot is then compared with
the time-domain responses from the benchmark in Simulink to verify the stability analysis. The
following section derives the impedance model for each case based on the transfer functions of
the individual components.

6.1 Impedance Modeling

The impedance model of the PHIL system is derived using the relationship between the PCC
voltage and current, along with the transfer functions of each component on both the EG and
converter sides. When testing a GFL converter as the Hol, a GFM converter is modeled in the
DRTS, and vice versa. All components are modeled using transfer functions and/or delays, while
assuming an ideal PLL.

DRTS

Zic %
Mol, Grid-Forming Model

Figure 6.1: Case I and II, Selected PHIL Scheme

K ZicL
Zw;”;m Hol, Grid-Following Converter
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6.1 Impedance Modeling

6.1.1 Configuration |

According to Fig. 6.1, an average model of a controlled-voltage source with an LC filter is
implemented as Mol. Using the V-ITM, V(, is sent to the PA via a D/A converter and amplified
in the PA output, resulting in V' at the PCC. A GFL converter with an LCL filter is modeled in the
Hol section, which is synchronized with V' and its current, iz, is controlled by PI controllers.
Another pair of PI controllers with abc-dq transformations is tuned to control the LC filter output
voltage, V., in the GFM converter. In this case, frequency is generated using a digital internal
clock. For both sides, ADC and PWM impacts are modeled as a single sampling-time delay, T},
at the input and at the output. The following equations describe the emulated-grid side of the
PCC, where the goal is to find the Zg s, i.€., the relation between V' and ¢. From Fig. 6.1, the
following equations can be achieved. For simplicity, the (s) is not shown in the equations.

Vos =Vaorm - Hy +i- Grpr - Gry, - Hi + Varm (6.1)
H,=Zyp,./ZLc (6.2)
Z -z,

H, = RCLc Lic (6.3)

ZRCLC + Z""LLC

We

Grpp = —t— 6.4
LPF T +w. s (6.4)
Zypye =rrc+Lrc s (6.5)
Z =R 6.6
RCLc Lc + Cro s (6.6)
ZLC = 7'LLC + ZRCLC (67)
Gr,, = e T Ty =Tsens+ Tayp + Torrs (6.8)

| Faru

N

Lapn
CLe LC ! Tic Ly

Ao | Ge

pyh

Vs
N Ric

- ZicL ‘ Zic
Mol, Grid-Following Model Zm-‘,-lil;”-\, Hol, Grid-Forming Converter

Figure 6.2: Case III and IV, Selected PHIL Scheme
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6 Ideal Transformer Algorithms for Grid-Converter Testing

Where H, and H; are the transfer functions, coefficients of GFM converter output voltage and
PCC current, respectively. G pp is the low-pass filter used in the feedback, w, is the cut-off
angular frequency, Lrc, 7o, Crc, Rirc, are the inductor, internal resistor, capacitor and its
series resistor of the LC filter. The sensor delay T'sens, A/D delay T4/ p, and DRTS delay T grs
in the feedback are summed in Ty, which the transfer function is given in Gbe. The relation
between V' and Vs can be found in the forward path in the interface section:

V =Vecs- Gpa, - Gry, (6.9)

Gr,, =e*Tw) Ty, =Tprrs+ Tpja+Tpa (6.10)
1

Gpa, = (6.11)

" (1/w)s? 4+ (2- D/wo)s + 1

Similar to Gbe, Gwa includes the DRTS, D/A and PA delays. The dynamics of the linear PA
can be described as in (6.11), where wgy and D are the natural frequency and damping factor of
the selected PA (Chapter 2). Expanding Vg ras, there is an internal voltage loop in the GFM
converter control as shown in the figure, which can be described as follows:

Varm = (Vés —Vos - Ta,) Gpr, - Ta, (6.12)
Gpr, = Kp, + Kq,/s (6.13)
Ty, = e *Tapr,) (6.14)

V¢ is the voltage setpoint over the capacitor, G'r, is the controller delay, and G'py, describes the
dynamics of the PI controller. Kp, and K, are the proportional and integral coefficients of the
voltage controller. From (6.9) and (6.14), Vo, can be substituted to obtain:

v

VGFIL[ = (VCS - GPAW i Gwa

'sz,) Gpr, - Ty, (6.15)

Using (6.1) and (6.9) gives:

1 [ v
Grpr- Gry, - Hi |Gpa, - Gry,

7;:

—(1+ Hy) VGFM:| (6.16)

Finally, substituting (6.15) into (6.16) and collecting terms in V4, and V, the impedance model
of the emulated GFM converter, including the interfaces of PHIL, can be described as:

(1+ H,)Gpr, - Ty 1+ (1+H,)Gpr, - T

= — vy 1% 6.17)
Grpr- Gry - Hi “° " Grpp-Gry, - H;-Gpa, -Gy,
Hvés,l Yarm,1
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6.1 Impedance Modeling

where the relation between ¢ and V, describes the impedance model. To avoid confusion among
ZarMms in the other cases, the case index is added, Zgrar,1:

Gy, Grpr- Hi- Gy, - Gpa

Z _ v 6.18
GFM,I 1+T3U - Gpry (Hv+1) o

It can be seen from (6.18) that not only the virtual impedance,Z ¢, created in DRTS, but also
the PI controller dynamics and delay, the interface delays, and PA and low-pass filter dynamics
are included in the impedance model. A similar approach is taken to obtain the Z;rr, this time
finding the relation between V' and 7 from the converter side. From the internal current control
loop of the GFL converter, the following equations can be achieved:

Vars = (s —icrs - Ta) Gpr, + V- Ta) Ta, (6.19)
Gpr, = Kp, + Ky, /s (6.20)

Ty, = e *Tirr) 6.21)
igrr =Vgrr - Y1 =V - Ys (6.22)

where Gpy, is the transfer function of the current controller, and Y; and Y5> are the transfer
functions describing the influence of GFL and GFM converters on generating the i rr.:

ZicL, + Zcper

Y1 = (6.23)

! ZLCLQ : ZCLCL + ZLCLc : ZCLCL + ZLCLg : ZLCLC

Zc

Yy = = (6.24)

? Zrcr,  Zcoper t 4oL, - Zeyen T ZLcL, - ZLCL,

where,

Zycr. =7rrcr. +Lrcr, - s (6.25)
Zicr, =rLer, + Lrcr, - s (6.26)
Zcyep, = Roer +1/(Crer - s) (6.27)

rrcrL.. Lrcr., 'L Ly Lico L, are the converter side and grid side inductors with its internal
resistors, respectively, Ry oy, and Cpcp, are the LCL capacitor and its series resistor. Similar
equation as in (6.22), holds for the PCC current:

i=V-Ys—Varr- Ya (6.28)
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6 Ideal Transformer Algorithms for Grid-Converter Testing

where Y3 is:

Zrcr, + Zcoyer

Yé =
Zrcr,  Zoper, Y ZroL. - Zcien T ZLcL, - ZLCOL.

(6.29)
By eliminating Vo 1, from substituting (6.22) into (6.19), and then inserting the result into (6.28).

relation between 4, V' and if, ; will be:

Y2'T¢i (14’}/2 GPL',) Yg' GPIj‘Tdi

i= (Y5 — — - if 6.30
(3 1+Y1-Gpli-Ti ) 1+Y1- Gpy, - 3 GrL (630)
Yorr,1 Hi*GFL,I
Therefore, the impedance of the GFL converter is achieved:
7 1
GFL,I =
(14+Gpr, - V2) T3 - Y, 6.31)

- Y;
1+Y;- Ti' Gri1, + Y3
From (6.31), it can be seen that, in addition to the LCL impedance, the current controller and
digital controller delays appear in the impedance model.

6.1.2 Configuration Il

In the second case, the GFM and GFL converters remain in the same places as in 6.1.1, but this
time the interface is chosen to be C-ITM. Although GFM converters are modeled typically as
voltage sources, one goal of this work is to show whether, due to the configuration of Hol, e.g., the
output impedance of GFL converter is too low, or if GFL converter is connected to a weak grid,
it is possible to emulate the GFM converter as a current source and invert the stability criteria or
not. Therefore, in this case, the Hol impedance from 6.1.1 remains the same, and due to a change
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6.1 Impedance Modeling

of the amplifier mode, the impedance of the EG, GFM converter will be changed as follows. The
output current, i, in Fig. 6.1, is given to the amplifier, which is now a current source:

ts =Varm - Yrre —Vos' Ya (6.32)

Yy =Y r,c +YrcLo (6.33)
Yirre =1/Zrnres Yrope = 1/ZRrope (6.34)
Varn = (Vi — Ve - Ta,) Gpr, - T, (6.35)
i=iy G (6.36)

Gt =Gr,, Gpa, - Gr,, (6.37)

The transfer function of the amplifier in the current mode is (taken from the manufacturer, more
details in the Chapter 2:

1+

2:0p s
1+ stz

Gpa, = (6.38)

which wp, and wy are pole and zero angular frequency, and 6 p is the damping ratio. The following

equations connect the voltage setpoint sent to the amplifier to the PCC voltage:

Ves =V - Gy (6.39)
G =Gryy, - GLpF (6.40)

From (6.32), (6.35), (6.36), (6.39), the impedance model of emulating a GFM converter with a
current source is achieved as:

i=—Grw Gp(Gpr, - T - Yer,o +Ya) V+Gyru- Gpr, - Ta, - Yer,o Vi, (641

Y Hy, =
GFM,II Vs Ir

which H Vi is the coefficient of the source model, and Ygrar 7 is the admittance model
including the voltage controller, interfaces, and delays.

6.1.3 Configuration Il

As shown in Fig. 6.2, in this section, the positions of GFM and GFL converters are reversed:
GFL is now emulated using the V-ITM, and GFM converter is the Hol. The PCC variables are
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6 Ideal Transformer Algorithms for Grid-Converter Testing

denoted by the same letters, and the following equations are derived using the same approach as

in the previous cases.

Ves =ts - Zrcror VY iGFL * ZCror

ZLCLCL = ZLCL@ + ZCLCL

Vorr = (iGpp —icrr - Ta,) Gpri- Ta, + Ves - Ty,

igrr = Varr - Yicper — s - H;
Yicrer =1/Z1crer

Hi,=Zc,0,/(Zoye, + Zior.)
V=Vos- Gru

io=i-Gpp

(6.42)
(6.43)
(6.44)
(6.45)
(6.46)
(6.47)
(6.48)
(6.49)

Using (6.42), (6.44), (6.45), (6.48), (6.49), the impedance model of this case is calculated, and in

packet form, it is shown as:

Ay Ay
Ao Ay Ao - Ay

where,

Ao =Gy G

Ay = ZLCLCL (1 + GPL‘ : G’%’d : YLCLCL) - His ’ ZCLCL

Az =1+ YLCLCL ) G%“d (GPIi - ZCLCL)

Az = GPI«; 'GTd, ’ YLCLCL : ZCLCL

The impedance transfer function is then achieved:

Ag - Ay
Ay

ZGFLIIT =
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6.1 Impedance Modeling

and for the GFM converter impedance the ¢ and V' relation yields as:

Vorm = (V =V - Ty,) Gpro - Ty, (6.56)
t1=Vorm - Yoo, e =V - Y5 (6.57)
Yirre =1/ Zr1c (6.58)
Ys = (Zripo +Zcre)/(Zibre + Zowe) (6.59)
i=—(Gpr, Yore T3 +Ys) V+ Gpr, - Tay - Yer,o - V* (6.60)

Yorm, 111 Hy« 111
ZGrM, 11 = ! 6.61)

- Gpr, - Yo, - T +Ys

6.1.4 Configuration IV

And finally, the GFL converter in the DRTS is emulated via a current source mode, which makes
the Z¢ . different while the Z z s remains the same as in case 6.1.3.

Varr = (igpp —icrr - Ta,) Gpr, - Ta, + Vos - T;, (6.62)
is =VorL- Y1 Hiy, —Vos - Y3 (6.63)

H;, =Zc,0./(Zeper + Zrcr,) (6.64)
igrr =Varr - Y1 —Veos - Y3+ H; (6.65)
i =i Gro (6.66)

Voo =V - Gy 6.67)

In C-ITM, G pa4, in (6.38) should be used in G y,,. Rearranging the equations given above will

result in:
. AO ‘ A4 A5 .k
17 = A6 V -+ IGZGFL (668)
Ay=H; - Y- T;[1+Ys- (H;, —1)Gpr,] - Y3 (6.69)
As =Gy Y1+ Hy, - Gpr, - Ty, (6.70)
As=1+Y,- H; - Gpy, - T2 (6.71)
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6 Ideal Transformer Algorithms for Grid-Converter Testing

and therefore the impedance of the GFL converter in the final case is:

A
ZGFL,Iv = 7140 .6A4 (6.72)

In the following section, the modeled impedances of this section are verified using perturbations
and measurements in a wide frequency range.

6.2 Model Verification

In this section, the frequency responses of the modeled impedances of each case are compared
with the measured impedances in MATLAB/Simulink. Setups shown in Fig. 6.1 and Fig. 6.2
are implemented in Simulink, and perturbations are applied using perturbation sources shown in
orange, at the frequency range of 100-2000 Hz. The simulation parameters are given in the Table
6.2. Although some of the values may not reflect standard operating conditions, they demonstrate
the capability and stability of one ITM (voltage- or current-type) in scenarios where the other
becomes unstable. To measure the impedance of the Hol, the perturbation source implemented in
the Mol is activated, i.e., the perturbation is applied from the opposite subsystem. The impedance
measurement is performed while the simulation is running, i.e., the main source (50 Hz) is already
exciting the system. The responses of each perturbation at PCC current and voltage are measured
and given to the Fourier Transform. The achieved gain and phase of each perturbation signal are
then plotted together with the frequency response of the impedances in each case in Bode plots
given from Fig. 6.3 to Fig. 6.8. It should be noted that the impedance of the Hol is identical
within each pair of cases. Therefore, it is shown only once for Cases I-II and Cases III-IV.

The proximity of the gains and phases at each frequency for all the impedances will prove that
the modeled impedances in section 6.1 are correct for the desired frequencies. For example,
in the modeling section, it is assumed that the 0,,;4 generated by GFM converter is fixed, and
therefore the PLL impact is present in the benchmark (Simulink model) but is not considered in
the impedance of GFL converter. However, from the impedance verifications in this section, it
can be seen that ignoring the PLL impact does not affect the modeled impedance in the given
frequency range, where the converter controllers, interface dynamics, and delays are contributing.
In the following section, the impedance-based stability criterion is verified using the Nyquist
criterion applied to the modeled impedance ratios.

128



6.2 Model Verification

Table 6.2: PHIL simulation parameters

(a) Control and system parameters

Conﬁg TS!TDRT57Tdi7TdU TA/D TD/A TPA Tsens wc/2ﬂ' wo/Qﬂ' wp/27r wz/27r 1) D

[us] [us]  [ws] [ws] [ws] [rad/s] [rad/s] [rad/s] [rad/s]
| 50 2 3 1.5 3 2000 18000 - - - 09
1I 50 2 3 1.6 3 2000 - 55000 10000 0.77 -
111 50 2 3 1.5 3 2000 18000 - - - 09
v 50 2 3 1.6 3 2000 - 55000 10000 0.77 -

(b) Controller, filter, and circuit parameters

Kp, Ki;, Kp, Ki;, Lic roe Cre Ric ricr., Licr., Crecr Ricr
(mH] [pF] [pF] (21 [€] [mH]  [pF] (]

003 95 492 200 0492 002 60 1.5 0.1 2.5 0.1 12
317.04 95113 4.92 200 4920 200 0.006 1.5 0.1 2.5 0.1 12
0.15 464 1.18 50 25 01 12 1.5 0.005 0.11  0.005 240
0.15 464 2950 125000 25 0.1 12 1.5 125 295 12.5 0.096
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Figure 6.3: Case I, verification of the Zg s
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Figure 6.5: Case II, verification of the Yg s

6.3 Stability Analysis

In this section, the stability of the PHIL system in each case is first analyzed using the impedance
ratio and Nyquist plots, and then examples are provided to verify the Nyquist results against the
benchmark in Simulink. Since it is risky to make a real-PHIL setup unstable for verification, this
section performs stability verification via Simulink simulations, while impedance verification is
conducted using real-PHIL lab experiments in the section 6.4.
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Now that the whole PHIL is modeled via new dynamic sources and their output impedances,
the conventional stability criteria, i.e., Zg g /ZGrr, commonly used in grid integration of GFL
converters, hold the same in case 6.1.1, and 6.1.4, but in 6.1.2, and 6.1.3 criterion will be inverse
to Zarr/Zcru due to the C-ITM.

The parameters given in the first row of the Table 6.2 are examined for the first two cases where
Hol is a GFL and Mol is a GFM converter , once operating in V-ITM and the other time operating
as a C-ITM. Changes in ITM alter the EG output impedance, Zg s, and the stability criterion.
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Therefore, for those parameters, Fig. 6.9 shows that only V-ITM is stable, and C-ITM encircles
the critical point in the Nyquist plot. However, choosing a different set of parameters, the second
row of the Table 6.2, the stability results are inverted, i.e., emulating the GFM converter as a
voltage source gives an unstable PHIL setup, but as a current source, the PHIL is stable, as shown
in Fig. 6.11. To verify the Nyquist results using the impedance ratio, the time-domain results
in Simulink are given in Fig. 6.10, and Fig. 6.12, respectively. In Fig. 6.10, the PHIL system
becomes unstable when the ITM configuration is switched from V-ITM to C-ITM at 1.056 s,
confirming the Nyquist-based response shown in Fig. 6.9. Similarly, Fig. 6.11 shows that the
system goes unstable when the configuration changes from C-ITM to V-ITM at 1.133 s, which
is consistent with the corresponding Nyquist results. It means that, even when testing a GFL
converter and emulating a GFM converter in a PHIL, depending on the parameters, both ITMs
can be used to stabilize the PHIL.

As the results for the remaining two cases (Cases III and IV) follow similar trends, only the
corresponding Nyquist plots are presented. When testing a GFM converter as the Hol and
emulating a GFL converter in the PHIL setup, both V-ITM and C-ITM configurations can lead
to stable operation. However, the achievable stability depends on the converter parameters. For
instance, as illustrated in Fig. 6.13, when the GFL converter parameters correspond to those in
the third row of Table 6.2, the system becomes unstable if the GFL converter is emulated as a
current source, and therefore it should instead be emulated as a voltage source. Conversely, when
the parameters in the last row of Table 6.2 are applied, the stability condition is reversed (Fig.
6.14).
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Based on the results presented in this section, the impedance-ratio stability criterion is verified,
demonstrating that the selection of voltage-source or current-source configuration in ITM-based
PHIL setups should depend on the combined dynamics of the Mol/Hol and their associated
interfaces, rather than on the conventional rule of assigning a current source to GFL converter and
a voltage source to GFM converter. The findings indicate that, depending on the specific system
parameters, both V-ITM and C-ITM can serve as stable and suitable interface configurations for
either GFM or GFL converters.
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6.4 Experimental Verification

To validate the impedances derived in Section 6.2, in this section, perturbation-based impedance
measurements are performed using the experimental setup described in section 2.5.4. Since
the modeled impedances incorporate all PHIL components, including interfaces, controllers,
dynamics, physical impedances, and associated delays, the measured impedances obtained through
perturbation signals should match the magnitudes and phases of the Bode plots presented in the
modeling section. Although the stability verification is carried out only through simulation (for
safety reasons), once the modeled impedances are experimentally verified, the stability analysis
based on the impedance-ratio criterion is indirectly confirmed as well. The first case in the section
6.1 is chosen as an example for impedance verifications. To measure the impedance of the GFM
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Figure 6.14: Case IV, V-ITM is unstable and C-ITM is stable

and GFL converters, a frequency-sweep methodology was implemented using a perturbation
source within the RSCAD simulation environment. The parameters are similar to what is used in
case I of the Table.6.2, with differences such as:

* Due to the use of the Aurora protocol, the open-loop delay is 4.2 us.

* The resistivity of the LCL inductors increases as the frequency increases and the heat from
the experiment duration.
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That is why the overall gain appears slightly higher than in the impedance-verification simulation.
The perturbation signal frequency (f,,) was varied in 100 Hz steps from 100 Hz up to a maximum
of 1200 Hz. This upper limit was selected based on practical hardware constraints: specifically,
the Imperix passive LCL filter capacitor (CrcL) loses its capacitance characteristics beyond
approximately 1200 Hz, and the accuracy of generating high-frequency waveforms is limited by
the Hol controller’s 50 ps sampling time. PCC measurements of voltage and current (V, 7)
are captured using Imperix sensors, as illustrated in Figure 6.15. For the Zgpr, measurements,
the voltage perturbation source (V},) is activated. Conversely, for the Zgry measurements, the
current perturbation source (i),) is employed. The captured PCC variables are subsequently
processed using Fourier transform to extract the precise gain and phase characteristics at each
perturbation signal frequency. These experimental results are compared against the Bode plots
of the impedances derived from the analytical modeling (as detailed in (6.4) and (6.3)). The
frequency responses across the range from 200 Hz to 1200 Hz show good agreement between
the experimental measurements and the analytical models, as depicted in Figures 6.16 and 6.17.
This close alignment robustly confirms the correctness and validity of our impedance modeling
approach within this frequency spectrum. The observed significant mismatch at 100 Hz, however,
is attributed primarily to the limitations of the simplified Single-Input Single-Output (SISO)
system impedance model. The low-frequency range (specifically 0-100 Hz) is heavily influenced
by complex cross-coupling dynamics introduced by the PLL and the asymmetric design of the
d-q axis control loops. Accurately capturing these specific effects requires a more comprehensive
full 2x2 impedance matrix measurement and analysis that accounts for the critical off-diagonal
elements (Zg4 and Z4q).

6.5 Summary

The main goal of this section is to examine the ITM as a practical, straightforward, and accurate
PHIL interface algorithm for grid converters and to evaluate its stability characteristics. Two
widely used converter types, GFL and GFM converters, are examined under both V-ITM and
C-ITM ITM configurations. The modeling incorporates the full PHIL, including the DRTS,
signal conversions, numerical LPFs, sensors, amplifiers, and the dynamics of the converter
controllers. The PHIL system is represented by the PCC impedances under four scenarios (GFM
vs. GFL converters with V-ITM and C-ITM). These impedances are derived from the transfer
functions of the individual components and verified across a detailed MATLAB/Simulink PHIL
benchmark. The classical impedance-ratio stability criterion, traditionally defined for purely
passive software/hardware systems, is extended to account for GFM/GFL output impedances,
as well as the effects of PHIL interfaces and control loops. This criterion is validated through
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Figure 6.15: PCC measurements of perturbation signals from V'p: a) The full period of perturbation event, b) Magnified

end of the event, 1200 Hz

both Nyquist analysis and time-domain simulations. The results demonstrate that, depending
on the parameters of the Mol/Hol and their interfaces, either V-ITM or C-ITM can yield stable
operation for both GFM and GFL converters, contrary to the conventional assumption that GFL
converter should always use C-ITM and GFM converter should always use V-ITM. Finally,
experimental impedance measurements using a 45-kVA RTDS-based PHIL setup further validate
the impedance models and thereby indirectly confirm the stability analysis.
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7 Impedance Model and Stability
Analysis of a Back-to-Back
Converter in a Multi-port Power
Hardware-in-the-Loop

Back-to-Back (B2B) converters are increasingly used in power systems, including HVDC systems,
wind turbine-to-grid connections, and motor drives [89,90]. This chapter analyzes the stability
of a B2B converter in a PHIL setup. The goal is to realize that if a B2B converter is the Hol, with
two EGs on each side of the converter, then how the stability of one side would affect the other,
and what the stability criteria would be. A generic multi-port PHIL setup is shown in Figure 7.1.
As can be seen, the setup contains two PHIL loops, which raises the question of whether the
system can be analyzed using a single stability criterion or whether it should be analyzed using
separate stability criteria for each grid.

7.1  Multi-port PHIL Benchmark Description

The benchmark consists of two identical EGs and the B2B Hol using V-ITM. The grid models
(Fig. 7.2), IAs, and interface elements are the same as those used in Chapter 5.

The B2B converter can be divided into three main parts: an active front-end (AFE), a DC link,
and a rectifier. Fig. 7.3 shows the B2B scheme. Both the AFE and the rectifier are modeled using
the average model. In addition, both are GFL and are controlled in the dq-frame; therefore, a PLL
is also required for synchronization with the grid [91]. It is assumed that the AC power equals the
DC power, and the DC link is modeled as two controlled current sources connected in parallel to
a capacitor and an equivalent series resistance. The DC current on each side is calculated using
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7.1 Multi-port PHIL Benchmark Description
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(7.1). To avoid repeating the same equation, the index 1,2 indicates the AFE side and the rectifier
side, respectively. Vy; is the d-axis PCC1 voltage and Vs is that of PCC2.

3-Vai,2 - td1,2

7.1
2 Ve .1

ldel,2 =

Fig. 7.4 shows the structure of the AFE controller. The controller of the AFE is responsible
for maintaining the DC-link voltage. The control system consists of two loops: an outer voltage
control loop and an inner current control loop. The outer loop generates a reference for the inner
control loop, and it is slower than the inner loop [92].

Fig. 7.5 shows the structure of the rectifier controller. The controller of the rectifier is responsible
for maintaining active power by regulating current. Here, the power controller is simplified to the
current inner control loop only. A saturation block is added to the control of this side to mimic
the impact of the DC-link voltage fluctuations or instability on the other side [91].
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7.2 Impedance Modeling

As similar EGs are used as in Chapter 5, the EG impedance modeling is not repeated here, and
they are only renamed as Zgg1 and Zggo in this chapter. For the impedance modeling of the
B2B converter, it is first necessary to derive the equations that describe the relationship between
the PCC variables (z1,2 and V; 2) on the Hol side, as shown in Fig. 7.3. The corresponding EG
impedances are derived based on Fig. 7.2. The saturation block is a nonlinear block that affects
only under abnormal conditions and is not modeled in the impedance. For the AFE impedance
modeling, an equation describing ¢; can be derived based on the model in Fig. 7.3, and Fig. 7.4.
The result is shown in (7.2), where Ty represents the delay of the system. However, the impedance
can not be directly extracted from the equation due to the presence of the V. term. Therefore, it
was necessary to derive an equation for the DC voltage, as given in (7.3). Substituting (7.3) into
(7.2) results in the non-linear equation 7.4, where the nonlinearities are highlighted in red.

. Gprv, "Gpri YicLy,, - Ta

2
Gprv, Gpri - YicLuy,n "1y v
de

1 = Vi —
! 1+ Gpri T3 - YicLyon d 1+Gpri T3 - YicLyon
T2.Y, _y,
+ d LCLHOI21 LCLVl Vl (72)
14+Gpri Ty YioLyon
3(V1 cip 4+ Vo - iQ)ZdC
Vi = (7.3)
d 2 Ve
T Yicrgen — YiorLy, Tq-Gprvy, Gprri YLCLuomn 1rv
'Ll — 2 ‘/1 + 2 Vdc
1+Gpri T7 - Yicryon 14+Gpri 17 - YicLyon
L5-Tj-Zae-Gprva - Gprri- YicLu.n (Vl ! n Va 'iz) (7.4)
1+ Gpri-T? - YicLyon Vae Vae '
where:
1
Zge = Rye 7.5
d de + G s (7.5)
GPI7Vdc = Kp,, + KIdc/S (7.6)
Gpri,=Kp, + Ky, /s 7.7
T, = e (Taps)s (7.8)
Yicryon = Zo1/(Zr;y, - Zopr + Zojr - 2Ly + 200 - ZLyy,) (7.9

Yicrv, = (Zept + Ziya)/(Ziyy - Zopr + Zogt - Zigey + Ziye - Z1y,,)  (1.10)
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(7.4) is non-linear in five variables (V, V5, 21, 12, Vy.). To linearize the equation, a multivariable
first-order Taylor series expansion was applied. (7.11) represents the Taylor expansion applied,
where iAl, \?1, z'Ag, Vg, Ve, are the operating points, and f is (7.4).

A Of a A s
(i1 — Zl)an(Zl,w,Vth,Vdcn)

9]
+ ( 12 _712)872 (217227‘/17‘/27Vdc )

A~ 0
+ (Vl — ‘/1)85 (21,7/27‘/13‘/27Vdcn) (711)
(Vo= Vo) S, 2,0, Vo, Vi,
A 5 8V 11,22, 1, V2, Vde,

0
+ (Vdc - Vdcn) (‘9Vf

+ f(ir, 2, Vi, Va, Ve,

(i1, 79, Vi, Va, Ve,

The result of the Taylor series expansion is then shown in (7.12).

A E C B
= = Vit 2 Vam Z it = Vi 7.12
1 F Vde + T 2T o + 7N (7.12)

N N NN
Hy Hy Hj Y1
where A, B, C,E, and F are defined as follows:

A=T4.Gprv,. Gpri YLCLu, (7.13)
B=T;- Yooy, —Yoory, — 1‘/5“ T3 Zae - Gprv,. - Gpri - YicLuor, (7.14)
C= 1\20‘/2 T3 Zae - Gpryv,, -Gpri- YiCLior, (7.15)
E= 1‘/:?;2 T3 Zae - Gprv,, -Gpr.i- Yicrio, (7.16)

F=14Gpri YioLy.,, -Tj+ 5 Vl T} Zac-Gprvy, - Gpri-YioLy,,  (1.17)

(7.12) shows that 41 depends on V,, V1, V5, and i2. Therefore, the AFE is affected by the rectifier.
The impedance model of the AFE is therefore:

— F/B (7.18)
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For the impedance model of the rectifier, an equation describing i is derived from Fig. 7.3 and
Fig. 7.5, and is shown in (7.19). However, the impedance can not be extracted directly from
the equation due to the presence of %Z The value of this term can be determined based on the
analysis of the AFE via the following assumption:

Assumption: If the AFE is stable and the DC-link capacitor is selected according to the standard
Vic 1. If the AFE is unstable, then

dc
Vae

ratings for a B2B converter, then it can be assumed that

*
de —

Vie

Ve — 00; therefore,

Based on the given assumption, (7.19) can be rewritten as a binary piecewise function, as shown
in (7.20).

Vie Vie . g2
. Gprro v Ta-YioLuer: ., v T3 YiCLuoro = YLCLv»
ia = - "+ A v (119
d de
14+ Gpr, T - 9 - YiCLyor 14+ Gpry Ty - 3% - YiCLyor
2
GPIi? Ty - YLCLHolz % Td i YLCLHolz - YLCva V- Vi 1
2 ~
_ 14+ Gpry T - YLCLyor 14+ Gpry T - YLCLyor Ve
12 = (7.20)
Hy
“Yior.. Vi Vie _ g
L LVQ 2 Vdc

From (7.20), the impedance of the rectifier is shaped based on the state of the AFE side; therefore,
the impedance of the rectifier Z5 can also be written as a binary piecewise function as shown in
(7.21).

2

1+ Gpry - T3 - YiCLyors
2

Td : YLCLHDIQ - YLCva
-1

Yicry,

AFE is stable

Zs (7.21)

AFE not stable

Now that the output impedances of B2B’s each side are modeled, the whole setup can be
represented by Thévenin and Norton equivalent circuits, as shown in Fig. 7.6. The impact of
the AFE on the rectifier side is shown in the variable impedance Zs, as described in (7.21). AS
mentioned at the beginning of the chapter, the EGs are similar to Chapter 5, therefore the same
equation can be used for their Thévenin equivalent circuits. Only renamed here as Vga1, Zra1
and Vgge, Zpae, two represent the impedance model of the two grid emulators at each side of
B2B. The suggested impedance model is shown in Fig. 7.6, which splits the setup into two PHIL
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Figure 7.6: Impedance Model

setups. Based on the impedance model, the currents at points of coupling /; and 5 can be written

as follows:
Vi 1
L= {I + EGl} — (7.22)
Z1 1 + Tll
VEG 1
I, = | 2 7.23
2 |: 2 + Z2 :| 1 + ngz ( )

where Iy, = Hy + Hy + Hsz and I,, = Hy.

The ratio Zg, /Z1 can be used to assess the stability of the AFE, and the ratio Zg¢, /Z2 can be
used to assess the stability of the rectifier. However, sides are not independent, as Z5 depends on
the stability of the AFE, and I, depends on V, and . Based on the shown dependencies, the
source I, ’s stability depends on the rectifier’s stability. Therefore, it is necessary first to check
the stability of the rectifier using Zg¢,/Z2, under the assumption that the AFE is stable. If the
converter is stable, then I, is stable, and Z g, /Z1 can be used to verify that the AFE is stable.

7.2.1 Impedance Verification

To verify the impedance model in the previous subsection, each grid voltage is perturbed by
sinusoids of magnitude 10V at frequencies ranging from 200 Hz to 2000 Hz. The voltage and
current are measured at both points of common coupling. Then, the Fourier transform is applied
to the measured values to obtain the impedances at the perturbation frequency. This verification
is performed by modeling a benchmark in MATLAB/Simulink using the parameters in Table
5.1. In addition, the controllers’ responses are verified using the same parameters. To verify the
DC-voltage controller, a step of 50V is applied to the reference, and the results are presented in
Fig. 7.7. In addition, the rectifier controller was verified, a step of -1 A is applied, and the results
are shown in Fig. 7.8.
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7.2 Impedance Modeling

7.2.2 Perturbation of Grid 1

The grid connected to the AFE (Grid 1) is perturbed, then V; and ¢; are measured and recorded
in Fig. 7.9, representing Z;. The benchmark results are marked with yellow points, and the Bode
plot of the modeled impedance, linearized using the parameters in Table 7.2, is shown in blue.
The figure shows the measured and the modeled impedance match.

Under the same perturbation, V5 and ¢z are then measured and recorded in Fig. 7.9, representing
ZEga,- The benchmark results are shown as light blue points, and the modeled impedance Bode
plotis shown in green. The figure shows that the measured and modeled impedance match closely.

Table 7.1: PHIL Benchmark parameters

Parameter Value Unit Parameter Value Unit
" 5 A V. 800 \Y
Vs Vsy 310 V (peak) Tprrs 50 us
We 12.566 x 10° rad/s Cle 1600 uF
Rg. 30 m¢? Cii 12 uF
Ry 1.5 Q Lyici, Lig 2.36 mH
TfglsTfels 0.05 Q Ltco, Lfgo 1.18 mH
T g2, T fe2s 0.025 Q Rg1 0.05 Q
Ly, 2.36 mH Ry 0.025 Q
Ly 1.18 mH Kp,, 0.0759 -
K, 0.4 - Kp, 4.72 -
Kra 100 - Kp, 2.36 -
Ky, 50 -

Table 7.2: Z; linearization Parameters

'zl ZA2 ‘?1 VAYQ Vdc"
[A] [A] [V] [V] [V]

-5 5 310 310 800
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Figure 7.9: Grid 1 Perturbation Results

7.2.3 Perturbation of Grid 2

The grid connected to the rectifier (Grid 2) is perturbed, and V5 and iy are measured. The same
perturbations are applied, and then V7 and o are measured. The results are recorded in Fig.
7.10, representing Z¢, . As shown in the figure, the measured impedance matched the modeled
impedance.
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Figure 7.10: Grid 2 Perturbation Results

7.3 Stability Verification

After verifying impedances, this section outlines the process for stability verification. To verify
stability, the grid impedance is varied based on the grid-side inductor of the LCL filter, defined
by the k factor:

Z
k=29 (7.24)
Zy,
Zg=Ry+Ly.s (7.25)
Zy, =71pg+ Lyg.s (7.26)

The value of ko is varied by varying the grid impedance. Therefore, generating cases for
verification. Fig. 7.11a shows an example where the Nyquist plot shows stability for both sides.
Figs. 7.11b and 7.11c verifies the Nyquist evaluation in the time-domain. As presented in
Section 7.2, it is necessary to verify the stability of the rectifier first, assuming a stable AFE. This
verification can be performed by plotting the Nyquist diagram of Zg, /Z» at different ko values,

149



7 Impedance Model and Stability Analysis of a Back-to-Back Converter in a Multi-port Power Hardware-in-the-Loop

Nyquist Diagram
10
= Ze/Z,
- Z/Z,
5
2
2
§ o
£
o
©
E
-5
-10 - *
-5 0 5 10 15
Real Axis

(a) Nyquist plotof Zg, /Z1 atky = land Zg, /Z2 atky = 1

Current (A)

L L L L L
1 15 2 25 3 35 4
Time (s)

(b) Benchmark Simulation of i1

Current (A)

1 15 2 25 3 35 4
Time (s)

(¢) Benchmark Simulation of 7o

Figure 7.11: Stability analysis at ko = land k1 = 1

where an encirclement around (—1, 07) indicates instability. The Nyquist result is then compared
to the time-domain results in the benchmark model. Fig. 7.12a shows that the rectifier will be
unstable at k2 = 0.4. This is also verified by the benchmark model in Figs. 7.12b and 7.12¢c. The
figures show that both currents will be unstable, even though k; is chosen so that Zgg, /Z1 is
stable. It is also necessary to examine the setup in a case where the rectifier is stable. A value of
ko is chosen such that the rectifier is stable, and k1 = 0.4. The Nyquist plot of Z¢, /Z; is shown
in Fig. 7.13a, which predicts instability. This is also verified in the time-domain benchmark
results in Fig. 7.13b. In addition, by inspecting Fig. 7.13c, the change of impedance based on the
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stability of the AFE can also be seen in the time-domain results, as the grid voltage is constant,
and the current changes abruptly at 0.2 s.
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7.4 Summary

This chapter examines the stability of a PHIL setup with a B2B converter as Hol. The model of the
setup is introduced in 7.1. The setup consists of an AFE and a rectifier controlled in the dq-frame.
The setup’s impedance is first modeled, with the rectifier represented as a variable impedance
that depends on the AFE stability. An impedance model is then proposed with two dependent
sides and two stability criteria. A benchmark model is then modeled in MATLAB/Simulink. The
impedance is verified via perturbation and measurement on the benchmark, and by comparison
with the modeled impedance. The stability was then verified by varying the grids’ impedance
in both the impedance model and the benchmark. Then, Nyquist plots were used to evaluate the
setup’s stability, and the results were compared with time-domain results from the benchmark.
The time-domain results also confirm that the rectifier impedance depends on the AFE stability. In
addition to stability verification, the impedance model can be further expanded by linearizing the
rectifier equation, thereby capturing the full system dynamics and reducing the rectifier equation
to a single equation on the rectifier side.
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8 Power Hardware-in-the-Loop
Recommended Guidelines and
Further Applications

The concept of PHIL has been significantly expanded and refined over the past decade, with
several works providing fundamental guidelines for its application [3,4]. More recently, the IEEE
P2004 working group introduced Recommended Guidelines for PHIL testing [5], establishing a
common foundation for understanding and applying PHIL experiments. Nevertheless, a final step
toward full standardization of PHIL systems remains.

Building on this context, this thesis has so far focused on developing the motivation and applica-
tions of the PHIL system, as well as methodologies for modeling and analyzing its stability and
accuracy, particularly when using active Hol. In addition, an impedance-based stability approach
has been proposed to address some of the most common challenges in PHIL setups.

This chapter addresses how a PHIL system should be designed, validated, and operated to
maximize its benefits. Based on insights from previous chapters, existing research, and practical
use cases, this chapter provides practical suggestions for PHIL modeling, design, laboratory
implementation, and validation. Furthermore, it identifies several open challenges that must be
addressed to enable broader industrial adoption of PHIL systems for testing and validation of
electrical equipment.

8.1 Recommended Guidelines for Using PHIL
Systems

This section collects experiences with PHIL experiments, both those discussed in the presented
thesis and in the literature, to introduce design and implementation guidelines for safe, stable,
and accurate PHIL testing.
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8.1.1 Applicability of PHIL Based on Test Scenarios

Dynamics

The PHIL concept has been developed to experimentally test hardware in realistic grid conditions.

As a consequence, testing is strongly dependent on the scenario in which the Hol operates. For

example, PHIL systems are particularly useful for dynamic transients, ranging from frequency

support to fault ride-through applications.

The applicability and benefits of PHIL testing can be evaluated for systems, processes, and phe-

nomena with the following transient dynamics: quasi steady-state transients, dynamic transients,

fast electromagnetic transients:
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* Quasi steady-state transients: in several cases, PHIL has been used to validate quasi steady-

state phenomena, where transients evolve with slow dynamics. In these cases, PHIL offers
only limited advantages for testing. The slow dynamics allow reducing the complexity of a
simulation model (e.g., by employing average models), and thus the same scenario can be
easily tested in a simulation environment without affecting testing accuracy.

Dynamic transients: transients ranging from a few milliseconds to a few seconds (e.g.,
frequency and voltage transients, fault ride-through capabilities, harmonics) are among the
reasons PHIL has been conceptualized. These transients cannot be easily reproduced in
simulation without extensive simplifications, yet they are too complex for reduced laboratory
test benches. PHIL offers optimal testing capabilities (more flexible and safer than the on-
field testing), providing a realistic assessment of the hardware performance.

Electromagnetic transients: PHIL has clear bandwidth limitations due to the time dis-
cretization of CPU-based DRTS (usually with a time-step of 50 ps), the limited bandwidth
of the PAs (varying from a few kHz up to 10kHz for larger units, up to 200 kHz for
smaller ones), and the need for LPFs for loop stability purpose (typically, in the order of
200-500 ps time constants). As a result, transients that evolve within a few milliseconds
(e.g., DC faults, switching dynamics) are currently challenging to reproduce in systems.
Advanced interface algorithms integrated with FPGA units need to be designed to handle
these transients.
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8.1.2 Hardware Topology and Scalability

As mentioned above, the advantage of PHIL is its ability to create testing conditions that closely
mimic the real operational environment, enabling system performance evaluation under realistic
conditions. However, these conditions do not cover only the Mol, but also the Hol: the hardware
that needs to be validated experimentally should have electrical and thermal performance close to
the one that will be installed in the field (e.g., similar topology, architecture, switching technology,
etc.).

Several papers addressed the problem of the scalability of results from a stability and accuracy
perspective [47], targeting an up-scaling of the voltage and power in the DRTS and working with
reduced-scale hardware in a laboratory. However, this brings several issues that affect the accuracy
and fidelity of the results.

The following few guidelines can be followed when it comes to the hardware aspects of PHIL:

* Modularity: the Hol may consist of modular (e.g., high-voltage power converters) and
non-modular (e.g., electrical machines) systems, where the properties of the high-power
modular systems could be assessed using PHIL based on the assessed properties of the
cascaded lower-power modules. For example, MMC may be studied from the behavior of
the single cell, as proposed in the partial-PHIL in Section 8.3.1 and Section8.3.1.3. Scaling
up non-modular systems can lead to incorrect performance estimates because some of their
properties, such as dynamic or thermal performance, cannot be easily scaled. On the other
hand, energy storage systems, for example, exhibit a degree of modularity in their power
and voltage ratings (e.g., battery stacks), which can be easily integrated into PHIL testing.
It is strongly recommended to understand the modularity of the Hol before planning a
PHIL validation. The PHIL testing provides realistic performance only if the reduced-scale
hardware matches the full-scale system’s electrical and thermal performance.

* Device technology: recent PHIL studies frequently employ low-voltage semiconductors to
emulate high-voltage systems. Although passive components may follow per-unit scaling,
low-voltage switches cannot accurately reproduce the switching dynamics of high-voltage
hardware (e.g., 3.3 kV IGBTs, GTOs), potentially inflating transient performance estimates.
When facility limitations mandate the use of lower-rated devices, these components must be
modeled as ideal switches, disregarding their intrinsic switching characteristics and thermal
losses.
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8.1.3 PHIL System Accuracy, Stability, and Sensitivity

Stability and accuracy are strongly coupled in testing. The accuracy is related to the capacity of

the testing to reproduce the real coupling case, i.e., like in field testing, without any added power

interface between the Hol and the Mol. As mentioned in Chapter 2, the power interface introduces

delays and non-linear dynamics. The following are general guidelines for stability, accuracy, and

sensitivity.
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 Stability: a stable PHIL is mandatory to avoid damage to the Hol. The PHIL stability

depends on the loop transfer function, including the delays introduced by the power ampli-
fication and filter stages [C2]. Recent works have highlighted that multi-rate partitioning
of the power interface can help increase PHIL system stability [76]. The PHIL system’s
stability can be estimated from offline simulations of its transfer function, provided knowl-
edge of the Hol parameters. Typically, these parameters are only partially available and
can vary during the experiment (e.g., temperature-dependent resistance). For obtaining a
stable PHIL, testing the following is suggested:

1. To perform an online estimation of the Hol impedance during PHIL operation by
means of frequency-sweep approaches, and to represent in simulation the PHIL as
an equivalent Thévenin (or Norton) generator. A more accurate understanding of the
Hol equivalent impedance prevents neglecting important dynamics in PHIL stability.

2. If the Hol impedance cannot be estimated during operation, it is vital to consider the
influence of the control during operation. An offline frequency sweep for estimating
the Hol impedance may overlook controller dynamics that are present during online
operations.

3. If no impedance estimation is possible, the controller dynamics that may create
interaction with the power system under the considered conditions should be evaluated.
This includes converters’ power- and current-control systems, PLLs, communication,
and automation dynamics (e.g., primary or secondary controllers).

e Accuracy: The inherent limitations of PHIL interfaces, such as limited measurement

accuracy and limited bandwidth of PAs, can significantly affect the accuracy of PHIL
tests [39]. As a consequence, PHIL testing results may differ from the field ones, and this
is strongly undesired. For this reason, the PHIL accuracy definition needs to be introduced.
If we consider the [T Fpprr|, |TFrel, /TFprrL, and /T Fre the PHIL and real coupling
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case (i.e., like in the field testing) amplitude and phase, respectively, we can define the
amplitude |A| and phase /A accuracy indexes as:

_ | TFpuiL(w)| = |TFre(w)|

|A(w>| ‘TFPHIL(WN

8.1

Mo(w) = TFPH[L((U) — TFRc(OJ) (82)

These two error indices shall be performed across the whole frequency spectrum, and, as
indicative guidelines, the following acceptance limits are suggested:

|A(w)| < 3dB (8.3)
[A°(w) < 5° (8.4)

The cutoff frequency, where the PHIL testing differs more than the above values from the
real coupling, will be determined as the accuracy bandwidth of the PHIL testing.

8.1.4 Process Guidelines for PHIL Testing

This section provides a step-by-step guide on how to develop and perform a PHIL testing. The

PHIL system design flowchart illustrated in Fig. 8.1 provides an overview of the steps needed to

design a stable and accurate PHIL test system.

8.1.4.1 Scenario Case Development:

As a first step, the PHIL testing goal must be determined, and the power system scenario in the

Mol must be developed for the Hol connection. First, the size and the required modeling depth

of the scenario need to be analyzed [93], to understand if the power systems phenomena under

study respect the PHIL system dynamic (including Mol, Hol, power amplification and filtering

dynamic limitations). It is strongly suggested that the DRTS time step (7s) of the Mol should
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Figure 8.1: Decision Flowchart for developing and performing a stable and accurate PHIL testing
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be at least 10 times smaller than the fastest scenario dynamic that is under investigation. If this
requirement cannot be initially met, the following three options are available:
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a) Reduction of the time step size T considering the model size and the computational
capacity of the DRTS.

b) Reduction of the simulation model size in order to fit a smaller time step size 7.

¢) If any of the above conditions cannot be met, the scenario under study should be rethought.

8.1.4.2 Hardware Requirements:

In the next step, the proper selection of hardware devices with respect to available DRTS, power
rating, bandwidth, voltage, and current limits needs to be performed for the PHIL interface. For
the hardware part, I/O ports, the respective signal connection terminals, the safe operating area
(SOA) of the power amplifier stage, and the Hol must be considered. Once the hardware has
been chosen, the transfer functions of the power interface (PA, sensors, analog/digital converters)
should be determined, and stability analysis can be performed using the mathematical approach
proposed in this thesis.

When defining the required PA bandwidth, it is important to first determine the Mol bandwidth
fModelnaz, Which represents the highest frequency that will be controlled in the tested closed-
loop system. The fasodeinras 18 typically not the fundamental frequency of the system. A few
examples of properly determined fsodeinraz are:

* AC applications: The frequency of the highest-order harmonic to be represented by the
model.

* Impedance measurement applications: The highest perturbation frequency to be tested.

¢ Electric machine simulation: The highest frequency of the back electromagnetic force
(EMF) to be modeled, the highest frequency of the machine torque ripple, or highest
frequency of the current ripple generated by a converter driving the machine, whichever is
higher.

Based on the empirical data, it is good engineering practice to select the PA bandwidth f,,, to
be 1.5 times higher than fasodeinraz. The properties of the PA at f4,y,, should be:

* Amplifier gain > 3dB
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* Amplifier phase shift: < —45°

8.1.4.3 PHIL System Stability:

For the evaluation of system properties such as system accuracy and stability, the complete PHIL
setup, including filtering blocks and the PHIL interface, has to be modeled using transfer functions.
Then, it is recommended to test the closed-loop PHIL system with a model representation of the
Hol connected to the PHIL interface instead of the physical Hol. Stability analysis of the respective
open-loop and closed-loop systems should be used to evaluate system stability properties, as per
the literature [3, 5] and the suggestions in this work. In the initial testing stage, it is strongly
recommended to use conservative settings (e.g., lower filter bandwidth) before starting. Then,
in an iterative process, less conservative settings can be used until the desired stability limit is
attained [17].

8.1.4.4 PHIL System Accuracy:

After verifying the stability of the PHIL system, the system’s accuracy must be verified as well.
Resulting open-loop and closed-loop transfer functions can be used for an error estimation of the
PHIL setup as described in [5], and the indices in (8.3). If the accuracy is positively assessed, the
PHIL can be performed. Otherwise, the following three options are available:

a) Adjust the filter bandwidth, reducing the dynamic of the loop, increasing its stability. As a
negative effect, testing accuracy decreases at higher frequencies.

b) Redesign the scenario under study, reassessing stability and accuracy with the new scenario.
¢) Perform the PHIL testing assuming a limited bandwidth validity.

As a final step, the feedforward and feedback signal connections, I/O ports, measurement bus,
software, and hardware-related safety monitoring devices, and protective emergency shut-off
circuits must be verified and validated.
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8.2 Test cases for PHIL Testing

A PHIL system is a powerful tool for testing hardware in realistic conditions. However, as
mentioned in the previous sections, it is a relatively complex approach that requires several
components and controllers. For this reason, it is vital to understand, in practice, which test case
the PHIL adds value to the testing when simulations face modeling challenges or field tests are
too complex to perform.

This section provides an overview of test cases conducted at large research centers worldwide,
where the PHIL plays a vital role in more accurate testing of energy technologies. The test cases
are arranged in a component-to-system approach.

8.2.1 Fast Frequency Support and Virtual Inertia

Background: One of the major challenges for future renewable-based energy systems is the
decrease of rotating masses in the power system. To address this challenge, novel fast-frequency
support and virtual-inertia strategies have been proposed in conjunction with energy storage
systems.

Laboratory setup: The Power Hardware In the Loop lab in the Karlsruhe Institute of Technology
(KIT), a 1 MVA PHIL system, composed of five 200kVA COMPISO PAs, allows for various
experiments on AC and DC energy storage systems providing frequency and inertia support. In
recent works [16,94], the KIT team has demonstrated the capability of flywheels to provide
frequency and inertia support during disturbances, as well as acting as a virtual synchronous
machine [22]. This multi PA setup also allows operation in the previously introduced MMSH
configuration, with two Mol representing the primary and secondary sides of asynchronous grids,
offering frequency support [21].

Testing of GFM converter and inertia support functionalities has also been conducted at the
Norwegian Smartgrid Laboratory, featuring an OPAL-RT platform for real-time simulation and a
200 kVA COMPISO PA as PHIL interface [95]. However, the focus has primarily been on aspects
related to the overall power system impact, including frequency nadir and ROCOF, and on the
integration of intelligent electronic devices for wide-area monitoring.

PHIL Advantages: The following advantages in using PHIL testing for inertia and frequency
regulation provisions have been found at the KIT and at SINTEF Energy Research :
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* State-of-the-art comparison: The proposed frequency and inertia support approach has
been validated in a realistic grid condition, comparing the performance with other papers
proposing similar approaches [16]. As a consequence of the direct comparisons, the
advantages and limitations of the proposed control approach have been easily highlighted.

* Data-driven models: Asexplained in recent works [93,96], the simulation models are valid
only for specific scenarios. Simulations cannot represent all real hardware variables, such
as auxiliary power consumption, temperature, and humidity dependencies. A data-driven
model of the flywheel has been developed using PHIL testing with realistic frequency
regulation scenarios, and then validated against a standard microgrid benchmark [97].
When tested under realistic conditions with other power systems, the model shows only
minimal power and state-of-charge mismatches, allowing its use in any frequency-control-
related approaches.

* System limitations: The commercial hardware has implemented several control safeguards
(such as power ramp-rate characteristics) for avoiding instabilities. In [22], testing realistic
flywheel settings with power ramp-rate shows the limitations of commercial flywheels in
providing inertia support and the need to unlock ramp-rate settings for this service.

¢ Real-time simulation of large power systems with phasor models: The simulation in real
time of large power systems to assess dynamics related to frequency oscillations or reaction
to inertia support can be conveniently performed with phasor simulations. This reduces
the computational complexity of the model, but the phasor model must be interfaced with
a more conventional transient model to control the PA.
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Figure 8.2: PHIL concept for flywheel applications testing

164



8.2 Test cases for PHIL Testing

8.2.2 Microgrid Testing

Background: Modern microgrids exhibit high volatility caused by inverter-based, decentralized
energy resources, flexible loads, and storage systems. In contrast to distribution grids, which
can compensate for overproduction or increased load demand through the transmission system,
islanded microgrids must autonomously manage generation and consumption. This results in
stronger interactions between local and hierarchical control systems, the communication infras-
tructure, and protection devices. As highlighted in recent real-world and hardware-based studies
below, microgrids must coordinate heterogeneous device behaviors, non-ideal load dynamics,
and varying communication delays to maintain stability and power quality under both steady-state
and transient conditions. These interactions can only be modeled to a limited extent, making
hardware-based validation indispensable.

Laboratory setup: As described in IEEE Standard 2030.8 [98], pure simulations are often
insufficient due to unavoidable model simplifications, which prevent reliable representation of
proprietary algorithms and internal limitations of real components. Field tests, on the other
hand, are costly, inflexible, and risky. Laboratory platforms such as the Electric Energy Systems
Laboratory at NTUA [99] and the Smart Energy System Control Laboratory at KIT [100] bridge
this gap by combining DRTS with microgrids via Single-Model, Multi-Hardware architecture
(SMMH) PHIL, featuring reconfigurable AC/DC topologies that are galvanically isolated from the
public grid. Observation and control of network elements occur through real communication and
automation systems between components. These structures enable safe yet technically rigorous
testing of both stable and critical operating conditions of microgrids.

PHIL Advantages: Several publications from NTUA and KIT demonstrate that the combination
of real microgrids and new PHIL architectures, particularly SMMH, reveals dynamic interactions
that simulations systematically underestimate:

* Interoperable operation between microgrid and local controllers: Modern microgrids
are characterized by cross-layer coordination among Distributed Energy Resources (DER)
primary control, secondary control, and demand-side management, and tertiary Energy
Management System (EMS) control. New PHIL architectures enable simultaneous obser-
vation of interactions across all layers. According to Salcedo et al. [101], some interactions
between the Supervisory Microgrid Controller and the local DER Controller can only be
observed in PHIL, and these interactions are crucial for ensuring the microgrid remains
stable and resilient. According to Wiegel et al. [102], microgrids must be validated as cyber-
physical systems because real controller behavior, interactions among real controllers, and
communication delays often dominate system dynamics.
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* Validation of microgrid dynamics: Many DER manufacturers do not disclose internal
algorithms, latencies, or limits. When modeling such components, the impact of the spe-
cific implementation is often underestimated or ignored entirely. However, proprietary
synchronization algorithms, time-varying latencies, switching delays, and saturation effects
are essential for stable microgrid operation, as the behavior of entire networks is often
governed by the internal logic of individual DER units, given system size and coupling
structure. PHIL makes it possible to systematically identify these modeling blind spots.
Results from [103] show that interactions between GFM and GFL converters during tran-
sient events (islanding/grid transitions, faults) are fully observable and validly comparable
only in CHIL/PHIL environments. This finding is supported by [104], which shows that the
level of DER performance expected from simulations cannot be met in real-component tests
because of nonlinear load behavior, resonance amplification in generators, and temporal
delays.

* Enabling standardization of validation procedures in real microgrids: Using reference
and benchmark systems together with defined PHIL test procedures, as described in [105],
provides a consistent and reproducible basis for evaluating microgrids and components.
This allows cross-manufacturer interoperability testing of microgrid and device controllers
under identical boundary conditions. In [102], this approach is extended by integrating
the SMMH architecture, real-time simulators, and a fully observable and controllable
microgrid within the DRTS environment. This creates a comprehensive development and
testing environment for rapid prototyping of central and hierarchical grid-control and EMS
systems.

8.2.3 High Power Testing

Background: PHIL studies provide a versatile and powerful platform for testing and validating
high-power system components and control strategies in a highly controlled yet realistic envi-
ronment. This reduces the risk, cost, and time associated with deploying new technologies at
high-power ratings and ensures robust performance under real-world conditions as an alternative
to expensive field testing.

Several PHIL studies performed at Florida State University Center for Advanced Power Systems
(CAPS) demonstrated applicability and flexibility of the PHIL concept in the kV/MVA range,
validating a 3 MW, 13.8kV, 60Hz diesel generator for data center load applications, i.e., its
capability in handling constant power load demands [106]. The successful PHIL testing enabled
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revising the rating and consequently yielded a reduced number of generators required to carry
data center loads, reducing costs significantly

Laboratory setup: Clemson Universitys eGRID (Electrical Grid Research, Innovation, and
Development) Lab, located in North Charleston, South Carolina, is a state-of-the-art facility
dedicated to advancing power systems and grid technologies [107]. It houses a 15 MW PHIL Grid
Simulator that leverages the electrical infrastructure of the Dominion Energy Innovation Center
and allows wind turbine generator (WTG) manufacturers to test both mechanical and electrical
characteristics of their machines in a well-controlled and calibrated environment [108—110]. By
moving many electrical testing scenarios previously available only through field demonstrations
into a controlled environment, the HIL Grid Simulator gives WTG manufacturers a platform
to ensure new innovations meet even more stringent global electrical standards. This increases
reliability and lowers the cost of energy delivered. The 15 MW PHIL Grid Simulator provides
electrical testing beyond fault ride-through testing for the Center to provide a complete suite of
electrical testing solutions to the power conversion industry as a whole (not just the wind industry)
at the multi-megawatt level. The PHIL setup at Clemson University is shown in Fig. 8.3.

CAPS is located in Tallahassee, Florida, USA, and the center has a state-of-the-art PHIL facility
dedicated to advancing terrestrial and shipboard power systems. The available PHIL-interfaces
are three 5 MW low- and medium-voltage AC and DC amplifiers and a 5 MW dynamometer
with a speed range of up to 24krpm. All PAs are interfaced to and controlled by real-time
simulators. Overall, the amplifiers enable several nominal voltage setups, including 4.16kV
AC/700 A, 13.8kV AC/200 A, 1kV DC/2500 A, and combinations of four 6 kV/200 A DC setups.

PHIL Advantages: The CHIL and PHIL are being extensively used at the eGRID and CAPS
facilities for robust evaluation of various use cases aimed at achieving the following objectives.

¢ Grid Modernization: Developing technologies and strategies to update the aging infras-
tructure of the electrical grid to meet contemporary demands.

* Renewable Energy Integration: Exploring methods to efficiently incorporate renewable
energy sources into the grid, addressing challenges related to intermittency and variability.

* Smart Grid Technologies: Innovations in smart grid technologies, including advanced
metering, demand response, and intelligent grid management systems.

* Power Electronics: Research on advanced power electronics for improved control and
efficiency in power transmission and distribution.
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Figure 8.3: PHIL setup at Clemson University’s eGRID.

* Cybersecurity: Enhancing the security of the electrical grid against cyber threats, ensuring
resilient and secure operation.

* Superconducting technologies: Validation of superconducting technologies, such as mo-
tors and fault current limiters.

* Motors: research on high-power, high-speed generators and motors for naval applications.

8.2.4 Emulation of Electric Drives

Background: Another example of an application where PHIL can significantly simplify testing
procedures and introduce additional flexibility is high-power inverter testing. The inverters for
electric vehicle drive trains and industrial drives are traditionally tested using motor-generator
groups, which, due to spinning masses, require specific safety measures in the test laboratory.
Additionally, a single motor-generator group is suitable only for testing inverters with rated powers
within a specific range. More flexible test benches are needed to accelerate inverter development.

Laboratory setup: High-power inverters can be tested using PHIL (to simulate the operation
of an electrical machine) instead of motor-generator groups [33, 111, 112]. The model of an
electrical machine is executed in a real-time simulator, and the setpoints are then sent to the PA
to reproduce voltages and currents of the simulated machine. An example of the experimental
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Figure 8.4: Transient response of a 22-kW induction machine vs. the same machine simulated with PHIL: (left) direct-
online start transient, and (right) load step transient from 9 kW to 18 kW.

waveforms of the startup and load transients of a real 22 kW induction machine compared to the
same machine simulated in PHIL is illustrated in Fig. 8.4 [112].

PHIL Advantages: Using PHIL for high-power machine emulation permits flexible validation
of machine controllers and components:

* Multi-machine emulation: it can significantly simplify the test setup by replacing multiple
motor-generator groups with a single PHIL system that simulates a wide range of electric
machines (including different types). This is done by simply changing the simulation
models to simulate different types of machines (or by loading different parameter sets to
simulate the same type of machine with different properties), while using the same test
setup hardware.

* Sensor testing: the PHIL emulation of machines enables the easy integration of various
types of position/speed feedback devices (e.g., resolvers or encoders) into the simulated
machine model.

All this makes the PHIL approach very practical and attractive because it significantly reduces
the hardware requirements for the test equipment and the time required for reconfiguration, while
enabling a much higher level of test system versatility.
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8.3 Research Points to be Explored for PHIL

The PHIL is still a relatively novel topic when compared to electric drives and renewables. Recent
advancements in PA technologies and real-time simulators have enabled wider adoption of this
approach. However, a few remaining open topics need to be addressed to enable wider adoption
of PHIL for testing and validation of electrical equipment in industrial environments. Some of
those topics are summarized in this section.

Testing at medium voltage: the industry is currently focused on designing medium-voltage
power converters for grid stability (e.g., MV DC grids) or for large electrochemical plants (e.g.,
electrolyzers, power-to-X). However, their testing in PHIL is challenging, due to the high power
and voltage requirements. Two approaches are possible in this case: (¢) employing a multi-
MW low-voltage converter with a step-up transformer to the desired voltage. This solution has
already been applied in several existing PHIL setups [107, 113, 114], and PA companies can offer
off-the-shelf products. The main issue with this solution lies in the transformer dynamics and
linearity, which require additional efforts to avoid inaccuracies during testing. To address this,
dynamic compensation approaches have been incorporated into the PA controllers to account
for transformer dynamics. (¢¢) employing a multi-MW medium-voltage converter (e.g., modular
multi-level converters) that is connected directly to the System Of Interest (SOI). This approach
can potentially increase test accuracy, but it is still in its early stages of adoption and needs further
evaluation. Several facilities using this approach are currently under development, such as the
High Power Grid Lab at the Karlsruhe Institute of Technology [115]. Major concerns regarding
bandwidth and fault-current interruption (in half-bridge topologies) remain open points for future
research.

Faults: PHIL testing is accurate only within a certain dynamic range. Due to delays and filters in
the interface algorithm, and the limited transient capability of some switched-mode amplifiers,
the faster dynamics generated by faults are difficult to emulate. In particular, DC fault phenomena,
which are extremely important for the development of DC technologies, have time constants of a
few milliseconds, making them difficult to reproduce accurately in hardware. In addition, testing
laboratories take a conservative approach when performing fault studies due to the high risk of
damaging equipment during testing. There is still no general consensus on how to emulate faults
with PHIL.

Unbalanced grids: the majority of PHIL tests involve single-phase or balanced three-phase
systems. No significant attention has been given to unbalanced systems mainly because of the
nature and requirements of typical systems: electrical drives, power electronics for photovoltaic or
energy storage systems. All these systems are usually controlled with a balanced current injection.
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Recently, greater attention has been given to the single-phase fault-ride-through capability of
converters. Initial studies on asymmetrical grid faults [116] provided an initial assessment of
testing accuracy. However, the field still lacks a general approach to the study of unbalanced
systems, particularly during transients.

Distributed PHIL: PHIL test laboratories are costly facilities that are typically tailored to specific
testing needs, such as higher voltages or faster dynamics. In addition, larger laboratories may
need to test specific bulk components that are not movable, such as transformers, long cables, or
breakers.

Researchers in real-time simulation have recently been working on creating distributed real-time
labs, where electrical variables are exchanged over the internet in real time between laboratories
hundreds of kilometers apart, with reduced delays (tens to hundreds of milliseconds). This
concept has already been proven in the field of digital real-time simulation [117-119], where
simulated variables are exchanged among labs to investigate delay and stability. The concept
of distributed-PHIL is relatively new [120, 121], with initial work on loop delay and stability
analysis [122]. However, safety and accuracy aspects of this approach need to be further developed
and standardized.

8.3.1 Advanced PHIL Systems Architectures

PHIL was initially conceived for testing a single hardware unit connected to a simulated system
at a single point of connection [3,4]. A first reason is that the PHIL was historically intended
to replace laboratory testing, such as type-tests, and involved only one machine or converter
interacting with the rest of the system; second, the DRTS and PA technologies were still rather
immature and offered limited computational and testing capabilities.

The improvements in DRTS and PA technologies, together with reductions in costs per simulation
core and kVA, enabled the realization of more complex PHIL system architectures, involving
additional points of connection between the hardware and the simulation model. New PHIL
system architectures are identified and classified in this section.

8.3.1.1 Multi-Model, Single-Hardware Architecture (MMSH)

Usually, shunt-connected devices (e.g., photovoltaics, batteries) can be tested with a single point
of connection to the rest of the PHIL system. However, the same as Chapter 7, several series
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Figure 8.5: Multi-Model, Single-Hardware PHIL architecture (MMSH). A multi-port hardware is coupled to several
simulation environments via separate PHIL systems.

devices (e.g., power lines, transformers, breakers, power electronic converters) require multi-port
connections to correctly emulate the behavior of the environment (e.g., power grid, load, etc.)
at all their connection ports (e.g., the primary and multiple secondaries of a transformer). To
properly test these devices, a MMSH PHIL system architecture must be adopted. This architecture
assumes connecting one Hol to two or more PA ports. Each of these ports is connected to the
simulator using an independent power interface.

As an example of MMSH architecture, Fig. 8.5 shows a possible PHIL system architecture to
test a power electronics converter connected between two independent distribution feeders. A
three-stage power electronics converter, such as a Solid State Transformer (SST), is connected to
the rest of the PHIL system at two points. In this case, a voltage-type PHIL interface algorithm
is implemented on the primary side due to the GFL characteristics of the SST primary-side. A
current-type PHIL interface algorithm connects the secondary side of the SST with the supplied
distribution grid (right Mol). Any other voltage- and current-type interface algorithm can be used
for this PHIL system architecture. If a disturbance occurs at the secondary side of the SST, its
effect can be seen in the grid connected to its primary side, and vice versa.

Applications: series elements testing, such as power lines (e.g., superconductive), transform-
ers, breakers, power electronics systems (uninterruptible power supplies, wind turbines, Type-4
converters, SSTs).

8.3.1.2 Single-Model, Multi-Hardware architecture (SMMH)

SMMH architecture assumes multiple individual Hols being interfaced to a single Mol. As shown
in Fig. 8.6, this architecture enables testing the interaction between different Hols in realistic
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Figure 8.6: Single-Model, Multi-Hardware PHIL system architecture (SMMH). Several separated Hols are connected to
the same Mol by means of separated PHIL systems.

conditions [123]. This feature is particularly important during testing the control and plant
interactions between power electronics converters (e.g., between wind turbine converters in wind
farms). It is noted that the testing scenario and the interaction dynamic between these Hol systems
are strictly dependent on the PHIL system dynamics. Faster dynamics, such as high-frequency
resonances and harmonics, may be filtered out by slow power interfaces (e.g., limited-bandwidth
PAs or low-bandwidth filtering).

Applications: microgrid high-level controller, harmonic oscillation and instability analysis, fast
reconfigurable networks.

8.3.1.3 Partial-PHIL

High-voltage PHIL testing (e.g., for HVDC) is very challenging to perform in laboratories due
to the need for (extra) high-voltage facilities and high-power supplies. The current state of the
art primarily offers Simulation-in-the-Loop or CHIL solutions to test control strategies such as
voltage balancing [124], protections [125, 126], and modulation schemes [127]. However, these
approaches do not realistically assess losses and cooling performance, switching dynamics and
dead times, the effect of energizing auxiliary power supplies, etc.
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To partially address these problems and perform a more realistic assessment of high-voltage power
electronics devices, the concept of a Partial-PHIL system is introduced, as shown in Fig. 8.7 [128].
The idea is to model the full converter in the DRTS, in conjunction with a replica controller in the
loop, except for a single submodule implemented in low-voltage hardware and connected to a PA.
The Partial-PHIL system enables the assessment of the real performance of a single submodule,
for example, one of a modular multi-level converter (MMC), and then to improve the hardware
design of the submodule before full assembly. With the DRTS and the replica controller in the
loop, it is possible to replicate exactly identical voltage, current, and switching profiles of the
submodule under test as in a real MMC. This approach offers clear advantages, enabling testing
in low-voltage environments while retaining the accuracy of testing full-power rating modules.

Applications: high-voltage multi-level converters, such as MMC or Cascaded H-Bridge convert-
ers.

8.3.1.4 Testing More Energy Carriers: the Multi-Physics Hardware-In-the-Loop
Concept

Novel energy technologies are designed to convert energy from multiple energy carriers to increase
system-level energy efficiency. For example, waste heat from generators has been used for decades
to feed local district heating networks, and now technologies such as fuel cells generate high-
temperature heat as a by-product of chemical reactions. While industry attention has been heavily
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focused on these multi-energy-carrier technologies, little has been done to test them under realistic
laboratory conditions.

An innovative concept that is currently being introduced is the Multi-Physics Hardware-In-the-
Loop. This concept involves parallel testing of the electrical, thermal, or gas layers of the
system under test to validate the performance of each energy layer in a coordinated manner (i.e.,
not independently). To achieve comprehensive multi-physics testing, the thermal layer must be
properly tested. For this reason, the concept of Thermal Hardware-In-the-Loop is introduced,
where the Mol is any heating network, varying from a city-wide system to a single cooling loop,
and the Hol is any technology tasked to absorb or generate heat, Fig. 8.8.

A first attempt at multi-physics Hardware-In-the-Loop was performed in [129], where the thermal
and hydraulic layers were emulated together with the electrical one. The setup properly emulated
the energy behavior of a small residential house and validated a heat pump concept as a system
under test. Although the concept has been introduced, the following topics still need to be
addressed: (z) for the hydraulic and thermal layers, the mathematical formulation of the power
interface algorithm needs to be developed, as for the electrical layer (e.g., with the ITM). (i%)
Novel hardware for the power interface needs to be designed and built. The dynamics of the
thermal and hydraulic actuators are several orders of magnitude slower than those of the electrical
actuators. Slower transients (e.g., daily thermal needs for a house) can be easily emulated with
current actuator technologies. However, for faster thermal dynamics, such as the ones generated
by different power electronic converter operations, this may be challenging.
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Figure 8.8: Thermal Hardware In the Loop concept, coupling a simulated heating network (Mol) with a thermal resource
(Hol).
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8.4 Summary

Reproducing realistic grid conditions in the lab in a safe, repeatable way allows manufacturers to
reduce testing time and costs, and for utilities to alleviate integration concerns. The PHIL research
field is relatively new, with the first publications published only twenty years ago and the first
IEEE recommended practice published only in 2025. The chapter offers a recommended guideline
for implementing PHIL systems in industrial facilities, considering different scenarios, hardware
topologies, and scalability, testing accuracy, and stability. It introduces a first classification of
PHIL testing architectures, including multi-port and multi-system configurations, to expand the
classical single-device, single-system testing approach.

While the research field has been extensively explored, particularly regarding loop stability,
significant work still needs to be done on scalability, dynamics, non-idealities, accuracy, and
standardization. This offers fertile ground for new ideas for both academia and industry.
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9.1 Summary and Conclusion

This thesis investigates the modeling, stability, and accuracy of PHIL, with a particular focus on
the influence of interface dynamics, converter control, and advanced modeling approaches. The
work aims at providing both theoretical foundations and practical guidelines for reliable PHIL
implementation in modern power electronic applications.

The thesis begins by establishing the fundamental role of PHIL interfaces and their impact
on system behavior. It is shown that interface effects can be primarily categorized into time
delays, which influence the phase response, and bandwidth limitations, which affect both gain
and phase characteristics. Through transfer-function-based analysis and comparative studies of
classical interface algorithms, the limitations of PHIL systems in reproducing simulation results
are highlighted.

To improve modeling accuracy, a novel multi-rate discrete-time modeling approach is introduced.
Unlike conventional continuous-time and single-rate discrete-time methods, the proposed method
separates the fast dynamics of analog hardware from the slower real-time simulation domain. The
approach is validated through frequency-domain analysis, error metrics, and experimental results,
demonstrating superior accuracy, particularly in capturing phase behavior, compared to existing
methods.

The thesis challenges the conventional assumption that PHIL limitations originate solely from
interface components. It demonstrates that the dynamics of an active Hol, such as a grid converter,
significantly influence both stability and accuracy. In particular, the current controller bandwidth
is shown to play a critical role, affecting not only system stability margins but also the fidelity of
PHIL results. This highlights the necessity of coordinated tuning between interface parameters
and converter control.
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To systematically analyze stability, the thesis adopts an impedance-based framework, leveraging
the Nyquist stability criterion applied to the impedance ratio at the PCC. This approach incor-
porates the dynamics of the grid emulator, PHIL interfaces, and converter control systems. The
developed impedance models are validated through simulations and experimental measurements,
demonstrating that stability can be reliably assessed even in the absence of fully detailed hardware
models. The analysis is further extended to include practical aspects, such as sensor placement,
showing that, in that case, the voltage-sensing location significantly affects stability margins,
while current sensing has a comparatively minor impact.

The work also advances converter modeling by incorporating dc-link dynamics, revealing ad-
ditional internal stability conditions beyond the impedance-ratio criterion. It is shown that the
presence of internal unstable dynamics can invalidate conventional stability assessments, em-
phasizing the importance of verifying both internal and external stability conditions in PHIL
systems.

Furthermore, the thesis evaluates interface algorithm selection by comparing voltage-type and
current-type interface methods for both grid-following and grid-forming converters. Contrary to
common assumptions, the results demonstrate that stability is not strictly determined by converter
type but depends on the interaction between system parameters and interface configurations.

The analysis is then extended to more complex systems by investigating a back-to-back converter as
the Hol. A novel impedance modeling approach with coupled subsystems is developed, introducing
dual stability criteria to capture the interdependence between converter stages. The results confirm
that system stability depends on the interaction between subsystems, and a structured assessment
procedure is proposed to guide stability evaluation in such configurations.

Finally, the thesis translates the developed theoretical insights into practical guidelines for indus-
trial PHIL implementation. It proposes a classification of PHIL architectures, including multi-port
and multi-system configurations, and outlines key considerations for scalability, accuracy, and
stability. These contributions advance theoretical understanding of PHIL systems while providing
practical tools for pre-experimental stability and accuracy assessment. The proposed methodolo-
gies reduce the risk of hardware damage, improve the reliability of results, and lay the groundwork
for standardized PHIL testing procedures.
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9.2 Outlook

* The proposed multi-rate modeling approach for PHIL systems has been examined using a
set of passive loads. This concept can be further extended to include a grid converter as
the Hol. In such a case, the impedance model of the grid emulator can be represented as
Zgc(z), while the Hol impedance is described as Zg,r(s). If a digital controller is also
included on the Hol side, Zg,; becomes a multi-rate model as well.

* The mathematical approaches presented in this thesis rely on the knowledge of the Mol and
Hol models. However, in industrial testing, such models are often unavailable or protected
by intellectual property rights. Therefore, further research is needed on the automatic
estimation of the Mol and Hol dynamics, for example, through impedance estimation
methods, as well as on the automatic assessment of stability and accuracy margins.

* Due to the increased mathematical complexity, and because the PLL dynamics are typically
separated from PHIL instability phenomena in the frequency range, i.e., they mainly affect
the lower-frequency region rather than the delay, related range, the impact of the PLL has
been neglected in the PHIL assessment of this thesis. Nevertheless, the PLL clearly affects
the low-frequency behavior and can lead to inaccuracies. Therefore, especially when the
Hol model is not fully known, the PLL dynamics should be included, which would require
representing the converter-side impedance as a 2 x2 matrix instead of a single element.

 This thesis has deliberately focused on a SISO-based stability analysis. However, when a
multi-port PHIL setup is considered (a back-to-back converter), a more accurate impedance-
based analysis requires a multi-input, multi-output representation, since the current on one
side can be coupled to the voltage on the other side.

* The stability analyses presented in this thesis have considered either single-phase systems
or perfectly balanced three-phase systems. Future work should place greater emphasis on
unbalanced systems, as they better reflect practical power systems.
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