University of

Strathclyde

Glasgow

Stability and Accuracy Enhancement of

Power Hardware-in-the-Loop Simulation

PhD Thesis

Zhiwang Feng
A thesis submitted for the degree of Doctor of Philosophy to

Department of Electronic and Electrical Engineering

University of Strathclyde, Glasgow

April 30, 2023



This thesis is the result of the author’s original research. It has been composed
by the author and has not been previously submitted for examination which has

led to the award of a degree.

The copyright of this thesis belongs to the author under the terms of the United
Kingdom Copyright Acts as qualified by University of Strathclyde Regulation
3.50. Due acknowledgement must always be made of the use of any material

contained in, or derived from, this thesis.

Signed: Zhiwang Feng

Date: 30/04/2023 ; g Feng



Abstract

Driven by the target of decarbonization through eliminating carbon emissions
and developing a renewable and sustainable energy schemes, the modern power
industry has been experiencing a remarkable transition. To support this, Power
Hardware-in-the-Loop (PHIL) simulation, an advanced and efficient method in-
corporating physical power apparatus and emulated power network into a real-
time testing configuration, has been leveraged for the prototyping of power com-
ponents, the verification of novel control paradigms, and dynamic modelling of
renewable energy systems under broad-spectrum testing scenarios.

The power amplifier, sensors, and signal conversion units based power interface
bridges the hardware and real-time simulation platform into PHIL closed-loop
setup. However, the dynamics and non-ideal characteristics stemming from the
power interface (e.g., time delay, limited bandwidth, noise perturbation, and
signal distortion) pose significant challenges to the PHIL closed-loop simulation
regarding its stability and accuracy. From the perspective of system performance,
these challenges associated with unstable system operation, protective apparatus
tripping, and accuracy deterioration issues have been intriguing many academic
researchers and industrial engineers and remained to be resolved. In this thesis,
research efforts have been devoted to developing novel compensation schemes to
improve the stability and accuracy of PHIL simulation and thus enabling a more
robust simulation environment that is extendable and re-configurable for future

real-time testing of complex power systems and power apparatus.
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This thesis works towards the development of novel PHIL system compen-
sation methods, designed specifically to mitigate the detrimental impact of the
power interface on the stability and accuracy of PHIL closed-loop systems. Firstly,
a compensation scheme comprising a Smith predictor compensator is proposed to
mitigate the stability deteriorating impact stemming from the time delay. Fur-
thermore, an online system impedance identification technique is leveraged to
enhance the robustness of the proposed compensator and facilitate this compen-
sation scheme with adaptivity to PHIL system impedance variation. Secondly, the
sliding discrete Fourier transform based interfacing signal manipulation in con-
junction with the phase shift addition method is proposed to compensate for the
time delay on a harmonic-by-harmonic basis. Based on the proposed time delay
compensation method, an optimal compensation filter is designed to compensate
for the non-ideal power interface by maximising its bandwidth, maintaining its
unity-gain characteristic, and compensating for its phase-shift over the frequen-
cies of interest. This compensation scheme is crucial for improving the power
signal synchronisation accuracy and the power transfer transparency. Thirdly, a
novel scheme for sensitivity analysis of PHIL setups is proposed to facilitate quan-
titatively analysing and assessing the impact of external disturbances stemming
from the sensor noise, switching harmonics, or quantization noise on the power
interface. In addition, the inherent relationship between sensitivity transfer func-
tions and stability criteria is elaborated along with theoretical and experimental
validation. Based on this concept, accuracy assessment methods are employed
in this scheme to quantify generic sensitivity criteria. Finally, a comprehensive
assessment of the PHIL interfaces regarding their suitability, stability, and ap-
plicability for incorporating a grid-forming converter with black-start capability
into PHIL closed-loop simulations is presented, and the current-type interfacing
method with compensation and scaling scheme is proposed to interface a grid-

forming converter with soft black-start capability into a PHIL setup.
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Chapter 1

Introduction

1.1 Research Context

Driven by the target of decarbonization through eliminating the carbon emissions
of primary energy resources and developing a renewable and sustainable energy
utilisation scheme, the modern power industry has been experiencing remarkable
transition in the past decades [1-7]. Thanks to the advancement of emerging
state-of-the-art power conversion techniques, the power network has been wit-
nessing increasingly high penetration of Distributed Generation (DG), which in-
tegrates various Renewable Energy Sources (RES) into the conventional power
grid through dedicated interfacing power converters [3-7]. These converters, op-
erating in grid-following mode or grid-forming mode, not only play a significant
role in incorporating a wider-scale Distributed Energy Resources (DERs) into
the power grid but also result in more complex interconnections between DERs
and power grid [4,7]. These interactions inevitably introduce unexpected and
unstable dynamics to power converters and power grid, drastically expose the
vulnerabilities of the power grid, and pose significant threat to the reliability and
security of the converter-dominated power network.

Consequently, a comprehensive and in-depth investigation of the power con-
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verter and its tightly coupled interactions with the power network under various
operating conditions is crucial before its final-stage systematic deployment. In
terms of the testing and investigation of the candidate power apparatus and its
interactions with the power systems, the most straightforward approach is using
the pure-hardware experiments. However, due to the limited flexibility and power
capacity and high expense of the pure-hardware experiment, it is always infeasi-
ble and inefficient to carry out repeated testing and in-depth investigation of the
Hardware under Test (HuT) in a cost-effective and de-risking manner. Based on
the advanced mathematical modelling of the power system [8,9], offline digital
simulations are employed to emulate small-scale power system and to test physi-
cal HuT before its final-stage deployment [10,11]. However, the large-scale power
network with increasing penetration of the power electronics and distributed gen-
erations requires high-fidelity mathematical modelling and remarkably high com-
putation, which pose significant challenges to the off-line digital simulation. On
the other hand, a mathematical modelling-based digital simulation cannot thor-
oughly represent the dynamic behaviour of the physical HuT neither to carry out
the investigation of its interconnections with the emulated power systems.

To make up for the deficiencies of aforementioned testing approaches, the real-
time power hardware-in-the-loop (PHIL) simulation, a state-of-the-art testing
technique combining Digital Real-Time Simulator (DRTS) and hardware experi-
ments into a closed-loop testing environment [12-14], is exploited as an effective
way to narrow the gap between computation-based digital simulation and pure
analogue hardware laboratory testing. Advanced real-time simulation platforms,
such as Real-Time Digital Simulator™ (RTDS), OPAL-RT™ and Speedgoat™
performance real-time target machine, etc., facilitate the simulation capability
of PHIL, which enable large scale power systems to be replicated accurately
in the real-time simulation environment and provides an effective way to carry

out non-destructive and repeated investigation of the interdisciplinary system
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simulation and candidate apparatus prototype under broad-spectrum operating
conditions, in particular for the extreme scenarios [13,15,16]. It significantly
de-risks the entire testing and degrades the expense and time-to-market of re-
search and development in the modern power industry. Above all, the PHIL
real-time simulation paved a new pathway in investigating the interactions be-
tween the physical power components under test and the real-time emulated
power grid in a closed-loop configuration, which has been extensively employed in
the testing and prototyping of power apparatus [16-19], laboratory-based power
system education [19], validation of novel control strategies [20], geographically
distributed real-time co-simulation [21,22], black start testing of grid-forming
converter [23,24], and dynamic modelling and prototyping of renewable energy
systems involving variable-speed wind turbines [25], photovoltaic cell [26,27], and
energy storage resources [28,29].

For a typical PHIL system, the power amplifier, sensors, and signal conversion
units-based power interface bridges the hardware and real-time simulation plat-
form into PHIL closed-loop setup. However, the dynamics and non-ideal char-
acteristics (e.g., time delay, limited bandwidth, noise perturbation, and signal
distortion) stemming from the Power Interface (PI) pose significant challenges
to the PHIL closed-loop simulation regarding its stability and accuracy. For
laboratory-based or industrial applications, if a real-world PHIL experimental
validation enters an unstable state, the system’s voltage and current can become
divergent, resulting in significant oscillations. These may lead to over-current
protective tripping of the interfacing power amplifier, or in some cases, cause ir-
reparable damage to the HuT. Such occurrences can lead to substantial economic
losses and jeopardize personal safety. On the other hand, the accuracy issue aris-
ing from the time delay and signal distortion can lead to unsynchronised power
signals and power mismatches between the DRTS and HuT sides. Consequently,

this can result in inaccurate dynamic behaviours being applied to the HuT and
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can also lead to a deterioration in the HuT associated control performance. From
the perspective of system performance, these challenges and issues associated
with stability and accuracy have been intriguing many academic researchers and
industrial engineers and remains to be tackled.

Despite the technological advancements of the real-time computing technique
and the novel power amplifier promoted the extensive utilisation of PHIL real-
time simulation technique, the stability and accuracy issues arising from the power
interface need to be resolved in order to establish a robust and stable PHIL testing
with high-fidelity and re-configurability, which are of great significance in the wide
extension and application of PHIL system for real-time testing of complex power
system and power apparatus in the future. The research work conducted in this
thesis focuses on the development of novel compensation schemes to enhance the

stability and accuracy of PHIL simulation setups.

1.2 Research Motivation

PHIL system is defined as a closed-loop system consisting of a digital real-time
simulation platform interfacing with the hardware under test (HuT) through a
dedicated power interface (PI), which facilitates the conservation of instantaneous
power transfer as existed in the real-world system through natural coupling. As
illustrated in Figure 1.1, the power interface comprising a Power Amplifier (PA),
voltage and current sensors, signal conversion cards (i.e., Analogue-to-Digital
Converter (ADC) and Digital-to-Analogue Converter (DAC)), and low-pass filters
employed for noise mitigation, inevitably introduces non-ideal characteristics and
dynamics such as time delay, noise, or signal magnitude distortion to the PHIL
closed-loop simulation system. From the perspective of system modelling and
operation, these non-idealities play a crucial role in determining the stability

and in deteriorating the system accuracy. Stability and accuracy are regarded
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Figure 1.1: A typical PHIL setup and a conceptual representation of its topology.

as the utmost important factors for a well-established PHIL simulation setup.
The stability and accuracy issues arising from the non-ideal characteristics and
dynamics of the power interface and the closed-loop system are elaborated as

follows:

e Time delay stemming from the power interface

Owing to the splitting of the original System of Interest (Sol) into a digital
real-time simulation and physical power hardware that are interconnected
by a power interface, the digital processing of DRTS platform, the signal
conversion cards (i.e.,ADC and DAC), and the digital control of the power
amplifier all inevitably introduce time delays to the PHIL closed-loop con-
figuration and these has been further characterized in [30]. From the system
modelling and control point of view, the aggregated time delay in the PHIL
closed-loop system results in negative phase response and consequently de-
teriorates the system stability margins. As presented in [31], the PHIL
closed-loop system reaches an unstable state once the time delay exceeds a
threshold value leading to the system phase response breaches its stability
margin. On the other hand, as reported in [32], the time delay deteriorates
the accuracy of power signal synchronisation and the transparency of power

transfer within the PHIL setup.
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e Impedance ratio and system impedance variation

Apart from the degraded PHIL closed-loop system phase margin arising
from the time delay, the impedance ratio between the digital real-time sim-
ulation side and hardware component side is another key determinant of
the PHIL closed-loop system gain margin. As demonstrated in [33-35],
the PHIL stability is strictly constrained by the impedance ratio between
the simulation side and hardware side. Such a stringent impedance ratio
constraint is not always ensured in practice due to the impedance varia-
tions of the emulated power network and hardware components during an
experimental scenario run. Consequently, the existing PHIL interface may
no longer be suitable for guaranteeing the stability of a PHIL system with
inherent impedance variation. In light of this, there are new chances to
develop novel compensation techniques to fill the identified research gaps
between the PHIL stability and the inherent variable impedance character-

istic of the PHIL system.

e Limited bandwidth and non-unity gain characteristic of PA

Despite a power amplifier with ideal characteristics (i.e., infinite bandwidth
and unity gain) being expected in the PHIL system [33,36], the actual power
amplifier, which is modelled as time delay and a low-pass filter in [30,37-39],
presents non-ideal characteristics (i.e., limited bandwidth, non-unity gain,
and resonance of the passive output filter). These characteristics result
from its digital control strategies and the passive output filters that are
employed to limit the output voltage ripple stemming from high-frequency
pulsating modulation and realise accurate power signal replication. These
non-ideal characteristics lead to power signal magnitude distortion and limit
the applicability of PHIL simulation with only a limited harmonics can be

replicated accurately in one PHIL experiment.



Chapter 1. Introduction

e Non-zero phase shift and non-unity magnitude response of PA

output filter

The power amplifier output filter introduces a non-zero phase shift that can
have similar effects as the loop phase lag resulting from time delays caused
by multiple stages in the PHIL closed-loop system [30]. These effects in-
clude reducing the system stability margin, deteriorating the power signal
synchronisation accuracy, and degrading the transparency of power transfer
between DRTS and HuT in a PHIL closed-loop setup [30,31,33]. In addi-
tion, the non-unity magnitude response of this output filter at the frequency
of interest leads to the attenuation or amplification of the reference signal to
be replicated by PA, which can result in further deterioration of the accu-
racy of power signal synchronization and a degradation of the transparency

of power transfer between the DRTS and HuT in a PHIL closed-loop setup.

e Disturbance and deteriorated performance

Due to the implementation of the non-ideal power interface, external distur-
bances are inevitably injected into the PHIL setup and are mainly stemmed
from (i) Offset noise in the measurement units, (ii) Quantization error/noise
in the ADC card, (iii) Sensor measurement noise (typically high-frequency),
and (iv) Switching harmonics stemming from high-frequency pulsating mod-
ulation. From an application point of view, a comprehensive sensitivity
analysis and assessment of the impact of these disturbances on system op-
eration is crucial for a high-fidelity and robust PHIL simulation. In contrast
to the well-presented schemes for PHIL system stability analysis and accu-
racy assessment in the literature, no sensitivity analysis scheme has been

developed within the PHIL community.

e Stability issue arising from the lack of power signal synchronisa-

tion in the PHIL interface dedicated to the testing of grid-forming



Chapter 1. Introduction

converter with black-start capabilities

Grid-Forming Converter (GFC) establishes a stable and controllable volt-
age at its output terminal without requiring external angle reference, which
enables the GFC to be a candidate for providing black-start services. The
application of PHIL simulation for GFC testing has attracted significant
interest from academic researchers and industrial engineers. The voltage-
type PHIL setup has been extensively employed for the real-time testing
of grid-following converter, which regulates its voltage angle to be syn-
chronised with that of the interfacing voltage-type power amplifier (i.e., a
grid simulator) by employing a dedicated synchronisation unit (e.g., Phase-
Locked Loop (PLL)) [20,27,29,40,41]. However, the voltage-type interface
is not capable of incorporating a GFC in the PHIL setup for black-start
testing. This is because GFC regulates output voltage by using the angular
frequency reference generated by its internal dedicated unit. The direct
coupling of the GFC and interfacing power amplifier may lead to stabil-
ity issues arising from their independent and inherent voltage regulation
and the lack of voltage angle synchronisation at their coupling point. This
results in new research opportunity to develop new power interface that is
dedicated to the testing of GFC with black-start capability, thus addressing

the limitation of conventional voltage-type interfacing method.

Motivated by addressing these research challenges, the research efforts in this

thesis have been devoted to developing novel PHIL compensation and interfacing

methodologies. These are underpinned by identifying, assessing and analysing

the limitation of the existing schemes proposed for improving the stability, ac-

curacy, and applicability of PHIL system in the literature. Subsequently, novel

compensation and interfacing techniques are proposed to establish a more robust

PHIL system with higher fidelity than the conventional one.
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1.3 Research Contributions

This thesis contributes the following aspects toward the existing body of knowl-

edge:

e Detailed modelling of the PHIL setup with its state-of-the-art highlighted
along with its key attributes including the closed-loop system stability and
accuracy, in particular the power signal synchronisation accuracy and power
transfer transparency. A comprehensive comparison and assessment of the
existing PHIL stability stabilisation schemes are presented in conjunction
with an in-depth analysis of their advantages and key limitations. More

details of these aspects are elaborated in Chapter 2.

e A Smith Predictor (SP) criterion inspired compensator is designed to miti-
gate the negative impact of the time delay on the PHIL closed-loop stability.
Although a passive approach, this passive compensator introduces a buffer
in variability of the impedances and enables a stable PHIL experiment over
a wider range of scenarios. Robustness analysis of the passive compensator
against the modelling error stemming from system impedance variation is
presented and the stability constraint of the passive compensator-based
PHIL system is defined. Detailed analysis, assessment, and experimental

validation of this proposed compensator are presented in Chapter 3.

e To further enhance the robustness of Smith predictor compensator and
overcome the limitation of its passive attribute, an adaptive Smith pre-
dictor based on a computationally efficient online impedance parameter
identification technique is proposed. The accurate impedance identification
allows for the parameters of the Smith predictor being adapted in real-time
to ensure seamless operation catering to any variations in impedance dur-

ing the experimental run. A real-world PHIL experiment involving passive
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load bank and power converter is employed to verify the effectiveness and
demonstrate the applicability of the proposed compensation scheme. This

contribution and its associated details are presented in Chapter 3.

Investigation and assessment of the existing time delay compensation meth-
ods from the perspective of improving the PHIL system accuracy. On
the other hand, the limitations of the conventional time delay compen-
sation methods including the phase lead compensator and Fast Fourier
Transform (FFT) based frequency domain phase lag compensation algo-
rithm are presented. A computation-efficient Sliding Discrete Fourier Trans-
form (SDFT) based time delay compensation method is proposed to com-
pensate for the time delay on a harmonic-by-harmonic basis. This proposed

time delay compensation scheme is further presented in Chapter 4.

Design and development of a compensation scheme for the open-loop con-
trolled Voltage Source Converter (VSC) power amplifier to enable more
accurate power signal synchronisation and power transfer within the PHIL
closed-loop simulation. This compensation method is designed to maximise
the bandwidth of the power interface, preserve unity-gain over a wider fre-
quency range, and compensate for the phase lag in the PHIL closed-loop via
optimal tuning of the proposed compensator. In addition, it compensates
for the phase lag on a harmonic-by-harmonic basis. An analytical assess-
ment and a comprehensive comparison of the proposed compensator over
the compensation techniques (e.g., lead-lag filter, notch filter) published in
the literature are presented from the perspective of their frequency response
characteristics and closed-loop stability of the compensation scheme-based
PHIL setup. The effectiveness of this compensation method has been eval-
uated via the proposed accuracy metrics and simulation results. The design

criteria and validation of this method are presented in Chapter 4.
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e A scheme for sensitivity analysis of PHIL setups is developed by using
transfer functions describing the dynamic behaviour of forward and feed-
back paths. The inherent relationships between stability, accuracy and
sensitivity are elaborated and verified by the scheme and allow for a precise
estimation of PHIL system properties prior to experimental testing. Based
on this scheme, accuracy assessment methods are employed to quantify
generic sensitivity criteria. A converter-based PHIL setup is employed to
demonstrate the applicability of the proposed scheme. From an application
point of view, the proposed scheme is crucial for facilitating the quanti-
tative analysis and assessment of the impact of external disturbances on
PHIL simulation systems. This contributes to the design and implementa-
tion of a high-fidelity and robust PHIL simulation. In-depth explanation

and verification of this proposed scheme are presented in Chapter 5.

e A current-type interfacing method is proposed to interface a grid-forming
converter with soft black-start capability into a PHIL setup. Scaling and
compensation schemes are developed for a robust and high-fidelity PHIL
simulation guaranteeing an accurate replication of the dynamics of the em-
ulated power network at the physical GFC interfacing point. To support
its adoption, stability analysis of this PHIL setup is presented. On the
other hand, a comprehensive assessment and evaluation of the voltage-type,
current-type, and partial circuit duplication method based PHIL interfaces
regarding their suitability and applicability for incorporating grid-forming
converter with black-start capability into PHIL closed-loop simulation are
presented. These offer meaningful insights for selecting proper interfacing
method. Analytical assessment and experimental validation involving in-
terfacing a 90 kVA power converter implemented with grid-forming control
scheme are presented to verify the proposed methodology. Detailed analysis

and experimental validation of this interface are presented in Chapter 6.

11
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1.4 Thesis Overview

An overview of the chapters within this thesis is presented as follows:

Chapter 2: This chapter presents the state-of-the-art of real-time PHIL system
along with its key technical challenges to be tackled. Emphasis is placed on the
detailed modelling of the PHIL system from the perspective of its architecture,
interface algorithms, and mathematical modelling of its subsystems. Based on the
detailed system modelling, the key determinants (i.e., time delay and impedance
variation) for the PHIL stability are identified along with a frequency domain
assessment of their impacts on the PHIL stability. Following on from this, the
novel compensation schemes that are dedicated to improving the PHIL stability
in the literature are comprehensively reviewed. The design criteria, function-
ality, advantages and the main limitation of these advanced PHIL stabilisation
schemes are summarised. On the other hand, the deteriorated PHIL system ac-
curacy stemming from the time delay and non-ideal power interface is further
investigated from the aspect of power signal synchronisation and power transfer
transparency. Accuracy metrics are proposed to quantitatively assess the PHIL
power signal synchronisation and power transfer transparency in transient and

steady-state.

Chapter 3: Having identified the detrimental impact of the time delay and
impedance variation on the PHIL system stability, this chapter focuses on the
development of PHIL stabilisation scheme. To address the limitation of existing
PHIL system stabilisation methodologies as presented in Chapter 2, this chapter
presents an adaptive Smith predictor based PHIL stability enhancement scheme.
The proposed Smith predictor compensation scheme is presented with emphasis
placed on its design criteria, operational principle, and assessment of Smith pre-
dictor based PHIL system stability. Moreover, with the system impedance inher-

ent variation characteristics taken into account, the robustness of Smith predictor

12
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is analysed and the stability constraints of the PHIL system is further identified.
To facilitate the Smith predictor with adaptivity to the system impedance varia-
tion, the online SDFT and vector fitting algorithm based impedance identification
method is developed. Finally, analytical assessments of the proposed adaptive
Smith predictor compensation scheme are presented along with pure simulations

and a real-world PHIL experimental validation.

Chapter 4: This chapter presents an interface compensation method that en-
ables more accurate power signal synchronisation and power transfer within a
PHIL setup, which is based on an open-loop controlled voltage source converter
power amplifier. Detailed modelling of the PHIL system with an open-loop con-
trolled voltage source converter power amplifier is presented along with an assess-
ment of the impact of power amplifier on PHIL system stability and accuracy.
These are followed by a comprehensive assessment of the compensation techniques
(e.g., lead-lag filters, notch filter) published in the literature from the perspective
of compensating for the power amplifier non-unity characteristics. To address the
limitation of these compensation methods, an optimal filter tuning based method
is further presented to maximise the bandwidth of power interface, preserve unity-
gain over a wider frequency range. The effectiveness of proposed compensator in
maximising the bandwidth of the power interface is demonstrated by frequency-
domain assessment. To mitigate the detrimental impact of time delay on the
PHIL accuracy, SDFT based time delay compensation method is employed in
conjunction with the proposed optimal filter tuning based method. Furthermore,
the performance of proposed method regarding its capability in improving the
power signal synchronisation and enhancing the power transfer transparency in
the PHIL closed-loop configuration is validated and demonstrated via the pro-

posed accuracy metrics and PHIL simulation results.

Chapter 5: This chapter presents the proposed scheme for sensitivity analysis of

the PHIL system. Firstly, the originations of the external disturbance within the

13
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PHIL setup are summarised and the detailed modelling of the current-type power
interface is presented. Following these, the principles of sensitivity analysis are
explained followed by the derivation of sensitivity analysis metrics for PHIL sim-
ulation setups. Based on the proposed sensitivity analysis scheme, the inherent
relationship between sensitivity transfer functions and stability criteria is elab-
orated along with analytical assessment. Furthermore, the accuracy assessment
methods employed in the proposed scheme to quantify generic sensitivity crite-
ria are presented. Moreover, a converter-based current-type PHIL experiment
is leveraged for the evaluation of sensitivity analysis scheme, and experimental
results are presented to characterize and demonstrate the applicability of the

proposed scheme.

Chapter 6: This chapter presents the design and development of a current-type
interface that is dedicated to the PHIL testing of grid-forming converter with
black-start capability. The novel grid-forming control principles and the key
attributes for enabling grid-forming converter to be a candidate for providing
black-start provision service are presented. Following this, the interfacing cou-
pling point voltage stability issue of the conventional voltage-type PHIL interface
is analysed and further demonstrated by simulation results. The applicability of
proposed current-type interface for grid-forming converter testing and the pro-
posed scaling and delay compensation are presented along with its detailed system
modelling. Based on this, the stability analysis and analytical stability assessment
of the proposed current-type interface is presented. Finally, simulation results of
a real-world PHIL experiment incorporating a Triphase 90 kVA power converter
that is implemented with grid-forming control scheme are presented to validate

the proposed PHIL interface.

Chapter 7: This chapter concludes the thesis by summarising the scopes of
research outputs, highlighting the principle contributions, and identifying several

potential directions that are worthy of being explored as future work.
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Power Hardware-in-the-Loop

(PHIL) Simulation Techniques

This chapter presents the literature review of the PHIL simulation techniques
along with their generic modelling and identified key attributes. The remainder of
this chapter is organized as follows: Section 2.1 presents the state-of-the-art PHIL
techniques. In Section 2.2, the detailed system modellings from the perspective
of PHIL configuration, interfacing topology, and the mathematical modelling of
power interface and system components are presented. Section 2.3 presents the
PHIL stability attribute, the principles for determining the stability, along with
a comprehensive evaluation of the stabilisation schemes in the literature. Section
2.4 presents the PHIL accuracy analysis, the criteria derivation for PHIL power
transfer transparency studies, and the proposed accuracy assessment methods.

Section 2.5 concludes this chapter!.

! The mathematical modelling and theoretical derivations in this chapter are extended from
the conference publications [31,32] and journal publications [42,43].
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2.1 State-of-the-Art of PHIL

The real-time power hardware-in-the-loop simulation, a state-of-the-art simu-
lation technique that combines real-time digital simulation and hardware ex-
periments into a closed-loop testing environment, is exploited as an effective
way to narrow the gap between computation-based digital simulation and pure
analogue hardware experiment in a controlled laboratory setup [11-13, 33, 38].
Emerging novel computation technology facilitates the capability of the power
hardware-in-the-loop simulation to carry out comprehensive and in-depth in-
vestigation of large-scale complex power systems and candidate power appa-
ratus or control paradigms under broad-spectrum operation conditions before
their final deployment as well as systemic application [12,13,15-17]. This plays
a significant role in accelerating the research and development of the emerg-
ing novel power technologies by enabling repeated and non-destructive real-time
testing under a broad range of scenarios and a variety of grid configurations
[13, 15,16, 19,20, 23, 25, 26,44-46]. On the other hand, with the real-time digi-
tal simulated system and pure power hardware comprised in a closed-loop testing
environment, the interaction between the power apparatus and the real-time sim-
ulated power network can be thoroughly investigated without the expense and risk
of field trials. This advanced real-time testing methodology has been extensively
leveraged for the in-depth modelling and assessment of renewable energy technolo-
gies including photovoltaic system [26,44], energy storage system [45], variable-
speed wind turbines [25], etc., prototyping of power apparatus [16, 17,19, 46,
verification of control strategies [20], the geographically distributed real-time co-
simulation [21], black start testing of grid-forming converter [23], and power sys-
tem education [19], etc.

In spite of the extensive and widely utilisation of the PHIL simulation tech-

nique, PHIL is not a plug-and-play setup that just leverages an off-the-shelf real-
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time digital simulator and power hardware. A dedicated power interface con-
sisting of power amplifier, signal conversion cards, and voltage or current sensors
bridges the real-time simulation side and hardware. However, this power interface
naturally comprises inherent time delay (as characterised in [30]) stemming from
the power amplifier digital control, sensors, signal conversion stages and signal
distortion arising from the power amplifier filters. From the perspective of system
performance, these characteristics that are not exist in the real-world system of
interest pose significant threat to the stability and accuracy of PHIL system. To
ensure the PHIL experimental results to be precise and representative of the real-
world Sol, the power interface that bridges the software side and hardware side
should be well designed and implemented to enable stable and accurate PHIL
operation.

The PHIL stability and accuracy issues arising from the non-ideal power in-
terface have been remaining to be addressed and many research efforts have been
devoted to this research area. To tackle these issues, a comprehensive and rep-
resentative system modelling and in-depth analysis of the key determinants for

these issues are important and will be the core sections in this chapter.

2.2 PHIL System Modelling

This section describes the architecture of PHIL setup and presents a comprehen-
sive assessment of the interfacing methodologies. Detailed PHIL system compo-

nent modelling is presented along with the system transfer functions.

2.2.1 PHIL Configuration and Interfacing Methods

PHIL simulation combines the physical power component with real-time emulated
system into a closed-loop testing configuration that mimics the original system of

interest (Sol). Figure 2.1 illustrates the Sol and its corresponding PHIL simula-
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Figure 2.1: Principle topology of (a) system of interest (Sol) and (b) the corresponding
PHIL simulation system.

tion system. The original Sol is expressed by a lumped voltage divider topology
comprising two series-connected Thévenin equivalent circuits S; and S,, respec-
tively. S; represents the real-time emulated power network in DRT'S referred to as
software side and S, represents the real-world HuT referred to as hardware side.
System S; comprises a voltage source Vs in series with an equivalent impedance
Zs of the simulated system in the software side and system S, comprises the
hardware side equivalent impedance Zy. As illustrated in Figure 2.1(b), these
two subsystems are coupled through a power interface (PI) in the PHIL setup.
A typical power interface comprises a power amplifier, signal conversion cards
and voltage or current sensors. Two signal conversion cards are typically em-
ployed - a digital-to-analogue converter (DAC) card and an analogue-to-digital
converter (ADC) card. The ADC card incorporates a low-pass filter in series
to eliminate high frequency noise components within the analogue signal. The
configuration of these components and the manner in which the power is trans-
ferred between the DRTS and the HuT are defined by the Interface Algorithms
(IAs) [33]. Interface algorithms such as the Ideal Transformer Model (ITM), the
Damping Impedance Method (DIM), the Partial Circuit Duplication (PCD), and
Transmission Line Model (TLM) have been discussed and evaluated in litera-

ture [13,33,38,47-49].
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Table 2.1: Comparison of the interface algorithms regarding stability, accuracy, and
ease of implementation.

. - Ease of
Interface algorithms [13,33,49] Stability Accuracy Implementation
Ideal transformer model (ITM) Low Medium High
Damping impedance method (DIM)  Medium High Medium
Partial circuit duplication (PCD) High High Medium
Transmission line model (TLM) High Low Low

Depending on the level of stability and accuracy performance and the ease of
implementation of the aforementioned TAs, the criteria Low/Medium/High were
leveraged to assess these IAs. Consequently, a comparative summary of these
[As is presented in Table 2.1. Note that ease of implementation refers to the level
of complexity involved in putting the relevant interface algorithm into practice,
while taking into account the amount of the availability of laboratory resources
and the computation resources, time and expertise required.

As shown in Table 2.1, among these mentioned interfacing methods, ITM is
the most straightforward way as a result of its ease of implementation and rel-
atively high and acceptable stability and accuracy performance. In spite of the
complex structure, DIM, as a combination of ITM and PCD, can provide the best
trade-off between stability and accuracy under the circumstance that the damp-
ing impedance can ideally match with the impedance of HuT [13,33,47,49]. Even
though PCD interface presents remarkably high stability, its accuracy is deter-
mined by the system converging speed and the relatively large linking impedance
and small HuT impedance, which are always not practical and infeasible in the
real world [33,49]. As a result of the passive linking impedance, the TLM in-
terface algorithm presents high stability, which is at the expense of the accuracy
under the assumption that the transmission time constant is equal to the time
step [33,49]. Moreover, this method is limited by its difficulty for practical im-

plementation and the high requirement of linking impedance.
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Figure 2.2: Equivalent model of the PHIL system with voltage-type ITM interface.

2.2.2 ITM-Based Interface Modelling

Among the interfacing methods dedicated to the PHIL setup, the ITM interface
is widely adopted because of its simple implementing structure and shows a good
performance with respect to stability and accuracy properties. Depending on the
type of power amplification and the controllable power sources implemented in the
DRTS and hardware side, ITM can be categorized as voltage-type or current-type.
Owing to the availability of the off-the-shelf voltage-type power amplifier, Voltage-
Type ITM (V-ITM) interface has been extensively leveraged for the real-time
testing of grid-following converter and other power apparatus [20,27, 29,40, 41].
This interface will be utilised throughout the chapter.

As shown in Figure 2.2, the V-ITM is configured as a controllable voltage
source in hardware side and a controllable current source in DRTS side. The
voltage source is controlled by a voltage-type power amplifier that regulates its
output voltage by following the command signal that are measured at the cou-
pling point in the simulation side and transmitted through a DAC card. On the
other hand, the hardware side current is measured by the current sensor and
further processed by a Low-pass Filter (LPF) unit, whose output injects into the
emulated network by a controlled current source and thus closing the simulation

loop. From the system modelling point of view, the PHIL system is represented
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Figure 2.3: Equivalent block diagram of the V-ITM based PHIL system in Fig. 2.2.

in the form of a Single-Input Single-Output (SISO) closed-loop system and the
respective equivalent block diagram with all key components and interface signals
are presented in Figure 2.3. The open-loop transfer function of this PHIL system

is represented as,

To(s) = Ga(s)Gals)Gal)Cis) 20, 1)
Gpi(s)

where Zg and Zy are the equivalent impedance of the power network within the
DRTS platform and the HuT, respectively. Gpr(s) is the transfer function of
the power interface comprising the transfer functions of DAC card G:(s), power
amplifier G5(s), current sensor G3(s), and ADC card in series with a LPF G4(s).

As summarised in [30], the following processes and units all inevitably intro-

duce time delay (in microsecond scale) to the PHIL closed-loop configuration:
e Digital processing of DRTS platform (50 ps to 100 ps).
e Digital control of the power amplifier (50 ps to 550 ps).
e ADC and DAC signal conversion cards (100 s to 200 ps).

e Communication latency between different platforms (50 ps to 100 ps).
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With the time delay 7 in the PHIL closed-loop expressed by its equivalent

Laplace transformer (e~*7) [50], the components in Eq. (2.1) are modelled as,

1

G1(5> = kle_Sle, G2<8> = kgs— 78Td2,
27Tf02 + 1
1 (2.2)
Gy(s)= T8, Gy(s)= ————e ™,
27 fea + 1

where k; and ks are the scaling factor of DAC card and power amplifier, respec-
tively. Ty, and Ty, represent the one time-step delay of DRTS, Ty, and Ty are
the time delay of the power amplifier and sensor, respectively. f. is the cut-off
frequency of the power amplifier and f.4 is the equivalent cut-off frequency of
the ADC anti-aliasing filter and LPF. Representing the total time delay in the
feed-forward path as Ty_g and in the feedback path as T;_g,, the aggregated time

delay (in microsecond scale) in the open-loop is given by,

Ta=Ta + Tag+Tas + Tay - (2.3)

Ta— Ta—mn

The open-loop transfer function Eq. (2.1) is further expressed as,

o1y Zs(s) Zs(s) _
To(s) = Ghi(s)e e 2222 — 3% (s e Ta,
O( ) PI( ) ZH(S) PI( )ZH<8) (24)
e —n
OS

where G;(s) and T¢(s) represent the delay-free part of interface Gpi(s) and open
loop system Ty (s), respectively.

For analytical assessment and frequency-domain analysis, the time delay ex-
pressed in its equivalent Laplace transformer e *7¢ can be further approximated
by a rational model with Pade approximation formula [50]. Considering the trade-

off between the ease of implementation and approximation accuracy, second-order
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Pade approximation is employed in this chapter,

T2 Ty
A R R

Ty 2 4 Ta '
5 st + 2s+1

(2.5)

For digital implementation, continuous-time delay is expressed by delaying
the uniformly sampled signal 2z~ in the order of D [51] and the z-domain transfer

function is in the form of,

Hy(z) =z (2.6a)
D=1 (D)1 F 2.6b
_i_ n( )"’ ) ( )

where D is the division of time delay T3 and sampling time T; and can be expressed
by the sum of integer part Int(D) and fractional part F.

Based on the recursive duplication of linear Lagrange interpolation techniques,
all-pass fractional delay Thiran filter [52] is utilised for the approximation of
fractional delay F'. Depending on the value of F', the transfer function of Thiran

all-pass filter can be further expressed by,

2L if Int(D) =0, F >0,

z P, if Int(D) € RT,F =0,

Hd(z) = N (273)
Z hsz(ka)
=0 ., if Int(D) € RT,F > 0,

N
Z hkz_’“
k=0

\

N
N D—-—N+n
Pik=0,1,2,..N) = (—1)k ( k) H Fa R - (2.7b)
n=0

where N (N = ceil(D)) is the order of Thiran all-pass filter.
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2.3 PHIL Stability

This section presents the PHIL system stability criteria and identifies the key
determinants for the PHIL closed-loop stability. These are followed by analytical
assessment of the identified PHIL stability determinants and a comprehensive

and in-depth assessment of the PHIL stabilisation schemes in the literature.

2.3.1 Stability Criteria and Determinants

Based on the open-loop transfer function To(s) of the SISO closed-loop system
in Figure 2.3, the system stability can be assessed by applying suitable stability
criteria such as the Nyquist or the Routh-Hurwitz criterion [50] to the closed-loop

system characteristic equation that is given by,

1+ To(s) = 0. (2.8)

As shown in Eq. (2.4) and Eq. (2.8), the closed-loop characteristic polynomial
(1 4+ To(s)) consists of the impedance, time delay and the delay-free power in-
terface Gp;(s). The Gain Margin (GM) and Phase Margin (PM) are employed
to determine the closed-loop stability from the open-loop transfer function [50].
Under the circumstance that GM and PM are positive, the PHIL stability is
guaranteed provided that the magnitude and phase responses of the open-loop

transfer function To(s) satisfy the following criteria,

GM = 0-20log(|To(jwep)]), GM >0
(2.9)

PM = £To(jweg) — (—180°), PM >0

where we, is the gain crossover frequency at which the magnitude of To(s) is 0dB,

Wep 1s the phase crossover frequency at which the phase of T (s) crosses —180°.
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Figure 2.4: Bode plots of the open-loop transfer functions of PHIL system with unity
Gpi(s) and (a) fixed IR (IRg = 3/(0.001s + 1)) and variable time delay, (b) fixed time
delay (T4 = 600us) and variable IR.

The delay-free power interface Gp;(s), aggregated time delay, and the equiv-
alent impedance of the simulation and hardware side in Eq. (2.4) and Eq. (2.8)
are the key determinants in guaranteeing the stability criteria in Eq. (2.9). The
impact of these key determinants on the PHIL system stability are elaborated as

follows:

e Delay-free power interface G(s)

With more advanced power amplifiers being made available in the market,
the precise modelling of the off-the-shelf power amplifier comprising subsys-
tems (as in Eq. (2.2)) and the signal conversion cards (i.e., ADC and DAC)
is feasible in a laboratory environment. Correspondingly, the delay-free part

51(s) in the power interface (as in Eq. (2.4)) serves as an invariant part in

determining the PHIL stability.
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e Time delay
As shown in Figure 2.4(a), the frequency response of the time delay presents
unity magnitude but introduces additional phase lag. Phase margin (PM)
measures the system stability tolerance to the time delay and the stabil-
ity can only be guaranteed provided that PM is large than zero and the
corresponding phase response should satisfy the following criteria,

GM- = ‘G}*)I (jwcg)—zs(jwcg) e JWegTa

ZH(ijQ) - 1

Y

(2.10)

PM = £ [Gyjuey) Ehtestemiverta] 1+180° >0,

where w4 is the gain crossover frequency at which the magnitude of open-

loop transfer function is equal to 1 (0 dB).

Since time delay has no effect on the magnitude of the input signal so does
the gain crossover frequency [50]. However, as shown in Eq. (2.10), the
phase lag caused by the time delay significantly degrades system stability
as a result of the reduced phase margin. Accordingly, given that the PHIL
system with fixed impedance, the time delay destabilises the PHIL system

once it exceeds a critical limit Ty., which is defined as,

Zs(juwe)
PM = / Gi‘al(jwcg)%e—ﬂwcﬂdc 1180°=0.  (2.11)
cg

e Software and hardware side impedance

Due to the phase lag introduced by the time delay, the PHIL system stability
is more susceptible to the system impedance variance than that of a delay-
free PHIL system. Even when the time delay is within the critical limit as
identified in Eq. (2.11), as shown in Figure 2.4(b), the closed-loop stability

can only be maintained for certain Impedance Ratio (IR), where IR =

Zs

7 The smaller the magnitude ratio is, the more stable the system will
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be. On the other hand, the gain margin of the PHIL system is a factor
by which the impedance ratio can be raised before breaching the system
stability. Accordingly, given that the PHIL system with fixed time delay,
the impedance ratio destabilises the PHIL system once it exceeds a critical
limit IR (IR = 284%2)) which is defined as,

Zn(jwep)

Zs(jwey) _;
GM = Fl(jwcp)—zz((‘;zp))e]wﬂ‘ =1 (2.12)
cp

This rigorous impedance ratio constraint in maintaining a stable PHIL sys-
tem presents a significant limitation in the realisation of PHIL setups as
in real-world applications the impedances in the simulation and hardware

sides witness significant variations.

The above identified key determinants including the delay-free power interface
G3i(s) and time delay that are not exist in original system of interest and the
impedance ratio between the software and hardware side play a significant role

in determining the PHIL system stability.

2.3.2 PHIL Stability Enhancement Scheme

To mitigate the destabilisation impact of the identified key determinants on the
PHIL closed-loop stability, many research efforts have been devoted to improving
the stability of a PHIL system either by decreasing the impedance ratio between
the software and hardware side or by improving the system stability margin
through augmenting the power interface with compensation schemes.

The stabilisation scheme involving decreasing the impedance ratio between
the software and hardware side includes advanced ideal transformer method
[53], impedance shifting method [54], and hardware inductance addition method
[55,56]. The design principles, advantages and limitation of these stability en-
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hancement schemes are summarised as follows:

e Advanced ideal transformer method [53].

The advanced ideal transformer method was designed by connecting com-
pensation capacitance in parallel with the controllable current source (as
shown in Figure 2.2) in the simulation side. This decreases the equivalent
impedance in the simulation side and the impedance ratio between the sim-
ulation and hardware side, thus improving the PHIL closed-loop stability
margin. Owing to the implementation of compensation shunt capacitance,
a proper compensation for the controlled current source is required to guar-
antee the voltage output of the DRTS platform is equivalent to that of the
original PHIL system.

e Impedance shifting method [54].

To degrade the impedance ratio between the simulation side and hard-
ware side, the impedance shifting method was implemented by reducing
part of the simulation side impedance and shifting this to the hardware
side by inserting a physical impedance. From the control point of view,
this shifted impedance changes the zero and pole locations of the transfer
function in Eq. (2.4) with the former being much further from the imag-
inary axis and the later being much closer to the imaginary axis in the
Left Half-Plane (LHP). However, by doing so, the accuracy of the exper-
iment is significantly deteriorated as it is not equivalent to the original
Sol. Furthermore, this compensation scheme requires additional physical

inductance, which increases the overall testing expense.

e Hardware inductance addition method [55,56].

Motivated by decreasing the impedance ratio between the software and

hardware side, this method was proposed to increase the equivalent hard-
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ware side impedance through inserting additional cascaded inductance to
the HuT. However, by doing so, the PHIL system stability margin is im-
proved at the expense of distorting the original PHIL topology, which leads
to inaccurate simulation. Furthermore, this compensation scheme requires

additional physical inductance, which increases the overall testing expense.

On the other hand, the PHIL stability enhancement schemes realised by im-
proving system stability margin without changing system impedance include the
feedback current filtering [56,57], multi-rate partitioning interface [56,58], Berg-
eron transmission line model based multi-time-step interface [27], open-loop in-
verter based interface [32,59], spectrum assignment based interface [34], and
robust data-driven controller [60]. The design principles, merits and limitations

of these PHIL stability enhancement schemes are summarised as follows:

e Feedback current filtering method [56,57].

As illustrated in Figure 2.2, a first-order low-pass filter can be deployed in
PHIL feedback path to mitigate the high-frequency noise of current mea-
surement. On the other hand, the implementation of this filter with a
low cut-off frequency extends the stability margins to the PHIL closed-loop
system. However, setting the cut-off frequency of the low-pass filter is a
trade-off between realising improved stability margin whilst minimizing the
deterioration of accuracy. The low-pass filter also significantly limits the
PHIL system bandwidth if a relatively low cut-off frequency is selected to

stabilise a marginally unstable or absolutely unstable PHIL system.

e Multi-rate partitioning (multi-time-step) interface [27, 56, 58].

Thanks to the remarkable computation capability of modern real-time com-
putation platforms, multi-rate partitioning interface was proposed to divide

the original PHIL system into some dedicated fast subsystems with small
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time-steps. The introduction of multiple fast subsystems with multi-time-
step can not only extend the system bandwidth but also improve the system
stability significantly by reducing the equivalent time delay in the PHIL
system. However, this method requires advanced multi-core real-time sim-
ulation platforms, and the fidelity depends on the dynamic coupling and

clock synchronisation between all subsystems.

e Open-loop inverter based interface [32,59].

An open-loop controlled Voltage Source Inverter (VSI) without output filter
was proposed for being the power amplifier in a PHIL setup. Compared
with the conventional closed-loop controlled voltage source converter, the
proposed open-loop VSI presents less time delay associated with sampling
and computation. The eliminated time delay can improve the stability
margin, as demonstrated in Figure 2.4(a), and enhance the PHIL stability.
Even this open-loop VSI based power amplifier improves the PHIL stability,
offers higher bandwidth than the closed-loop controlled power amplifier, its
only applicable for the significantly inductive HuT.

e Spectrum assignment based interface [34].

A delay differential equations based stability analysis method was proposed
in [34], based on which spectrum assignment was leveraged to enhance the
ITM-based PHIL setup. The spectrum assignment was achieved by imple-
menting a system state feedback of the hardware side voltage to manipulates
the input of power interface. The adjunctive state feedback voltage to the
controlled input voltage source of power interface add its derivative to the
system state, which paved a new pathway to shift certain critical spectrum’s
infinite roots to the left half complex plane. This enables the PHIL system
being equivalent to a delay-free system and stability enhancement can be

achieved without full knowledge of the hardware impedance.
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Table 2.2: Comparison of PHIL stabilisation schemes regarding stability, accuracy, and
ease of implementation.

Ease of

Stabilisation scheme Stability Accuracy Implementation
Advanced ITM interface [53] Low Medium High
Impedance shifting method [54] High Medium Medium
Hardware inductance addition [55,56] High Low Low
Feedback-path current filtering [56, 57) Medium Medium High
Spectrum assignment based interface [34] High Medium Medium
Open-loop inverter based interface [32,59] Medium High Medium
Multi-rate partitioning Interface [27,56,58] High High Low
Robust data-driven controller compensation [60] Medium Medium Medium

e Robust data-driven controller compensation method [60].

A data-driven controller design methodology utilising convex optimisation
criteria was employed to tune the PHIL feedback current low-pass filter such
that the PHIL system stability enhancement is achieved. With the norms
of the difference between controller based interface and ideal unity interface
accounted as the objective function to be optimized, the filter is designed
in discrete-time domain and tuned by optimizing the objective function
with the pre-defined PHIL stability constraints were satisfied. This data-
driven based filter design method can enhance the PHIL stability without
requiring a full knowledge of the hardware parameters and also offers the

PHIL system with enhanced accuracy and disturbance rejection capability.

In summary, the proposed methods in literature realise stable PHIL setups by
redefining the impedance ratio at the point of common coupling, by manipulation
of interface signals, or by using novel interfacing components and compensation
schemes. Apart from their design principles, merits and limitations, their perfor-
mances regarding the stability, accuracy, and ease of implementation are given in

Table 2.2 by using the predefined criteria Low/Medium/High in Chapter 2.2.1.
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2.4 PHIL Accuracy

This section presents an analysis of the PHIL system accuracy from the aspects
of the deviation between PHIL system and original Sol, the power signal syn-
chronisation and power transfer transparency within the PHIL closed-loop setup.
Furthermore, accuracy metrics are developed for the transient and steady-state

accuracy assessment.

2.4.1 PHIL Accuracy Analysis

An ideal ITM interface is delay-free and has transparent power amplification with
unity-gain and infinite bandwidth. Under such conditions, the PHIL system is
equivalent to the system of interest (Sol) as duplicated in Figure 2.1(a) and the
closed-loop transfer function between the hardware side voltage Vi(s) and the

equivalent software side voltage source Vs(s) of such an ideal PHIL setup is,

Téd(s) = VS = ZS(S) n ZH(S)

(2.13)

However, the closed-loop transfer function that is related to the hardware side
voltage Vii(s) and the software side voltage Vs(s) of the actual PHIL setup with
non-ideal interface is given by,

VH Gl(S)GQ(S)
To(s) = — = —————=. 2.14

For a given signal (e.g., Vii(s)), its accuracy can be quantitatively analysed
by assessing the deviation between the closed-loop transfer functions of the ideal

PHIL and the actual PHIL through the relative error €(s) defined as,

To(s) — TE(s)

e(s) = ‘ ) (2.15)
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Based on the detailed modelling of Sol system and PHIL system, the accuracy
of PHIL system can be analytically assessed in a quantitative manner through
employing the relative error €(s). This is critical for the system operator to design
and tune the PHIL system prior to its final deployment.

On the other hand, owing to the non-unity magnitude of the power interface
component and the phase lag arising from the aggregated time delay as defined in
Eq. (2.3), the phase and magnitude relationship between Vs and Vj of the actual
PHIL system are not aligned with that defined in Eq. (2.13). This discrepancy
not only leads to the inaccurate power signal synchronisation between the simu-
lation side and hardware side, but also deteriorates the current response at the
simulation side and hardware side. Being proportional to the frequency of input
power signal, the phase shift stemming from the time delay and the non-unity
magnitude characteristic of the power interface distorts the phase relationship
between the voltage and current. Consequently, this leads to deteriorated Power
Factor (PF) angle and inaccurate power transfer between DRTS platform and
hardware.

Provided a PHIL interface is an ideal one that presents unity magnitude and
zero phase lag, the apparent power transferred between the simulation side (Sg/)

and hardware (Sp) over a certain frequency wy, are,

Sy = |Vals| L0y = Ps+jQs,
Su= |Valu|Z0u = Pu+ jQu, (2.16)

= |[Vals| Z0u = Py +jQs,

where g is PF angle at the simulation side (i.e., ZVy — Zlg), 0y is PF angle at
the hardware side (i.e., £V — ZIy), and fg = Oy.

For an actual PHIL interface with a variety of interfacing components as pre-

sented in Figure 2.2, it presents non-unity magnitude and negative phase char-
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acteristics over a certain frequency wy, the actual voltage Vit and current Iy at
hardware side with respect to the actual voltage Vo and current Is at simulation

side are,
Vit(wn) = G1(wi)Ga(wn)Ver(uwn) = |G (we)Galuw)]| |Vern)| Zov,

IH(wk): G3(wk)G4(wk)[S(wk) = ’G3(wk)G4(wk)\’fs(wk)‘45,
(2.17a)

LV = La= Z[Gy(wp)Ga(wy)] + LV,
(2.17h)

LIy= 128 = Z[Gs(w)Gy(wp)] + L.

Substituting Eq. (2.2) and Eq. (2.3) into Eq. (2.17b), the phase angles in

Eq. (2.17) are further expressed as,

4‘71{ = A[Gl(wk)Gg(wk)] + 4‘75/ = 4( ! 1) — ’LUde_ff + Z‘A/S/,

Jwg
27 feo

(2.18)
ZIAH - Z[Gg(wk)G4(wk)] + ZIAS - Z( L ) — wde_fb + ZIAS

Jwg 1
270 feq

The difference (Z¢) between the power factor angle at the hardware (i.e.,
éH = AVH — ZfH) and the power factor angle at the simulation side (i.e., éSl =

Ve — Afs) is given by,
L= 0q — Oy = (LVg — LVs) + (LIs — ZIn). (2.19)
Substituting Eq. (2.18) into Eq. (2.19), the power factor angle difference Zy

is further expressed as,

1 1
Jwg _‘_1>_4( Jwg +1
27’l'f62 27T'fc4

Lo =L ) — wr(Ta—g — Ta—m)- (2.20)
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The apparent power at simulation side and hardware side are expressed as,

Sy = ‘VS’jS‘ s = Py + jQs,
(2.21)
Su=[Vitlu| 260 = P+ jQu.

Substituting Eq. (2.17a) into Eq. (2.21), the apparent power at simulation side

and hardware side are further expressed as,

Sy =

VS’(wk)’ )fs(?l)k)‘ lés’ - pS’ +jQS'7

S = [Ga(we) Ga(w) Ga(we) G wn)| Vs (we)| | s )| 280 = P + Q.

|Gp1(s)|

(2.22)

Substituting Eq. (2.19) into Eq. (2.22), the active and reactive power at the

hardware side can be further expressed as,

]5H = |Gp1(s)|(]55/cos<,0 - stsingo),
(2.23)

Qu=|Gri(s)|(Qscosp + Pysing).

It is evident from Eq. (2.23) that the actual power transfer within the PHIL
setup is not aligned with the power transfer defined in Eq. (2.16). This difference
results from the non-unity magnitude |Gpr(wy)| and the phase lag ¢ stemming
from the power amplifier output filter, the signal processing unit (i.e., low-pass
filter), and the aggregated loop time delay. These distort the transparent power

transfer between the simulation side and hardware side.
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2.4.2 PHIL Accuracy Assessment Metrics

Beyond the PHIL interface optimisation and stabilisation stage, rigorous accuracy
assessment of final-stage PHIL experimental results is of great significance. Hav-
ing identified the impact of power interface non-idealities on PHIL system signal
synchronisation and power transfer transparency, appreciate metrics are essential
for quantifying these PHIL accuracy properties. The following two metrics are

proposed to quantify the steady-state and transient PHIL accuracy.

e Steady-state accuracy metrics

The simulation side voltage signal Vi that is to be amplified by the power
amplifier, the voltage signal Vi at the hardware side, the power factor angle
(fs and ) at simulation side and hardware side, the active power (Py
and Py) and reactive power (Qg and Qy) at simulation and hardware side
are employed to assess the PHIL system accuracy. Accuracy metrics are
defined by the relative average error n to quantify the discrepancy between
the power signal of the PHIL setup with respect to that of original system

of interest. The relative error is given by,

A

€z o ‘l’ - */Eref‘

Ny = (2.24)

B ‘xref’ B |xref|
where Z is the power signal within the PHIL setup, x.¢ is the reference
power signal in the system of interest. x refers to the voltage signal, power
factor angles, active and reactive power within the PHIL setup and original

system of interest.

On the other hand, the power signal tracking error metrics are proposed
to quantitatively assess the power signal distortion and the power transfer

transparency between simulation side and hardware side at steady-state.
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The power signal tracking error metrics are given by,

( V - Y !
Voltage tracking error nyr = |VTV V|S |
Sl
Active power tracking error npr = |7 T}i_P| 5| 7
S/
o (2.25)
Reactive power tracking error ngr = —|Q‘HQ_Q|S’| 7
Sl
. |0 —0 |
Power factor angle tracking error nyr = ]
\ o

e Transient state accuracy metrics

Maximum Instantaneous Power Tracking Error (MIPTE): The maximum
instantaneous active and reactive power are measured at the Point of Com-
mon Coupling (PCC) once the PHIL feedback loop is completed. This
metric will therefore take all the dynamics of power interface and the de-
lays from the feed forward and feedback loops into account. The MIPTE
metrics are defined as maximum deviation between the measured power at
the PCC of the actual PHIL system and that of the monolithic system of

interest and are given by,

[Psr ()]rms

MIPTEp,, = max (w) ,
(2.26)

. Qsl(t)_Q//(t)
MIPTEq,, = max (m) ’

where Ps(t) and Qg(t) are the active power and reactive power of the
monolithic system of interest, respectively. Pg (t) and Qg (t) are the active

power and reactive power of the actual PHIL system, respectively.

These accuracy metrics are crucial for PHIL accuracy assessment and will be

further leveraged for the compensation schemes validation in the rest chapters.
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2.5 Summary

This chapter presented the state-of-the-art of PHIL systems and identified the
key challenges in realising a stable PHIL closed-loop simulation with high fidelity.
These are followed by detailed PHIL system modelling regarding its architecture,
interface algorithm, mathematical modelling of key components and equivalent
system transfer functions.

Significant emphasis has been placed on the analysis of PHIL closed-loop
stability. The key determinants for PHIL closed-loop stability have been identified
and their impacts on PHIL stability have been analytically assessed. Following
on this, the novel PHIL stability enhancement schemes involving modifying the
impedance ratio between simulation side and hardware side and implementing
compensation schemes to improve system stability margins have been reviewed.
The review of a variety of PHIL stabilisation schemes in relevant literature along
with their design principles, advantages and limitations reveal that there are
ongoing research activities towards bridging the research gap in developing state-
of-the-art compensation schemes for enhancing the PHIL closed-loop stability
without deteriorating its accuracy.

In addition, the detrimental impact of PHIL interface on the signal synchro-
nisation and power transfer transparency has been analysed. This justifies the
development of compensation scheme for improving PHIL accuracy as one of the
main contributions of this thesis. Accuracy metrics were proposed for quantita-
tively assessing PHIL accuracy and verifying the proposed compensation method-
ologies in the following chapters. These are of great value in providing a means
to quantify simulation accuracy on a common basis for the PHIL community.

The detailed modelling and PHIL stability and accuracy analysis in this chap-
ter will contribute to the development of PHIL stability and accuracy enhance-

ment schemes in this thesis by establishing theoretical foundations.
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Chapter 3

Adaptive Smith Predictor for
PHIL Stability Enhancement

The stability and accuracy of power hardware-in-the-loop (PHIL) setups are sen-
sitive to and deteriorated by the dynamics and non-ideal characteristics of their
power interfaces, such as time delay, noise perturbation, and signal distortion.
As analysed in Chapter 2.3, from the control point of view, the PHIL closed-loop
stability is mainly determined by the time delay stemming from the power in-
terface and the equivalent impedance ratio between software and hardware side.
The impact of varying impedance ratio between simulation side and hardware
side on the PHIL stability has been well-analysed and assessed in [33-35,61, 62]
and the PHIL stability is strictly constrained by this impedance ratio. Such a
stringent impedance ratio constraint is not always ensured in practice due to the
impedance variations of the emulated power network and hardware components
during an experimental scenario run.

The literature review of the PHIL stabilisation schemes in Chapter 2.3 has re-
vealed that there is a growing tendency for developing novel stabilisation scheme
to mitigate the impact of non-ideal power interface on PHIL stability without de-

teriorating the simulation accuracy. Although the proposed stabilisation methods
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(as summarised in Chapter 2.3) in the literature realise stable PHIL setups by re-
defining the impedance ratio at the point of common coupling or by manipulating
the interface signals. These method are either limited by the availability of proper
physical impedance [54,56] and the deteriorated simulation accuracy [53-56], or
their performances are deteriorated by the limited bandwidth [56,57], or depended
on the dynamic coupling and clock synchronisation between subsystems with dif-
ferent time-steps [27,56, 58]. Furthermore, these methods are passive, i.e., only
applicable to the setup for which they are designed and any hardware or software
impedance variation may lead the system to instability.

Considering the aforementioned limitations, inspired by the Smith predictor
criterion applied in [31,63-66], this chapter presents an adaptive Smith predictor
based PHIL stabilisation scheme that presents high robustness to the variations
of system impedance. The main contributions of this proposed method are sum-

marised as follows,

1. A Smith predictor criterion inspired compensator is designed to mitigate the
negative impact of the time delay on PHIL closed-loop stability. Although
a passive approach, this passive compensator introduces a buffer in the
variability of impedance and enables a stable PHIL experiment over a wider

range of scenarios.

2. Robustness analysis of the passive compensator against the modelling error
stemming from system impedance variation is presented and the stability

constraint of the passive compensator-based PHIL system is defined.

3. To enhance the robustness of compensator and overcome the limitation of
passive approaches, an adaptive Smith predictor compensator based on a
computationally efficient online impedance parameter identification tech-
nique is proposed. The accurate impedance identification allows the pa-

rameters of Smith predictor compensator being adapted in real-time to
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ensure seamless operation catering to any variations in impedance during

the experimental run.

The remainder of this chapter is organized as follows: Section 3.1 presents
the in-depth design criteria of the Smith predictor compensator along with its
robustness analysis and stability constraints definition. In Section 3.2, the online
SDFT and vector-fitting based impedance identification method are presented
and its functionality in equipping the proposed compensator with adaptivity to
system impedance variation is elaborated. Analytical assessments of the proposed
compensation scheme are presented in Section 3.3, followed by its experimental
validation in Section 3.4. In-depth discussions are presented in Section 3.5. Sec-

tion 3.6 concludes the chapter!.

3.1 Smith Predictor Based Stability Enhance-
ment Scheme

This section describes the design criterion and the functionality of Smith predic-
tor compensator, analyses the impact of modelling errors on the robustness of
proposed Smith predictor compensator, and defines the stability constraints of

the Smith predictor aided PHIL setups.

3.1.1 Smith Predictor Design Criteria

Smith predictor based predictive control, an effective time-delay compensation
scheme, has been extensively employed for power system control [63,67], power
converters control [64,65], microgrid hierarchical control [66], etc. As shown in
Figure 3.1, inspired by the Smith predictor design criterion in [63-67], a model

based compensator Cp,(s) is designed and implemented in the feed forward path

1 This chapter is an extension of a conference publication [31] and journal publication [42].
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V. Vg Vi
e'an CegOH—G ()F—1Ga(s)} L
Ve SP DAC Amplifier
1
Zs(s) ZIL(S)
ADCHLPF Sensor

G4(S)HG3(S)<

DRTS Pl HuT

Figure 3.1: Equivalent PHIL diagram with Smith predictor compensator.

V. Vg m - Vi |
. S }Gl(s)l—‘Gz(S) T 4
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1
Zs(s) ZP(S)
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Gi(s)—G3(s)%
DRTS PI HuT

Figure 3.2: Equivalent PHIL system with shifted time delay in the open-loop.

in the PHIL closed-loop setup, whose closed-loop transfer function is given by,

Ceg(5)G1(s)Ga(s)

1+ Coy(8)G1(5)Ga(5)Gs(5)Ga(s) 22

Te(s) = -
ZH S)

(3.1)

Substituting Eq. (2.4) into Eq. (3.1), the closed-loop transfer function of the
Smith predictor-based PHIL setup in Figure 3.1 is further expressed as,

1 (s) — _Cal8)G(5)Gals)
T+ Coy(9) T s)e T

(3.2)

Figure 3.2 presents the equivalent PHIL diagram with time delay shifted in
the open-loop, whose closed-loop transfer function is,
Gi(s)G5(s) —ary _ Gi(8)G5(S) o,

To(s) = 1O )GBE)EEGEE . T+T(s) (3.3)
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Compensator Cy(s) Power Interface!
V. |2 Ve N Vi
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1
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Figure 3.3: Equivalent PHIL diagram with detailed structure of Smith predictor com-
pensator.

The transfer function of Smith predictor compensator is derived by setting the
equivalence between the systems in Figure 3.1 and Figure 3.2 (i.e., TL(s)=T&(s)),

which yields,

1

Ceals) = 1+ fg(s)(l — e~sTa)’

(3.4)

where T\S(s) and T} are the estimation of the nominal delay-free model T4(s) and
the aggregated delay Ty, respectively. As presented in [30], the time delay within
the PHIL setup presents a relatively small variation with respect to its average
value. Note that, the maximum time delay is used when designing the Smith
predictor to ensure its effectiveness in fully mitigating time delay.

An illustration of the Smith predictor compensator is enclosed in the dashed
block (purple) in Figure 3.3, the Smith predictor compensator is implemented at
the point of common coupling in the feed-forward path to process the output
signal from DRT'S before it is amplified by the power amplifier. By implementing
this compensator, the closed-loop transfer function between Vg and Vj is,

G1(s)Ga(s)

Te(s) = ik .
C 1+ Té(s)e—STd + Té(S)(l _ €_$Td) (35)

Assuming the time delay and the system model are estimated precisely, namely
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Compensator C.(s)! |Power Interface

INPa! \ KH
> G (9)Go(s) >

Gi(s)

Figure 3.4: Theoretical equivalence of the diagram in Figure 3.3.

Ty = Ty and T\S(s) = T§(s), the closed-loop transfer function in Eq. (3.5) is the
same as that in Eq. (3.3). It is clear from Eq. (3.3) that the characteristic equation
of the Smith predictor compensator-based PHIL setup excludes the time delay,
thereby enhancing the system stability. Note that with accurate estimations of
fg(s) and fd, as shown in Figure 3.4, the estimated output \725 of the Smith
predictor is equal to the actual feedback signal V; (i.e., the actual voltage drop
Vz, of the impedance Zg). The voltage signal ‘75 applied to the inner loop of the

Smith predictor and the actual voltage \78/ applied to the power interface are,

Vs = VS+‘7ZS -V = Vs,

(3.6)
oo V _ V
Vo = 1+T?‘)(s) - 1+T§‘)(s)’

Accordingly, the compensator outputs a delay-free signal ‘/}s/ to the power
interface. Figure 3.4 presents the equivalent diagram of Figure 3.3, from the con-
trol point of view, the estimated output VZS of the compensator counteracts the
actual voltage drop V. of the impedance Zg and results in a virtual zero feed-
back signal Vi. This enables an equivalent open-loop system operation through
injecting a delay-free input to the power interface, thus mitigating the simulation

error and destabilisation impact stemming from the time delay.
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3.1.2 Robustness Analysis of Smith Predictor

Assuming 075 (s) as the error between the estimation fé(s) and the actual T¢)(s),

the estimation model is represented as,

~

T5(s) =T5(s) + 6T (s). (3.7)
The error in estimation is attributed to the imprecise modelling of the power
interface and the variations in the HuT and DRTS impedances. Substituting

Eq. (3.7) into Eq. (3.5), the closed-loop transfer function of the PHIL setup can

be written as,

Vi G1(s)G
To(s) = h(s) = . 1<S)* 2(s) STy " (3.8)
Vs(s)  1+T4(s)+ 0T (s)(1 — esTa)
Accordingly, the system characteristic equation is given by,
1+ T5(s) + 6T5(s)(1 — e *14) = 0. (3.9)

As the modelling error is part of the system characteristic equation, the sys-
tem stability is susceptible to this modelling error. As illustrated in the Nyquist
diagram in Figure 3.5, the minimum system stability margin is the shortest dis-
tance between T{(jw) and the critical point (-1,0) in the polar diagram. The
condition for the PHIL closed-loop to maintain stability is that this minimum
stability margin is always greater than the magnitude of ‘5T Sjw) (1 — e_ijd)|

for all the frequencies, which yields,

075 (jw) (1 — e )| < |1 = T (jw)|, Yw > 0. (3.10)

The limit of the modelling error at which the overall PHIL closed-loop can
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Figure 3.5: Polar diagram of the Smith predictor compensator based PHIL system with
and without modelling error in the compensator.

maintain stability is given by,

1+ T5(w)]

T3 ()| <

Y > 0. (3.11)

The robustness of Smith predictor is quantitatively defined by the criteria
derived in Eq. (3.10) and Eq. (3.11). With more advanced power amplifiers be-
ing made available in the market, the precise modelling of the power amplifier
comprising subsystems (as in Eq. (2.2)) is feasible in a laboratory environment.
Therefore, the error in model estimation stems from the impedance variations
during the real-time testing. For a Smith predictor compensator designed for a
system with impedance ratio IRg, variations in impedance ratio can be accom-
modated to ensure a stable system until the inequality relationship in Eq. (3.10)
fails. The value of impedance ratio at which the inequality in Eq. (3.11) is no
longer valid is defined as the critical impedance ratio IR., which serves as the

buffer for variability in the impedance ratio guaranteeing PHIL system stability.
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3.2 Impedance Identification Aided Adaptive

Smith Predictor

1
. Non-Parametric Least-Square Estimated !
:V”_> |I’ GSDFT Impedance Coefficient Impedance :
' el [im Vector Fitting Model :
! .
! Impedance ) : A S? A Adaptive |,
' Re;| {Im (=0 i Smith X
. Response 1z (i) =| S Eq.3.17)~ ZH(S):mil?i i '
. Calleuikitom B Re,| *|Im, Eq.(3.21 i=0DiS CPredlctotr !
. k=0,1...K | : : ompensator |,
1 : : Eg. RL Model
ey A :
lH 'GSDFT e Z(s) = Agtd,s |

Figure 3.6: Block diagram of GSDFT-based HuT impedance identification aided adap-
tive Smith predictor.

If the impedance of the system can be estimated in real-time, the model of
Smith predictor based compensator adopted for a PHIL setup can be updated
to ensure stability with varying impedance. This is the principle adopted for the
development of adaptive Smith predictor in this chapter.

As shown in Figure 3.6, the impedance model identification involves apply-
ing the Goertzel Algorithm-Based Sliding DFT (GSDFT) to process the exter-
nally injected excitation voltage signals and the corresponding current signals for
frequency-domain impedance responses calculation. The responses are succes-
sively processed by the least-square vector fitting algorithm to get the rational
impedance model that is employed to update the adaptive Smith predictor. The
following two sub-sections elaborate on these steps in more detail.

3.2.1 Impedance Frequency Response Calculation

In real-time application, the frequency-domain data must be processed frequently
and promptly. SDFT is deduced from the Discrete Fourier Transform (DFT)
circular shift property [68] with the time-domain sequence circularly shifted by

one sample through multiplying e’ % and the signal spectral being updated on a
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Figure 3.7: GSDFT-based frequency-domain response calculation.

sample-by-sample basis [68,69]. This attribute enables SDFT to present higher
computation efficiency and low computation cost than FFT in processing signals
with selective frequencies [68,70]. Deduced from the frequency sampling theorem
as given in Eq. (3.12a), SDFT can be represented as a comb filter in series with

complex resonator banks [51] and be written as,

Sk(n) = ej%[sk(n —1)+z(n) —x(n — N)], (3.12a)
Si(n) N eI 5
Hooer®) = Sy ~ 2 D (3.120)

Comb filter N ———

complex resonator

where N (N = %)is the window size, fs is the sampling frequency, fy is the
fundamental frequency, and k (k = 1,2,3,--- , N) represents the order of recursive
filter.

To further reduce the computation complexities of SDFT for its real-time
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application, Goertzel algorithm [68-71] is applied to SDFT by multiplying the
numerator and denominator of Eq. (3.12b) with (1 —e™ ¥ 271). Accordingly, the
transfer function of GSDFT consists of real-only coefficients in its denominator

and is given by,

(1 — e_j%z_l) ok

el N, 3.13
1— 2008(%)2_1 + 272 (3.13)

Hasprr(z) = (1 —277)

Comb filter

k-th Goertzel filter

As shown in Figure 3.7, the structure of a GSDFT corresponds to the cas-
cading of a comb filter, a Goertzel filter in second-order Infinite Impulse Re-
sponse (IIR) form, and a phase shift factor e’ ¥ . This structure enhances its

ease of implementation for frequency-domain response calculation in real-time

application.
’ AYYYYY
2 Y- YY)
g 50
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‘=
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2 HEE
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Figure 3.8: Frequency response of the N order comb filter for a selective set of

harmonics.

Figure 3.8 illustrates the frequency response characteristic of comb filter over
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Figure 3.9: Frequency response of complex resonator for a selective set of harmonics.

a set of harmonics. Being widely employed for power system and power converter
harmonic extraction and harmonic mitigation [67,72-74], as shown in Figure 3.8,
the comb filter can be envisioned as a notch filter with notches periodically spaced
at fundamental and harmonic frequencies. This presents the same characteristic
as narrow band-pass filter and enables the attenuation of the input signal with
notch frequencies to an extremely low level. As presented in Figure 3.9, the
k-th order IIR Goertzel filter is equivalent to a band-pass filter centred at the
frequency k fy with a sharp cut-off amplitude, which enable it selectively amplifies
the corresponding signal component.

It is evident from the frequency response characteristic of the GSDFT filters
presented in Figure 3.10, the GSDFT with k-th order Goertzel filter presents
unity gain and zero phase shift characteristics at the frequency of concern. Thus
the implementation of GSDFT with k-th order Goertzel filter enables the selective

signal extraction at a certain frequency of interest without magnitude distortion
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Figure 3.10: Frequency response of the GSDFT with Goertzel filters designed for a
selected set of frequencies.

and phase shift. Based on the selective signal processing attribute of GSDF'T, the
frequency-domain Hu'T impedance response with respect to an externally injected

signal with frequency kwy is give by?,

Zy(edkwoTs) — ) = Rey, + jImy,. (3.14)

Owing to the sample-by-sample signal processing properties of GSDFT, the
HuT impedance frequency response calculation that is based on the GSDF'T filters
presents higher computation efficiency and higher speed than the conventional
FFT-based frequency response calculation over a selective set of frequencies. The
frequency-domain HuT impedance data calculated in Eq. (3.14) will be further

processed to identify the equivalent HuT model in the following section.

2 Re and Im denote the real part and imaginary part of a complex number, respectively.
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3.2.2 HuT Impedance Parameters Calculation

As shown in Figure 3.6, the multiple sinusoidal voltage excitation signals with
predefined frequencies wy, (k = 1,---, K) are injected via the power amplifier
and the corresponding frequency-domain system response data is calculated by
GSDFT. The response data is further processed by exploiting the vector fitting
algorithm in a least-square sense.

The rational transfer function of the impedance, a continuous-time linear time-

invariant (LTI) system, is,

i aisi
Zus) =2 _ 5 (3.15)

where n and m are the order of the numerator and denominator, respectively. a;
and b; represent the coefficients of the transfer function to be estimated.
The frequency response data calculated by GSDFT over the predefined fre-

quencies, namely |wp, Kwy|, are expressed as,

where K represents the number of the frequency components to be injected.
er represents the numerical difference between the measured Zy(jwy) and the

frequency response of the estimated 2H (jwg) at frequency wy and is given by,

: A(jwy)
= (Rey + jImyg) — — 3.17
where
Ajw) =Y ai(jwr)’, Bljwg) =1+ bi(jwg)” (3.18)
i=0 =1
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Exploiting the residual €, as a scalar to assess the estimation error, the
weighted error € is calculated by multiplying the residual ¢, with weighting

function B(jwy), which yields,

&, = e B(jwy) = (Rey, + jlmy,) B(jwy) — A(jwg). (3.19)

Quadratic cost function is further defined as the summed square of the weighted

error €, over the experimentally-observed frequency-domain data, namely,

)

K
. — 12
J(A,B) argIAﬂlg;\ekl (3.20)

Coefficient matrices A and B are calculated by minimizing the quadratic cost
function through differentiating it with respect to unknown coefficients (i.e., a;

and b;), that is,

% - 07 A - [CLO) ai,a9,- - an]T7

(3.21)
10)
g =0, B o= [1,by,by, by

The vector fitting linearisation method as elaborated in [75,76] is applied to
the non-linear matrices in Eq. (3.21) to converter it into a set of linear algebraic
equations. Based on these, the numerical values of the coefficient matrices A and
B are further calculated by solving the corresponding linear algebraic equations.
The details of this method and its examples are presented in Appendix A.

The main advantage of this method is that the impedance measurement is
based on GSDFT calculations over a selected set of frequencies with high-speed
computation and low complexity. The compensator is updated based on the
online impedance measurement without a requirement of prior knowledge of the

parameters of system to be tested, which is well-suited for PHIL simulation.
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Table 3.1: Parameters for the analytical assessment and simulation.

Setup ki k2 feo  fea Tai Ta2 Taz Taa  Ta

Unit - — kHz kHz s Bs 1s s Bs

Value 02 5 8 8 50 450 50 50 600

6 : : : : 6 ; ‘ - 1
<4t r— 1 4t [ -
é / r/
0 hh . . . i 0 e ! : ! '
0 0.05 0.1 0.15 0.2 025 0 0.05 0.1 0.15 0.2 0125
Time (s) Time (s)
(a) (b)

| —Orignial system of interest PHIL system PHIL system with Smith predictor |

Figure 3.11: Current behaviour of the PHIL systems with (a) Zy = (le73s + 1)Q2 and
(b) Z = (7.692¢ %5 + 0.769)Q.

3.3 Analytical Assessment and Simulation

This section presents the analytical assessment and evaluation of Smith pre-
dictor in improving the PHIL stability through simulation undertaken in Mat-
lab/Simulink. The PHIL interface parameters (as in Eq. (2.2)) are given in Table
3.1. The software side impedance is chosen as Zg = 3€) (Note that, as the Smith
predictor is designed according to the system impedance, the effectiveness val-
idation of proposed approach is not limited by the choice of the impedance of
the system under consideration) and the simulation side voltage is emulated as a

10V step voltage signal in the cases presented in subsections 3.3.1 and 3.3.2.

3.3.1 Stability Enhancement by Smith Predictor

The first case involves a PHIL system with hardware impedance Zy = (le s +

1)€2 and the impedance ratio IR is the same as IR, for which the analytical stabil-
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ity assessment is presented in Figure 2.4. The hardware side current is presented
in Figure 3.11(a). For the PHIL system without a compensator, the current
reaches a stable state after some oscillations and is consistent with that of the
Sol at the steady state. As for the PHIL with Smith predictor compensator, the
current oscillations stemming from the time delay are mitigated as the time delay
has been equivalently shifted out of the PHIL closed-loop by the compensator.

Figure 3.11(b) presents the current behaviour of a PHIL system with hardware
impedance Zy = (7.692¢ s + 0.769)Q and an impedance ratio as 1.31Rg. As
analysed in Figure 2.4, this impedance ratio exceeds the critical ratio limit and
the closed-loop system is unstable. Correspondingly, the current of such a PHIL
system without a compensator is not convergent in nature. While the current of
the PHIL system with a compensator converges and is aligned with that of the
Sol at steady state.

Comparing these two cases, the variation in system impedance can lead to
instability if the variation exceeds the critical IR boundary as shown in Fig-
ure 2.4. The incorporation of Smith predictor compensator stabilises the closed-
loop system and also extends the range of impedance ratios over which the PHIL

simulation can remain stable.

3.3.2 Robustness Assessment of Smith Predictor

Although the passive Smith predictor can ensure the stability of PHIL setups
over an extended impedance range, the system can tend towards instability if
the modelling error between estimated model and actual model breaches the sta-
bility criterion defined by Eq. (3.10) and Eq. (3.11). Consider a PHIL system
with impedance (Zs = 3Q, Zy = (le73s+ 1)Q). A Smith predictor compensator
is designed for the example PHIL system. Figure 3.12 presents the inequalities
in Eq. (3.10) against the variable impedance ratio as a result of hardware side

impedance variations. Critical impedance ratio IR, is obtained as IR, =2.88IR
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Figure 3.12: Magnitude of the inequalities in Eq. (3.10).

Table 3.2: Hardware-side impedance and impedance ratio.

Cases Case A Case B

t <0.15s t > 0.15s t <0.15s t > 0.15s
le™3s+1 7.692e*s + 0.769 le™3s+1 3.448¢~%s + 0.345

IR IRg 1.331Rg IRg 2.901IRg

from the boundary of the two terms in Eq. (3.10). Provided the compensator is
not updated according to the impedance variation, the PHIL system is unstable
once the impedance ratio exceeds IR., otherwise, the system is stable but inac-
curate due to the modelling error between the estimated model and the actual
model.

This is further demonstrated in simulation where a passive Smith predictor
is designed according to the impedance (Zs = 3Q, Zg = (le™3s + 1)Q) and

hardware side impedance variation is emulated at ¢ = 0.15s for the two cases
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Figure 3.13: Current behaviour of the PHIL systems with impedance variations: (a),
(b): Case a, (c), (d): Case b.

listed in Table 3.2. For Case A, as shown in Figure 3.13(a), the PHIL system
with impedance ratio as IRy is stable before impedance change and becomes
unstable after impedance change. Before the impedance change, as shown in
Figure 3.13(b), the PHIL with compensator is stable and its current is consistent
with that of the Sol. After impedance change, the compensator still stabilises
the PHIL system as the impedance ratio is within the critical impedance ratio
in Figure 3.12, but the current deviates from that of the Sol. In terms of Case
B, as shown in Figure 3.13(c), the PHIL system without a compensator is stable
before impedance change but becomes unstable after impedance change. For the
PHIL system with a compensator, since the impedance ratio exceeds IR, after the
impedance change, the compensator is not able to maintain the stability criterion
defined in Eq. (3.10). At this point, as shown in Figure 3.13(d), the current is
divergent and tends to instability and the PHIL system reaches an unstable state.
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Table 3.3: Hardware-side impedance variation.

Parameters Rl Rg L1 L2 C
Value 1.000©Q 0.500Q 1.000mH 0.333mH  250.000 pF
Impedance Element Reference Estimation
Zm R+ L, Ry + sl 1.005e73s + 1
Zyo Ry + Lo Ry + slo 3.334e %5 + 0.5
Ri1L,Cs*4+L;s 2.505¢ "7 s2+4+9.856e " 4s+1.245¢ "4
Zu3 (R1+C)// L L1535+R1031+1 2.521e*ts2+2.469et4s+1
£ b
3 Lo
=] © el
= Ole o0 A“AMA e 0—g- 08800
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Figure 3.14: Frequency response of the impedance model.

3.3.3 Assessment of Real-Time Adaptive Smith Predictor

For the evaluation of adaptive Smith predictor, a single-phase Alternating Current
(AC) voltage source Vs rated at 230 V and 50 Hz and three hardware impedances
(combination of resistive-inductive and resistive-inductive-capacitive) are chosen
as presented Table 3.3. The simulation begins with hardware side impedance
as Zy; for which the Smith predictor is accordingly designed. Two cases are

presented where impedance is varied at ¢ = 0.15s, first from Zy; to Zyo, and
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Figure 3.15: Current behaviour of the PHIL systems with impedance variations: (a)
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second from Zy; to Zgs.

As presented in Section 3.2, the adaptive Smith predictor is dependent upon
accurate estimation of the impedance change. Figure 3.14 presents the GSDFT
experimental measurement over the selected set of frequencies ranging from 10 Hz
to 5 kHz and the frequency response of the reference model and estimated model
identified by the impedance identification units as presented in Figure 3.6. Al-
though there are some slight deviations between the experimental measurement
data and the reference model, most frequency-domain measurement data are well-
fitted to the reference model. Good agreement between the estimated impedance
transfer function and the reference impedance transfer function has been achieved.

Figure 3.15 shows the hardware side currents of the original Sol, PHIL system
with passive compensator or with adaptive compensator. Before the impedance
change, the PHIL systems implemented with these compensators are stable and

their currents lag the Sol current by Ty. However, after the impedance change,

62



Chapter 3. Adaptive Smith Predictor for PHIL Stability Enhancement

the PHIL system with a passive compensator is unstable. On the contrary, the
PHIL system with real-time adaptive compensator is stable and the short-period

oscillations after the impedance change are suppressed.

3.4 Experimental Validation

This section is dedicated to the experimental validation of the proposed PHIL
stability enhancement scheme. The experiment was undertaken in the Dynamic
Power System Laboratory (DPSL) at the University of Strathclyde. Figure 3.16
shows the experimental setup. An equivalent voltage source and a low X/R ratio
grid impedance, as listed in Table 3.4, are employed to emulate a low-voltage
grid within the DRTS. A 256-step passive load bank is incorporated within the
PHIL simulation by a Triphase 90kVA voltage source back-to-back converter
(TP90kVA) acting as the power amplifier. The signal conversion between DRTS
and TPI90kVA are achieved by employing two signal conversion cards (i.e., Giga-
Transceiver Analogue Output (GTAO) card and Giga-Transceiver Analogue In-
put (GTAI) card). The remainder of the parameters for this PHIL setup® are

presented in Table 3.4.

Table 3.4: Parameters of the PHIL experimental setup.

Description Symbol  Unit Value

Software side voltage source VsiL Vv 400

System fundamental frequency fo Hz 50

Total time delay Ty us 250

Software impedance Zs Q 12
Hardware system impedance ZHel Q He~4s 4+ 12
as identified in Figure 3.19 ZHe2 Q le=3s + 10

1
Power amplifier (TP90kVA) Ga(s)

2.350e 9252 4 2.923¢%s + 1

3 This experimental setup and power equipment are further utilised in the following chapters.
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Figure 3.17: Hardware current of the PHIL system with impedance Zye1: (a) without
and (b) with Smith predictor compensator.

The digital voltage signal Vy measured from the point of common coupling of
the equivalent network is transmitted to TP90kVA as its command signal, which
is processed by the proposed compensator. The passive load bank is coupled
with the output terminal of TP90kVA. The current response of the passive load
bank Iy is measured and transmitted to DRTS as the command signal for the
controllable current source. The analogue signals V}y and [y, and the impedance
measurement, are recorded by the Triphase datalogger with a sampling rate of

16 kHz and are replotted by Matlab.

3.4.1 Experimental Evaluation of Smith Predictor

Figure 3.17 presents the hardware current signal of the PHIL setup with hardware
impedance Zye;. For the PHIL system without a compensator, as shown in
Figure 3.17(a), the hardware current diverges once the compensator is disabled
and the closed-loop system tends to instability. This is aligned with the stability
assessment as presented in Figure 3.18(a). Once the compensator is enabled, the

hardware current converges and reaches a stable state as in Figure 3.17(b). This
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is in agreement with the stability assessment of the open-loop transfer function

of the Smith predictor based PHIL system in Figure 3.18(b).

3.4.2 Experimental Robustness Assessment of the Adap-
tive Smith Predictor

The robustness of the Smith predictor compensator is assessed by implement-
ing an impedance variation in the passive load bank. Figure 3.19(b) and Fig-
ure 3.19(c) show the impedance measured by the GSDFT-based impedance iden-
tification unit. As shown in Figure 3.19(a), the hardware side current presents
significant oscillations and reaches an unstable state after the impedance varies
from Zye1 to Zpes. Corresponding to the stability assessment as presented in Fig-

ure 3.18(c), the compensator that is initially designed for the hardware impedance
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Zue1 18 no longer capable to stabilise the PHIL closed system as the stability
criterion defined in Eq. (3.10) is not maintained. Upon activation of the adap-
tive compensator, the current converges to a stable state and the GSDFT-based
impedance measurement presents more accurate results due to the stabilisation
of the online updated adaptive compensator as shown in Figure 3.19(e). This is

consistent with the stability assessment in Figure 3.18(d).

3.5 Discussion

The performance of the passive Smith predictor and the distinct advantage of-
fered by the adaptive Smith predictor have been demonstrated by analytical
assessment, simulation and experimental results. This section presents a brief
discussion on the applicability and limitation of the proposed approach.

As demonstrated in the above sections, the proposed adaptive Smith predictor
scheme stabilises the PHIL system with inherent impedance variation. Although
the applicability of the approach in this chapter has been limited to passive loads
for the purpose of proof of concept demonstration, the approach is extendable and
applicable in theory for a stable PHIL system incorporating parallel connected
power converters, active or passive loads, of which the equivalent impedance may
witness variation when single or multiple power apparatus plugged in or out. This
can be explored in frame of future research.

The Smith predictor based PHIL system presents accurate simulation results
as that of the original system of interest when it reaches a steady state. In terms
of the transient state performance, as demonstrated in Figure 3.11, the Smith
predictor based PHIL system presents less oscillations than that of the PHIL
system without Smith predictor when the system is subject to a step change in
voltage. The improved transient performance of the Smith predictor based PHIL
system is achieved by the mitigation of time delay that degrades the system
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convergence speed as a result of deteriorated system stability margin.

Even though the Smith predictor contributes to improved transient and steady
state performance, its online impedance identification approach presents a lim-
itation for its applicability to fast changes in impedances. As shown in Fig-
ure 3.15(b), the adaptive Smith predictor stabilises the PHIL system 0.02s after
a step change in impedance is applied. This arises from the natural circular signal
processing attribute of the GSDFT based online impedance identification scheme
that requires one-cycle processing time (i.e., 0.02s) for calculating the impedance
parameters and updating the Smith predictor. This limitation does not deteri-
orate the performance of the proposed Smith predictor in stabilizing the PHIL
system with inherent impedance variation that could challenge the closed-loop
stability as demonstrated by the simulation results and the experimental results.
Development of faster online impedance parameters identification schemes can
enhance the applicability of the proposed methodology for the faster impedance
change scenarios and their associated transient studies. This forms an interesting

direction for future research.

3.6 Summary

In an effort to mitigate the stability deteriorating impact stemming from the
time delay and impedance variation, while at the same time enabling a stable
PHIL setup over a wider range of scenarios, this chapter proposed a PHIL closed-
loop stability enhancement scheme involving the Smith predictor compensator
and GSDFT-based impedance identification techniques. The adoption of Smith
predictor compensator is motivated by its functionality in equivalently shifting
the inherent time delay out of the PHIL closed-loop, thus enabling a virtually
delay-free operation with improved stability margin. Consequently, the improved

stability margin extends the constraint of impedance ratio that can be raised
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before breaching the system stability, and thus enabling stable PHIL operation
over a wider impedance range than that possible without the proposed Smith
predictor compensator.

Although the Smith predictor compensator offers remarkable avenues for im-
proving PHIL stability over an extended impedance range, the PHIL system that
is based on this passive compensation method can tend towards instability once
the modelling error between the estimated model in the compensator and the
actual model breaches the stability criterion defined in the compensator robust-
ness analysis section. Subsequently, the GSDFT-based impedance identification
method is adopted to enhance the robustness of the proposed compensator and
equip it with adaptivity to system impedance variation.

By employing the GSDFT-based impedance identification, good agreement
between the estimated impedance transfer function and the reference impedance
transfer function has been achieved. This enhances the robustness of the Smith
predictor compensator and the consequent PHIL stability, which has been vali-
dated by experimental results. Furthermore, the effectiveness and robustness of
the proposed adaptive Smith predictor compensator based stabilisation scheme
have been analysed and assessed by pure simulation and real-world PHIL ex-
periment. Moreover, the simulation and experimental results reveal that the
proposed adaptive Smith predictor enables a stable PHIL system over a wider
range of impedance ratios, allowing for a broader range of scenarios being in-
vestigated at one experimental run than that of the PHIL system without the
proposed compensator. This is critical for a stable and well-established robust
PHIL experimental assessment of the candidate hardware systems with inherently
variable impedance. This scheme could be extendable and applicable for a stable
PHIL incorporating multiple parallel power converters or physical power network
with inherent impedance variation on a common basis and will play a significant

role in the experimental validation of the emerging novel power techniques.
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Chapter 4

Compensation for High-Fidelity
PHIL Interfaces

As presented in Chapter 2, PHIL is not a plug-and-play simulation tool that just
leverages an off-the-shelf real-time digital simulator and power hardware. As a re-
sult of splitting the real-world Sol into DRTS-based simulation and physical HuT,
the power interface that bridges these two systems inevitably introduces non-ideal
characteristics (e.g., time delay, signal distortion, and limited bandwidth) to the
PHIL closed-loop setup. As analysed in Chapter 2.3 and Chapter 2.4, from the
standpoint of PHIL system performance, these non-ideal characteristics pose sig-
nificant threat to system stability, play a detrimental role in the PHIL power
signal synchronisation and power transfer transparency, and limit the order of
harmonics being replicated by the PHIL setup.

Power amplifier (e.g., switched-mode, generator, linear amplifier) bridges DRTS
and HuT [19-21, 25,39, 77-81]. For medium and high voltage PHIL applica-
tions, the switched-mode VSC power amplifier is widely employed as a power
source or sink for the HuT due to its advantages of cost, efficiency, controllabil-
ity [19-21,25,39,77]. The voltage tracking capability of VSC with closed-loop

control is achieved at the expense of a resultant low bandwidth, which limits its
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capability of replicating the high-frequency reference signal that includes certain
harmonics in the PHIL simulation with different testing objectives. As presented
in [59], the VSC-based power amplifier with open-loop control is efficient to repli-
cate high-frequency transients within PHIL and introduces less time delay than
the VSC with closed-loop control. However, without proper compensation strate-
gies applied to the open-loop controlled VSC-based power amplification stage, the
actual PHIL system response presents significant discrepancies when compared

with that of the original Sol due to the following key determinants:

1. Despite a power amplifier with ideal characteristics (i.e., infinite bandwidth
and unity gain) is expected in the PHIL system and is assumed to be
idealised in some research works [33,36], the actual power amplifier, which
is modelled as a time delay in series with a low-pass filter in [30, 37-39],
presents remarkable non-ideal characteristics (i.e., limited bandwidth, non-
unity gain, and resonance of the passive output filter). These characteristics
are attributed to its digital control and the passive output filters that are
employed to limit the output voltage ripple stemming from high-frequency

pulsating modulation and to realise accurate power signal replication.

2. The non-zero phase shift introduced by the power amplifier output filter
presents the same effects as the loop phase lag that results from the time
delay introduced by multiple stages within the PHIL closed-loop [30], on
reducing the system stability margin, deteriorating the power signal syn-
chronisation accuracy, and degrading the transparency of power transfer

between DRTS and HuT [30, 31, 33].

To avoid significant simulation errors and potential damage to the appara-
tus in the closed-loop simulation configuration, many research efforts have been
devoted to compensating for the non-ideal power interface via mitigating the ef-

fects of the dynamics and non-ideal characteristics mentioned above. In [37],
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notch filter and low-pass feedback filter were utilised to compensate for the par-
asitic resonance of the passive output filter and the phase lag within the PHIL
closed-loop, respectively. However, the cancellation of resonance cannot guaran-
tee the unity-gain of the compensated power interface and introduces additional
phase lag to be compensated. The feedback filter-based compensation is achieved
at the expense of lower bandwidth and presents non-unity gain characteristic if
high-order frequency components are taken into consideration. Phase-lead com-
pensator was employed to compensate for the magnitude attenuation and the
phase lag of the power interface in [38]. While the frequency response of the
compensated power interface is much closer to unity, as discussed in Section 4.3,
the non-unity gain and phase-lag over a certain frequency range still degrade the
stability and accuracy of PHIL simulation.

To tackle the stability and accuracy issue arising from the non-ideal power
interface characteristics and address the limitations of the compensation methods
in the literature, this chapter presents a compensation method compensating for
the non-ideal power interface by maximising its bandwidth, maintaining its unity-
gain characteristic, and compensating for the phase-shift over the frequencies of
interest. This contributes towards a robust PHIL setup with high-fidelity interface
and enhanced accuracy.

Figure 4.1 shows a conceptual representation of the proposals stated in this
chapter. The rest of the chapter is structured in the subsequent manner: Sec-
tion 4.1 provides the details of PHIL system modelling. Section 4.2 presents the
analysis of PHIL system regarding its stability, accuracy, and power transfer
transparency. In Section 4.3, the details of the proposed compensation method
are elaborated. Subsequently, in Section 4.4, case studies are carried out to val-
idate the effectiveness of the proposed compensation method. Section 4.5 makes

a conclusion and summarises the scopes of the proposed method!.

L This chapter is an extension of conference publications [31,32]
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4.1 Modelling of PHIL System with Open-Loop
Controlled VSC-Based Power Amplifier

This section presents the detailed modelling of the open-loop controlled switched-
mode VSC-based PHIL system along with an in-depth analysis of its accuracy

with the proposed power signal scaling ratio taken into account.

V. Vg |4
> SR> >Gi(s—{Gx) L

Voltage DAC Amplifier

Scaling

Ny

I
Zs®) 7,

Current

Scaling i ADC+LPF Sensor
<0Gl
DRTS PI HuT

Figure 4.2: Equivalent block diagram of the V-ITM based PHIL system in Fig. 4.1.

Figure 4.2 presents the equivalent block diagram of the PHIL system pre-
sented in Figure 4.1. Being different from the generic modelling as presented in
Chapter 2.2, power signal scaling ratio and open-loop controlled VSC power am-
plifier are incorporated into this PHIL setup. These additive blocks within this

diagram are modelled as follows:

4.1.1 Voltage and Current Scaling Ratio

The voltage level and power capacity of the real-time emulated power network is
much higher than that of the power amplifier and physical HuT in the laboratory.
Consequently, a voltage scaling ratio is introduced to facilitate the capability of a
power amplifier by scaling down the PCC command voltage Vg under the rated
voltage of the power amplifier and HuT. On the other hand, for the purpose

of representing the power components that are emulated in DRTS with higher
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power rating than that of the physical HuT, current scaling ratio is employed to
scale up the hardware side current before it is sent to DRTS side. The voltage

and current scaling ratios are given by,

VHnom
v - ) 4 1
: VS/nom ( a)

IS’nom o SS’nom/‘/S’nom

(4.1D)

Ty = - )
IHnom SHnom/anom

where Vinom is the nominal voltage of the physical HuT, Vgyom is the nominal
voltage of the emulated HuT at the simulation side, Sypon is the nominal power
rating of the physical HuT, and Ssy,om represents the nominal power rating of

the emulated power component in the simulation side.

4.1.2 Switched-Mode Power Amplifier with LC Filter
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Figure 4.3: (a) Switched-mode VSC with open-loop control and LC output filter, and
(b) its small-signal equivalent per-phase schematic.

Figure 4.3(a) represents the open-loop controlled switched-mode VSC-based
power amplifier (Cell 5 within Figure 4.1), which is modelled as a voltage source
converter with passive output filters and controlled via Pulse Width Modulation
(PWM). The LC output filters are implemented to eliminate high-frequency
switching harmonics stemming from high-frequency pulsating modulation, and

its cut-off frequency should be tuned to be at least a decade lower than the
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Figure 4.4: Equivalent block diagram of the PHIL system in a single-phase basis.

switching frequency. Figure 4.3(b) illustrates the small-signal equivalent single-
phase diagram of the VSC coupled with the physical HuT. Correspondingly,
the equivalent block diagram of the open-loop controlled switched-mode power
amplifier with LC' filter is shown in the cell 1 within Figure 4.4 and its transfer

function is given by,

, Vi
GQ(S) = Vli
S

= eG4 (s), (4.2)

where Ty (i.e., 1.5 times the sampling period of VSC control) is the equivalent
time delay of the PWM modulation and its computation, G(s) represents the

equivalent transfer function of output filter and HuT impedance and is given by,

1
 LiCys? + (RyCr+ 2)s+ (1+ 22)

Gy(s) (43)
where Ry is the parasitic resistance of inductor, L and C are the inductance and
capacitance of output filter respectively, and Zy is the equivalent HuT impedance.

Multiplying the numerator and denominator of Eq. (4.3) with Zy, it is further

expressed as,

Gy(s) = o
B LiCi Zus® + (RyCyZu + Ly)s + (Zu + Ry)’

(4.4a)
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where K is the transfer function gain.

Some typical examples of the equivalent transfer functions as in Eq. (4.4a)
with different HuT impedance are presented in Appendix B. Convert the numerator-
denominator polynomials in Eq. (4.4a) to a rational transfer function in a factored
zero-pole form as given by Eq. (4.4b). Apparently, the numerators of Eq. (4.4a)
and its equivalent in Eq. (4.4b) are two order less than their denominators.

It is evident from Eq. (4.2) and Eq. (4.4a) that the output voltage Vy is af-
fected by the filter characteristics and the HuT impedance under different load
scenarios as shown in Appendix B. A compensation strategy as elaborated in the

following section is required to ensure high-precision power signal amplification.

4.2 Analysis of PHIL System with Open-Loop
Controlled VSC-Based Power Amplifier

This section explains the effects of the power amplifier and the loop time delay on
the stability, the signal synchronisation accuracy, and the transparency of power
transfer of the PHIL simulation. It is worth noting that the remaining compo-
nents in Figure 4.2 are modelled by analogy with these presented in Eq. (2.2) in
Chapter 2.2.

4.2.1 PHIL System Stability

As the power signal scaling ratios are applied to the PHIL setup, the open-loop

transfer function of the PHIL setup as presented in Figure 4.2 is represented as,
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’ _ ZS(S)
= Gp(s)e sTa 22222
Gpy(s) Gy (s)

where G1(s), Gs(s), and G4(s) are the equivalent transfer functions of the inter-
facing components as defined in Eq. (2.1), G5(s) is the transfer function of the
open-loop controlled power amplifier as given in Eq. (4.2), Ty is the aggregated
loop time delay given by Eq. (2.3), and Gy;(s) represents the delay-free part of
the power interface Gp;(s).

Applying the stability criterion as presented in Chapter 2.3.1 to the closed-

loop system characteristic equation that is given by,

=1+ G;‘I(s)e’STdZS—(S) = 0. (4.6)

1+ Gpi(s) (o)

The PHIL system closed-loop stability can be determined by assessing the
gain margin (GM) and phase margin (PM) as elaborated in Chapter 2.3.1. The
closed-loop stability is guaranteed under the condition that the open-loop transfer

function satisfies the following criteria,

GM = 00— QOZOQ(‘Gg‘I(jwép)e_jwépTd% ), 3GM >0,
(4.7)

PM = / [G;I(jw' )Zs(j“ég)] — /(! Ty) — (—180%), 3PM >0,

g/ Zu(jwig)

where w;, is the gain crossover frequency at which the magnitude of 7T (s)is 0dB,
wyp 18 the phase crossover frequency at which the phase of Té(s) crosses —180°.

As the time delay presents unity magnitude, the gain crossover frequency
wey and the gain margin that defines the upper limit of the system magnitude
variance before it raises above unity, are determined by the magnitude of power

signal scaling ratio (r, and r;) and delay-free part of the power interface |G’/PI(5) .
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As shown in Eq. (4.7), the phase lag stemming from the power amplifier output
filter, the signal processing units (as given in Eq. (2.1)), and the loop time de-
lay degrades the PHIL system stability margin as a result of the reduced phase

margin, a factor that indicates the system stability tolerance to phase lag [50].

4.2.2 PHIL Signal Synchronisation Accuracy Analysis

With the power signal scaling ratios taken into account, the closed-loop transfer
function between the hardware side voltage Vi (s) and the equivalent software
side voltage source Vs(s) of a delay-free ideal PHIL setup with unity-gain and
infinite bandwidth is given by,

B @ . TUZH(S)
Vs ryriZs(s) + Zu(s)

T (s) (4.8)
However, the closed-loop transfer function between the hardware side voltage

Vii(s) and software side voltage Vs(s) of the PHIL setup as in Figure 4.2 is

_Vu r’UGl(S)G;(S)‘

To(s) = — = ;
o(s) Vs 1+ T5(s)

(4.9)

Due to the non-unity magnitude and the phase lag arising from the interfacing
components, the phase and magnitude relationship between Vi and Vg are not
aligned with that defined in Eq. (4.8). With accurate modelling of the system
components as defined in Eq. (2.2) and Eq. (4.2), the accuracy of PHIL setup in
this chapter can be quantitatively analysed by employing the relative error €(s)
that is given by Eq. (2.15).

On the other hand, being proportional to the frequency of input power signal,
the phase shift caused by the loop time delay and power amplifier filter, and the
non-unity magnitude characteristic of the passive output filter distort the phase

relationship between the voltage and current, and deteriorate the power transfer
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between DRTS platform and HuT.

By applying the power signal scaling ratios to the PHIL setup that presents
unity magnitude and zero phase lag in Chapter 2.4.2, the apparent power trans-
ferred between the simulation side (Ss/) and hardware (Sy) over a certain fre-

quency wy in Eq. (2.16) can be further expressed as,

Sy = |Vsrls| L0y = Py +jQy,
Su = |Valu| L0 = Pu+jQu, (4.10)

= | Vals| L0y = 1o (Py + 5Qg),

where g is power factor angle at the simulation side (i.e., ZVy — Zls), Oy is

power factor angle at the hardware side (i.e., ZViy — ZIy), and 0y = Oy.
Applying the same derivation procedures given by Eq. (2.17) to Eq. (2.22),

the active and reactive power at the hardware side of the PHIL setup in this

chapter can be further expressed as,

Pu= 1ot |Gpi(s)|(Pscosp — Qgsing),
(4.11)

Qu=ror; ' |Gpi(s)|(Qscosp + Pysing),

where Zp represents the difference between the power factor angle at the hard-
ware side (i.e., éH = AVH — AfH) and the power factor angle at the simulation
side (ie., Oy = LV — ZI5).

It is obvious from Eq. (4.11) that the actual power transfer within the PHIL
setup is not aligned with the power transfer defined in Eq. (4.10). This difference
results from the non-unity magnitude }G}I(wk)} and the phase lag ¢ stemming
from the power amplifier output filter, the signal processing unit (i.e., low-pass
filter), and the aggregated loop time delay. These lead to distorted power transfer

transparency between the simulation side and hardware side.
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4.3 PHIL Interface Compensation Schemes

This section presents a comprehensive assessment of the interface compensation
methods that are proposed in the literature. This is followed by an in-depth expla-
nation of the proposed compensation method from the aspects of power amplifier

non-unity characteristic compensation and the loop phase lag compensation.

4.3.1 Power Amplifier Compensator

As discussed in Section 4.2, the non-ideal power interface, in particular the power
amplifier output filters and the loop time delay, distort the transparent power
transfer between the simulation side and hardware side. The high reconfigurabil-
ity of the software within PHIL enables the flexibility to implement compensation
blocks at the PCC in simulation platform. As shown in Figure 4.1, the compen-
sation units can be implemented in the software side to process the voltage and
current signals before they are applied in the feed-forward and feedback paths of
the PHIL closed-loop.

For most scenarios, the passive elements within the power interface and the
HuT provide sufficient damping to mitigate the resonance of the output filter. On
the contrary, for the passive filter in Eq. (4.4a) whose poles are lightly damped,
the notch filter is an option to compensate for the resonance by placing additional
zeros near the resonate poles, thereby cancelling the associated resonant transient

[50]. The notch filter is given by,

82 4+ 2r(uw,s + w?

4.12
$2 + 2Cwns + w2’ (4.12)

Gnotch =

where w, is the centre notch frequency, (, is the damping ratio of the notch filter
that determines the sharpness of notch filter response and its notch width, and r

is the filter gain at the notch frequency that determines the notch depth.
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The resonant peak in Eq. (4.4a) is compensated by tuning the notch frequency
w, to be equal to the resonant frequency w, of the output filter, and tuning the
filter gain r to be the same as that of the output filter in Eq. (4.4a) at w, to cancel
the resonant peak. As shown in Figure 4.5, the compensation for the resonance
peak is achieved at the expense of more phase lag in the compensated filter,
and the unity-gain of the compensated filter is only maintained over a certain
frequency range that may not in the range of all the frequencies of interest for
some typical PHIL testing scenarios.

The transfer functions of the lead-lag filters are given by,

As g
Glead(s) - ﬁ, A > 1,
4.13
2As 4 ( )
Glag(s) = =, 0< <1,

where w, is the resonant frequency in Eq. (4.4a).

Lead or lag filters are both candidates to compensate for the non-ideal power
interface in Eq. (4.4a). It is obvious from Figure 4.5 that the lead filter com-
pensates for the phase lag by introducing a positive phase shift to the power
amplifier while resulting in a higher resonant peak that deteriorates the closed-
loop stability. The lag filter suppresses the resonant peak by degrading the gain
of the passive filter, which is achieved at the expense of a larger phase lag to be
compensated and reduce the overall bandwidth of the compensated filter. For
both scenarios, the unity-gain magnitude response of the compensated filter is
achieved only over a certain narrow frequency range.

In this chapter, a compensator G7"""(s) is designed to compensate for the
non-unity characteristics of the output filter over its bandwidth by inverting the
denominator in Eq. (4.3) to the numerator of the proposed compensator G (s).
Because the degree of the denominator is two times higher than that of the

numerator in Eq. (4.4), a second-order denominator that has two poles is required
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in G (s) to cancel the additional two zeros of the numerator in G (s). This
not only enables the numerator and denominator of the compensated filter are
of equal order but also makes the compensation block physically realisable. So
the compensator G7”""(s) is the inverse of G'f(s) augmented with a second-order
low-pass filter to ensure it is a proper transfer function, that is,

G (s) = ;)

G @
T2t

kwy
(4.14)

2 Ly By

LfoS +(Rfo+z)8+(1+E)

= =

(k'LU’I‘)Q

)

Cop
+2 Fwr s+1

where k represents the ratio between the resonant frequency in the compensator
to that of the transfer function in Eq. (4.3), (,p is the optimum damping ratio to

be tuned in the compensator.

The transfer function of the equivalently compensated output filter can be

further expressed as,

1

T+ 2+ 1

Gi(s) = Gy(s)GF™(s) = (4.15)

In order to tune the compensated filter G/f(s) to behave like a well-known
second-order Butterworth filter with maximally flat magnitude response [50, 82],
Cop 1s tuned as the optimal value \/75 as in [82,83], such that the bandwidth of
G/f(s) is k times the resonant frequency w,. To make the compensated filter
G'f(s) with wider bandwidth than that of the uncompensated filter G(s), k is
tuned to be 3 in this chapter.

Figure 4.5 presents the frequency response of the compensator in Eq. (4.14)
and the compensated output filter in Eq. (4.15). The compensated filter imple-
mented with the compensator in Eq. (4.14) presents unity magnitude character-

istic over a wider frequency range than that of the uncompensated filter. The

power amplifier compensated by Eq. (4.14) presents a wider bandwidth than that
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Figure 4.5: The frequency response of the uncompensated filter G¢(s), compensator

G (s) in Eq. (4.14), and the compensated filter G/f(s).

of the power amplifier compensated by a notch filter or lead-lag compensators.
Note that, the implementation of the compensator in Eq. (4.14) is under the as-
sumption that the parameters of the LC filter and the HuT impedance are known
exactly, which is achievable by employing the system identification techniques as
presented in Chapter 3.2 in the controlled and laboratory-based PHIL environ-
ment. However, if system’s parameter information is not available or the filter in
Eq. (4.3) has lightly damped complex poles whose locations cannot be estimated
precisely, the conventional notch filter in Eq. (4.12) is an option to suppress the

resonance and cancel the corresponding resonant transient.
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Even though the compensated G/f(s) presents a unity-magnitude characteris-
tic over a wide range of frequencies, the phase lag introduced by this compensated
filter is,

2Copw

AG'f(s = jw) = tan"H(— ). (4.16)

CTBE

The phase lag significantly distorts the power signal and power transfer as
discussed in Section 4.2. The compensation of these phase lags and the loop

delay on a harmonic-by-harmonic basis is presented in the following section.

4.3.2 Loop Phase Lag Compensation

As analysed in Section 3.2.1, SDFT that is defined in Eq. (3.12b) can be envi-
sioned as a N*" order comb filter in series with parallelised complex resonators.
The frequency response of the comb-filter as illustrated in Figure 3.8 reveals its
equivalence to the notch filter with notches periodically spaced at the fundamen-
tal and harmonic frequencies. It is evident from Figure 3.9, the single complex
resonator designed for a specific frequency kfy is equivalent to a band-pass filter
centred at the frequency kfy with a sharp cut-off amplitude, which enables it
selectively amplifies the corresponding signal component. Consequently, as pre-
sented in Figure 3.10, the SDFT filter presents a linear phase and steep cut-off
amplitude characteristics, which enable the selective update of the signal phase
and amplitude characteristics over a wide range of frequencies without magnitude
distortion and phase shift. This attribute paves a new pathway for compensating
the time delay in the PHIL setup on a harmonics-by-harmonics basis by process-
ing the power signal with multiple complex resonators based SDFT.

To guarantee the stability of SDFT in processing the power signal within
the PHIL setup, the damping factor r is applied to the SDFT filter as given by
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Figure 4.6: Zero-Pole maps of SDFT and rSDFT with damping factor r, (r =1 — ¢).

Eq. (3.12b) [68,70]. The stability-enhanced SDFT filter is given by,

21k

N
i 2) = (] — NN L,
sprT(2) = ( )Zl—mflej% (4.17)

J/

Complex resonators

where N (N = %)is the window size, f, is the sampling frequency, fy is the
fundamental frequency, and k(k = 1,2,3,---, N) represents the order of the
resonators.
As shown in Figure 4.6, the damping factor r that is given by (r = 1 —¢), where
¢ is an infinitesimally small positive quantity, forces the zeros or poles of rSDFT
to be located within the unity circle with radius r.

Based on the rSDFT filter with multiple parallelised complex resonators de-
signed for the frequencies of interest, a scaling factor % is implemented at the
output of each single resonator to mitigate the overflow error and maintain the

unity gain of the rSDFT filter, of which the phase of each harmonic updates over

every sampling period.
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Figure 4.7: The block diagram of the rSDFT with complex resonator banks and
harmonic-by-harmonic time delay compensations.

Figure 4.7 presents the block diagram of the rSDFT-based phase lag com-
pensation filters. To compensate for the phase lags of the compensated filter in
Eq. (4.16) and the aggregated loop time delay, an additional phase shift ®f is
implemented at the output of the resonator with resonant frequency kwy. The

rSDFT filter implemented with additional phase shift can be expressed as,

() = (1= ey R (1.1
HGe ()= (1 =Ny — = 18
rSDFT N £y —rz—lej%
where

O = kwoTys + LG (kwy). (4.19)

The phase addition method that is applied to the output of each single com-
plex resonator enables phase lag compensation without signal magnitude dis-
tortion on a harmonic-by-harmonics basis. This can mitigate the detrimental
impact of the time delay on the power transfer transparency and enable accurate

replication of the HuT dynamics in DRT'S side.
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4.4 Case Study and Simulation Results

This section presents an analytical frequency-domain assessment of the interface
compensation methods that are proposed in the literature and the proposed com-
pensation schemes in this chapter. This is followed by the validation of the pro-
posed interface compensation scheme and the time delay compensation method
regarding their functionalities in improving the power signal synchronisation ac-
curacy and the power transfer transparency of the PHIL setup.

Matlab/Simulink simulation models are utilised to verify the effectiveness of
the proposed compensation method. Table 4.1 tabulates the parameters of the
PHIL setup in Figure 4.1. A voltage source inverter with ideal semiconductor
switches is employed as the power amplifier. The LC' filters parameters are cal-
culated by tuning their cut-off frequency to be equal to fy,/10. The voltage
divider topology is emulated in DRTS side and the HuT is emulated as an induc-
tive hardware component.

The scaled voltage signal r,Ve that is to be amplified by the power amplifier,
the voltage signal Vi at the HuT side, the power factor angle 6, the scaled active
power and scaled reactive power at both of the simulation and hardware side are
employed to assess the performance of the compensation method. Accuracy met-
rics that are defined by the relative average error 1 and the signal tracking error
in Eq. (2.24) and Eq. (2.25) are leveraged to quantify the accuracy of power signal
amplification and the transparency of power transfer between the simulation side

and the HuT side at steady-state.

4.4.1 Evaluation of Different Compensation Strategies

This section compares the performances of the compensation schemes presented
in Section 4.3.1 from the perspective of their frequency response characteristics

and the closed-loop stability of the compensation schemes-based PHIL setups.
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Table 4.1: PHIL system parameters for analysis and simulations.

Description Symbol Value
PHIL setup

Nominal HuT resistance Ry 20
Nominal HuT inductance Ly 1mH
Naturally coupled DRT'S resistance Rs 0.5
Naturally coupled DRTS equivalent voltage Vg 4.26kV
Naturally coupled DRTS inductance Lg 2mH
PHIL system fundamental frequency fo 50 Hz
PHIL system feed-forward path time delay — Ty 450 ps
PHIL system feed-back path time delay Tare 50 s

Nominal power rating of the emulated HuT Sé/nom 62.5MVA
Nominal power rating of the physical HuT  Sunom 100kVA

Nominal voltage of the emulated HuT Vsrnom 15kV
Nominal voltage of the physical HuT Viinom 600V
Voltage scaling ratio Ty 0.04
Current scaling ratio T4 25

Power amplifier

Direct Current (DC) voltage Vbe 1000V
Switching frequency fsw 20 kHz
Sampling frequency fs 40 kHz
Filter inductance Ly 0.054 mH
Filter parasitic resistance Ry 6.8 mf2
Filter capacitor Cy 117 pF

Table 4.2: Magnitude (in abs), phase (in deg), and bandwidth (in Hz) of the uncom-
pensated output filter and the output filter compensated by the proposed compensator,
notch filter, lead filter, and lag filter.

Filter Compensator Notch Lead Lag

Compensator in Eq. (4.3) in Eq. (4.14) filter filter filter
Mag at f 0.9944 1.0000 0.9943  0.9946 0.9941
Phase at f -0.2744 -0.6707 -0.7687  0.4368  -1.5547
Mag at 5f, 1.0030 1.0000 1.0020  1.0088 0.9955

Phase at 5f -0.2402 -3.3556 -2.7473  3.2852  -6.6068
Bandwidth 3118.2 6033.1 3049.5  3561.3  2729.5
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Figure 4.8: Bode plot of the open-loop transfer functions of the original scaled power
system, uncompensated PHIL system, and the PHIL system compensated by the com-
pensators as shown in the legend.

Table 4.2 presents the frequency responses of the original uncompensated
power amplifier filter and that of the power amplifiers that are compensated by
different compensators. The non-unity magnitude of the power amplifier output
filter in Eq. (4.3) is compensated to be unity by implementing the proposed com-
pensator in Eq. (4.14) in this chapter over the fundamental frequency and other
harmonics components. This results from the optimal setting of the damping fac-
tor in Eq. (4.14) to make the compensated filter present a flat unity magnitude
response over a wide range of frequencies. However, the magnitudes of the power
amplifier compensated by the notch filter, lead filter, and lag filter are non-unity
at the fundamental frequency and other harmonic components, which inevitably

distort the reference power signal to be amplified. Note that the phase lags of the
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power amplifier compensated by notch filter, lag filter, and the proposed com-
pensator in Eq. (4.14) are much larger than that of the original uncompensated
power amplifier. The bandwidth of power amplifier compensated by Eq. (4.14) is
higher than that of the uncompensated power amplifier and the power amplifier
compensated by notch filter, lead filter, and lag filter. This is attributed to the
optimal tuning of the ratio factor k in Eq. (4.14).

Figure 4.8 presents the frequency responses of the open-loop transfer function
of the uncompensated and compensated PHIL systems. The resonance of un-
compensated PHIL system is compensated by implementing the compensator in
Eq. (4.14). Notice that the magnitude characteristic of the PHIL system com-
pensated by Eq. (4.14) is aligned with that of the original scaled power system
because the compensated power amplifier presents unity gain over a certain fre-
quency range. The notch filter and lag filter are also effective in suppressing
the resonance of PHIL system, of which the stability margins are lower than
that of the PHIL system compensated by Eq. (4.14). Even though the lead filter
compensates for phase lag to some extent, it can destabilise the PHIL system,
in particular the marginally stable PHIL system or the PHIL system with low
stability margins. This is because the lead filter causes the magnitude of the
compensated PHIL system to exceed unity and the resonance frequency to be

greater than the gain-crossover frequency we, as defined in Eq. (4.7).
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4.4.2 Accuracy Evaluation of the Proposed Compensation

Method

This section evaluates the performance of the proposed method regarding its
capability in improving the power signal synchronisation and enhancing the power
transfer transparency in the PHIL closed-loop configuration. Accuracy metrics

are employed to evaluate the following cases:

1. Original scaled Sol.
2. PHIL system without compensation.
3. PHIL system with loop time delay compensation only.

4. PHIL system with compensation proposed in this chapter.

Table 4.3 presents the power signal tracking error metrics. Due to the non-
unity gain of the power amplifier as described in Table 4.2, the loop time delay,
and the phase lag of power amplifier output filter, the Root Mean Square (RMS)
voltage and power factor angle tracking errors are significant for the PHIL system
without proper compensation in Case 2 and Case 3. Notice that even the loop de-
lay is compensated in Case 3, there still exists a power factor angle tracking error
due to the phase lag of the power amplifier output filter in Eq. (4.16). Because
the compensation method proposed in this chapter maintains the unity gain of
the power amplifier and takes both the loop time delay and the phase lag of the
power amplifier output filter into consideration, as shown in Case 4, the PHIL sys-
tem compensated by the proposed method presents remarkably improved power
signal tracking capabilities regarding the RMS voltage, power factor angle, and

the active power and reactive power.
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Table 4.3:

Power signal tracking error metrics of different cases at the fundamental frequency fo.

Case VB ro Ve o O Os: o Py v 'Py o Qu ror; Qs nor
(Vems)  (Vrms) (deg)  (deg) kW) (kW) (kvar)  (kvar)
1 143.84 143.84 0.00% 32.14 32.14 0.00% 7.417 7.417 0.00% 4.660 4.660 0.00%
2 145.47 146.29 0.56% 32.14 42.09 23.64% 7.586 6.686 13.46% 4.766 6.039 21.08%
3 143.35 14417  0.57% 3214 3310 2.99% 7.367  7.331  0.49%  4.629 4777  3.10%
4 143.84 143.84 0.00% 32.14 32.14 0.00% 7.417 7.417 0.00% 4.660 4.660 0.00%
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Table 4.4: PHIL power signal to reference power signal error metrics of different cases at the fundamental frequency fp.

Case Vi UM rVs MV s Nog Fu NPy Tvr;lps, NPy Qn NQu TUTIIQS/ NQy
(Vrums) (VrMs S (deg) S (kW) (kW) S (kvar) (kvar) S
1 143.84 0.00% 143.84 0.00% 32.14 0.00% 7.417 0.00% 7.417  0.00% 4.660 0.00%  4.660 0.00%
2 14547  1.13% 146.29 1.70% 42.09 30.96% 7.586 2.28%  6.686  9.86% 4.766 2.27% = 6.039 29.59%
3 143.35  0.34% 144.17 0.23% 33.10 2.99% 7.367 0.67%  7.331 1.16% 4.629 0.67%  4.777 2.51%
4 143.84  0.00% 143.84 0.00% 32.14 0.00% 7.417 0.00%  7.417  0.00% 4.660 0.00%  4.660 0.00%

seoeyIoNI] TIHJ AN[PPLI-YSTH I0j uoryesuoduro)) “§ 1o3der))



Chapter 4.

8.5

P(kW)
~

6.5

Compensation for High-Fidelity PHIL Interfaces

- H — rr;'Pyof case 1 — =P, of case 1 |
H 1,7t Py of case 2 Py of case 2

i H rvr,flpsr of case 3 — Py of case 3 | ]
H — 7,77 Py of case 4 Py, of case 4

L ’\4§ / _

| / — e i
J —r,r; Ogofcasel ——0Q of case 1
| rory Qs' of case 2 QH of case 2

i ‘i Ty 1er of case 3 —— Oy of case 3 | ]|
H — r,r; ' Oy of case 4 Oy of case 4

0.05 0.1 0.15

Time (s)

95

0.2

Figure 4.9: Active power and reactive power at the simulation and HuT side of the
scaled voltage divider system and PHIL system.

Table 4.4 and Figure 4.9 present the steady-state PHIL power signal to ref-
erence signal error metrics and the active and reactive power behaviours under
the pre-defined cases, respectively. The compensation blocks are implemented
at t=0.08s in Case 3 and Case 4. As a result of the non-unity magnitude of
power amplifier and the phase lags in the closed-loop, the errors of the voltage
and power factor angle between the PHIL system and the original scaled power
system are also remarkable in Case 2 and Case 3. As shown in Figure 4.9, there

are significant mismatches between the power signal at the simulation and hard-
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ware sides (i.e., Py > TUTZ-_IPS/ and Qg < TUT;IQS/) for the PHIL system without
compensation. These mismatches result from the loop phase lag and the non-
unity magnitude of the power amplifier as explained in Eq. (4.11). Note that the
active and reactive power differences between the PHIL system in Case 3 and
the original scaled power system are also remarkable even when the loop time
delay is compensated. After implementing the proposed compensation method,
the active power and reactive power of the PHIL system in Case 4 are aligned
with that of the reference power system and the power transfer within this PHIL

system is as transparent as that of the reference Sol system in Case 1.

4.5 Summary

To mitigate the deteriorating impact of time delay and non-unity power inter-
face on the PHIL accuracy and to extend the bandwidth of the power interface,
this chapter presents a compensation scheme for the open-loop controlled VSC-
based power amplifier that enables more accurate power signal synchronisation
and power transfer within the PHIL closed-loop simulation. This compensation
method is designed to maintain the unity gain of the power amplifier over a wider
range of frequencies via optimal tuning of the proposed compensator. In addition,
the SDFT-based time delay compensation scheme compensates for the phase lag
on a harmonic-by-harmonic basis. The advantages of this compensation method
over the compensation techniques published in the literature have been demon-
strated via frequency-domain analysis. The effectiveness of this compensation
method has been evaluated and demonstrated via the proposed accuracy metrics
and the simulation results. The PHIL simulation that is based on the proposed
compensation method presents high power signal tracking capability, which is of

great significance for a high-fidelity PHIL simulation.
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Chapter 5

A Novel Scheme for Sensitivity
Analysis of PHIL Setups

As presented in Chapter 2, PHIL setups are modelled as closed-loop systems con-
sisting of a digital real-time simulator interfacing with the real-world hardware
under test through a dedicated PI, which facilitates the conservation of instan-
taneous power as exists in the real-world system through natural coupling. A
conventional PI that is typically comprised by a power amplifier, sensors, signal
conversion cards, and filters, inevitably introduces non-ideal characteristics such
as time delay, signal distortion, limited bandwidth, and external disturbances
that are not existent in Sol to the PHIL simulation. From a system operation
perspective, these non-ideal characteristics play crucial roles in PHIL system with
respect to its stability and accuracy, while leading to the system performance be-
ing more susceptible to these non-ideal characteristics, in particular the external
disturbances.

The impact of these non-ideal characteristics and the dynamics stemming from
the PI on the PHIL system stability and accuracy has been extensively discussed
in Chapter 2. Many research efforts have been devoted to improve the stability

and accuracy of the PHIL simulation as summarised and assessed in Chapter 2.3
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and Chapter 2.4. Detailed modelling principles, block diagrams, stability criteria,
and accuracy metrics have been developed for the assessment of system properties
involving the stability and accuracy.

Apart from the conventional stability and accuracy assessments of the PHIL
simulation, a comprehensive analysis and assessment of the impact of external
disturbances on the PHIL simulation is an important factor in PHIL setups before
their final-stage deployment. Due to the implementation of the non-ideal PI,
external disturbances are inevitably injected into the PHIL setup and are mainly

stemmed from,
e Offset noise in the measurement units
e QQuantisation error/noise in the ADC card
e Sensor measurement noise (typically high-frequency)
e Switching harmonics stemming from high-frequency pulsating modulation.

From an application point of view, comprehensive sensitivity analysis and as-
sessment are crucial for a high-fidelity and robust PHIL simulation. In contrast to
the well-presented schemes for stability and accuracy analysis and assessment in
the literature, no sensitivity analysis scheme has been developed within the PHIL
community. In this chapter, to facilitate quantitatively analysing and assessing
the impact of external disturbances on PHIL simulation systems, a novel scheme
for sensitivity analysis of the PHIL setups has been proposed for quantifying the
sensitivity criteria. The main contributions of this chapter are summarised as

follows,

1. A scheme based on detailed modelling was developed for the sensitivity
analysis of PHIL setups using transfer functions describing the dynamic

behaviours of Sol and the interfacing components within the PHIL setup.
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2. The inherent relationship between stability, accuracy and sensitivity was
elaborated and verified by the scheme through analytical assessment and
experimental validation. This allows for a precise estimation of PHIL sys-

tem properties prior to its deployment for experimental testing.

3. In conjunction with the sensitivity analysis criteria, practical accuracy as-
sessment methods involving the Signal to Noise Ratio (SNR) and the Total
Harmonic Distortion Plus Noise (THD+N) are presented to quantify the
sensitivity, which can be easily and extensively applied to the practical

PHIL experiments.

4. Based on the current-type I'TM interface, the proposed scheme for sensitiv-
ity analysis was characterised and verified by experimental PHIL setups at
the Dynamic Power Systems Laboratory at the University of Strathclyde,
demonstrating its applicability for either simplified or complex power sys-

tem and components testing.

The remainder of this chapter is structured as follows: Section 5.1 presents
the detailed modelling of the PHIL system with V-ITM and Current-Type [TM
(I-ITM) interfaces. Section 5.2 provides the in-depth details of the sensitivity
analysis scheme from the aspects of modelling principles, sensitivity analysis met-
rics, and the inherent relationship between the sensitivity analysis metrics and the
stability and accuracy of a PHIL setup. Analytical assessments of the proposed
sensitivity analysis scheme and its key attributes are presented in Section 5.3,
followed by a comprehensive experimental validation in Section 5.4. Section 5.5

summarises this chapter!.

1 This chapter is an extension of conference publications [23,32] and journal publication [43]
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5.1 PHIL ITM Interfacing Methods

This section presents the state-of-the-art of voltage-type and current-type I'TM in-
terfacing methods with emphasis placed on the detailed modelling of the current-
type I'TM interface along with an in-depth explanation of its properties.

As analysed and assessed in Chapter 2.2.1, among the novel PHIL interfacing
methods as tabulated in Table 2.1, the I'TM interface is extensively adopted in
the PHIL community because of its simplified implementing structure and its rel-
atively good performance with respect to the stability and accuracy. Even though
the proposed sensitivity analysis scheme could be extendable and applicable to
other interface methods, the ITM interface will be utilised for the development
of sensitivity analysis scheme throughout the chapter.

Determined by the type of power amplification and the controllable power
sources implemented in DRTS and HuT side, ITM interface can be categorised
as voltage-type (V-ITM) or current-type (I-ITM). Detailed modelling of these

ITM interfaces are given in the following sections.

5.1.1 Voltage-Type ITM (V-ITM) Interface

As presented in Figure 2.2, the V-ITM is configured as a controlled voltage source
in HuT side and a controlled current source in DRTS side, which are controlled
by a voltage-type PA and current sensor, respectively. With the interfacing com-
ponents, equivalent impedance in DRTS and HuT side, and interface signals rep-
resented in the form of a SISO closed-loop system, the equivalent V-ITM block
diagram is presented in Figure 2.3. To support the development of the sensitiv-
ity analysis scheme, the V-ITM open-loop transfer function given by Eq. (2.1) is

further expressed as,
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7o) = GLGH) 7. HIGHe) 65.)

where Zg(s) and Zy(s) are the equivalent impedance of the power network within
the DRTS platform and the HuT, respectively. Cy(s) is the transfer function of
the power interface in feed-forward path comprising the transfer functions of
DAC card GY(s) and voltage-type power amplifier G¥(s). P,(s) is the transfer
function of the power interface in feedback path comprising the transfer functions

of current sensor GY(s) and ADC card in series with LPF G} (s).

5.1.2 Current-Type ITM (I-ITM) Interface

s e S S S S S S S B B B B S S

Power
Amplifier

Filter Voltage v
Sensor '[ I
N 1
ADC 7 PIi! HuT|

___________________________________________________________

Figure 5.1: Equivalent model of the PHIL system with current-type ITM interface.

In contrast to the V-ITM interface, as illustrated in Figure 5.1, the I-ITM
interface is configured as a controlled current source on the HuT side and a
controlled voltage source on the DRTS side, which are controlled by a current-
type PA and a voltage sensor, respectively. Figure 5.2 presents the equivalent
SISO closed-loop block diagram of the I-I'TM interface, whose open-loop transfer

function T} (s) is given by,
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Figure 5.2: Equivalent block diagram of the I-ITM based PHIL system in Figure 5.1.

— 0 Z5(8) e —2 (5.2)
Ci(s) Pi(s)

where Zs(s) and Zy(s) are the equivalent impedance of the power network within
the DRTS platform and the HuT, respectively. Ci(s) is the transfer function of
the power interface in feed-forward path comprising the transfer functions of
DAC card Gi(s) and current-type power amplifier G}(s). P(s) is the transfer
function of the power interface in feedback path comprising the transfer functions
of voltage sensor G}(s) and ADC card in series with LPF G)(s).

Based on the detailed modelling of the I-ITM interface and the open-loop
transfer function of its equivalent SISO closed-loop system, the stability assess-
ment criteria as presented in Chapter 2.3.1 and the stability margin assessment
method as given by Eq. (2.9) can be applied to the open-loop transfer function
defined in Eq. (5.2). The stability of I-ITM PHIL setup is constrained by the
time delay and the impedance ratio between HuT side and DRTS side IR = g—‘;
Note that, in contrast to the V-ITM interface, the greater the impedance ratio
between DRTS side and HuT side is, the more stable the system is. In terms
of the accuracy assessment, the analytical accuracy assessment criteria defined
in Eq. (2.15) as well as the accuracy metrics presented in Chapter 2.4.2 can be

applied to the I-ITM interface through proper modifications.
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5.2 Sensitivity Analysis Method for PHIL Setup

This section presents the proposed scheme for sensitivity analysis of PHIL setup.
Initially, the modelling principles of PHIL system sensitivity analysis are ex-
plained followed by the derivations of sensitivity analysis metrics for V-ITM and
[I-ITM based PHIL setups. Eventually, the inherent relationships between the
sensitivity analysis metrics of the proposed scheme and the stability and accu-

racy of PHIL setups are presented.

5.2.1 Modelling Principles for Sensitivity Analysis

A comprehensive sensitivity analysis of the external disturbances arising from
the power interface of the PHIL systems is based on the derivation of sensitiv-
ity analysis metrics, which define the relationship between a specific disturbance
and the signal of interest in frequency domain. The characteristics of sensitivity
analysis metrics indicate the magnitude attenuation or amplification of the ex-
ternal disturbance over any frequency of interest and its respective phase shift.
The disturbances stemming from the non-ideal PI within the PHIL setup affect
the digital signals Vg and Ig as well as the analogue signals Vi and Iy on the
interface. As shown in Figure 5.3 and Figure 5.4, the disturbance is identified
according to its associated signal of interest and is denoted by the symbol § as a
prefix.

The generic definition of the sensitivity function S;(s) that is used to describe
the relationship between the signal of interest (i.e., V'(s) or I(s)) and its associated

local disturbances (i.e., 0V (s) or 61(s)) is given by,
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(el 1
Vy (s) 14 To(s)’
Vu(s) 1
SVa(s)  14+Tp(s)’
S1(s) = < Is(s) 1 (5.3)
6Is(s) 1+ To(s)’
Iu(s) 1
§Iu(s) 1+ To(s)

\

Regardless of the type of signal of interest and the type of ITM interface,
sensitivity analysis metric S;(s) are equivalent. In terms of the sensitivity func-
tion for other disturbances with respect to a specific signal, it can be derived in
a similar manner as sensitivity analysis metric S;(s). The following sub-sections

present the sensitivity analysis metrics for the voltage-type and current-type I'TM

interfaces.

5.2.2 Sensitivity Analysis Metrics for V-ITM PHIL Setup

5 VS' CV(S) 5 VH 5[]_]

U U ey I AL 20 bt

Zy(s) [0 G¥5)Gis)

Sl R(s)

Figure 5.3: Block diagram of PHIL with V-ITM interface and disturbances arising from
PI in a SISO closed-loop manner.

With the aforementioned disturbances incorporated into the PHIL closed-
loop, Figure 5.3 presents the an extended representation of the equivalent block

diagram of the V-ITM interface based PHIL setup in Figure 2.3. The hardware
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side current response Iy that is fed back from HuT to DRTS is of great significance
for investigating the characteristics of HuT and the interactions between HuT and
DRTS. This represents the signal of interest of V-ITM interface and thus being
employed for the sensitivity analysis. The sensitivity metrics for assessing the

impact of various identified disturbances on the signal of interest Iy are defined

(i . Iu(s) 1
Sils) = 6Ig(s) 14+ Ty(s)’
v - duls) 1/Zxu(s)
S5 (s) Vi (s) 1+ Tg(s)’ )
Si(s) = In(s) Cy(s)/Zu(s) '
’ oV (s) L+ Ty(s)
Si(s) = lu(s)  —Cv(s)Zs(s)/Zu(s)
\ 4 d1s(s) 14+ T5(s)

5.2.3 Sensitivity Analysis Metrics for I-ITM PHIL Setup

ol Ci(s) oly Wy
Vs 4 Vs Zl(s) H(l} s Gi(s)Gi(s) 4><l>—>IH Zy(s) A’LE{’
- S
Vs GGk
Ve Fi(s)

Figure 5.4: Block diagram of PHIL with I-ITM interface and disturbances arising from
PI in a SISO closed-loop manner.

The equivalent block diagram of the I-I'TM interface based PHIL setup with
its relevant identified disturbances can be drawn by analogy with the one shown in

Figure 5.3. Correspondingly, the block diagram is illustrated in Figure 5.4. The
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HuT voltage Vi that is measured and fed back from HuT to DRTS represents
the dynamics of HuT and thus being regarded as the signal of interest for the
development of sensitivity analysis scheme for I-ITM interface. The sensitivity
metrics for assessing the impact of the identified disturbances arising from the PI
on the HuT voltage Vi1 can be derived in analogy to Eq. (5.4). On the other hand,
the analysis of the impact of the disturbance associated with the signal of interest
on all the interface signals within the PHIL setup is of great significance. For the
disturbance Vg that is associated with the signal of interest Vy, the sensitivity

metrics for analysing its impact on all the interfacing signals are defined as,

( i o VH(S) . 1
Si(s) = Vu(s) — 1+Ti(s)’
oy Vels) _ B(s)
) Sy(s) = 5&2(3)_ 1+ Ti(s) (55)
Si(s) = Tu(s) _ Bi(s)/Zs(s) '
s SV (s) 1+T1() ’
i _ Iu(s)  =Ci(s)B(s)/Zs(s)
\ Sils) = Va(s) L+ Th(s)

These sensitivity metrics define the relationship between the signal of interest
and its associated disturbance or external disturbances. These play an impor-
tant role in facilitating the quantitative analysis and assessment of the impact
of external disturbances on PHIL simulation systems. The inherent relationship
between these sensitivity metrics and stability criteria is also an indicator of the
PHIL system stability and will be further elaborated in the following section.
On the other hand, accuracy assessment methods are further proposed to bridge
the generic sensitivity criteria in this scheme with the quantification of PHIL

accuracy in the following section.
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5.2.4 Sensitivity Analysis and Stability

In terms of a disturbance with given frequency w, the magnitude of the sensitivity

function S;(jw) defined in Eq. (5.3) is given by,

1

S1(jw)| = | ——7——
5:69) = | T

. (5.6)

|S1(jw)| represents the reciprocal of the distance between the Nyquist curve of
the open-loop transfer function Tg’i(s) and the Nyquist point (-1, 0) at the given
frequency w [50]. As presented in Figure 5.5, the Vector Margin (VM) is defined
by the shortest distance between the Nyquist curve and the Nyquist point. The
maximum magnitude of the sensitivity function in Eq. (5.3) is achieved at this

point and is calculated as |} (jw)| The greater the magnitude of |5 (jw)|

mazx’ maxr

is, the closer the Nyquist curve is to the Nyquist point (-1, 0). Consequently,
the PHIL system is less robust and tends to be unstable. Correspondingly, the
maximum magnitude of the sensitivity function given by |Si(jw)| indicates

max

the robustness of overall PHIL stability and is given by,

1
S (7 e 5.7
’ l(Jw)‘ma:p ‘1+TO(]WO> o ( )
Correspondingly, VM is expressed as,
Ay E— (5.8)
‘Sl(jc“‘))’max' .

Figure 5.5 illustrates the relationship between the gain margin (GM), phase
margin (PM), and the vector margin (VM). To avoid the Nyquist curve encircling
the critical point, as shown in Figure 5.5, the following inequality between the

stability margins can be derived as,
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Figure 5.5: Nyquist diagram of an open-loop transfer function T (s) with gain margin,
phase margin, and vector margin.

1
VM4 — <1,
GM (5.9)

VM < sin(PM).

Substituting Eq. (5.8) into Eq. (5.9), the inequalities between sensitivity function

S1(jw) and gain margin and phase margin are given by,

1 GM — 1
- < ., Yw >0,
1S1(jw)l GM
1 (5.10)

—— < gsin(PM), Vw>D0.
5.0) (PM)

Even a PHIL system with GM and PM satisfying the stability criteria defined
in Eq. (2.10), the system may fail to met the criteria defined in Eq. (5.9). The
inequality defined between the sensitivity function Si(jw) and GM and PM in

Eq. (5.10) provides a critical criteria for a robust PHIL stability assessment, which

will be further analytically assessed in the following section.
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5.2.5 Sensitivity Analysis and Accuracy

The magnitude of sensitivity function determines the extent to which the exter-
nal disturbance distorts the signal of interest and deteriorates the PHIL simula-
tion accuracy, while the phase response characteristics indicate the corresponding
phase shift of the system response with respect to the signal of interest. Based
on the sensitivity metrics in Eq. (5.4) and Eq. (5.5), the impact of the various
identified external disturbances on the system response can be quantified in an
analytical manner. For the continuous-time domain PHIL accuracy assessment
and the quantification of the extent to which the disturbances distort the PHIL

accuracy, the following methods are utilised in this scheme:

e THD-+N: DFT-based signal decomposition and calculation of the weighted
function of the magnitude of signal with the frequency of interest (i.e., V})
and the aggregated magnitude of signals excluding the frequency of interest,
this yields,

12 2
Z‘/; +Vn0ise (511)

THD 4+ N = V=2 - x 100%,
1

where V; is the RMS value of the i-th harmonic voltage, Vs is the RMS
value of noise signal, and V; is the RMS value of voltage signal with fre-

quency of interest.

e Signal to noise ratio (SNR): The SNR is calculated by,

SNR (dB) = 1010g<§), (5.12)

n

where P, is the power of signal with frequency of interest only and P, is the

power of signal excluding the frequency of interest.
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5.3 Frequency-Domain Assessment of Sensitiv-
ity Analysis Scheme

This section presents an analytical assessment of the sensitivity analysis metrics
that are developed for the V-ITM and I-ITM interfaces in frequency-domain.
Following from this, the relationship between sensitivity analysis metrics and

stability margins is further verified.

5.3.1 Sensitivity analysis of V-ITM Interface

The sensitivity analysis of V-ITM interface is based on the block diagram pre-
sented in Figure 5.3. According to the sensitivity metrics defined in Eq. (5.4), the
impact of the identified disturbances on the signal of interest (i.e., the HuT cur-
rent response [Iy) is investigated. The parameters of the interfacing components
of the V-ITM based PHIL setup are given in Table C.1 in Appendix C.
According to the parameters of the PHIL setup tabulated in Table C.1, the

PHIL system open-loop transfer function as defined in Eq. (5.1) is given by,

32.58 =3 105"
§32.64e=13 + 528.0e=7 + s+ 2199°

T5(s) = (5.13)

To ensure linearity and thus making the system amenable for analysis, Padé
approximation as given in Eq. (2.5) is employed to represent the time delays in the
transfer function. Based on this approximation, the Bode diagrams of T(s) and
S5 .3.4(s) is shown in Figure 5.6. The frequency response of the sensitivity analysis
metrics reveal the impact of identified disturbances on the signal of interest in
the PHIL setup from the perspectives of magnitude and phase shift.

Taking the disturbance §Vy and its impact on the HuT current response Iy as
an instance, the frequency response of Sy (s), as defined in Eq. (5.4), corresponds

to the cyan curve in Figure 5.6. It is evident that the magnitude response presents
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Figure 5.6: Frequency response of the open-loop transfer function T{(s) and sensitivity
analysis metrics S35 4(s) in Eq. (5.4).

negligible variation and rates at 0.0184 with frequencies up to 10 kHz. In terms of
the phase response, the phase shift is negligible at the frequency of interest and
certain harmonics up to 350 Hz, beyond which the phase shift witnesses significant

variations.

5.3.2 Sensitivity analysis of I-ITM Interface

The stability and sensitivity analysis has also been performed for the I-ITM
interface, considering the block diagram in Figure 5.4. The parameters of the
interfacing components of the I-I'TM based PHIL setup are given in Table C.2
in Appendix C. The sensitivity analysis of I-ITM interface refers to a typical
case representing a realistic scenario that is further employed for experimental

validation in Chapter 5.4.
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Figure 5.7: Frequency response of the I-ITM interface sensitivity transfer functions
51 934(s) in Eq. (5.5).

In this case, the sensitivity analysis has focused on the impact of the output
voltage disturbance 6Vy of the power converter, stemming from the measurement
noise and the switching of power converter operating as HuT, on the interfacing
signals of the PHIL setup as highlighted in Figure 5.4. For a given disturbance
with frequency w, the frequency-dependant magnitude and phase response of the
interfacing signals can be derived from the sensitivity metrics in Eq. (5.5) for
further analysis. For the disturbance 0Vy, the magnitude and phase response
of the interface signals Vi, Vi, Is, and Iy over certain frequencies of interest are
highlighted in Figure 5.7.

For the analytical assessment of the sensitivity and stability criteria defined
in Section 5.2.4, a case study involving different DRTS side impedance as given
in Table 5.1 is presented. Figure 5.8 presents the frequency response of the open-

loop transfer functions T1027374(s) and their corresponding sensitivity analysis met-
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Figure 5.8: Bode diagram of open-loop and sensitivity transfer functions T(i)172,3(s) and
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Table 5.1: Stability margins of the I-ITM open-loop transfer functions Tci)m’g(s).

FTéirclflfg; Software Impedance (2) (C; bl\;I) (Eé\g) (Z kl)\g)
Ti(s)  Zu(s) 12+s4.775e~* 1.5205 0586  0.0102
Ti(s)  Zia(s) 10+s4775e* 12402  0.284  0.0049
Ti,(s)  Zis(s) 5+ s4775e*  0.7071 -3.0680  0.0064

rics S}y 1913(5), of which the stability margins and the maximum magnitude are

given in Table 5.1. Gain margin and phase margin of T4, (s) and Ty, (s) as well

as the maximum magnitude of the sensitivity analysis metrics Si,(s) and Si,(s)

satisfy the inequality criteria defined in Eq. (5.9) and Eq. (5.10). Therefore, these
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Figure 5.9: Nyquist plot of open-loop transfer functions T(i)L2 3(s).

systems are stable, which is consistent with the stability status as indicated in
the Nyquist plot in Figure5.9. However, the gain margin and phase margin of
Tés(s) as well as the maximum magnitude of the sensitivity function Si;(s) do
not satisfy the inequality criteria defined in Eq. (5.9) and Eq. (5.10) and there-
fore, the corresponding PHIL setup is unstable. This is further verified by the
Nyquist plot in Figure5.9. This case study will be further experimentally val-
idated in Section 5.4.4 through employing a real-world PHIL experiment setup
with variable DRTS side impedance as given in Table 5.1.
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5.4 Experimental Verification of the Sensitivity
Analysis Scheme

For a comprehensive validation of the proposed sensitivity analysis scheme and its
associated stability and accuracy criteria, an I-I'TM interface based PHIL experi-
ment comprising a 90 kVA power converter as HuT and a 15 kVA power converter
operating as a current-mode power amplifier is employed for experimental vali-
dation. The experimental results are compared with the analytical assessment

results as presented in Chapter 5.3.2.

5.4.1 Experimental Setup

This case study involves incorporating a voltage source back-to-back converter
into a PHIL simulation setup by applying the I-I'TM interface. Figure 5.10 illus-
trates the setup for this PHIL experimental test?. The current signal Is measured
from the real-time network hosted in DRTS is transmitted to Triphase 15kVA
(TP15kVA) current-type PA as its command signal to regulate its output current
Iy. The output terminal of TP15kVA converter is coupled with that of Triphase
90kVA (TP90kVA) power converter with the former sourcing or sinking cur-
rent to the latter. The output voltage Vi of TP90kVA converter is measured
and transmitted to DRTS as the command voltage signal Vi for the controllable
voltage source. For the modelling process, the parameters of the interfacing com-
ponents in this PHIL setup is shown in Table C.2 in Appendix C. This PHIL
setup is consistent with the one used for analytical assessment in Chapter 5.3.2
and thereby allowing for a direct comparison of the experimental results with the

analytical ones.

2 The power equipment (i.e., RTDS and Triphase 90 kVA power converter) utilised in this
setup are the same as the ones utilised in Chapter 3.
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An equivalent voltage source with a nominal Line-to-Line (LL) AC voltage
Vsir of 0.4kV, and the fundamental frequency f, of 50 Hz emulates a low-voltage
grid. A low X/R ratio grid impedance, as listed in Table C.2 in Appendix C,
emulates a strong grid. The output voltage of TP90kVA power converter was
regulated at a LL AC voltage of 260V, 50 Hz. The DRTS side signals Vg and Ig
are recorded at a sampling rate of 20 kHz and the Hu'T side signals Vg and Iy are
recorded at a sampling rate of 16 kHz by Triphase datalogger, a dedicated data
acquisition unit of TP90kVA.

5.4.2 PHIL Setup without External Disturbance Injection

Figure 5.11 presents the waveforms of interfacing signals of the PHIL setup and
their single-sided amplitude spectrums. The output signal Vi of TP90 kVA power
converter is distorted by the harmonics and high-frequency noise introduced by
the pulsating modulation of the converter. Owing to the implementation of a
low-pass filter with a cut-off frequency at 1500 Hz, the DRTS side voltage Vg for
the controlled voltage source presents higher SNR and lower THD+N than that
of the hardware converter output voltage Vi and is less noisy. The SNR and
THD-+N of the digital current Is are approximately equal to that of the voltage
Vg . However, the amplitude of most frequency components of the current-mode
power amplifier output current Iy are greater than that of the reference signal Ig
and correspondingly Iy presents a lower SNR and higher THD+N than that of the
current Is. The inherent disturbances stemming from the aforementioned signal
conversions and high-frequency pulsating modulation at each stage deteriorate

the interfacing signals within the PHIL closed-loop setup.
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Figure 5.11: Waveforms and corresponding signal spectrums of interface signals without
external harmonics injection.
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Figure 5.12: Waveforms and corresponding signal spectrums of interface signals with
fifth and seventh harmonics injection.
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5.4.3 PHIL Setup with External Disturbance Injection

Figure 5.12 presents the waveforms of interfacing signals of the PHIL setup and
their single-sided amplitude spectrums for the PHIL testing scenarios with exter-
nal disturbance injection. To demonstrate the impact of the disturbance §Vy on
the interfacing signals, the fifth (0.015 p.u.) and seventh (0.04 p.u.) harmonics
are injected in the output voltage of TP90kVA power converter. All interface
signals show lower SNR and higher THD+N than those of the scenario with-
out external harmonics injection. Due to the magnitude attenuation and phase
shift of the amplifier, significant discrepancy between the DRTS side current Ig
and the current-mode power amplifier output current Iy are existent throughout
the entire range of frequencies of interest as shown in Figure 5.12. Apart from
the frequencies of interest, the amplitude spectrum of TP15kVA power converter
output current Iy presents higher portion of harmonics than its command signal
as a result of the high-frequency modulation of power converter.

Sensitivity can be assessed through the signal spectrum of interface signals
and the phase response of dedicated interface signals over the frequency of in-
terest. As illustrated in the frequency spectrum in Figure5.12, the magnitude
responses of the interface signals (i.e., Vi, Is, Iy ) with respect to an exter-
nally injected harmonic signal (§V41) over the frequency of interest are consistent
with the magnitude responses of sensitivity metrics (i.e., Si(s), Si(s), Si(s)) in
Figure5.7. In terms of the phase response assessment of the sensitivity metrics,
taking the voltage signal Vi and current signal Is as examples, the phase shifts
of the interface signal Is against the externally injected voltage signal Vi with a
fix harmonic can be directly revealed from their phase response. Figure 5.13(a)
presents the phase response of Ig and V1 over the fundamental frequency. Based
on these phase responses, the phase difference between these two interface sig-
nals is calculated and illustrated in Figure 5.13(b) and Figure 5.13(c). This phase
difference slightly deviates from the constant value 176.72 deg (cyan line) that
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Figure 5.13: I-ITM setup: (a) phase angle of Is and Vj with fundamental frequency
(50Hz), (b) phase difference between Ig and Vi, (c¢) zoomed-in version of (b).

corresponds to the phase response of the sensitivity metric (Si(s)) at the funda-
mental frequency in Figure5.7. Furthermore, the phase response of Ig and Vg
over the seventh harmonic is presented in Figure 5.14(a) along with their phase
difference as presented in Figure 5.14(b) and Figure 5.14(c). Once again, this
phase difference deviates from the phase response (155.25 deg) of the sensitivity
metric (Si(s)) at 350 Hz in Figure 5.7. The discrepancy between the experimental
phase shift and the phase shift of the analytical sensitivity metric may arise from
the additional time delay stemming from the current or voltage measurement

units, and the variable time delay in power amplifier.
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5.4.4 PHIL Setup Stability Experimental Assessment

Based on the I-ITM PHIL setup, grid side impedance variations are emulated
to verify the stability and sensitivity criteria that are defined in Chapter 5.2.4.
Impedance variation from Zjs(s) to Zi3(s) is implemented at ¢t = 0.2, as given
in Table 5.1, and the interface signals within the PHIL setup are shown in Fig-
ure 5.15. After the impedance change, the interface signals are divergent and
present significant oscillations. The PHIL system is unstable. This is consistent

with the analytical stability analysis in Chapter 5.2.4. As given in Table 5.1, the
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5.5 Summary

This chapter presents a structured and novel scheme developed for the sensitivity
analysis of PHIL simulation systems.

Firstly, depending on the interfacing methodologies, analytical modelling of
PHIL systems with particular reference to potential disturbances causing sensi-
tivity issues was presented. Based on the detailed PHIL system modelling, PHIL
sensitivity transfer functions with respect to the voltage-type and current-type
interfaces were introduced. The proposed sensitivity analysis metrics were of
great importance for evaluating the robustness or enhanced stability properties
of PHIL setups with various interfacing topologies.

On the other hand, the inherent relationships between the proposed sensitivity
transfer functions and the stability criteria were explained along with theoretical
and experimental validations. Moreover, based on the generic sensitivity cri-
teria, accuracy assessment methods were employed in this proposed scheme to
quantify the PHIL accuracy according to the generic sensitivity criteria. Further-
more, the experimental results of a 90kVA power converter based PHIL setup
were presented to characterise and demonstrate the applicability of the proposed
sensitivity analysis scheme.

The analytical assessment and experimental validation demonstrated that the
adoption of the proposed sensitivity analysis scheme enables the sensitivity be-
haviour and system properties, such as stability or accuracy, being determined
in a reproducible and accurate manner. The proposed scheme was introduced as
a guideline for the PHIL research community by providing high-value informa-
tion regarding the system disturbance assessment, accuracy quantification, and
system stability analysis. This fills the research gap whereby a structured anal-
ysis and evaluation has not been previously possible for assessing the impact of

external disturbances on PHIL simulation performance.

124



Chapter 6

PHIL Interface for Black-Start
Testing of Grid Forming

Converters

6.1 Introduction

Power converters used for the grid-connection of key DERs, such as solar pho-
tovoltaic, wind turbines and battery systems, are typically operated in grid-
following mode. The converter in this case latches to a strong grid voltage using a
PLL and acts as a current source exchanging active and reactive power [84]. That
said, the increasing DERs penetration is necessitating a review of this classical
paradigm to exploit the power converters grid-support and restoration capabil-
ities. The use of grid-forming converters (GFC) is gaining increasingly-high re-
search and industrial traction due to the wide range of associated benefits [85-87].
One of the key benefits of operating converters in grid-forming mode stems from
the name, i.e., due to its ability to ‘form’ a grid by generating its own AC voltage
without the need of a PLL that synchronises it with the coupled grid. Conse-

quently, a GFC establishes a stable and controllable voltage at its output terminal
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without requiring external angular reference, which enables it to be a candidate
for providing black-start services. This makes GFC an attractive option to par-
ticipate in black-start applications [88-91].

Comprehensive and in-depth investigations of the dynamic limitations of can-
didate GFC control schemes designed for black-start service provision under a
broad spectrum of operating conditions are crucial prior to their final deploy-
ment and systemic application in the power industry. For this reason, the appli-
cation of PHIL simulation for GFC testing has attracted significant interest from
academic researchers and industrial engineers. PHIL incorporates a real-time
emulated network and hardware power converter into a closed-loop setup, which
enables repeated and non-destructive testing of the candidate power converter
and its associated control strategies. This can be adopted for the GFC testing to
address the computation limitations of pure software simulation and de-risk the
hardware experiments in a more realistic and cost-effective manner.

The voltage-type PHIL simulation setup has been extensively employed for
the real-time testing of grid-following converters. The grid-following convert-
ers regulate their voltage angle to be synchronised with that of the interfacing
voltage-type power amplifier (i.e., a grid simulator mimicking the real-time emu-
lated power grid in DRTS) by employing a dedicated synchronisation unit (e.g.,
a PLL) [20,27,29,40,41]. However, the voltage-type interface is not capable of
incorporating a GFC in the PHIL setup for black-start testing. GFC regulates
output voltage by using the angular frequency reference generated by its inter-
nal dedicated unit. The direct coupling of GFC and interfacing power amplifier
may lead to stability issues arising from their independent and inherent voltage
regulation and the lack of voltage angle synchronisation at their coupling point.
To address this issue, a physical linking impedance insertion and a digital-twin
emulated impedance-based interfacing method was proposed in [92]. The appli-

cability of this method is limited by the availability of physical impedance and
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the necessity of precise power measurement before enabling the closure of a phys-
ical contactor. Furthermore, the accuracy of this setup is highly dependent on
the consistency between the physically inserted linking impedance and the em-
ulated impedance on the simulation side and is remarkably prone to the linking
impedance mismatches.

To address these limitations of the conventional voltage-type interfacing method
and the interfacing method developed in [92], the current-type interfacing method
is proposed to incorporate a GFC into PHIL setup for black-start testing. The
scaling and compensation schemes that are proposed in Chapter 4 are optimised
and applied for a robust and high-fidelity PHIL simulation guaranteeing an ac-
curate replication of the dynamics of the emulated power network at the phys-
ical GFC interfacing point. To support its adoption, a comprehensive stability
analysis and assessment of this PHIL interface along with the proposed PHIL
compensation techniques are presented.

The rest of this chapter is structured in the subsequent manner: Section 6.2
presents an overview of GFC control techniques to support black-start service
provision. The proposed current-type PHIL setup is presented in Section 6.3,
detailing the applicability of [TM interface for black-start testing of GFC, system
modelling, scaling, delay compensation, and stability analysis. In Section 6.4,
analytical assessment and simulation results are presented to verify the proposed
interfacing method. In Section 6.5, experimental results involving interfacing a
90 kVA power converter implemented with grid-forming control are presented to
demonstrate the applicability of the interfacing method. Section 6.6 summarise

this chapter!.

L This chapter is an extension of conference publications [23,32], journal publication [24],
and technical reports [93,94].
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6.2 GFC Control and Black-Start Techniques

Black-start application, an ancillary service that can be offered by VSC for the
High-Voltage Direct Current (HVDC) network [95], has been under research spot-
light in the category of Medimum Voltage (MV) distribution network. A typical
testing of this ancillary service in MV network on an industrial scale is the Dis-
tributed ReStart project in the United Kingdom (UK), where a live trail of GFC
for black-start application on a Mega-Watt (MW) scale has been carried out in
Scottish power network [96,97].

For VSC aided black-start application, an anchor black-start source is required
to energise network segments, connect to loads, and in some cases synchronise to
neighbouring networks for seamless transition to grid-connected mode. Network
restoration typically involves power transformers energisation, a process that can
lead to very high inrush currents, up to 7-10 times of the transformer rating
current [98]. On the other hand, power converters are also known for their limited
over-current capabilities. Using GFCs for large transformers energisation should
thus be combined with inrush current mitigation techniques as reported in [99].

Given the GFCs voltage control flexibility, soft transformer energisation tech-
nique can be integrated into the voltage control loop. This can be achieved
through the adjustment of voltage reference to a ramp between 0 and 1 pu within
a suitable duration that results in inrush current mitigation [90,99]. A sample
scenario incorporating voltage ramp for black-start using a voltage source con-
verter is shown in Figure 6.1. The various GFC control paradigms involving the
droop control, power synchronising control, Virtual Synchronous Machine (VSM),
and matching control are comprehensive evaluated in [88] regarding their soft
black-start capabilities. Among these control methods, VSM control presents
more flexibility as a result of its tunable virtual inertia. The corresponding GFC

control diagram based on the VSM control method is illustrated in Figure 6.2.
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Figure 6.1: Simplified network used for preliminary grid-forming control validation and
black-start steps.

This control technique emulates the swing equation of a synchronous machine as

in [100],

e
dt Wref

(Prey = P) + Dy(wrep — w), (6.1)

where J is the virtual inertia, D, is the damping factor, w,.y and w are reference
and measured angular frequencies, with similar analogy for the active power P.

The VSM voltage loop is inspired by the Synchronous Generator (SG) analogy
[100,101] and yields to,

w

V0=
V=%

(DAIV]+ AQ), (6.2)

where 1/K,, is the integrator gain, D, is the voltage damping factor, A|V| and
AQ are the voltage magnitude and reactive power errors, respectively.

Finally, when soft energisation is used, the voltage reference is defined as,

;’Vnomlu t < Tram )
[Vies] = 7 ’ (6.3)

|Vnom | ) t 2 Trampy

where Tqpmp is the ramping duration, ¢ is the elapsed time since ramping initial-

isation, and V,,,,, is the desired steady-state voltage amplitude.

129



Chapter 6. PHIL Interface for Black-Start Testing of Grid Forming Converters

Figure 6.2: Virtual synchronous machine (VSM) control diagram.

The ramping voltage reference of GFC defined in Eq. (6.3) mitigates the trans-
former inrush current and limits it under the strict GFC current constraint, and
thereby enabling a smoothing transformer energising process.

Loads connected at PCC can be energised with the same voltage ramp, or
after a 1 pu voltage is established at the PCC. The former technique is applied
in this chapter while taking into account the sensitivity of some load types to a
ramped voltage startup as reported in [89]. Overall, robust system response to
disturbances and transients is crucial for a successful black-start process. During
the network energisation sequence, the GFC output voltage is controlled by fol-
lowing the amplitude reference as defined in Eq. (6.3) and the angular frequency
setpoint generated by the grid-forming control loop as presented in Figure 6.2.
Consequently, GFC establishes a stable and controllable voltage at its output
terminal without requiring external angular reference. This attribute poses sig-
nificant challenges to the V-ITM interface, which incorporates the physical power
converter by regulating its voltage angle to be synchronised with that of an in-
terfacing PA mimicking the real-time emulated power grid. The lack of voltage
synchronisation at the coupling point of GFC and PA leads to instability, which

will be further explained in the following sections.
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6.3 PHIL Interface for Black-Start Testing of
GFC

This section initially presents a comparative analysis of the applicability of V-ITM
and [-I'TM interfaces for incorporating a GFC with black-start capability into a
PHIL closed-loop setup. This is followed by a comprehensive modelling of the
PHIL setup with I-I'TM interface in conjunction with an explanation of the scaling

ratio, stability analysis, and time delay compensation method.

6.3.1 Applicability of ITM Interface for Black-Start
Testing of GFC

The simplified power network with GFC in Figure 6.1 can be represented as a
monolithic system (i.e., Sol) in the form of a lumped voltage divider topology
as in Figure 6.3(a). As illustrated in Figure 6.3(b), the monolithic Sol is divided
into two cascaded subsystems S; and S,. System S; represents the emulated
power network in DRTS and comprises a Thévenin equivalent voltage source Vg
cascaded with an equivalent impedance Zg. System S, represents the grid-forming
converter that is modelled as a voltage source in series with an output impedance
Zy. As discussed in Chapter 2 and Chapter 5, a dedicated I'TM based power
interface bridges subsystems S; and S,. Distinguished by the power amplification
mode and the types of the controllable power source in DRTS side, ITM interface
can be classified into voltage-type (V-ITM) and current-type (I-ITM).

As shown in Figure 6.4, a V-ITM interface is configured as a voltage-mode
power amplifier that is coupled with hardware and a controllable current source
on the software side. This setup has been extensively employed for grid-following
converter testing, where the converter under test regulates its current to be syn-

chronised with the power amplifier output voltage [20,29]. However, owing to the
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Figure 6.3: Principle topology of (a) Sol with equivalent emulated DRTS network and
GFC modelling and (b) the corresponding PHIL simulation system.

inherent voltage amplitude and angular frequency regulation of GFC, this setup
is not suitable for interfacing GFC into a PHIL setup for black-start testing. The
direct coupling of GFC and voltage-mode power amplifier leads to instability
stemming from the lack of voltage synchronisation at their coupling point.

On the contrary, an I-ITM interface is configured as a current-mode power
amplifier sinking or sourcing current to the coupled hardware and a control-
lable voltage source on the software side. Figure 6.5 illustrates the equivalent
circuit diagram of the PHIL setup comprising a real-time emulated power net-
work, current-mode power amplifier, and power converter implemented with grid-
forming control. The inductive filter of the current-mode power converter tackles
the voltage synchronisation issue of the V-ITM interface and the dynamics in
the simulated power network can be replicated to the GFC under test through
the current-mode power amplifier. Despite the feasibility of this interface to in-
corporate GFC in a PHIL setup, its practical implementation is constrained by
the limited capability of the power amplifier in terms of its power rating, and by
the stability and accuracy issues arising from the loop time delay. From an ap-
plication point of view, comprehensive system modelling, optimised design (e.g.,
proper scaling), stability assessment, and time delay compensation are crucial for

accurate replication of the behaviours of physical GFC in the emulated grid.
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6.3.2 Interface Design and Modelling
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Figure 6.6: Equivalent model of the PHIL system with I-ITM interface and GFC.

The equivalent model of the PHIL setup in Figure 6.5 is presented in Fig-
ure 6.6, of which the equivalent block diagram is presented in Figure 6.7. As
shown in Figure 6.7, the interface components, equivalent impedance, and inter-
face signals are represented in the equivalent block diagram as a SISO closed-loop
system. The scaling ratio design and the interfacing component modelling are

presented as follows:

(1) Voltage and Current Scaling Ratio

The power capacity and voltage level of the network to be energised in the black-
start sequence is higher than that of the candidate GFC power converter in the
laboratory, and the current in energised network is much higher than the cur-
rent constraint of the current-mode power amplifier. Voltage scaling ratio r, is
introduced to scale up the output voltage (Vi) of the physical GFC to a higher
voltage (V) in the emulated power network that is hosted in DRTS. Current
ratio r; is utilised to scale the digital current (Ig) in the power network down to
a lower command for regulating the output current (Iy) of the power amplifier.

The voltage scaling ratio and current scaling ratio are given by,
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Figure 6.7: Equivalent block diagram of the I-I'TM based PHIL system in Figure 6.6.

V / ] nom S v
Ty = Sn0m7ri: o 7_S:r_7 (64)

VHnom ISnom SH i
where Vipom and Vi, are the nominal voltage of the physical GFC and emulated
GFC on DRTS side, respectively. Ignom and Isnon are the nominal current of the
power amplifier and the rated current of the emulated power network on DRTS

side, respectively. Sy and Sg are the power rating of the physical GFC and
emulated GFC on DRTS side, respectively.

(2) Current-Mode Power Amplifier

The cell 2 of Figure 6.5 represents the circuit diagram of the switched-mode power
converter with LC'L output filter. Figure 6.8 presents the grid side current feed-
back control diagram of this three-phase current-mode VSC. The system open-

loop transfer function is give by,

ie o (kpS + k’i)KPWM€7STd*PA

— 6.5
Uy L1 L15Cys* + (L + le)Sg7 ( )

Toca(s) =

where k, and k; are the proportional gain and integral gain of the current con-
troller, respectively. Kpwy is the gain (i.e., half of the DC-link voltage) of PWM

converter and Ty_pp is the PWM control delay that is a sum of one time step T
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Figure 6.8: Block diagram of the current feedback control of the current-mode power
amplifier.
for computation and half time step for PWM generation.

Applying the Taylor series expansion, the PWM control delay is approximated

as,

e—sTd,pA — 6—81.5’Ts ~ 1

T 1+15Ts (6:6)

Grid-side voltage feed-forward is implemented to mitigate the impact of GFC
output voltage on the grid-side current regulation. The voltage feed-forward term

Trg(s) is given by,

1

~ Kpwme *Ta-ra

(LHClSQ + 1) (67)

Tys(s)

Substituting Eq. (6.6) into Eq. (6.5) and taking the voltage feedforward term
into account, the closed-loop transfer function of the current-mode power ampli-

fier is obtained as,

(k'p8 + kz>KPWM

G = )
2(8) 1.5T8L11L120155 —+ 1.5T5(L11 —+ L12)83 -+ (kps -+ kz)KPWM

(6.8)

Note that, the rest of interfacing components in Figure 6.7 are modelled in

analogy to the generic modelling as presented in Eq. (2.2) in Chapter 2.2.
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6.3.3 PHIL System Stability Assessment

Based on the interface modelling, the open-loop transfer function of the SISO

closed-loop PHIL system in Figure 6.7 is defined as,

ZH<S)

To(s) = ryriG1(s)Ga(s)Gs(s)G4(S) Zs(s)”

(6.9)

The closed-loop stability is determined by the time delay, the non-ideal power
amplifier and signal processing unit in the power interface, and the variable
impedance at different black-start stages on the simulation side. Nyquist sta-
bility criteria can be applied to determine the closed-loop system stability by
assessing the eigenvalues of the system characteristic equation (1 4+ To(s) = 0).
Correspondingly, the system stability margins (e.g., GM and PM) defined in
Eq. (2.9) can be adopted to quantitatively assess this PHIL closed-loop stability.

6.3.4 Time Delay Compensation for Accuracy Improve-

ment

As demonstrated in Chapter 2.4, the time delay stemming from the signal con-
version units (e.g., GTAO and GTAI cards) and the digital control of the power
amplifier inevitably introduces phase offsets between the power signals transmit-
ted within the closed-loop setup and deteriorates the power transfer transparency
between the software and hardware side. Since the VSM control is dependent on
accurate voltage signal synchronisation and power measurement that are sus-
ceptible to the phase mismatch between the hardware GFC and the equivalent
virtual GFC on DRTS side, time delay compensation is crucial for a high-fidelity
replication of the emulated grid behaviours to hardware GFC.

The SDFT based time delay compensation scheme as presented in Chap-
ter 4.3.2 is employed to compensate for the time delay in the PHIL setup by
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Figure 6.9: Block diagram of phase-lag compensation.

adding an additional phase shift to the command signal of the current-mode
power amplifier and the measured hardware voltage signal at the fundamental
frequency. On the other hand, the time delay compensation of the current-mode
power amplifier can be achieved by adding an additional phase shift (dcomp) tO
the hardware GFC output voltage phase angle (dgrc) that is extracted by a PLL
from GFC output voltage. This is given by,

5/GFC - 6GFC + 5comp~ (610)

The phase shifted GFC voltage angle (Jgpc) is further utilised to convert the
current control loop output component (in dq frame) to the modulating signal
of the current-mode power converter, thereby compensating for the time delay
arising from the current-mode power amplifier and aligning the output current of
current-mode power amplifier with its current reference received from DRTS.

By doing so, accurate voltage or current signal synchronisation and trans-
parent power transfer between the real-time emulated power network and the

hardware GFC can be achieved.
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6.4 Analytical Assessment and Simulation

This section presents a comparison between the voltage-type and current-type
PHIL interfaces regarding their feasibility and capability of incorporating GFC
into a PHIL setup. Finally, analytical assessment of the current-type PHIL sta-
bility is presented.

Table 6.1: PHIL setup parameters in Figure 6.5.

Description Symbol Value
PHIL setup

Voltage scaling ratio Ty 27.5
Current scaling ratio T 0.0133
Cut-off frequency of G4(s) in Eq. (6.9) fea 500 Hz
Transformer power rating (3 phase) STy 53MVA
Transformer turns ratio (KVir,/kViL.) TR 11/33
Equivalent load in emulated power network Zioad 54 Q
Real-time digital simulator time step Ts 50 s

Current-type power amplifier (TP15kVA)

DC voltage Vb 650V
Switching frequency fswi 6.4kHz
Sampling frequency fs1 6.4 kHz
Inverter side filter inductance L1 2.3mH
Grid side filter inductance Lo 0.93 mH
Filter capacitance Ch 8.8k
PI controller proportional gain k, 11

PI controller integral gain ki 12.5
Hardware converter under test (TP90kVA)

DC voltage Vbeo 700V
Switching frequency fswo 16 kHz
Sampling frequency fs2 16 kHz
Inverter side filter inductance Lo 0.5mH
Filter capacitance Cy 47nF
Emulated virtual resistance [102] R, 6.8417Q
Emulated virtual inductance [102] L. 0.05mH
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6.4.1 Voltage-Type PHIL for Interfacing GFC

For the black-start application, a grid-forming converter has its internal control
loop to regulate voltage and frequency to energise the power network. Since the
direct coupling of GFC and voltage-mode power amplifier leads to instability
and potential damage to the physical apparatus, Matlab/Simulink simulation is
employed to assess this setup. The emulated voltage-mode power amplifier and
hardware GFC are based on the parameters of TP90kVA in Table 6.1, which

includes the parameters of the remainder PHIL setup in Figure 6.5.
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Figure 6.10: (a) GFC voltage of monolithic Sol, (b) GFC voltage of voltage-type PHIL,
and (c) voltage angle of voltage-type PHIL.
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In the monolithic Sol, a GFC is directly coupled with the power network
without an interfacing power amplifier. Figure 6.10(a) presents the GFC output
voltage. A voltage reference with a ramp-up between 0-0.3s and a step-down at
t=0.6s is emulated and the GFC output voltage presents good tracking perfor-
mance.

In terms of the voltage-type PHIL setup as presented in Figure 6.4, GFC reg-
ulates its output voltage by following its inherent angle while the power amplifier
regulates its output voltage by following the reference signal from DRTS. These
attributes lead to angle mismatch at the coupling point between GFC and power
amplifier. As shown in Figure 6.10(b), the GFC output voltage (i.e., the voltage
at the coupling point between GFC and power amplifier) presents significant os-
cillations. It is evident in Figure 6.10(c) that the voltage angle of GFC presents

significant discrepancies from that of the power amplifier.

6.4.2 Stability Assessment of Current-Type PHIL Inter-

face

According to the virtual circuit control theory as presented in [102], the output

impedance of TP90kVA is given by,

s5.5e™* 4+ 6.842
s25.5e=4 + s3.216e 4 + 1~

Zu(s) = (6.11)

The system open-loop transfer function in Eq. (6.9) can be calculated by utilis-
ing the system parameters tabulated in Table 6.1 and its corresponding frequency
response is shown in Figure 6.11. The open-loop transfer function of the current-
type PHIL setup with parameters in Table 6.1 has positive GM and PM and the
closed-loop setup is stable. The impact of the scaling ratios that are employed
to facilitate the hardware GFC power rating and to limit the power amplifier

current reference on the PHIL closed-loop stability is assessed. A higher power
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Figure 6.11: Bode diagram of the open-loop transfer function of current-type PHIL
setup.

rating of the emulated GFC on the real-time simulation side can be achieved by
implementing a high voltage scaling ratio. However, as illustrated in Figure 6.11,
such a PHIL system can be unstable as the increment of the voltage scaling ratio
degrades the system gain margin. The cyan curve represents the PHIL system
with the highest voltage scaling ratio and power rating among the given sys-
tems, this PHIL system is unstable and presents negative GM and PM. The
gain margin of the PHIL system is a factor by which the scaling ratio can be
raised before breaching the system stability. A stability assessment of the PHIL
system with pre-designed scaling ratios is crucial prior to the final-stage system

implementation.
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6.5 Experimental Validation

This section is dedicated to the experimental validation of the current-type PHIL
interface regarding its capability to incorporate GFCs with black-start capabilities
into a PHIL setup.

Figure 6.12 illustrates the experimental setup, the cells of which are corre-
sponding to those presented in Figure 6.13. The simplified power network model
is emulated in RTDS and Triphase 90 kVA (TP90kVA) power converter operates
in grid-forming mode. These are coupled by a Triphase 15kVA (TP15kVA) power
converter acting as a current-type power amplifier that sinks or sources current
to the TP90kVA converter, thus enabling the PHIL closed-loop configuration
and mimicking the relative power behaviors in the emulated power network. The
parameters of the emulated power network, power amplifier, and power converter
are given in Table 6.1. The scaling ratio r, and r; as tabulated in Table 6.1 are
employed to represent the power converter that is emulated in RTDS with higher
power rating and voltage levels than that of the actual GFC (TP90kVA) and to
scale down the RTDS reference current signal within the current constraint of
TP15kVA power converter, respectively. By doing so, the power rating of the
emulated GFC on RTDS side is 2062 (r,/r;) times that of TP90kVA.

To validate the effectiveness of the current-type PHIL interface in realising
a stable and accurate testing of the hardware GFC integration throughout the
black-start process, voltage-mode VSM control with a 5-second ramping time of
the hardware GFC is utilised to realise a soft energisation of the power trans-
former together with the load connected at the PCC point in the emulated power
network. The voltage and current at the interfacing point in RTDS, the output
voltage of TP90kVA, and the command and output current of TP15kVA are
recorded by RTDS and Triphase datalogger, respectively, and are replotted by
Matlab.
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Figure 6.15: Experimental results of the voltage and current at the interfacing point
within the real-time emulated power network.

The voltage at the hardware GFC power converter output terminal is pre-
sented in Figure 6.14(a) with a zoomed section around the end of ramping time.
This illustrates a successful hardware GFC output voltage tracking from 0 to
the rated value without any measurable delay during the voltage ramp period.
Correspondingly, the voltage at the interfacing point of the real-time emulated
power network in RTDS is illustrated in Figure 6.15. The scaled-up voltage at
the interfacing point presents the same trend as the hardware GFC during the
soft energisation within the voltage ramp period. Through the implementation of
the time delay compensation and power signal scaling, the hardware GFC voltage
behaviour is replicated in the emulated power network.

The current at the interfacing point of the real-time emulated power net-
work that is hosted in RTDS, as shown in Figure 6.15, is transmitted to the
current-mode power amplifier as its command signal through proper scaling. Fig-
ure 6.14(b) and Figure 6.14(c) present the command signal received from RTDS
and the output current of TP15kVA power converter, respectively. The scaled-
down (r; = 0.0133) three-phase current is accurately transmitted to TP15kVA
and is well-tracked by the output current of TP15kVA. As shown in the zoomed

version of the command and output current around the end of the ramping time,
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the actual output current is more harmonic-rich than the command signal. De-
spite the minor distortion of the output current, the phase of the power amplifier
output current is aligned with that of the command signal. This is achieved
by implementing the delay compensation method as presented in Section 6.3.4,
through which the current behaviour in the emulated power network can be repli-
cated by the power amplifier and be applied to the hardware GFC.

Through proper scaling and delay compensation, a stable and accurate sim-
ulation can be achieved by applying the current-type interface to incorporate a
hardware GFC into a PHIL closed-loop. This can effectively tackle the stability

issue of the voltage-type interface as presented in Section 6.4.1.

6.6 Summary

This chapter presents a novel interfacing method along with its associated opti-
misation and compensation schemes that enable the incorporation of GFC with
black-start capability into a PHIL closed-loop setup.

Firstly, a comprehensive assessment and evaluation of the voltage-type PHIL
interface regarding its suitability and applicability for incorporating GFC with
black-start capability into PHIL closed-loop simulation were presented. The the-
oretical analysis and simulation results revealed the stability issue arising from
the lack of voltage synchronisation at the coupling point between GFC and power
amplifier in a voltage-type interface. Moreover, the limitation of partial circuit
duplication method based interface in incorporating GFC with black-start capa-
bility into PHIL setup has been highlighted. These analyses have revealed the
necessity for a robust PHIL interface with high-fidelity to effectively test GFC
with black-start capability.

Secondly, to address the limitations and stability issues of the voltage-type

PHIL interface, a current-type interfacing method was proposed to interface a
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GFC with soft black-start capability into a PHIL setup. The in-depth modelling
of the current-type PHIL interface has been presented along with stability anal-
ysis. In addition, interface optimisation including proper scaling and time delay
compensation have been proposed to facilitate the testing capability and to im-
prove the simulation accuracy. Furthermore, the proposed scaling method has
been validated by the stability criteria defined in Chapter 2.

Finally, the experimental results involving the employment of a 90 kVA hard-
ware GFC to energise a power network with a ramping voltage reference for the
VSM control loop were illustrated. These outcomes demonstrated its effective-
ness in tackling the stability issue arising from the lack of voltage synchronisation
at the coupling point of GFC and interfacing power amplifier, and indicate the
suitability and applicability of a current-type interface in incorporating hardware
GFC into a PHIL setup.

Overall, this chapter presents a novel current-type interface that paves a new
pathway for testing GFC with black-start capabilities in a PHIL setup. Further-
more, the proposed optimisation and scaling schemes support the adoption of
this technique for further experimental validation of GFC over extended testing
scenarios. This is of great significance in facilitating the integration of renewable

energy sources into modern power networks.
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Conclusions and Future Work

PHIL techniques pave a new pathway in facilitating the real-time testing and
rapid prototyping of novel power apparatus and in investigating the interactions
between the candidate apparatus and their associated control schemes with the
large-scale complex power grid, while offering a variety of attractive attributes
involving the flexibility, redundancy, high-configurability, repeatability, and cost
effectiveness of non-destructive real-time closed-loop testing. This is of great
significance in promoting the research and development of novel power apparatus
and accelerating the transition of modern power grid. However, in analogy to
other emerging technologies, PHIL technique is accompanied by challenges and
limitations in realising a robust and high-fidelity real-time simulation, with the
mitigation of detrimental behaviours arising from the interfacing components and
system impedance variations being the most prominent.

This thesis focused on the development of compensation methodologies for
mitigating the detrimental impact of non-ideal power interface characteristics
(e.g., time delay, limited bandwidth, signal distortion) and system impedance
variation, thereby enhancing the stability and accuracy of PHIL simulation.

These proposed methodologies include:
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A real-time impedance aided Smith predictor compensator with adaptivity

to system impedance variation for enhanced PHIL stability.

e An optimal filter tuning based method for maximising the bandwidth and
preserving unity-gain characteristics of the power interface over a wider

frequency range.

e Sliding DFT based time delay compensation on a harmonic-by-harmonic
basis for more accurate power synchronisation and power transfer within

the PHIL setup.

e A scheme for sensitivity analysis of the PHIL setup for quantitatively analysing
the impact of external disturbance on PHIL interfacing signals and their as-

sociated stability and accuracy assessment.

e A current-type interface with proposed scaling ratio and time delay com-
pensation for incorporating GFCs with black-start capabilities into a PHIL

setup with enhanced stability and accuracy.

The following sections conclude this thesis by summarising the general re-
search findings, outlining the scope of research outputs, and highlighting the
principle novel contributions. These are followed by identifying several potential

directions that are worth being undertaken as future work.

7.1 Conclusions

From the research point of view, the contributions stemming from the research
work undertaken throughout this thesis can be attributed to the following distinct
key knowledge streams, which are subsequently presented in detail in the following

subsections.
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7.1.1 Methodology to Extend the Operating Boundaries
of PHIL with Enhanced Stability

A comprehensive review and in-depth analysis of the PHIL stabilisation schemes
have been performed in Chapter 2 from the perspective of the effectiveness in
enhancing PHIL stability, the impact on simulation accuracy along with the ease
of implementation of these schemes. This review and analysis in conjunction
with the assessment of the impact of time delay and variable system impedance
ratio on PHIL stability have provided valuable insights for the PHIL community.
This includes identifying the key determinants for PHIL stability and develop-
ing a novel compensation methodology for achieving a stable and robust PHIL
simulation by compensating for these identified determinants.

The mechanism by which the time delay and inherent variable PHIL system
impedance ratio deteriorates the PHIL closed-loop stability has been identified
in Chapter 2. This revealed that the PHIL stability can only be maintained
within a stringent impedance ratio range, thereby the PHIL operating bound-
aries are constrained in one experimental scenario run. Most of the reviewed
PHIL stabilisation schemes in the literature were designed without taking the
inherent impedance variation characteristic and the stringent impedance ratio
boundary into account. However, the real-world PHIL may witness significant
impedance variation when single or multiple power apparatus are connected and
disconnected. To fill this research gap between the enhanced PHIL stability and
the inherent variable impedance characteristic of the PHIL system, the Smith
predictor criterion inspired and system impedance identification aided adaptive
compensator was proposed to enhance the PHIL stability and to enable a robust
PHIL operation over extended operating boundaries.

Through the studies and assessment of the proposed adaptive Smith predictor

compensator in Chapter 3, the following conclusions have been drawn:
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e The theoretical analysis revealed that the proposed compensator mitigates
the deteriorating impact of the time delay on PHIL closed-loop stability by
virtually shifting it to the open-loop. Consequently, this enables a delay-free

closed-loop system with an improved stability margin.

e The improved stability margin extends the impedance ratio that can be
raised before breaching the system stability, thereby introducing a buffer in
the variability of impedances, extending the operating boundaries of PHIL
experiment, and enabling a stable PHIL experiment over a wider range
of scenarios. This has been validated by both simulation and experiment,
which demonstrated that the compensator aided example PHIL setup main-

tains stability with an extended impedance ratio from IRg to 1.3 IR,.

e The stability boundary and its associated critical impedance ratio for the
passive SP compensator have been defined and demonstrated by analytical
assessment. This provides the compensator designer with an efficient tool
to quantitatively assess the extent to which the modelling error between the
estimated model in the compensator and the actual model can be tolerated
before the modelling error breaches the stability criterion. This has been
validated by analytical assessment and simulation, which demonstrated that
the passive compensator-based example PHIL setup can only maintain sta-
bility up to a critical impedance ratio IR¢ as 2.88 IRy, beyond which the

interfacing signals are divergent and the system reaches an unstable state.

e Having identified the limitation of passive SP compensator, a computa-
tionally efficient SDFT based on-line impedance identification method was
proposed to enhance the robustness of SP compensator. The effectiveness
of this online impedance measurement technique has been validated by sim-
ulation and experimental results, of which strong agreement between the

estimated impedance transfer function and the reference impedance transfer
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function has been achieved.

This impedance identification technique allows the estimated model of the
Smith predictor to be adapted in real-time and equips the compensator
with adaptivity to impedance variation, thereby ensuring seamless opera-
tion catering to impedance variation during the experimental run. This fur-
ther extends the operating boundaries of a PHIL setup with enhanced sta-
bility and allows for undertaking PHIL experimental validation over wider

testing scenarios.

A comparative assessment of the passive compensator and impedance-aided
adaptive compensator have been performed by employing a real-world PHIL
experiment involving passive load bank and a 90 kVA back-to-back power
converter. The experimental results have demonstrated the effectiveness
of online impedance identification units and the merits of the proposed
adaptive compensator over the passive compensator in extending the PHIL

operating boundaries with guaranteed stability.

To sum up, the analytical assessment, simulation and experimental results

have demonstrated that the proposed adaptive SP compensator enables a sta-

ble PHIL system over a wider range of impedance ratios, allowing for a broader

range of scenarios being investigated at one experimental run than that of a

PHIL system without the proposed compensator. Although the applicability of

the proposed adaptive SP compensator in this thesis has only been shown with

passive loads for the purpose of proof of concept demonstration, this methodology

possesses the potential for being extended to a stable PHIL setup incorporating

multiple parallel power converters or physical power networks that present inher-

ent impedance variation on a common basis. This will push beyond the existing

limits of PHIL simulation towards a more stable operation that enables a more

robust PHIL experimental validation over extended operating boundaries.
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7.1.2 Optimisation and Compensation for a High-Fidelity
PHIL Interface

An analytical assessment of the impact of non-ideal interface characteristics in-
volving the time delay, signal distortion, and limited bandwidth on the power
signal synchronisation and power transfer transparency within the PHIL setup
has been performed in Chapter 2. Acknowledging the importance of power signal
synchronisation and transparent power transfer for the accurate replication of
the HuT dynamics on the emulated power network hosted in DRTS, this thesis
developed optimisation and compensation approaches for realising a high-fidelity
PHIL interface. The proposed optimisation and compensation approaches enable
an extended bandwidth of the compensated power interface and preserve unity
gain over a wider frequency range than that of the uncompensated interface,
while also compensating for the phase lag arising from the inherent time delay
on a harmonic-by-harmonics basis. These proposed approaches and their associ-
ated optimised characteristics enable enhanced accuracy in a PHIL setup. The

following sections will conclude each proposed approach in detail.

(1) Open-Loop Controlled VSC Amplifier and Optimal Filter Tuning

An optimal filter tuning based method was proposed to compensate for the output
filter of the open-loop controlled VSC-based interfacing power amplifier, which
presents less time delay associated with sampling and computation than the
closed-loop controlled VSC. Through the optimal tuning of the optimum damping
ratio (,, to be \/75 of the proposed compensator, the compensated filter is equiva-
lent to a second-order Butterworth filter with maximally flat magnitude response

over an extended frequency range and presents the following characteristics:

e Unity gain over a wider frequency range: The analytical assessment

presented in Chapter 3 has demonstrated that the compensated PA output
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filter preserves unity gain over a wider frequency range (0 Hz-830 Hz) than
that of the uncompensated output filter (98.7 Hz-100.2 Hz). This ensures
the magnitude of the power amplifier output voltage remains consistent
with that of its reference voltage over an extended frequency range, thereby
ensuring an accurate power signal replication, mitigating the impact of non-

unity power amplifier magnitude on the power transfer transparency.

e Improved bandwidth: By implementing the proposed compensator with
the ratio between the resonant frequency of the proposed compensator
and that of the power amplifier output filter tuned to be 3, the band-
width (5300 Hz) of the equivalent compensated power amplifier output fil-
ter presents a remarkable increase by around 2.6 times of the bandwidth
(2000 Hz) of the uncompensated output filter. The improved bandwidth en-
hanced the PHIL capability for more accurate replication of high-frequency
reference signal that includes certain harmonics in the PHIL simulation

with different testing objectives.

(2) SDFT Based Time Delay Compensation

Having enabled the unity gain of power interface, SDFT based time delay com-
pensation method is further proposed to compensate for the phase lag by manip-
ulating the reference signal and adding an additional phase shift. The analysis
of SDFT frequency response revealed that it can selectively update the reference
signal at frequencies of interest without magnitude distortion, thereby enabling
time delay compensation on a harmonic-by-harmonic basis.

The effectiveness of the proposed optimal filter tuning in conjunction with
the delay compensation has been validated by the proposed accuracy metrics
in a quantitative manner. The proposed compensation aided power interface
presents less power signal tracking error and reduced power signal to reference

power signal error than the uncompensated power interface. On the other hand,
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the simulation results demonstrated that the proposed compensation approaches
based interface presents consistent power measurement on DRTS and HuT side.
These provide high-level confidence that the proposed compensation method is
efficient for improving the signal synchronisation accuracy and enhancing the
power transfer transparency, which are critical for designing a high-fidelity PHIL

interface.

7.1.3 A Novel Scheme for Sensitivity Analysis of PHIL

Setups

A sensitivity analysis scheme has been developed to fill the research gap whereby
a structured analysis and evaluation has not been previously possible for assessing
the impact of external disturbances on PHIL performance. Through the analyt-
ical assessment and experimental validation of the proposed sensitivity analysis

scheme in Chapter 5, the following conclusions have been drawn:

e A sensitivity metrics based scheme has been proposed for the purpose of
PHIL sensitivity analysis and assessment of PHIL robustness and perfor-
mance with respect to the potential disturbances stemming from the power
interface. The proposed sensitivity metrics have been validated by their fre-
quency domain analytical assessment and an I-I'TM based PHIL experimen-
tal validation, for which strong agreement between the sensitivity metrics
frequency response and PHIL experimental results regarding the interfacing
phase shift and magnitude response has been achieved. These demonstrate

the applicability of the proposed sensitivity analysis scheme.

e The inherent relationships between the proposed sensitivity analysis scheme
and the stability criterion have been theoretically defined by a set of crite-

ria. The system stability performance of a PHIL experimental validation
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involving grid side impedance change was aligned with the analytical assess-
ment of the defined criterion. This is important for evaluating the enhanced

PHIL stability properties prior to its deployment.

e Accuracy assessment methods involving SNR and THD+N were employed
to quantify the generic sensitivity criteria. These accuracy criteria have
been applied to the PHIL experimental validation for accuracy evaluation
in a reproducible manner. From an application point of view, the proposed
scheme is crucial for facilitating the quantitative analysis and assessment of

the impact of external disturbances on PHIL performance.

Overall, the analytical assessment along with the power converter based PHIL
experimental validation demonstrate the applicability of the proposed sensitiv-
ity analysis scheme for PHIL setups. The proposed scheme is introduced as a
guideline for the PHIL research community by providing high-value information
regarding the system disturbance assessment, accuracy quantification, and sys-
tem stability analysis. So the design and implementation of a high-fidelity and
robust PHIL setup are consequently supported.

7.1.4 Approach for Incorporating GFC with Black-Start
Capability into PHIL Setups

For the purpose of addressing the limitation of the extensively utilised voltage-
type PHIL interface, a current-type interfacing method was proposed to interface
a GFC with soft black-start capability into a PHIL setup. Based on the research

findings as presented in Chapter 6, the following conclusions have been drawn:

e The suitability and applicability of the voltage-type PHIL interface for in-
corporating a GFC with black-start capability has been theoretically anal-
ysed along with a simulation-based verification, which demonstrates the sta-

bility issue arising from the lack of voltage synchronisation at the coupling
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point between GFC and power amplifier. On the other hand, the limitation
of partial circuit duplication method based interface has been highlighted.
These offer meaningful insights for the PHIL users on selecting a proper

interface for GFC testing, in particular for black-start applications.

To address the identified limitation of the voltage-type interface, a current-
type interface was proposed to incorporate a GFC with black-start capa-
bility into a PHIL setup. Detailed system modelling was presented along
with scaling and compensation schemes, which were proposed for enabling
a robust and high-fidelity PHIL simulation, facilitating the testing capabil-
ity, and guaranteeing an accurate replication of the dynamics of emulated

power network at the physical GFC interfacing point.

Stability analysis has been presented by utilising the stability criteria de-
fined in Chapter 2 to support the selection of the proposed scaling ratio.
This is of great importance to support the adoption of the proposed inter-

face prior to its deployment.

A PHIL experiment involving the employment of a hardware GFC to en-
ergise a DRTS-hosted power network with a ramping voltage reference for
the VSM control loop has been presented. The experimental results demon-
strated that a robust and high-fidelity PHIL testing of GFC can be achieved
by applying the current-type PHIL interface in conjunction with the pro-
posed interface compensation methods. This further verified the applicabil-
ity of the current-type interface for GFC testing with black-start capability
and provided high-level confidence in the adoption of this technique for fur-
ther experimental validation of GFC over extended testing scenarios. The
experiment gave valuable insight regarding the integration of a new GFC

controller for UK black start services.
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7.2 Future Work

Based on the findings, discussions and conclusions of the accomplished research
work, this section presents the following topics that are identified as potential

research directions to be explored in the future.

7.2.1 Enhanced Smith Predictor with Advanced Impedance
Identification Methods

As discussed in Chapter 3.5, despite the proposed adaptive Smith predictor con-
tributing to enhanced stability and improved transient or steady-state perfor-
mance, its online impedance identification approach limits its applicability when
the PHIL system witnesses fast impedance change. This arises from the natural
circular signal processing attribute of GSDFT based online impedance identifi-
cation scheme that requires one-cycle processing time (i.e., 0.02s) for calculating
the impedance parameters and updating the Smith predictor.

To facilitate the applicability of the proposed methodology, the development
of faster online impedance parameter identification schemes (e.g., Luenberger ob-
server [103], Kalman filters [104]) can enhance the applicability of the proposed
methodology for faster impedance change scenario. Even though these require
a more complex implementation than the proposed one, they indeed present the
potential in improving the applicability of this proposed methodology for tran-
sient studies by tackling the one-cycle processing issue of SDFT. This forms an

interesting direction for future research.

7.2.2 Smith Predictor with Extended Testing Scenarios

As demonstrated in Chapter 3, the proposed adaptive Smith predictor scheme
stabilises the PHIL system with inherent impedance variation. Even though

the applicability of the proposed approach in this chapter has been limited to

159



Chapter 7. Conclusions and Future Work

passive loads for the purpose of proof of concept demonstration, this approach
is extendable and applicable in theory for a stable PHIL system incorporating
parallel connected power converters, active or passive loads, or even a power
network, of which the equivalent impedance may witness variation when single or
multiple power apparatus are connected and disconnected. This can be explored

in the frame of future research.

7.2.3 Modified Smith Predictor for Enhanced PHIL Dis-

turbance Rejection Capability

Acknowledging that the inherent disturbances stemming from the power interface
play a significant role in deteriorating PHIL simulation accuracy as demonstrated
in Chapter 5, a compensation technique that equips the PHIL setup with distur-
bance rejection capability is desired for further enhancing its fidelity. The online
impedance identification aided adaptive Smith predictor compensator not only
enhances the PHIL closed-loop stability but also possesses potential in enhancing
the PHIL disturbance rejection capability. This could be achieved by implement-
ing a buffer to the estimated system model in the Smith predictor for attenuating
the disturbance signal to a very low level. This forms an interesting direction for
further refining the proposed Smith predictor for enhancing the PHIL disturbance

rejection capability.

7.2.4 Comprehensive Assessment of Various PHIL Inter-
face Algorithms for Black-Start Testing of GFCs

In this thesis, the V-ITM and I-ITM interfaces have been well assessed from the

perspective of their capability in incorporating GFC with black-start capability

into a PHIL setup. However, the interface algorithms as listed in Chapter 2 and

their extended ones may have a better performance than the proposed method.
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From a research and application point of view, a comprehensive analysis and
assessment of these interface algorithms regarding their suitability, applicability,
and capability for testing GFC are of great value. Based on this, modifications
and optimisation of these interface algorithms can be carried out to facilitate the

application of novel PHIL techniques for GFC testing in the future.

7.2.5 Applying PHIL for Testing GFC with Black-Start

Capability over Wider Scenarios

The experiment in Chapter 6 is limited to the VSM-based soft voltage ramp-up
for the purpose of proof of concept demonstration and preliminary validation of
the applicability of current-type interface and its associated compensation tech-
niques. Recommended future work includes expanding the testing of current-type
interface to cover all the black-start scenarios (e.g., load pickup, grid synchronisa-
tion, etc.). Correspondingly, stability analysis of this interface with the variable
impedance over each black-start stage should be taken into account for further
assessment of this interface. On the other hand, incorporating multiple GFCs as
HuT into the PHIL setup also forms an interesting research direction to explore.
This will mainly involve the investigation of the impact of multiple GFCs and

their coordinated operation on the PHIL stability and accuracy performance.
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Appendix A

Impedance Coefficients

Calculation Method in Chapter 3

This section presents the detailed method that is applied to calculate the impedance
transfer function based on the frequency-domain measurement. Furthermore, the

example impedance calculation that is associated with Chapter 3.3.3 is presented.

A.1 Impedance Calculation Linearisation

The vector fitting linearisation method as elaborated in [75, 76] is applied to
the non-linear matrices in Eq. (3.21) to converter it into a set of linear algebraic

equations, which can be expressed as,

PC=Q, (A.1)

where P, C, and Q are given by,

C = [a/07a17a2aa'37"' 7b17b27b3ab4a"'
(A2)

Q = [R07117R2,[3,---7O,MQ7O’M47...]T’
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I
Ry
I3
Ry

—R,
I3
—Ry
I5

_I5
_RG

M -+ I, Ry —I; R, ]
0 -« —Ry I, R ~—I
X Is Ry —Is —Rg
0 --- —Ry Is Ry ~—I
(A.3)
I - My 0 —M, 0
Ry -~ 0 M, 0 M,
I o My 0 —M, 0
Rs -~ 0 Mg 0 —DM,

According to the vector fitting linearisation method in [75,76], the elements

in matrices P and Q are defined by GSDFT output frequency-domain data in

Eq. (3.16) and are given by,

Ah

M,

= wthek,
=1

K
= Z wkh’
k=1

K

k
K

= wkhlmk,

k=1

K
= Z wkh(Rek2 + Ika)
k=1

Based on Eq. (A.1), matrix C that is comprised by the numerical values of

the coefficient matrices A and B are further calculated by,

Cc=P'Q. (A.5)

By doing so, the coefficients of the estimated impedance transfer function in

Eq. (3.21) are obtained.
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A.2 Impedance Calculation Example

Taking the identification of impedance Zy3 in Table 3.3 as an example, based on
the externally injected excitation signals, the GSDFT output frequency-domain

data is given by,

Table A.1: Frequency-domain impedance (Zy3) response data

k wg(rad) Rey, Im;,  Mag(dB) Phase(deg)
1 31416 6.183e™* 0.322 -9.84 89.89
2 628.32 0.012 0.695 -3.15 89.04
3 94248 0.075 1.190 1.53 86.40
4 1256.62 0.338 1.907 5.74 79.96
5 1570.80 1.280 2.812 9.80 65.53
6 1885.02 3.401 2.656 12.70 37.99
7 2199.16 4.212 0.538 12.56 7.27
8 2513.32 3.376 -0.659 10.73 -11.05
9 2827.46 2.633 -0.949 8.94 -19.81
10 3141.59 2.168  -0.962 7.50 -23.93
11 3769.87 1.682 -0.838 0.48 -26.48
12 4398.20 1.450 -0.713 4.17 -26.20
13 5026.53 1.320 -0.615 3.26 -24.99
14 5654.87 1.240 -0.539 2.62 -23.50

Table 3.3 presents the frequency-domain transfer function of Zyz, a RLC
impedance that can be represented as an inductor in parallel with a cascaded

resistor and capacitor. Accordingly, the matrices A and B are expressed as,
A= [ao, ai, GQ]T, B = [1, bl, bQ]T. (A6)

According to the vector fitting linearisation method, the matrices P, C, and

Q in Eq. (A.2) and Eq. (A.3) are further given by,

C - [CLO,CLl,CLQ,bl,bQ]T’

(A7)
Q = [R07 Ila R2> Oa MZ]T7
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Ao 0 =X L R
0 X 0 —Ry I
P=| )\, 0 -\ L Ry|. (A.8)
Iy —Ry —I3 My, O
Ry Is —Ry 0 My

Substituting the frequency domain data in Table A.1 into Eq. (A.4), the ele-

ments in matrices P and Q are calculated as,

e 14 14
)\0 = Z wko = 14, RO = Z kaRek = 23185,
k=1 k=1
14 14
Ao = > wp?=1.288¢", Ry = > wiRep = 2.249¢8,
k1:41 k1:41
A o= D wpt =2.484¢", Ry = > wi'Rep = 3.657¢el?,
k=1 k=1
14 14
L = Y wllm, = —5.134¢3, My, = Y wi?(Rep” +Im,?) = 5.898 ¢,
k=1 k=1
14 14
Iy = Y wllmy, = —3.035¢e", My = > wi*(Rep? + Imy?) = 7.158 .
\ k=1 k=1

(A.9)

Substituting the numerical value in Eq. (A.9) into Eq. (A.7) and Eq. (A.8),
and utilising Eq. (A.5), matrix C is calculated as,

C=P'Q=1[1.245¢*9.856e % 2505¢ 7,2.469¢ % 2521 "]".  (A.10)
Consequently, matrices A and B are obtained as,
A =[1.245¢7%9.856¢e7% 2.505¢ )", B =[1,2.469¢ % 2521 7. (A.11)

A and B are further expressed into a transfer function form as in Table 3.3.
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Examples of VSC Output Filter

and HuT Impedance

Depending on the type of the HuT load (Zy), the equivalent transfer function of
output filter and HuT impedance in Eq. (4.3) can be expressed as,

Infinite load (Zy = )

1
G =
f(s) LfOfSQ + RfoS +1’
(‘g—22+2i3+1’
wo) wo
1 Rf Cf
wo = ——m—, £ = 2 |9 B.1b
= i €= (B.1b)

where wy is the natural frequency, ¢ is the damping ratio, and the resonant

frequency w, (w, = wyy/1 — 2£2).
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Resistive HuT (Zy = Rpy)

1
Gf(8> = 2 L; Rry’
LiCys +(Rf0f+R—H)S+(1+R—H) B9
i 1 (B.22)
52 Ry’
Two)2 + 211%8 + (1 + R_If{)
1 L 1
wo = =BG+ Ly/ R , (B.2b)
VILiCr 2 LiCy

where wy is the natural frequency, ¢ is the damping ratio, and the resonant

frequency w, (w, = wo/1 + ZHRff%z ).

Inductive HuT (Zy = Ry + sLy)

SLH + RH

_ B.3
Gi(s) As3 +Bs2 +Cs+D’ (B.32)
where
A B L.C:L L:CtRg+ R:,C¢L
_ rCrln Ol + 1Oyl | (B.3b)
C D RfoRH+Lf+LH Rf+RH
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Appendix C

PHIL Setup Parameters Used in
Chapter 5

The parameters of V-ITM interface based PHIL setup in Chapter 5 are tabulated
in Table C.1. Note that the signal processing card (i.e., GTAO card) Gy(s) is
assumed to be ideal, whereas the modelling of the voltage amplifier includes a
delay of 3.1 ps characterized as an exponential function in G(s). For the feedback
loop, the current sensor is considered to be ideal with GY(s) = 1, while the GTAI
card in series with the low-pass filter are modelled as in Eq. (2.2) with a cut-off
frequency of 350 Hz.

PHIL experimental setup parameters used for the analysis of I-I'TM interface
in Chapter 5 are given in Table C.2. For this setup, the time step size and the
fundamental frequency are set as 50 ps and 50 Hz, respectively and the line-to-line
software side voltage is 400 V. The forward signal processing (i.e., GTAO card)
and the feedback voltage measurement are assumed to be ideal, thus respective
transfer functions G (s) and Gi(s) are equal to 1. The current-type PA shows a
low-pass behaviour with a cut-off frequency of 768 Hz. The cut-off frequency of
G (s) is 1500 Hz. DRTS and HuT system impedances including grid impedance

properties as well as the converter output impedance are shown in Table C.2.
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Table C.1: Model parameters of the PHIL setup with V-ITM interface

Description Symbol Unit Value
RTDS time step - Bs 50
Software side voltage source VLN A% 230
Fundamental frequency fo Hz 50
Software system impedance Zs(s) Q 0.8
Hardware system impedance Zu(s) Q 54
Voltage-type PA-Equivalent delay Y ems31e”
and filter as identified in [54] 2(5) ) 522.642e~13 4+ 50.8e76 4 1
Current measurement Gy (s) - 1
Feedforward GTAO card GY(s) - 1
1

Feedback GTAI card + low-pass filter G} (s) - (/2735005 7 1
7350)s

Table C.2: Model parameters of the PHIL setup with I-I'TM interface

Description Symbol Unit Value
RTDS time step - 1s 50
Software side voltage source Vs.iL \% 400
Fundamental frequency fo Hz 50
Software system impedance 4
Emulated grid impedance Zs(s) L 10+ 54.775¢
i 5.5e~* +6.842
Hardware system impedance Zua(s) 0 §9.0€7 " +

Converter output impedance [102] $25.5e—4 + s3.216e—4 + 1

Current-type PA ‘
Current control transfer function 5(s) -
with delay compensation [32]

1
(1/27768)s + 1

Voltage measurement L(s) - 1
Feedforward GTAO card i(s) - 1
. 1
Feedback GTAI card + low-pass filter 4(s) - (172715005 + 1
™ s
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