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Abstract

With the aim of heading towards a more sustainable future, there has been a no-
ticeable increase in the installation of Renewable Energy Sources (RES) in power
systems in the latest years. Besides the evident environmental bene ts, RES pose
several technological challenges in terms of scheduling, operation, and control of
transmission and distribution power networks. Therefore, it raised the necessity of
developing smart grids, relying on suitable distributed measurement infrastructure,
for instance, based on Phasor Measurement Units (PMUs). Not only are such de-
vices able to estimate a phasor, but they can also provide time information which is
essential for real-time monitoring. This Thesis falls within this context by analyzing
the uncertainty requirements of PMUs in distribution and transmission applications.
Concerning the latter, the reliability of PMU measurements during severe power sys-
tem events is examined, whereas for the rst, typical con gurations of distribution
networks are studied for the development of target uncertainties.

The second part of the Thesis, instead, is dedicated to the application of PMUs
in low-inertia power grids. The replacement of traditional synchronous machines
with inertia-less RES is progressively reducing the overall system inertia, resulting
in faster and more severe events. In this scenario, PMUs may play a vital role
in spite of the fact that no standard requirements nor target uncertainties are yet
available. This Thesis deeply investigates PMU-based applications, by proposing a
new inertia index relying only on local measurements and evaluating their reliability
in low-inertia scenarios. It also develops possible uncertainty intervals based on the
electrical instrumentation currently used in power systems and assesses the interop-
erability with other devices before and after contingency events.

Keywords: phasor measurement unit, uncertainty, instrumentation, low-inertia
power system, smart grid.






Sommario

Con l'obiettivo di puntare ad un futuro piu sostenibile, negli ultimi anni si é regis-
trato un notevole aumento nell'installazione di fonti energetiche rinnovabili (RES)
nei sistemi elettrici. Oltre agli evidenti bene ci ambientali, le RES pongono impor-
tanti s de tecnologiche in termini di programmazione, funzionamento e controllo
delle reti di trasmissione e distribuzione dell'energia elettrica. Pertanto, € emersa la
necessita di sviluppare reti intelligenti, basate su un'adeguata infrastruttura di mis-
ure distribuite, ad esempio mediante unita di misura fasoriali (PMU). Tali dispositivi
non solo sono in grado di stimare un fasore, ma possono anche fornire informazioni
temporali, essenziali per il monitoraggio in tempo reale. Questa tesi si inserisce in
guesto contesto analizzando i requisiti di incertezza delle PMU nelle applicazioni
in reti elettriche di distribuzione e trasmissione. Per quanto riguarda la seconda,
viene esaminata I'a dabilita delle misure delle PMU durante gravi eventi nei sistemi
elettrici, mentre per la prima vengono studiate le con gurazioni tipiche delle reti di
distribuzione per lo sviluppo delle incertezze di riferimento.

La seconda parte della tesi, invece, e dedicata all'applicazione delle PMU nelle reti
elettriche a bassa inerzia. La sostituzione delle tradizionali macchine sincrone con
RES prive di inerzia sta progressivamente riducendo l'inerzia complessiva del sis-
tema, con conseguenti eventi piu rapidi e gravi. In questo scenario, le PMU possono
svolgere un ruolo fondamentale, nonostante non siano ancora disponibili né requisiti
standard, né incertezze target. Questa tesi analizza approfonditamente le appli-
cazioni basate sulle PMU, proponendo un nuovo indice di inerzia basato solo su
misure locali e valutando la loro a dabilita in contesti a bassa inerzia. La tesi
propone inoltre possibili intervalli di incertezza basati sulla strumentazione elettrica
attualmente utilizzata nei sistemi di potenza e valuta l'interoperabilita con altri dis-
positivi prima e dopo eventi e guasti.

Parole chiave: sincrofasori, incertezza, strumentazione di misura, sistemi elettrici
a bassa inerzia, reti intelligenti.
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Introduction

Context and Motivation

From the Kyoto Protocol adopted in 1997 that rst pursued the reduction and
limitation of greenhouse gas emissions, a lot of work has been done and will have to
be done in the next years in the eld of sustainability [1].

The 2030 Climate Target Planpromoted by the European Commission proposes
to cut greenhouse gas emissions by at leaS5% by 2030 and sets Europe on a
responsible path to becoming climate neutral by 2050 [2]. In the meantime, though,
it is necessary to ensure stable and a ordable energy supplies, with the aim of
providing universal energy access and enabling robust economic growth. This Plan
sets out a cost-e ective and economically productive pathway, resulting in a clean,
and resilient energy economy dominated by Renewable Energy Sources (RES) like
solar and wind instead of fossil fuels [3]. The main targets to be achieved by 2050
in the industry, power, transport, and buildings sectors are shown in Fig. 1.

In this context, the European Union (EU)'s Climate Plan proposes additional energy-
related policies with the aim of further pushing utilities to install RES. It is worth
mentioning the Strategic Energy Technology Plan that was launched in 2007. It is
still ongoing and it aims at accelerating the deployment of green technologies. Its
activities are clustered into10 actions for research and innovation which address the
whole innovation chain, from research to market uptake, and tackle both nancing
and regulatory frameworks [4].

Among climate directives, it is worth citing Directive 2018/2001/EC on the pro-
motion of the use of energy from renewables. It pursues th&2% of the energy
consumed within the EU comes from renewable-based sources20B8Q However,
it is worth remarking that an intermediate target was set for 2020: the overall EU
target for RES use had to be equal t®20% by the year 202Q Nevertheless, the

Figure 1: Objectives of the Climate Energy Plan promoted by the European Commission, showing the targets to
be achieved by 2050 in various sectors. Source: [3].
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Figure 2: Energy consumption levels recorded in Italy in January 2023 by the Italian Transmission System
Operator (TSO), Terna. It is worth highlighting that only 28:2% of the overall power production was based on
renewable sources. Source: [7].

Figure 3: Energy consumption levels recorded in Italy in June 2023 by the Italian TSO, Terna. It is worth
underlying that 44:3% of the overall power production was based on renewable sources. Source: [8].

Italian one was barely below the target, as it was equal th7%[5].

In 2022, fossil-fuel-based energy still represented the majority of the energy produced
in Italy constituting 63:9% of the total. The overall installed power was equal to
1233 GW, resulting in an increase oB3% with respect to 2021. In more detail61:1
GW of those were RES which are equivalent t60% of the total capacity, increasing

by 5:3% in comparison to the previous year [6].

However, RES are subject to inherent volatility and seasonal trends which represent
some of their intrinsic characteristics. As a matter of fact, it is worth noticing how
the energy production relying on RES changes between the winter and the summer
seasons. As an example, the Italian energy consumption in January and in June
2023 are shown in Fig. 2 and 3, respectively. While in June, RES constituted
44:3% of the overall power demand, in January they wer&6%less. It can be also
remarked how wind-based energy production represented the biggest share in the
winter season with30:9%, while it decreased t09:2% in the summer. On the con-
trary, both hydroelectric and photovoltaic production increased signi cantly in the
summer season representing almogb% of all renewable-based production.

The last policy worth referencing is the Emission Trading Scheme. It was presented
by the European Commission in July 2015 and its targets are in line with the EU's
2030 Climate and Energy policy framework. Indeed, it proposes to reduce emissions
in the EU by 43% compared to 2005 [2, 9].
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Besides the indisputable environmental bene ts, all such ambitious targets pose sev-
eral technological challenges that need to be tackled in a very limited time. Focusing
only on the power sector, this transition is indeed going to require many changes
in the operation of power networks, ranging from the system's down to the com-
ponent's levels. Nonetheless, in the latest years, electric power systems have been
continuously upgrading, increasing their degree of automation and capabilities of
identifying and reacting to events that may trigger undesirable situations [10]. For
such a reason, power grids have started to be referred to s;tmart grids, owing to
their innovative intelligent operating conditions and features.

The next generation of smart grids shall indeed be represented by turnkey services
while preserving the highest level of power delivery and power quality. In order to
keep a high level of power quality, new schemes, procedures, and policies for the de-
centralization management of the power system are required. Furthermore, the roles
and the responsibilities of sector actors such as distribution and transmission sys-
tem operators, aggregators, as well as generators will change on a greatly increased
importance, compared to the present situation.

Notwithstanding that, the nal objective does not change: it entails the round-
the-clock network stability and the uninterrupted delivery of power supply within
speci ed quality standard levels, as the RES penetration increases. However, RES
themselves threaten it by contributing to a worsening of the power quality and a
progressive reduction of the system inertia, owing to the replacement of traditional
machines. Hence, power systems are less resilient and more prone to contingencies
and blackouts as recorded by some major system events that occurred in Arizona-
Southern California in 2011 [11], in South Australia in 2016 [12], and in Odessa,
Texas in 2022 [13], just to mention a few of them.

Consequently, it is evident how crucial it is the need of having a real-time picture
of the system state in order to have updated, signi cant information on the possible
criticality that may a ect the correct operation of the networks. In this context, a
pivotal role is played by power system measurements. In particular synchronized
measurements performed by Phasor Measurement Units (PMUSs) can de nitely con-
tribute to the delineation of a real-time, synchronized picture of the system state
which can be used for the system operators in their daily activities.

However, with the advent of smart grids, measurement issues are turning into mea-
surement challenges. Metrological issues in smart grids need more and even new
answers, owing to RES which modi ed the traditional power ow.

Therefore, this Thesis falls within this framework by investigating the requirements
and the performances of PMUs in modern electric power systems.

In more detail, systems characterized by distorted and low-inertia scenarios are ex-
amined, with the purpose of assessing the performance of state-of-the-art PMUs and
investigating the contribution of other electric instrumentation such as Instrument
Transformers (ITs) to the measurement uncertainty. A particular emphasis is given
to the possible applications of PMUs in the local estimation of inertia and on their
reliability, from a metrological perspective which is hardly ever considered in the
recent literature besides that no international standards are yet available.

In the following, the Thesis outline is presented, then the main contributions are
highlighted following their presentation order.
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Thesis Outline
The Thesis is organized as follows:

Chapter 1 presents all the fundamental de nitions and key concepts relative to
the science of metrology. First of all, the most signi cant de nitions are illustrated,
as in the International Vocabulary of Metrology (VIM). Afterward, type A and B
uncertainty evaluation methodologies are explained according to the Guide to the
expression of Uncertainty in Measurements (GUM).

Chapter 2 depicts an overview of the main types of electric instrumentation that
can be found in smart grids, focusing on PMUs and ITs. Speci cally, it presents
the basic concepts relative to PMUs and the requirements detailed in the relevant
international Standard, i.e., IEC/IEEE 60255-118-1 [14]. The second part of the
Chapter presents voltage and current ITs, as well as the new Low-Power Instrument
Transformers (LPITs), highlighting their operating principles and their requirements
shown in the Standards, i.e., the IEC 61869 series.

Chapter 3 illustrates the main components as well as hardware and software of the
PMU calibrator present at the Swiss Federal Institute of Metrology (METAS). In
this Chapter, tests concerning the stability of the generation and acquisition stages
of the calibrator are performed in order to evaluate type A uncertainty. In addition,

di erent time sources are tested to assess the performances of the calibrator in terms
of synchronization and traceability to the reference units.

Chapter 4 describes the main advancements developed in this Thesis in the context
of uncertainty contributions relative to PMU-based measurements at distribution
and transmission levels. Regarding the rst ones, target uncertainties are assessed,
based on the typical elements constituting a measurement setup. Concerning trans-
mission power systems, instead, both applications involve the investigation of the
uncertainty of PMUs during system events. The rst one involves the reliability of
measurements; whereas, the second one pursues the requirements for the frequency
uncertainty when performing secure maneuvers.

Chapter 5 introduces the fundamental concepts of power system stability and
inertia. This is followed by a literature review, showing the most recent inertia
estimation algorithms present in the scienti c literature. From this analysis, the
main unsolved problems are illustrated, focusing in more detail on the metrological
ones. Afterward, among all possible routines, the method applied at a local level for
the inertia estimation is presented. The last part of this Chapter presents two power
system models which are used for the validation: one representative of a distribution
grid, and the other of a transmission power system.

Chapter 6 presents some applications of PMUs for the local assessment of power
system inertia in various scenarios. First of all, a metrological perspective is con-
sidered with the aim of establishing con dence intervals; second, from a local per-
spective, inertia is estimated by performing only single-node measurements. This is
followed by an analysis of the measurement reliability in low-inertia scenarios and,
consequently, on the possibility of merging data for the de nition of local areas.
The last part is dedicated to a study on the interoperability between measurements
performed by di erent electric instrumentation in a low-inertia condition.
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Contributions

In the following, the main contributions of this Thesis are organized in a bullet list,
according to the order of appearance in their corresponding Chapters.

Characterization of the stability of the generation and acquisition analog stages
of a PMU calibrator capable of performing both steady-state and dynamic
tests as illustrated in the IEC/IEEE 60255-188-1 Standard. Both hardware
and software are described, in order to illustrate the speci cations of the main
components and the implementation of the test signals.

In addition, a study on the e ects of di erent time sources is performed. The
contribution of this study is re ected in the assessment of the phase noise and
time skew when time sources a ected by di erent behaviors are applied.

Establishment of the target uncertainty of a typical MV measurement chain,
comprising PMUs and LPITs. The results indicate how even the lowest class
of ITs' contributes so signi cantly to the overall uncertainty that the phase
measurement is compromised. The outcomes of this study constitute a pre-
liminary indication of the performances of PMUs in distribution grids.

Evaluation of the required uncertainty for frequency measurements performed
by PMUs at the transmission level after a system split. The results show that
uncertainty constitutes an important indicator, which cannot be neglected,
especially during dynamic conditions. The results propose the addition of
such a quantity to the current policies.

Establishment of con dence intervals for inertia estimations, based on the
speci cation of modern in- eld instrumentation. As a result, the obtained
intervals happen to be non-negligible, especially for small power disturbances
which are more challenging to be measured by ITs.

Local assessment of inertia, based only on measurements performed at a sin-
gle node using a novel indicator that takes into account power and frequency
variations in time. The results indicate how the indicator can be helpful in
discerning an event from a steady-state condition; plus, its magnitude is rep-
resentative of the proximity to the fault location.

Investigation of the reliability of PMU measurements in low-inertia systems,
based on the Normalized Root Mean Square Error (nRMSE) index. The rela-
tion with the PMU reporting rate is deeply investigated.

Aggregation of PMU measurements, according to their reliability index in a
low-inertia distribution grid. Di erent transients and contingencies are simu-
lated in order to assess the performances in various scenarios.

Investigation of the interoperability between di erent instrumentation present

in a low-inertia power system, speci cally concerning PMUs and Power Quality
(PQ) meters. The outcomes point out how the comparison between measure-
ments obtained by di erent devices is not straightforward.






Chapter 1

Metrology Fundamentals Concepts:
De nitions and Uncertainty Evaluation

When measuring the value of a quantity with a given measuring instrument, it is
absolutely necessary to evaluate its associated uncertainty or measurement error.
This Chapter aims at providing all the fundamental de nitions and key concepts
related to metrology which are necessary tools that are going to be applied in the
following Chapters of the Thesis. To this purpose, the rst part of this Chapter
presents the most signi cant de nitions as illustrated in the International Vocabulary

of Metrology (VIM). This is followed by the evaluation of the uncertainty using
type A and B methods, according to the Guide to the expression of Uncertainty in
Measurements (GUM). Lastly, some insights into the metrological traceability and
calibration hierarchy are provided at the end of this Chapter.

1.1 De nitions in Metrology

According to the International Vocabulary of Metrology (VIM), metrology is de-
ned as the science of measurement and its application, including all theoretical and
practical aspects of measurement, whatever the measurement uncertainty and eld
of application [15].

A measurementis de ned asthe process of experimentally obtaining one or more
values that can reasonably be attributed to a quantity together with any other available
relevant information.

In this context, the measurandis the quantity intended to be measured. While the
measurement resulis a set of values being attributed to a measurand together with
any other available relevant information [15].

There exist many factors, olin uence quantities, that a ect the measurement result.
According to [15], they are quantities that are not the measurand but a ect the
result of the measurement. For instance, climatic conditions (e.g., temperature,
moisture, dust, etc. ...), electromagnetic waves (e.g., noise, disturbances, etc. ...),
the operator who performs the measurement, as well as the measurement conditions
and procedures (e.g., the length of the wires, the connections, and so on).

It is worth better describing the di erences betweendisturbancesand noise The
rsts are in uencing quantities a ecting the reading (i.e., the measurand value).
They come from deterministic, known sources. For instance, depending on the
application, the industrial frequency at50 Hz, for power systems having such a
rated frequency, can be a disturbance that is nearly impossible to be taken out. It
is caused by lights, wires, and everything else connected to the grid that em&6
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Hz disturbance which couples with wires and probes for the measurement. That is
the reason why during the calibration procedure, which will be better explained in
Section 1.3, every National Metrology Institute (NMI) usually employs frequencies
di erent from the rated one of the power system.

The noisg instead, is a pure random contribution that couples with the setup wind-
ings and probes. Contrarily to disturbances, noise comes from unknown sources;
however, it is mostly attributable to thermal noise. Such noise is also known as
Johnson noiseand it arises when two metal components get together at a given tem-
perature. Johnson noise is zero only at zero Kelvin (corresponding t®27315 C),
therefore is always present in a conducted or emitted way.

When taking into consideration all of these in uence quantities, it is clear that it is of
utmost importance that one has to ensure that they a ect neither the repeatability
nor the reproducibility of measurements.

When treating repeatability, the VIM refers to that as the closeness of agreement
between the result of successive measurements of the same measurand performed
under the same measurement conditions [15]. For instance, it can involve the fol-
lowing aspects: use of the same measurement procedure, measuring instruments,
laboratory, and operators; it can involve short-time intervals between measurements

to ensure the stability of the measurand, and so on.

On the other hand, reproducibility regards the closeness of agreement between the
result of successive measurements of the same measurand performed udiceent
measurement conditions (e.g., changing the measurement procedure, measuring in-
struments, laboratory, etc. ...). The objective of this consists in guaranteeing that

a generic laboratory can obtain the same results as the other laboratories.

More in detail, the method of a measuremenis the logical sequence of operations
used in the performance of a measurement. On the other side, theeasurement
procedureis the set of operations used in the performance of measurement, according
to the given method [15].

At this stage, it is also important to introduce three basic de nitions that will be
applied in the following Chapters.

Variance of a Random Variable (r.v.) the variance s®> can be estimated as the
squared deviation of the generig; observation from its expectation, equal to the
mean valuez as follows:

() = (z 27 (1.1)

n 1.
with the arithmetic mean z de ned as:

Z= — Z; 1.2
Sz (1.2)

wherez; is the genericj" observation of out a total ofn observations.
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Covariance the covariance of two r.v. is the measure of their mutual dependence.
It can be estimated bys(y;; z)) obtained from n independent pairs of simultaneous
observations as follows:

1 X
n 1,,

s(yi;z) = v Yz 2 (1.3)

wherey and z are the arithmetic means ofy and z computed as in Eq. (1.2).

Correlation coe cient : it is the measure of the relative mutual linear dependence
of two r.v. and it is de ned as:

s(Yi; z) _ Syi;z)

= 1.4
s(yy) s(ziz) SO s(z) (1.4)

r(yi;z)=r(z;yi)= «

where 1 r(yi;z) 1. A correlation coe cient equal to 1 indicates a total corre-
lation between two r.v., whereas a coe cient o0 indicates total uncorrelation.

1.2 Uncertainty in Measurements

As briey illustrated in the aforementioned Section 1.1, there exists numerous-
uence quantities that may a ect the measurand in a stronger or weaker way. This
results in the need for performing repeated measurements in order to ensure té&e
peatability and reproducibility of a measurement. Obtaining a set of measurements
per each measurand implies that a single measurement is not enough to represent
the measurement result, but rather a new quantity has to be evaluated which is the
uncertainty, clearly beside the measurement unit.

Before detailing the procedures of evaluating the uncertainty, it is worth underlying
the di erence betweenerror and uncertainty.

An error is a deviation between the instrument's reading and the value of the mea-
surand. It is a comparison between a reading and a reference value, performing
simultaneously the same measurement of the measurand. Whereas, tineertainty
represents a lack of knowledge since it represents an interval in which the measurand
value (i.e., the true value) falls with a given probability.

With the term uncertainty one refers to a parameter characterizing the dispersion of
the values being attributed to a measurand, based on the information used. Measure-
ment uncertainty includes components arising from systematic e ects, such as com-
ponents associated with corrections and values attributed to quantities of measure-
ment standards. Sometimes estimated systematic e ects are not corrected but, in-
stead, associated measurement uncertainty components are incorporated [15].

The International Organization for Standardization (ISO) issued for the rst time
in 1993 the Guide to the expression of Uncertainty in Measurements (GUM) which
represents an international standard, that is worldwide accepted and applied for
correctly assessing the uncertainty [16].
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The measurement uncertainty can be evaluated utilizing two di erent methodologies:
type A or type B. Depending on the adopted procedure, the nature of di erent types
of uncertainty is highlighted:

Type A evaluation procedure emphasizes random uncertainty contributions.

Whereas, by followingtype B procedure, sources that give rise to systematic
contributions are consequently estimated. In this case, one can refer to them
as systematic errorsbecause they are constant (i.e., they behave as an o set)
and they can be evaluated, by realizing a di erence to a reference.

In order to evaluate the nature of the di erent uncertainties, the procedure illus-
trated in GUM is followed [16].

1.2.1 Type A Uncertainty Evaluation

This Section illustrates how to evaluate type A uncertainty which emphasizes con-
tributions characterized by a random nature such as noise, disturbances, and other
parameters changing in the environment as temperature, humidity, and so on.

The procedure starts with the acquisition oin measurements and the evaluation of
the mean value as in Eqg. (1.2), which is a correct and consistent estimation of the
expected value in the presence of random contributions.

To estimate the variability of the mean, the Central Limit Theorem (CLT) is applied.
It states that the average ofn independent determinations of a r.v. having mean
m and variances? is a new r.v. having mearm and variances?=n which is n-times
lower than the original distribution, asn!1 . Therefore, the variances? of the n
measurements is computed as follows:

(xi m)? (1.5)

Sm = P= (1.6)
wheres is the standard deviation of the measurements.

Hence, one can build a Gaussian distribution centered arouma having a standard
deviation s,,, according to the CLT. The expected value cannot be known, but it
is one of the means as the mean value is an unbiased estimator.

However, it must be recalled that CLT applies when the sample sizeis su ciently
large or the n determinations of a r.v. follow a Gaussian distribution. In case is
not large enough, it is suggested to use the Student's t-distribution to estimate the
type A uncertainty [16, 17].

The Student's t-distribution is a continuous probability distribution that generalizes
the Gaussian distribution. Similarly to the latter, it is symmetric around zero and
it is bell-shaped. Its pdf for a generic continuous r.vi, is:

10
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1 %1 t2! ( +1)=2

f(t)= p=— 1+ — (1.7)

2
where is the number of degrees of freedom which corresponds to the number of

measurementsn 1 and is the Gamma function. Similarly to Eq. (1.6), the
uncertainty can be evaluated as follows:

Sm = t; pﬁ (18)

where s is the standard deviation of then measurements,t is the Student's t-
distribution evaluated in and , whose values are tabulated. The number of
degrees of freedom is, while =1 pis the percentile, which can be chosen as
p = 95 % corresponding to a95 % con dence interval, for instance.

It is also worth underlying that the Student's t-distribution approaches a Gaussian
onefor '1 with =0and =1.

In either of the two cases presented in Eq. (1.6) or (1.8), the result of a measurement
r can be rewritten, applying only type A methodology, as follows:

r=m Kk sy (1.9)

where k is the coverage factor. It can be equal t& = 1;2;3 which corresponds
respectively t0685, 95, and 99.73 % of the probability of including the true value
in the de ned con dence interval.

For the sake of clarity, Fig. 1.1 aims to illustrate this concept by presenting two

distributions D1 and D2. D1 is regarded as the distribution of the true value having
as the expected value, whereas D2 is one of the possible distributions that could be

obtained by performing repeated measurements, havimg as the mean value.

When xing a coverage factork, one is increasing the intersected area between the
two curves, resulting in an ever-close match between the true value and the mean.
It is worth noting that the great di erence between the two Gaussian curves in Fig.
1.1 is intentional for the sake of clarity of the gure.

In general, the target consists of reducing as much as possible random contributions
of uncertainty until they constitute a negligible quantity to systematic ones. This
can be possible by increasing the number of measurements: the greater the num-
ber of measurements, the lower the dispersion of data for the same probability,
according to Eq. (1.6). However, it must be kept into account that when increas-
ing n, it consequently increases the time required to perform measurements. Hence
possible variations may occur in the measurand itself or in the environment. As a
consequence, a good trade-o has to be found when selectimg

1.2.2 Type B Uncertainty Evaluation

Type B method allows the evaluation of the uncertainty associated with the mea-
surement result using a non-statistical approach, which is more general [16].

11
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Figure 1.1: Distribution of the true value D1 and distribution of one of the means D2, in blue and red respectively.
Their corresponding expected value  and mean value m are represented by dashed blue and red lines.

For this purpose, for each measuring instrument and measuring operation, the rel-
ative accuracy speci cations are associated, as well as the other systematic uncer-
tainty contributions.

In theory, the type B method assumes that all the known systematic contributions
have already been corrected (e.g., measurement method, measurement procedure,
operator's mistakes if made repeatedly, etc. ...). However, this method cannot
fully exclude contributions evaluated by the type A approach owing to the biased
contributions present in the measurand itself.

To nd the uncertainty to be associated with the reading of a measurement instru-
ment, one has to consider two indices provided by the manufacturer: the gain error
on the readingL, and the non-linearity error on the full-scaleF S, both expressed
in % and available in every instrument datasheet.

Let G be the instrument reading andGg s the full-scale, then%.Ll is used to calculate
an error on the readingG that increases ass increases. The relationship between
G and G is constant though.

As illustrated in Fig. 1.2, the ideal instrument behavior is represented by the solid
line bisector in blue, whereas the dotted line in red indicates the real behavior of
the instrument. The blue and red dots represent the measurements obtained using
an ideal and a real instrument, respectively.

The error on the reading can be computed as follows:

%L = Jbllj 100 (1.10)

where b is the angular coe cient of the real instrument curve andl is the angular
coe cient of the ideal instrument curve, i.e., the bisector.

Whereas%F S is the index of non-linearity. It allows calculating of the maximum
deviation between the indication of the instrument and the value of the measurand,
veri ed by the manufacturer through the entire range of values that the instrument

12
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Figure 1.2: Ideal instrument behavior represented by a bisector, as a solid blue line, and real instrument behavior
illustrated by a dotted red line. The angular coe cient between the two represents the gain, or reading, error.

Figure 1.3: Ideal instrument behavior represented by a bisector, as a solid blue line, and real instrument
measurements illustrated by solid red circles. The di erence between each ideal and actual measurement is
represented by a dotted red line.

can measure and normalized to the full-scal&§gs, as shown in Fig. 1.3. This error
is known asnon-linear owing to the non-ideal behavior of the components present
inside the instrument.

It is evaluated as:
G Cj™

%FS =
Grs

100 (1.11)

where for each sampl€;, G; is the corresponding reading of the instrument.

The result of this procedure implies that one has to associate with the maximum
error of the instrument every measurement. The worst case should always be con-
sidered for all uncertainty systematic contributions: no matter which instrument of
the batch has the worst%L and %F S, regardless of whether they belong to the
same instrument.

Given the fact that the actual value of all systematic contributions and non-random
contributions is not known, then one can treat them as r.v., and the minimum

13
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and/or maximum values are distributed according to a given probability. It means
that the worst-case scenario does not have to be considered anymore, but rather two
cases depending on whether the distribution is known.

In case the distribution is known, the manufacturer provides the probability distri-
bution of the systematic error, then the uncertainty value is taken according to a
given probability (e.g., 95 %) around the mean valuem.

On the other hand, if that is not the case, then one has to assume that all contribu-
tions have the same probability so a uniform distribution is considered, according
to the principle of maximum entropy. The standard deviation around the expected
value m leads to:

%L
= p% 0:58 %L (1.12)

However, in general, one has to treat the combination of both reading and non-linear
errors. It means that the actual measurements will not be placed around a bisector
as in Fig. 1.3, but rather around the gain error straight line as in Fig. 1.2. This line,
known asbest- t line, has to be determined as an approximation of the measurement
points following the procedure described hereinafter.

Recalling that G; is the generici™ reading, b ¢ are the generici" values placed
on the unknown best- t line having b as an angular coe cient, then it is possible to
write the expression of the least-square method as:

X 2
s= (Gi b ) (1.13)

i=1

As the objective consists in selecting the angular coe cienb such that s is the
smallest, then the minimum can be found as:

ds X PN G ¢
=2 " [(G ba) c)]=0) b= B (1.14)
db 1 =1 O

In conclusion, the type B uncertaintyug a ecting a given measured value due to
the contribution of all systematic contributions of the measuring instrument is given
by the following:

1 G GFS
= 0, +0oF .
U p—= %L 1 WFS 1 (1.15)

In Eg. (1.15), itis assumed that the distribution is not known, therefore the standard
deviation of the uniform distribution is considered.

As a last step, thecombined uncertaintyuc is evaluated, assuming that the two
contributions u, and ug are independent, as follows:

q —
Uc= W2+ U2 (1.16)

14
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According to the CLT, the sum of a given number of r.v. results in a new r.v. that
tends to have a normal distribution. Henceuc represents its standard deviation
with a certain coverage factoik. The quantity U is computed as:

U=k uc (1.17)

It is known as combined expanded uncertaintgnd it includes the probability of the
measurement falling within the con dence interval, with a percentage depending on
the value ofk. The nal measurement result can be then written as:

Xx=[m U](u:o:m) (1.18)

where u.0.m. indicates the unit of measurement, written inside round brackets.

1.2.3 Measurements Modelling

In many cases, a measurandl is not measured directly but it is determined from
N quantities X 1; X»; :::; Xn through a functional relationshipf :

Y = (Xq; X255 XN) (1.19)

The input quantities X 1; X,;:::; Xy can be viewed as measurands of di erent quan-
tities: one can measureX; and calculate its associated expanded uncertainty, per-
forming repeated observations.

An estimate of the measurandy’ denoted byy is obtained by using input estimates
X1;Xo; i Xy for the N quantities X q1; Xo; i Xy . It is worth recalling that the

use of estimates is since one cannot perform in nite measurements. Besides, the
performance of in nite measurement does not guarantee the evaluation of the true
value, owing to biases. Therefore, the result of the measurement is given by:

y = f (X1; X255 XN) (1.20)
In particular:
o1 10
y=Y=— Y= f (X1 X 125 X ) (1.21)
n k=1 n k=1

where X 1 is the k™ reading of the input quantity X ;, and n is the total number of
readings used for the estimate.

There exist two di erent scenarios that need to be considered when evaluating the
combined standard uncertainty ofY, uc.y, from the measured input quantities
X1; X2; 5, Xy depending on whether the latter are correlated.

Uncorrelated input quantities  : in case the input quantities are uncorrelated,
then the combined uncertaintyuc(y) is the positive square root of the combined
variance uc (y)? obtained considering the rst-order Taylor's series of :
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X @f 2
W2 (y) = g; u(x)? (1.22)
i=1

uc(y) characterizes the dispersion of the values that could be attributed to the
measurandY. It is worth noting that the function f plays a key role, as it can
increase or decrease the value of the input uncertainty associated with

The partial derivatives @f=@ xcalculated with respect to each input quantity, are
evaluated atX; = x; and they are calledsensitivity coe cients, ¢.

The change iny produced by a small x; in the input estimate x is given by:

- et
(yx—@x Xi (1.23)

Indicating that even if  x; is large, if@f=@x»= 0 one does not have any contribution.
If this change is generated by the input uncertainty, the(@f=@Xx u(x;).

Therefore, the combined variancei (y) can be seen as the following sum:
5 X , X

uz(y)=  [6 u(x)l" =
=1 i

ur(y) (1.24)

i=1

Where in Eq. (1.24) the sensitivity coe cients ¢ and the uncertainty associated with
Xi, U(x;), are de ned as in the following Eg. (1.25) and (1.26), respectively.

_ @f
G = @x (1.25)
ui(y) = jaju(xi) (1.26)

It is worth noting that if the combined e ect of the function non-linearity and
uncertainty estimates is signi cant, then higher-order terms in Taylor's series must
be considered.

Correlated input quantities  : in case some of th&; are signi cantly correlated,
this e ect needs to be taken into account. The expression for the combined variance
uZ (y) associated with the result of the measurement is the following:

2 (y) = @ief .=
uc(y) = . @x@?(u(x.,x,)
|
@f 2 ) X1 X of @f
- @X )+2 ——u(X;; x;) (1.27
- @X Hba i=1 j=i+l @X@?(U(X X)) ( )

wherex;; x; are the estimates oiX;; X; and u(x;;X;j) = u(X;;X;) is the estimated co-
variance associated withx;; X; . The degree of correlation is theorrelation coe cient
which is calculated as in Eq. (1.3).
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Picking out u(x;; x;) and introducing Eg. (1.3), as well as the de nition ofsensitivity
coe cient presented in Eqg. (1.25), then Eq. (1.27) simpli es as:

N 1
ug(y)=  ctu(x;)+2 GG u(Xi)u(x;)r(xi; xj) (1.28)
-1

i i=1 j=i+1
However, the expression shown in Eq. (1.28) considers the whole population. This
is not the case because one always deals with a limited number of samples; for
this reason, estimates have to be used. Rewriting Eqg. (1.28) introducing estimates
results in the following expression:

N X 1
ug(y)=  &s(x) +2 GG S(Xi)S(Xj )T (Xi; X;) (1.29)
-1

i i=1 j=i+l

The procedure to evaluate the uncertainty, also known as Law of Propagation of Un-
certainties (LPU), associated with a given measurement function can be summarized
in the following steps:

De nition of the quantity Y to be measured;
De nition of the quantities X ; X,;:::; Xy on which dependy;;
De nition of the function f that links Y to X1; X5, 5 XN

Association to eachX ; X,;:::; Xy an appropriate Probability Density Func-
tion (pdf) and then the corresponding uncertaintyu(xy); u(xz); :::; u(Xn);

A

Application of these uncertainties tof to de ne uZ(y) using Eq. (1.29).

It is worth underlying that this LPU can be applied if, at least, one of the following
conditions is met:

The analytical expression of is available;

The uncertainty contributions are in the same order of magnitude;

A

The pdf of the measurand is normal.

However, this method is rather cumbersome from a computational point of view.
There exists a numerical solution that can be implemented as an alternative, which
is calledMonte Carlo method

1.2.4 Monte Carlo Method

The LPU illustrated in the previous section 1.2.3 of approximating the model with
a rst-order Taylor's series can be replaced, for di erent reasons, by the method
illustrated in the Supplement | of the GUM which is thePropagation of distributions
using a Monte Carlo method18].

The Monte Carlo Method (MCM) entails the knowledge of the pdf of the input
gquantities; however, this can be easily veri ed. By using the CLT, one knows that
the input quantities are characterized by a Gaussian distribution. Hence, itis enough
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to know the mean valuesn and their standard deviationssy, P n in order to apply
the MCM.

The MCM provides an approximation of the pdf of the measurand, following the
procedure illustrated hereinafter:

1. As a rst step, one has to choose th#& repetitions to perform the MCM,;
2. Then, M samples are generated for each of ti input variables;

3. The modelf to obtain the value of the inputY is applied;
4

. The M values ofY are placed in an ascending order and approximate the
cumulative pdf in output;

o

The measurand and its standard uncertainty are estimated;

6. Lastly, the shortest interval having a con dence level 085% is determined,
which corresponds to a coverage factdr= 2, for instance.

It is worth highlighting that the following applicability conditions need to be met
in order to correctly apply the MCM:

The function f has to be continuous in allx; input quantities and in their
neighborhood,;

A

The pdf of Y has to be continuous in the range where it is strictly positive,

unimodal (i.e., meaning that it has just one value having a maximum proba-
bility), strictly increasing at the left side of the mode and strictly decreasing

at the right of it. These conditions are needed to ensure that the shortest
possible interval is determined.

The expected value and the variance of exist;
The number of iterationsM is high enough.

Typical pdf selection for the input variables can consist of the choice of a rectangular
(i.e., uniform), trapezoidal (i.e., it results from the combination of two uniform
distributions), or Gaussian distribution.

In conclusion, it is worth underlying that the MCM needs to be repeated an increas-
ing number of timesM such that, at a certain point, the results are stable (i.e., they
di er from a small value one from the other xed a priori before the application of
the method). The key point is that the di erence between subsequent results must
not depend on the value of iterationgV that has been chosen.

Lt is worth specifying that k = 2 can be applied only if the result is Gaussian, which is
not always the case.
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1.3 Metrological Traceability, Calibration and its
Hierarchy

Before detailing the steps entailed in the metrological traceability, it is worth illus-
trating the concept of quality. It can refer to two di erent de nitions: rstly, it is

the capability of a product to satisfy the customer's requirements. Secondly, it can
refer to the quality of a product, or production, comprising the capability of the
production to keep constant its characteristics.

In order to assess quality, measurements are necessary. There is a common practice
among companies to provide a certi cation of their product, and it is owing to many

di erent reasons. For instance, it may be due to the need for buyers to be assured
about the quality of a product, the inspection of the products from company A to
company B, or the need for adaptation to the legislative system of the country in
which the buyer uses the product.

The certi cation is provided by a third party which is usually an accredited labo-
ratory. The certi cation of conformity is de ned by ISO/IEC Guide 2 Standard-
ization and related activities - General vocabulary asthe procedure by which a
third party assesses that a product, process, or service complies with the established
requirements[19].

One of the fundamental aspects is established by the level of assurance required,
which essentially corresponds to the con dence interval. Therefore every confor-
mity certi cation has a calibration and a metrology subsystem that guarantees the
traceability of the results with an uninterrupted chain.

In this context, the Western European Calibration Cooperation is an international
committee that brings together members of various countries regarding the metro-
logical reference of the product laboratories as well as rules and procedures to be
used to assess the conformity of product characteristics.

The traceability is the property of the result measurement which consists of being
able to refer it appropriate samples through an uninterrupted chain of comparisons.
In other terms, it means that one has to be able to demonstrate that the accuracy
of the instrument can be compared with the one of those in the primary metrology
institutes. Generally, there exists one National Metrology Institute (NMI) in each
country: INRIM in Italy, METAS in Switzerland, NPL in the UK, and so on.

In Fig. 1.4 the traceability sequence is illustrated: the NMI calibrates the accredited
laboratory instrument, which provides calibrations for the generic industry instru-

ment. In this way, if one is able to provide that the generic industry instrument

refers to the one at the NMI in a chain without interruptions, then it is possible to

obtain the 1ISO 9001 certi cations, providing the quality of the products [20].

A calibration, according to the VIM, is the operation that, under speci ed conditions,
establishes a relation between the quantity values with measurement uncertainties
provided by measurement standards and corresponding indications with associated
measurement uncertainties. In the second step, it uses this information to establish
a relation for obtaining a measurement result from an indication [15].

According to the de nition illustrated in [15], the presented procedure is also known
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Figure 1.4: Traceability sequence illustrating the uninterrupted chain of comparison, starting from the NMI up to
the generic industry instrument.

as calibration hierarchy. It is indeed a sequence of calibrations from a reference to
the nal measuring system, where the outcome of each calibration depends on the
outcome of the previous calibration.

However, in this context, it is crucial to discern the concept o€alibration between
those ofveri cation and validation.

Veri cation : is the provision of objective evidence that a given item ful lls speci ed
requirements. In other terms, it is the con rmation that performance properties or
legal requirements of a measuring system are achieved and that a target measure-
ment uncertainty can be met. When applicable, measurement uncertainty should
be taken into consideration [15].

On the other hand, validation is a veri cation where the speci ed requirements are
adequate for an intended use [15].

1.4 Discussion

This Chapter presented all the fundamental concepts of metrology, ranging from
the basic de nitions to the evaluation of the combined uncertainty according to the
GUM. The ending parts of this Chapter illustrated the MCM and the concepts of
traceability and calibration hierarchy. More in detail, the latter is going to be applied
in Chapter 3 for what regards a Phasor Measurement Unit (PMU) calibrator.

As a matter of fact, the speci cation of these de nitions and the importance of the
calibration hierarchy are critical concepts in metrology. All of these are going to be
applied in the following Chapters, either with the fundamental procedures regarding
the evaluation of uncertainty or with the application of the MCM.
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Chapter 2
Electric Instrumentation for Smart Grids

This Chapter is intended to present an overview of smart grids and the main types
of electric instrumentation that can be employed in this context. The rst part of
this Chapter presents the issues that modern power systems have to face and the role
that could be played by electric instrumentation. Speci cally, in this Thesis, the focus
will be given to Phasor Measurement Units (PMUs) and to Instrument Transform-
ers (ITs) because they are going to be employed in various applications developed
in the next Chapters. Therefore, the rst section is devoted to the basic concepts
related to PMUs, their measurement evaluation, as well as their main applications,
and their state-of-the-art. The last part, instead, presents both voltage and current
transformers, as well as Low-Power Instrument Transformers (LPITs), focusing on
their working principle and on the relevant international Standards.

2.1 Introduction and State-of-the-Art

The ongoing increase of Distributed Generation (DG), Plug-In Electric Vehicles
(PEVs), microgrids, and power electronic components in power systems are kicking
o0 new challenges that need to be tackled. Among these, DG aects both the
planning and the operation of the network, as well as stability issues, especially at
the transmission level. Additionally, the so-called Converter-Interfaced Generation
(CIG) is decoupled by the power system via power electronic converters which, in
general, do not contribute to the system's rotational inertia.

Furthermore, uncontrolled PEVs charging systems can lead to a violation of the
lower limit for the voltage and the overloading of the distribution system. Whereas
harmonic injection from power electronic components such as electric drives, Dis-
tributed Energy Resources (DER) and PEVs inverters can increase the overall Total
Harmonic Distortion (THD) index, modifying conventional voltage and current level
patterns. The latter must stay within certain xed limits, according to the relative
Standards EN 50160 and IEEE 519, respectively [21, 22].

Therefore, traditional power systems are required to beconsegnart and transition
towards dynamic, resilient networks commonly referred to asmart grids An ex-
ample of a smart grid is depicted in Fig. 2.1, highlighting all the main actors which

1The term Converter-Interfaced Generation indicates a particular type of Distributed
Generation , usually produced by renewable energy sources, which is interfaced to the power
system via a dedicated power electronic converter. However, since the majority of DG has
its own power conversion stage, the two terms are often used interchangeably in this Thesis.
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Figure 2.1: Example of a smart grid, including DERs and a wide-area monitoring system. Source: [23]

may play a role in this scenario, from exible generation to smart metering.

In light of the above, it is clear that urgent modi cations and improvements need
to be performed in modern power systems in order to make them more resilient and
exible, from both the operational and planning point of view.

In this context, a recent device called Phasor Measurement Unit (PMU) has been
developed. In general, PMUs are regarded as a valuable resource in the framework
of Wide Area Monitoring, Protection, Automation and Control (WAMPAC) for

the management of distribution grids. Among their several applications, the most
relevant ones concern the real-time monitoring and measuring of relevant quantities
for the correct behavior of distribution and transmission networks.

Firstly, dynamic monitoring and protection are related to the detection of an island-
ing operation of DG in order to avoid issues such as the reclosing out of synchronism
or a Temporary Overvoltage (TOV) produced by the CIG itself which act as a stand-
alone generator: this can be performed by two PMUs providing their measurements
to a voltage angle di erence algorithm [24]. Moreover, PMUs can also be e cient in
the monitoring of electromechanical transients as synchronous generators are used
in both conventional centralized and distributed generation [25 27].

As far as fault location and detection are concerned, an important role can be
played by PMUs since they can compare pre- and post-fault data in order to detect
the moment in which the transient condition has started, taking advantage of the
sampling windows [28, 29]. Indeed, they can be optimally placed using optimization
algorithms to minimize costs and ensure complete observability of the network at
the same time [30, 31].

It is also worth recalling that all of these e ects are re ected on more traditional
instrumentation as well. As brie y anticipated, owing to the large-scale presence
of both CIG and PEVs inverters in the network, the harmonic levels are noticeably
higher, causing a strong impact on distribution and transmission systems [32].

Therefore, both Distribution System Operator (DSO) and Transmission System
Operator (TSO) have to keep into account this e ect on the performances of other
electrical instrumentation, such as Instrument Transformer (IT) which is strongly
subject to these counter e ects.

The high levels of harmonic pollution, and consequent THD, are noticeably a ecting
the performances of ITs. Additionally, the e ect of multiple in uence quantities is
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Figure 2.2: Block diagram of a PMU including its main components. Dashed blue blocks and thin arrows indicate
analog/digital inputs/outputs, whereas the green dashed block highlights the DAQ components.

not often well known nor detailed in the relevant Standard [33 35].

For these reasons, PMUs and ITs are the two main types of electric instrumenta-
tion that are examined in this Thesis. Therefore, the next Sections present their

main characteristics, their basic equations, and the key concepts derived from their
relevant international Standards in order to provide all the necessary background

before elaborating on their applications and development of new features, which are
detailed in the next Chapters of this Thesis.

2.2 Phasor Measurement Units

A Phasor Measurement Unit (PMU) is a measurement device that is able to provide
synchronized voltage and current phasors, also known agnchrophasors Speci -
cally, not only can a PMU measure the amplitude and phase of the phasor, but it
is also able to estimate its frequency and its Rate Of Change Of Frequency (RO-
COF), using a time synchronization necessary to tag each measurement with the
corresponding time instant [36].

The block diagram comprising the main components constituting a PMU is shown
in Fig. 2.2. In the gure, the main blocks and connections are represented by
solid, thick blue lines and arrows; whereas, dashed blue blocks and thin arrows
indicate analog/digital inputs/outputs. The green dashed block highlights the Data
Acquisition Board (DAQ) components.

Examining Fig. 2.2, the rst blocks consist of the acquisition of the analog voltage
and current input signals. These are processed in a DAQ board, which usually
comprises a signal conditioning stage, including an anti-aliasing lter, and an Analog
to Digital Converter (ADC) with a sampling rate usually varying from 12 to 128
samples per cycle of the nominal power frequency which is eithe® or 60 Hz. In
particular, the ADC is locked with a local clock that receives a Pulse Per Second
(PPS) from a time synchronization receiver. The latter is a Global Positioning
System (GPS) which is required to time-stamp the PMU measurements.

The sampled data is then processed by an estimator algorithm that is able to re-
construct the acquired phasor. It is worth noting that the IEC/IEEE 60255-118-1
Standard (brie y referred to as PMU Std hereinafter), which is the relevant Stan-
dard for PMUs, provides just a suggested algorithm based on a low-pass lter.
However, each manufacturer is free to develop its own estimation routine as long as
it is compliant with the requirements illustrated in [14].
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For these reasons, there exists a large number of algorithms presented in the lit-
erature and compliant with the PMU Std requirements. An overview of the most
signi cant ones is presented in Section 2.2.3, while Section 4.1.1 presents the ratio-
nale behind the choice of three of such algorithms, as well as their key characteristics.
However, as it will be better explained in the following Chapters, the objective of
this Thesis does not consist either in the development of enhanced versions of the
considered PMU algorithms or in the development of completely new ones, but
rather it focuses on the performance evaluation of consolidated routines in specic
scenarios and applications which can be ever-more found in the eld.

The last step in the block diagram of the PMU involves the communication of the
computed synchrophasors through a digital communication network to higher-level
applications, either a Phasor Data Concentrator (PDC) or a control room, at a rate
of 10 up to 1000r 120frames per second, respectively for power systems having a
rated frequency o60or 60Hz, according to [14]. Once again, it is worth highlighting
the synchronization of the communication with the GPS, to ensure the association
of a time stamp to each phasor as shown in Fig. 2.2.

The time tag associated with each measurement consists of three numbers: a Sec-
ond Of Century (SOC), a Fraction of a Second (FRACSEC) count, and a message
time quality ag [14]. This time tag is sent out with the phasors, thus if a phasor
information packet arrives at the PDC out of order, the phasor time response can
still be assembled correctly. Whereas, if the GPS pulse is not received for a while,
then the time-tagging error may result in signi cant phase errors [37].

The collection of synchrophasor data from several PMUs in a PDC is able to create
a system-wide measurement set that provides a time-stamped picture of the power
system state. At this point, there exist several applications ranging from state
estimation to fault location presented in the literature [38 44]. However, in this
Thesis, the focus is on applications in distribution and transmission power systems,
as well as in low-inertia power grids. More speci cally, Chapters 4 and 6 present such
applications, highlighting the role of uncertainty as well as the PMUS' reliability and
interoperability with other electric instrumentation.

Apart from the PMU Std, there are other IEEE Standards providing guidelines
and requirements for both PMUs and PDCs. The IEEE Standards C37.242 [45]
for synchronization, calibration, testing, and installation of PMUs and C37.247 [37]
for PDC requirements have been recently published to specify the performance and
the functional requirements of typical PMUs and PDCs. In view of the realization
of a smart grid, it is worth highlighting that PDCs may also interface directly to
either upper-level PDCs or to a Supervisory Control And Data Acquisition (SCADA)
system [14, 25, 37, 46]. This is to highlight that, despite the next Sections refer just
to the PMU Std, there exists other relevant International Standards which are worth
citing for the sake of completeness.

2.2.1 Synchrophasor Model

The most recent PMU Std de nes the synchrophasor convention and the time-
tagging process as well as provides a de nition of an accuracy measure and the
requirements for measurement performance under both steady-state and dynamic
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conditions [14]. According to the PMU Std, PMUs can be classi ed into two classes
of performances: P-Type (typical for Protection applications requiring a fast re-
sponse) and M-Type (typical for Measurement ones requiring high precision).

This Section presents an overview of the most relevant de nitions and indices to
evaluate the performance of PMUs according to [14].

The time-domain representation of a sinusoidal signal is commonly de ned as:

X(t) = Xycosft +') (2.1)

Whereas its corresponding phasor representation is represented as follows:

X = & = P (cos( )+ jsin())= X, +jX; (2.2)

SiEs
SiEy

Where the magnitude is the Root-Mean Square (rmsz()Xm:IO 2) of the waveform
peak value and the value of is the instantaneous phase angle relative to a cosine
function at the nominal system frequency synchronized to the UTC. It is also im-
portant to notice that this phasor is de ned for the angular frequency which is a
function of the power system rated frequency,o, following this relation:

1 =21, (2.3)

A PMU shall calculate and be capable of reporting frequency and ROCOF, thus
for this measurement the following standard de nitions have to be used. Given a
sinusoidal signal, as shown in:

X(t) = Xmcos[ (t)] (2.4)

The frequencyf (t) is de ned as in:

TR Y @5)

Whereas the ROCOF is de ned as follows:

o (1)

ROCOF(t) = —

(2.6)

Synchrophasors are always computed in relation to the system's nominal frequency,
fo. If the cosine argument is represented as in the following equation, introducing
Eq. (2.3), results in:

#
(1)
2

()= lot+' ()=2Fot+' ()=2 fot+ (2.7)

Therefore, the equation for the frequency becomes:
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dhﬂi
2 = fo+ f(t) (2.8)

f()=for —

where f (t) is the deviation of the frequency from the nominal one. The ROCOF
expression simpli es as follows:

L _dl ()]
dt? dt

ROCOF(t) = (2.9)

2.2.2 Measurement Evaluation

According to the PMU Std, the theoretical values of a synchrophasor representation

of a sinusoidal and the values obtained from a PMU may include di erences in both

amplitude and phase, due to both the measurement chain and uncertainties on the
time synchronization. Theoretically, they could be separately speci ed as amplitude

and phase errors but, in the Standard and in common practice, they are considered
together in a single quantity called Total Vector Error (TVE).

The TVE is an expression of the di erence between a perfect sample of a the-
oretical synchrophasor and the estimate given by the unit under test at the same
instant of time. The value is normalized and expressed as per unit or percent of the
theoretical phasor. It is de ned as:

n i2 n i2
Xo(n)  Xe(n) "+ Xi(n) Xi(n)

[X ()% + [ Xi(n)]?

o<

TVE(n) = (2.10)

Where X, (n) and X;(n) are the sequences of estimates given by the PMU under
test of the real and imaginary parts of the phasor, respectively. Whereas, (n) and
Xi(n) are the sequences of the theoretical values of the input signal at the instants of
time n. It is worth highlighting that these theoretical values can be determined only
in certain well-de ned situations, such as at constant frequency or at a calibration
stage of the device [14].

For the sake of completeness, Fig. 2.3 presents a graphical representation of TVE as
illustrated in the PMU Std. The ideal synchrophasor is indicated withX , while the
measured one withX . The projections along the horizontal and vertical axes indi-
cate the real and imaginary components of the two vectors represented by subscripts
r and i, respectively, following the same notation used in Eq. (2.10).

The frequency and ROCOF measurements shall also be evaluated with the criteria
de ned in [14]. The frequency and ROCOF errors are the absolute value of the
di erence between the theoretical and the measured values, indicated by the sub-
scriptst and m, and given in Hz and Hz/s, respectively. The Frequency Error (FE)
is de ned as in:

FE = jfy  fum] (2.11)
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Figure 2.3: Graphical representation of TVE real and imaginary components in red: the ideal and the measured
phasor components are illustrated in blue and green, respectively. Source: [14].

While the ROCOF Error (RFE) is de ned as:

di(t)  dn(t)

RFE = —4 at

(2.12)

Synchrophasor measurements shall be synchronized to UTC time with accuracy
su cient to meet the requirement of PMU Std. In particular, a phase error of0:01
rad, corresponding t00:57 , in the synchrophasor measurement will cause% TVE
which is the maximum steady-state error allowed in [14]. In case the phase error can
be entirely attributed to a time error, it is worth noticing that 0:01rad corresponds
to a time error of 26 s for a60Hz system and 31 s for a50Hz system.

The PMU Std provides all information, requirements, and limits as well as the neces-
sary details on how to perform steady-state and dynamic tests for PMU compliance
[14]. Nevertheless, PMU Std limits are omitted here for the sake of brevity. How-

ever, Chapter 3 brie y presents in Section 3.3 the steady-state and dynamic signals
modeled for the compliance tests. Plus, the most relevant pieces of information are
reported in the following Chapters 4 and 6 when referring and comparing results to

the limits illustrated in the PMU Std is required.

2.2.3 Synchrophasor Estimation Algorithms

As illustrated in the previous Section 2.2.1, the PMU Std [14] does not provide spe-
ci ¢ details on the synchrophasor estimator algorithm to be implemented in PMUSs,
but rather it proposes one based on a FIR low-pass lter. Likewise, the window
length, the sampling rate, the estimates reporting rate, as well as the measurement
accuracy are all distinctive to each PMU device. Therefore, several alternatives have
been investigated and reported in the scienti c literature [47].

For such a reason, alternatives to the Discrete Fourier Transform (DFT) have been
investigated and reported in the scienti c literature. In general, two main algorithm
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categories can be distinguished: DFT-based and non-DFT-based ones.

Examining the rst category, the classic DFT-based methods work well when the
system frequencyf, is close to the nominal frequency; however, signi cant errors
arise when the frequency drifts fronfo, owing to the spectral leakage. For this
reason, much e ort has been made to improve the accuracy of such algorithms
under o -nominal frequency conditions. Among these, it is worth referencing to
Iterative Interpolated Discrete Fourier Transform (i-lpDFT) approaches [48 50], to
dynamic DFT ones [51], to Phase-Locked Loop (PLL) based approaches [52], or
even to those based on the Taylor Fourier Transform (TFT) such as the Compressive
Sensing Taylor-Fourier Model (CS-TFM) [53].

On the other hand, many non-DFT-based algorithms are based on a Kalman Filter
(KF) which are typically characterized by low latencies. It is worth remarking on
Taylor-KFs [54] and Adaptive and Extended KFs [55, 56]. A smaller number of
other approaches are based on di erent techniques such as Taylor Weighted Least-
Squares [57] or wavelets [58], which are able to rst discriminate discontinuities,
followed by an adaptive window algorithm to estimate the phasor quantities.

Given the broadness of the topic comprising several techniques, comparative studies
between DFT and KF-based algorithms are typically performed, as in [59, 60]. The
analyses are based on simulations to evaluate and compare the performance of the
estimators. It is shown that KFs are optimal for harmonic rejection and for tracking
large-frequency deviations occurring in power systems, contrary to DFT-based ones,
which su er from leakage issues. On the other hand, DFT approaches do not su er
from instabilities, in contrast to KFs, and they are generally simpler than the latter,
resulting in a signi cantly lighter computational burden [47, 59].

In light of the above, in this Thesis three dierent algorithms are utilized: the
algorithm suggested by the PMU Std, one based on the i-IpDFT, and lastly the
CS-TFM. These are going to be employed in Chapters 4 and 6 in the practical
applications. Their main characteristics and performances are presented in Section
4.1.1, whereas speci ¢ implementation and parameter details are provided for each
individual application.

2.3 Instrument Transformers

In order to perform measurements on MV and HV power systems, it is required
to use an Instrument Transformer (IT) which can either be a Current Transformer
(CT) or a Voltage Transformer (VT).

Traditional ITs are slowly being replaced by the so-called LPITs, however, this
Section aims at presenting the basic concepts relative to ITs. General concepts for
VTs and CTs as well as their construction are detailed, together with their most
relevant equations. This is followed by the illustration of ratio and phase errors and
the consequent classes according to the relevant Standards. The last part of this
Chapter presents two of the most commonly used LPITs, speci cally showing one
typology for current and one for voltage applications.
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Figure 2.4: Model of an ideal transformer, omitting all parasitic parameters.

Figure 2.5: Model of a real transformer, including longitudinal primary and secondary parameters as well as
non-idealities in the ferromagnetic core represented by the transversal parameters on the primary side.

2.3.1 \oltage Transformers

Before illustrating the key equations related to VTs, it is worth recalling the topology
of an ideal transformer which is shown in the scheme of Fig. 2.4. For an ideal
transformer, the basic relation between the voltag®', current |, and the number
of turns N between the primary and secondary, indicated by subscriptsand 2, is
the following:

Vo Nz 1y
L= 2= = 2.13
Vi N1 |7 @13

However, real transformers have a more complex behavior which can be represented
by adding longitudinal parameters on both the primary and secondary sides and
transversal parameters on the primary side. The resulting model of a real trans-
former is shown in Fig. 2.5.

This is valid for every transformer, which can be found in the eld, hence for both
instrument and power ones. Nevertheless, since this Section focuses only on VTS,
the following concepts are valid only for VTs. In a similar way, the following Section
2.3.2 will illustrate the key concepts relative to CTs.

In general, when measuring a secondary voltade, assuming to use an ideal volt-
meter, the withdrawn current I, is equal to zero. Hencek, = V, since the voltage
drop over the secondary longitudinal parameters is null, referring to Fig. 2.5. How-
ever,V; 6 E; both in module and in phase, owing to the transversal and longitudinal
parameters on the primary side, representing the non-idealities in the windings and
in the ferromagnetic core.

In order to minimize these di erences, there exist two possible solutions. First,
it is possible to act on the minimization of theR; + jX ; term by increasing the
cross-section of the conductor and reducing the number of turns. Alternatively, the
reduction of the currentl, withdrawn by transversal parameters can be a valid op-
tion. Plus the latter is usually the easiest one to accomplish. Hence, sintgis
proportional to the magnetic ux , I, can be limited by over-sizing the ferromag-
netic core or by increasing the number of turns. It means choosing a lower value
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Table 2.1: Voltage ratio error ", and phase displacement ' in % and in crad, respectively, for inductive VTs as
de ned in IEC 61869-3. Adapted from [61].

Class Ratio Error ", | Phase Displacement '
( %) ( crad)

01 01 0:15

0:2 0:2 0:3

05 05 0:6

of maximum ux density in the range of Bhax =0:6 0:7 T, rather than the most
common choice which i, = 1:5 T. In this way, by reducing Iy, the magnitude
and phase di erences on the primary side are minimized.

In this context, it is worth recalling that there exists a series of international Stan-
dards dedicated to VTs that de ne their accuracy classes. More in detail, IEC
61869-3 and -5 present the requirements for inductive and capacitive VTs, respec-
tively [61, 62]. They de ne the ratio error and the phase displacement which are the
maximum error on the module and on the phase, respectively, that can be obtained
in each clas& The ratio error, or voltage error, is indicated by', and it is expressed

in percent, according to the following equation:

U
"= —— =P 100 (2.14)

wherek; is the rated transformation ratio, whereadJ, and Us are the actual primary
and secondary voltages, respectively [61, 62]. The phase displacement, instead, is
indicated by ' and it is de ned as:

=g, (2.15)

where' s and' , are the secondary and primary voltage phase angles, respectively.
It can be expressed in minutes (min) or in centiradians (crad).

Table 2.1 presents the limits of the voltage ratio error and phase displacement for
inductive VTs, as de ned in the IEC 61869-3 standard [61]. Similarly, Table 2.2
presents the same limits but referring to capacitive VTs [62]. It is worth noting
that for both typologies of VTs accuracy classes having worse performances are
available, i.e., classl:0 and 3:0. However, they are omitted here as they are not so
commonly used for in- eld applications. Additionally, for the sake of brevity, the
phase displacement ' is indicated only in crad.

2For ITs, the terms phase displacemenand phase error can be used interchangeably.
However, for analog-output LPITs the phase displacement is not always coincident with
phase error, as in some cases it may include variable and xed components such as phase
o sets and delay times [63].
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Table 2.2: Voltage ratio error ", and phase displacement ' in % and in crad, respectively, for capacitive VTs as
de ned in IEC 61869-5. Adapted from [62].

Class Ratio Error ", | Phase Displacement '
( %) ( crad)

0:2 0:2 0:3

0:5 0:5 0:6

2.3.2 Current Transformers

The same reasoning performed for the analysis of VTs is replicated for deriving
useful information about the key equations and the behavior of CTs.

In contrast to VTs which work in open-circuit, CTs work in short-circuit. Typically,
it is required to reduce the measured current, < | ;, henceN; > N, according
to Eg. (2.13). In addition, ring- or window-type CTs have usually justN; = 1,
resulting in a secondary current ,=I; equal to 1=N,.

However, 1, 8 0 but V, = 0 because of the short-circuit. On the secondary, there
is still a voltage E, which is equivalent to the voltage drop over the secondary
longitudinal parametersR, + jX ,. On the primary, instead, there are bothl, and
the secondary current referred to primaryl;. Once again, it is the currentl, over
the transversal parameters that gives rise to the ratio and phase errors. It is crucial
to minimize it, as it is summing up to the currentl ; which is the one to be measured.
To reducely, it is necessary to over-size the ferromagnetic core or the winding cross
sections, as for VTs. It is also important to minimize the voltage drop over the
parametersR, + jX » to reduceE, which re ects as a smallV; on the primary.

The presented description refers tovound-typeCTs which are indeed based on the
usual working principle of transformers. Insteadring- or window-type ones are
characterized by al or 5 A output and rated power of5 to 15 VA.

An important criticality that is typical for CTs entails safety. Since the secondary
side of a CT works in short-circuit, in case it opens there will be BV, voltage at
the transformer terminals which is extremely dangerous for both the operator and
the transformer which may saturate. It is then mandatory to install surge arresters
in order to protect the CT, the other instrumentation, and the operators.

Additionally, CTs may su er from over-shootings due to possible resonances and
non-linearity at the knee point in the magnetic hysteresis cycle. Moreover, their
range of applications typically excludes power quality measurements owing to their
limited bandwidth. In this sense, their accuracy class cannot be considered valid
anymore. From a more practical point of view, instead, they are bulky and heavy,
making their in- eld installation rather challenging.

For these reasons, in MV applications CTs are slowly being replaced by Rogowski
Coils (RCs), while for voltage measurements VTs are being substituted by voltage
dividers, in particular by Capacitive Dividers (CDs). Nevertheless, in HV applica-
tions VTs and CTs are still widely used for insulation reasons.

In a similar way to Eq. (2.14), in the following the ratio error, expressed in percent,
for a CT is evaluated:
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Table 2.3: Current ratio error "; and phase displacement ' in % and in crad, respectively, for CTs as de ned in
IEC 61869-2. Adapted from [64].

Class Ratio Error "; ( %) | Phase Displacement ' ( crad)
20% 100% 120% 20% 100% 120%
01 | 02 01 1 | 024 Q15 Q15
02 [ 035 02 02 | 045 Q3 03
05 [ 075 05 o5 | 135 Q9 09
ke | I
"= 2P 100 (2.16)

Ip

wherek; is the rated transformation ratio, whilel, and | s are the actual primary and
secondary currents, respectively [64]. The phase displacement, instead, is computed
as in Eq. (2.15), considering, though, the secondary and primary current phase
angles instead of the voltage ones.

Similarly to what has been reported for VTs, the following Table 2.3 presents the cur-
rent ratio error and the phase displacement as de ned in the IEC 61869-2 standard
for each accuracy class. However, for the sake of brevity, the phase displacement is
illustrated only in crad, and the highest available class (i.e., clask0) is omitted.

The three percentages?20 % 100 % and 120 % indicate the percentage of the rated
current. For the sake of brevity, the lowest percentage, corresponding just ®%

of the rated current, is omitted from Table 2.3, however, it is present in the IEC
61869-2 Standard [64].

2.4 Low-Power Instrument Transformers

Nowadays, there exists a new type of IT which is the so-called Low-Power Instrument
Transformer (LPIT): it could be either a Low-Power Voltage Transformer (LPVT) or

a Low-Power Current Transformer (LPCT). These devices are a new version of tra-
ditional ITs, based on a di erent technology and having a limited amount of output
power, which is usually less tha®d VA. These advancements are possible, due to the
replacement of traditional electro-mechanical protection relays with electronic-based
ones that require a limited amount of power.

Among their main features, it is worth recalling they can be used for power qual-
ity measurements, having a bandwidth ranging fron20 up to 150kHz. They also
have higher accuracy and new protection functions (e.g., bi-directional power plow
assessment which is particularly relevant in the case of DG). They are also conve-
nient from an installation point of view, as they are much lighter and compact in
comparison with traditional ITs, hence they could better t in in- eld applications
characterized by a limited space.

Among the most common LPCTs, it is worth focusing the attention on RCs. Whereas,
among LPVTs, instead, there exist capacitive, resistive, and optical VTs. The rst
ones are often used in MV up t@®7 kV, while the latter are used especially in HV
since they have a good accuracy up @l % There are also combined LPITs which
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Figure 2.6: Structure of an ideal LPVT made up of a capacitive divider, comprising only two ideal capacitors Ca
and Cp and no parasitic components. The input and output voltages and indicated by subscripts 1and 2,
respectively.

are usually made up of a capacitive LPVT and a RC: capacitive LPVT are pre-
ferred because they have insulation in them by de nition, thus they can be installed
outdoors or in gas-insulated substations.

The reference international Standards for such devices is still the IEC 61869 se-
ries: more speci cally the IEC 61869-10 for LPCT and IEC 61869-11 for LPVT,
respectively, [65, 66].

2.4.1 Capacitive Dividers

In spite of their name, voltage dividers are not inherentlftransformers since they
are not based on magnetic core induction, but rather on resistors, capacitors, and
inductors. Nonetheless, they are commonly referred to as LPITSs.

This Section deals with CDs only, since they are widely used nowadays for several
in- eld applications. They consist of a divider comprising, ideally, two capacitors
whose relation is the following:

C

_ a
Vo= Vy 7Ca+ C.

(2.17)

A simpli ed structure of a CD is represented in Fig. 2.6 where all parasitic compo-
nents are omitted as a rst approximation.

In in- eld applications, utilities usually specify the equivalent capacitanceC, be-
tween the HV terminal and ground asC., = C, + Cy, which is generally less thar20
pF in order to avoid loading all dividers installed in the eld.

To obtain V, Vi, it is necessary thatC,  C, hence Eq. (2.17) can be approxi-
mated as:

Ca

V., V; .

(2.18)

NN

However, more complex expressions with respect to the one shown in Eq. (2.18) can
be derived when parasitic e ects represented by resistors and inductors are taken
into account in the model of a capacitor.
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Table 2.4: Voltage ratio ", and phase errors ' in % and in crad, respectively, for LPVTs as de ned in IEC
61869-11. Adapted from [66].

Ratio Error ", ( %) | Phase Error ' ( crad)
80% 100% 120% 80% 100% 120%

01 | 02 a1 o1 | 015 Q15 Q15
02 | 02 02 02 0:3 03 03
05 | 05 05 05 0:6 0.6 06

Class

CDs present many advantages, among those it is worth recalling their bandwidth.
The latter can reach up to tens of hundreds of kHz, therefore CDs are suitable for
Partial Discharge (PD) measurements. They are also characterized by very good
linearity in a wide range of measurements and, with respect to resistive dividers,
CDs do not dissipate power [67].

Nonetheless, they present a few drawbacks which may discourage their use. As a
matter of fact, it is worth reminding that they do not work in DC conditions, as
traditional VTs, since capacitors behave as open circuits for zero frequencies. More-
over, their behavior changes as the frequency increases. More in detall, it is worth
assessing the input impedancg;: for resistive dividers, the input impedance is con-
stant, albeit the e ect of the parasitic capacitances increases at higher frequencies.
However, for CDs the input impedancéZ; reduces, as the frequency, represented by
I, increases following this relation:

Zi = - + - = = - -
"NC a4 J'Cy NC 4 'Cy J1C ¢q

_ il il
1 1 _j1C 4+ jIC b _ 1 (2.19)

Where Cq indicates the equivalent input capacitance of the CD.

For what concerns the accuracy requirements de ned in the international standard,
instead, it is worth mentioning rst of all how to evaluate ratio and phase errors.
The voltage ratio ", and the phase errors ' can be computed as shown in Eq.
(2.14) and Eq. (2.15), respectively. For the sake of completeness, Table 2.4 presents
the limits illustrated in the IEC 61869-11 standard. However, they align with those
shown in Table 2.1 and Table 2.2 concerning VTs.

In the case of LPVTSs, though, three di erent percentages of the rated voltage are
shown and they refer t080, 100 and 120 % respectively, according to [66]. In the
same way as what has been presented for VTs and CTs, higher classe&:@snd
3:0 are present in the Standard, but they are omitted. Similarly, phase error values
are expressed only in crad.

2.4.2 Rogowski Colils

Nowadays, RCs are one of the most used types of LPCTs for current measurements
and their basic structure is represented in Fig. 2.7.

The unknown currenti(t) is not measured directly, but rather it is proportional to
the output voltage us(t). Their relation can be derived starting with Ampere's Law
which is recalled as follows:
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Figure 2.7: Structure of a Rogowski coil, having a radius R and a cross-section S. The output voltage at the
terminals us(t) is proportional to the derivative of the measured current  i(t). Source: [68].

H di=i) Hcos()dl =i (2.20)
| |

Where dl is the in nitesimal length of the RC, while | is the total length. is the
angle included between the in nitesimal lengthdl and the magnetic eld H.

The de nition of ux density B, applied to the in nitesimal area of the RC, is:
B = oHcos() (2.22)
where (=4 10 7 is the magnetic permeability of the vacuum in H/m.
Instead, the in nitesimal surface A can be computed as:
A =S n d (2.22)

whereS is the in nitesimal cross-section of the winding anah is the number of turns
per unit length of the RC.

Recalling the de nition of ux ' passing through a generic in nitesimal surface
A, and introducing Eq. (2.21) and (2.22):

"'=B A= oHcos()A n dl (2.23)
Integrating the in nitesimal ux ' expressed in Eqg. (2.23) over the entire are&
of the RC results in:
' = B AdA) '= ' = g n S Hcos()dl (2.24)
|

A

Introducing Ampere's Law shown in Eq. (2.20) in Eq. (2.24), the result is:

= o n Si (2.25)
Applying Lenz's Law to Eq. (2.25) results in:

d di(t)
at - oA Ny

us(t) = (2.26)
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where ug(t) is the output voltage measured at the terminals of the RC. Therefore,
it is necessary to integrate Eq. (2.26) in time to obtain an output voltageus(t)
directly proportional to the input current i(t) as:

o 1
= — Ut (2.27)

Some important characteristics can be derived by looking at Eq. (2.27). First of all,
in the phasor domain, the measuring current presents a phase displacement of 2
with respect to the output voltage. Second, it is clear that RCs do not work in DC
conditions as thedi(t)=dtis null. However, they work for AC signals; speci cally, for

a given current, the output voltageus(t) increases as the frequency of the measured
current i(t) increases. Hence, RCs are suitable for measuring high currents but
having a low frequency, or low currents but at high frequencies.

Some comments are worth mentioning for what concerns the realization aspects
of RCs. In order to get high performances, it is important to meet at least this
criterion: RCs should be realized with a uniformly distributed high density of turns.
As the voltage ug(t) is proportional to the number of turns per unit lengthn, then
increasingn implies an increase in the sensitivity of the RC. This also guarantees
a limited number of gaps in between windings which reduces the probability of
measuring external unwanted magnetic elds.

It has also to be underlined that geometrical parameters owing to the physical real-
ization of the RC play an important role. Since inductive or capacitive parameters
may prevail one over the other, it is crucial, at the developing stage, to test RCs in
frequency to ensure a constant transfer ratio.

Considering the advantages of RCs, rst, it must be said that they are not a ected by
any ferromagnetic in uence: as the core is realized in a non-ferromagnetic material
such as air or plastic, there is no increase in due to the ferromagnetic material.
Owing to their linear behavior in a wide working range and no saturation at all, they
can be suitably employed for both metering and protection in which the range of
currents must be extended up to fault currents that may reach up to a few KA.

However, their realization implies that external magnetic elds which may couple
with the coil are also measured. This may represent an important issue in three-
phase power systems where the magnetic eld produced by nearby phases can be
coupled and measured on the phase under test. Nevertheless, if RCs are realized
with high winding symmetry, then the same unwanted voltages may cancel out,
reducing this e ect.

From a practical perspective, RCs are small, compact in size, and light in comparison
to traditional bulky CTs. They are also exible as they can simply be wrapped
around the cables, making their installation much easier and more convenient.

For what concerns the disadvantages, the most relevant negative feature is that the
output voltage of the RC, us(t) is proportional to the derivative of the measured
current di(t)=dt. Hence, it means that an integrating circuit is required; plus, the
latter requires a supply voltage which sometimes could represent an issue, especially
in applications where physical and/or safety reasons could represent a major con-
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Table 2.5: Current ratio "; and phase errors ' in % and in crad, respectively, for LPCTs as de ned in IEC
61869-10. Adapted from [65].

Class Ratio Error "; ( %) | Phase Error ' ( crad)
20% 100% Kper lor | 20% 100% Koo
01 | 02 01 01 0:24 Q15 Q15
02 | 035 02 02 045 Q3 03
05 | 075 05 05 1:.35 09 09

cern. Moreover, as previously anticipated, RCs are very sensitive to the physical and
electrical environment (e.g., the position of the primary conductor, external electric
elds, temperature, etc. ...). In this context, it is often necessary to carry out pre-
liminary studies on the location of the RC to avoid collecting invalid measurements.
It is also relevant not to underestimate theside e ect, which occurs when a RC is
not placed centrally with respect to the cable axis. This e ect can lead to a change
in the ratio because of the di erent eld deployments around the coil. Lastly, in an
ideal condition, the temperature should not represent an issue for RCs realized a
high number of turns and minimal gaps in between the windings; however, this is
not always true in practical cases as demonstrated in [69 71].

Finally, it is worth mentioning some pieces of information for what regards the

accuracy classes in the relevant international standard. Similarly to what has been
presented for CTs, it is possible to apply Eq. (2.16) and Eq. (2.15) in order to
evaluate the ratio and the phase errors of a LPCT, respectively. For passive LPCTs,
the IEC 61869-10 standard applies.

Table 2.5 illustrates the ratio and phase errors for three di erent accuracy classes
and for three percentages of the rated current. More in detail,, is the rated
primary current, while K, is the rated extended primary current factor. Given
the linear characteristics, the same passive LPCT can be used within a wide range
of primary current values. The standard values for th&K ., are 5, 10, 20, 50, and
100 However, the selection of proper primary and secondary rated values is done
according to the input limits of the measuring or protection equipment [65].

2.5 Discussion

This Chapter presented the problems that modern power systems are facing nowa-
days and the electrical instrumentation that can play a key role in this context.

In the presented scenario, two of the most relevant instrumentation are shown:
PMUs and ITs. They are deeply discussed, highlighting their basic concepts, work-
ing principles, and key parameters to assess their measurement evaluation, as well
as some of the limit values illustrated in the relevant International Standards.

Some insights are also provided for what concerns the challenges that these instru-
ments have to face in the upcoming future and their most common applications,
which are discussed in the next Chapters of this Thesis.
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Chapter 3

Calibration Infrastructure for Synchropha-
sors

The development of ever-performing PMUs is prompting the necessity of realizing
suitable calibrator infrastructures operating at least one order of magnitude better
concerning the PMU under test. In this context, it is worth analyzing the perfor-
mance of each stage of a PMU calibrator: from the stability of its analog input and
output modules to the time synchronization. For these reasons, this Chapter illus-
trates the hardware and software architecture of the PMU calibrator present at the
Swiss Federal Institute of Metrology (METAS), in Switzerland. In this context, the
rst part of this Chapter presents the software required to generate waveforms and
developed according to the PMU Std for steady-state and dynamic compliance tests.
The second part, instead, is dedicated to the evaluation of the stability of the gener-
ating and acquisition stages, and the e ects of various time sources on the calibrator
performance.

3.1 Introduction and State-of-the-Art

In the beginning, PMUs were conceived for traditional transmission systems which
are power systems inherently characterized by quite stable conditions [72]. In the
future, though, PMU applications will be extended to distribution systems and
reduced inertia operating conditions as it will be described in more detail in Chapters
4 and 6. Consequently, the reduced line lengths, the higher R/X ratios, and the
unstable as well as bidirectional power demand pro les imply a much ner resolution
in the PMU phase, frequency, and ROCOF measurements [73, 74].

To tackle such challenges, a wide range of PMU algorithms has been recently pro-
posed to be able to achieve TVEs in the order d:01% [49, 53]. However, such

a performance enhancement suggests a consequent improvement of the calibration
infrastructure itself. The calibration shall present reference values whose accuracy
is at least one order of magnitude better than the measurement values, for instance,
a TVE in the order of 0:001%][75]. It would correspond to a worst-case phase error
of 10 rad or a time delay of32 ns at 50 Hz, in case no other errors on the ampli-
tude are observed. In this context, it is worth highlighting how this error could be
caused by either a skew between the generation and re-acquisition stages or by a
combination of erroneous estimates on the frequency and the phase [76].

The implementation of such demanding performance targets poses several challenges
as already discussed in the scienti c literature [77 82]. The aim of this Chapter
does not involve either the uncertainty contributions related to the generation and
re-acquisition of the test waveforms or the processing routines necessary for the
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Figure 3.1: Simpli ed block diagram of the PMU calibrator infrastructure present at the Swiss Federal Institute of
Metrology (METAS) in Bern, Switzerland. Voltage signals and related components are shown in blue,
current-related ones in red, and timing ones are in orange. The PMU acquisition stage is shown as a simpli ed
dotted block in green.

extraction of the reference values. It rather focuses on the assessment of the stability
of the generation and acquisition stages of the PMU calibrator which represents a
fundamental step to be taken prior to any further analysis. The last part of this
Chapter, instead, is dedicated to a speci c analysis of the e ect of di erent time
reference sources on the performance of the calibrator. They can a ect both the
accuracy of the reference sampling frequency and phase angle, as well as timestamps
in the retrieved measurements.

For the sake of completeness, fundamental concepts concerning the hardware com-
ponents and the software are presented. As a matter of fact, in Section 3.2 the
hardware architecture of the calibrator is described, detailing each of its compo-
nents and their main functions and characteristics. Section 3.3, instead, presents
the software that has been developed for its application in the calibrator. More in
detail, this description focuses only on how steady-state and dynamics test signals
are developed according to the PMU Std.

The calibration routine of the generation stage is described in Section 3.4 where the
stability of the generating modules is assessed. On the other hand, the acquisition
stage is evaluated in Section 3.5. Similarly to the previous Section, a frequency
sweep is performed. The last part of the Chapter, in Section 3.6, is devoted to the
examination of the e ects of di erent time sources on the PMU calibrator.

3.2 Hardware Architecture

In this Section, the main elements constituting the PMU calibration infrastructure
present at the Swiss Federal Institute of Metrology (METAS) in Bern, Switzerland
are described and their most relevant characteristics are illustrated.

Fig. 3.1 represents a simpli ed block diagram of the PMU calibrator whose elements
are described as follows.

N

NI PXI-1042Q, comprising three NI 4461 modules, one per phase so that
three-phase signals can be evaluated and/or replicated. Each has two ana-
log input and output channels to acquire both voltage and current signals
simultaneously. The three modules rely on sigma-delta ADCs which introduce
a non-constant phase displacement owing to its intrinsic operating principle.
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Besides this di culty, the second one consists in the fact that the ADC is not
multiplexed, meaning that the contributions need to be individually assessed
and compensated accordingly. For this reason, it is envisioned to rely on an
external ADC, the NI BNC-2090A, which is based on resistors. Therefore,
its phase displacement is constant and can be more easily assessed and com-
pensated for. Lastly, the timing module, i.e., NI 6653, is better described in
Section 3.6.

"~ OMICRON CMA 156 6 Phase Current Ampli er. It is both a voltage and a
current ampli er. For what concerns the voltage side, a gain d0is set, while
for the current a gain of5. It is assumed that a complete frequency response of
the ampli er is known. More speci cally, the ampli er is regarded to have its
gain (which is slightly di erent from 50, and from 5 for the current side) and its
own group delay (slightly di erent from 0, as well). In addition, it is assumed
that the ampli er does not distort the frequency of the signal. Hence, this
device can be considered a linear, passive element in the measurement chain
whose gain and group delay can be assessed. It has a band-pass frequency of
150kHz, which is particularly useful for step compliance tests.

Resistive voltage divider. Two handcrafted devices are available: one having
a l: 40ratio for a maximum 240V rms voltage; the other features &l : 300
ratio for a maximum 1000V rms voltage.

Fluke A40B AC precision current shunt. It is al0A shunt, having a maximum
rated current of 5 A rms and a maximum of200 %of the rated current has to
be tested according to the PMU Std for steady-state signals. An important
feature of such current shunt models is that their output is xed at0:8 V for
the nominal current input. Thus, in case changes in the setup are required, it
IS su cient to keep the ADC operating in a xed range of 1V since the shunt
output will never exceed0:8 V.

Fig. 3.2 illustrates some of the detailed components constituting the calibrator
infrastructure. On the top shelf, the OMICRON Daneo 400 hybrid signal analyzer
iIs shown, as it is envisioned to treat sample values according to the IEC 61850
Standard. On the middle shelf, the main controller is present including the timing
modules (NI 6653 and NI 6682) and the three analog input/output cards (NI 4461).
On the bottom shelf, the external ADC is located, together with a computer used
to control the whole measurement chain in LabVIEW environment.

3.3 Software Architecture

This Section illustrates the most relevant characteristics of the software, focusing
on the generation and modeling of the test waveforms described in the PMU Std.
For the sake of clarity, Section 3.3.1 presents the formulations used for steady-state
signals, while in Section 3.3.2 dynamic tests are detailed.

3.3.1 Steady-State Signals

This Section presents the set of steady-state tests that need to be performed accord-
ing to the PMU Std and, consequently, the signals that are modeled. In order to do
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Figure 3.2: PMU Calibrator infrastructure present at the Swiss Federal Institute of Metrology (METAS) in Bern,
Switzerland. Only some of its components are shown: a signal analyzer (top shelf), a real-time controller including
time and analog input/output modules (middle shelf), and an external ADC (bottom shelf).

so, such waveforms are modeled in MATLAB environment to emulate testing con-
ditions for both 50- and 60-Hz rated system signals, and for P- and M-class PMUs.
To ensure maximum generalization, the sampling frequendy is chosen equal td.8
kSa/s and the time duration of each test isl2 s. By doing that, it is guaranteed
that leakage e ects are avoided for all possible signal frequencies under test.

After the modeling of the waveforms in MATLAB, according to the sets of equations
that are going to be described in the following, a matrix is created for both steady-
state and dynamic signals. It features a number of rows equal to the total number
of samples, based ofiy and the test time length, and a number of columns equal to
7. The rst six represent the three-phase voltage and three-phase current signals,
while the last presents onlyl or O values. They are used as a ag to activate or
deactivate the ongoing test. The matrix is saved as a .tdms le, which is lighter
than a .txt le, and it is read in LabVIEW by the PMU calibrator which generates
the corresponding samples.

The PMU Std evaluates ve dierent in uence quantities at a time in the con-
text of steady-state signals: frequency, voltage and current magnitudes, harmonic
distortion, and Out-Of-Band Interference (OOBI).

For what regards the signal frequency, the set of equations shown in Eq. (3.1) is
considered: X, is the rated signal amplitude in V before the ampli cation stage,
and ' ¢ is the initial phase in rad, assumed equal t® for the sake of simplicity.
Whereasf, is the frequency under test in Hz whose value is varied for each testing
condition. The set of X 4(t), Xp(t), and X (t) represent a generic three-phase time-
varying signal which can hold true for either voltage or current waveforms just by
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replacing the variableX . For P-class compliance tests, an interval of 2 Hz must be
considered around the rated frequency according to [14]. Whereas, for M-class tests
the interval extends to 5 Hz. All frequencies within such ranges are simulated, by
introducing di erent f, in Eg. (3.1) with a step of f =0:5Hz.

Xa(t) = Xy cos(2f (t+ ' o)
Xp(t)= Xy cos(2f t+ ' 2=3) (3.1)
Xc(t)= X cos(2f (t+ "' g+2=3)

For what concerns the voltage magnitude, the three-phase voltage is shown in Eq.
(3.2) wheref,, is the system-rated frequency in Hz and, represents a percentage
in V of the nominal voltage before the ampli cation stage. According to the PMU
Std, two di erent ranges must be considered for P- and M-class compliance. For
the rst, the voltage percentage has to span fron80 %to 120 % while from 10 %to
120 %for the latter. Voltage steps V of 20%are considered in both scenarios. It
is worth highlighting that during this test, the current is simulated as a three-phase
set at nominal conditions (i.e., nominal magnitude and frequency).

Va(t) = V, cos(2f ,t+ "' o)
Wo(t) =V, cos(2f nt+'o 2=3) (3.2)
Ve(t) =V, cos(2f nt+ ' g+2=3)

Similarly to the voltage one, the current magnitude test consists of supplying a
three-phase signal having a percentage of the rated current value. Eq. (3.2) is still
valid, just by replacing the V variable with I . In this case, though, P- and M-class
ranges match perfectly and they span from0%to 200 %of the rated current. In
an analogous way to the previous case, steps of = 20% are considered.

Harmonic distortion tests are evaluated by applying a single harmonic at a time
whose magnitude id %for P-class tests, whilel0 %for M- ones. The set of equations
is shown in Eq. (3.3), whereX, and f, are the rated signal magnitude in V before
its ampli cation and frequency in Hz; instead,’ ¢ is the initial phase in rad equal
to 0. The harmonic amplitude factork, is either 1% or 10 % while the harmonic
order isn. All the harmonics up ton =50 are tested, however particular relevance
is given to common voltage and current harmonics indicated in the relevant power
quality standards as in [21] and [22], respectively.

Xa(t)= Xy cos(2f t+ ' o)+ Xnky cos(2nf t+ ' o)
Xp(t)= Xm cos(2f pt+' g 223 )+ Xpke cos(2nf ,t+' g 2=3n ) (3.3)
Xc(t)= Xy cos(2f ;t+ "' g+2=3 )+ Xy ke cos(@2nf ,t+ "' o+2=3n )

The last steady-state test involves the veri cation of OOBI. According to the PMU
Std, given the PMU reporting rate R, and the power system rated frequenci,, it

Is possible to calculate the interval within whichf,, is changed. ForR, 100 fps,
the test frequency intervalf, is included betweenf, 0:1 (R,=2). Alternatively,
for R, > 100fps, the interval isf; = f,, 5. The bandpass frequency bounds can be
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computed as R,;=2 + f, for all R, reporting rates. At this stage, it is possible to
evaluate the frequencies below the passbandfas R,=2 (0:1 2¢) fork =0;1;2;::
until f 10 Hz. On the other hand, the frequencies above the passband can be
assessed a, + R, +(0:1 2™) form=0;21;2;::;;until f 2 f, Hz. By rounding
them to the next integer value and sorting them in ascending order, it is possible
to retrieve the set of interfering frequencies used to test each frequenigyin the
previously obtained test interval. This process is repeated for all possibig and

for the two system-rated frequencie$,, = 50 Hz and 60 Hz.

The set of equations can be represented as follows:

Xa(t)= X cos(2f t+ ' o)+ Xnky cos(2nf et + " o)
Xp(t)= Xm cos(2f t+ ' ¢ 2=3 )+ Xnkg cos(2f ixt+'o 2=3) (3.4)
Xe(t)= X cos(2f t+ ' g+2=3 )+ X ke cos(2f jyt+ ' o+2=3)

In Eq. (3.4), X, represents the rated value of the signal in VV before its ampli cation,

' o is the initial phase in rad and it is equal to0. The nominal frequencyf ,, is replaced

by f\ which represents the set of frequencies to be tested. Each interference frequency
is indicated by f , while its amplitude factor k, is equal to10%for all R, 10

fps. It is also worth recalling that no requirements are set for P-class PMUs and for
M-class ones having &, < 10fps. In this test, PMUs are compliant with the Std
when their TVE is less or equal t01:3%. On the other hand, all steady-state tests
required a TVE of 1% as per [14].

3.3.2 Dynamic Signals

In this Section, the dynamic test waveforms are presented. They are required to be
generated, and consequently re-acquired, by the PMU calibrator. In the following,
the ve tests are described and the maximum TVE limits expected by the PMU Std
are reported. The dynamic tests include amplitude and phase modulation, frequency
ramp, and amplitude and phase steps, as treated in [14].

The rst dynamic test that is considered is amplitude modulation. Such a test
is performed at rated signal magnitudexX ,, and rated power system frequency,.
The amplitude modulation factor ky is equal to 0:1 for all tests, while the phase
modulation factor k, is equal to0. The modulation frequencyf , is varied from a
lower-bound of0:1 Hz to an upper-bound ofR,=10 or 2 Hz for P-class PMUs, or
from 0:1 Hz to R,=5 or 5 Hz for M-class ones. For instance, for a PMU having a
R, =50 fps, this implies that tests are carried out for allf ,, ranging from0:1 to 5:0
Hz in the widest range. This test does not vary its maximum TVE which is equal
to 3% for both P- and M-class PMUs [14].

The set of equations is shown in Eq. (3.5) where all variables have already been
de ned. It is worth noticing that the initial phase ' ; has been omitted for the sake
of brevity, as it is always assumed equal t0 rad.
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(@) (b)

Figure 3.3: Frequency as a function of time (solid blue line) during dynamic ramp tests for a 50-Hz signal, as
illustrated in [14]. Blue markers indicate an idle time of 1 's, while red ones of 2 s. P-class frequency ramp is shown
in (a), whereas M- one in (b). The horizontal dashed black line indicates the nominal system frequency.

Xa(t)= X [1+ ks cos(2f t)] cos[2f ,t+ ky cos(2f ,t )]
Xp(t) = Xm [1+ kg cos(2f nt)] cos[2f .t 2=3 + k, cos(2f nt )] (3.5)
Xe(t) = Xm [1+ kg cos(2f nt)] cos[2f .t +2=3 + k, cos(2f nt )

Similarly to amplitude modulation, phase modulation tests rely on the same set of
equations shown in Eq. (3.5). Such tests are performed at the same conditions
(i.e., rated signal magnitude and frequency, identical test ranges concerning the
modulation frequencyf ,,, and maximum TVE of 3 %for both classes). However, the
amplitude modulation factor k, is equal to0, while the phase one i&, = 0:1.

Frequency ramp tests consist of generating a linear frequency ramp at rated signal
magnitude X, and starting at the nominal power system frequency,. The three-
phase signal is represented by the equations shown in Eg. (3.6). In addition to the
parameters previously de ned,Rs represents the constant frequency ramp rate in
Hz/s, which is equivalent todf (t)=dt.

Xa(t)= Xm cos 2f ,t+ R;t?
Xp(t)= Xm cos 2f ot 2=83 + R;t? (3.6)
Xe(t)= Xm cos 2f ,t+2=83 + R{t?

The ramp rate R; is equal to 1 Hz/s for both PMU classes; however, for P-class
ones the ramp range is 2 Hz, while for M- ones is lesser thaik,=5 or 5 Hz. For
instance, for a50 Hz power system signal, Fig. 3.3 reports the frequency trend as a
function of time, represented by a solid blue line, for the P-class in (a) and the M-
one in (b). Square blue markers indicate idle time instants df s during which the
PMU calibrator generates the corresponding frequency before inverting the slope.
Red markers, instead, indicate the same idle time, but equal s in order to ensure
the extinction of all transients at the beginning and at the end of the test. It is also
worth recalling that the max TVE is equal to 1 % for both classes [14].
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Figure 3.4: Heaviside function for positive values of time only, computed for ve increasing values of k. The
dashed black line represents the vertical asymptote.

According to [14], the three-phase waveforms that can replicate the amplitude step
tests can be written as follows:

Xa(t) = Xm [L+ keu(t)] cos[2f ot + kau(t)]
Xp() = Xm [+ keu(t)] cos[2f ot 23 + kau(t)] (3.7)
Xo(t) = Xm [1+ Keu(t)] coS[2f nt+2=3 + kau(t)]

In Eq. (3.7), besides the already de ned nominal signal magnitud¥ ,, and rated
frequencyf,,, u(t) is the unit step function andk, and k, represents the magnitude
and phase step size, respectively.

However, it must be kept into account that the unit step is a non-di erentiable
function. This represents a critical issue when re-acquiring the waveform because
di erentiability is a mandatory condition to perform interpolation . To solve this
issue, the Heaviside function is used. It is a di erentiable function and its analytical
expression is the following:

1

H(t): 1+e 2kt

(3.8)

The time variable is indicated byt, while k is a coe cient that represents the
steepness of the step. As a matter of fact, the high&r the more the step tends to
be an ideal one. This is shown in Fig. 3.4 in which ve increasing values lfare

plotted as a function of positive values of time.

At this stage, it is possible to re-write Eq. (3.7) by introducing the Heaviside
function shown in Eq. (3.8) andk, = 0 to simulate an amplitude step:

1Besides, if an ideal step were applied, the output would still not be ideal owing to the
bandwidth limit of the ampli er. The complete description of the acquisition stage of the
PMU calibrator and the consequent interpolation are presented in Section 3.5
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#
— kX
Xa(t)= Xy 1+ T+ e ki ™ cos (2f nt)
! #
— kX —
! #
_ K _
Xc(t)= X 1+ T+ e T cos(2f ,t+2=3 )

Apart from X,, and f, already de ned and still equal to rated conditions even in
this case ky is equal to 0:1 according to [14], andk = 100 represents the steepness
of the step as shown in Fig. 3.4. Lastly]; is the time-to-half-value, evaluated with
respect to the asymptotic value to in nity of the function.

Two di erent expressions can be obtained from Eg. (3.9) depending dn

8

X (1) S(Xm+ ky) cos(2f t); ift T,
2 - Xm cos(2f qt); otherwise

Despite the fact that the analytical formulation ensures the correct modeling of an

amplitude step, another criticality needs to be tackled before the implementation

into the PMU calibrator.

First, it must be recalled that such tests are necessary to evaluate the response and
delay time of the PMU, as well as its under/overshoot response. However, focusing
only on the rst ones, it has to be considered that the PMU response and its delay
times are generally much smaller in comparison to its reporting rate which can reach
up to R, =100 fps for 50-Hz signals. Hence, it is unlikely that the PMU data points
will occur at the speci ed measurement points, marking it improbable to determine
them with a single-step test.

To solve this issue, amplitude steps can be interleaved: it means that by applying

a step at di erent time instants, a time-varying reporting is obtained. Afterward,
measurements can be combined to provide a step response result whose resolution
Is less than the reporting interval.

The PMU Std proposesn = 10 as the number of interleaved steps to consider
[14]. Hence, for the sake of generality of the purpose of the calibrator, this value is
chosen. Tests lasttOs andT; = 2 s is the time at which the 10 % amplitude step
takes place. An interval of 10 ms is considered around; for interleaving, with a

di erence between subsequent stepst; being2 ms, corresponding t® steps before
and 5 after T;. The same rationale is followed for negative amplitude steps.

Similar considerations are valid for the phase step test, which is the last dynamic
compliance test presented in the PMU Std. In this case, it is still necessary to
introduce the Heaviside function shown in Eq. (3.8) into Eq. (3.7) in order to
simulate a step on the phase. For the sake of completeness, the three-phase signal
is reported as follows:
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#
- ka
Xa(t)= Xy cos 2f jt+ 1T+ e ki ™
" #
k
" #
_ _ Ka
Xc(t)= X cos 2f ,t+2=3 + T+ ek ™

In a similar way to the amplitude, the angle step of 10 occurs atT; = 2 s. Five
steps are interleaved before and aftéf, every t; =2 ms, so thatn = 10 is ensured.
The magnitude step sizé, is zero, while the phase onle, is = 18and the steepness
of the stepk is 100 Di erent requirements in terms of delay and response times
as well as for over/undershoot are envisioned for P- and M-class PMUs which are
omitted here for the sake of brevity [14].

3.4 Generation Stage Calibration Routine

This Section illustrates the main characteristics of the generation stage of the cali-
brator as well as the magnitude and frequency tests performed in order to evaluate
the stability of the PMU calibrator itself.

A block diagram depicting these fundamental steps is shown in Fig. 3.5.

First of all, starting from the left-hand side, the user sets the parameters required in
LabVIEW environment. Based on these, the .tdms les generated in MATLAB and
described in the previous Section 3.3 are played. This results in a matrix containing
all waveform samples which can be generated as analog low-voltage and low-current
signals by the PXI itself. Afterward, such signals are sent to two Keysight 3458A
digital multimeters working in di erent con gurations.

The rst one works in Master mode, while the second is in Slave mode. The Master
orders the Slave to start sampling, sharing the sant) MHz clock. In this context,

it is worth noticing that a small time di erence can be assessed. It represents
a discrepancy between the transmission of the trigger and the actual triggering
event. Nevertheless, it can be measured and compensated accordingly. By using
the multimeters in the described con guration, it is possible to assess the phase
di erence between the two low-voltage signals. First, the voltage phase is assessed
against the current one for the same phase of the three-phase signal. Afterward,
this di erence is evaluated against the other two phases.

It is worth recalling that when used in DC mode , the measurements taken by the
two 3458A multimeters can be traced back to the realization of the Volt [83].

The steps necessary to perform the stability assessment of the PMU calibrator can

2For the sake of clarity, it is worth recalling that the NI PXI 1042Q is not able to
generate analog currents. However, in the following treatise, they are referred toasrent
signals nonetheless for a better distinction from voltage ones.
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Figure 3.5: Block diagram of the fundamental steps and devices required for the evaluation of the generating stage
of the PMU calibrator.

be summarized as follows. First of all, magnitude and frequency sweeps are applied
in order to span across the entire voltage and current ranges, as well as the frequency
one as envisioned in the PMU Std [14].

By placing the two multimeters at low signal levels, it is possible to assess the
goodness of the digital-to-analog converter. As a matter of fact, this corresponds
to the stability of the calibrator itself in the generation of the waveforms as no
ampli ers or dividers/shunts are introduced at this stage.

Based on the previous outcomes, as no other sources of uncertainty are introduced
in the chain, the mean value can be corrected, since it can be regarded as an o set.
The remainder represents a contribution akin to a type A estimate as its nature
stems only from random contributions.

For each test,n = 15 measurements are performed, hence the mean value and the
corresponding standard deviations are computed according to Eq. (1.2) and Eg.
(1.5), respectively. Owing to the rather limited number of measurements, the type
A estimate is evaluated considering the inverse of the Student's t-distribution as
described in Section 1.2.1 and shown in Eq. (1.8).

Consideringk = 2, which results in a Cl having a probability p of 95% then the
percentile which can be computed ag& pis equal to0:05. The number of degrees
of freedom, instead, is = 14, having consideredh = 15 for all tests illustrated in
the following. Hence, Eq. (1.8) results in:

S
Sm = toos: — 3.11
m 0:05:14 pTS ( )

Afterward, the obtained mean values are adjusted according to the correction factors
of the 3458A multimeters. It is worth clarifying that once the samples are acquired,
they are linearly tted in a sinusoidal signal in order to retrieve the amplitude,
phase, and frequency. Therefore,, k , and k; represent the amplitude error, the
phase delay, and the frequency o set to be corrected, respectively.

The measured mean values of the frequentyin Hz, voltage or currentx in V2, and
phase' in min are indicated by &} while the corrected ones present a subscript
The correction factors, represented witlk, have a subscript that corresponds to the

3For the sake of completeness, it is worth clarifying that albeit they are referred to as
current channels their stability is established by measuring the corresponding voltage. For
this reason, the unit of measurement is V in the following Tables and Figures.
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relative quantity under test.
They can be summarized in the following set of equations:

fo=f 1 k)
Xe =& Ky (3.12)
"e=" (60 k)

The corrected mean values shown in Eq. (3.12) are used to evaluate the error with
respect to the reference one as follows:

fc fref
& = ————
fref
_ Xo Xref (3.13)
e = ——
Xref
e ='¢ e

These values are usually very small in the order of parts per million (ppm). Once
assessed, they can be compensated accordingly as they constitute a quanti able
o set in the measurements.

For what concerns the phase di erence, instead, it is usually more common to assess
the phase displacement between the two channels. Consequently, the corresponding
phase delay can be evaluated, rather than the single voltage or current phaseThe
phase displacement ' can be computed as the point-by-point di erence between
the phase measured on the voltage, and on the current channels ;.

The phase delayty, expressed in s, is computed as:

tg = (314)

The result of this process consists of the compensation of the mean value of the
error and the evaluation of the type A contribution. Consequently, bar graphs
can be plotted centered around zero and having as upper and lower-bound values
the uncertainty, computed starting from the standard deviation of @5 % CI. This
process is repeated twice: once performing a magnitude sweep across all possible
excitation levels at rated frequency, then a frequency sweep is carried out including
the most severe cases at rated signal levels.

3.4.1 Magnitude Sweep

This Section presents the assessment of the uncertainties characterizing the gener-
ating stage of the PMU calibrator by performing a magnitude sweep.

The list of tests is shown in Table 3.1. The rst column shows the excitation value

in percentage. Such values are chosen based on the worst-case scenarios of the volt-
age and current magnitude tests for P- and M-class PMUs, according to the PMU
Std. As a matter of fact, according to [14], M-class voltage magnitude tests require
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Table 3.1: Calibration routine tests performed for the generation stage. Based on all possible excitation levels
expressed in %, reference voltage Viet and current | values are determined. The reference frequency is set at 50
Hz, while both phases are set to 0 min.

Excitation (%) \ fret (HZ) Vier (V) " viret (MiN)  lrer (V) " irer (MIN)

30 50 1.38 0 0.3 0
40 50 1.84 0 0.4 0
50 50 2.30 0 0.5 0
60 50 2.76 0 0.6 0
70 50 3.22 0 0.7 0
80 50 3.68 0 0.8 0
90 50 4.14 0 0.9 0
100 50 4.60 0 1.0 0
120 50 5.52 0 1.2 0
150 50 6.90 0 15 0
200 50 7.00 0 2.0 0

testing over a range spanning fronl0%to 120 %of the rated voltage. Similarly,
M-class current magnitude tests span over a range froft® %to 200 %of the rated
current. Based on this, the excitation values are chosen such that the largest testing
range for M-class PMUs is covered.

As a reference frequency,es , @ 50Hz signal is considered as it is the common power
system frequency in Europe. For the sake of brevity, only such results are presented.
However, the same procedure is valid f@0-Hz signals.

Both voltage and current reference phases, e ;"' iref ,» are set equal to0, as the
objective entails the assessment of the phase displacemerit in min and the cor-
responding phase delayk; in s.

The reference voltaged/s are set based on the rated voltag¥®, which is 230V
and on the gain of the ampli er which is equal to50. Similarly, considering a rated
current I, of 5 A and the gain of the current ampli er equal to 5, the reference
values are chosen according to:

Vo = V, E
ref = FA 1 AN
50 100
o L" E (3.15)
T 5 100

where the excitation is brie y indicated asE.

In this context, it is worth recalling that |, values are translated into voltage
reference values at this calibration stage. Second, for an excitation 200 % the
correspondingV,es would be equal t09:2 V according to Eqg. (3.15). However, such
value cannot be generated by the NI 4461 card, hen® is manually set equal
to 7:00 V which is the maximum output available. In any case, this approximation
does not a ect the calibration routine as voltage magnitude tests equal t800 %are
not included in the PMU Std [14].

The results of the magnitude sweep are presented as follows.
First of all, the frequency errors computed using Eg. (3.13) are plotted as a function
of the excitation, which is expressed as a percentage of the rated value. The results
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Figure 3.6: Results of the magnitude sweep in regard to the frequency. The mean value of the error (in ppm) is
indicated by solid bars, while the corresponding uncertainty intervals are shown by smaller vertical bars on top (in
ppm). The results of phase A are shown in blue, those of phase B in red, and phase C in green, as a function of
the excitation expressed in % of the rated value.

concerning the three phases are shown in Fig. 3.6 in which the solid bars indicate
the mean value of the frequency error expressed in ppm. The smaller vertical bars on
top, instead, represent the uncertainty interval computed according to Eqg. (3.11).
The choice of expressing all type A estimates in ppm stems from the fact that all
these results are rather small. In order to properly represent them and perform
easier comparisons among each other, it has been chosen to use such a measurement
unit. Nevertheless, it should not be left out of consideration the correlation of these
outcomes with the PMU Std [14]. It is also worth recalling that a single value of
frequency is applied to the PMU Calibrator; however, this value is not constrained
to be the same on all three phases. Rather the objective of this test consists of the
assessment of the frequency generation by the three di erent PXI cards.

However, as previously disclosed, it can be assumed that the mean error value can be
compensated, conversely to the uncertainty. For this reason, Fig. 3.7 presents only
the uncertainty intervals for the three phases, for various levels of voltage excitation.
As this assumption can be regarded as valid in most of the cases, the gures shown
hereinafter will present only the uncertainty interval. Hence, they will show a mean
value equal to zero in spite of the fact that non-zero errors were assessed during the
calibration routine for all quantities under test.

The results shown in Fig. 3.7, which essentially illustrate a zoomed portion around
the vertical bars of Fig. 3.6, represent the frequency uncertainty intervals. As a
matter of fact, such intervals are minimal as they are beloWw:5 ppm for all possible
excitation levels. This indicates the stability of the generated frequency by the PMU
calibrator even for non-rated signals.

Fig. 3.8 and Fig. 3.9, instead, present the uncertainty intervals with regard to the
voltage and current magnitude, respectively. The rst comment concerns low values
of the excitation: in such cases, similar results are obtained in the three phases.
Whereas, as the level of excitation increases, the uncertainty intervals tend to di er
from one phase to the other. Still, this variation is in the range of a few tens of ppm
and is most likely due to non-linearities. Lastly, even though the voltage uncertainty
intervals are much larger than the current ones, in all cases the maximum recorded
uncertainty is below 80 ppm. This can be regarded as a very small interval if
compared to the order of magnitude of the quantities to be measured.
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Figure 3.7: Results of the magnitude sweep in regard to the frequency. The 95% con dence intervals are shown as
vertical bars (in ppm). The results of phase A are shown in blue, those of phase B in red, and phase C in green, as
a function of the excitation expressed in % of the rated value.

Figure 3.8: Results of the magnitude sweep illustrating the uncertainty intervals of the voltage magnitude. The
95 % con dence intervals are shown as vertical bars (in ppm). The results of phase A are shown in blue, those of
phase B in red, and phase C in green, as a function of the excitation expressed in % of the rated value.

Figure 3.9: Results of the magnitude sweep illustrating the uncertainty intervals of the current magnitude. The
95 % con dence intervals are shown as vertical bars (in ppm). The results of phase A are shown in blue, those of
phase B in red, and phase C in green, as a function of the excitation expressed in % of the rated value.

53



Chapter 3: Calibration Infrastructures for Synchrophasors

Figure 3.10: Results of the magnitude sweep illustrating the uncertainty intervals of the phase di erence ', The
95 % con dence intervals are shown as vertical bars (in ppm). The results of phase A are shown in blue, those of
phase B in red, and phase C in green, as a function of the excitation expressed in % of the rated value.

In conclusion, Fig. 3.10 presents the uncertainty intervals of the phase di erence
' expressed in ppm. Itis worth noting that ' is calculated as the point-by-point

di erence between the voltage and current phases, for each phase A to C.

Hence, in comparison with the other results, in this case, the intervals do not tend to

increase as the level of excitation increases. But rather the uncertainty is included

within 50 ppm for all E ~ 60% however, higher bounds are reached on phases A

and B at excitation levels equal to30 % 40 % and 50 %

This result concludes the analysis of the uncertainty intervals obtained by spanning
across all input signal magnitudes at the rated frequency &0 Hz. The presented
results constitute a preliminary starting point for the evaluation of the overall mea-
surement chain uncertainty of the PMU calibrator.

3.4.2 Frequency Sweep

This Section presents the evaluation of the uncertainty characterizing the generating
stage of the PMU calibrator by spanning across all possible frequencies.

The list of tests is shown in Table 3.2. The rst column illustrates the frequencies
under test in Hz. Similarly to what is carried out for the magnitude sweep50 Hz

is considered as the rated frequency. The rationale behind the choice of such values
centered around50 5 Hz is to be found on the requirements for M-class PMUs as
per [14]. As shown in Section 3.3.1, the PMU Std requires that the signal frequency
is tested in an interval of 2 Hz for P-class PMUs, while of 5 Hz for M- ones. For
the sake of generality of the purpose of the PMU calibrator, the frequency sweep
is performed across the largest interval. A step df Hz is selected in between the
frequencies under test in order to ensure a rather ne resolution. Without loss of
generalization, the same considerations hold true f&0-Hz signals.

The second column, instead, presents the excitation which is equal 100 %for all
possible frequencies as rated signals are expected in such a scenario.

The next two columns present the reference voltage magnitudé; in V and phase

" vret IN Min. In the last two, instead, the reference current magnitudé,; and its
corresponding reference phase.es are shown in V and min, respectively. As dis-
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Table 3.2: Calibration routine tests performed for the generation stage based on all possible test frequencies
included in the PMU Std for M-class PMUs. The excitation level is considered equal to 100%, hence voltage and
current reference values are the nominal ones, prior to their corresponding ampli cation stages. Both reference
phases are equal to O min.

Frequency (Hz)\ Excitation (%) Vet (V) ' viret (MIN) s (V) ' irer (MIN)

45 100 4.60 0 1.0 0
46 100 4.60 0 1.0 0
47 100 4.60 0 1.0 0
48 100 4.60 0 1.0 0
49 100 4.60 0 1.0 0
50 100 4.60 0 1.0 0
51 100 4.60 0 1.0 0
52 100 4.60 0 1.0 0
53 100 4.60 0 1.0 0
54 100 4.60 0 1.0 0
55 100 4.60 0 1.0 0

Figure 3.11: Results of the frequency sweep in regard to the frequency. The 95 % con dence intervals are shown as
vertical bars (in ppm). The results of phase A are shown in blue, those of phase B in red, and phase C in green, as
a function of the frequency expressed in Hz.

closed previously, the reference phase is selected equd for the sake of simplicity.
Whereas, voltage and current reference values are computed according to Eq. (3.15)
prior to their corresponding ampli cation stages.

The results of the frequency sweep are presented as follows, similar to what has been
done for the magnitude ones.

First of all, the frequency uncertainty intervals for a95% CI are shown in Fig.
3.11. The results are included within 0:5 ppm for all frequencies, apart from the
lowest frequency,f = 45 Hz, which presents an interval of 1.5 ppm. Apart from

the latter, these results are similar to those shown in Fig. 3.7 where the maximum
uncertainty was included within  0:5 ppm. More in detail, for an E = 100 % at

f =50 Hz the magnitude and frequency sweeps provide very similar results.

The voltage uncertainty intervals are shown in Fig. 3.12. For all frequencies, the
uncertainty is included within 20 ppm. However, for af = 45 Hz, phase A shows
a rather signi cant increase which exceeds 30 ppm. For the rated 50 Hz frequency,
at rated excitation, these results are aligned with those shown in Fig. 3.8. However,
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Figure 3.12: Results of the frequency sweep illustrating the uncertainty intervals of the voltage magnitude. The
95 % con dence intervals are shown as vertical bars (in ppm). The results of phase A are shown in blue, those of
phase B in red, and phase C in green, as a function of the frequency expressed in Hz.

Figure 3.13: Results of the frequency sweep illustrating the uncertainty intervals of the current magnitude. The
95% con dence intervals are shown as vertical bars (in ppm). The results of phase A are shown in blue, those of
phase B in red, and phase C in green, as a function of the frequency expressed in Hz.

it is evident how the magnitude sweep is more a ecting the performances as the
voltage uncertainty reached up to 80 ppm at 200 %excitation level.

The results concerning the current uncertainty intervals are presented in Fig. 3.13.
In a similar way to what has been observed in Fig. 3.12, phase A 45 Hz presents

a higher uncertainty with respect to the other results. However, in this case, a
much lower uncertainty is assessed as it is included within4 ppm for all phases
across the frequency range under test. Comparing Fig. 3.9 with these results, it can
be concluded that similar intervals are obtained across the whole excitation range;
nevertheless, larger ones are observed at high excitation levels, &0 %and 200 %
This con rms the higher dependency of the magnitude uncertainty on the excitation
value rather than on the signal frequency.

The last results entail the assessment of the phase displacement between voltage

and current phases, computed as described in Section 3.4.1. The outcomes are shown
in Fig. 3.14 in which ' is plotted as a function of the frequency. In the same way
as observed in Fig. 3.10, these uncertainty intervals are not constant across the
whole range under test. Additionally, they also vary from one phase to the other. In
Fig. 3.10, higher intervals were assessed for low values of the excitation, although in
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Figure 3.14: Results of the frequency sweep illustrating the uncertainty intervals of the phase di erence '. The
95 % con dence intervals are shown as vertical bars (in ppm). The results of phase A are shown in blue, those of
phase B in red, and phase C in green, as a function of the frequency expressed in Hz.

@) (b)

Figure 3.15: Phase delay mean values expressed in ns as a result of the magnitude sweep in (a) and of the
frequency sweep in (b). All results of phase A are in blue, those of phase B in red, and phase C in green, as a
function of the excitation expressed in % of the rated value in (a) and of the frequency in Hz in (b).

Fig. 3.14 higher uncertainty intervals can be observed for some frequencies bes@w
Hz and forf =51 Hz. Whereas, at higher levels, the uncertainty interval is rather
constant within 20 ppm.

Lastly, the phase delay in timety is computed according to Eq. (3.14) for both
magnitude and frequency sweeps. The objective entails the establishment of possible
dependency oty on the two variables under test. The results are expressed in ns
and are shown in Fig. 3.15(a) for what concerns the magnitude sweep, and in (b)
for the frequency one. When the power system rated frequency is supplied, two
di erent levels of group delay are assessed as the excitation range increases. As a
matter of fact, for E ~ 70% a delay in the order 0f400 ns is observed. Whereas,
for higher values ofE, ty increases by roughlyl00 ns. On the contrary, when the
system signals are at rated excitation (i.e.E = 100 %), the computed phase delay

is constant and in the order o500 ns across the whole frequency range.

This concludes the evaluation of the generating stage of the PMU calibrator with the
establishment 0f95 % Cls for the most signi cant signal quantities. The results il-
lustrate the performances of the digital-to-analog converter in the generation of ideal
signal waveforms, evaluated as a function of magnitude and frequency sweeps.
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Figure 3.16: Block diagram of the fundamental steps and devices required for the evaluation of the acquisition
stage of the PMU calibrator.

3.5 Acquisition Stage Calibration Routine

This Section presents the principal characteristics of the acquisition stage of the
PMU calibrator as well as the frequency sweep tests that were carried out to assess
the stability of the calibrator itself.

A block diagram illustrating the main steps is shown in Fig. 3.16. In a similar way
to what is shown in Fig. 3.5, each block is analyzed from the left-hand side. The
rst row, however, is identical to the one presented in Section 3.4 but is recalled
for the sake of completeness. First of all, the user sets the required parameters
in LabVIEW. Consequently, .tdms les are generated and played as described in
Section 3.3. Low-voltage and current signals are acquired by the two Keysight
3458A multimeters working in Master and in Slave mode, respectively.

This completes the assessment of the generation stage as already described in Sec-
tion 3.4. In addition to this, in order to evaluate the acquisition, re-acquisition of

the generated low-voltage and current signals is necessary. This is performed by the
ADC indicated as the Waveform Acquisition block in Fig. 3.16. This results in a
series of samples corresponding to the re-acquired waveform. In the future develop-
ments of this work, they will be automatically tted by means of a non-linear routine

for all possible test signals and compared with respect to the waveform model origi-
nally developed in MATLAB. However, at the current stage, given the simplicity of

the waveforms under test, they are tted considering the following expression:

x(t)= A cos(2ft + ')+ (3.16)

Based on Eq. (3.16), the amplitudeA in V, frequencyf in Hz, phase' in rad, and
DC component in V are tted. Comparing these results with those measured by
two 3458A digital multimeters, it results that all the errors that can still be observed
depend only on the ADC stage and on the non-linear t. However, it is reasonable to
assume that the latter constitute an almost-negligible contribution as mathematical
errors are generally minimal in comparison to the ADC ones.

As a matter of fact, having already corrected the mean value of the error as described
in Section 3.4, the remainders are only owing to the non-idealities, and consequent
incorrect acquisition, of the waveforms caused by the digital-to-analog stage.

Without loss of generality, the same procedure and testing conditions (e.g., number
of tests, coverage factor, etc. ...) described in Section 3.4 still apply. Analogously,
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Table 3.3: Calibration routine tests performed for the acquisition stage based on possible test frequencies included
in the PMU Std for M-class PMUs. Five di erent excitation levels are considered, hence the corresponding voltage
and current reference values are computed, prior to their corresponding ampli cation stages. Both reference

phases are equal to O min.

Frequency (Hz)\ Excitation (%) Vet (V) ' viret (MIN) s (V) ' irer (MIN)

30 1.38 0 0.3 0
50 2.30 0 0.5 0
45 70 3.22 0 0.7 0
100 4.60 0 1.0 0
200 7.00 0 2.0 0
30 1.38 0 0.3 0
50 2.30 0 0.5 0
47 70 3.22 0 0.7 0
100 4.60 0 1.0 0
200 7.00 0 2.0 0
30 1.38 0 0.3 0
50 2.30 0 0.5 0
50 70 3.22 0 0.7 0
100 4.60 0 1.0 0
200 7.00 0 2.0 0
30 1.38 0 0.3 0
50 2.30 0 0.5 0
52 70 3.22 0 0.7 0
100 4.60 0 1.0 0
200 7.00 0 2.0 0
30 1.38 0 0.3 0
50 2.30 0 0.5 0
55 70 3.22 0 0.7 0
100 4.60 0 1.0 0
200 7.00 0 2.0 0

the objective consists of retrieving the standard deviations, akin to type A estimates,
computed according to Eq. (1.8); hence, mean values are not thoroughly examined
as done for the generation stage.

The complete set of tests carried out to evaluate the acquisition stage of the PMU
calibrator is shown in Table 3.3. This includes a combination of the tests presented

in Tables 3.1 and 3.2. In this analysis, ve dierent levels of voltage and current
excitation are considered, hence the corresponding reference values are computed ac-
cording to Eq. (3.15). The reference phase values, i.ey; s and’ i , are assumed
equal to O rad. They are still presented in Table 3.3 for the sake of completeness
as their values are evaluated and accordingly tted in the following treatise for all
signals under test.
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Figure 3.17: Results of the frequency sweep in regard to the frequency. The 95% con dence intervals are shown as
vertical bars (in ppb). The results of phase A are shown in blue, those of phase B in red, and phase C in green, as
a function of the frequency expressed in Hz.

3.5.1 Frequency Sweep

In this Section, the main results concerning the frequency sweep are presented. For
the sake of brevity, only a xed value of voltage and current excitation is considered,
namely an excitation of 100 %is examined for the rst and of 30 % for the latter.
The entire frequency range is spanned, as shown in Table 3.3.

It is worth recalling that this is done for the sake of conciseness. Nevertheless,
it must be kept into consideration that this procedure should be repeated twice:
rst performing a complete magnitude sweep, then a frequency one to ensure a full
characterization over the entire operating range of the PMU calibrator.

Similarly to the analysis presented in Section 3.4, the rst results shown in Fig. 3.17
illustrate the frequency uncertainty assessed over the entire range under test and
expressed in part per billion (ppb). These results refer to th85 % Cl and con rm
the correct assessment of the frequency through the t routine.

Having examined the frequency, the t allows us to estimate the amplitudé& of
the signal. This procedure is repeated twice, for both voltage and current channels
on all three phases of the calibrator. The results shown in Fig. 3.18 present the
voltage uncertainty for a 95% CI expressed in ppm. In spite of the fact that the
uncertainty slightly varies among the three phases and as a function of the frequency,
the maximum values obtained in this test are still included within60 ppm.

In a similar way, Fig. 3.19 illustrates the uncertainty intervals of the current as a
function of the frequency during the establishment of the stability of the acquisition
stage. Conversely to the results of Fig. 3.18, the maximum current uncertainty
interval is con ned within 2 ppm. The current uctuations among the three phases
are much more limited with respect to the voltage ones, besides the fact that they are
smaller in amplitude. This con rms the necessity of characterizing each individual
stage of the PMU calibrator.

As a last point, the uncertainty on the phase of the voltage is assessed across the
frequency range under test. It is worth highlighting that the current one is omitted
only for the sake of brevity. Fig. 3.20 presents such results. More speci cally, in
(a) the uncertainty intervals are shown and expressed in ppb for the three phases.
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Figure 3.18: Results of the frequency sweep illustrating the uncertainty intervals of the voltage magnitude. The
95 % con dence intervals are shown as vertical bars (in ppm). The results of phase A are shown in blue, those of
phase B in red, and phase C in green, as a function of the frequency expressed in Hz.

Figure 3.19: Results of the frequency sweep illustrating the uncertainty intervals of the current magnitude. The
95 % con dence intervals are shown as vertical bars (in ppm). The results of phase A are shown in blue, those of
phase B in red, and phase C in green, as a function of the frequency expressed in Hz.
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(a) (b)

Figure 3.20: Phase error of the voltage as a result of the frequency sweep. In (a) the uncertainty on the phase is
expressed in ppb, instead (b) presents the errors as mean values in %. In addition, the black and red dotted line
indicates a linear trend. All results of phase A are in blue, those of phase B in red, and phase C in green.

Noticeable variations can be observed among the three phases for a single frequency
and for the same phase at di erent frequencies. On the other hand, in (b) the mean
errors in the estimation of the phase voltage are expressed rather than in ppm
given their high values with respect to their corresponding uncertainty.

It can be clearly denoted how the three phases share comparable results, despite
the varying uncertainty intervals. Additionally, it is worth noticing how such errors
increase linearly with the frequency for all phases. As a matter of fact, a linear
trend-line can be computed, having a coe cient of determination, olR?, equal to
0:9952 Fig. 3.20(b) illustrates a dotted black and red trend-line in regard to the
results of phase B shown in red in the same gure. Comparable trend lines can be
determined for the other two phases but are omitted for the sake of clarity.
Nevertheless, it is worth recalling that such mean errors constitute a xed o set
which can be accordingly compensated once assessed, similarly to what was discussed
for the generation stage presented in Section 3.4.

This concludes the analysis of the frequency sweep in regard to the acquisition stage
of the PMU calibrator. In spite of being limited to a single excitation level for
voltage and current signals, the presented results point out the variability of the
uncertainty intervals across various phases and frequency ranges. This represents a
preliminary analysis that could not only be further extended to the whole excitation
range but also to more complex signals such as the steady-state and dynamic signals
required by the PMU Std. In addition to the necessity of having an automatic t

of the generated values by means of the non-linear routine.

3.6 Time Synchronization Evaluation

This Section presents a comparison between four dierent time synchronization
sources on a PMU calibrator, based on the paper presented at the IEEE Inter-
national Symposium on Precision Clock Synchronization for Measurement, Control,
and Communication (ISPCS) held in London, England in September 2023 [76].

In this analysis, the focus is only on the synchronization, namely on the internal
time base and its alignment with respect to UTC. Based on its internal time base,
usually comprising al0 MHz clock, the calibrator de nes the sampling frequency of
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Figure 3.21: Complete block diagram of the fundamental steps and devices required in a PMU calibrator. While
the generation and acquisition stages shown in green have been already presented in the previous Sections, in this
part the focus is on the time synchronization blocks illustrated in orange.

the generated and re-acquired waveforms. In a similar way, trigger signals, generally
consisting of a PPS, should be traceable and aligned to UTC. While the rst aspect

a ects the accuracy of the reference frequency and phase angle value, the second
may result in an erroneous comparison between the calibrator reference values and
the time-stamped measurements of the device under test.

For the sake of completeness, Fig. 3.21 presents a block diagram of the PMU cali-
brator, comprising all its fundamental components already presented in the previous
Section of this Chapter. The generation and acquisition stages have been thoroughly
described and characterized in Sections 3.4 and 3.5, respectively. On the other hand,
this Section focuses only on the time blocks illustrated in orange.

The objective entails the determination of how dierent time sources a ect the
performance of the PMU calibrator. Additionally, as this work has been developed
at the Swiss NMI (METAS), a second aim consists of ensuring the traceability to
the fundamental measurement unit, i.e., the physical realization of the second.

Section 3.6.1 illustrates the speci cations on how the time synchronization is realized
in the PMU calibrator. In addition, the testing conditions and the measurement
setups are illustrated together with their main characteristics. Lastly, Section 3.6.2
presents the most signi cant results and proposes some future developments.

3.6.1 Testing Conditions

In addition to the hardware architecture presented in Section 3.2, this Section pro-
vides additional details concerning the time synchronization and its dissemination
in the adopted setup. Moreover, the four tests performed to verify the e ects of
di erent time sources are thoroughly described as follows.

In a PMU calibrator, synchronization plays a crucial role, as generation and re-
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(@) (b)

Figure 3.22: Distribution of the time reference in the PMU calibrator showing in (a) how the NI 6653 board can
be disciplined by an external reference. Then, it distributes the time information in terms of trigger signals and
time-bases. In more detail, (b) presents the interaction between the NI 6653 and NI 4461 cards in terms of the 10
MHz time base and e ective clock. Adapted from [76].

Figure 3.23: Block diagram of the basic working principle of the NI 6653 time module when a PLL is used to
generate an equivalent 10 MHz time base from a generic external reference.

acquisition processes shall share the same time base and be synchronous. As a matter
of fact, the 10 MHz time base a ects the sampling frequency, hence the correct
acquisition of the generation and re-acquisition of the signals. The PPS signal,
instead, operates as a trigger and guarantees the alignment to UTC(CH). Therefore

it impacts the starting of the acquisition, as an incorrect synchronization may result

in an erroneous initial phase of the estimated synchrophasor. The test waveform
generation shall be aligned to integer second transitions since the measurements of
the PMU under test are typically time-stamped via GPS or similar synchronization
protocols. Thus, to address these requirements, it is necessary to reference the PMU
calibrator with a high-quality 10 MHz time base and a reference PPS signal.

In order to account for both, the PXI chassis of the PMU calibrator hosts two
di erent modules: one NI 6653 timing and synchronization module, and three NI
4461 dynamic signal acquisition modules, as shown in Fig. 3.22(a).

The NI 6653 controls the three NI 4461 boards based on an external time reference.
To do this, two dierent options are available: it is possible to either overwrite
the time base or discipline it using a PLL and a temperature-compensated crystal
oscillator (TCXO), which is an internal clock at 10 MHz.

In the latter, the external time reference is sent to a clock detector which locks to
a PLL. This information is then used by the TCXO to generate an equivaleniO
MHz time base, as shown in Fig. 3.23. In spite of the limited bene ts of this option,
relying on such a general-purpose PLL allows to adopt any time referenddMHz,
PPS, PTP, etc. ...) and generate an equivalentO MHz from it. Hence, it ensures
the testing of a wider range of tests which would not be possible instead.

Having clari ed the rationale behind such a choice for controlling the NI 4461 boards,
it is then worth better analyzing the interaction between the latter and the NI 6653
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board. The NI 4461 analog input/output modules are necessary to acquire and
generate three-phase signals having a range o012 V. As discussed in Section 3.2,
the analog input channels rely on a sigma-delta ADC with &4-bit resolution which
does not allow the direct control of the sampling since it generates independently its
own sampling frequencies. As a matter of fact, it requires an oversampling and then
Itering and consequent downsampling in order for the sampling frequency to be
equal to 18 kSa/s which is the sampling rate at which the PMU calibrator works.
The sampling rate can be controlled by resetting the counter registers on the rst
rising edge, for instance, as shown in Fig. 3.22(b). In spite of the limited control
possibilities on the sampling frequency, it is expected that it varies very little in this
range. This assumption can be regarded as true since compliance tests according
to the PMU Std generally last only a few seconds [14]. More in detail, Fig. 3.22(b)
illustrates three stages: before, during, and after the synchronization, highlighting
the role of the NI 6653 board on the three NI 4461 modules.

It is worth emphasizing that the NI 6653 module represents the only solution to
distribute time among the other modules in the PXI. The skew of the output clock
and trigger is guaranteed not to exceeB00ps, while the delay between the external
time reference and the equivalentO MHz time base is maximum 1 ns.

For what regards the tests, four di erent testing con gurations are considered and
listed in the following:

N

Test A : The PMU calibrator operates in free-running mode. More speci -
cally, using this con guration it is possible to evaluate thel0 MHz time base
produced by the PXI 6653 module itself.

Test B : The reference clock is provided by a GPS receiver that disciplines the
PXI 6653 time base.

Test C : The internal time base of the PXI 6653 module is overridden by a
cabled distribution of the 10 MHz directly derived from UTC(CH).

Test D : The internal time base of the PXI 6653 module is overridden by 20
MHz time-base produced by a WR ZEN - Time Provider. The WR ZEN is
locked via a dedicated optical ber to UTC(CH).

More in detalil, Fig. 3.24 presents a block diagram of the con gurations adopted in
Test A and B, where theExternal Clock Referenceblock is highlighted in green. In
this context, the latter is adapted based on the settings adopted in each test, i.e.,
no external clock is used in Test A while a GPS receiver is used in Test B.
Similarly, Fig. 3.25 illustrates the block diagram of the con gurations used in Test
C and D, which are both traceable to UTC(CH). In this scenario, conversely to Fig.
3.24, an extra stage is required to employ the traceable time reference in the NI
6653 card. While in Test C a cabled distribution of thelO MHz clock is ampli ed,

in Test D a WR is locked via an optic ber cable.

4The 18 kSa/s frequency is normally considered as the PMU calibrator sampling fre-
guency as it is an integer multiple of both50 and 60 Hz signals.
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Figure 3.24: Block diagram of the basic working principle and settings adopted in Test A (upper) and B (lower),
highlighting the speci c external clock reference in the green-shaded block.

Figure 3.25: Block diagram of the basic working principle and settings adopted in Test C (upper) and D (lower),
both traceable to UTC(CH), highlighting the speci ¢ external clock reference in the green-shaded block. An
additional step is included to clarify the di erent settings between the two tests.

It is also worth noticing that both Fig. 3.24 and 3.25 are adapted from Fig. 3.23
for the sake of clarity and better comprehensibility.

While Tests A and B rely on time references that do not descend from a metrological
realization of absolute time, Tests C and D are fully traceable to UTC(CH). There-
fore, it is worth further clarifying this with the block scheme in Fig. 3.26 which
illustrates the dissemination of time in METAS. In the blue area, the physical real-
ization of the second using the Cesium fountain is carried out in the underground
lab of METAS. From this, the PPS and the 10 MHz time base can be derived.
Afterward, they are distributed to the other laboratories in METAS. On the right-
hand side of Fig. 3.26, a0 MHz signal is distributed via cable to the Electrical
Power and Energy Laboratory where the PMU calibrator is located. However, in or-
der to compensate for the attenuation caused by the long distance, a signal ampli er
is required. This represents the con guration adopted for Test C.

Conversely, on the left-hand side of the same gure, the PPS arid MHz time base
are locked to a WR Grandmaster. The latter is connected via an optic ber to a
WR Switch which has 18 ports, allowing for 17 other devices to be interfaced to
it. At the Switch, two WR devices are connected: WR1 which is the device under
test as it disciplines the PMU calibrator. Instead, WR2 is the reference device as
it provides the UTC reference signal. The two WR devices are aligned with a skew
lower than 400 ps considering a5 % CI, obtained with a coverage factor equal to
2. This latter con guration describes in more detail the setup adopted for Test D.
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Figure 3.26: Dissemination of time reference in METAS, tracing back to the physical realization of the second.
Blue, red, and yellow areas represent the realization, distribution, and nal exploitation of the time itself,
respectively. Blue and red arrows concern PPS and 10 MHz signals, respectively, while green ones account for ber
optic connections. Adapted from [76].

Figure 3.27: Block scheme illustrating the measurement setup employed for the phase noise in (a) and time skew
assessment in (b). Source: [76].

However, it is worth highlighting that for both Tests C and D, WRO02is the reference
device for phase noise and skew assessment. For both Tests, the red area shown in
Fig. 3.26 indicates the nal exploitation of the time.

In all four con gurations, the PMU calibrator performance is characterized in terms
of phase noise of thedO MHz time base and time skew of the PPS signal in com-
parison to UTC(CH). For the sake of clarity, Fig. 3.27 shows the two measurement
setups. As already disclosed, in both cases the reference is provided by O2fh-
dicated by the acronymREF, while the signal under test indicated aDUT is the
output of the NI 6653 in the four settings.

In Fig. 3.27(a), the phase noise measurement is performed with a 5125A Phase
Noise and Allan Deviation Test Set. For each con guration, the phase noise power
spectral density is assessed betwe@0mHz and 1 MHz. In Fig. 3.27(b), instead,

the time skew measurement is evaluated by means of a Teledyne Lecroy Wavemaster
808Zi-B 8 GHz oscilloscope. On both scope channels, the occurrence of the PPS
signal is detected in correspondence with a vertical positive front of the square wave.
To optimize the accuracy of the measurement results, the oscilloscope time base is
overridden by the 10 MHz output of the WR02

For each test con guration, the statistical distribution of the PPS skew is examined
with respect to UTC(CH). Additionally, to guarantee a statistically relevant sample,

67



Chapter 3: Calibration Infrastructures for Synchrophasors

(a) (b)

Figure 3.28: In (a), the power spectral density of the phase noise is shown as a function of the frequency of the 10
MHz time base supplied to the PMU calibrator in Tests A, B, C, and D. In addition, (b) illustrates the noise oor
(lled area) only for Tests A and D. Source: [76].

measurements are performed for two entire consecutive days, corresponding to over
150thousand PPS transitions for each test con guration.

3.6.2 Results Analysis

This Section illustrates the most signi cant results obtained for the four di erent
con gurations described in the previous Section. First of all, the outcomes of the
phase noise for what concerns th&0 MHz time base are analyzed as follows.

Fig. 3.28(a) shows the power spectral density of the phase noise for Tests A to D as
a function of the frequency. At a glance, it can be observed an improvement from
Test A to D as expected owing to the improved external time reference.

Test A represents a benchmark as its results account for the internal behavior of the
PXI itself. The contribution of the GPS shown in the results of Test B provides an
improvement of 10 dB in the low-frequency domain, i.e., up tal0O Hz. As foreseen,

an even more noticeable improvement can be assessed when the PXI is disciplined
by a 10 MHz derived from UTC(CH) in Test C and D. However, such improvement

is not as evident as expected since a plateau can be noticed at high frequencies.
This is most likely caused by the PXI structure, more precisely by the PLL inside,
which tends to limit the performance of thel0 MHz. As a matter of fact, a better
distinction was expected between the four tests, rather than a convergence mostly
in the range comprised betweed0 and 1000Hz.

For the sake of clarity, in the following, only the results obtained in Test A and D
are analyzed since they can be considered as the worst and the best-case scenarios.
For this reason, Fig. 3.28(b) presents the power spectral density of Test A and D,
together with their corresponding noise oor limited in frequency a2 Hz, due to the
instrument sampling rate. The noise oor quanti es the internal noise bias of the
5125A Test Set and establishes a sort of resolution limit on the current measurement.
These results indicate that the noise oor is well below the phase noise, hence it
ensures the accuracy of the measurement result.

The following analysis, instead, concerns the results of the PPS skew with respect to
UTC(CH). Based on the same rationale used for presenting the phase noise results,
Fig. 3.29 shows only the statistical distributions obtained from Test A and D.
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Figure 3.29: Statistical distribution of the PPS skew measurements with respect to UTC(CH) assessed in Tests A
and D. The black vertical bar represents the variability between WR 01 (the device under test) and WR 02 (the
reference one). Source: [76].

However, additionally to this, a third test case is considered. It is shown as a black
vertical bar and its purpose entails the observation of the time skews of the two PPS
generated by the comparison between WIR. and WR02

Concerning this last test, it can be concluded that they coincide, apart from their
uncertainty which is less than400 ps for a95 % Cl, obtained by selectingk = 2.
Whereas, regarding Test A and D, a more evident improvement in terms of range can
be noticed in comparison to the phase noise results of Fig. 3.28. The distribution of
Test A, shown in red, is asymmetric as it ranges from 10to +15 ns, and resembles
a combination of two or more Gaussians. Hence, it depends on the drifting itself.
The histogram obtained for Test D, instead, is comparable to a uniform distribution
mostly centered aroundd. The skew between the WR switch and the UTC(CH) PPS
is in the sub-ns range. In this sense, it can be concluded that the two are perfectly
locked and its contribution to the skew of the PMU calibrator PPS is negligible. The
spikes that can be noted across the entire range depend on the quantization of the
PXI which is equal to 1 ns. However, as previously disclosed, they are unavoidable
since the NI 6653 board represents the only way to distribute time in the PXI-based
PMU calibrator. From these results, the Allan deviation can be evaluated for the
three con gurations under test, as it is commonly used to assess the stability and
the accuracy of clock sources.

The Allan deviation computed for Test A, D, and the WR to WR comparison is
shown in Fig. 3.30 in red, green, and black, respectively.

Concerning the latter, it can be observed that it is in the order 010 *” which means
that it is mostly related to numerical noise.

On the other hand, the improvement between Test A and D is evident, especially for
long time periods greater thanl(* s. However, it is worth recalling that compliance
tests performed in the PMU calibrator generally last a few seconds. Therefore,
comparing Test A and D results in the range up td.0', it can be noticed how they
almost match perfectly. This represents a drawback in the application of a higher-
performing time reference: the improvements are not as distinguishable as expected
in the e ective utilization range.

As a last evaluation, Fig. 3.31 presents the evolution in the time domain of the PPS
skew measurements over an interval @ hours. The results of the WR comparison
are consistent with the previous outcomes shown in Fig. 3.30. As a matter of fact,
noise is observed in an interval comprised withid00 ps, which represents a negligi-
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Figure 3.30: Allan deviation of the PPS skew measurements with respect to UTC(CH) in Tests A and D. The
black line indicates the results of the WR against WR comparison. Source: [76].

Figure 3.31: PPS skew measurements in the time domain assessed for Test A in (a), Test D in (b), and for the WR
to WR comparison in (c). Source: [76].

ble skew with respect to UTC(CH).

Test A, instead, is clearly the least stable among the three. Variations are even
exceedinglO ns and are strongly uctuating over time. Since no speci c pattern is
followed, a random-walk model could be used to replicate it. Lastly, for what con-
cerns Test D, it can be concluded that it is rather stable in time and its oscillations
are within 5 ns. To replicate them, a uniform distribution could exploited.

The presented results have an evident impact on the PMU calibrator. In terms of
spectral purity of the generated test waveforms, Tests C and D promise a signi cant
reduction of the phase noise, particularly in the frequency range up & Hz. How-
ever, such performance enhancement is currently limited by the PLL of the PMU
calibrator itself. Indeed, apart from very low frequencies, the phase noise power
spectral density is nearly independent of the external reference. On the other hand,
the disciplining of the calibrator reference clock with higher-quality references not
only allows for improving the stability of the internal trigger but also ensures its
alignment with respect to UTC(CH) and its direct traceability. It is particularly
interesting to notice how the uncertainty decreases from nearlis to 3 ns. Never-
theless, such contributions can be considered negligible with respect to the delays
introduced by the analog front end of the PMU under test. Hence, they represent a
valid benchmark for the traceability of the PMU calibrator.

Further developments of this work could consist in the characterization of the PLL
behavior or in the override of the internal clock of the NI 6653 module. Additionally,

it could be worth replacing the three NI 4461 with digital signal acquisition modules
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that could allow direct control of the sampling rate to an external reference.

3.7 Discussion

The ever-increasing performances of PMUs are prompting the necessity of develop-
ing suitable calibration infrastructures. For this reason, in this Chapter, both the
software and the hardware architecture of a PMU calibrator are analyzed. More
emphasis is given to the realization of the test signals according to the PMU Std
and to the illustration of the main components of the calibrator.

In addition to this, a particular focus is given to the analysis of the stability of

its generation and acquisition stages, as the assessment of their characteristics is
required for each application. Based on this, magnitude and frequency sweeps are
carried out in order to span across the entire range of operation of PMUs.

The last part of this Chapter is dedicated to the estimation of the calibrator in-
frastructure in terms of time synchronization. In order to do that, dierent time
sources are considered and accordingly tested to assess the impact on both phase
uncertainty and traceability of the reference values. As a matter of fact, the overall
aim of this Chapter entailed the evaluation and the prospective improvement of the

di erent stages of a typical PMU calibrator.
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Chapter 4

Uncertainty Contributions and PMUS' Re-
liability in Distribution and Transmission
Power Systems

This Chapter illustrates the applications in distribution and transmission power sys-
tems relative to Phasor Measurement Units (PMUs) which have been developed in the
Thesis. The Chapter provides a rst introduction to the state-of-the-art of PMUs,
detailing the adopted estimation algorithms and the reliability index. Afterward, the
latter is applied both at MV and at HV levels in order to assess the trustworthiness of
PMU measurements in case of real-world contingencies. The next part of the Chap-
ter is dedicated to the role of uncertainties in typical MV and at HV applications.
The rst is related to a typical MV measurement chain, while the second refers to
the frequency uncertainty requirements for the resynchronization of Continental Eu-
rope synchronous areas, after a power system split. The rationale behind these is to
provide some useful insights and guidelines for DSOs and TSOs.

4.1 Introduction and State-of-the-Art

As pointed out in the previous Chapters, the ever-increasing installation of RES at
various levels of power systems is prompting the necessity of developing a distributed
measurement infrastructure. In the latest years, PMUs proved to be particularly
useful in this context as they can allow the aggregation and comparison of their data
acquired at di erent power system nodes based on their time stamps [36].

Besides the various applications for which PMUs can be used, detailed in Section
2.1, these devices are also being used in power systems that are ever more character-
ized by power electronic components. In addition to CIG, there exist an increasing
number of High Voltage Direct Current (HVDC) links and Flexible Alternating Cur-

rent Transmission System (FACTS) devices [84 86]. Additionally, the installation of
RES also at HV transmission levels is making transmission power grids much less re-
silient than they inherently used to be. It is worth recalling the latest famous South
Australia and the Arizona-Southern California blackouts that occurred in 2016 and
2011, respectively [11, 12].

To this purpose, it is ever more relevant to assess the power quality and the reliability
of PMU measurements in renewable-based power systems. For this reason, Section
4.2 evaluates the reliability of PMU measurements by means of an index, as the
NRMSE. Two real-world HV scenarios are studied: the rst one entails the South
Australia blackout, while the second involves a modi ed version of the IEEE 39-bus
power system, including the presence of RES at the transmission level [87]. It must

73



Chapter 4: Uncertainty Contributions and PMUs' Reliability

be noted that, in spite of the strong presence of RES, this Section does not aim
either at evaluating the power system inertia or at correlating such measurements
with a reduction of inertia. This part is studied in Chapter 5 and applied in Chapter
6, speci cally in Section 6.4 for what concerns the application of nRMSE [88].

In this scenario, it must be also highlighted that the PMU Std has been originally
envisioned for traditional transmission networks that are generally characterized by
long lines, and stable conditions owing to their meshed structures. However, lately,
PMUs have started being deployed by DSOs at the distribution level. Such MV
power systems are quite di erent from HV ones: they are constituted by shorter
lines, characterized by higher R/X ratios, especially for urban cable lines. Con-
sequently, PMUs shall be capable of measuring lower phase angles and frequency
di erences among the di erent nodes [28, 89, 90]. However, the overall uncertainty
of the PMU-based measurement chain does not depend only on the PMU itself, but
rather it is a combination of all the uncertainties introduced by the components
present in the measurement chain. To this purpose, the objective of Section 4.3 is
to evaluate a realistic Cl of typical MV PMU-based measurement chains [91].

Lastly, it is worth noticing that not only are PMUs used in a pre-contingency stage
characterized by steady-state conditions, but they are also employed in the gradual
reconnection of loads and portions of the power system during its restoration [92,
93]. Similarly to load reconnection after Under-Frequency Load Shedding (UFLS)
operations, comparing PMU measurements in di erent areas allows for identifying
the most suitable time instant to perform power system maneuvers, such as areas re-
connection [94, 95]. However, there are no current works published in the literature
that present the impact of the uncertainty of frequency measurements during se-
vere power system conditions, such as resynchronization after a power system split.
Additionally, for what concerns the regulatory framework proposed by the Euro-
pean Network of Transmission System Operators for Electricity (ENTSO-E), some
aspects still need to be tackled. Based on these considerations, this topic is studied
by analyzing two power system events, presented in Section 4.4. They occurred in
Croatia and in France in 2021, both resulting in the splitting of Continental Europe
(CE) into two separate synchronous areas [96, 97]. The objective of this part does
not involve either the re-de nition or challenges ENTSO-E policies. It rather pro-
poses to evaluate the impact of estimation uncertainty in the frequency estimates,
to ensure a secure resynchronization which is yet to be fully investigated [98].

Before presenting the main outcomes of such research, Section 4.1.1 illustrates the
three main synchrophasor estimation algorithms used for PMUs, presenting their
main features as well as pros and cons. These algorithms are also going to be used
in inertia-related applications in Chapter 6. Section 4.1.2, instead, is intended to
illustrate the NRMSE before its application in this Chapter. In the following, the
main results presented in papers [91, 98, 99] are detailed and discussed.

4.1.1 Examined Synchrophasor Estimation Algorithms

The previous Section 2.2.3 presented an overview of the most common PMU algo-
rithms, while this Section focuses only on the three routines that have been chosen
for the various applications.
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They are taken from the recent literature on synchrophasor estimation and are rep-
resentative of both P- and M-class of the PMU Std [14] Their main characteristics
and the rationale behind their choices are thoroughly explained in this Section. In
particular, the routines considered are the PMU Std reference algorithm for P-class
[14], the CS-TFM [53], and the i-IpDFT [49]. The last two have been utilized in
P- and M-class con gurations, as they are compliant with both classes of the PMU
Std, contrary to the PMU Std reference algorithm [14].

For the sake of simplicity, these three algorithms which are going to be used in
Chapter 4 and 6 are referred to as follows:

A

PMU A : PMU Std reference algorithm, only P-class con guration is available
as illustrated in the PMU Std.

PMU B : CS-TFM algorithm, both P- or M-class con gurations are available.
The M-class version of the CS-TFM is referred to as PMU D.

PMU C : i-IpDFT algorithm, both P- or M-class con gurations are available.
Similarly to PMU B, the M-class version of the i-IpDFT-based PMU is referred
to as PMU E.

It is worth emphasizing that the goal of this Thesis involves neither developing nor
improving a speci c PMU estimation algorithm, but rather it aims at assessing the
performance of di erent routines that are compliant with the PMU Std and which
constitute already well-established routines, proven to be particularly e ective in
speci ¢ power system conditions.

For the sake of clarity, in the following a brief description of the three selected PMU
models is provided, highlighting their main advantages and disadvantages.

PMU A : its algorithm is inspired by the one presented in PMU Std reference
algorithm for P-class and it relies on a three-nominal cycles sliding window. The
Iter consists of a triangular-weighted Finite Impulse Response (FIR) Iter whose
pass bandwidth is centered around the power system rated frequency and it covers
the expected variation range of the fundamental frequency (e.g., froA¥ to 52 Hz

for a 50 Hz power system, according to [21]).

PMU A relies on a static signal model, meaning that its model parameters are the
magnitude and phase of the phasor associated with the fundamental component.
The frequency and ROCOF are estimated as nite dierence derivatives of the
phase estimates, considering values before and after the reporting time instant.
However, in this way, they are always delayed by one sample with respect to the
corresponding phasor. The main advantage of PMU A lies in its low complexity,
resulting in a straightforward implementation in industrial controllers. Nevertheless,
the hypothesis of stationary signals is hardly ever veri ed, especially in modern
power systems which are strongly characterized by fast dynamics. This follows that

1As a matter of fact, the M-class of the PMU presented in the Standard can be seen only
as a di erent con guration of the P-class, since actually just the Iter changes. However,
for the sake of clarity, P- and M- con gurations are speci ed for each model under test.
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the estimates of PMU A tend to show a smoother and slightly delayed trend with
respect to the instantaneous value.

PMU B : it is based on [53] that consists of an optimized formulation of [100] in
which the algorithm has been upgraded for the optimal deployment in industrial
controllers. In this model, not only is it possible to compute the phasor associated
with a given frequency but also its rst- and second-order Taylor expansion terms
can be evaluated, corresponding to the frequency and ROCOF, respectively. Con-
sequently, in contrast to PMU A which has just two parameters, PMU B has six:
the phasor magnitude and its corresponding phase plus their rst- and second-order
time derivative as computed in the reporting time instant.

In this context, it is worth highlighting a rst advantage in comparison to PMU A:
the instantaneous frequency and ROCOF can be directly computed, without any
Itering e ect or delay introduced by nite di erences. Other advantages result
from a direct consequence of the adoption of a dynamic model: as a matter of fact,
Taylor Fourier Transform (TFT)-based approaches include higher-order derivative
terms which are particularly bene cial in the case of non-stationary conditions. On
the other hand, it has been demonstrated that prior knowledge of the frequency of
the most signi cant components is required, to prevent the TFT from su ering from
uncompensated spectral leakage and, hence, inaccurate estimates [74].

Taking as a reference the PMU Std requirements, it has been already evaluated that
the CS-TFM shows a worst-case response 9.4 ms in the presence of amplitude
and phase steps, and worst-case frequency and ROCOF errors equaB:®8 mHz
and 189 mHz/s. respectively, for what concerns the harmonic distortion test.

PMU C : it is derived from the Iterative Interpolated Discrete Fourier Transform
(i-lpDFT) algorithm. This algorithm adopts an iterative routine whose target is to
minimize both long- and short-range spectral leakage: the rst one is due to the de-
caying lobes of the non-zero negative image component, while the latter is produced
by the interference of close components, e.g., harmonics and inter-harmonics. As in
[49], the i-IpDFT is compliant with both P- and M-class requirements.

As for the other DFT-based approach, the i-IpDFT relies on a static signal model
and it has three parameters: the magnitude, phase, and frequency of the fundamen-
tal component. The ROCOF, instead, is computed as a nite di erence between
two subsequent frequency estimates. The i-IpDFT presents excellent performances
in quasi-stationary conditions, owing to its static model which provides the best
stationary approximation of the signal in the observation interval. On the contrary,
i-IpDFT shows a signi cant performance degradation in dynamic conditions.

In order to achieve the M- con gurations of PMU B and C, indicated by letters D
and E, respectively, the observation interval is enlarged from three to ve cycles of
the nominal power system frequency, while the other parameters are unaltered. The
longer observation interval results in a ner spectral resolution (fronl6:6 to 10 Hz
for 50 Hz signals and from20to 12 Hz for 60 Hz signals}.

2The frequency spectral resolution is computed as the reciprocal of the windowing period.
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This is re ected in the performance of PMU B which shows a more e ective rejection
of spurious injections, whereas for PMU C a ner resolution corresponds to a larger
separation between the DFT bins, resulting in a faster time to converge.

4.1.2 nRMSE De nition

In order to assess the reliability of PMUs measurements, a reliability index already
presented in the literature is considered [101, 102]. For the sake of completeness,
this Section presents the most relevant key concepts of NRMSE, as well as the steps
needed for its application, jointly with its main advantages.

First of all, in power systems theory, a generic voltage or current signal can be
represented considering the following non-linear dynamic model:

x(t)= A (1+"a(t)) cos(2ft +' +" (1) (4.1)

whereA, f, and' represent the amplitude, the frequency, and the initial phase of the
fundamental component of the signak(t), respectively. Instead's, and". account
for the amplitude and the phase dynamics with sinusoidal, linear, or quadratic trends
varying with the time variable t, respectively.

In a real-world scenario, it is reasonable to assume that the signal at the PMU
terminals consists of these three components:

y®) = x@®+ O+ (1) (4.2)

where represents the harmonic and inter-harmonic terms (i.e., the narrow-band
terms), while accounts for the wide-band contributions, such as uncorrelated Gaus-
sian noise, decaying DC trends, or transients

At rst, the PMU acquires the input signal at a constant sampling ratef s, expressed
in Sa/s or Hz, which is locked to the UTC time reference, as follows:

y[n] = y(t = nTy) (4.3)

where n = 0;:::;Ng represents the sample series havings as the total length.
Instead, Ts = f ! is the sampling period, in s.

For each samplen of the series, the PMU produces an estimate, indicated by*a
hereinafter, of the phasor ), frequency (), and ROCOF (R} ) associated with the

The latter is evaluated as3 or 5 times, respectively for P- and M-class PMUs, the nominal
power system rated period which is equal t@0 ms and 16:6 ms for 50 and 60 Hz power
systems, respectively.

SDespite that a clear distinction can be made in theory, in practical cases there will
always be ambiguity in discerning the di erent terms.
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fundamental component. The three quantities can be evaluated following this set of
equations as in Eq. (4.4):

_adn(t)
f\(t) = &
2N\
A= 0 (4.2)

n h idtzo
p=A expj 2 f fot +n

in which f g indicates the power system rated frequency, which is eith&0 or 60 Hz,
and it is speci ed for each application, presented in the following Sections.

Among the several online metrics for the assessment of reliability, Normalized Root
Mean Square Error (nRMSE) is the one that has been utilized in the followifg The
rationale behind such a choice relies on the fact that nRMSE presents a particularly
easy implementation and a low computational burden. However, similar results can
be achieved using other metrics such as the Goodness of Fit (GoF).

It is worth clarifying that, despite other metrics being available and well-established
in the scienti c literature, the objective of this Section does not entail the comparison
of such a metric with others. It rather focuses on a deeper study and specic
application of nNRMSE in di erent power system operating scenarios.

Based on the PMU estimates shown in Eq. (4.4), it is possible to reconstruct the
equivalent time-domain trend of the input signal as:

9in]= A cos 2 iNTs+ "+ R} (nTe)? (4.5)

The nRMSE is de ned as the squared root of the squared di erence between the
reconstructed and the acquired samples, i.e., the residuals, of the signal:

dp .
ruse = 0y o)

where the normalization for the total sample lengthiNg allows for an unbiased com-
parison between PMUs having di erent window lengths.

Based on these considerations, it can be stated that nRMSE is a de nition of the
discrepancy between the sample series acquired by the PMU before data processing
and its reconstructed phasor representation. In this way, nRMSE indicates the signal

4In this Thesis, the term reliability is to be intended with a trustworthiness accent.
Hereinafter, reliability is indeed used to indicate the dependability of measurements in
various conditions, rather than the reliability of equipment from a statistical point of view
which is the usual de nition of the term. For this speci c reason, the two can be regarded
as synonyms in the remainder of this work.
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energy that has been neglected, i.e., owing to the inconsistencies between the phasor
model and the sample series.

In this context, it is also important to underline the major di erences that run
between the two alternative metrics of PMU measurement reliability: TVE and
NRMSE. On one hand, the TVE is a single-point value that accounts for the actual
estimation errors but cannot be computed online as it requires an a priori knowl-
edge of the reference values, e.g., during a calibration stage. On the other hand, the
NRMSE quanti es the energy neglected by the phasor representation static formu-
lation, hence it can be evaluated continuously at any time.

Among its advantages, it is worth underlying that, since nRMSE is de ned in the
time domain, it does not introduce any prior assumptions on the PMU model. More-
over, as previously anticipated, the computation of the nRMSE does not require any
prior knowledge of the reference values, such as the TVE, FE, or RFE that would
make any in- eld applications impossible. Additionally, it can be easily integrated
into many window-based PMU algorithms, as the sample time serigfn] is already
available inside the PMU, just after the data acquisition stage. As aforementioned,
the nRMSE takes into account any contribution that is not mapped in the model
of estimated synchrophasor at the fundamental frequency. It is worth mention-
ing, for instance, the measurement noise and other narrow-band interferences (e.g.,
harmonics) which are present only in the time series, but they are not mapped in
the reconstructed phasor. Other signi cant discrepancies can be assessed, for in-
stance, during transient events in which the de nition of the synchrophasor cannot
be regarded as true anymore. In this way, nRMSE accounts for the so-called -
nitional uncertainty, meaning that it can estimate the inconsistencies between the
synchrophasor model as de ned in Eq. (4.2) and the acquired signal as in Eq. (&.5)
Lastly, from an operative perspective, it is interesting to observe that the nRMSE
has a limited impact on the overall computational complexity. Previous applications
on real-time processors have proved how its computation time is nearly two orders of
magnitude lower than the PMU estimation itself. Hence, it is reasonable to consider
it a negligible contribution to the overall reporting latency [99, 101, 102].

In light of the above, it is clear such a reliability index can be bene cial in the
analysis of particular power system scenarios. For this purpose, the next Section
of this Chapter 4 presents an application of that in the latency identi cation of
transients and contingencies, as a function of the PMU reporting rate. In Chapter
6, instead, NRMSE is applied to low-inertia power systems in order to both aggregate
power system regions based on their values. Additionally, the aim involves retrieving

51t is worth noting that the de nitional uncertainty could also be included in the model
used to estimate synchrophasor, frequency and ROCOF. Hence, according to this hypoth-
esis, in case there was a disturbance already included in the model, theoretically it would
not add any de nitional uncertainty. However, the nRMSE is likely to be related to the def-
initional uncertainty. Therefore, there could be errors in the signal model that increase the
NRMSE but do not result in estimation errors, owing to orthogonality to each other. Based
on this rationale and without loss of generality, the nRMSE is not modi ed to account for
any disturbance hereinafter.

79



Chapter 4: Uncertainty Contributions and PMUs' Reliability

a relation between loss of inertia and reliability of PMU measurements, once again
based on the obtained values of nRMSE.

4.2 Application of nRMSE for Contingencies De-
tection

This Section presents an application of the described reliability index, nRMSE, in
the detection of contingencies based on the paper presented2&" IMEKO TC4
Symposium Measurement of Electrical Quantities held in Brescia, Italy in 2022,
for which | was awarded a Best Paper Award [99]. Two real-world scenarios are
considered: the rst one relies on the South Australian blackout, while the second
one is based on one of the most notorious IEEE benchmark grids, which is the IEEE
39-bus transmission system [12, 103].

The objective consists of evaluating the reliability of PMU-based measurements and
the sensitivity of NRMSE in real-world scenarios. The e ects of the PMU reporting
rate in the identi cation of contingencies is assessed and possible amendments to
the PMU Std are nally suggested.

The two real-world scenarios together with the description of the PMU model are
detailed in Section 4.2.1, while the results are discussed in Section 4.2.2.

4.2.1 Real-World Scenarios

PMU Model : the computation of the nRMSE is strongly dependant on the PMU
estimation algorithm. For this reason, in this application, PMU B is utilized. As
presented in Section 4.1.1, PMU B is based on a dynamic algorithm which makes it
particularly suitable in challenging power system conditions, besides being compliant
with both P- and M-classes. More speci cally, for this application, only the P-class
con guration is used since this application entails a contingency, hence a protection
application, rather than a metrology one. The sampling raté is equal to18 kSa/s
and the observation window spans over three cycles of the nominal power system
frequency’® The latter corresponds to50 or 60 ms for the test scenarios having a
50 or a 60 Hz rated power system frequency, respectively. Four di erent reporting
rates R, are used spanning from the minimum up to the maximum ones allowed in
the PMU Std, i.e., R, = 10 fps is considered as the lowest value, whike, = 100 fps

or R, =120 fps is the highest for50 or 60 Hz power systems, respectively [14].

Scenario | : as a rst case, the well-known South Australia blackout that occurred
on September28", 2016 is examined [12]. Before the contingency, most of the
generating power was based on RES, specically wind power. This is a typical
operating condition for the South Australian power system, as illustrated in the
Introduction. However, owing to extreme weather conditions, three transmission

5This sampling rate value is an integer multiple of bott60 and 60 Hz, i.e. the possible
values of nominal frequency for all the considered test cases in Chapters 4 and 6. In the
following, when omitted, it is implicitly assumedfs = 18 kSa/s.
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Figure 4.1: Portion of the frequency pro le recorded during the South Australia blackout on September 28" | 2016.
The contingency occurs at t =3:75s. Source: [12, 99].

lines tripped and initiated a sequence of cascaded faults. Consequently, the South
Australia region was suddenly separated from the rest of the transmission system
and the frequency started collapsing with an average ROCOF 0f6:25 Hz/s. In
less thanl s, the remaining generation facilities tripped causing the blackout of the
entire region. In this rst scenario, a signal portion ofl:2 s is studied, where the
contingency starts att = 3:75s, as shown in Fig. 4.1.

Scenario Il : the second scenario is based on a modi ed version of the IEEE 39-bus
system, which is representative of the New England power system. It compriseEs
synchronous machines and its initial conditions can be found in [103].

As discussed in [87], the modi ed version of the power system consists of the re-
placement of four synchronous generators by wind turbines having equivalent rated
power, but characterized by a null contribution to the overall power system inertia.
Moreover, the traditional static loads have been replaced by dynamic models which
can represent in a more realistic manner load frequency and voltage responses [104].
Additionally, an Under-Frequency Load Shedding (UFLS) routine is implemented

in each bus, based on PMU and ROCOF measurements.

The complete power system model, together with the PMUs and UFLS routine,
have been developed in MATLAB/Simulink environment and then implemented in
OPAL real-time simulator.

In this scenario, several generators are tripped resulting in an overall loss of power of
1:5 GW. The test waveforms consist 02:0 s: the generators are tripped at = 0:15

s, producing damped oscillations lasting for nearl®:6 s before the UFLS scheme
takes place around = 0:8s. The latter initializes a second transient condition before
reaching a new steady-state operation. In this way, it is possible to investigate the
NRMSE evolution in three di erent operating conditions.

It is particularly relevant to notice that, despite the fact that both scenarios are
characterized by a stronger or weaker presence of RES, this application is not illus-
trated in Chapter 6. The motivation lies on the fact that nRMSE is used neither
for the assessment of the impact of CIG nor for the gathering of local measurements
based on the nNRMSE. Conversely, the latency in the detection of real-world power
system contingencies is evaluated, as a function of the PMU reporting rate.

4.2.2 Results Assessment

Scenario | : The results of the rst real-world scenario are shown in Fig. 4.2. The
latter presents in the upper graph the frequency pro le recorded during the South
Australia blackout, whereas, in the bottom part, the nRMSE is computed for four
di erent reporting rates using PMU B: R, = 10; 25; 50, 100frames per seconds (fps).
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Figure 4.2: Results of the real-world scenario I: (a) Portion of the frequency pro le recorded during the South
Australia blackout on September 28" 2016. (b) nRMSE expressed in % and computed using PMU B in P-class
con guration for four di erent reporting rates Rr. Source: [12, 99].

As depicted in Fig. 4.2, lower values oR; do not necessarily a ect the numerical
computation of the nRMSE. Nevertheless, the delay is inversely proportional ®:

the higherR;, the faster the detection of a transient condition which can be promptly
assessed in order to take suitable counter-measures. When PMU B is used with low
values ofR,, it can be barely noticed something erroneous in the measurements'
reliability: only after 55 ms an increase in the nRMSE is observed. Whereas, high
values ofR; can easily track the frequency drop with a detection time in the order of

a few ms. Nonetheless, this contingency is particularly severe for the power system
since in less thanl s the system was in a blackout condition. Hence, a prompter
detection could surely help but it does not guarantee the restoration of the system
operation [12]. In this speci c case, the de nitional uncertainty is caused by the
assumptions that the phasor magnitude is constant and its phase is parabolic.

Scenario Il : Before presenting the nRMSE results, it is worth assessing power
and voltage variations, as well as the ROCOF, that are measured during the entire
sequence of events. Voltage and active power variations, respectively indicated with

V and P, are computed as a nite di erence of subsequent measurements. They
are shown in Fig. 4.3 in blue and in red, respectively, and they are expressed in per-
unit values in order to ensure an easier comparison. It can be clearly distinguished
that the generators trip att = 0:15 s, resulting in an immediate voltage variation,
but a rather slower power one. The damped oscillations last until= 0:8 s when
the UFLS scheme is triggered. This time instant corresponds to a new strongv
which presents a smoother trend and a faster time to reach again null value again
at the end of the transient. On the contrary, P oscillations are slightly delayed
with respect to V ones: they present a trend that dampens slower than and only
once at the end of the observation interval.

Fig. 4.4, instead, presents the ROCOF measured by P-class PMU B during the
same event. The two events (i.e., the generators' tripping and the activation of the
UFLS scheme) can be easily distinguished. Despite the fact that the rst event is
much stronger than the second one, both result in a sequence of damped oscillations
that tends to bring back the power system to steady-state conditions.
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Figure 4.3: Results of the real-world scenario Il: Voltage and active power variations, indicted as Vand Pin
blue and red, respectively. They are both expressed in per-unit values.

Figure 4.4: Results of the real-world scenario |I: ROCOF expressed in Hz/s, measured during the entire sequence
of events using P-class PMU B.
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Figure 4.5: Results of the real-world scenario Il: (a) Voltage pro le in per unit value recorded during the
contingency events in the modi ed IEEE 39-bus system. (b) nRMSE expressed in % and computed using PMU B
in P-class con guration for four di erent reporting rates Ry . Source: [99].

Table 4.1: nRMSE detection latency, expressed in ms, as a function of the PMU reporting rate R in the two
real-world scenarios under test. Source: [88].

R; (fps) \ Scenario | Scenario Il

10 n.a. 115
25 85 95
50 65 75
100 55 65

The results of the second scenario in terms of NRMSE are presented in Fig. 4.5. In
particular, the upper graph illustrates the time trend of the voltage pro le, expressed
in per unit, recorded during the sequence of contingencies. Three di erent parts can
be identi ed: a steady-state condition beford = 0:15s, a sequence of time-damped
oscillations, and a last series of events triggered by the UFLS scheme after0:8 s.
Looking at Fig. 4.5(b), the results of the nRMSE for the fouR, are shown. It can
be noted that, once again, the nNRMSE can easily discern steady-state from transient
conditions. Moreover, the trend of the nRMSE in time provides further information
regarding the restoration of the power system to a stable pre-fault condition, aligning
with the results shown in Fig. 4.3.

Similarly to Scenario I, the PMU reporting rates strongly a ect the responsiveness in
the identi cation of contingency. For the sake of completeness, Table 4.1 summarizes
the time latency expressed in ms in the detection of the contingency condition, as
a function of R,. The results of Fig. 4.2(b) and 4.5(b) are con rmed by the delays
shown in Table 4.1: the higher theR,, the fastest the contingency detection.

However, as shown in Table 4.1, considering the threshold equal46 % suggested
in [101] results in a non-applicable (n.a.) result for what concerrR, = 10 fps in
Scenario I. In the other cases, instead, the detection time is inversely proportional
to R;. An extension of the study on the required threshold is carried out in Section
6.4 for renewable-based power systems [88].

Lastly, in view of integrating PMU data in more sophisticated control strategies,
two possible amendments can be proposed to the packet structure, shown in Fig.
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Figure 4.6: Measurement data packet structure as de ned in [105]. Source: [99].

4.6 based on the IEEE C37.118.2 Synchrophasor Data Transfer for Power Systems
[105]. The rst one is based on the application of PMUs in local control centers:
PMUs can detect bad data internally and use a single extra bit as a Boolean ag
equal to1 to indicate potential bad data. The second possible amendment, instead,
can consist in the transmission of the nRMSE itself as possible useful information
in case of a more centralized approach.

It is worth highlighting that none of these amendments would compromise the packet
size in any relevant way, nor it would require excessive e ort from computation and
transmission capabilities.

4.3 Target Uncertainty for Distribution Power Sys-
tems

As anticipated at the beginning, the aim of this Chapter entails the establishment
of uncertainty requirements for PMU measurements at various power system levels.
For this reason, the objective of this Section is to de ne the accuracy requisites
in order to achieve signi cant results, considering the typical distribution power
systems' characteristics and those of PMU-based measurement chains. This Sec-
tion illustrates the work presented at thel2" International Workshop on Applied
Measurements for Power Systems (AMPS) held in Cagliari, Italy in 2022 [91].

On one hand, a typical PMU-based measurement chain is thoroughly described
from the IT up to the synchrophasor estimation algorithm evaluated in the PMU.
Di erent con gurations, varying the IT class, and the PMU characteristics, are
created. This results in a set of typical uncertainties obtained applying MCM.

On the other hand, conventional distribution network characteristics are considered,
with the objective of creating a dataset of possible combinations including various
cable lengths, loads, and ampacities. In this context, typical voltage displacements
in terms of magnitude and phase are assessed at the end of such lines.

By comparing the uncertainties introduced by a PMU-based measurement chains
with those of a distribution network, it can be determined the target uncertainty
required in order to perform reliable measurements. They can constitute a useful
insight for DSOs in order to achieve dependable and useful measurements.

Section 4.3.1 presents the simulation conditions, i.e., the measurement chain and
the MV lines speci cations, as well as the details of the MCM. Whereas, Section
4.3.2 illustrates and discusses the outcomes of this study.
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4.3.1 Simulation Conditions

Uncertainty sources of the measurement chain : Four main elements can be

identi ed in a typical PMU-based chain: an IT (in particular, a LPVT is considered

in this application), a DAQ system (speci cally, the focus is on the characteristics

of a typical commercial ADC), a time synchronization source needed for the locking
the PMU, and a PMU itself.

Having presented the four elements under study, at this stage, it is needed to detail
more precisely the uncertainty sources, which are listed as follows:

The accuracy performances of ITs and LPITs are detailed in the IEC 61869
Standard as described in Chapter 2. However, in this study, the focus is
only on LPVTs which are illustrated, rst in general and then in specic,

in Sections 2.4 and 2.4.1, respectively. In this speci c application, all three
accuracy classes d:1, 0:2, and 0:5 are considered [63, 66]. They correspond
to a ratio error of 0:1%, 0:2%, and 0:5%, respectively. For what concerns
the phase displacement, instead, they correspond to0:15 crad, 0:3 crad,
and 0:6 crad, respectively. It is worth noticing that these values refer only
to the rated voltage; for lower values, the limits become less strict therefore
the impact on the overall uncertainty would be less signi cant, as shown in
Table 2.4. In order to ensure conservative results, only rated conditions are
examined, corresponding td.00 %of the rated voltage in Table 2.4.

For what concerns the second element of the measurement chain, a commercial
o -the-shelf DAQ board is studied; however, a particular focus is given to the
speci cations of the ADC. Each manufacturer provides typical performance
indices such as the non-linearity error, the o set, and noise which all corrupt
the quality of the digitalized signal. In this case, the most relevant parameters
of a generic device are considered: it feature24&bit ADC, a full-scale voltage

of 10V,a70V s inputnoise’, 0:03%and 0:008 %gain and o set errors,
respectively, when the DAQ system works in typical operating conditions,
which corresponds tq25 5) C according to the datasheet.

PMUs can rely on di erent time sources, however, they are characterized by
di erent characteristics and performances. In this study, three of them are
considered: GPS, Precision Time Protocol (PTP), and Inter-Range Instru-
mentation Group timecode B (IRIG-B). They all have an uncertainty associ-
ated with the time information necessary for locking the PMU. Their typical
uncertainties are in the range of 10to 100ns, 500ns, and 500 ns,
respectively, according to the literature [106]. However, in order to ensure
conservative results, the worst-case scenario is considered hend®0 ns is
selected. These time uncertainties are re ected on a phase-angle o set in the
estimation of the synchrophasor, a ecting the nal result, regardless of the
accuracy of the PMU estimation algorithm. It is important to recall, as dis-
closed in Section 2.2.2, that it is su cient to assess a time synchronization

’As a fair assumption, the noise introduced by the DAQ can be considered as a constant
contribution over the observation window.

86



Chapter 4: Uncertainty Contributions and PMUs' Reliability

Table 4.2: Test con gurations comprising di erent combinations of the sources of uncertainty under test.

Con guration \ LPVT class Time Sync TVE

T1 01 GPS 0:01%
T2 05 GPS 0:1%
T3 05 GPS 0:01%
T4 0:2 PTP 0:1%
T5 0:1 PTP 0:1%
T6 05 IRIG-B 1%

error of 318 s or 265 s for 50 Hz and 60 Hz signals, respectively, to ob-

tain a TVE of 1%, assuming null errors on both the magnitude and phase
estimation provided by the algorithm. The latter is the maximum error value

allowable according to the PMU Std in steady-state conditions [14].

The PMU algorithm itself adds its contribution to the previous sources in
the measurement chain. In steady-state conditions, the maximum permissible
error is a TVE of 1% which can be constituted of a magnitude error ol %
without any other sources of error. Alternatively, it can be derived from &:01
rad phase error, without any other sources of error. Nevertheless, it must be
highlighted that in the literature there exists a huge number of algorithms that
feature a TVE well below the PMU Std requirements, as the ones illustrated in
Section 4.1.1. However, without loss of generality, three di erent TVE values
are considered1 %, 0:1 %, and 0:01 %which can represent the worst- and one
of the possible optimal cases that can be found in the literature. In the three
cases, the entire percentage is rst associated only with the magnitude and
then with the phase angle only.

Given the complexity of the model and the signi cant number of sources of uncer-
tainty, based on the theory presented in Chapter 1, it is considered reasonable to
apply MCM following the procedure detailed in Section 1.2.4.

Therefore, in the following, the MCM is repeated for a total oM = 10° trials and

Is applied with increasing complexity: rst of all, each contribution is examined
individually. Secondly, dierent con gurations, comprising a mixed range of un-
certainties, are combined together in order to create di erent setups which can be
found in the eld. In this regard, it is important to notice that such an approach
may yield a rather conservative target uncertainty since the di erent contributions
are considered statistically independent and uncorrelated.

For the sake of clarity, Table 4.2 summarizes the six tests including di erent combi-
nations of the four sources of uncertainty present in the measurement chain under
test, from the LPVT up to the PMU and its sources for time synchronizatio.

8For the sake of conciseness, the ADC has been omitted in Table 4.2, as it is reasonable
to consider that the DAQ is always the same in each of the six con gurations. For this
reason, the DAQ is simulated without changing the data previously described.
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Figure 4.7: Con guration of a simpli ed model of a distribution grid, including only longitudinal resistive and
inductive parameters. Source: [91].

It is also worth noting that the selected con gurations are a trade-o between ideal
and realistic measurement chains. As a matter of fact, in distribution networks, ITs
having an accuracy class better thai®:5 are seldom available, as they are generally
used for particular applications at HV level. Similar considerations hold for the
synchronization source, which mainly depends on the PMU location and on the
GPS availability, especially in urban areas.

The reference value at the end of the measurement chain is9aVv rms voltage,
having a0 rad phase. This waveform is corrupted by all sources of uncertainty and
the synchrophasor is extracted. Afterward, the MCM is applied! times and, lastly,
the mean value and thed5 % Con dence Interval (Cl) are assessed.

Distribution network characteristics . To consider realistic con gurations of a
distribution network, a portion is studied as between two nodeb and e supplying

a load at its terminals, as shown in Fig. 4.7. A rst approximation consists in
assuming that the load is concentrated at the end of the line, and not distributed
along it. It is also worth noting that the considered model is a simpli ed version
of the traditional model of a line. Since distribution power systems are typically
characterized by short lines, i.e., less thaB0 km, it is then reasonable to neglect
transversal parameters, as their withdrawn current is minimal. In this way, parasitic
capacitances and conductances per unit length can be generally omitted for short-
distance cable lines. In the same way, it can be reasonably assumed that the reactive
longitudinal parameters are only constituted by the inductive component.

The rst objective consists in obtaining typical resistances and reactances values per
unit length at 50 Hz and at the operating temperature of distribution power system
cables, retrieved from di erent manufacturers and for various cable insulations.

To this purpose, eight cables produced by di erent manufacturers have been se-
lected, based on the technical speci cations in their commercial catalogs. They
either feature a Hard Grade Ethylene Propylene Rubber (HEPR) or a Cross-linked
Polyethylene (XLPE) insulation. Regardless of the insulation type, they are both
characterized by an operating temperature 080 C, and their laying is in-ground

at and in-ground, for single- and three-core cables, respectively. As for the cross-
section, 70 and 120 mm? have been selected as they are extremely common in dis-
tribution grids. The most relevant speci cations are illustrated in Table 4.3.

The second objective, instead, involves the evaluation of the magnitude o set and the

phase displacement introduced by the considered MV lines con gurations. To this

purpose, di erent scenarios are created to test every cable in various power system
conditions. Three di erent lengths of 1, 10, and 20 km, respectively indicated as
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Table 4.3: Characteristics of MV cables considered for a typical distribution network scenario.

Cable \ Type Insulation Cross Section (mm)
Cl | Single Core HEPR 70
C2 | Single Core XLPE 70
C3 | Three Core HEPR 70
C4 | Three Core XLPE 70
C5 | Single Core  HEPR 120
C6 | Single Core  XLPE 120
C7 | Three Core HEPR 120
C8 | Three Core XLPE 120

D1, D2, and D3, are investigated. Then, a Power Factor (PF) rst equal td:8 and
then to 1 is examined; lastly, two powers for the burden are obtained starting from
the 100 %and the 50 % of the cable ampacity expressed in A.

The described testing conditions are assessed fob5@&Hz, 20 kV rms, ' = 0 rad
voltage at the upstream terminalb, leading to a new downstream voltage to be
measured at terminale, referring to Fig. 4.7. The latter has a phase angle' , in
rad, and a percentage voltage magnitude V, in %, compared to the reference one
which is examined in the next Section 4.3.2 presenting the results. Once again, the
aim entails the assessment of theseV and ' variations and their comparison
with respect to the typical uncertainties introduced by the MV chain. Comparing
these two leads to the determination of the target uncertainty required to perform
reliable in- eld measurements.

4.3.2 Results Evaluation and Comparison

This Section presents the results obtained from the simulated scenario described in
the aforementioned part. First of all, the results obtained considering individually
all the sources of uncertainty are presented.

Uncertainty of the measurement chain . Table 4.4 reports the mean valuey,
and the 95 %con dence semi-interval, sgs, for both voltage magnitude and phase
angle results, respectively in V and rad. In the rst column, the considered source
of uncertainty is speci ed.

A rst observation concerns the three synchronization sources, whose errors a ect
only the phase of the estimated synchrophasor. Hence, since the voltage magnitude
IS not a ected, it presents a for both X and 4gs. In absolute terms, instead, the
GPS presents the smallest results in terms of uncertainty, as expected.

A second comment regards the tests varying the TVE value. As brie y presented
in the previous paragraphs, in the rst test the TVE is associated entirely with
the voltage magnitude, while in the second one with the phase angyjleFor this

91t is worth recalling that a similar result could have been obtained using a complex
random variable where magnitude variations are modeled with a Gaussian distribution,
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Table 4.4: Results of the 10° trials obtained applying MCM considering each source of uncertainty individually in
a typical MV measurement chain. Source: [91].

Source VoEage Magnitude (V) thse Angle (rad)
X si95 X si95
GPS - - 0 310°
PTP - - 0 1104
IRIG-B - - 0 1104
TVE 1% 9:09 - 0:01 -
TVE 0:1% | 9:009 - 0:001 -
TVE 0:01% | 9:0009 - 0:0001 -
ADC 9:000 2103 0 1106
11T 9:000 8 103 0 1103
0:21T 9:00 2 102 0 3103
05T 9:00 4 102 0 510°

reason, they present alternatively null errors on the phase and on the magnitude,
respectively. It is also worth mentioning that for all tests, the TVE is used as a

xed value rather than a random variable. Hence, the results in Table 4.4 show
the resulting value after the addition of the TVE percentage to the reference signal;
thus, the signi cant digits are purely de ned by the TVE contribution itself.

Moving on to the ADC analysis, a single test has been performed including simul-
taneously the gain, non-linearity errors, and the noise level previously illustrated.
It can be interesting to notice that the ADC is the least impacting element of the
measurement chain: this can be derived by analyzing the;os of magnitude and
phase which are the smallest among all possible cases.

Lastly, the three classes of LPVTs are examined. Thesigs reduces by almost one
order of magnitude moving from clas®:1 to class0:5; in contrast, the phase is in
the order of some mrad for the three classes. These results indicate that LPVTs are
the biggest contributions to the overall uncertainty, not only in terms of magnitude
but also concerning the phase. Hence, the choice of the most suitable VT plays a
major role in all PMU-based applications’.

Having examined the results of the e ects of the individual sources of uncertainty,
the MCM is applied to the six con gurations illustrated in Table 4.2. The results of
the MCM application are shown in terms of voltage and phase angle results in Table
4.5. As expected, the results of test T1 show the best outcomes in terms gbs on
both magnitude and phase. On the other hand, test T6 provides the worst results
among all six con gurations. In more detail, it can be noted a di erence of roughly
one order of magnitude between the accuracies of the two tests. Nonetheless, it

while phase ones with a Rayleigh distribution. However, the adopted method is more
conservative as the worst case for both variables is selected.

10In this study, the terms LPVT and VT as used interchangeably for the mere reason
that they are characterized by identical limits at the rated voltage, according to the Standard
and as shown in Tables 2.1, 2.2 and 2.4.
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Table 4.5: Results of the 10° trials obtained applying MCM considering the six con gurations, as detailed in Table
4.2, including a combination of the sources of uncertainty in a typical MV measurement chain. Source: [91].

Con guration Voltage Magnitude (V) Ehase Angle (rad)
X si95 X si95
Tl 9:001 9103 0 1103
T2 9:.01 4 102 0 5103
T3 9:00 4 102 0 5103
T4 9:.01 2 1072 0 31072
T5 9:009 9103 0 2 103
T6 9:09 4 10 2 0 1 102

must be underlined that test T1 represents an ideal measurement chain that can
be hardly found in the eld owing to the rare installation of VTs having a 0:1
class which is often a costly solution dedicated only to particular measurement
conditions. Consequently, test results obtained from the con gurations T2 and T3
can represent a more realistic network condition. However, they also indicate an
unavoidable accuracy reduction achievable with those con gurations. Nonetheless,
the better performances of the synchrophasor estimation algorithm, simulated as
a di erence of one order of magnitude in the TVE, is negligible in terms of nal
accuracy due to the major contribution of the0:5 class LPVT. Lastly, the results of
con gurations T4 and T5 point out that with a 0:1 class VT, it is possible to better
discern the e ect of the other sources of uncertainty.

Distribution network speci cations . Considering the cable con gurations de-
tailed in Table 4.3 and the scenarios for typical MV distribution networks presented

in the previous Section, several tests have been performed. To obtain more conser-
vative results, the errors at the two terminals of the line are supposed to be uncor-
related. Once again, it is worth recalling that the objective entails the assessment of
the variation of the voltage magnitude and phase angle at the end of a typical MV
line, indicated by V and ' and expressed ir®6 and in rad, respectively.

First of all, the results of the phase angle variation ' are illustrated. Fig. 4.8
presents ', in rad, for the eight cable con gurations, C1 to C8 listed on the
horizontal axis, as a function of three distances D1, D2, and D3. The results relative
to D1 are depicted in blue on the left vertical axis, whereas those of D2 and D3 are on
the right vertical axis and are shown in yellow and red, respectively. Speci cally, the
results of Fig. 4.8 are relative to a test condition characterized by a cable ampacity,
A, equal to 100 %and two PF equal to0:8 and 1, respectively in (a) and (b).

Similarly, Fig. 4.9 presents the results obtained applying the same testing conditions
as those shown in Fig. 4.8, but they are relative to a halved ampacity of the cables
under test, in which A =50 %.

In the following, the results of the voltage magnitude variations V, in %, are
shown. More in detail, Fig. 4.10 presents the results relative to a cable ampacity A
of 100 % for the eight cable con gurations and for the three possible lengths D1 (in
blue on the left vertical axis) and D2, D3 (in yellow and red, on the right vertical
axis, respectively).

In a similar way to what is shown in Fig. 4.9, Fig. 4.11 presents the same results
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