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Abstract: This work deals with two paramount devices when Smart Grids are concerned: phasor
measurement units (PMUs) and low-power instrument transformers (LPITs). In particular, a simple
calibration procedure to test the measurement chain PMU + LPIT has been developed. The procedure
involves steady-state conditions of the grid and off-nominal input signals for testing current, voltage,
frequency, and rate of change of frequency (ROCOF). In addition, the procedure includes a preliminary
testing of the PMU without the LPIT to understand the influence of the latter. The procedure is then
applied to a specific case study: a low-cost PMU developed by the authors and one of the most
common LPITs adopted in Italian medium voltage networks. The obtained results are promising
for two reasons. First, the low-cost PMU works correctly even in off-nominal conditions of the grid;
second, the presented calibration procedure demonstrated to be effective and applicable to very
common equipment, using a rather simple test setup.

Keywords: phasor measurement unit; low-power instrument transformer; nonconventional
instrument transformer; metrological characterization; power quality; harmonics; non-sinusoidal;
calibration procedure

1. Introduction

After the recent development of power networks, for example, the introduction of distributed
energy sources (DERs) and many new intelligent electronic devices (IEDs), the monitoring systems
require improvement as well. In particular, concerning medium and low voltage networks (MV and
LV), the measurement instruments used for monitoring purposes should have reduced costs and high
flexibility. This aspect is fundamental to match with the high number of nodes of the MV/LV networks.

Two devices that answer to such requirements are the well-known phasor measurement unit
(PMU) and the recently introduced low-power instrument transformer (LPIT). As for the former device,
it is a consolidated technology, which allows a high level of network monitoring [1]. This is due to its
capabilities of measuring synchrophasors, frequency, and rate of change of frequency (ROCOF) [2,3].

Typically, PMUs are expensive devices that do not fit with the inexpensiveness requirement of
the distribution networks. Therefore, in [4], the authors developed a low-cost version (LOCO PMU)

Energies 2019, 12, 4645; doi:10.3390/en12244645 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-1739-1277
https://orcid.org/0000-0003-0431-9169
http://dx.doi.org/10.3390/en12244645
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/12/24/4645?type=check_update&version=2


Energies 2019, 12, 4645 2 of 20

compliant with the Standard IEEE c37.118.1-2011 and its amendment IEEE c37.118.1a-2014 [5] in
terms of measurements. As for the communication, it follows the well-known IEC 61850 [6] with the
supplement of having cybersecure measurements.

As for the LPITs (or sensors) [7–9], they are replacing the legacy inductive ones [10] thanks to
their reduced dimensions and costs. One example, installed in many Italian secondary substations, is
the “Smart termination” [11]: a combined voltage and current sensor.

An aspect that involves both PMUs and LPITs is the accuracy. As a matter of fact, the level of
accuracy may change the effectiveness of a particular device in specific applications. In the literature,
this aspect is widely tackled. For example, in [12–14], the accuracy has been evaluated to assess three
key topics regarding PMUs: grid observability, synchronization, and predictive algorithms, respectively.
Analogously, in [15,16] the accuracy associated with power quality measurements has been evaluated;
while in [17] the accuracy of current transformers has been improved for in-service measurements.

Therefore, tests and procedures that tackle the accuracy performance of LPITs and PMUs are
necessary because their results are used in many applications and algorithms [18,19].

In light of what presented in [4,11,20] (of which this paper represents a technical extension),
the authors characterized the measurement chain composed of those two elements. Such measurement
chain has been tackled in the literature for different purposes in [21–24], whereas [25] deals with the
impact of the ITs’ transient response, and [26] uses the complete measurement chain to estimate the
line parameters.

The aim of [20] was to assess the performance of such a new and cheap measurement chain,
testing the typical quantities measured and computed by a PMU under sinusoidal (50 Hz) supply.
The tested quantities were: current and voltage phasors, with particular attention to their absolute
phase, phase difference, frequency, and ROCOF.

In light of the good results obtained, authors made a further step on the calibration issue for PMUs
and LPITs when they operate under off-nominal voltage supply. It consists, for example, in a variation
of the frequency from the power systems one (50 Hz) or in the presence of harmonics superimposed to
it. Such behavior must be tackled by all the measurement instruments installed in the field; in fact, as it
is well known, the power network rarely works under ideal conditions.

In the literature, a lot of works deal with such an issue, facing it from different points of view.
For example, the authors of [27–29] developed algorithms to detect and assess the presence of harmonics.
The authors of [30] and [28,31] smartly used PMU to solve the harmonics issue. Finally, the authors
of [32] performed an in-field measurement campaign to assess the actual condition of the grid and to
evaluate the harmonics propagation in it.

By considering the aforementioned, the testing condition applied in the following is inspired by the
standards IEEE c37.118.1-2011 and IEEE c37.118.1a-2014, but also by the EN 50160 [33], which defines
the power quality limits (and not the tests) for the secure operation of MV and LV distribution systems.
Authors considered and used such limits to build a distorted waveform made by the power frequency
component and one harmonic at the time. Of course, more complex tests might be performed, including
several harmonic components at the time (without exceeding the allowed THD limit), but till now,
no standardized tests have been defined. For example, a possible solution may be to apply arbitrary
generated distorted waveforms, as in [34,35], for inductive current and voltage transformers, or to use
already existing databases with actual waveform collected from the grid, as it has been done in [36],
for inductive current transformers.

The defined tests were chosen to verify the impact of more actual input signals on sensor and
PMU operation. Of course, the power network also suffers from non-steady-state events. However,
to better highlight the results’ details (and for obvious issues of length and readability), this paper
focuses only on steady-state disturbances and single harmonic evaluation. In particular, with this work,
the authors wanted to introduce a simple calibration procedure, to be applied on a more and more
common measurement chain spread among the MV networks: the PMU + the LPIT. The calibration
focuses on the previously described off-nominal conditions and considers the influence of the LPIT in
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the measurement chain. In fact, it suggests to perform measurements with and without the LPIT in
between the generation and the PMU, to provide at a glance its impact on the overall accuracy.

Afterwards, the presented procedure has been tested on a particular case study. It consists of the
LOCO PMU developed by the authors and the Smart termination mentioned before.

Summarizing, the case study presented in this work has been used to verify the calibration
procedure suggested in this work. The aim of such procedure is to test LPITs + PMU in off-nominal
steady-state conditions.

The paper has been structured as follows: Section 2 describes the calibration procedure. Section 3
introduces the case study, the LOCO PMU, and the LPIT. The results of the case study are presented
and discussed in Section 4. Finally, the conclusion and some comments are collected in Section 5.

2. Calibration Procedure

2.1. Introduction

In this Section, all the measurement to be performed on the LPIT + PMU system, and to the PMU
alone, are described. The aim is to suggest and present a simple calibration to be used in an academic
or industry environment. The procedure applies to a measurement chain that is becoming more and
more popular every day: LPIT + PMU. Therefore, considering that no standard describes how to test
these two elements when they operate together, the following tests were developed considering the
existing literature and tests for LPITs and PMUs, separately (see, for example, [7,8,33]).

The generic schematic of two such calibration systems are depicted in Figure 1; in addition to the
LPIT and the PMU, a calibrator is included to apply/inject the voltages/currents necessary for the tests.
Finally, in the bottom picture of Figure 1, a current and voltage adapter (CVA) are to be included if the
LPITs do not provide signals already suitable with the PMUs.

Figure 1. Simple representation of the setups suggested for the calibration.

The intent of the calibration procedure is to evaluate the accuracy of all the quantities provided
by the LPIT + PMU and by the PMU alone: RMS of voltages and current synchrophasors with a
different relative phase, frequency, and ROCOF. They are computed according to their definition as
in [5]. Tests without the LPIT are included in the procedure in order to compare such tests with
the previous ones and highlight the contribution of the LPIT itself, in which the calibration [37] is
outside the purpose of this work. As already mentioned, the calibration procedure is to be applied
on systems for the distribution network; therefore, the tests on frequency and ROCOF are limited in
range and number with respect to the indications of the IEEE Std. C37.118.1-2011 and C37.118.1a-2014.
Furthermore, in distribution grids, the current and voltage phasors are elaborated to obtain power
flow and reactive power injection measurements; therefore, the developed tests are focused on the
accuracy of the phase angle difference between voltage and current. Phase angle measurements have
to be repeated several times during the lab testing sessions. Such procedures require having a fixed
phase angle to ensure the repeatability of the test over time.
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2.2. Tests

In [20], the author’s tests had the aim of assessing, under sinusoidal conditions, the
following quantities:

• RMS and phase of the phasors provided by the PMU (in the range 0–1000 V);
• Phase difference between current and voltage channels of the system LPIT + PMU. In particular,

in [20], the absolute values of the phases were measured with a reference instrument. Therefore,
in this work, the phase measurement results are simply collected by the PMU and evaluated with
its algorithms.

• Frequency and ROCOF (in accordance with [5]) on different days to assess the measurement
repeatability over time.

In this work, a new set of tests, focused on power quality issues, has been developed to describe
a simple calibration procedure. Such tests can be distinguished in two main parts: those in which
measurement setups include the LPIT and those that do not. For both groups of tests, the aim is
to assess the device under test in steady-state conditions. Such a choice, in the author’s opinion,
is of paramount importance before moving to dynamic tests because, even in “simpler” operating
conditions, criticality may be found.

In the case-study that follows, 100 measurements were performed in every single test. Such a value
is adopted and recommended to have a sufficient number of measurements to assess the quantities to
be collected.

2.2.1. Tests with Calibrator + PMU

This first set of tests aims at verifying the performance of a PMU when fed, with sinusoidal/distorted
supply, directly from a calibrator. The tests include:

• Measurements vs. frequency.

In the range 48.5–51.5 Hz, (it contains the frequency allowed from [26] for the distribution supply
during the 99.5% of the time), with steps of 0.1 Hz, the following quantities have to be measured with
the PMU: RMS voltage of the synchrophasors, frequency, and ROCOF.

• Measurement vs. harmonics.

In [33], the maximum percentage value of each harmonic, with respect to the fundamental, was
defined (see Section 4). Hence, for each odd harmonic, from 3 to 25, the PMU has to be fed with
the sinusoidal 50 Hz signal plus one harmonic at the time. The harmonic absolute value has been
chosen according to the maximum allowed from the standard (which, however, does not define how to
perform tests). In addition, the maximum harmonic order considered is the 25th because the authors
of [33] state that the higher orders are completely unpredictable and have a negligible amplitude.
In these operating conditions, the following quantities have to be measured: RMS voltage of the
synchrophasors, frequency, ROCOF.

Finally, the procedure for testing the PMU alone ends by measuring the phase difference of
0.5234 rad between two channels of the PMU when the frequency and the harmonics are set as
described above. This test is important to understand whether the measurements related to the phase
(active/reactive power, hence the energy) are affected or not by non-ideal conditions. In addition,
the 0.5234 rad angle has been used to test the system with a typical value that can be found in in-field
applications (which gives a power factor between 0.8 and 0.9). This test basically assesses the phase
difference computation between two channels (both voltages due to PMU’s input characteristics).

Of course, even if the 0 and 0.5234 rad tests already cover a typical operating range, the tester
may apply the same measurement procedure to more phase difference values between voltage and
current channels.
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For both sets of tests, what needs to be defined is the amplitude of the voltage to be applied to the
PMU. The typical analogue input of MV/LV PMU is between 0 and 10 V; therefore, any value in this
range can be used for the tests. The reason underlying the choice of leaving the tester to select whatever
voltage in the available range is that, even if using a value close to the full scale of the PMU could
appear reasonable in terms of error, in actual applications, it is not guaranteed that this condition is
going to be respected. In the case-study presented below, the reason for the above choice is supported
with actual measurement results.

2.2.2. Tests with Calibrator + LPIT + PMU

This second set of tests, the main one, aims to complete the calibration procedure when the
complete system is concerned. Furthermore, once both the results of these tests and the ones from 2.2.1
are obtained, a comparison can be performed to evaluate the effects of the LPIT on the overall system.

In accordance with the structure of 2.2.1, the following tests have been developed for the complete
system (bottom picture of Figure 1):

• Measurements vs. frequency.

From 48.5 to 51.5 Hz, with steps of 0.1 Hz, the following quantities have to be measured
with the PMU: RMS of the voltage and current extracted from their associated synchrophasors,
frequency, ROCOF.

• Measurements vs. harmonics.

According to what stated in 2.2.1, the quantities of interest have to be evaluated when one
harmonic at the time was superimposed to the power frequency one (50 Hz). In this way, the harmonics’
impact can be evaluated and confronted in the presence or not of the LPIT.

Again, these two test conditions have been replicated to measure the phase difference of 0.5234 rad
between two channels of the PMU. In this particular setup, the two channels correspond to the voltage
and the current inputs coming from the LPIT.

As for the amplitude of the signals to be applied with the calibrator, there are two options. On the
one hand, the LPITs can be fed with their rated values to guarantee the operating condition in actual
applications. On the other hand, also considering the low availability of MV calibrators, if the adopted
LPIT follow a linear law, the user can apply signals lower than the rated ones. For example, such an
assumption of linearity can be applied on Rogowski coils and capacitive dividers without inferring on
the final results of the calibration procedure.

3. Case Study

3.1. Introduction

In this Section, the calibration procedure described in Section 2 is applied to a specific case study.
By using the schematic system suggested by Figure 1, the actually implemented system is shown in
Figure 2. In the following, the LOCO PMU and LPIT are briefly presented; then, the entire measurement
setup and its features are described.
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Figure 2. Picture taken during the performed tests with the presented setup.

3.2. The LOCO PMU

In this Section, the LOCO PMU used in this case study is briefly recalled from [20] for the sake
of clarity. In brief, the LOCO PMU is capable of providing the synchrophasors of the voltages and
currents connected to its inputs. Then, the PMU can compute the frequency and the ROCOF of the
input quantities. Such quantities are those tackled and evaluated in this case study.

3.2.1. The Hardware Description

Three main components can be distinguished in the picture of the LOCO PMU of Figure 3: (i) the
data acquisition board, an MCC USB 201, which works in the ± 10 V range up to 12.5 kHz, converts
the analogue input to digital sampled values (up to 12.5 kHz). (ii) The Raspberry Pi 3, the core of the
PMU, which processes the data sampled by the acquisition board. Such values, according to [6], are
compressed in Sampled Value (SV) protocol and in UDP-IP packets. This way, the communication
between the PMU and the Phasor Data Concentrator (PDC) can happen by means of the open source
OpenVPN software. (iii) A GPS module, to attach the PPS information to the acquired measurement,
connected via a Universal Asynchronous Receiver/Transmitter (UART) interface to the Raspberry PI.

Figure 3. Actual image of the phasor measurement units (PMU) in which the 3 main components have
been highlighted.
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The overall cost of the presented hardware is around 250 €; hence, it could be considered low-cost
compared to the typical off-the-shelf PMUs in which the cost starts from several thousand euros.

3.2.2. The Algorithm

The algorithm, on which the PMU is based, works on a time-base of 1 s. When the PPS information
arrives, measurements are acquired for around 800 ms while the remaining time is dedicated to the
computation and communication before the next PPS arrives. The collected samples are subjected to a
filter process (3rd order Butterworth filter with a cut frequency equal to 70 Hz) to avoid undesired
high-frequency components and to a zero-crossing algorithm to extract the signal frequency. Once the
frequency and the ROCOF have been computed, the filtered signal is deleted, and the remaining data
analysis is performed on the original samples. As for the ROCOF, it is computed as the difference
between the frequencies of the first and the last cycle (inside the measurement interval). For a detailed
description of the algorithm, see [4]. Furthermore, as detailed in that document, the LOCO PMU allows
the measurement of all quantities with an accuracy sufficient to be compliant with [5]. Therefore,
the description of the following case-study is a further step to stress and evaluate the PMU’s behaviour
in more actual and off-nominal conditions of the MV distribution network.

3.3. The LPIT

After the introduction of the LPITs, international standards have been updated consequentially [7,8]
to include their new features. Among them, it is worth to mention their low-power output, already
suitable for the most common acquisition systems. Such a characteristic, in addition to linearity,
reduced weight, cost and flexibility, makes LPITs suitable for being spread and installed in many
secondary substations.

In light of the authors’ gained experience on the topic [38,39] in this work, a particular LPIT [11]
has been used to complete the work started in [20]. The used LPIT is a 0.5 accuracy class combined
voltage and current sensor, of the pass-through type, which can be installed in power systems with 50
or 60 Hz as the rated frequency. The main features of the LPIT are listed in Table 1.

Table 1. Combined current and voltage sensor features.

Weight 1.5 kg

Nominal current ratio 1000 A/ 31 mV

Rated Primary Voltage 20/
√

3 kV

Nominal Voltage ratio in/out 10,000:1

Rated primary current 300 A

The sensor communicates via an RJ45 connector, which provides the scaled current and voltage
plus the ground potential. The choice of the LPIT was made by considering its extensive presence in
the MV Italian power networks and its consolidated usage in several MV applications.

3.4. The Measurement Setup

The setup used in this case study consists of:

• Calibrator Fluke 6105A under metrological confirmation. It provides the required output to the
equipment at both sinusoidal (including frequencies different from 50 Hz) and non-sinusoidal
conditions (with superimposed harmonics). Its accuracy specifications are collected in Table 2.
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Table 2. Accuracy specification of the calibrator fluke 6105a for both current and voltage.

At Power Frequency Conditions

Range [V] Accuracy (ppm + mV)

1–23 42 + 0.2

70–1008 60 + 10

Range [A] Accuracy (% of output + % of range)

120 0.009 + 0.002

Frequency Accuracy (ppm)

Full range 50

Phase Accuracy

Voltage full range 0.005◦

Current full range 0.003◦

With Harmonic Content

Range [V] Frequency [Hz] Accuracy (ppm + mV)

Full range
up to 850 60 + 33

Over 850 450 + 10

• LPIT. Its actual in/out ratios are 8782 and 34,934.56 for the voltage and the current, respectively.
In particular, the voltage sensor consists of a capacitive voltage divider, whereas the current one is
a Rogowski coil. Both sensors present high linearity in all their range of operation due to their
working principles [1,40].

• The Low-Cost PMU, already detailed in Section 2.
• Current and Voltage Adapter (CVA): Such adapter has been developed inside the laboratory

to condition the LPIT voltage and current outputs to obtain values suitable for the input range
of the PMU. The CVA features input/output ratios of 400 and 4 for the current and the voltage,
respectively. Moreover, its accuracy performances were assessed through a characterization
process, performed by using the Fluke 6105A. The results have been omitted for the sake of brevity;
however, the phase angle deviations obtained are negligible compared to the reference accuracies
of the calibrator.

Considering the calibration procedure performed that threats the devices under test as black
boxes, the only information needed for the accuracy evaluation is that of the calibrator, provided in
Table 2.

4. Calibration Results

In the following, Section 4.1 describes the results obtained from the calibration described in
Section 2.2.1, while Section 4.2 details the results obtained from the calibration of the complete system,
as presented in Section 2.2.2. For all tests, 100 measurements were performed for each quantity of
interest. Finally, Section 4.3 is completely dedicated to the results’ analysis of two critical quantities:
the frequency and the phase difference.

4.1. Calibrator + PMU Tests Results

Figures 4 and 5 present the first set of results. They contain the RMS voltage and the ROCOF
measured in the 31 different frequencies from 48.5 to 51.5 Hz, respectively. Considering that during
each test, the frequency was kept constant, the reference ROCOF is zero; hence, it is equal to the
ROCOF error, as defined in [5]. Consequently, in all the following results, only the term ROCOF has
been adopted. In Figure 4, the measured values are presented along with the reference one, set on the
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calibrator. Both measured and reference voltages have been plotted with the associated uncertainty:
standard deviation for the measured voltage and rated accuracy for the reference (dashed lines, see
Table 2). Voltage mean standard deviation (evaluated with the type A method) is in the order of 10−5 V
for all tested frequencies. A comment on the voltage amplitude has to be done. In accordance with
what is stated in Section 2, the reference value applied with the calibrator is 0.4 VRMS. The choice was
made to be aligned with the values read by the PMU in the tests also performed with the LPIT.

Figure 4. Voltage vs. frequency test results when the low-power instrument transformers (LPIT) has
not been included.

Figure 5. Rate of change of frequency (ROCOF) vs. frequency results when the LPIT has not
been included.

ROCOF values reported in Figure 5 are always within the limits provided by the Standards; in
particular, it is very low for the 50 Hz and the other integer frequency measurements. This is due to
the algorithm of the frequency and ROCOF extraction from the phasor. As a matter of fact, an integer
frequency results in an integer number of periods in a 1 second time-window observation. However,
the uncertainty associated with the ROCOF measurement is stable and in the order of 10−4 Hz/s.

Moving to the tests vs. harmonics, the limits defined in [33] are listed in Table 3 along with VH,
which is the RMS of the weighted sum of the 50 Hz signal plus the harmonic component (weighted by
the percentage of the harmonics with respect to the 50 Hz one), and the value applied by the calibrator.
The uncertainty affecting VH is ±0.2 mV (see Table 2) and it is included in the Table. Referring to that
Table, all the vs. harmonics results are collected in Table 4.

In Table 4, there are the mean values and the mean standard deviation associated with the
measured RMS voltage (Vm, σV), the frequency ( fm, σ f ), and the ROCOF (ROCOF, σR). Moreover,
the minimum and maximum values of each of the three quantities have been included in the table to
better appreciate the range of variation of the measured quantities. For a clear overview of the results,
Vm values and their reference values VH (from Table 3) have been plotted in Figure 6. From the picture,
it can be highlighted that discrepancies from the reference values happen when the superimposed
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harmonic is of low order. In fact, from Table 3, it is clear that lower limits, in terms of percentage,
are defined for the highest order harmonics. However, in the overall, the absolute value of such
discrepancies is very low and in the order of the per-thousand.

Table 3. Harmonics limits with respect to the fundamental signal, according to EN 50160.

Harmonic Order [-] % of the Fundamental [%] VH (±0.2 mV) [V]

3 5.0 1.00125

5 6.0 1.00180

7 5.0 1.00125

9 1.5 1.00011

11 3.5 1.00061

13 3.0 1.00045

15 0.5 1.00001

17 2.0 1.00020

19 1.5 1.00011

21 0.5 1.00001

23 1.5 1.00011

25 1.5 1.00011

Figure 6. Voltage vs. harmonics test results when the LPIT has not been included.

Finally, the choice of feeding the PMU using a base of 1 VRMS plus the harmonics has a bifold
meaning. First, with 1 V, the weight of each single harmonic can be appreciated at a glance; second,
the voltage level is aligned with what has been done in the other tests.

As far as the frequency measurements are concerned, the frequency itself is going to be separately
analysed in the following. Instead, from the ROCOF results, an interesting observation emerges.
Figure 7 represents the ROCOF vs. harmonics results listed in Table 4. It is evident from the graph that
the low-cost PMU is more affected from particular harmonics orders (13, 15, 23, and 25) resulting in a
ROCOF one order of magnitude greater than the other harmonic orders. However, the high values
included in the graph are still within the limits specified by the Standards.

All the aforementioned results represent a starting point for the calibration procedure that is
completed in the next subsection.
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Table 4. Measurements vs. harmonics results.

#H Vm [V] σV [V] Vmax [V] Vmin [V] fm [Hz] σf [Hz] fmax [Hz] fmin [Hz] ROCOF [Hz/s] σR [Hz/s] ROCOFmax [Hz/s] ROCOFmin [Hz/s]

3 1.00022 3 · 10−5 1.00122 0.99943 49.99916 6 · 10−5 50.00037 49.99785 0.0025 2 · 10−4 0.0098 0.0000

5 1.00001 2 · 10−5 1.00064 0.99940 49.99922 6 · 10−5 50.00048 49.99752 0.0032 2 · 10−4 0.0084 0.0000

7 0.99975 3 · 10−5 1.00026 0.99904 49.99918 6 · 10−5 50.00067 49.99767 0.0035 1 · 10−4 0.0069 0.0005

9 1.00012 3 · 10−5 1.00071 0.99941 49.99922 5 · 10−5 50.00046 49.99795 0.00197 9 · 10−5 0.0038 0.0000

11 0.99991 3 · 10−5 1.00051 0.9992 49.99920 7 · 10−5 50.00092 49.99747 0.00086 5 · 10−5 0.0022 0.0000

13 1.00007 3 · 10−5 1.00065 0.99941 49.99931 6 · 10−5 50.0008 49.99718 0.0185 3 · 10−4 0.0261 0.0121

15 0.99999 2 · 10−5 1.00058 0.99936 49.99922 5 · 10−5 50.00038 49.9979 0.0172 4 · 10−4 0.0270 0.0083

17 0.99992 2 · 10−5 1.00046 0.99923 49.99915 6 · 10−5 50.00081 49.99810 0.0082 4 · 10−4 0.0164 0.0008

19 1.00011 3 · 10−5 1.00073 0.99934 49.99924 6 · 10−5 50.00043 49.99757 0.0017 1 · 10−4 0.0055 0.0000

21 0.99998 3 · 10−5 1.00058 0.99929 49.99933 6 · 10−5 50.00073 49.99735 0.00097 5 · 10−5 0.00243 0.00001

23 1.00006 2 · 10−5 1.00055 0.99951 49.99919 6 · 10−5 50.00073 49.99757 0.01478 8 · 10−5 0.01681 0.01290

25 0.99998 2 · 10−5 1.00060 0.99945 49.99911 6 · 10−5 50.00042 49.99774 0.0164 3 · 10−4 0.0231 0.0078
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Figure 7. Measured ROCOF when different harmonics have been superimposed to the fundamental
when the LPIT has not been included.

4.2. Calibrator + LPIT + PMU Tests Results

The results of the voltage and current vs. frequency tests are presented in Figures 8 and 9,
respectively. Voltage and current quantities come from the sensor outputs. The input quantities,
provided by the calibrator, were selected according to what was stated in Section 2. In particular: 936 V
and 100 A were applied to the LPIT. This was done by considering the linearity of the capacitive divider
and the Rogowski on which the LPIT is based. In addition, for the current, 100 A is an average value
flowing through the distribution network cables (sometimes even far lower than 100 A); hence ensuring
to reproduce an actual case study. Afterwards, the LPIT output has been adapted by the CVA to fit the
PMU inputs, according to the following current and voltage coefficients, kV and kA, respectively:

kV =

∣∣∣VCal
∣∣∣∣∣∣VOut
∣∣∣ = 8782

4
= 2195.5, (1)

kA =

∣∣∣ICal
∣∣∣∣∣∣IOut
∣∣∣ = 34, 934.56

400
= 87.33, (2)

where
∣∣∣VCal

∣∣∣ and
∣∣∣ICal

∣∣∣ are the voltage and current modules set on the Calibrator, respectively.
∣∣∣VOut

∣∣∣ and∣∣∣IOut
∣∣∣ instead, are the voltage and current modules acquired from the CVA outputs, respectively.

The values used for the computation of the coefficients are those provided in Section 3.4 and recalled
in the formulae for the sake of clarity. Regarding the phase, both the LPIT and the CVA have negligible
phase coefficients compared to the obtained phases (as detailed in the results).

Figure 8. Voltage vs. frequency test results when the complete measurement chain is concerned.
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Figure 9. Current vs. frequency test results when the complete measurement chain is concerned.

Consistently with what has been done for Figure 4, both Figures 8 and 9 already contain values
scaled to the reference ones (included in the graphs) by means of the coefficients kV and kA. As far as
the voltage is concerned, measured values in Figure 8 are associated with a standard deviation of the
mean between 1 and 3 V for all the tested frequencies. The uncertainty associated with the reference
value (0.05 V) has been omitted in the graph due to its negligibility compared to the measured values.
As a further comment, the measured values and their related uncertainties are consistent with the
reference value and its associated uncertainty.

Hence, a first comment can be made considering the introduction of the voltage sensors in the
measurement chain: compared to the case without LPIT, the uncertainty is two orders of magnitude
greater. A second comment is related to the stability: the measurement chain LPIT + PMU is not
affected by the selected range of frequencies. As a matter of fact, all the measurements results lay
within the limits of the obtained standard deviation. Comments on the current results are very similar.
In fact, the associated standard deviation of the mean of 10−4 A degrade, after the current sensor
introduction, is of one order of magnitude. From the graph, it can be noted that the measured current
is always greater than the reference one, in which standard uncertainty is 0.01 A. This may be due to
the non-centred position of the cable with respect to the LPIT. The effects of the cable position on the
LPCT measurements are well-known in literature [41] and tackled by the standards [7].

A final comment on the vs. frequencies tests can be given by observing Figure 10. It contains the
ROCOF measurement results of the LPIT + PMU measurement chain (plane line) and the ones obtained
in the previous section (dotted line) for the case without LPIT. From the graph, it emerges that the
sensors presence does not affect the ROCOF evaluation at different frequencies. Moreover, its associate
standard deviation of the mean is fully consistent with the one of the previous case (10−4 Hz/s).

Figure 10. ROCOF measurement at different frequencies.

Moving now to the vs. harmonics tests, in accordance to what has been done in Section 4.1, Table 5
collects the mean values, standard deviation of the mean associated and maximum and minimum
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values of the quantities of interest. Such quantities are the same of the ones in Table 5 with the
exception of Im, Imax, Imin, and σI, which are the mean, max, min values of the measured RMS current
and the associated standard deviation of the mean, respectively. Considering the harmonics values of
Table 3, Figures 11 and 12 represent the comparison between the measured and the reference voltages
and currents, respectively. In other words, both current and voltages have been applied (or injected)
into the LPIT with a harmonic content specified in Table 3. Therefore, both Figures 11 and 12 depict
the quantities measured by the LOCO PMU, compared to the reference value set on the calibrator.
On the one hand, both current and voltages defer from the reference values in the order of some
per-thousand, which is satisfactory considering the presence of the LPIT in between the source and the
PMU. On the other hand, the standard deviation associated with the amplitude values is one order of
magnitude lower than the one obtained without LPIT. That confirms what has been obtained in the
tests vs. frequency.

Figure 11. Voltage vs. harmonics test results when the complete measurement chain is concerned.

Figure 12. Current vs. harmonics test results when the complete measurement chain is concerned.

As far as the ROCOF is concerned, Figure 13 shows the comparison between the calibration
results with and without the LPIT. Two comments arise from the graphs: firstly, the harmonics that
affected the PMU are confirmed to be an issue also in the presence of an LPIT. Secondly, the harmonics
sensitivity has increased with the introduction of the LPIT, as it can be seen in the ninth and eleventh
harmonic results. However, considering that the obtained values remain within the limits fixed by
the Standards, the influence of specific harmonics on the PMU evaluation is typical in off-the-shelf
devices [42]. Furthermore, a slight increase of the errors was reported even in the standard tests
performed in [4]. Such phenomena could be associated with the design of the algorithm included in
the PMU.
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Table 5. Measurements vs. harmonics results, complete measurement setup.

#H Vm [V] σV [V] Vmax [V] Vmin [V] Im [A] σI [A] Imax [A] Imin [A] ROCOF [Hz/s] σR [Hz/s] ROCOFmax [Hz/s] ROCOFmin [Hz/s]

3 935.8 0.2 938.3 932.4 100.352 5 · 10−3 100.469 100.274 0.00227 6 · 10−5 0.00484 0.00105

5 934.3 0.2 938.9 931.9 100.412 4 · 10−3 100.486 100.304 0.00135 7 · 10−5 0.00507 0.00014

7 937.5 0.2 939.8 932.8 100.352 3 · 10−3 100.433 100.285 0.00546 7 · 10−4 0.0163 0.0000

9 935.1 0.2 938.8 931.4 100.344 6 · 10−3 100.450 100.260 0.01878 2 · 10−4 0.0259 0.0153

11 935.0 0.2 939.0 931.5 100.357 6 · 10−3 100.470 100.244 0.01922 1 · 10−4 0.0222 0.0123

13 936.2 0.2 939.3 932.2 100.343 6 · 10−3 100.462 100.245 0.01790 2 · 10−4 0.0209 0.0114

15 934.0 0.2 937.8 930.6 100.381 7 · 10−3 100.481 100.262 0.01214 1 · 10−4 0.0178 0.0090

17 934.4 0.1 937.6 931.3 100.383 2 · 10−3 100.462 100.313 0.00217 1 · 10−4 0.0055 0.0002

19 935.4 0.3 939.3 931.8 100.348 6 · 10−3 100.455 100.238 0.00213 7 · 10−5 0.00406 0.00006

21 935.4 0.2 938.7 932.8 100.332 3 · 10−3 100.388 100.260 0.00108 5 · 10−5 0.00360 0.00002

23 936.3 0.2 940.2 933.3 100.325 3 · 10−3 100.387 100.264 0.01444 2 · 10−4 0.0169 0.0003

25 935.7 0.2 938.6 933.1 100.329 4 · 10−3 100.409 100.244 0.01726 2 · 10−4 0.0210 0.0134
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Figure 13. ROCOF vs. harmonics measurement results using both proposed measurement setups.

4.3. Frequency and Phase Tests Results

In this last subsection, particular attention is given to the frequency and phase tests. This is due to
their importance for the power network; in fact, the frequency measurement is crucial to maintain its
value within limits acceptable for the grid. The phase instead is paramount in all the power evaluation
and computation for the power network components.

Starting from the frequency, the aforementioned tests included its measurement, and the mean
value and standard deviation have been computed in all cases. For the sake of clarity, frequency test
results have been processed considering them as a calibration curve, which differs from an ideal one.
More in detail, gain error k and non-linearity error δ have been calculated as:

k =
g− gn

g
, (3)

δ =
max

{∣∣∣ fM,i − g fR,i
∣∣∣}

max
{

fM,i
} , (4)

where g and gn are the angular coefficients of the best fit line of the calibration curve and the ideal
characteristic line, respectively. As for δ, fM and fR are the measured and reference frequencies,
respectively. k and δ have been computed for all of the four cases: tests vs. frequency and vs.
harmonics, with or without LPIT. Results are summarized in Table 6.

Table 6. Frequency results, gain and non-linearity error.

Setup
Tests vs. Frequency Tests vs. Harmonics

k [%] δ [%] k [%] δ [%]

PMU −0.0015 0.0147 −0.0015781 0.0114

LPIT + PMU −0.0082 1.2668 −0.0127069 0.2058

Overall, frequency measurements results are very satisfactory in both terms of gain and
non-linearity error. The exception regards the non-linearity when the setup LPIT + PMU is concerned.
However, the value is acceptable, considering that the frequency variation issue is always controlled
by the three levels of frequency regulation along the power network. Furthermore, tests results only
considering the PMU have an associated standard deviation of the mean in the order of 10−5 V, which is
degrading to 10−3 V when the instrument transformer is also considered.

As far as the phase difference is concerned, all tests included the phase difference evaluation
among voltage and current (or between two channels in the case of the setup with only the PMU).
This phase difference was set at 0.5233 rad for all tests, for the sake of comparison. In Figures 14 and 15,
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results are presented. In Figure 14, the tests vs. frequency highlight that, without any sensor, the PMU
is computing the phase difference with almost no distinction from the reference value. However, in the
complete measurement chain, a higher discrepancy is obtained, (considering it satisfactory in absolute
terms). Standard deviations of the mean are confirming the goodness of the results. They are in the
order of 10−5 rad and 10−4 rad in the absence of LPIT or not, respectively. As for the reference, it
provides the phase values with a standard uncertainty of 5·10−5 and 9·10−5, for current and voltage
tests, respectively. The same comments can be drawn in the case of the phase vs. harmonic test.

Figure 14. Phase difference vs. frequency measurement results using both proposed measurement setups.

Figure 15. Phase difference vs. harmonics measurement results using both proposed measurement setups.

It can be stated that the calibration procedure presented in this work allows an assessment of the
performance of the LPIT + PMU system. Such an evaluation included a preliminary set of tests on the
PMU alone; from which, the effects of the presence of the LPIT have been demonstrated. Furthermore,
the tackled frequency range, up to 0.5234 rad, has been used because is the typical phase shift value of
the load in actual applications. However, in [4] and [20], the LPIT + PMU measurement chain was
tested with phase difference values, between voltage and current, ranging from 0◦ to 90◦. The obtained
results are consistent with the ones here presented.

Finally, by considering that the results have been expressed in terms of ratio for the amplitude
and phase difference for the phase shifts, the computation of the TVE was avoided. This in accordance
with [1], which confirms that in practical situations, it is common to refer to the TVE single contributions
to highlight their variation.

5. Conclusions

PMUs are key elements for Smart Grid operation; however, they always work combined with a
sensing element. Such an element could be a low power instrument transformer, as it is happening
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more and more in recent years. To this purpose, the authors proposed and characterized, in previous
work, a measurement system composed by LPIT + PMU. From the obtained satisfactory results,
the work continued presenting a simple calibration procedure to assess LPITs and PMUs during
non-sinusoidal and distorted operation (frequency variations and harmonics superimposed to the
fundamental). This further step has been done for two main reasons: (i) there is no standard that
indicated how to perform tests on such a novel measurement chain (LPIT + PMU); (ii) even single
standards for LPITs and PMUs do not always cover all aspects regarding the off-nominal conditions of
the network.

The presented procedure, applicated to a common case study, resulted in being significant for the
system and performance evaluation. As a matter of fact, the tests present results in accordance with
the related Standards. In addition, the described case study highlighted the goodness of the LOCO
PMU developed by the authors when working in off-nominal conditions.

As a final comment, this work, together with other existing literature can represent a starting
point for the preparation of a Standard document aimed at testing real, in-field installed, LPIT + PMU
systems in actual operating conditions. Therefore, the next step will be the study of peculiar waveforms
and tests to be used to replicate the actual operating conditions of both sensors and PMUs.
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