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Implementation of a Virtualized PMU 1n a CPC
platform based on IEC61850 Sampled Values

Anibal Antonio Prada Hurtado, Mario Manana, Maria Teresa Villén Martinez, Miguel Angel Olivan Monge,
Eduardo Martinez Carrasco and Carlos Rodriguez del Castillo

Abstract— This paper presents the implementation of Phasor
Measurement Units (PMUs) using IEC61850 Sampled Values
(SV) in a Centralized Protection and Control (CPC) platform
called EPICS platform. The SV-PMU microservice is developed
and implemented via software on an EDGE Server. Two versions
of the SV-PMU microservice were implemented and evaluated,
the first one uses a two-cycle FIR filter, and the second one uses a
one-cycle FIR filter. Both implementations use the signals
generated by a Stand-Alone Merging Unit as input. The SV-PMU
microservice performance is evaluated in the laboratory in both
steady and transient states according to IEEE/IEC 60255-118-
1:2018 standard. The evaluation tests were executed using a Real-
Time Digital Simulator (RTDS). Two methods for the evaluation
of the behaviour of the PMUs in terms of TVE, FE and RFE were
implemented. The tests results demonstrate the microservice’s
compliance with the synchrophasor standards requirements in
terms of TVE, FE, RFE and latency. Future improvements are
required to warrantee the TVE values during 10 % rated current
magnitude test. This implementation enhance the EPICS
platform’s capabilities as a CPC system in Digital Substations
and to contribute to the deployment of Wide Area Monitoring,
Protection, and Control (WAMPAC) systems in the power grid.
This work includes the comparison of the behaviour of SV-PMU
microservice with a commercial PMU to validate its real-world
applicability.

Index Terms— IEC61850, Sampled Value, Phasor measurement
units, Stand Alone Merging Unit, Centralized Protection and
Control, Wide area measurements, Digital Substations.

I INTRODUCTION

OWADAYS, power systems are undergoing rapid
changes in terms of grid operation, due to the need to
meet greenhouse gas emission reduction targets by
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the year 2050. To achieve this goal, countries are executing
plans for accelerated installation of renewable generation
sources, thereby replacing fossil fuel-based generation
sources. On the other hand, a digitization plan is also being
implemented with the aim of saving construction and
maintenance costs, as well as optimizing operation with the
processing of large amounts of information using Big Data
techniques and Artificial Intelligence that can work in times
very close to real time.

The dynamics of the grid have been affected by the transition
to renewable energy sources with power electronics interface
device (PEID), as they have a different behaviour than that
provided by synchronous generators. For example, effects
have been observed in the behaviour of protections, and
changes in frequency variations due to disturbances caused by
the decrease in system inertia. For example in [1] and [2] are
highlighted the issues related with the distance protections in
electrical power systems with renewable generators with PEID
and possible solutions are proposed. In [3], the behaviour in
front of short-circuits associated with renewable generation
with PEID is explained and is compared with the behaviour
associated with the synchronous generators. The impact of
renewable generation on grid inertia and frequency response
of the Indian and European power systems is highlighted in
[4] and [5]. The impact of inverted based generation on power
system dynamics and short-circuits performance are
highlighted in [6]. In [7] a method is proposed to estimate the
maximum penetration level of renewable generation based on
frequency stability constrains in power grids.

Traditionally, control centers have based their operation on
measurements that are refreshed approximately every 1-4
seconds, supervised by a SCADA system. With this time
resolution and information, it is not possible to execute
algorithms that operate near real time. As an alternative to the
above, the WAMPAC systems are presented, which can
provide more accurate and time-synchronized information
about the state and dynamics of the grid. A WAMPAC system
use synchrophasor measurements generated by Phasor
Measurement Units, which are capable of generating data up
to every 8 ms (120 fps) or 16 ms (60 fps) in a 60 Hz Power
System, or every 10 ms (100 fps) or 20 ms (50 fps) in a 50 Hz
Power System (depending of the data rates available in the
device), synchronized in time in compliance with IEEE/IEC
60255-118-1:2018 standards [8] [9] [10] [11]. More
information about WAMPAC systems can be found in [12],
where it is explained, in general, the basics of this kind of
systems. Related with WAMPAC systems applications, in [13]
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is proposed an algorithm for islanding detection of distributed
generation; a wide-are inter-area oscillation control in the
Great Britain electrical power system is proposed in [14]; and
different wide-area protection algorithms are described and
proposed in [15] and [16].

Typically, conventional PMU needs to have secondary
voltages and currents wired in order to work properly. In the
process of digitalization of the substations, starting the
measurements with Stand-Alone Merging Units (SAMU) or
digital instrument transformers, it is natural for the evolution
of PMUs to move towards the use of measurements based on
IEC61850 SV [17] [18]. The IEEE/IEC 60255-118-1:2018
standard [8], in its Annex E, opens the door to this possibility
and generally defines how it should operate and the evaluation
criteria. Few commercial devices offer this capability as the
described in [19] or the SV based distributed solutions detailed
in [20]. In [21], a comparison of the behaviour between
conventional PMU and the combination of commercial SAMU
+ SV based PMU is shown, concluding that this combination
is feasible of its use in synchronized phasor measurements
systems like WAMS or WAMPAC.

Some non-commercial implementations of PMUs based on
IEC61850 SV, called SV-PMU, have been found in the
literature. In [22], a preliminary study of measurement of
synchrophasors with SAMUSs is presented. During that study
the SV-PMU was not implemented in hardware, and the
comparison of the measurement results between a
conventional PMU and the phasor estimation using the SVs
collected are performed in a post-processing stage.

In [23] and [24], the SV-PMU is implemented in an
embedded industrial controller (NI cRIO-9068) with Linux
Real-Time OS and a re-configurable FPGA board. The authors
explain that they detect some bottlenecks related to the
behaviour of the ethernet communication ports when the host
computer (NI PXle 1062Q) is communicating with the
controller. It is not possible to have more than one ethernet
port active at a time. The scalability of the solution is not
represented, the paper is focused on the implementation of a
single SV-PMU.

As novelty, the present paper includes the following items:

» Proposes and develops a SV-PMU microservice
(IEEE/IEC 60255-118-1:2018 performance — P-
class), implemented via software in a generic
hardware platform like an EDGE Server. The
implementation was done using Docker containers
[25] and microservices, following the instructions
defined in the standards [8] [9] [10] [11].

» Two methods were implemented for the evaluation of
the PMUs’ behaviour. The first is a real-time
evaluation using a Real-Time Automation Controller,
and the second is an offline evaluation using a Python
Script. The evaluation was conducted according to
the limits defined in [8].

This work is part of the EPICS project (Edge Protection
and Intelligent Control in Substations) [26]. This
implementation enhances the number of microservices

provided by the EPICS platform, which final goal is to operate
as a Centralized Protection and Control system in the Digital
Substations, with the capability to feed with accurate
measurements a WAMS or WAMPAC system associated with
a Transmission or Distribution electrical system. Parts of this
work were previously presented in [27] during IEEE AMPS
2024 congress and are extended in this document.

The new contributions compared with the IEEE AMPS
2024 congress include: The performance evaluation is done by
implementing de SV-PMU microservice with a real-time patch
to the Linux kernel. An additional SV-PMU microservice
implementation has been done to obtain Synchrophasor
measurements with lower latency. New tests, like modulation
tests (Measurement Bandwidth) and latency measurements,
are included. Additionally, the performance of the SV-PMU
microservice is compared with that of a commercial PMU.

The paper is structured as follows. Section Il presents a
general description of the EPICS platform. Section Il
describes the implementation of the SV-PMU microservice.
Section IV outlines the laboratory infrastructure used during
this work. Section V details the tests executed and the
evaluation criteria for the SV-PMU microservice. Section VI
presents the test results. Finally, Section VII presents the
conclusions.

1. EPICS PLATFORM DESCRIPTION

EPICS is a software-based CPC platform, designed to
execute protection, control and automation algorithms in
digital substations in a centralized way. EPICS separates
hardware and software in protection and control systems and
implements an architecture based on containerized
microservices executed on generic hardware such as a
conventional server. Then, EPICS platform is not built using
vendor-specific software nor hardware. It is worth noting that
EPICS is tested over a server Lenovo ThinkSystem SE350
with 16 Intel Xeon D-2183IT (16 cores) at 2.2 Ghz with 64
GB of memory. The server has an “Edge Computing” design
with significant smaller dimensions than traditional servers
giving enough flexibility for its installation in field. The
operating system used in that server was Rocky Linux 9.0. In
this work, the PREEMPT_RT patch [28] was applied to the
Linux kernel in order to give to the kernel real-time
capabilities such as priority inheritance, threaded interrupt
handlers and high resolution timers. This patch minimizes the
non-preemptible code in the kernel allowing to reduce the
worst-case latencies. Additionally, the use of real-time
programming techniques, real-time schedulers and system
configuration [29] helped also to contain these latencies as it
can be seen in the latency results of this work.

Currently, different developments have been implemented
in the EPICS platform. For example, [30] explains the
implementation related to an analog processing module based
on IEC61850, [31] provides more details about the
infrastructure of the EPICS platform, and [32] describes the
implementation of a novel faulted phase selection algorithm
for a distance protection.
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I1. IMPLEMENTATION OF SV-PMU MICROSERVICE

Within the context of the EPICS project, the necessity
arises to improve the capabilities of the EPICS platform,
including a new feature able to provide PMU measurements
using the voltage and current measurements supplied by the
multiple SAMUs installed in the digital substations. The main
goal for this work is to implement the PMU microservice,
called the “SV-PMU microservice”, in the EPICS platform and
evaluates its behaviour considering the performance
requirements specified in the standards.

Multiple PMU algorithms exist in the literature, and their
theoretical principles and performance are compared through
simulations in [33]. However, the implementation of the SV-
PMU microservice described and tested in this work is based
on the transcription of the reference signal processing models,
specifically P-class, as described in both IEEE C37.118.1-
2011 Annex C [9] [10] and IEEE/IEC 60255-118-1:2018
Annex D [8]. These reference models describe the algorithms
and filters used to obtain phasors from timestamped sampled
signals. In that way, the Sampled Values fulfilling the time
requirements of the IEC 61869-9 [34] standard, as the
generated by a SAMU, are an example of those kind of
sampled signals.

In particular, the Annexes describe the low pass filter for
both P-class and M-class phasors, the quadrature oscillator
used to calculate the complex value of the phasor for each
single phase, the timestamp compensation for low pass filter
group delay, and the estimation of frequency and ROCOF
using the positive sequence phasor obtained by the
symmetrical component transformation of the single phase
phasors.

Two versions of the SV-PMU microservice were
implemented during this work, the first one uses a two-cycle
Finite Impulse Response (FIR) filter, and the second one uses
a one-cycle FIR filter. The former follows the Reference
signal processing model defined in the standard and latter tries
to optimize the first one in order to give a synchrophasor value
with lower latency.

Related with the timestamping of the computed phasors,
the FRACSEC and SOC values are calculated by considering
the SV smpCnt counter that is synchronized as stated in IEC
61869-9 (synchronized by PTP protocol in this work) and
assured by the phase displacement limits for different
accuracy classes described in IEC 61869-13[35]. In this way,
the relative timestamp of a sample inside a second (FRACSEC
in PMU protocol) is calculated by considering FRACSEC =
smpCnt x sampling_period. The seconds of the timestamp
(SOC in the PMU protocol) of the synchrophasor is calculated
using the absolute timestamping of the server system time and
deducing the second which this smpCnt belongs. It should be
noted that during this work the NTP in the local network was
used as the method for system time synchronization (see
section 1V). It has to be remarked that the NTP client reported
a maximum time error < 300 ps and the offset < 10 ps and
then, the NTP time synchronization of the system is enough to
identify the SOC of the synchrophasor.

A general diagram of the implementation of the SV-PMU
microservice in the EPICS platform can be observed in Fig. 1.

The platform can manage and process multiple IEC 61850
Sampled Values (SV) frames published by the SAMUs
installed in field using the i61svs microservice. The outputs of
the i61svs microservice are available to be used by multiple
protection and control microservices. For this implementation,
the outputs of the i61svs microservice are used by the SV-
PMU microservice to calculate and generate the PMU servers
needed for each implementation.

The SV-PMU microservice implemented during this work
is a versatile microservice because it could manage at the
same time multiple sampled values frames existent in the
field, calculates all synchrophasors and finally serve to
multiple PMU clients depending on their needs. The SV-PMU
microservice is composed of three layers. The first layer,
called the PMU generator, uses the outputs of the i61svs
microservice to calculate the synchrophasors of each sampled
value frame. The resulting synchrophasors are stored and
managed by an interprocess communication module called the
PMU REAL-TIME DATA MANAGER (second layer), where
all the resulting synchrophasor information are available to be
accessed by the PMU servers module (third layer). The third
layer is responsible for creating all the PMU servers needed
by the specific application, and each server will be subscribed
to by the PMU clients (typically Phasor Data Concentrators
PDCs) that are external to the EPICS Platform. The SV-PMU
microservice implemented during this work has a reporting
rate of 50 frames per second (50 Hz).

PMU clients
g
£9 PDC #1
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<<
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o g ;
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Fig. 1. General diagram of SV-PMU microservice in EPICS Platform.

V. LABORATORY INFRASTRUCTURE

A general diagram of the laboratory testbed used in this
work is presented in Fig. 2. As illustrated in the figure, the
testbed primarily consists of the following components:

e A Real-Time digital simulator (RTDS): Generates any
type of synthetic signals required for the evaluation of
the “SV-PMU microservice”.

e A GTNETx2 SV module of the RTDS: Publishes
IEC61850 SV stream (“RTDS IEC61850 SV”) at 4 kHz,
equivalent to 80 samples per cycle in compliant with
[17].

e A GTNETx2_PMU module of the RTDS: It operates as a
PMU server (“Server PMU-RTDS”) and is capable of
generating a synchrophasor frame in compliance with
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standards [9] [10]. The RTDS is time synchronized using
PTP protocol. During this study, a P-class synchrophasor
was used.

RTDS IEC 61850 SV
V-1

GTNETx2_SV/

MU IEC 61850 SV
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Fig. 2. General diagram of Laboratory testbed.

e The GTAO card of the RTDS: Converts the current and
voltage signals provided by the simulation into low-level
analog signals (+/- 10 V) needed by power amplifier.

e Power amplifier (Doble F6350): It converts the low-level
analog signals provided by GTAO into suitable phase to
ground secondary values (63.5 Vs, 1Asec) to be
connected to a conventional PMU and SAMU. Then,
both devices will receive the same input signals during
the evaluation process, ensuring that the errors and
accuracy associated with GTAO and the power amplifier
affect both devices in the same way.

e A commercial SAMU (“Reason MU320”): Converts the
secondary voltage and current values provided by the
power amplifiers into IEC 61850 SV frames (“MU
IEC61850 SV”) according to [17]. The sampling
frequency of this equipment is 4000 SPS (80 s/cycle).

e A commercial PMU (“PMU-COMER”): Converts the
secondary voltages and current values provided by the
power amplifiers into P-class synchrophasor frames
(“Server PMU-COMER”) according to [9] [10] [11].

e EPICS platform: The SV-PMU microservice and
auxiliary services are implemented on the platform. The
EPICS platform subscribes to both the “RTDS IEC61850
SV” and “MU IEC61850 SV” streams, and it is
responsible for generating the PMU servers called “SV-
PMU-RTDS” and “SV-PMU-MU”, using two instances
of the SV-PMU microservice.

e Real-Time Automation Controller (RTAC) SEL-3555:
[36]. This equipment is used during the real time
validation stage of the SV-PMU microservice. It will
manage the PMU information published by the EPICS
platform (“SV-PMU-RTDS” and “SV-PMU-MU”) as well
as the commercial PMU (“PMU-COMER”).

e Synchrowave monitoring (SW) [37]. This commercial
software tool is used during the offline validation stage

of the SV-PMU microservice. It will manage the PMU
information published by EPICS platform (“SV-PMU-
RTDS” and “SV-PMU-MU”) as well as the commercial
PMU (“PMU-COMER”).

The RTDS modules (GTNETx2_SV, GTNETx2_PMU and
GTAO) use the same voltages and currents values generated
by the real-time digital simulation as input signals, ensuring
valid comparisons between PMUs (“PMU-COMER”, “SV-
PMU-RTDS”,  “PMU-RTDS”  and  “SV-PMU-MU”).
Furthermore, all the devices are time-synchronized using a
GPS Clock (SEL-2488). The time synchronization protocol
used by each device during this work is specified in Fig. 2.
The GPS clock has a peak time stamp accuracy of + 100 ns for
PTP and demodulated IRIG B protocols, and <100 ps for NTP
protocol. A PTP-compliant Ethernet switch (Hirshmann
Greyhound) was used to distribute the PTP frames. Both the
RTDS and the SAMU reported being time-synchronized
(Clock Locked) with PTP, achieving a time quality accuracy
of <1 ps. The NTP protocol is used to synchronize the EPICS
server, allowing the identification of the synchrophasor
timestamp SOC, as explained in section Ill, and the frame
timestamping during latency measurements testing, as
explained in section V.

Finally, it is necessary to highlight that both the SAMU
and the PMU-COMER have the same settings related to the
voltage and current conversion ratios to ensure the correct
calculation of the primary voltage and current values
associated with the secondary values injected by the power
amplifier.

V. TEST DESCRIPTION AND EVALUATION CRITERIA

This section includes a description of the tests carried out
to check SV-PMU microservice operation (subsection A).
Furthermore, the tolerances selected during tests are
summarized in subsection B. A detailed description of the
methodology used to check the SV-PMU microservice
operation is described in subsection C. Finally, in subsection
D is explained the latency performance evaluation method.

A. Tests description.

To assess the performance of the SV-PMU microservice
implemented on EPICS platform, the outputs of the SV-PMU-
RTDS and SV-PMU-MU, generated by the microservice, were
evaluated. A series of steady-state, transient-state and latency
tests were conducted to evaluate the operation of the SV-PMU
microservice. These tests were selected from the IEEE/IEC
60255-118-1:20218 standard [8]. Following, the tests included
during the study are listed:

a) Steady state tests.

Steady state tests have a duration of 10 minutes.
Following, these tests are listed:
o Signal frequency tests: The operation is checked when the
frequency of the voltage and current sources is 48, 50 and
52 Hz. Intermediate values of frequency were not
considered during this work because the worst values of
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Total Vector Error (TVE), Frequency Error (FE) and Rate
of change of Frequency Error (RFE) are expected in the
tests associated with the frequency limits (48 Hz or 52 Hz),
as demonstrated in [33].

o Signal magnitude voltage tests: The operation is monitored
when the magnitude of the voltage sources is at 80 %,
100 % and 120 % of the rated voltage. During tests, a rated
voltage of 230 kV phase-neutral is considered (63.5 V
phase-neutral secondary). Intermediate values of voltages
were not considered during this work because the worst
values of TVE, FE and RFE are expected in the tests
associated with the lower voltage limit (80 %).

¢ Signal magnitude current tests: The operation is evaluated
when the magnitude of the current sources is at 10 %,
100 % and 200 % of the rated current. During tests, a rated
current of 2 kA is considered (1 A secondary).
Intermediate values of currents were not considered during
this work because the worst values of TVE, FE and RFE
are expected in the tests associated with the lower current
limit (10 %).

e Harmonic distortion tests: The operation is examined when
there are harmonics in the voltage, as specified in [8].

b) Transient state tests.

e Measurement Bandwidth: The test involves applying
sinusoidal modulation to both the amplitude and phase
angle of the three-phase input signals (voltage and current
sources). The amplitude modulation and phase angle factor
cannot be applied simultaneously, and each is limited to a
maximum value of 0.1. Additionally, a modulation
frequency in the range of 0.1 to 2 Hz is applied during the
tests.

e Frequency ramp tests: The operation is tested when the
frequency of the voltage and current sources vary
periodically from 48 to 52 Hz (triangular behaviour), with
a ramp rate of +1 Hz/s. This test lasts for 10 minutes.

e Step Change in Magnitude: These tests involve generating
a voltage and current step of 1.1 p.u. and 0.9 p.u.

e Step Change in Angle: +10° and —10° steps in the current
angle.

c) Latency tests.

During these tests, the latencies of the PMUs are measured.
The PMU latency is defined as the time difference between
the synchrophasor timestamp and the time when this
synchrophasor leaves the PMU communication port [8].

The latency must be evaluated for at least 20 minutes,
during this work the latency was evaluated for 30 minutes
following the recommendation of the standard [8].

B. Evaluation criteria.

The performance of the PMU is evaluated, as outlined in
[8], by calculating the Total Vector Error (TVE), Frequency
Error (FE) and Rate of change of Frequency Error (RFE). The
tolerances used to assess the behaviour of the SV-PMU
microservice and commercial PMU outputs are provided in

TABLE I.

The analog to digital conversion process of the voltage and
current measurement, executed by an instrument transformer
or SAMU, have intrinsic errors that are considered in the
threshold limits presented in TABLE 1. However, when this
digitalization process does not exist, the thresholds limits used
for the evaluation of the PMU algorithm must be reduced
according to the standard [8]. This specific case applies to the
performance evaluation of the SV-PMU-RTDS and the
threshold limits are detailed in TABLE Il. At rated frequency,
the standard [8] indicates that the conversion algorithms are
very precise and contribute almost no error, reducing the limit
of TVE up to 0.01%. For off rated frequency tests, the reduced
limit of the TVE is 0.5%. Related with the Frequency and
ROCOF accuracy under steady-state conditions, the limits are
reduced by a factor of 2, i.e. FE= 0.0025 Hz and RFE=0.2
Hz/s. In transient state conditions, the thresholds limits are the
same than presented in TABLE I.

TABLE I
CONTROL VARIABLES THRESHOLDS TO CHECK SV-PMU
MICROSERVICE OUTPUTS

Steady State

Control Variables Transient State

Tolerances Tolerances
Max TVE (%) 1 1
Max FE (Hz) 0.005 0.01
Max RFE (Hz/s) 0.4 0.4
TABLE II.
CONTROL VARIABLES THRESHOLDS TO CHECK SV-PMU-RTDS
OUTPUTS
Conrol Variables Steady State Transient State
Tolerances Tolerances
0.01 at rated frequency
0,
Max TVE (%) 0.5 off rated frequency !
Max FE (Hz) 0.0025 0.01
Max RFE (Hz/s) 0.2 0.4

For the frequency ramp tests, the exclusion intervals
defined in [8] were considered. The TVE, FE and RFE values
were ignored when the frequency exceeded 51.92 Hz or was
below 48.04 Hz. The exclusion intervals are used to disregard
transitory transitions when the frequency slope changes during
the test.

For the Step tests, the standard [8] specifies a maximum
overshoot/undershoot equal to 5 % of the step, with a response
time for TVE of less than 60 ms (3 reporting intervals), a
response time for frequency of less than 0.09 s, and a response
time for ROCOF of less than 0.12 s.

For the measurement bandwidth test (modulation tests), the
standard [8] specifies higher thresholds than those described in
Table 1. In this scenario, the new thresholds are TVE=3 %,
FE= 0.06 Hz and RFE=2.3 Hz/s for a reporting rate equal to
50 Hz.

For latency evaluation, the standard [8] specifies that the
maximum allowed latency for PMU is 42 ms.

The laboratory testbed described in Section IV is used to
evaluate the operation of the SV-PMU microservice.
Additionally, the testbed is utilized to obtain measurements
from a commercial PMU, which are used for comparison with
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microservice operation.

C. Evaluation methods for TVE, FE and RFE

As said before in section IV, The RTDS modules
(GTNETx2_SV, GTNETx2_PMU and GTAO) use the same
voltages and currents values generated by the real-time digital
simulation as input signals, ensuring valid comparisons
between PMUs “PMU-COMER”, “SV-PMU-RTDS”, “PMU-
RTDS” and “SV-PMU-MU”.

The signal provided by PMU-RTDS server is used as
reference during the evaluation process, for the calculation of
the TVE, FE and RFE. The standard [8] specifies that a
traceable synchronized signal generator shall be used to verify
the performance. In absence of that generator, the PMU-RTDS
is used as reference. In [38] extensive tests were done to the
GTNETx2_PMU module obtaining good results. In [39] and
[40] is expressed that the GTNETx2_PMU module has a
TVE<0.01 % at their test facilities which trace back to
metrological authority. This value enables the possibility to
use the PMU-RTDS as a valid reference for PMU evaluations
in the 1 % TVE limit.

Two evaluation methods have been used during this study.
The first method focuses on assessing the real-time
performance of the SV-PMU microservice, while the second
method involves an offline evaluation. Following, a detailed
description of these methods is carried out.

a) Real-time evaluation method: The RTAC SEL-3555,
described in section 1V, is employed to carry out this task.
The evaluation criteria (TVE, FE and RFE), previously
defined, are implemented within the RTAC using the IEC
61131-3 programming language [41], [42], [43]. The
evaluation process involves continuously monitoring and
comparing the outputs of the SV-PMU microservices (SV-
PMU-RTDS and SV-PMU-MU), as well as those of the
commercial PMU (PMU-COMER), against the reference
values provided by “PMU-RTDS”. If any of the
monitored values exceed the tolerance limits defined in
[8], a COMTRADE file is generated for post-mortem
analysis.

b) Offline mode evaluation method: This method is
performed in offline mode using a Python script to
process the .CSV files generated by the Synchrowave
Monitoring software (SWM) [37]. The script calculates
the TVE, RFE and FE of the SV-PMU microservice
outputs (SV-PMU-RTDS and SV-PMU-MU) as well as
evaluates the performance of the commercial PMU
(PMU-COMER), using the values from “PMU-RTDS” as
a reference. The script outputs the maximum, average,
standard deviation and tolerance evaluation for the TVE,
RFE and FE.

D. Evaluation methods for latency

Two different kinds of measurements have been designed
to characterize the PMUs latency during this work: First, in
the case of SV-PMU microservice, the time is measured
between the timestamp of the measured synchrophasor and the

time when it is sent by the EPICS platform. Second, in the
case of PMU-COMER, the time is measured between the
timestamp of the PMU-COMER synchrophasor and the time
when it is received by the EPICS platform, giving an upper
bound latency scenario in this case. The evaluation of the time
of communication is obtained using tcpdump command and
synchronizing the system with the GPS Clock via NTP. In this
work the offset and max error of the NTP synchronization has
been also monitored as can be seen in the results (section VI).
The latency data was stored for 30 minutes. During this tests it
is verified that the measured latency is lower than the required
by the standard (<42 ms) [8].

VI. TEST RESULTS

This section summarizes the most representative results
obtained from tests described in Section V. It includes the
performance of the control variables (TVE, FE, RFE) for each
testing scenario. Subsection A presents the performance of the
SV-PMU microservice when the EPICS input signal comes
from RTDS (SV-PMU-RTDS). The performance of the SV-
PMU microservice when the input signal comes from a
SAMU using a two-cycle FIR (SV-PMU-MU “two-cycle
FIR”) and one-cycle FIR filter (SV-PMU-MU “one-cycle
FIR”) is presented in Subsection B and Subsection C,
respectively. Subsection D compares the performance between
the commercial PMU (PMU-COMER) and the SV-PMU-MU
“one-cycle FIR”. The evaluation of the PMUs’ performance is
based on the criteria defined in Section V.

A. SV-PMU-RTDS Results

a) Steady state test results.

TABLE Il presents the maximum values of TVE, FE and
RFE obtained during steady-state tests. Based on these results,
it is concluded that in all study cases, the TVE, FE and RFE
values fall within the defined limits. The maximum TVE value
was obtained during the frequency test at 52 Hz, reaching
0.206 % (Mean value = 0.148 %, Standard deviation “c” =
0.0452 %).

TABLE IlI.

STEADY STATE TEST RESULTS, SV-PMU-RTDS

Type test Max TVE Max FE Max RFE lr_lsi_de

(%) (Hz) (Hz/s) limits
Magnitude Voltage 8.73E-05 0 2.64E-07
Magnitude Current 0.00045 0 2.12E-07
Harmonic distortion 0.02047 0 2.29E-07
Frequency 0.206 0 2.86E-06

b) Transient state results

These tests are divided into Frequency ramp test and Step
Change in magnitude and angle. During the Frequency Ramp
test, the highest recorded TVE, FE and RFE values were
0.188 %, 0.00135 Hz and 0.0086 Hz/s respectively. Those
values are inside the limits defined by [8].

On the other hand, test results from Step Change in
magnitude and voltage are detailed TABLE IV. The obtained
results during tests are inside the limits defined by [8].

As can be seen in the test results of the SV-PMU-RTDS, the
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obtained values of TVE, FE and RFE are very low, indicating
that the performance of SV-PMU-RTDS is very similar to the
reference values (“PMU-RTDS”). This suggests that the
implementation of the SV-PMU microservice in the EPICS
platform is correct. However, this scenario is highly idealized
and unlikely to occur in the real world because the SV-PMU-
RTDS is obtaining the measurements directly from RTDS,
without any perturbation or real measurement element like a
SAMU.

information, in TABLE VI is represented the TVE values
(Maximum, mean and o) of the current signals obtained during
the Magnitude Current tests.

As an example, a summary of the TVE results obtained by
the SV-PMU-MU “Two-cycle FIR” in the frequency tests can
be observed in TABLE VII. The table shows the performance
of “Max TVE”, “Mean TVE” and “TVE ¢” depending on the
frequency of the test and the type of signal analyzed (current
or voltage). As can be observed, the lower values of TVE are

TABLE IV. obtained during voltage synchrophasors analysis (Max TVE of
STEP CHANGE IN MAGNITUDE, SV-PMU-RTDS voltage=0.410 % at 48 Hz). Furthermore, the maximum TVE
. Response Max value occurs during the evaluation of the current
Test Step Magnitude time (ms) Overshoot/un hrobh t 48 H
dershoot (%6) synchrophasors a z.
Step in Voltage lp.u.tol.lp.u. <60 ms 0%
Magnitude 1p.uto0.9p.u. <60 ms 0% TABLE VI.
StepinCurrent _ 1p.u.tol.1p.u. <60 ms 0% TVE VALUES, MAGNITUDE CURRENT TEST
Magnitude lputo0.9p.u. <60 ms 0% SV-PMU-MU “Two-cycle FIR”
Step in Angle +10° <60 ms 0% Curent o~ MaxTVE Men  TVEc  Inside
Step in Angle —10° < 60 ms 0% magnitude 9 (%) TVE (%) (%) limits
. . la 5.285 4.418 0.1984
To extrapolate the use of the SV-PMU microservice to the 10 % Ib 7124 6.230 0.2329
real world, a SAMU was used to measure the secondary Ic 4.056 3.278 0.2277
voltages and currents generated by the RTDS using the power la 0.502 0203 00753
2 . L ; 100 % Ib 0.462 0.143 0.0664
amplifier (Doble F6350). This scenario is more applicable, Ic 0525 0.216 0.0860
and the results can be compared with a commercial PMU. la 0.548 0.504 0.0098
The next subsection presents the tests results of the SV- 200 % b 0.288 0.248 0.0107
PMU microservice using a two-cycle FIR filter (SV-PMU-MU Ic 0.636 0.586 00122
“Two-cycle FIR”) and the sampled values provided by the TABLE VII.
SAMU. TVE VALUES, FREQUENCY TEST
SV-PMU-MU “Two-cycle FIR”
B. SV-PMU-MU “Two-cycle FIR” Results Max TVE — Mean T™VEo  Inside
) . Frequency  Signal %)  TVE@%) (%) limits
The test results of the SV-PMU-MU “Two-cycle FIR
. . la 0.691 0.301 0.0868
implementation are shown below. Ib 0.658 0.264 0.1065
Ic 0.687 0.312 0.0961
a) Steady state test results. 48 Hz A 0384 0225 00399
TABLE V presents the test results obtained during steady- xlc’ 8';%? 8522 8'8333
state tests, when a two-cycle FIR filter is implemented. Based la 0502 0.203 00753
on these results, it can be concluded that in the cases of b 0.462 0.143 0.0664
magnitude voltage, harmonic distortion and frequency tests, 50 Hz lc 0525 0216 0.0860
. 7 Va 0.151 0.051 0.0162
the values obtained for TVE, FE and RFE fall within the Vb 0.191 0.105 0.0122
defined limits. The maximum TVE value was obtained during Ve 0.158 0.059 0.0161
the frequency test at 48 Hz, reaching 0.691 % (Mean value = la 0513 0.184 0.0806
o s e 0 b 0.507 0.173 0.0852
0.301 %, Standard deviation “c” = 0.0868 %). . ic 0550 1% 00860
TABLE V. Va 0.221 0.133 0.0466
STEADY STATE TEST RESULTS, SV-PMU-MU “Two-cycle FIR” xs 8'3171 8'1‘2‘2 g'gjgg
Type test Max TVE ~ Max FE Max RFE  Inside - - -
P (%) (Hz) (Hz/s) limits
Magnitude Voltage 0.588 0.000473 0.037 .
Magnitude Current 7.12 0.001003 0.071 b) Transient state results.
Harmonic distortion 0.554 0.00134 0.1017 i ;
Frequency Y 0:00048 0.038 These tests are divided into Frequency ramp test,

In the case of magnitude current tests, it is observed that
the maximum TVE value exceeds the preset limit. This
happens in the test with 10 % of rated current where the
current magnitude is lower and any deviation in current
magnitude will be traduced in big deviations in the TVE of the
currents. In the tests with 100 % and 200 % of rated currents,
the TVE is within the limits defined by [8]. For additional

modulation tests in magnitude and phase angle, and Step
Change in magnitudes and angle.

TABLE VIII includes the Frequency ramp and modulation
tests results for the SV-PMU-MU (two-cycle FIR). The test
results from Step Changes are detailed in TABLE IX. All the
results are inside the limits defined by [8].
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TABLE VIII.
FREQUENCY RAMP AND MODULATION TESTS,
SV-PMU-MU “Two-cycle FIR”

Test Max. Max. FE Max. RFE Inside
TVE (%) (Hz) (Hz/s) limits
Frequency ramp 0.638 0.001732 0.0351
Modulation in 0644  0.00064 0.035
amplitude
Modulation in 0514  0.01073 0.734
phase angle
TABLE IX.
STEP CHANGE IN MAGNITUDE, SV-PMU-MU “Two-cycle FIR”
Response Max (%)
Test Step Magnitude . Overshoot/
time (ms)
undershoot
Step in Voltage 1p.u.to 1.1 p.u. < 60 ms 0.93 %
Magnitude 1p.uto0.9p.u. <60 ms 0.69 %
Step in Current 1p.u.tol.1lp.u. <60 ms 2.01 %
Magnitude 1p.uto0.9p.u. < 60 ms 3.53 %
Step in Angle +10° <60 ms 0.58 %
Step in Angle —10° <60 ms 0.57 %
c) Latency measurement.
The theoretical expected latency of the SV-PMU

microservice using a two-cycle FIR filter is 40 ms as it is
explained in [8].

The measured latencies of SV-PMU microservice using a
two-cycle FIR filter can be observed in Fig. 3 (Blue color).
The average value and the standard deviation obtained during
the evaluation were 40.88 ms and 0.00248 ms, respectively.
The measured worst case was below 40.97 ms. It is important
to note that those latency values are affected by the NTP error.
The NTP maximum error reported by the NTP server was
always below 300 ps during these tests. Taking that into
account, the measured latency is lower than required by the
standard (<42 ms) [8].

__ 4097 -

£ 40.96 + £

[} 2(;0 4(;0 6(;0 8(;0 1(;00 12‘00 14‘00 1(;00 1!;00
Time (s)
Fig. 3. SV-PMU-MU “Two-cycle FIR”, Latency measurements.

Observing the latency associated with the implementation
of the SV-PMU-MU “Two-cycle FIR”, a new version of the
SV-PMU microservice using one-cycle FIR filter (SV-PMU-
MU “One-cycle FIR”) was implemented to achieve a lower
latency and its performance can be observed in the following
section.

C. SV-PMU-MU “One-cycle FIR” Results

In this section, the test results of the SV-PMU-MU “One-
cycle FIR” implementation are presented.

a) Steady state test results.

TABLE X presents the test results obtained during steady-
state tests, when a one-cycle FIR filter is implemented. Based
on these results, it can be concluded that in the cases of
magnitude voltage, harmonic distortion and frequency tests,
the values obtained for TVE, FE and RFE fall within the
defined limits. The maximum TVE value was obtained during
the harmonic distortion test, reaching 0.823 % (Mean value =
0.792 %, Standard deviation “c” = 0.0085 %).

In the case of magnitude current tests, it is observed that
the maximum TVE value exceeds the preset limit. This
happens, as previously mentioned in the SV-PMU-MU “Two-
cycle FIR” results, in the test with 10 % of the rated current. In
the tests with 100 % and 200 % of rated currents, the TVE is
within the limits defined by [8].

TABLE X.

STEADY STATE TEST RESULTS, SV-PMU-MU “One-cycle FIR”

Tyne test Max TVE Max FE Max RFE Inside

yP (%) (Hz) (Hz/s) limits
Magnitude Voltage 0.546 0.0001003 0.069
Magnitude Current 1.52 0.001003 0.069
Harmonic distortion 0.823 0.0033 0.234
Frequency 0.781 0.00126 0.071

As an example, a summary of the TVE results obtained by
the SV-PMU-MU “One-cycle FIR” in the frequency tests can
be observed in TABLE XI. It shows that the TVE of voltages
and currents are inside the TVE limit. As can be observed in
the table, the lower values of TVE are obtained during voltage
synchrophasors analysis (Max TVE of voltage=0.620 % at 48
Hz). Furthermore, the maximum TVE value (0.781%)
occurred during the evaluation of the current synchrophasors
at 52 Hz.

TABLE XI.

TVE VALUES, FREQUENCY TEST
SV-PMU-MU “One-cycle FIR”

Frequency  Signal Max TVE Mean TVE o Ir_15i_de
(%) TVE (%) (%) limits
la 0.671 0.504 0.0745
Ib 0.720 0.525 0.0862
48 Hz Ic 0.632 0.469 0.0713
Va 0.496 0.386 0.0670
Vb 0.620 0.465 0.0765
Ve 0.554 0.386 0.0805
la 0.459 0.405 0.0144
Ib 0.466 0.382 0.0221
50 Hz Ic 0.479 0.399 0.0203
Va 0.404 0.387 0.0056
Vb 0.534 0.512 0.0061
Ve 0.348 0.326 0.0060
la 0.711 0513 0.0805
b 0.781 0.536 0.0959
52 Hz Ic 0.658 0.481 0.0756
Va 0.483 0.367 0.0749
Vb 0.553 0.433 0.0814
Ve 0.489 0.362 0.0838

Finally, it should be noticed that the maximum TVE
values obtained from both the SV-PMU-MU “One-cycle FIR”
and SV-PMU-MU “Two-cycle FIR” implementations, fulfil
the standard requirements. Furthermore, in voltage
synchrophasor analysis, the implementation of SV-PMU-MU
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“One-cycle FIR” shows an increment of the “Max TVE”,
compared to the two-cycle FIR implementation (see TABLE
VII).

b) Transient state results.

TABLE XII includes the frequency ramp and modulation
tests results for the SV-PMU-MU “One-cycle FIR”. The test
results from Step Changes are detailed in TABLE XIII. All the
results are inside the limits defined by [8].

TABLE XII.
FREQUENCY RAMP AND MODULATION TESTS,
SV-PMU-MU “One-cycle FIR”

Test Max. TVE Max. FE =~ Max. RFE Ir_15i_de
(%) (Hz) (Hz/s) limits
Frequency ramp 0.746 0.00248 0.072
Modulation in 0.635 0.00105  0.065
amplitude
Modulation in
phase angle 0.496 0.0245 0.762
TABLE XIII.
STEP CHANGE IN MAGNITUDE, SV-PMU-MU “One-cycle FIR”
. Response Max (%)
Test Step Magnitude time (ms) Overshoot/
undershoot
Step in Voltage 1p.u.to1.1p.u. < 60 ms 1.52 %
Magnitude lp.uto0.9p.u. < 60 ms 1.55 %
Step in Current 1p.u.tol.1lp.u. <60 ms 1.10%
Magnitude 1p.uto0.9p.u. < 60 ms 1.13%
Step in Angle +10° <60 ms 0.05 %
Step in Angle —10° <60 ms -0.09 %

c) Latency measurement.

The theoretical expected latency of the SV-PMU
microservice using a one-cycle FIR filter is 30 ms.

The measured latencies of SV-PMU microservice using a
one-cycle FIR filter can be observed in Fig. 4 (Blue color).
The average value and the standard deviation obtained during
the evaluation were 30.86 ms and 0.00417 ms, respectively.
The worst case measured was below 30.93 ms. The measured
latency is lower than required by the standard (<42 ms) [8].

30.94 -
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30.92 +

30.91 +
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Fig. 4. SV-PMU-MU (one-cycle FIR), Latency measurements.

In Fig. 4 can be observed also the NTP Offset (Orange
Color) reported by the data acquisition server. Near the second
1600 it is observed a correction of NTP time in the data
acquisition server. That NTP correction had an evident effect
on the latency measurement. Anyway, this graph is enough to
assess that the latency of SV-PMU microservice using a one-

cycle FIR filter is below the limit stated in the standard.
Furthermore, it should be noticed that the latency values
measured using one cycle FIR implementation are improved
compared to the latency values associated to SV-PMU-MU
“Two-cycle FIR” implementation. For future works, the PTP
time synchronization protocol may be used during latency
measurement tests due to its better performance compared
with NTP.

D. Comparison between SV-PMU-MU and PMU-COMER.

In this section, the behaviour of the SV-PMU-MU “One-
cycle FIR” is compared with that obtained by the PMU-
COMER. The comparison is done in terms of latency, steady-
state and transient state performance. The SV-PMU-MU “One-
cycle FIR” was selected for this comparison because it
achieved good results in all tests and has the lowest latency
compared to the SV-PMU-MU  “Two-cycle FIR”
implementation. It is necessary to highlight that the details of
the synchrophasor calculation algorithms implemented by the
manufacturer of the PMU-COMER are not known by the
authors. However, its performance is compared with that
obtained by the SV-PMU-MU microservice using a one-cycle
FIR filter under the same testing scenarios and testing signals.

a) Steady state comparison.

TABLE XIV and TABLE XV present the TVE, FE and
RFE values obtained during the frequency and the voltage
magnitude tests, respectively. From test results can be
concluded that the SV-PMU-MU performs better in terms of
TVE and RFE compared to the PMU-COMER, but in terms of
FE, it performs a little bit worse. However, both fulfil the
standard requirements.

TABLE XIV.
TVE, FE AND RFE VALUES, FREQUENCY TEST
SV-PMU-MU “One-cycle FIR ” and PMU-COMER

PMU Value Max Mean c 'I'.‘S'.de
Imits
0,
SV-PMU TVE (%) 0.781 0.5358 0.0958
MU FE (Hz) 0.00126 0.000295 0.000206
RFE (Hz/s) 0.071 0.015103 0.011874
PMU- TVE (%) 0.982 0.72 0.02369
COMER FE (Hz) 0.00088 0.000301 0.00016
RFE (Hz/s) 0.102 0.036028 0.01951
TABLE XV.

TVE, FE AND RFE VALUES, VOLTAGE MAGNITUDE TEST
SV-PMU-MU “One-cycle FIR” and PMU-COMER

PMU Value Max Mean 'I'.‘S'.de
imits
SV-PMU- TVE (%) 0.546 0.52155 0.00638
MU FE (Hz) 0.001003  0.000201 0.000155
RFE (Hz/s) 0.069 0.014339 0.011474
PMU- TVE (%) 0.674 0.60104 0.01838
COMER FE (Hz) 0.00085 0.000304 0.000165
RFE (Hz/s) 0.09559 0.035741 0.019148

TABLE XVI presents the TVE values obtained by the SV-
PMU-MU and the PMU-COMER during the steady state
current magnitude tests, under the scenario of 10% rated
current. It is necessary to highlight that the maximum values
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of TVE were obtained by both PMUs in the current signals,
reaching values around to the threshold limit. Furthermore, all
the TVE values related with 100 % and 200% current
magnitude tests fulfil the standard requirements.

Regarding the harmonic test behaviour, TABLE XVII
summarizes the TVE, FE and RFE performance of the SV-
PMU-MU “One-cycle FIR” and the PMU-COMER obtained
during the test. From test results, it is concluded PMU-
COMER performs better than the SV-PMU-MU, Nevertheless,
the obtained value of TVE, FE and RFE in both PMUs are
well below the limit required by the standard.

TABLE XVI.

TVE VALUES, MAGNITUDE CURRENT TEST: 10%
SV-PMU-MU “One-cycle FIR” and PMU-COMER
Current Signal Max TVE Mean TVE o Inside
magnitude (%) TVE (%) (%) limits
la 1.126 0.347 0.1664
Ib 1.518 0.628 0.2391
Ic 0.864 0.247 0.1262
SVPMU-MU- 0.409 0389 0.0056
Vb 0.535 0.511 0.0061
Ve 0.350 0.328 0.0059
la 0.973 0.395 0.1487
Ib 0.899 0.305 0.1406
PMU- Ic 0.778 0.250 0.1281
COMER Va 0.509 0.503 0.0017
Vb 0.545 0.539 0.0016
\ 0.506 0.499 0.0017
TABLE XVII.
TVE, FE AND RFE VALUES, HARMONIC TEST
SV-PMU-MU “One-cycle FIR” and PMU-COMER
PMU Value Max Mean c IIDS'.de
imits
SV-PMU- TVE (%) 0.823 0.792 0.0085
MU FE (Hz) 0.003300  0.000722 0.000530
RFE (Hz/s) 0.23384 0.05233 0.03983
PMU- TVE (%) 0.538 0.533 0.0016
COMER FE (Hz) 0.001026  0.000317  0.0001869
RFE (Hz/s) 0.1286 0.0375 0.0223

b) Transient state comparison

Regarding the comparison of behaviour in the frequency
ramp test, amplitude modulation tests and phase angle
modulation tests, similar behaviour was observed between the
SV-PMU-MU “One-cycle FIR” and the PMU-COMER. An
example of the observed behaviour can be seen in Fig. 5, Fig.
6, Fig. 7 and Fig. 8. Those figures are related to the frequency
ramp tests.

Fig. 5 includes a histogram of the TVE of the phase A
current evaluated for both the SV-PMU-MU (orange) and the
PMU-COMER (blue). It can be observed that the TVE band in
both cases are very similar. The mean value and standard
deviation of the histograms can be observed in the figure.

Fig. 6 includes a histogram of the TVE of the phase A
voltage evaluated for both the SV-PMU-MU (orange) and the
PMU-COMER (blue). In this case, it can be observed that the
TVE band is different in both cases, with better results
obtained by the SV-PMU-MU. Nevertheless, both PMUs meet
the standard requirement. The mean value and standard
deviation of the histograms can be observed in the figure.
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Fig. 7 includes a histogram of the resulting FEs evaluated
for both the SV-PMU-MU (orange) and the PMU-COMER
(blue). It can be observed that the FE band in both cases is
very similar. The mean value and standard deviation of the
histograms can be observed in the figure.
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Fig. 7. Comparison, Frequency ramp test, FE.

Fig. 8 includes a histogram of the resulting RFEs evaluated
for both the SV-PMU-MU (orange) and the PMU-COMER
(blue). It can be observed that the RFE band in both cases is
very similar. The mean value and standard deviation of the
histograms can be observed in the figure.

Regarding the comparison of behaviour in amplitude and
phase modulation test (See TABLE XVIII and TABLE XIX),
it is concluded that the TVE and RFE of the SV-PMU-MU
performs better than PMU-COMER. Nevertheless, the
obtained value of TVE, FE and RFE in both PMUs are below
the limit required by the standard.
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TABLE XVIII.

TVE, FE AND RFE VALUES, AMPLITUDE MODULATION TEST
SV-PMU-MU “One-cycle FIR ” and PMU-COMER

Inside

PMU Value Max Mean limits
SV-PMU- TVE (%) 0.635 0.383314 0.08436
MU FE (Hz) 0.00105 0.000216 0.000169
RFE (Hz/s) 0.065 0.014404 0.011533
PMU- TVE (%) 0.828 0.608702 0.065941
COMER FE (H2) 0.000862  0.000301 0.000164
RFE (Hz/s)  0.092825  0.035182 0.018475

TABLE XIX.

TVE, FE AND RFE VALUES, PHASE MODULATION TEST
SV-PMU-MU “One-cycle FIR ” and PMU-COMER

PMU Value Max Mean II(15|_de
imits
SV-PMU TVE (%) 0.495987  0.409137 0.016571
MU FE (Hz) 0.024497  0.001625 0.001899
RFE (Hz/s)  0.761985 0.124866 0.153737
PMU- TVE (%) 0.7252 0.593841 0.038319
COMER FE (Hz) 0.012211  0.001872 0.002194
RFE (Hz/s) 1.38212 0.129427 0.163558

c) Latency measurement comparison.

In terms of latency measurements of the PMU-COMER, an
upper bound latency was measured: a mean value of 28.54 ms
with a standard deviation of 0.127 ms. This latency is like that
obtained by the SV-PMU-MU “One-cycle FIR ”: a mean value
of 30.86 ms with a standard deviation of 0.00417 ms. The
measured latency of the PMU-COMER is less than 30ms,
which indicates that the PMU algorithm it uses is different
from the one implemented by SV-PMU-MU “One-cycle FIR”.

It has to be noted that the values of latency of PMU-
COMER and SV-PMU-MU cannot be precisely compared. On
one hand, the timestamp for the PMU-COMER accounts also
the trip time of the frame given the fact that it is measured
when the frame arrives to the EPICS server, whereas SV-
PMU-MU latency is measured when the frame reaches the
network interface (NIC driver) during sending process.
Additionally, the PMU-COMER time window and algorithm
are unknown making it difficult to account the latency
inherent to the time window. For the same reason it is also
difficult to determine latency coming from processing and
communications. In any case, the latency data measured here
show their trend, considering the aforementioned limitations.

VII. CONCLUSIONS

During this work a SV-PMU microservice (Performance —
P class) was successfully developed and implemented via
software in a generic hardware platform like an EDGE Server,
called EPICS Platform. The implementation was done using
Docker containers and microservices, following the
instructions defined in the standards [8] [9] [10] [11].

The SV-PMU microservice operation was evaluated using
a laboratory testbed with an RTDS. Two methods for the
evaluation of the TVE, FE and RFE behaviour of the PMUs
were implemented. The first one is an evaluation in real-time
using a Real-Time Automation Controller (RTAC) and the
second one is an evaluation in offline mode using a Python
Script.

Two versions of the SV-PMU microservice were
implemented in the EPICS platform. The first one uses a two-
cycle FIR filter, and the second one uses a one-cycle FIR
filter.

The obtained test results indicate that the two versions of
the SV-PMU microservice implemented in the EPICS platform
performed well during the steady state and transient state tests,
except in the steady state 10% current magnitude test. In this
test, the maximum TVE of the current signals exceeded the
TVE evaluation threshold. This occurs where the current
magnitude is lower, and any deviation in current magnitude
could result in significant deviations in the TVE of the
currents. However, it should be noted that for the rest of the
tests, the results obtained fully meet the standard
requirements.

Regarding the measured latency, a better result was
obtained in the implementation of the SV-PMU microservice
using a one-cycle FIR filter compared to the implementation
using a two-cycle FIR filter. It should be noted that the gain in
latency has some side effects such as a worse rejection of
noise due to a less aggressive filtering. The election of the
filtering strategy is a well-known trade-off between latency
and noise rejection, as stated in annex D.9 of the standard [8].

During the comparison of the performance of the SV-PMU
microservice with the commercial PMU, it was observed that
both PMUs obtained similar results in most of the testing
scenarios. The worst TVES were obtained during the steady
state 10 % of rated current magnitude tests in both PMUs. The
measured latency of the SV-PMU microservice using a one-
cycle FIR filter (30.86 ms) is comparable to the measured
latency of the commercial PMU (28.54 ms). The measured
latency of the commercial PMU is less than 30ms, which
indicates that the PMU algorithm it uses is different from the
one implemented by the SV-PMU microservice using a one-
cycle FIR filter. However, small differences in behaviour were
observed between the PMUs in all tests executed.

The implementation of the SV-PMU microservice enhances
the capabilities of the EPICS platform to operate as a
Centralized Protection and Control system in Digital
Substations, enabling it to be used as a vital part of WAMPAC
systems. The SV-PMU microservice implemented during this
work is a versatile microservice because it could manage at
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the same time multiple sampled values frames existent in the
field, calculates all syncrophasors and finally serve to multiple
PMU clients depending on their needs.

As part of future work, additional effort must be made to

improve the performance of the SV-PMU microservice when
dealing with low values of current magnitudes. The behaviour
of the SV-PMU microservice will be evaluated using more
than two instances of the microservice running in parallel,
including additional protection and control microservices, in
order to measure the worst-case latencies of the system as a
whole. Additionally, an architecture with redundancy will be
implemented and tested in terms of reliability and the results
will be compared with the obtained by classical PMU units.
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