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Who are we? @ circe

We helps you improve your competitiveness in the fields
of

We are the gap between research and the

+300

PEOPLE
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Our model % circe
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Generation and renewable .
resources

e Smart grids

Mobility _. A Industrial
' technologies
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Al and digitalization @ decarbonization
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Horizon Europe Experience Gg circe

2021-2025 CALLS

90 DD 100 .

Projects funded Return secured Return or national
2021-2025 by CIRCE partners

Proposal success rate last 6 years
Proposals written entirely by CIRCE

0 Multidisciplinary experts
CIRCE _ it + 1 O Dedicated to proposal writing

Top 10 in Spain U 4th in Spain :
‘% For total Horizon Europe return :’J for coordination 0 Top 50 in Europe

v sﬂ.
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Real-time laboratory tests are conducted to
study the interaction of smart equipment with
the electrical grid. Equipped with test cases,
communication infrastructure, wiring replicas,
and GPS network.

Control, protection, remote control, and
telecommunications equipment, along with
automation tools for 61850 testing developed
by CIRCE, are utilized.

tion laboratory for
protocols

ent and testing of wide
ems and algorithms
essary adaptations for
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CIRCE’s RTDS (% circe

NOVACOR 2.0
1 chassis with 4 cores

Additional Cards
1 GTFPGA, 1 GTDI, 2 GTAO, 2 GTNETx2, 1 GTNET,
1 GTDO, 1 GTSYNC, 1 GTFPI, 2 power amplifiers
(12 voltaje and 12 currents), 1 Power Amplifier EGSTON.

PB5
2 racks, the first with 2 PB5 cards and the

second with 5 PB5 cards)
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GTFPGA card with EGSTON amplifier C’-“.‘.Cil"(‘t‘

2
§% EGSTON

Power Amplifier

Qutput

500V / 700V 150V / 500V
+28A | -28A +31A [/ -31A

i DCoC .
| ' pae Power Electronic
: Device
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Virtualized Platforms
General Overview
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Virtualized platforms. General Overview cg(_fi,qpe

Reliable power for a brighter tomorrow =

| Electrical Substation | HARDWARE

il | controlcenter
. - Mo _-r‘;r_-:.l LOrMOImow.

nitorng I_r_u'_i._r:,- A mic

/Protection and\
Control

PMU virtual
_ /
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Test Cases using HiL
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Test Case 1: Analog Processing Module
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Test case 1: Analog Processing Module validation G‘:circe

Provide MU data to the control services Ensure the information is delivered accurately

OBJECTIVE : . : : :
running on the platform. and within the required time constraints.

MAIN FUNCTIONS TO BE EVALUATED

Signal Grid Resampling Fourier, RMS
reconstruction frequency According to the & harmonics

Missing samples, > estimation P actual system > Calculation of

incorrect quality bits Based on voltage frequency Fourier

and loss of measurements components,

synchronization (SRM) RMS values and
harmonics

Control
services

Protection &
control apps

VMs / containers

Merging
units

V /| sampled
values

IEC 61850-9-2

[
[
[
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I
[
[
[
I
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1
1
I
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[
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[
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Data flow m Processing on the virtualized host

||'|UGM 2026 MADRID USER'S GROUP MEETING MADRID, SPAIN mITB;[ES

RTRS ISER'S EROUP MEETING
AMETEK



Test case 1: Analog Processing Module validation

Tests performed to verify the behaviour

¥

¥

‘ '4 circe

Functional tests Performance tests

¥

(
NUMBER OF TESTS

1,915 tests

EVALUATION

Comparison of the theoretical values
published by RTDS with the values
calculated by the Analog Processing

Module

~

¥

-

UGM 2026 MADRID USER’S GROUP MEETING
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TEST DURATION

3 days

EVALUATION

Verify that the measured average
latency is below the requirements
defined in the IEC 61850 standard

~
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Test case 1: Analog Processing Module validation G‘:circe

Functional tests

y

Signal reconstruction Frequency tracking
module module

Data reconstruction
window, Fourier +

RMS calculation
15 tests 405 e 1 ; 495 tests

Packet loss Fast and slow = Voltage and current
frequency variations phasors without

Invalid signal quality harmonic content

Delays associated with Frequency ramps

communication Voltage dips
channels Phase jumps

Loss of time Voltage recovery at
synchronisation different frequency

values

= Voltage and current
phasors with harmonic
content
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Test case 1: Analog Processing Module validation

g Signal reconstruction testbed

Real-Time Digital Simulator

| GTNETx2 SV

GTNETx2 SV

GTNETx2 SV

SV

|IEC 61850 ’

Analog Processing
Module

SV
| |EC 61850
l SV

|EC 61850

» SVpubl: Publishes the current and voltage signals generated by RTDS.

!

» SVpub2 : Publishes the current and voltage signals reconstructed by the analog processing

module.

UGM 2026 MADRID USER’S GROUP MEETING
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Test case 1: Analog Processing Module validation G‘:‘.circe

g SV Manipulation scenarious

CONFIGURATION
CHANNEL SCALTNG
GTNET-SVse S¥-1 QUTPUT IEC 61850 CONTIG

GTMET Card # 1 SY-1 OUTPUT CHANNEL QUALITY ENABLES | NOTE
GTIO Fiber Port 1

Mimglnter
COMTROL INCUTACUTPUT SHahAl NAMES

GTNET15V

AUTO-MAMING SETTINGS

Multicast Address

01:0C:CD: 04:00:00
a0

samples [ cycle

System Freq
60 Hz

Synch Quality

Manipulaticn Manipulaticn

RTDS
500KV
511

SWAP STOR/START

Manipulaticn Manipulaticn

Delay

Manipulaticn
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Test case 1: Analog Processing Module validation G‘:circe

g Signal Reconstruction Module.

g Operational test results: Communication channel delay

1 Start of the delay 2 System recovery

W APY s o . s, MR B4R gt

"‘-._

When the delay starts (t =0 s), the

output holds the last received value: The output resynchronises with the
the current stays constant and the input as soon as the sample counter
sample counter freezes at 650, while resets to zero (t = 0.839 s).

the input keeps evolving.

m _in: signal received by the APM  m _out: signal delivered by the APM
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Test case 1: Analog Processing Module validation G‘:circe

g Frequency and Phasors testbed

Real-Time Digital Simulator Analog Processing

GTNETX2 SV Module
IEC 61850

GTNETX2 SV SVpubl
|EC 61850
SV

GTNETx2 SV SVpub2
|IEC 61850

GTNETx2 SV SVpub3
IEC 61850

» SVpubl : Publishes the frequency, and the current and voltage phasors (magnitude, RMS value and phase angle)
» SVpub?2 : Publishes the current and voltage harmonic components up to 4th harmonic

» SVpub3 : Publishes the current and voltage symmetrical components and 5th harmonic component
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Test case 1: Analog Processing Module validation G‘:circe

qg Fourier calculation

A .lI1_expected WI1_3V_APM < O'Ol %

2.000025 | Maximum deviation of the computed
magnitudes from the expected values (< 0.1 A)

2.000000 -

= T U T U TUTU T

0.000 0.025 0050 0075 o100 2 . O / 1 . O kA

W 10_expected WI0_SV_APM 12_expected miZ_sV_APM

IfkcA Expected values: 11 =2.0kA, 10=12=1.0 kA

1.000023

1.000000
0.589975 -

0.%99950

I:I.C;25 D.E;'Eﬂ 0.[2;?5 U.1I'DD N O e r ro rS

0_mag_Error_check | Magnitude error checks for 10, I1 and |12 stay
11_mag_Error_check

|2_mag_Error_check — . . . : inactive over the whole test window
0025 0050 0.073 0100t (Tolerance considered < 0.2% in magnitude)

m _expected: reference magnitude m _SV_APM: magnitude computed by the APM from the SV stream
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Related Publications G‘:circe
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Software-Defined Analog Processing Based on
IEC 61850 Implemented in an Edge Hardware
Platform to be Used in Digital Substations

MARIA TERESA VILLEN MARTINEZ ', MARIA PAZ COMECH -2,
ANIBAL ANTONIO PRADA HURTADO 1, MIGUEL ANGEL OLIVAN-1,

DAVID LOPEZ CORTON?, (Senior Member, IEEE), eleWit

AND CARLOS RODRIGUEZ DEL CASTILLO*

Villén, M.T.; Comech, M.P.; Prada Hurtado, A.A.; Olivan, M.A.; Corton, D. L. and Castillo, C.R.D. "Software-Defined Analog Processing Based on IEC
61850 Implemented in an Edge Hardware Platform to be Used in Digital Substations", IEEE Access, vol. 12, pp. 11549-11560, 2024, doi:
https://doi.org/10.1109/ACCESS.2024.3354718.
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Test Case 2: Multicriteria FPS Algorithm
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Test case 2: Multicriterio FPS algorithm C".‘:circe

Power grid MU: Sampled Values & GOOSE messages M-FPSA COMBINES 4 FPS ALGORITHMS

Incremental currents

Faulted-phase selector based on incremental
currents

VIRTUAL PLATFORM

Analog Processing Module

Incremental voltages

Faulted-phase selector based on incremental
voltages

v v v v
(1 JESN © -, © - O 5.

Incremental currents Incremental voltages Impedance & seq. angle Sequence voltages

Impedance & sequence currents

Faulted-phase selector based on impedance
calculation and the angular displacement
between sequence currents

FPl Ql FPZ QZ FP3 Q3 FP4 Q4

M-FPSA - Multi-criteria FPS algorithm

Sequence voltages

Faulted-phase selector based on sequence
voltages

- o Em o EE EE EE EE EE e EE EE EE e EE EE EE e O EE Em e Em Em Em

FP,: faulted phase [ Final faulted-phase selection ]
Qp: selection quality

f
[
I
[
[
[
I
[
[
[
I
[
[
[
I
[
[
[
I
[
[
[
I
[
[
[
I
[
|
\
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Test case 2: Multicriterio FPS algorithm C".‘:circe

g Test network

External grid

PV plant
200 MW

Virtual platform

270 test cases in total | 400 kV bus I 220 kV bus . Circuit breaker (CB) \ Fault on Line 1 5G: synchronous generator
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Test case 2: Multicriterio FPS algorithm % circe

g Testscenarios

o Scenario 1 o Scenario 2 o Scenario 3
{ Lirne 1 J [ Line 1 ] [ Line 1 }
Local - Bus 1 H Remote - Bus 2 Local - Bus 1 }—i Remote - Bus 2 Local - Bus 1 }—i Remote - Bus 2

STRONG GRID STRONG GRID STRONG GRID 3 : G R STRONG GRID

Remote load PV plant

Long line - SIR = 0.5 Short line - SIR=5 Long line - SIR = 0.5 Long line - SIR = 0.5

Strong grid at both the local (Bus 1) and Strong grid at the local terminal and Weak grid at the local terminal and
remote (Bus 2) terminals, Two line weak grid at the remote terminal. A strong grid at the remote terminal. The
lengths: long line (SIR = 0.5) and short load at the remote terminal simulates weak grid is simulated by connecting a
line (SIR = 5). weak-end conditions. PV plant.

STRONG GRID SIR: source-to-line impedance ratio
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Test case 2: FPS Module validation G‘:circe

g FPS Testbed
Real-Time Digital Simulator

Va, Vb, Vc, Vn

la, Ib,Ic,In OV
GTNETX2 SV Analog Processing
IEC 61850 Module

€

RFAULTDET

SV . 2

orneTe sv |
IEC 61850 FPS 1, FPS 2, FPS 3,

FPS_4,
GOOSE FPS_MC

GTNET GSE

|EC 61850

e FPS 1, FPS 2, FPS_3, FPS 4 : Relevant outputs of each method, using IEC61850 SV and GOOSE messages.
* FPS_MC : Relevant outputs of Multicriteria method, using IEC61850 SV and GOOSE messages.
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Test case 2: Multicriterio FPS algorithm @Circe

g Solid Fault A-G, 2% line,
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Test case 2: Multicriterio FPS algorithm G‘:circe

g Testresults

% of tests with the faulted phase correctly selected

91 %

Bt=20ms t=100 ms
M-FPSA success rate att =20 ms

99%
91%
84% 829
T2%
99 %
44% M-FPSA success rate at t = 100 ms
0% I +7 / +17 pp

M-FPSA FPSA1 FPSA2 FPSA3 Margin of M-FPSA over the best single
algorithm (FP5A1) at 20 / 100 ms

FPSAZ: 0 % success at t = 100 ms

Combining the four FPS algorithms makes M-FPSA the most reliable selector in both time windows.
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Electrical Power and Energy Systems 155 (2024) 109541

Contents lists available at ScienceDirect

International Journal of Electrical Power and Energy Systems

e ik
e el
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ER journal homepage: www.elsevier.com/locate/ijepes

Check for
updates

Faulted phase selection multicriteria algorithm implemented in generic
hardware for centralized P&C in smart grids

Maria Teresa Villen Martinez ™ , Maria Paz Comech b_, Anibal Antonio Prada Hurtado “,
Miguel Angel Olivan *, Carlos Rodriguez del Castillo ¢, David Lopez Cortén “, o
Rubén Andrino Gallego ° ele Wlt

Villén, M.T.; Comech, M.P.; Prada Hurtado, A.A.; Olivan, M.A.; Castillo, C.R.D.; Corton, D. L. and Andrino, R. "Faulted phase selection multicriteria
algorithm implemented in generic hardware for centralized P&C in Smart Grids”. International Journal of Electrical Power & Energy Systems, vol.
155, pp. 109541, 2024, doi: https://doi.org/10.1016/].ijepes.2023.109541.
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Test Case 3: Virtual PMU
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Test case 3: Virtual PMU szvff‘i"‘f‘f‘

g Whatisa WAMPAC system?

WAMPAC SYSTEM

APPLICATION Application
SCADA FOR WAMPAC ~ software
INTEGRATION FOR EXTERNAL TOOLS

DATA MANAGEMENT

Q

IEC/IEEE 60255-118
IEEE C37.118
COMM. INFRASTRUCTURE

CTs, VTs, DI, DO, SAMUs CTs, VTs, DI, DO, SAMUs

Location 1
Location 2
Location N

CTs, VTs, DI, DO, SAMUs
MEASUREMENT & CONTROL

||'|UGM 2026 MADRID USER’S GROUP MEETING
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Test case 3: Virtual PMU

q How does it work?

e Conventional PMU
* Needs to have secondary

e PMUs In digital substations
e Must work with digital measurements, based
on I[EC61850 SV standard.

§:
- B
=] '_-
a:
At
@

SAMU

SEL-AXION 2240 -
WAMPAC Systems

Usefull to be deployed in digital substations on a Generic hardware server
using the information provided by the SAMUEs.

MADRID, SPAIN mlﬁ;[m?gmss
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Test case 3: Virtual PMU % circe

il PTP RTDS

GP5Time

How was tested?
RTDS IEC 61850 SV
V-l i1 PTP SAMU
e 2~ MU IEC 61850 SV

y Secondary Lf L VA

»
>

=
<
(35
=]
c
o
(&)
[¢b]
(7p]

= JURIC-B MU IEC 61850 SV
— : RTDS IEC 61850 SV
| Commercial Vel _
PMU 3 NTP

GPETime

O

IEEE C37.118
Server PMU-RTDS

GTNETx2_PMU

|IEEE C37.118
Server SV-PMU-RTDS
Server SV-PMU-MU

IEEE C37.118
Server PMU-COME

&
<

i IRIG-B
Torsine RTAC 7 e
G

P5 Time

SV-PMU-RTDS SV-PMU-RTDS

SV-PMU-MU SV-PMU-MU .CSV FILES GENERATION
PMU-RTDS PMU-RTDS

PMU-COMER PMU-COMER
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Test case 3: Virtual PMU % circe

?
g  How was tested: Tested in accordance with IEEE/IEC 60255-118-1:2018 standard

TVE, FE AND RFE VALUES, FREQUENCY TEST LIMITS

Inside

PMU Value Max Mean limits Control Variables
TVE (%) 0.781 0.5358 0.0958 b
FE (Hz) 0.00126  0.000295  0.000206 b
RFE (Hz/s) 0.071 0.015103  0.011874 b
TVE (%) 0.982 0.72 0.02369 b
b

b

Steady State Transient State
Tolerances Tolerances
Max TVE (%) 1 1

Max FE (Hz) 0.005 0.01

Max RFE (Hz/s) 04 0.4

SV-PMU-
MU

PMU-

COMER FE (Hz) 0.00088  0.000301 0.00016

RFE (Hz/s) 0.102 0.036028 0.01951

TVE, FE AND RFE VALUES, VOLTAGE MAGNITUDE TEST

Inside
TVE VALUES, MAGNITUDE CURRENT TEST: 10% PMU Value Max Mean o limits

. TVE(%) 0546 052155 _ 0.00638
sl MUVE LUE ok s VMY T PE(Hz)  0.001003 0000201 0.000155
——— RFE (Hzls) 0069  0.014339 0011474
b 1518 0.628 0.2391 TVE (%) 0.674 0.60104 0.01838
o 0864 0247 01262 FE(Hz) 000085  0.000304  0.00165
Va 0409 0389 0.0056 RFE (Hz/s) _ 0.09559 _ 0.035741 __0.019148

Vb 0.535 0.511 0.0061
TVE, FE AND RFE VALUES, HARMONIC TEST

Current
magnitude

PMU-
COMER

SV-PMU-MU

V¢ 0.350 0.328 0.0059
la 0.973 0.395 0.1487
Ib 0.899 0.305 0.1406
Ic 0.778 0.250 0.1281

Va 0.509 0.503 0.0017

Vb 0.545 0.539 0.0016

Ve 0.506 0.499 0.0017

PMU Value Max Mean o

TVE (%) 0.823 0.792 0.0085
FE(Hz) 0003300 0.000722  0.000530

RFE (Hz/s)  0.23384  0.05233 _ 0.03983
TVE (%) 0.538 0533 0.0016

All the TVE values related with 100 % and 200% current FE(Hz)  0.001026 0.000317 _ 0.0001869
. i : RFE (Hz/s)  0.1286 0.0375 0.0223
magnitude tests fulfil the standard requirements

SV-PMU-
MU

Toolooooooo|X|X
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PMU implementation using IEC61850 Sampled
Values implemented in a CPC platform

Prada Humads Masss Manana
Giruds Grosg Department of £l ]
Cimiry
L Spain L
aapradair [Crce 2s Santander, Spain
mananams uncan. o
Miguel Asgel (Hivan Monge
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fhitact  This paper peesests the implementation of
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2024 IEEE 14th International Workshop on Applied Measurements for Power Systems (AMPS):
PMU Implementation Using IEC61850 Sampled Values Implemented in a CPC Platform.
0514413

Link: https://ieeexplore.ieee.org/document/10706693

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 74, 2025

Implementation of a Virtualized PMU in a CPC
Platform Based on IEC61850 Sampled Values

Anibal Antor]io Prada Hurtado™', Mario Manana™, Senior Member, IEEE, Maria Teresa Villén Martinez
Miguel Angel Olivan Monge ', Eduardo Martinez Carrasco'”, and Carlos Rodriguez del Castillo

meet greenhouse gas emission reduction targets by the year

Abstraci— This article presents the implementation of phasor
2050. To achieve this goal, countries are executing plans
f roncarahl o H P

measurement units (PMUs) using IEC61850 sampled values (SVs)

ioetallation

For - larate d

in a centralized protection and control (CPC) platform called
IEEE Transaction on Instrumentation and MEasurement: Implementation of a Virtualized PMU in a

CPC Platform Based on IEC61850 Sampled Values.
Link: https://ieeexplore.ieee.org/document/10945521
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Al applications: Datasets G‘:circe

g Generation of Datasets

Generate the testing scenarious.

Format definition to store the
datasets.

Script to generate automatically
the testing scenarious and results.

J

|

Dataset used for Training and gi
testing of the Al model

Power system in RSCAD
AC or DC grids
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Al applications: Datasets

q  Example of Datasets

.CSV file format:

AT AR AT AR AL ASG AL AG BT BC AT BOC A
a 1] 3 3 0

i

G S e e w w6l

1
1
1
1
1
1
i
i
i
i
i
i

fLnEA G SSEREINE - 11 ] £ UTEAEETY 6 0d Y

D] STATERSDNVE STATUS BT AR BT _RGC BT ARG BT _AG BT BC AT BOG BI BG BT
3 i - a L ] 4

Q
Q

i
i
i
i
i
1
1
1
1
1
1
T

i’ AN ADr

1BT A mag IBT_B_arg 16T B mag 0T C_ary 86T
D06 B7.70653 Q.OESENER 3300
008553704 BLT Lol F

i oo s e o Each CSV file store a specific
oious Si7ees Soutn 270 G time window of the
S S Mo tay 3 - simmulation
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Al applications: Testing @ circe

g Testbed to evaluate the Al model behaviour after deployment in

EDGE server

NOVACOR -RTDS

RTDS — GTNETX2

GOOSE GOOSE

Al Training Server

HIL chain: real-time EMT simulator, IEC 61850-9-2LE Sampled Values,
edge inference and GOOSE output

Edge Server
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Al applications: Testing @ circe

Resistive AB fault (R=5Q)

CRT1SEA 1 B CRT2SEA 2 B CRT3SEA3

q  Testresults m CRT4SE_TA1 4
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5
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P52 Protection and Contrel in Networks with Unconventional Sources Electrical

Deep Learning-Based Faulted-Phase Selector for Transmission
Networks with High Renewable Penetration Level

Guillermo RIOS Maria Teresa VILLEN - Anibal Antonio PRADA Eduardo MARTINEZ e Contents lists available at ScienceDirect
GOMEZ= MARTINEZ HURTADO CARRASCO =
CIRCE, Technology CIRCE, Technology CIRCE, Technology CIRCE, Technology
Center Center Center Center
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Engineering Applications of Artificial Intelligence

"
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Guillermo Rios Gémez; Maria Teresa Villen Martinez; Anibal Antonio Prada Hurtado; Eduardo Martinez
Carrasco. CIGRE Paris Session 2026. Deep Learning-Based Faulted-Phase Selector for Transmission Networks with
High Renewable Penetration Level. _ _ Hybrid Inception-Transformer model for signals classification: The case of
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Research paper )
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Julio David Buldain Pérez
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ARTICLE INFO ABSTRACT

Kywonds This paper presents a hybrid deep .ﬂrr.ng moded for fault detection in pmur transformers, sddressing the
Fiven newral netwrrks imsitaticen af ransestional secdedion whemes neder fransient coercsting soeulitions The e 1 rreedel

Elias Herrero Jaraba, Eduardo Martinez Carrasco, Anibal Antonio Prada Hurtado, Maria Teresa Villen Martinez, Guillermo Rios Gomez, David
Hernando Polo, Julio David Buldain Pérez, Hybrid Inception-Transformer model for signals classification: The case of electrical faults in power
transformers, Engineering Applications of Artificial Intelligence, Volume 168, 2026, 114093, ISSN 0952-1976,
https://doi.org/10.1016/j.engappai.2026.114093.
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Other experiences G circe

CIRCE’ Services

Zone lIA protection.
Inertia estimation.
3Ph Shortcircuit MVAs estimation.

Voltage Instability detection.

Electrical Parameter Estimation Method.
Virtual PMU
CIRCE Marshal

New Developments

A e &
el puthgﬂ docker MQTT
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CENTRO TECNOLOGICO

Thank you

circe@fcirce.es | +34976 976 859 | www.fcirce.es/en
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