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OPAL-RT TECHNOLOGIES

FROM IMAGINATION TO REAL-TIME

Synchrophasor Application Studies using
Real-Time Simulators
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Overview

e Company Backgrounds

e Collaboration between OPAL-RT and VIZIMAX

O PMU Test Setup
O Tests Applied to the VIZIMAX PMU

e Comparison of Test Results for Different PMU Algorithms

 Advanced Applications using Model-Based Design, Studies and Testing

O The Mont-Rothery Wind Farm in Canada
O Protection Applications using PMUs
O Control Design and Prototyping using Virtualized PMUs

 Conclusions
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* Some Facts
e Established in 1997 — Corporate office in Montreal
e Over 140+ Employees worldwide
 More than 500 customers worldwide

e Real-time simulators available for power systems, power electronics,
automotive and aerospace industries

 Power grid simulators scalable from 10 to 10,000 electrical nodes or more

e Corporate Mission

* To provide solutions and expert services for design research, studies and
testing in the fields of electrical and power electronics systems

 To provide Engineers with open simulators that use the latest COTS
computer technology

 Long-Term Vision
e A real-time simulator on each engineer’s or researcher’s desk
e Simulators interconnected and working for designing and studying large and
multi-disciplinary systems.

* Imagination will be the only real limit to complex system design.
s OPAL-RT A
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e The Company
e Established in 2008 from a merger between Snemo (1977) and STR (1988)

e Provides innovative solutions for energy applications — Power Grids, Power Generation , HV/MV Equipment,
Heavy Industry

e Customers in over 35 countries

* Products
e Phasor Measurement Unit
 Analog Merging Unit
e SynchroTeq™: Controlled switching device (CSD)/Inrush current limiter
e RightWON™: Substation automation controller
* Mission
* To help optimize how Energy is Generated, Transported & Distributed

e To protect as much as possible their customers’ assets by focusing on innovation, quality, and customer service

M OPAL-RT .
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e OPAL-RT and IREQ signed a strategic collaboration
agreement for the shared commercialization and
development of HYPERSIM (2012)

HYPERSIM

TECHNDOLOGIES

“ollaborations with Ijlpil_dfo-Qu'ebec _R'ese'arc'h 'I_r”istitute (IREQ)

«? »
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VIZITMAaX

ENERGY 3.0

 Agreement for integration of estimation algorithms
resulting from research at IREQ. Algorithms have
been enhanced by VIZIMAX for accurate real-time
estimation and standard compliance.

e Other collaborations for validation of automation
and control equipment and certification for use on
the Hydro-Quebec grid.
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e Automated testing of PMUs based on C37.118.1
e Study requirements of the IEEE std

e Program test sequence using OPAL-RT Hardware
and TestView software

e Calibration of the test equipment

e Help validating the VIZIMAX PMU using
automated test-set — faster and larger test
coverage

OPAL-RT

TECHNOLOGIES

ZIMaAX

ENERGY 3.0

e Develop a PMU - foreseeing IEEE-ICAP certification

e Develop their own test bench using an
OMICRON CMC-256plus universal calibrator

* Provide a low-voltage input version of their PMU
to OPAL-RT

e Help validating the performance of OPAL-RT test
equipment on specific tests
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ypical PMU Test Setup

e

VIZIMAX PMU

SN

0-150 VAC

0-50 AAC

C37.118
Slave

:  Ethernet Switch
) L ¥ OPAL-RT Simulator
Rl 3XV £16 Vo
:Master Clk 37.118 : 3x1
Master P o

..... i DP45DD

HYPERSIM / TestView
BN OFPAL-RT 9
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PMU Test Setup using Low-Voltage Interface
()
E. ................................. - ........................ < OPAL-RT Simulator
:IRIG-B Master Clk IRIG-B :
‘‘‘‘‘‘‘‘ VIZIMAX PMU
€37.118 Ethernet Switch €37.118
Slave Master
IR AT e ;
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: [Read only] HypExcel_2 (on RTServer_3_15

[ms]

[ ]

Title
Title |nternal_

Excel
& Import from Excel

Excel File Path

|jhnmefhwu5rﬂlewNnrhspacejPFSS5 555 Distance Eelay Test M. xlsx

.
.
20®

.
e
R

.
e
*

A Q) Lo ) U
@T1(0/1) @T1(0/1) @ T1(0/1) @ T1(C R
%{TestCaseNo} ‘.".
4001 11 ] s
2002 1 | XS OTiginal_spec; ExLernal
4003 11 (|2 External : ™ o
4004 1 |ille & Hwermm [localhost: 1]
4005 L1 = Hypersim [ PF_314_126_Distance Relav_TemﬁIatE fault 1[5 0E-%]
4006 11 O Hyahtisc_2: [Init_Rfault] o
4007 11 O Hyahisc_4: [Init_Rfault]
4008 11 O HyaMisc_5: [Init_Rfault]
4009 11 Ol Hypatisc_&: [Init_Rfault] o
4010 L1 Ol HypMisc_7: [Init_Rfault]
4011 1 O Hyphisc_&: [Init_Rfaul]
4012 L1 @ sieep [0] (3)
. snapshot [Take] ‘.“'
o @ [Trig] : for {auto- ;ietect} y"’
B, snapshot [Lota) R
. HwErk_E [LLITIDT20 TE"ﬁI‘ T4 TEO T TFO TED
HWBJ#R 10 [Fault] TlI:b‘TEIEI TAQOTA0 TS0 TN TFQ TED
. Hw‘ErI-: 11: [FElult &tl[:l] TIOTZ20TE0TA0 TS0 TEQ TFO TED
H‘,,.-DEFI-: 12: LE&UI'[ET?] TIOTZ0TE0TA0TEO TE0 TFO TBQ
HywgaBrl_ lE" [FAuRWESA] TIO T20 TE0 TA0 TS0 TED T?l:I ;FE‘EI
. HWB,FK 14 [FauMB] T1O T20 T20 T40 TS0 TED T?Q“TBI:}
+ ’.”. . L—lﬁ:uBrI-: 15 MCITIOTZ20TE0TA40 TS0 TEIEI T?ﬁ TBIEI
| R .@.’HwE}{EEI 2: [External_] Pt
l HypProc 1 KEY = [ Sigkey ][ F‘RDCESAMG ] [POSTe"
‘y" ﬂ Tahle: [External] e
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spreadsheet
e Use model component name as defined in netlist
e Use component parameter as defined in netlist
* Program test sequence directly in TestView...
* Orimport EXCEL test sequence 11

. Deflne model parameters to be modified or applied using an EXCEL
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| File Edit Yiew Zoom Graph Acquisivion Help
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Date: 10/11/2014

. Client: OPAL-RT Technologies Inc. Project No.: PF555-555
ﬁ Title: TestView Sequence Rev.: 2.0

O PAL-RT

Test Seq. StartDate Fault Type | Location POW Rf
Internal-1 1|Wed, 15 Oct 2014 16:36:30:994 EDT |A-gnd 0 0 0.01
Internal-1 2|Wed, 15 Oct 2014 16:36:30:994 EDT |A-gnd 0 0 15
Internal-1 3|Wed, 15 Oct 2014 16:36:30:994 EDT |A-gnd 0 45 0.01
Internal-1 4|Wed, 15 Oct 2014 16:36:30:994 EDT |A-gnd 0 45 15
Internal-1 5/Wed, 15 Oct 2014 16:36:30:994 EDT |A-gnd 0 90 0.01

35 o Generate test reports
30 N
2 /I \\ e View test waveforms in ScopeView and automate printing of
720 /I % .pdf report for each test
| 15 d e
% 10 4 \. e Qutput post-processed values calculated during test in a pre-
i e ", formatted EXCEL spreadsheet
v D o mtion e 7 * Analyze data in EXCEL or ScopeView

M OPAL-RT
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Calibration capability of the test setup

o . . T —

- V & | Amplifier

OPAL-RT Simulator

M OPAL-RT
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Calibration ca pability of the test setup

1 PPS from Master Clock
Simulator Output

= Amplifier Output

Vier = 6a-{Asin(2nf - [t + At] + @)}

N/

Basic calibration variables

M OPAL-RT
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Tests Applied to the Vizimax PMU

PN OPAL-RT
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Summary of C37.118.1 Tests

Signal freq. Range
Signal Mag. (V/1)

Harmonic Dist.

Out-of-Band Interf.

Meas. BW
Phase & Amp. Modulation

Freq. ramp

Phase step change
Mag. Step change

Reporting latency

M OPAL-RT

sl TECHNDLOGIES

Signal frequency
+2Hz for P class
+5Hz for M class

Voltage magnitude
80% to 120% for P class
10% to 120% for M class
Current magnitude 10% to 200%

2nd to 50t harmonic
1% for P class
10% for M class

10Hz - f0-Fs/2 and fO+Fs/2 — 120Hz
10% for M class only

0.1Hz — min (Fs/10, 2) for P class
0.1Hz — min (Fs/5, 5) for M class

+2Hz for P class
+5Hz for M class

+10°
1+10% of nominal magnitude

1000 consecutive reports

TVE <1%
FE <0.005Hz
RFE <0.4Hz/s

TVE <1%
FE<0.005Hz
RFE<0.4Hz/s

TVE <1%
FE<0.005Hz
RFE<0.4Hz/s

No requirement

TVE <3%
FE<0.003*Max Mod Freq
RFE<0.18*pi*Max Mod Freq”2

TVE <1%
FE<0.01Hz, RFE<0.4Hz/s

Delay time 1/(4*Fs)

TVE response time 2/f0
Overshoot, undershoot 5% of step
FE response time 4.5/f0
RFE response time 6/f0

2/Fs

TVE / FE / RFE
<1% / <0.005Hz / <0.1Hz/s

TVE <1%
FE<0.005Hz
RFE<0.1Hz/s

TVE <1%
FE<0.025Hz

TVE <1.3%
FE<0.01Hz

TVE <3%
FE<0.003*Max Mod Freq
RFE<0.18*pi*Max Mod Freq”2

TVE <1%
FE<0.01Hz, RFE<0.2Hz/s

Delay time 1/(4*Fs)

TVE response time 7/Fs
Overshoot, undershoot 10% of step
FE response time max(14/f0, 14/Fs)

RFE response time max(14/f0, 14/Fs)

7/Fs
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ompaison with Certification Results—Step Change Test

OPAL vs Certification Test Results (P60) OPAL vs Certification Test Results (M10)
m OPAL m Calibration Lab m OPAL m Calibration Lab
0.08 1.6 0.08 16
0.0 0.004167s 0.033s 0.075s 0.1s 5% 1.4 007 0.025s 0.7s 1.4s 1.4s 10% 14
0.06 1.2 0.06 12
0.05 1 E: 0.05 10 g
“ 0.04 08 3 2 0.04 8 o
@ 2 g 2
E o003 06 2 £ 003 6 @
2 . 2
0.02 04 © 0.02 4 O
0.01 0.2 0.01 2
0 — 0 0 —_ 0
0.01 Delaytime TVEResponse FE Response RFE Response Overshoot 0.2 .0.01 Delaytime TVE Response FE Response RFE Response Overshoot 2
' Time Time Time ' ' Time Time Time
Phase Step Test (10 degree) Phase Step Test (10 degree)
PN OPAL-RT 17
—smWl TECHNOLOGIES
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Phase

Modulation Modulation Modulation Modulation Modulation Modulation

TVE

OPAL vs Certification Test Results (P60)

0.06Hz

A

B OPAL M Calibration Lab

2.3Hz/s

3%

0.06Hz

2.3Hz/s

Phase

FE

Phase

RFE

Amplitude

TVE

Amplitude

FE

PMU Dynamic Modulation Test

OPAL-RT

TECHNDOLOGIES

Amplitude

RFE

0.0045
0.004
0.0035
0.003
0.0025
0.002

FE (Hz)

0.0015
0.001
0.0005

o

%

Phase

Modulation Modulation Modulation Modulation Modulation Modulation

TVE

OPAL vs Certification Test Results (M10)

B OPAL M Calibration lab

0.12Hz

mparison with Certification Results—Dynamlc Modulation Test

2.3Hz/s

-—l

3%

0.12Hz

Phase

FE

Phase

RFE

Amplitude

TVE

Amplitude

FE

PMU Dynamic Modulation Test

.

..

| ——

2.3Hz/s

Amplitude

RFE

0.012

0.01

0.008

0.006

FE (Hz)

0.004

0.002

o

18
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mparison with Certification Results—Steady State Test

-_l"

—

O

OPAL vs Certification Test Results (P60) OPAL vs Certification Test Results (M10)
B OPAL M Calibration Lab B OPAL M Calibration Lab
0.16 0.0016 0.3 0.0045
1% 0.005Hz 04HZ/S 1% 0.005Hz 04HZ/S 1% 0.005Hz 04HZ/S 1% 0.005Hz O.lHZ/S 1% 0.005Hz O.lHZ/S 1% 0.025Hz 1.3% 0.01Hz
0.14 0.0014 0.004
0.25
0.0035 __
— 0.12 0.0012 Y
< 0.2 0003 =
T — =
= 0.1 0.001 — -B_\io . 0.0025 w
& 0.08 00008 = = % 0.002 =
— Ll N
(=] (. I
< 0.06 0.0006 0.1 0.0015 =
LL
Z 0.04 0.0004 0.05 0.001
I I 0.0005
0.02 0.0002
0 0 TVE FE RFE TVE FE RFE TVE FE RFE TVE FE RFE
TVE FE RFE TVE FE RFE TVE FE RFE
Frequency range | Magnitude range Harmonic Out-of-band
Frequency range Magnitude range Harmonic distortion distortion interference
PMU Steady-State Test PMU Steady-State Test

M OPAL-RT
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X)) =X, -cos2nrft+¢)+0.1-X,, -cos2nrf;t+ @)

Out-of-band interference test output signal (10% injection)

12

1: MMWMMH/\MMMMM

Voltage (V)
o}

OPAL-RT -
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P Class Out of-Band Interference Test— 6OHz 60 fps

s

* Interference range: 10-55Hz and 65-120Hz
* Injection level: 10%

Out-of-band Interference Test 60Hz--TVE Out-of-band Interference Test 60Hz--FE

1.4 0.012

1.2 0.01
2\; ! E 0.008
z =0
I-l: 0.8 5
e} > 0.006
t)’ (@]
S 0.6 o
> S
= o 0.004
5 0.4 o
= L

Py o
0.2 0.002
¢ { ] o
. ° ° o o0 WOoe o [ oo . ° ° ° o" o%e o °
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Interharmonic frequency (Hz) Interharmonic frequency (Hz)

M OPAL-RT
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Performance under step changes at 10 fps (P Class) VS C37 118.1 Requirements

Reporting Response Delay Time (s) Freq. Resp. ROCOF Resp.
Interval (s) Time (s) Time (s) Time (s)

2/ fo 1/4F;s 4.5/fo 6/ fo
0.1 0.0333 0.025 0.075 0.1

TVE Response During Angle Step Up Test -- P class, 10 fps, 60 Hz
10 . VVE .
: :Response Time: :

8
g 6
S
> 4
2 - NG
4/N 10 - FAIL
0.95 0.97 0.99 1.01 1.03 1.05

Time (s)

—o—-P10 20 tests -—e—P10 10 tests

M OPAL-RT

—ssaWl TECHNDLOGIES

A series of tests (N tests, where n=[1,N]) with the step

applied at varying times relative to the reporting times
can be used to ‘fill in’ the response curve.

IEEE Std C37.118.1-2011 :

In general, an accurate measurement of the PMU
response time, the delay time, and the overshoot
percentage can be made with n(e.g. N) = 10.

IEEE Std C37.118.1a-2014 :

The time when error limits (TVE = 1%) are crossed shall
be determined to an accuracy of one-tenth of the

reporting rate (ten times the reporting rate?) that is
being tested.

Here, N=10 is too small to measure TVE response time at
lower F

22
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Comparison of Test Results for Different
PMU Algorithms

B CoAEL 23
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mparlson of Test Resu ts for leferent Algorlthms

PMU Algorithms Under Test - TVE

.__r:- ’ -' "
| —

1.2

TVE (%)
o
(#)]

Mag F

Freq |
Hrm me——
Framp I —
Mag =3
Hrm

Framp ——

Freq mm
Freq W

Freq ®

o o o
o [ B 0o
Mag =3
Hrm s
Framp IE——
Freq W
Mag mmmm
Hrm
Framp |
Freq e
Mag =0
Hrm
Framp m—
Mag =
Hrm
Framp ——
Freq M
Mag
Hrm
Framp [

Algo 1 Algo 2 Algo 3 Algo 4 Algo 5 Algo 6 Algo 7 Algo 8 Algo 9
(P Class) (M Class) (P Class) (M Class) (P Class) (M Class) (M Class) (M Class) (M Class)

M OPAL-RT
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mparlson of Test Results for leferent Algorlthms

--l-

PMU Algorithms Under Test (M Class) - FE PMU Algorithms Under Test (P Class) - FE

0.03

FE (H2)

Freq [ |
Mag ©
Hrm I

IntHrm W |

Framp 1

Freq I
Mag B
Freq W@ |
Mag I' |

Hrm I

IntHrm —:I

Freq B
Mag W

Hrm |
IntHrm

Mag mmn

Hrm N

IntHrm
Framp m——

Hrm M

IntHrm W |

Framp

0.03
0.025 = = = = 0.025
0.02 0.02
~
0.015 50015
L
(T
0.01 - -
0.01
0.005 — b - - — m
H H H 0.005
o O o o E
L © =
E E S =T
[V L

Freq Mag Hrm Framp Fre@q Mag Hrm Framp Freq Mag Hrm Framp

Freq i

Algo 2 Algo 4 Algo 6 Algo 7 Algo 8 Algo 9 Algo1 Algo 3 Algo 5

M OPAL-RT
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omparison of Test Results for Different Algorithms

PMU Algorithms Under Test (M Class) - RFE PMU Algorithms Under Test (P Class) - RFE
3 .

2.5 —t

RFE (Hz/s)
|
i

RFE (Hz/s)
o [
o w - wu
Hrm /41
Framp [
Hrm E——
Mod I

Framp W

Hrm m———

Mod
Framp E——
Hrm

Mod

Framp ——

L il il

Freq Mag Hrm ModFramp Freq Mag Hrm ModFramp Freq Mag Hrm ModFramp

Freq =
Mag I
Mod

Freq
Mag W
Freq B3
Mag
Freq I
Mag

Algo 2 Algo 4 Algo 6 Algo 7 Algo 8 Algo 9 Algo1 Algo 3 Algo 5
-——"’". TECHNDOLOGIES 26
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hase Angle Step Response Test for Different Algorlthms

Va Phase Angle

0.2
. ——Algo 1, Delay Time -0.0017s, 0.1
g Overshoot 1%, Undershoot 0.09
S 0.15 0% . ——Algo 1, TVE Response Time
% - Algo 2, Delay Time 0.0018s, 5 0.08 A 331 ’ P
o .
g 01 Overshoot 8.7%, Undershoot I-Is.: 0.07 Algo 2, TVE Response Time
= o 8.5% _ ~ 0.06 0.305s
= ——Algo 4, Delay Time -0.001s, o )
oo + 0.05 ——Algo 4, TVE Response Time
c 0.05 Overshoot 1%, Undershoot 8 - 0.029s
< = 0.2% . = 0.04 ——Algo 7, TVE Response Time
a ——Algo 7, Delay Time 0.0037s, —
b4 T 0.03 0.073s
(48] 0 Overshoot 7.4%, Undershoot 46' Aleo 8 TVER Ti
g 0% L2 0.02 ——Algo 8, esponse Time
—+Algo 8, Delay Time -0.0002s, 0.01 0.050s _
-0.05 Overshoot 4.9%, Undershoot ' ——Algo 9, TVE Response Time
' 5.8% 0 0.364s
0.9 0.95 1 1.05 1.1 1.15 0.9 0.95 1 1.05 1.1 1.15
Time (s) Time (s)
FE
1.4
1.2
N
L 1
-
g 0.8 ——Algo 1 FE Response Time 0.052s
wl L i
— 0.6 Algo 2 FE Response Time 0.607s
Q ——Algo 4 FE Response Time 0.060s
o 0.4
% . ——Algo 7 FE Response Time 0.203s
g 0.2 ——Algo 8 FE Response Time 0.094s
o 0 ——Algo 9 FE Response Time 0.619s
-0.2
0.9 0.95 1 1.05 1.1 1.15

Time (s)
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Advanced Applications using Model-Based
Design, Studies and Testing

M OPAL-RT
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Viodel-based design — Mont-Rothery Wind Farm in Canada
s enpa—
Al PP — Voltage (p.u.) .
PP e, SNy * Wind farms and other Independent
r;‘: L ‘ o ) Power Producers (IPP) have to
"o EiE e AN PP \ comply with a number of network
: F grid requirements
0.95 0.95 Power factor
ey 0 ey  This usually means installing
complex and costly Static VAR
: Compensators (SVC) and/or
mechanically switched capacitor
Real power (p.u.)
e banks and shunt reactors.
N Reactive power
. (p.u.)
-0.33 0 0.33
IR AT e 25
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Modm)ased de5|gn Mont Rothery Wind Farm in Canada
60—t w — * UsesaVIZIMAX PMU to measure voltages and currents at
I S— ST oor o the PCC (120 fps)
ik SCADA . .
. * An industrial controller receives C37.118 streams, does the
""‘Ik calculations, corrections using PID loops and makes
O e decisions
 The controller sends setpoints to the Wind Power Control
Jnit.
 The controller also controls mechanically switched
: capacitor banks and shunt reactors that allow meeting the
requirements.
 Time to commission the system with full test coverage ?
PN OPAL-RT 30
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Model-Based design in Power System Engineering

e Typically, a number of studies are
required in Engineering design (power

J

Real-Time Simulation

Pre-Commissioning

THIEETE & Commisioning plants, T&D, P&C upgrade, etc.)
[ g §
Offline S lat . . . .
I ;T,c;:lu&as::em \\ e Different studies usually require different
. System HIL Testing . - -
I Modeling analysis and simulation tools
\ |
\ * For equipment design, special control

N\ Design Studies Unit HIL Testing

and protection prototyping and testing:

e Goes from offline studies to real-time
HIL testing...

e ... Without increasing the modeling
efforts is a huge advantage

P&C Programming
Test Program

M OPAL-RT
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Model-Based Design — Matlab/eMEGAsim, EMTP-RV/HYPERSIM

-
# C:\Users\etienneleduc\Documents\HyperWorks\CIGRE_3\cigre3.ecf - HyperWorks - IREQ/Hydro-Quebec | S e
Home Options View Design HYPERSIM

e Hyperview # # M @' @ ‘ d B= Build Topology Load Flow Generate Code g % options 0
B8/ scopeview 1] [l (=) UV &Y 59— || 1op0100y Analysis Report SetInitial Conditions  Netlist = b simout
Options UCM  Simulink Legacy Clear Save Save Open Add To Selected Start  Stop User
H TestView - As  Config Config Summary || Analyze Map Tasks Disable Breakers/Faults Manual
| Tools Target ” Import ” Sensors Network Simulation Help
" cigredecf X Parts -

Simple Case of Fault on a Transmission Line i

This basic network demonstrates a simple case of wave propagation in an AC transmission line.

A 1-phase-to-ground fault is applied at one end of the transmission line.
The resulting shockwave propagates to the other end.

A protection scheme is present to clear the fault.

m

Protection scheme:

The fault occurs on phase A at 0.028 sec.
The protection system isolates the line by opening line breakers at 0.1 sec.
The fault is cleared and the line is brougth back to service at 0.2 sec.

4 1 *

Parts by Library

Control Hidden

Control Logic Operations

Control Math Operations

Control Miscellaneous

Control Nonlinear and Delay

Control Power Tools

Control Sources

Network Filters

Network Hidden

Network Lines and Cables

Network Loads

4 Network Machines

DC machine
Induction machine (cage rotor)
Induction machine (wound rotol
Synch. machine (cross-compour
Synch. machine (dgq0-hydraulic)
Synch. machine (hydraulic)
Synch. machine (thermal)
Synch. machine w/ fault

Network Measurements

Network RLC

MNetwork Sources

Network Switches and Converter

Network Tools

Network Transformers

Network_Passives

Signal Routing

Target Inputs and Outputs

synch. machine (hydraulic)

OPAL-RT

TECHNOLOGIES

[
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e eMEGAsim is already compatible with
Matlab/Simulink/SimPowerSystems

e HYPERSIM will have the same
graphical engine than EMTP-RV
released in April 2016

 Working on full compatibility with
EMTP-RV models

32
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Electromagnetic & Electromechanical Phenomena
Number T
of3-Phase
Temporary Overvoltage
Transient Overvoltage Resonance & Ferroresonance
\Instantan}eous Values
T —— LR A
. il 'H!IHVIHIH!IHH" TR
ePHASORsIm
RMS Values
v v v
Steady State Electromechanical Oscillation
HYPERSIM mmmmm e
10 ' ..............................
" Time scale

f ncy) of
1s 10 ms 50 ps 10 s 1us 100 ns 10 ns (frequency) o
(1Hz) (100Hz) (20KH2) (100 KHz) (1 MH2) (10 MH2) (100 MHz) phenomena

M OPAL-RT
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Protection Applications using PMUs

M OPAL-RT 34
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Intelligent Relay Design and Testing For Distributed Ge eration

 Data-mining based relay setting
methodology using automated
simulations

e Short tripping time and high
dependability and security

e Smaller Non-Detection-Zone

'\ e BEST PAPER AWARD - IET DPSP 2016
@ </ Conference

|

|

|

1

} Location of the
} Intelligent Relay
1

|

|

|

|

4 ) 4 L ) Y
Supervised Training Data Mining Testing

Based on the training database,
generate Decision-tree based
protection logic using Data
Mining techniques.

/ - / . J/

-
ﬂ OPAL-RT Q. Cui, S. Li, K. El-Arroudi, G. Joos, Multifunction Intelligent Relay for Inverter-based Distributed Generation, Presented at
sl TECHNOLOGIES the 13 |ET International Conference on Developments in Power System Protection, Edinburgh, U.K., 7-10 March 2016

Perform testing with unknown
events, analyze the acquired
intelligent relay performance.

Define training events, perform
simulation and obtain feature
database.
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Inte |gent Relay Design and Testlng For Distributed Generation

Number of tested operating conditions: 256

Non-Detecfign-Zones of Different Protection Algorithms
t f Diff | h
Test Duration: 1h56m49s | __JIRNDZ ’
! 0.8 -*:f ““““““
gresnenees Fiag P e, o
SR o PR 1; ol "-}. p P, T o ® & : e
c 21 e e | e————— [} 2 { ® ®
Selected key variables used for the TR rocornz |2 pl F i gFpe ple Sl L 4 e I
. . . 1%. 7
Intelligent Relay Decision-Tree: 1 o le of dfd [ fo of a0 of « 2 5 e
c V..V ? - e ¢ .;I s F fle ,*‘3 o o ' . : g @
012» Yabc . : @ . fr"l““," :': :r ' oo o o . @ . i "
* |012' Iabc % ° . JI . ;'t-: f ::' “'e w o ) ® ® y
* Af, df/dt, df/dP, df/dQ < P | & aff ) ie § o o o o * e ®|®
& _-" ] @ o
e AV, dV/dt, dV/dP, dv/dQ ~ ,fl 2 T = La & ® [ = »
N ; Jos ] » or e L . % . =
'dP/dt 'JF LV -‘,*g f e o o @ ' " %
¢ dQ/ dt -' ot ; .j, #'-." {}I‘- e ;ft, & ] s - > & ® »
15 € o e as s E 8 8 o5 e e 10 O 15 * . o025 * 3
e pf dpf/dt ® b ;.:: F o of o o |0 0 ® ® : P »
. L'h-... “;'::',-J: _-': e e o o (& ® o ‘ a @ '
> » “hh;ffi;.! /e o o o o @ . ®
-0.4
=

Pin (MW)
OPAL-RT Q. Cui, S. Li, K. ElI-Arroudi, G. Joos, Multifunction Intelligent Relay for Inverter-based Distributed Generation, Presented at
TECHNDLOGIES the 13% IET International Conference on Developments in Power System Protection, Edinburgh, U.K., 7-10 March 2016
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Control Design and Testing using Emulated
or Virtualized PMUs
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o irtualized PMU Dyna'mics with ePHASORsIim
GEM@GE‘;@ GE;”? e How to simulate PMUs in Real-
vl % ) T Time?

* How to design, study, and test a
Wide-Area Control and
Protection Schemes?

e How to ensure sufficient test
coverage?

e Let’s look at the dynamic
response of a PMU compared to
ePHASORsIm...

OPAL-RT .
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Vir uallzed PMU Dynamlcs W|th ePHASORS|m

V, Magnitude - Bus22

292 I \ T [
; — cPHASORSImM

| V1 Angle - Bus22

' I A vouT | | | |
\1 " " 7 — cPHASORSIm
u , : , | ; ) ; A e PMU |
286 |- . b i | ' ;
285 — i '

284 - | | | | | | |

RMS Voltage (kV)
N N N
% 8 3
e
e
i

10 15 20 25 30 35 40 45 50 . | -
Time (s) | | | | ,
100 |- | | A1
-160 - '1 ! 3 : '.-. Kt 1, ".‘ Y i
_200 \ | | \ | | | \
10 15 20 25 30 35 40 45 50

Time (s)

M OPAL-RT
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Vir uallzed PMU Dynamlcs with ePHASORS|m
I, Magnitude - L22-23
110 | | | |
— ePHASORSsim
100
90
g o0 l 1, Anglel- Bus22 ‘ ‘
o = cPHASORSIM
SN Ay oy oy oy T )
3 |
2 60
vz
50 ;
40
30 \ \ | | | | |
10 15 20 25 30 35 40 45 50 % _
Time (s)
-100 .
150 - .
_200 | | | | | | |
10 15 20 25 30 35 40 45 50
Time (s)
M OPAL-RT N
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Conclusions
* PMUs are becoming a key part of ensuring grid reliability, but applications are numerous and
need specialized studies and testing
* |t was demonstrated that the use of a real-time simulator providing analysis capability is
valuable for:

O Pre-certification test of monitoring, control, protection devices such as PMU, with an accuracy
comparable to that of calibration lab equipment and the capability to go beyond the standard
requirements

O Increasing test coverage by simulating (otherwise) « destructive tests » or contingencies with lower
probability of occurrence by that have higher potential economical impact

O Equipment and power grid design studies as well as real-time testing using the same models throughout
the Engineering efforts

O Development and study of various protection applications using IEDs with new algorithmic approaches
as well as legacy functionalities

O Design and real-time testing of Wide-Area Protection and Control schemes by emulating PMU dynamic
response

O Raed e 0
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Questions?
ﬁl TECHNOLOGIES
Jean-Nicolas Paquin, Eng., M.Eng.
jean-nicolas.paquin@opal-rt.com
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