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BACKGROUND

Power System Operations

= Provide reliable supply of electricity
= Efficient and secure operation
= Current trend
= Large/complex interconnections
* Loads continue to increase
= Long distance between gens. & loads

= Lack of new power stations

= Implications
= Power systems are stressed

= Systems are operating closer to their stability limit
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BACKGROUND 7)GAEMS

= Power System Stability

Power System

Stability
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Figure 1: Power system stability (Kundur, 1994)
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BACKGROUND

Voltage Stability Assessment (VSA)

Ability to maintain acceptable voltage profile during
steady state conditions & after a disturbance

Causes of voltage instability:
= Small disturbances: Gradual increase in system loading
= Large disturbances: Loss of lines/generators, faults,
transformer and generator controls (OLTCs/OXLs)
= Lack of reactive power support
* Loss of voltage control Sod

Analysis:
= The proximity of the system to voltage collapse

* Mechanism of voltage collapse (how?, why?, what,
where the voltage weak areas are? effectives RAS.



BACKGROUND

System Integrity Protection Schemes for VSA
(RAS, SPS, SIPS)

Functions
= Monitor
* Detect abnormal system conditions
= Initiate remedial action(s)
= Preserve system integrity

SIPS Elements
= System monitoring element
= System protection element
= Execution element

S

‘ Cape Peninsula
University of Technology



B l \ K G I a U N D j ' | Cenhre for Substalion Automation
-/ and Energy Management Systems

System Integrity Protection Schemes for VSA
(RAS, SPS, SIPS)

Table 1: Remedial actions for power system instability

SIPS/RAS/SPS Transient | Small-signal Frequency | Voltage
instability | instability instability instability

Generation rejection X X X X
Remote load shedding X X

HVDC controls X X X

Braking resistor X X

Under-frequency load X

shedding

Turbine fast valving X X X

Automatic shunt switching
Under-voltage load

shedding

Tap-changer blocking X
AGC controls X

Gas turbine start-up X
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OBJECTIVES

Proposed algorithms and methods for WAMPAC

C Stjrt )
Control centre applications for:

Modelling and simulation of wide area power systems Visualization

» DIGSILENT P Fact . . .
- RSCAD/Roal Time Ez:::;i?arTSimulator (RTDS) Wide Area Momtormg System
v System Integrity Protection Schemes

o« Optimal PMU placement formulation and solution

el U Measurements: IEEE C37.118 PMUs
Control : IEC 61850 GOOSE

Y

s Classification and Regression Trees (CARTS) for system status and proximity indicator
+« Calculation of generator-derived indices for real-time voltage stability assessment

» Apply the adaptive weighted summation index

« Calculation of the wide area voltage stability index for large interconnected systems

+ Real-time prediction of the system's operating state and proximity to voltage collapse

!

+ Monitor the system's state
« Automatic arming and execution of the ULT C-SIPS if required

« Automatic arming and execution of the UVLS-SIPS if required
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Figure 2: Proposed methods and algorithms for Wide Area Monitoring;=
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OBJECTIVES

= What are synchrophasors?

————— 6 1 (Phase)

Voltage phasors
——F-- Current phasors

Syf/ ", Sequence components
(Magnltude} ; V‘l "h F
- A requency

/ ROCOF
B 1 - Analogue measurements
v Digital statuses

ltme =0

Features
= 1us synchronization to the GPS,

= Reporting rates up to 200 fps for 50 Hz systems
= Accuracy of 1% TVE

* Compliance with IEEE C37.118 Std.

S

‘ Cape Peninsula
University of Technology



OBJECTIVES
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Applications of synchrophasors

= Situational awareness

= Wide area monitoringgsystems
= Linear state estimation,
= Decision support

= Real-time analysis _
= Protection and control

Phasor format

Phase

= Model validation "~ Tmestam
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Table 2: Comparison with existing technology

Existing Technology

SCADA Data

Refresh rate = 2-10 seconds

Magnitude only

Measurements are not time
synchronized

Legacy communication technology

Not suitable for rapidly changing system
conditions

X-ray
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METHODOLOGY

= Derivations of real-time voltage stability indices
= Generator reactive power reserve

= Derivation for centralized SIPS (undervoltage load shedding
scheme)

* MVAR mismatch, Voltage Control Areas (VCA), volt deviation
= Development of a ‘proof-of-concept’ testbed

= Modelling of the test system
= New England 39-bus test system

= Real-time hardware-in-the-loop simulations of case studies

= (Case studies: Load increase, generator contingencies, line
contingencies




METHODOLOGY

Proposed Real-Time Voltage Stability Indices (RVSA) indices

= Derivation from generator maximum reactive power reserve

2 2,2 .
Ve Vel RVSAG; = |1 - —2K_ | 1009 (1)
ngax_ XS + X2 g max ! .

S

» Generator field current derivation from Qomax

2 2,2 2 2,2 | sqri
Voo Moltma o2 Voo Mollk 2 RVSAq i=|1—— 1,100% (2)
+ > Py max = + > Pok Ifd,i I
Xs Xs Xs Xs fd maxi
= (Generator stator current derivation
2,2 2 g ek 0
an max :\/Vg |3 max — Pga max RVSAa,i = [1 18 ] < 100% (3)
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METHODOLOGY

Proposed RVSA indices for large interconnected power system

= Reactive POWEY reserve on system generators

RVSAg gy = Min{RVSA ;| =min {1 -

1€sys 1€sys

x 100% (4)

= Field current reserves on system generators

I .
min{RVSA g | = min J[1- —® 1 100%!  (5)

RVSAIfd,sys = min . c
Iesys lesys | fd maxi

= Stator current reserves on system generators

iesys iesys 3 max i

. . "
RVSALqs = MiN{RVSA,; J= min {1 _ Ica—k'} x 100%} (6)
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METHODOLOGY

Derivations for undervoltage load shedding scheme

= Total reactive power mismatch

AQ ik = Qgik — Qgio» 1=LNg, k = 0,12, .. (7)

= Total load to shed

Qshed .k = Pk - ZAQg”( k=0,12,... (8)
= Total load to shed per VCA

100 — vcaRVSA ik

AQShed,VCAJk = . X QShEd,k j:11n1 k - O, 1, 21 (9)
100n - [ 2.vcaRVSA ,—kJ
j=1
» Total load to shed per VCA per load bus
AQghed, jBp = Wjavep * AQshed vcaik (10)
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METHODOLOGY

SIPS elements for undervoltage load shedding

SIPS algorithms in PLC PLC/IED/RTDS

System Monitoring Protection Execution

Element Element Element
RTDS Model ; | ‘ |
Power System ot ! System i |
Attibutes ! Classifier Status | ! l
| —*| (Power System Status | ! I
| (Posery ) —|—'» WS signalto | |
Bik Binary | . | §IpS sedosd 1 | UWLS | |
ﬂ:—b Key Line Statuses _E,, AND Controler | Contoller |
-H-HT ‘.’_._.oltagem : Voltage Deviation J i i i
- | | | |
g - A A O O Y A Y e e 1

UVLS-SIPS Algorithm
Load Shecding Sigral ~ TEC 61850 GOOSE
Figure 3: System Integrity Protection Scheme (SIPS) ~=
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METHODOLOGY

Testbed used at CSAEMS-CPUT
= RTDS, PMUs, PDCs, IEDs, GPS Clocks, PLC, Network Switches

A

Figure 4: Implemented WAMPAC testbed
© 2016 Adewole, Adeyemi Charles All Rights Reserved
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METHODOLOGY

Table 3: RTDS Resources at CPUT (4 Racks)

S/N RTDS Card Function Nr.

1 PB5 Processor card 6

2 GPC Processor card 3

3 GTWIF Work station interface 4

4 GTNET Communication protocols 5
(PMU, GSE, SV, DNP3)

5 GTNET X2 Communication protocol X2 |1
(GSE, SKT)

6 GYSYNC Time synchronization 2

7 GTAO Analogue output card 2

8 GTAI Analogue input card 1




METHODOLOGY

Test System Model
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METHODOLOGY

#2 | Subsystem#3 |

[ Subsystem#1 | Subsystem#2 | Subsystem #3

Processor Assignment

FES 14

FES 1B

GPC 24

GPC 2B

Processor

GPC 34

GPC 3B

Contrals Processar 1

Cantrols Processar 3

0 5 W 35 40 45 S0 55 €0 65 70 75 20
Power System Components (load %)

Figure 6: (a) RSCAD draft; (b) processor assignment
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METHODOLOGY

_rtds_GTHET_PMU_v5S.def PMU
PMU13 CONFIG [ PMU14 COMFIG [ PMU15 CONFIG [ PMU16 CONFIG | =
PMUS COMNFIG r PMU1O COMNFIG r PMU11 COMNFIG r PMU1Z2 CONFIG
PMUS COMNFIG r PMUGE COMNFIG PMUT COMNFIG r PMUS COMNFIG RSCAD Draft
CONFIGURATICON r PMU1 COMNFIG r PMUZ2 COMNFIG r PMU3 COMNFIG r PMU4A COMFIG
GTNET-PMU
rMame Description Walue LInit Min Max T P
eZ3Tdata Enable output of C37.118 data using GTHRET Yes |v 0 1 il Component
rame GTHRET Component Mame FMLCharlie
pmutype FPMLU Model Type Annex... | w 0 0
cfgtype Configuration frame format Confio 2| - 0 h| GTNET_PM
freq Base Frequency (Hz) B0.0 - 0 1
nPMLI Mumber of PMUs (maximurm 24) 16 - ] 34 PRUCharley
adw Delay Input Signal to align W & | WV bw 1dt | - 0 1 GTHET Carc & 1
eAngi Enable Angle Difference Meter HO - u 1 GTIO Fiber Port 1
nANgLyfT Angle Difference Meter Mame (PMLUx-FPMLUy) angdiff ] ]
stk Flot Signal Suffix =
calib_const |[Common calibration offset applied to all PMU inputs |0 degrees |-360.0 |32650.0
dt__adj Time-step adjustment to all input signals -3 ot -500 500
ePri Enable Primary Signals YES |v 0 1
GT_SOC GTSYMC advance TIME signal name ILODWSECD o o
ST_STAT STSYMC advance STAT signal name AOWSTAT 0 0
phs_rot Phase Rotation ABC | - o 1
Port CTIC Fiber Port Mlumber 1 1 a- System Freq: 60.0 Hz
Card GTHET_PMU Card Mumber 1 1 8 Algorithm:  AnnexC[P]
Proc Assigned Controls Processor = 1 ET] [ | Rotation:  ABC
Pri Priority Level 1 1 - |
| Update | | Cancel | | Cancel All |

Figure 7: RSCAD-PMU component
PMU Parameters:

= [EEE C37.118.1-2011 GTNET-PMU Card
= P-Class

= Positive sequence phasors V; & I;

= Analogue measurement and digital word

= Polar format, real values, 60 fps, CFG-2

= [RIG-B time sync from the GTSYNC card
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METHODOLOGY
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Binary Input 041 (bit 00) to GTNET SEL_451_1.CON.RBGGIO1.SPCS001.stVal o
Binary Input 02 (bit 01) to GTNET SEL_451_1.CON.RBGGIO1.SPCSO02 stval o
Binary Input 03 (bit 02) to GTNET SEL_451_1.CON.RBGGIO1.5PCS003.stVal ° o
Binary Input 04 (bit 03) to GTNET SEL_451_1.CON.RBGGIO1.SPCS004.5tVal SCD edltor o
Binary Input 05 (bit 04) to GTNET SEL_451_1.CON.RBGGIO1.SPCSO0S.stval o
Binary Input 0 (bit 05) to GTNET SEL_451_1.CON.RBGGIO1.SPCS006.stVal o
Binary Input 07 (bit 06) to GTNET SEL_451_1.CON.RBGGIO1.SPCSO07.stVal o
Binary Input 08 (bit 07) to GTNET SEL_451_1.CON.RBGGIO1.SPCSO08.stval o
Binary Input 09 (bit 08) to GTNET SEL_451_1.CON.RBGGIOZ.SPCS009.stVal o
Binary Input 10 (bit 09) to GTNET SEL_451_1.CON.RBGGIOZ.SPCSO010.5tVal o
Binary Input 11 (bit 10) to GTNET SEL_451_1.CON.RBGGIO2 SPCSO11.stval o
Binary Input 12 (bit 11) to GTNET — ﬁ
Binary Inout 13 (bit 12} to GTMET - ﬁ x
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i pabiaT /| Edit IED: GTIED2 Edit Draft Parameters
=l IEDs
unit walue |
Bl DataSets/GSEControl For GTIED2 ... =
GOOSE_outputs/GOOSE_out... SubNetwaork Name wot —1
El GOOSE_ _« _
= DataSets/GSEControl For SEL_45...
RBdataNewEng/SVP_SEL451_.. VLAN-ID hex (0-FFF) ooo
E DataSets/GSEControl For SEL_42... VLAN-PRIORTY int (0-7) 4
NewEnglandiNewGOOSEMes.. MAC-Address 01-0C-CD-01-01-FF |
APPID hex (0-3FFF} 0003 T
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confRev int 1
< D |* GolD (appiD} char (0-11 long) gtnet_1 [+] =
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METHODOLOGY

RSCAD Runtime
T T

File Create Script Breakpoint Tools Composite Script Signal Case Help

Damossi——" ) @cdEe ~]100+:000 e

m C:\Users\Charles\Documents\CPUT\D.TECHILAB_Work\RTDSIRTDS_DTechCases\New_England_39bus_Case_Studies_Sept2015UEEE_39bus_system_Gen_PMUs_3subsystems_clu\39bus.sib  Compi... I:IK El'( EI QScan
il GPS Time ~ A ko
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Figure 9: Runtime module with meters and controls

S

‘ Cape Peninsula
University of Technology




METHODOLOGY

]
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Bus measurements
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Figure 10: Runtime module with meters and PMU vector plots
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EXPERIMENTAL RESULTS

Simulation: Dynamic Analyses using the RTDS
Combinations of small disturbances & large disturbances
Case Studies:

= (Case Study 1: Increased system loading

= (ase Study 2: N-2 line contingencies + load increase

= (Case Study 3: V-2 generator contingencies + load increase

= (ase Study 4: Load increase + transformer ULTC &
Generator OXL dynamics

. rtds_sharc_ctl_ SCHED
D‘ynamlc Load [ CONFIGURATION | SCHEDULE (1-10) |
SChedIllin g _ mame | Descrigtion I walue | unin_ | Min | Max I
| note [reote: T1<T2<T3 | | =
Dyn:m-f:i_siu (R} L JT. i) oo [1ed
Loadd Y1 Joutpos=: 1065.75 3 =138 |1e3d
——— o= 1 bme == 20 loio [1es
= = 2 i i TRARLCY . [iman [i=an
= = Ta [if e >= 30 [o.o [1e8
@ = : @ = 3 Dwtput= 1174899 -1e38 [1e38 ‘
= = = i T4 it e == 2 0 o0 [1e6 ;
: va Ourtpist= 1233.74 l-1e38 1238
- (TS I wme == 5.0 I [1es
"5 SutpiA= 120543 eas [1e3a
i [ e == 5.0 3 oo [1es
=& - ol i [outpu= 136020 |-1e38 [1e38 -
| upasate || cancel || cCancelsan |

Figure 11: Real-time dynamic load scheduling ™ Unersy of fechmoloay



EXPERIMENTAL RESULTS

Testing with PMU Connection Tester

| €3 PMU Connection Teste

File  Help
E]‘Z_Connection Parameters
Tep | Udp |Serial| File  DefsuhSysemIPSiek Ve | Protocol | I
I |EEE C37.118.2-2011 | Disconnect
HostIP: 192162, 1203 || Establish Tep Server i -
Device D Code: | 10 e "‘2:""“-3-7
Port: 4710 . onfigure Alternate
o] Command Channel
Network Interface Disable Reattime Data | [ Send | e
MU D 10 Configured frame rate: 60 frames /second
[Puur ']:g* 59.9963 =
. ) ) @
PhasDr.{Seiemedﬁrefelemangle}E 59.9891 %
[v: PHASOR CH 1:v1 -] < =
= | 59.9819 3
Phasers: 2 Nominal & 3
F : 11 | 59.9747
Analogs: 4 reg}u;:cy g
Digitals: 1 B | 59.9675 —
180 —PHASOR CH 1:V1
Power: 1021.6839 M/ —PHASORCH 211
Vars: 225.1266 MVars a0
0
-90
-180
1+ Graph |ﬁ5§mngs | 5] Messages |¢] Protocol Specific
[=)##*Real-time Frame Detail
Frame Type: DataFrame AA 01 00 3C OO0 DA 56 AD BF CD 00 OE 3D D5 00 00 45 F1 25 96 CO 03 2A FC 47 30 4C 0C CO 11 19 45 42 6F DC SA BC SA FO 45 44 7D CA 62 43 74
Time 2016-01-21 11:23.57 933 95 33 40 1B SF D3 43 BC 5C 8C 00 00 EA AA
Frequency: 59.9654 Hz
Angle: -117.427617494094°
Magnitude:  7.7167 (13.3657) kV
T4 framan: N Erameasloan OO Tatal kadas: 0 Bt rote (mhest- 0000 Nuososd hadfars: 0
S

Figure 12: PMU connection testing TR
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EXPERIMENTAL RESULTS

Testing with RTDS PMU Utility

TVE: 1%

| Connection Parameters PMU Summary
STH : [PMCU_INPUTS nnl :|[PHASORS - | name : [V1YPM |+
Socket: ® 1cp © uop | Real-Time Info FE. 0 005 H
o e : Time 2014-02-16 18:30:21:050 Latitude 0.0 o o VA
Host IF hitet i Syne Clock locked to UTC Longitude 0.0
Hemote Port Frequency 600 Hz Elervation 0.0 maeters -y
- | | RN RFE: 0.01 Hz/
e td Tast Recekving data.. Angle 94.8408 * s . Z S
Configent 35 ROCOF A.T04THEA
Frames/isec © GO Nom Fred @ G0 Hx Phasors : Fa Analogs a8 Digital @ o
Toating 1 e 1 [Rocor errorva time ] ratep - 500 us
Time = Feb 16 2014 18:19:19.0
Test = PASS
i it Controd - -
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Current Test  [CORSCADBEINIChares 50_60fps_AmpMagta | FOCOF Ero
0 OT5040 .
=~ =
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va [0 | | s o | ang: (0.0 .ovroaT|
ve: |10 | | 1.: [oa | ang: [az00 |
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2 - - S— URRAIRE i i I At b I INEER i
Voftsetang: |00 ] loffsetang: |00 |
Froquency: [s0.0 ]
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Mag. Step Change (ou) (0.0 | Delay (sec) (0.0 | ] |
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Figure 12: PMU connection testing pniversy ef echmoloay
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RTDS_Synchrophasor_Wireshark.pcapng

Eile Edit VMiew Go Capture Analyze 5tatistics Telephony Teools [nternals Help

LN 2E XN T L QA QB Mm%
Filter: | synphasor |E| Expression... Clear Apply Sawve
(Mo. Time Destinaticn Protocol Length Info -

| |

2410 12. 942782000 . L1, . L1, SYNCHRC 488 configuration Frame 2
2424 14,441 348000 1. . SYNCHRC 114 pata Frame
2427 14.461351000 192.168.1.203 192.168.1. 33 SYNCHRC 114 Data Frame
2430 14.481333000 192.168.1.203 192.168.1. 33 SYNCHRC 114 Data Frame
2432 14.501305000 192.168.1.203 192.168.1. 33 SYNCHRC 114 Data Frame il
;))Il 24 1A E12X2RAMANN 1072 182 1 2202 — 102 18 1 22 W R H D 'I|'IA MNat+a Cramo :
# Frame 2540: 114 bytes on wire (912 bits), 114 bytes captured (912 bits) on interface 0 -
# Ethernet II, Src: RtdsTech_05:92 (00:50:c2:4f:95:92), Dst: CompalIn_59:e8:6F (1c:75:08:59:e8:6F) b
+ Internet Protocol Version 4, Src: 192.168.1.203 (192.168.1.203), Dst: 192.168.1.33 (192.168.1.33)
# Transmission Control Protocol, Src Port: 4710 (4710), Dst Port: btprjctrl (28B03), seq: 4275, ack: 55, Len: 60
= IEEE €37.118 synchrophasor Protocol, Data Frame
# synchronization word: Oxaall
Framesize: bl
PMU/DC ID number: 10
S0C time stamp (UTC): 2016-01-21 11:18:50
E Time quality 11ags i
Fraction of second (raw): 50000 1
= Measurement data, using frame number 2410 as configuration frame
= station: "PMUL "
# Flags
= Phasors (2)
Phasor #1: "PHASOR CH 1:v1 ", 7452.73v/_-113.48°
Phasor #2: "PHASOR CH 2:I1 ", 47999.034A,/_-124.93°
Actual frequency value: &60.065163Hz
rate of change of frequency: -0.067328Hz/s _ 5
= Analog values (4)
# Digital status words (1) 7
4 T 3
Q000D 1c 75 08 59 =8 af 00 50 «¢2 4f 95 92 08 00 45 00 LULY.00P L0 E -
0010 00 64 21 7d 40 00 40 06 94 da c0 a8 01 cb cO a8 drieeas o L....... =
0020 01 21 12 66 0a 3 be ff a4 98 el a6 41 98 50 18 I - 1 |E
0030 40 00 19 7b 00 00 aa 01 00 3c 00 Oa 56 a0 be 9a B.ofe... =0V
0040 00 00 c3 50 00 00 45 e8 e5 df bf fd 83 c1l 47 32b ce.P..E. ...... G; i
[aTal-val T+ Ne ~n nbk gk g@s AT 70 AT b el @00 A 1 AA a7 (=T o =] ™
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Figure 13: Synchrophasor packet sniffing using Wireshark
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Aggregation using the SEL-5070 PDC
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Calculations = | Input PMUs
Archives nput Connection
= SWP 5554 SWP Found oK Locked
Loggers - R a 4,416 60,01 ; f:
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Phasors Analogs Digitals O = Mominal
Status =
e Magnitude | Angle i Ll pwolool]-erro1| |oworooll-ermoz| [pworooil-ermoz| [oworooil-erToa
Real-time PO_W[O01] 7774420 -74470 AO[D01] 290884 a1 a D T
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Figure 14: Aggregation of PMU measurements using the PDC <
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Case Study 1
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Figure 15: Case Study 1: Real-time plots of voltage phasors and —

generator MV Ar for increased system loading sty




EXPERIMENTAL RESULTS

Case Study 2
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Case Study 3
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Figure 17: Case Study 3: Real-time plots of generator-derived indices for increased

loading conditions, line - generator contingencies, and OXL operation _<
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Bus Voltages (p.u.)
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Figure 18: Increased loading (a) Without SIPS; and (b) with SIPS
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Three generator-derived RVSA indices
based on PMU measurements
Comparison of the various RVSA indices.
= EGSCR index gave the best performance
= Less sensors, less measurements,
= ease of practical implementation

SIPS using undervoltage load shedding

A real-time ‘proof-of-concept’ testbed was
implemented

Future work: Impact of pervasive network conditions and
cyber security in wide area applications
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