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Traditional State Estimation
Introduced After the 1965 Blackout

Centralized State Estimator — Long Response (min)
Model Biased State Estimator

Power System SE: Basic Assumptions

. Positive Sequence Model

. P, Q, V measurement set

. Near-Simultaneous Measurements
. Single Frequency

Implications:

. Balanced Operation

. Symmetric Power System

. Biased SE
. Iterative Algorithm




The SuperCalibrator Concept

The SuperCalibrator is conceptually very

simple:

1. Utillize all available data (Relays, DFRs, PMUs,
Meters, etc.)

2. Utllize a detailed substation model (three-phase,
breaker-oriented model, instrumentation channel
iInclusive and data acquisition model inclusive).

3. At least one GPS synchronized device (PMU,
Relay with PMU, etc.) = Results on UTC time
enabling a truly decentralized State Estimator




Key Projects That Led to the SuperCalibrator Concept
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SuperCalibrator

Theory




SuperCalibrator Approach
Static State Estimator Model

The Estimator 1s Defined in Terms of:

e Model (Model Fidelity Impacts SE Performance)
e State

e Measurement Set

 Estimation Method




Su bstatior) State

le V2e

SuperCalibrator
Static State Estimation

State Definition

Definition of State for a Substation ~ ~

4e V3e
~15 Vector of dimension 4: \71s,a'\715,b7 ~13,C,\7151n
~25 Vector of dimension 4: \ls,a,VZS,b,VZS,C,VZSln
\716 Vector of dimension 4: \le,a,VZe,b,VZe,C,VZe'n

V4e Vector of dimension 4: V4e,a,V4e,b ,V4€,C ,V4e,n




SuperCalibrator Measurement Set

Any Measurement at the Substation from Any IED
(Relays, Meters, FDR, PMUs, etc.)

Data From at Least one GPS-Synchronized Device

Pseudo-Measurements

Kirchoff’s Current Law

Remote End State Measurement
Missing Phase Measurements
Neutral/Shield Current Measurement
Neutral Voltage




SuperCalibrator Measurement Set
Non-Synchronized Measurements

Non-GPS Synchronized Relays provide phasors
referenced on “phase A Voltage”. The phase A
Voltage phase is ZERO.

The SuperCalibrator provides a reliable and
accurate estimate of the phase A voltage phase.

~ ~ . 'Z%ync = ;\neaseja —
As — An e Ja A COS — A, SiNa +
ynC eas j(A\'eaI Sin -+ Aimag CoSx
alphais a synchronizing unknown variable

Cos and sin of alpha are unknown variable in the state estimation

algorithm
There is one alpha variable for each non-synchronized relay




SuperCalibrator Pseudo-Measurement Set

Kirchoff's Current Law Remote End State Measurement

-~ -~

7 do, -1 -1
Expected Error: 0.001% VRpseu o= (I - ZzzYzz) Lyls+ (I - ZzzYzz) LY Vs

P~

kl(l~3 +'|”4)+ kz(l~1 + I2)+ I~m =0

Expected Error: 0.001%

Expected Error: 0.01%




SuperCalibrator: Estimation Method
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SuperCalibrator: Estimation Method

~ K ~

Min J = Z nva_'_ Z nva

ve phasor GV venon-syn O-V

Solution
X" =x"+ Alz-h(x)]
where: A:[HTWHTI[HTW]

Efficiency

Example, Long Bay Substation, High End PC

One lteration: 18,000 multiply-adds (0.002 seconds)

Compute Matrix A: Variable (sparsity) — Almost Invariant (0.010 secs)




SuperCalibrator

Implementation




Present State of the Art: Smart Grid Infrastructure
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Providing Validated and High Accuracy Information
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SuperCalibrator Implementation
Description: The VIWAPA System

35 kV Transmission
13 kV Distribution

Single Generating Plant (RHPP)
Five Substations (RHPPlant, Long Bay, Tutu, East End, St. John)

St. John

6 SEL-421 Relays with PMU Capability

3 SEL 734 Meters with PMU Capability
Numerous Areva Relays (P141, P442, P142, etc.)
There is at Least one PMU at Each Substation




SuperCalibrator Implementation
Substation Configuration — Long Bay — 3D Model




SuperCalibrator Implementation
Substation Configuration — Long Bay
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SuperCalibrator Implementation
Substation Configuration — Long Bay

(=1

Copy Print  Help

Intelligent Electronic Device Cancel | Accept |

[T VIwAPA_LONGBAY

IED

| Manufacturer [[SEL
T sELa21
T SEL421/303
[T LBoo

Data Type Data Source Channel Parameters
@ Phasors « Measurement Instrumentation Channels |
© Waveforms ¢ Simulation
¢ Estimate Measurements | :
File Name: | _ View COMTRADE Channels | |.
File Location: Undefined
I~ Show Connections Annotation Font Size | 1.0

&+ |[FDR-YH1

¢
] ]
Feeder 10B Feeder 7B Yacht Haven Marina Feeder 9B Yacht Haven Marina Feeder 8B




SuperCalibrator Implementation
Substation Configuration — Long Bay

(=1

Copy Print  Help

Intelligent Electro |z =[EY
m| VIWAP# Instrumentation Channels

|ED Name Type Bus Phase Pwr Dev Ixfmr Tap Cable Length IED CalF Offs Attn «|
1 C_3031 A Cur LB301 A Breaker 303 CT600-5 X1-X2 COP-PAR-10 20000 LB00O1 100 000 10
W@_ 2 C3031 B Cur LB301 B Breaker 303 CT800-5 X1-X2 COP-PAR-10 20000 LB00O1 100 000 1.0
3 €303 C Cu LB301 C Breaker 303 CT600-5  X1-X2 COP-PAIR-10  200.00  LB0O1 100 000 10
SEL427 | ¢ VVTIAN Vol 1B307 AN Breaker 303 PT 20K  X1X3 COPPAR 10 20000 LB00O1 100 000 10
5 V_VT1BN Vol  LB3-01 BN Breaker 303 PT 20K = X1-X3 COP-PAR-10 20000 LB001 100 000 10
mliSEL 42 6 V. VT1CN Vol  LB3-01 CN Breaker 303 PT 20K = X1-X3 COP-PAR-10 20000 LB00O1 100 000 10
Data Type Data
& Phasors @ Mea
 Waveforms C Sim
 Estil
File Name: |
File Location: Undefined
[~ She |
kI o
New Edit Delete Cancel Accept |
+ |[FOR10B
il
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SuperCalibrator Implementation
Substation Configuration — Long Bay

Copy Print  Help

=10l x|
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Copy Print Help

Instrumentation Channel Parameters Cancel Accept |
0 20000 LBOO1T 100 0.00 10
[ EI[VIWAPA_LONGBAY_LB0O1 Transfer Function | fo 20000 LBOO1 100 000 i
— — 0 20000 LBOO1T 1.00 0.00 1.0
Channel Name 3031_B Update | 0 20000 LBOOT 100 000 1€
= = 0 20000 LBOOT 100 000 1€
L e |4 Current Phasor Phase (A,B,C...) [B 0| 200.00 | LBOOT 1.00 000 1€
[ Bus Name [IEEXE Current Direction: @ Into Device ¢ Outof Device |
I Breaker 303 :
Overall Nominal Ratio and Offset I 120.00 | 0.00 -
Instrument Transformer Instrumentation Cable Attenuator DAU 1
Instr. Transformer Code Length (ft) -
| 3031 20000 — » 1.00 | IDEAL16BIT S
I Peak Voltage(V) 3
| (D I— 4,\/\/@ —» | 2.00 -
Callibr Factor -
Type Cable Type _ | 1.00 3
| CT600-5 COP-PAIR-10 Burden Calibr Offset - |
Tap R (Ohms) | 000 o
| X1-X2 | 0.10 Time Skew (us) cel | Accept |
i L, .
|Ratloeon 0/5.0 A % X (Ohms) | o
— % | 0.00 ¢
Nominal Primary Voltage (kV) v |FDR-8B
34.50 Data l
I 777‘7777 Concentrator °

Feeder 8B




SuperCalibrator Implementation
Substation Configuration — Long Bay
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SuperCalibrator Power System Model.
Physically Based Three-Phase Model: Example

Physically Based Model

| Multiphase Cable Mode! Cancel

| Accept |

l Line #2 East End Substation To St John Sub - Section 2 (Submerine)

WVI3AKV250KCM-STI-SUB

- s

m(ﬁ@@@

QmeRage
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/
/
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X Delete

. New Cable
‘O New Conductor

Cable Lenth (feet)

810"

17200.0

Get Fom GIS

Soil Resistivity
ChmHmett

ers
0.50

Node Assign

Read GPSFile

Qrcuit Name:

Circuit Data

CKT1

D[N

New / Copy

Delete

Sequence Parameter Model
Not Used — for Info Only

Cable Sequence Networks Close
Positive Sequence Network All Values in Ohms
1.094 +)0.742
O ‘ _ ‘ O
0.509-j 5259.1! I 0.509 - j 5259.1
O
Negative Sequence Network
1.094 +j 0.742
0.509-]5259.1! I 0.509 - j 5259.1
O
Zero Sequence Network
1.933+j0.579
O ‘ _ ‘ O
0.649 -  5259.2 !J !J 0.649 -  5259.2
O O
Program WinIGS-F - Form GENCABLEPAR1A




SuperCalibrator Instrumentation Model:

Physically Based Instrumentation Model: Example

- [l=1a]

Copy ek belp

Instrumentation Channel Parameters Cancel
TR VIWAPA_LONGBAY_LB005S

Accept ‘

Transfer Function ‘

T C_110X_A Update |
TR Current Phasor |__Phase(aB.C..) [
\LB'}-O1 Current Direction: -« Into Device - Outof Device
____Power Device [iV
Overall Nominal Ratio and Offset | 400.00 \ 0.00
Instrument Transformer  Instrumentation Cable Attenuator DAU

Length (ft)

Instr. Transformer Code

110X < | 200.00 > 1.00 IDEAL16BIT
Peak Voltage(V)
I €)) = - E L > 200 [z==
Calibr Factor Channel VIWAPA_LONGBAY LB005 Transfer Function Close
Type Cable Type 1.00 Frequency Range: From | [ Hz, evaluated at | 100  points Update ‘
‘ BCT2000-5 COP-PAIR-10 Burden Calibr Offset
g R (Ohms) 0.00 q "y # Burden ¥ Aten
‘ X1-X5 o010 Time Skew (us) | Input —@ __— R=0.400 jT'—b Output
i i} . o IDEAL1GBIT
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, e
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SuperCalibrator Instrumentation Model

Physically Based Instrumentation Model: Example
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=V ETN Y L B3-01 Current Direction: * Into Device - Outof Device
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Instrument Transformer  Instrumentation Cable Attenuator DAU
Instr. Transformer Code Length (ft)
VT | 200.00 B 1.00 IDEAL16BIT
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I F 4 . B T Channel VIWAPA_LONGBAY_LB001 Transfer Function Close
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SuperCalibrator Installation: USVI — 5 Substations
The SuperCalibrator Runs 4 Times per Second

PPPE I'™Magrc
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SuperCalibrator

Accuracy
Assessment




Quantification of SuperCalibrator Output
Accuracy

 Chi-Square Test provides a measure of how well the
measurements “fit” the model on a probabilistic
basis. Equations omitted

e The SuperCalibrator provides a measure of the
uncertainty of the estimated states. Equations
omitted.

« The SuperCalibrator provides a measure of
Measurement error —to be used for remote
calibration. Equations omitted.




Overall Performance Metric
Chi-Square Test

— | We have introduced the variable k

Transmission Rate:

Error = k.MeterSigma

Transmit

Error Parameter Versus Confidence Level
10—

Overall Error is Provided in
Terms of the Variable k

Parameter k

| NN ooy ! N N A
100m 1 10

Confidenc? Level (%




Performance Monitoring of the SC-Base SE

Program XfmHms - Page 1 of 1

ci\wmaster\xfm\datau\viwapa_001 - Apr 08, 2008, 16:42:01.500000 - 2.0 samples/sec - 1024 Samples

60.01— | Long_Bay_Substat_Frequency (Hz)
¥ VIW_LONGEBAY_B305_Frequency (Hz)
VIW LONGBAY_B307_Frequency (Hz)

60.01—

SelFhjpDevice [Frequency (Hz)
60.01— ,

60.00—
59.99 —

59.99—
1o.s0— Long Bay Substat VILPM PHA (Degrees)
= VIW_LONGBAY_B305_V1LPM PHA reesg
VIW_LONGEBAY_B307 _VILPNM_PHA (Degrees:
SelFmpDevice V1_PHA
SelFmpDevice V1_PHA

< — (Degrees)
39.06 (Degrees)

-58.62—

-78.17 —

-97.73

-117.3—

-136.8—

-156.4—

-176.0—

16:43 16:44 16:45 16:46 16:47 16:48 16:49

Phase Angle (Degrees)

-62.09 s
33 /
’“ 7

+66.56 | /

£8.79
& V.

-71.02- - f,{- Long Bay

N Y/

73.25 | —East End
\ /o Tutu

<7548

-17.714 \

-79.94

T T
16:46:06 16:46:10 16:46:14 16:46:28

Time

16:46:18 16:46:22

-62
64 — Estimated Phase, 35 kV Bus, East End, SC at East End
——— Estimated Phase, 35 kV Bus, East End, SC at Long Bay
-66 -
m
® 68+
o
5
a -70
@
® -72
il e
o
74
-76 -
-78-
I T T T T T T
16:46:02 16:46:06 16:46:10 16:46:14 16:46:18 16:46:22 16:46:26
Time
0127 |
— Estimated Phase Error, 35 kV Bus, East End,
»  0.08 Between SC at East End and SC Long Bay
[0}
o
> 0.04-
a
& 0.0+
=4
11 ]
3 -0.04
®
T
-0.08 4
-0.12-
[ I I I I I T
16:46:02 16:46:06 16:46:10 16:46:14 16:46:18 16:46:22 16:46:26
Time




st.Thomas Computation of Phase Error

&

Estimated Phase, 35 kV Bus, East End, SC at Long Bay |/\/

8 %

[
g -T0 E <704
] 2
8 7 8 72
a o
74
76
78
r T T " r T T . T T
164602 164606 164610 164E14 164618 164622 164626 164606 164610 164614 164618 164622 164626

Time Tt

0.127

— Estimated Phase Error, 35 kV Bus, East End,
0.08 1 Between SC at East End and SC Long Bay

0.04

0.0

-0.04

Phase Error (Degrees)

-0.08

-0.12-
T T T T T T T

16:46:02 16:46:06 16:46:10 16:46:14 16:46:18 16:46:22 16:46:26

Time




SuperCalibrator Implementation
Example of Measurement/Pseudo-M Count — Long Bay

Long Bay Substation

Number of Analog Measurements: 318 real
Number of Pseudo-measurements: 72 real

Number of Status Measurements: 15

Future:
Beckwith Relay Measurements: 2

Number of States: 24+20

Long Bay 35 kV Bus: 3 (complex)
Long Bay 13 kV Bus: 3 (complex) Redundancy
RHPP 35 kV Bus: 3 (complex) 886%0
East End 35 kV Bus: 3 (complex)
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Max Phase Imbalance: 0.150 Degrees r
Waveform Calculator Formula Example (Phases B and C): ;
LB0OO1 V_VT1 CN_R LBOO1 V_VT1 CN_I R2PHAS UNWIND LB001 V_VT1 BN_R LBOO1 V_VT1 BN_I R2PHAS UNWIND — 120 +

;:; Cursars DFF‘ Leftvate | D%elence | Miniwm | AMs | Ampltude | THDe | Kifactor | RiseTime | integial |
5 b — | Pavaue | Peak | Masmm | veege | Phase | THDa | TIF. | FalTime | Freauency |
|c\agc projectsiviwapa_measurements\10-7-O\viwapa_longbay_2008_11_10_07_00_00 - Nov 10, 2008, 07:00:00.000000 - DT = 1.0 sec - 3600 Samples
% | Phase_A_B (Degrees)
5
3| esosem
dar
0
@- Phase_B_C (Degrees)
iﬂi 430.855u
GPS
(OMN  s655m |
m Phase_C_A (Degrees)
n 836130 m
]
N (e
&
®
28 B
&
.|
=
G L:00:00.0000000 DT:3.599 ks R:59:59.0000000

For Help, press F1

AfmHms Yersion

6.4 - May 2009




AgSyncrophasoﬂr Data Processmd E
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Max Phase Imbalance: 8.748 Degrees r
Waveform Calculator Formula Example (Phases A and B): ;
LB0OO1 C 3031 B_R LB001 C 3031 B | R2PHAS UNWIND LB001 C 3031 A R LBO001 C 3031 A | R2PHAS UNWIND — 120 +
B G &
;It = a"”z; TmLt::f/Z\u:DTD:;:.che \ Minimum \ RS Ampmude| THDe | K factor ‘R\seT\me‘ Integral |
H§=' ‘F(ghl\l\ | Peak | Mawmum |[“Average | Phase | THDa | TiF. | FaiTime | Frequency |
|c\agc projectsiviwapa_measurementsy10-7-O\viwapa_longbay_2008_11_10_07_00_00 - Nov 10, 2008, 07:00:00.000000 - DT = 1.0 sec - 3600 Samples
ﬁ I_Phase_A_B (degrees)
4+
;; -1.51318
-
0 1919 |
@- I_Phase_B_C (degrees)
iﬂi 8.74813
GPS
=
p I_Phase_C_A (Degrees)
o
n -7.23495
(]
P
@\
X
8 o
y
]
[
154 L: 00:00.0000000 DT:3.589 ks R:59:59.0000000

Far Help, press F1

fmHms Yersion 6.4 - May 2009




A%&‘syncrophaso\r Data Processmd E
Moltag&Magth@@ ,Jmléalanc

BT, TSN (TS PR T A T R TR T AT S l-’nm g P R T mrvwwgw

Reclos ef - Craw n Mountain

ggggggg

Max Magnitude Imbalance: 0.122 pu

Waveform Calculator Formula Example (Phases A and B):
LB001_V_VT1 BN _R LB001 V_VT1 BN_| R2MAGN LB001_V_VT1_AN R LB001_V_VT1 AN_| R2MAGN — 199.185/

ol

=y

1 5
-~ 2 O a7 =
Ly 1
Fle Edit Yiew Zoom Chanmels Annotation Tooks Help
f— Cursors : DFF\ LEFIVa\uE‘ Difference \ Minimum \ RS Ampmude| THDe | K factor ‘R\seT\me‘ Integral |
“== ‘F(ghl\/\‘ Pk | Maimum [ Aveage | Phase | THDa | TUF. | FalTine | Frequency |
o
|c\agc projectsiviwapa_measurementsy10-7-O\viwapa_longbay_2008_11_10_07_00_00 - Nov 10, 2008, 07:00:00.000000 - DT = 1.0 sec - 3600 Samples
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Note that the phase discontinuity is an artifact of the arctangent function range limits
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Advantages of the Super-Calibrator Approach

o Utilization of All Data — Relay, SCADA, PMU

« Operates on Streaming Data from ALL DEVICES at the
Substation Level — Distributed SE — Generates
Streaming State to Other Concentrators (Information)

« DATA VALIDATION: Quantifies Data Accuracy — Remote
Calibration

« Capable of Storing Data+Model Simultaneously

« Minimizes Data to be Transferred (very important)

e - Communication of Information not Raw Data
« -Improved Latencies




	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41

