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DS-SE Challenges
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B Breaker

R Recloser
——— 3 Phase Feeder
--------- Single Phase Lateral

/CDA '—§—> H Residential (Single Phase)
——— «3—C Commercial (3 Phase)
d —3— | Industrial (3 Phase)
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| with PV
Rooftop
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Issues, Challenges & Opportunities

Available Measurements in Distribution Feeders

Substation Data

Recloser Data
Capacitor Control Data
Smart Meter data (secondary)
Customer Owned Distributed Resources with Metering
State Estimation is Extended to Customer Systems
Need to integrate existing measurements that may be at varying time
scales

Typically not Enough for Full Observability

Feeder Sections May Be not Observable
Need to augment measurements set (virtual, derived, pseudo)

Implementation Approaches Become Important

Multiphase Modeling is a Necessity
Many More Power Devices than Transmission Systems

Measurement data at disparate time scales (very important obstacle)
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Object Oriented DS-SE
Use Existing Measurements Formulation

Supplement with

Virtual, Derived, and Pseudo-measurements
Distributed State Estimation:

S  Switch
Arbitrarily partition DS into Sections B Breaker
Need: At Least One GPS Sync Meas R Recloser
. ——— 3 Phase Feeder
At EaC h SeCtI on. Single Phase Lateral
777777777777777777777777777777 A «—3—H Residential (Single Phase)
Substation N '—§—’C Commercial (3 Phase)
’ «—3— | Industrial (3 Phase)

B ) | Capacitor |
s o o |_D7 ’,// U Fuse {
' .2C

o L e \\\\ I._§_bH
7 with PV

Rooftop

—oH

" with PV
______ EP_B____,” Rooﬂop § m
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oC

o8 Object Oriented DS-SE
N ’ Across (Voltage) Measurement:
%g : > Zj(t):)?j(t)+77j
e =

e

Through (Current, Torque, etc.) Measurement:
Measurement Z; (t) represents a quality associated
with one row of the Object oriented model

] ] > Z,(t) = row k of Object Oriented Model +7,
Object Oriented Model

_|~(t)_ _\7(t)_ - —\7(,[)‘" Row k '
0 _ Ym(t) IT v T 7T Al ) ) Ym(t) .
ry | lve [ VTR YR VTR V)] R Fo| 7B
Lo | Y | Y ()]
QSE states are
=~ Phasors, Speed, etc
V(t—i-h) |T(t-i-h)
where B, _ZA {Y(t_l h)} ZBi { . }c
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Distributed State Estimation
Virtual Measurements - Examples

I,
I Any Equation of a
Model Used in the
State Estimation
I
S Example: The Equation for the
Transformer Internal Voltage
=l 1+l

Virtual Measurement
z. =0 value
o, =0 standard deviation

b 19, Meliopoulos Power System Automation Laboratory — Page 6




Distributed State Estimation
Derived and Pseudo-Measurements - Examples

oC
B
DA .
N ¢
----- °
% I .
| : , °
mate | ‘ L’A ilable M t
Estimate « | vailable Measurements
Voltage & Current of Voltage & Current from
and Introduce as } Smart Meters
"Derived Measurements" / Introduce
””””””””””””” ‘ Pseudomeasurements

of Voltage and Current
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Distributed State Estimation
Pseudo-Measurements - Examples

In a Feeder, 30

there may be 3@

. . Available Measurements Available Measurements
sections without 3 voltages 3 Voltages
. . 3 Currents l 1P 3 Currents
Instrumentation 3P

Pseudo-Measur.
Can Provide the
Link Towards Full B .' R

Observability

30
An example is 30

shown
)

1®
3®
Define Current Pseudomeasurements as Shown

Pseudomeasurement Values : Distribute the Current Difference from Breaker to Recloser to the Loads / Phases

Uncertainty : High
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Distributed SE Measurement Set

Non-Synchronized Measurements

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

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

A A jOl Async — A\neaseja —
'Agync — Anease Areal COSa — Aﬁmag sin o +
J(Asina + A, cosa)

a is a synchronizing unknown variable

cos(a) and sin(a) are unknown variables in the state estimation algorithm

There is one a variable for each non-synchronized relay
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DS-SE: Algorithm

Min 3= Y B, S

2 2
vephasor Gv venon-syn Gv

Solution

X" =x"+ Alz—h(x)]

where: A= [H™WH['[H™W]

Efficiency

Demonstrated the ability to execute the state estimator 60 times per second
for substantial size substations.
There is still space for improved computational efficiency.
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Demonstration Projects
Application to PV Farms (1.16 MW Array)
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What is Monitoring via State Estimation?
Implementation: Inclusion of Both AC and DC sides

System is Represented with a Set of Differential Equations (DE) in terms of the system state

SYSTEM STATE: Voltages at each node of the system (see example system)

The State Estimator Fits the Streaming Data to the Model of the System via a least square approach.
END RESULT: Best estimate of system state, i.e. voltages at each node

The Estimator is Defined Viher
in Terms of: e, .. Ve
. Model L | o ;
— —1H Vbel
. State : o] )
. Measurement Set L7 . o | Vabez
. Estimation Method %‘g
y —/ 2 _
Observability LT oz -
: _-_.( s o—|
Redundancy ETET - —H
Vdcl
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1.16 MW
PV Array

4224 Panels (270-280W)
2 Solarex Inverters (500kW each)
10 Combiners per Inverter
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Field Demonstration
1.16 PV Array

Cell Modem
Antennas b ;
yranometer
Q GPS Antenna Hall Effect CT %
‘ HAT 1200-S | Weather
Util 3CT-50:5 3CT-1200:5 | o Station
ility AC| DC Divider (100:1) s e N
1 Array
M i i Y ‘
50k, 5W ’ :
~— WA
500,1W f ] N ‘
see h
Arbiter 1133A National Instruments
NI USB-6363
(16 Channels)
Cell Modem
(Sierra Wireless)
i;aélrzg ® \/isualization Continuous Display
e Bad Data Detection
[ai]
3
T T T 4 Port Ethernet Applications
Switch (Moxa) . o
IES PC * Power Quality Monitoring
(APC Backup Dell/Windows 7 o Historian
UPS 700 Pro) —— Future
e Max Power Tracker
® Other
120 Vac ‘ :
Source
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Switch Gear

PV Interconnection
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Overview

PV Panels
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Buckman PV Array WinlGS Model

& winies-Q
File Edit View Help Window

i < o= prm—— 0.00000 s
‘L] | Run || Pause | STOP ” @ “ ” 0.00000 s ‘ F. 3 H 1285 ‘ gﬁg ‘ Grounding System 0.5 M PV Farm Module, Code 139, ID =32, File = BUCKMAN-DEVELOPMENT.003
ja—

.
@ Grounding System 0.5 MW PV Farm Module - Case: BUCKMAN-DEVELOPMENT [c-][-E-|&3a] | 2 Buckman PV Array - Case: BUCKMAN-DEVELOPMENT

O
Xtmr & inveriers Only

D Grounding System 0.5 MW PV Farm Module - Case: BUCKMAN-DEVELOPMENT B (K| Single Line Diagram - Case: BUCKMAN-DEVELOPMENT

1 2 3 \ 4 ; i . Rl
> ; |

For Help, press F1 Active Layer: 0




Buckman PV Array WinlGS Model
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Buckman PV Array WIinlGS Model

PV Module Model: PV Strings, PV String model, Converter Model

| TR ren
[10 Strings of 22 Solar Modules, SCB 01 (10 SCB per Inverter) Cancel

Characteristics at 1000W/m2

Rated Power | 580  kw
Open Circuit Voltage 880.0 v
short Circuit Current | 820 A
SeriesResistance (Rs) | 0.002 | Ohms
Shunt Resistance (Rsh) | 1000.0  Ohms

Bus Name
GRP01-S01

Circuit Name
1

Data from Default Set LV Characteristics

(=

500

Insolation VVim2
Currrent (A)

(TS SEMTINEL

]
]

Curve#t
0,007 - . . v 1 0007, . . . . .

0.00 as0 960 144 152 240 123 a7 352 527 703 a78
Time (Hours from Midnight) Voltage (V)

Wim2.

’7Nnurs r J Plot: E L\(/ vii max |

[ o [ = [

Copy Print Help

Six-Bridge Converter (Three Phase) [sEhlE] Accept

‘ 500 kW, 208 V AC/DC Converter

Georgiall’

Techr

Inverter Model

~ Two-Level Converter

AC Bus DC Bus
MOD01-CV2 | EEEmlUIEsET MD01DC1 |
1
KD
i Y £ £ £
Power Rating . 3 [ [
b ] Reactance
0.5 MVA Ef —rm T - 3.0 PU
Voltage Rating F 4 F 4 £ Resistance
Xfmr & Inverters On|
by [ 0208 gy £ 5.0 PU
AD
Controller Six-pulse Algorithm
“ Six- Pulse Converter Rectifier

© DC-Voltage Control

Six-Pulse Converter

(ACtoDC )

¢ Is Working
“ Rectifer Mode © Real Power Control
 Inverter Mode
DC Votage | 1.2 KV AC Voltage 0.208 KV
Reactive Power| 0.4 Mvar 0.001 Deg

Real Power 0.208 MW
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Field Data — 9:00 — 9:30 am (30 Samples / Sec)

288.0 V— BUCKMAN_AGC_Phasor Volt CH-A_Magnitude (V)

285.2V , , /

-

180.0 Deg — BUCKMAN_AGC_Phasor Volt CH-A_Angle (Deg)

e LAY

487.7 A— BUCKMAN_AGC_Phasor Cur CH-A_Magnitude (A)

1380 A — , , : :

180.0 Deg — BUCKMAN_AGC_Phasor Cur CH-A Angle (DegW
-179.9 Deg VVV VV

440.7V BUCKMAN_AGC_V_PVGRP1DC_PO_Magnitude (V)

416.0V

451.0 A BUCKMAN_AGC_C_PVGRP1AC_PVGRP_Magnitude (A)

1445 A

February 24, 2013 - 10:59:50.666667 February 24, 2013 - 11:29:48.966667
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Field Data — 9:30 — 10:00 am (30 samples / Sec)

288.7V— BUCKMAN_AGC_Phasor Volt CH-A_Magnitude (V)

2861 V T T T 1 T T T
180.0 Deg — BUCKMAN_AGC_Phasor Volt CH-A_Angle (Deg)

e NN

521.0 A— BUCKMAN_AGC_Phasor Cur CH-A_Magnitude (A)

220.9 A , , , T

179.9 Deg — BUCKMAN_AGC_Phasor Cur CH-A_Angle (Deg)

e DS

438.5V BUCKMAN_AGC_V_PVGRP1DC_PO_Magnitude (V)

4100 V T T T T T T T
605.2 A— BUCKMAN_AGC_C_PVGRPIAC_PVGRP_Magnitude (A)

236.3 A : : : _— e . |
February 24, 2013 - 11:29:55.466667 February 24, 2013 - 11:59:48.966667
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Field Data — 10:30 — 11:00 am (30 Samples / Sec)

BUCKMAN_AGC_Phasor Volt CH-A_Magnitude (V)

2853V T T T 1 T T T

179.7 Deg WN AGC_Phasor Volt CH-A Angle (Deg)

387.0 A— BUCKMAN_AGC_Phasor Cur CH-A_Magnitude (A)

1389 A T T T T T T T

180.0 Deg — BUCKMAN _AGC_Phasor Cur CH-A_Angle (Deg)

Al

426.7V — BUCKMAN_AGC_V_PVGRP1DC_PO_Magnitude (V)

390.7 V : . : : . . . l
430.4 A— BUCKMAN_AGC_C PVGRP1AC_PVGRP_Magnitude (A) /
February 24, 2013 - 12:29:51.666667 February 24, 2013 - 12:59:48.966667
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Field Data — 11:00 — 11:30 am (30 Samples / Sec)

289.7V— BUCKMAN_AGC_Phasor Volt CH-A_Magnitude (V)

288.0V T T T 1 T T T

180.0 Deg —, BUCKMAN_AGC_Phasor Volt CH-A_Angle (Deg)

AN Y

562.8 A— BUCKMAN_AGC_Phasor Cur CH-A_Magnitude (A)

389.5A

T T
179.9 Deg — BUCKMAN_AGC_Phasor Cur CHAAngﬁ[\\
-180.0 Deg wwww w :

422.2V —, BUCKMAN_AGC_V_PVGRP1DC_PO_Magnitude (V)

YA g

3913V T T T T T T

626.7 A— BUCKMAN_AGC_C_PVGRP1AC_PVGRP_Magnitude (A)

430.5 A : : ; r r ;

I
February 24, 2013 - 12:59:52.266667 February 24, 2013 - 13:29:48.966667
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Synchrophasor Field Data Snapshot

= | B |

SuperCalibrator - PDC Link cancel | ok |

Substation: YJC_BUCKM
mmm Communication Parameters maassssssss s Phasor Diagram m

Rescan|— Local IP Address: [ 192.168.0.102 F=60.0219Hz Time: 12:14:32.533333
Local Port Number: | 2000 f'ﬂl;!'[

Qutstation P Address: 192 168.0.102
Qutstation Port Number: | 2003
OQutstation ID: |10

Connect | Start | —Protocol

Disconnect ‘ Stop = TCP
: ¢ UDP-1
Frame Window ‘ Copy CFG ‘ ~ UDP-2

_ setRate [[ 60 | - TCP/UDP
Buffer Usage 0.00 % ™ Autostart
JEGN I B BEEEl 1 Adiust Clock DF/DT = 0.0201 Bzsec Rate = 30.0000 fps

r Save Stream to File | buckman Edit Measurement Mapping |

&lready Disconneted

Connecting. .
=
Connecting. . Name Type Magnitude Phase =
oo ting Contigration B2 (Degrees)
hecoived Contigurarion proml | | O Phasor VoIt CH-A Voltage 288.8389 123.4191

1 Phasor Cur CH-A Current 435.2258 -58.5011

2 Phasor Volt CH-C Voltage 289.0181 -116.4568

3 Phasor Cur CH-C Current 444 2625 62.1891

4 Phasor Volt CH-B Voltage 288.8625 3.3638

5 Phasor Cur CH-B Current 441.4685 -179.7037

6 V_PVGRP1DC_PO Voltage 385.0335 0.0000

7 C_PVGRP1AC_PVGRF Current 494.9604 0.0000

o] | o
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Demonstration Projects

ENERGIZE Project: Voltage Regulation and Protection
Assurance using DER Advanced Grid Functions (lead: SNL)

Gt Power System Automation Laboratory — Page 24




Demonstration Example — PNM LOHO13 Feeder

Georgia/ s

Techr

Section 1

LOHO13 Reduced Feeder
Model (15-three-Phase buses)
provided by PNM.

Rated Voltage: 12.47 kV/0.48
kV

The feeder is separated into
two sections, with each section
containing a state estimator.

Each state estimator runs
guasi-dynamic state estimation
in the local section and outputs
the estimated states,
estimated measurements, and
validated model to the master
state estimator.




LOHO13 Feeder — Section 1

Measurements from Section 1 (7 IEDs)

Voltage Current # of
Measurements Measurements Measurements
6

A Rl vt asCateol fon
Section 1 £02_511 [N BI;\I1'1CN " BAl'lB{oC BaézB(lLli;:fi;) £
P TT Y Gl e 206 (Lnes) 6
- eoa o00 IR
i 05 510 IR 6
i£06_515 [N bkt 6
P Fh ED15_BO05 A, B, C at BO5, from 3

System Configuration: BO5 to B09 (Line135)

e 2 three-phase two-winding XFMRs (115/12.47 kV, 12.47/0.48 kV)
e 6 three-phase distribution line segments

e 1three-phase load (0.48 kV)

e 12 single-phase loads (feed: 7.2 kV)

e Total load consumption: 683.6 kW, 126.71 kVar

e 1PVsource (0.48 kV, 258 kW)

Georgiall’
Tech
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LOHO13 Feeder — Section 1

e Section 1 (7 IEDs installed)
— 18 voltage & 21 current phasor measurements, 78 actual measurements in total.

— 120 type | derived measurements, 30 type |l derived measurements, 42 virtual measurements,
and 14 pseudo measurements.

— States: 114, Measurements: 284, Redundancy: 249.12%.
— 60-second event, sampling rate: 60 samples/second, PV output changes during the event.

7.196

o — 280.516—
71934 [— [ VIBiAN_M 041~  V_BIS_AN_M
2 r i VIBL1 BN | 5 oo ——V=B5BNM—
7.190- e ] V_Bll CN.M 279.566- V_B15 CN_M
7.187- S L 279.090- —
180 180+
2 5 B1I-ANT > 60 B15—
_BN_P Bt5_BN_
0 .60 11 CN_P 0 -604 5 CN_P
-180- -180-
334.20 474.1-
326.51 f £-B02 _1 BI1A_ 410.5- C_B15_PQB15_1_B15_A_M
< 318.81] €1 B02 —1_Bll1-B—WM < 347,04 T B15_PQBI5 I BI5 B M
: - c[B02[B11717B11 C_M : C_B15_PQB15_1_B15_C_M
311.12-
180+
o 60
]
[a) .60+
-180
0.0 10.0 20.0 30.0 40.0 50.0 60.0 0.0 10.0 20.0 30.0 40.0 50.0 60.0
Time (Seconds) Time (Seconds)
Measurements from IED2_B11 (located at bus B11) Measurements from IED6_B15 (located at bus B15)

Georgiallnsifiuic
Techn
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LOHO13 Feeder — Section 1

e State Estimation Results — Measurements & Estimated Measurements

Voltage Magnitude Measurements in IED2_B11

Current Magnitude Measurements in IED2_B11

S 12 < 330
2t N
- 't | == Vam ) l ————— Tam
.‘;; I Vbm E 325 o | --- Ibm [
= 7.195 W _____ Vem vn: 'E i [ R Icm |
bﬁl) M’*’M Vam.Est . %” 320 + ‘ : ‘ Iam.Est | |
é‘ b Vbm.Est s —— | | Ibm.Est
> 7.19 |+ N e prm Vem.Est | 5 35| Icm.Est i
?‘D forirdontag -.,.M...,‘,._“,.‘wa\v L.u._““l Ieamponsironade oot e T~ 2 1-—‘ ‘ ‘
= - — ‘ |
§ 7.185 1 L 1 L 1 6 310 1 L 1 e 1
15 20 25 30 35 40 45 15 20 25 30 35 40 45
t(s) t(s)
Voltage Phase Angle Measurements in IED2_B11 Current Phase Angle Measurements in IED2_B11
—_ 200 T T T T T ~ —_~ 200 T T T T T N
o 1 ) /
® y i N T Phase A 2 i B et Phase A
& 100 F 7 _ === Phase B N g 100 [ ,.“ I it Phase B
2 g ‘ A | ——- Phase C ) y, | ——-- Phase C
%)D 0 / \ ‘ Phase A.Est | | %)D 0 / / yd ‘ Phase A.Est | |
= | o Phase B.Est | = , ; Phase B.Est |
< ‘ | Phase C.Est < ‘ / T Phase C.Est
2 -100 |-/ L - 2 -100 |- | L
£ / L \] £ |/ L
A~ 200 1 : L 1 M L A~ 200 1 . L 1 L L
15 20 25 30 35 40 45 15 20 25 30 35 40 45
t(s) T t()
—
/ N
glEm_Bm / glEoz_Bﬂ \
% | ¥ |
A§||§i B2 fhjq‘{ww @ @ l
- 1Ph 1Ph @ /ﬂ
Sectionl * . _
Georgiallnsifiuic ! .
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LOHO13 Feeder — Section 1

e State Estimation Results

Performance PNM_LOHOS1 | Close |
T  Datalntegrity Alert Calibration Factors

IED

~ Yellow  [[Orange | NIRSSINN g s
W] Phase

State Estimator Measurement Report

State Estimation Quality

Substation: PNM_LOHOS1 ——— Filtering ———— SortBy — 100
Name Measurement (AU) Estimate (AU) _Error (AU) _Error (NORM) _StDev(AU)rm.Fctr @© Field @ Votage © Name 3
1 V_BO1_AN 683937V, 1034 Deg 663946 V, 103.4 Deg 1.69V 0.00094 1800.0V 953V ) Derived O cCurrent O Residual 3
2 V_BO1_BN 66292.0V,-16.65Deg 66392.3V, -16.65 Deg 0.85V 0.00047  1800.0V 953V O Field & Derived O Other O Type b
3 V_BO1_CN 68396.0V,-136.7 Deg 66394.7V,-136.6 Deg 1.53V 0.00085  1800.0V 953V O SE o Al O Classification e
4 V_BOS AN 72932V, 7865Deg  7293.0V,78.65Deg 0.50V 0.00176 281.7V 996V = -
5 V_B05 BN 7287.0V,-41.33Deg  7286.8 V,-41.33 Deg 0.69V 0.00245 281.7V 996V

6 V BO5 CN 72837V,-1614Deg  7283.4V,-1614 Deg 071V 0.00251 281.7V 996V < 10—
7 V_BO9_AN  72937V,7863Deg 72935V, 78.63 Deg 0.65V 0.00230 281.7V 996V z E
8 V_B09_BN 7287.9V,-41.32Deg 72876V, -41.31 Deg 063V 0.00223 281.7V 996V 7
9 V_B09_CN  72806V,-1614Deg  7280.4V,-161.4 Deg 0.65V 0.00231 281.7V 996V e
10 V_BIOAN  72875V,7886Deg 72885V, 78.66 Deg 1.20V 0.00457 281.7V 996V o b
11 V_B10BN  7277.7V,-41.29Deg  7278.8V,-41.30 Deg 161V 0.00570 281.7V 996V = g

12 V_B10_GN  7269.0V,-1614Deg  7270.1V,-161.5 Deg 1.60V 0.00566 281.7V 996V Iy ]
13 V_B11_AN  7194.1V,7540Deg  7194.1V, 75.40 Deg 015V 0.00054 2817V 996V 2 1
14V B11 BN  71920V,-4457Deg  7191.9V,-4457 Deg 0.18V 0.00063 281.7V 996V E 3
15 V BI1_CN  71886V,-1646Deg  7188.7V,-164.6 Deg 0.22V 0.00077 281.7V 996V g@,{ & 3
16 V_B15_AN 280.2V, 80.97 Deg 280.2V, 80.97 Deg 0.02v 0.00681 3000V 771V Ly, = 7
17 V_B15.BN 2798V, -3898Deg  279.8V,-38.98 Deg 0.02v 0.00648 3000V 771V 4 Vo 1
18 V BI5 CN  2795V,-150.1 Deg  279.4V,-159.1 Deg 0.03V 0.00920 2000V 771V b
100m —
o 3

Add/Remove ‘
. L=y 1 1 1 | |
Time Stamp: | 05/31/2079, 23:47:25.003906 ® Freeze Add Al Remove Al \ o - o - - T

Confidence Level

Confidence | terations | 40
R Parameter K ,7 Degrees of Freedom ’T Mismatch m
Snapshot of SE Voltage Measurement Report, Section 1

Confidence Level of Section 1

e Estimated measurements track the measurements accurately.
e Allerrors are small.

e Confidence level of section 1 remains at 100% = the estimated states of this section are
trustworthy, the system model of this section is validated.

Gecraa RS 9, Meliopoulos Power System Automation Laboratory — Page 29




LOHO13 Feeder — Section 2

E IED7_BGE m IEDE_B08 E IEDA_&13 E IEDG_B14
. ; N N

Measurement from Section 2 (10 IEDs)

5

047 I Vv Vo
oy : to 1o # of
RN Lt Lt Voltage
25;2?@-»7#?—@—@ Measurements Current Measurements | Measure
BO6 B13 B4

AR E

B
. iR AN, BN,CNat A, B, CatB06, from B0O6
L e IED7_BOS BO6 to BO5 (Line59) °
< AN, BN,CNat A, B, CatB13, from B13
it B13 to B14 (Line196) °
KL - BO7 - 'E;[JS AN, BN,CN at A, B, Cat B14, into the PV
{; ’ﬂ' W ‘ﬂ' Section 2 IED9_B14 B14 Source (PVSy2) g
e -»c-x_\!lm _ g (D B AN, BN,CNat A, B, CatB0S8, from B0S 6
_;m . o - BO8 to BO7 (Line97)
' bl Tyl ANBN,CNat A, B, CatBO7, intothe -
—— = BO7 capacitor bank (Capal)
¥ B04 B2 @ AN, BN, CN at A, B, C at BO3, from B03
; 1; IED12_BO3 BO3 to BO4 (Line4) 6
ES %
A = IED13_B04 (AR 3
m IED13 B m IED14_B12 BO4
System Conﬁgu ration: IED14 B12 AN, BN,CNat A, B, CatB12, intothe PV 6
L . . = B12 Source (PVSy1)
e 8 three-phase distribution line segments 1e BOE A B, C at BOG, from BO6 ;
e 1three-phase load (12.47 kV, 1885 kW, 1292 kVar) _ to B13 (Line167)
. A, B, C at BO6, from B0O6
e 1 capacitor bank (12.47 kV, 1800 kVar) IED17_B06 to BOS (Line188) 3

° 2 PV source
—  PVatbusB14 (12.47 kV, 1 MW)
—  PVatBusB12 (12.47 kV, 10 MW)
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LOHO13 Feeder — Section 2

e Section 2 (10 IEDs installed)

— 24 voltage & 27 current phasor measurements, 102 actual measurements in total.

— 66 type | derived measurements, 14 type Il derived measurements, 20 virtual measurements,
and 16 pseudo measurements.

— States: 88, Measurements: 218, Redundancy: 247.73%.
— 60-second event, sampling rate: 60 samples/second , PV output changes during the event.

7.334+ R _
— —— 7.324 — —— 1
7331 V_B14_AN_M 7320 V_B12_AN_M
2 V_B14_BN_M b — V_BTZ-BN_M |
7.328 7.317 A N B12-EN-M
— [ 1
7.325- 7.313-
180 180—
8 60— 8 60
(@) -60- o -60-
-180- -180-
391.67 50.15+
385.34 C_B14_PQB14_1_B14_A_M 4557- C_B12_PQB12_1 B17 A_M
< 379.014 C_ BI4a FPUBI4A_I"BIa B_M <E T B12 POBIZ I B1Z B ™
: C B14 PQB14 1 B14 C M 40.99+ C B12 PQB12 1 B12 C_ M
-180 T T T T T 1 -180 T T T T A T !
0.0 10.0 20.0 30.0 40.0 50.0 60.0 0.0 10.0 20.0 30.0 400 50.0 60.0
Time (Seconds) Time (Seconds)
Measurements from IED9_B14 (located at bus B14) Measurements from IED14 B12 (located at bus B12)
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LOHO13 Feeder — Section 2

e State Estimation Results — — Measurements & Estimated Measurements

Voltage Magnitude Measurements in IED9_B14

~~
7.334
; WWM st il retvry
w7332 e e T Vam i
'g ————— Vbm
= 733 T Vem 4
En Vam.Est
g 7.328 Vbm.Est |,
> WM Vems
: . and
S 7.324 : ' ' ' '
15 20 25 30 35 40 45
t(s)

200

100 -

-100

Phase Angle (degree)
(=]

Voltage Phase Angle Measurements in IED9_B14

————— Phase B

/’ / Phase A.Est

Phase C.Est

Phase B.Est |

an

N
a / I Phase A
./' | - |
([ I Phase C
,/"/ |
/ /
1

N

-200
15

Georgiallnsifiuie

Techn

25 30 35 40

t(s)

=

AR CE

Section2 Y~ — 7

45

Current Magnitude Measurements
T T T

in IED9 B14

g 385 T T
L e i [ - ] Tam -
E O Ibm | |
.‘é L o IS Icm ]
%IJ H Iam.Est
= Ibm.Est
= 375 Icm.Est | 7
5 ————
=
=
5 370 1 1 1 1 1
15 20 25 30 35 40 45
t(s)
Current Phase Angle Measurements in IED9 _B14
—_~ 200 T T T T T
) Vi Vi N
e ‘ ’ f - | = Phase A
éﬁ 100 |- ~ ‘ | /— ————— Phase B 7
- ' ( (e S B Phase C
%)n 0 1 / o Phase A.Est |\
= | | - Phase B.Est
< | - Phase C.Est
2 -100 ¢ - ;
< / ‘ - /\I
= | L/
A 200 I I 1 1 I
15 20 25 30 35 40 45
T te

-

~

!IEEM&_EIO& !IEDB_EHB / gIEDS_EHA'&
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LOHO13 Feeder — Section 2

e State Estimation Results

Performance PNM_LOHOS2 | Close |

T  Datalntegrity Alert = Calibration Factors
State Estimator Measurement Report _ _ _ [m] Magnitude
Substation: PNM_LOHOS2 — Filtering ——— SortBy — O
Name|_ Measurement (AU) Estimate (AU)_Error (AU]_Error (NORM)E Dev(AU) ® Field O Vottage @ Name State Estimation Quality
1 C_B03 BO4_1 BO3 A 68.87A 48.66Deg  66.82 A 48.69 Deg 0.06A 0.00092 60.00A O Derived @® Current O Residual
2 C_B03 B04 1 B03 B 68.77A -71.31Deg 68.71 A -71.29 Deg 0.07A 000110 60.00 A O Field 8& Derived () Other & Type L=
3 C_B03_B04_1_B03_C 6872A 1685Deg 6866A, 1685 Deg 007A 0.00124 6000 A O sE S Al O Classification 3
4 C_B05_B06_1_BOB_A 3468A 1031Deg 3468 A 1032 Deg 0.17A 0.00282 60.00A - 3
5 C_B05 BOG 1 BOG B 346.0A, -1693Deg 346.9 A -16.90 Deg 0.A7A 0.00282 60.00A B
6 C_B05_B06_1_BOB_C 3479A -1369Deg 3478 A -136.9 Deg 017A 000282 6000 A « 4
i C_B0G_BOB_1_BO6_A 4439A 1435Deg 4444 A 1435 Deg 0.05A 000083 6000 A =
8 C_B06_B08_1_B06_B 4438A 2361Deg 44.39A 2372 Deg 0.08A 0.00139 60.00A S},""’ 10 —
9 C_B0G_B08_1_BOG_C 44.24A -96.45Deg  44.23 A, -06.48 Deg 0.02A 0.00043 60.00A 3
10 C_B06_B13_1_B0B A 3817A -7253Deg 3817A -7253 Deg 001A 000015 6000 A 31
11 C_B06_B13_1_B06_B 2817A 1674Deg 3817A 1674 Deg 001A 000010 6000 A ]
12 C_B06_B13_1_B06_C 2826A 4739Deg 3826 A, 47.39 Deg 0.01A 0.00019 60.00A 2 w
13 C_B07_6 BO7_A 8488A -1627Deg 8488A -1627 Deg 0.00A 0.00008 60.00 A ZA = T
14 C_BO7 6 BO7_ B 8483A 7734Deg 8483 A 7734 Deg 0.00A 000004 6000 A e
15 C_B07_6_B07_C 8478A -4275Deg 84 78A -4275Deg 0.01A 000015 6000 A g 1o
16 C_B0E BO7 i BOS A 44.33A 143.4Deg  44.34 A 143.4 Deg 0.024 0.00036 60.00A g E|
17 C_B08 BO7_1_B08 B 4432A 2350Deg 4432 A 2352 Deg 0.02A 000028 6000 A Vs £ 3
18 C_B08_B07 1 B08_C 44 17A -9656 Deg 44 18 A -9655 Deg 001A 000023 6000 A -
19 C_B12_PQBUS1_5_B12_A 5008A -7268Deg 4958 A -7270 Deg 0.50A 0.00829 60.00A 4
20 C_B12_ PQBUS1 5 B12 B 50.06A 1673Deg  49.61A 167.2 Deg 0.45A 0.00745 60.00A
21 C_B12 PQBUS1 5 B12 C 5015A 4725Deg 4965 A 4729 Deg 0.50A 000828 6000 A 100m —!
22 C_B14 B13_1 B13 A 3817A -7253Deg 381 7A -7253 Deg 0.00A 000004 6000 A 3
23 C_B14_B13_1_B13. B 23817A 1674Deg 3817A, 167.4 Deg 0.00A 0.00004 60.00 A Z |
24 C B4 B13_1 B13.C 3826A 47.39Deg 3826 A 47.39 Deg 0.00A 0.00004 60.00A B q
25 C_B14_PQBUS2 5 B14 A 3817A -7253Deg 3817A -7253 Deg 0.06A 000089 6000 A T
Add/Remove | q
Time Stamp: | 05/31/2079, 23:47:25.003906 [=] Freeze Add All \ Remove All | 10m —, \ | | \ !
0.00 2000 40,00 60.00 80.00 100.0
Confidence Level
Confidence 05/31/2079, 23:47:25.003906 Iterations 4.0
1 Parameter K rees of Freedom 260 Mismatch m
Snapshot of SE Current Measurement Report, Section 2 -

Confidence Level of Section 2
e Estimated measurements track the measurements accurately.

e All errors are small.

e Confidence level of section 2 remains at 100% = the estimated states of this section are
trustworthy, the system model of this section is validated.
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Conclusions: Technology Capabilities

An Object Oriented Implementation of a Distribution System
State Estimation Enables Full Observability of the Distribution
System and Customer Owned Resources. State Estimation
enables: (a) validation of data, and (b) extent the observability of

the distribution system beyond the existing instrumentation. The
DS-SE enables many applications:

Utility
Optimize voltage along feeder by
cap control
distributed resource control, etc.
Customer/Third Party Resources
Example: PV Model Validation
|dentify Panel Deterioration, Faulty Panels, etc.
Determine root cause of disturbances
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Questions?
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