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Legacy State Estimator
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

Present Technologies
Implications: Enable Removal of these
. Balanced Operation Assumptions and
. Symmetric Power System  Tfansition from Static to
. Biased SE Dynamic State

. lterative Algorithm Estimators
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Present Technologies

Relays/Merging Units provide 3-Phase GPS Synchronized SCADA

; - [ Typical Specs

HWWWWW' Compuer 2(SEL435

- ’ GPS
Synchronization

MU: Sampled

Values at 80 s/c

— —— Relays: Phasors

lu Il i at one s/c

N B

% | r Reality: Hybrid
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Present Technology Enables Transition from Static State
Estimators to Dynamic State Estimators.

 Dynamic State Estimators: Objective, Model (dynamic),

Measurements

* Quasi-Dynamic State Estimators: Model Captures Slow
Dynamics. Fast Electrical Dynamics are Ignored (Suitable

for Operations).

« Dynamic State Estimators: Model Captures Slow and Fast

Dynamics (Suitable for Protection).

Georgia
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Distributed Quasi-Dynamic State Estimation

Substation Level SE - Synthesis of System Wide State at the Control Center
Enabling Technology: GPS-Synchronized Measurements

Substation Level State Estimation

Measurement Layer IED Vendor D

n :'S)Ecu"dtldﬂf Cm:::t — g .
- Transformer \f’andol’C ‘ | g g .
O e | Y State Estimator: Extracts
oo bl RSN Information from Data
o s |
| «  Minimum Data Traffic

* No Information Loss

Substation 3
P . Control Center
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Distributed Quasi-Dynamic State

Estimation
Implementation

Substation of Interest

V,o

The Estimator is

Defined in Terms of: . . . (DSE Application)
*  Model (Q-D) a0, %
- State d ’
 Measurement Set %\P—w
«  Estimation yl
Method |
()~

. A\
Observability | day, | Y2
Redundancy IRl

System is Represented with a Set of Differential Equations (DE)
The Quasi-Dynamic State Estimator Fits the Streaming Data to the
Quasi-Dynamic Model (QDE-slow dynamics) of the System

Ge‘%"é%iﬁ v IEEE-PES-General Meeting 2018, Portland, Oregon, August 5-9, 2018 7



Distributed SE Measurement Set

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

« Data From at Least one GPS-Synchronized Device

Augmentation of Data Set

Derived Measurements
Based on Topology

Virtual Measurements

Kirchoff's Current Law
Model Equations

. Pseudo-Measurements

Missing Phase Measurements
Neutral/Shield Current Measurement
Neutral Voltage
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Object Oriented QSE

Object Oriented Model

Across (Voltage) Measurement:

O+
O—++"1 | A - .
| N rough (Current, Torque, etc.) Measurement:
: v "“%0 Measurement zj(t) represents a quality associated with
lcaklion Uy one row of the Object oriented model
e ﬂ
> Z,(t) = row k of Object Oriented Model +7,
Te] [vel | V) || I
> > ﬁ Row k
O ey | JO L Vo Ve VbR 2O -8,
I (t,) V(t,) V(t,)
Lo | Y] | Y ()]
where B, ZA {V (t=1- h)} > B, .{I (t_"h)}rc QSE states are
Y(t-i-h)| 5 0 Phasors, Speed, etc
Georgial’

Techno l, IEEE-PES-General Meeting 2018, Portland, Oregon, August 5-9, 2018 9



Distributed State Estimation
Derived Measurements - Examples

e TneL

BT

| %% l?

D g Actual
erive Measurement
Measurement
Derived
Measurement
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Distributed State Estimation

Virtual Measurements - Examples

.
‘3
[
&
I, 0= Ty T 15
‘7
‘# ®
: Virtual Measurement
. z,. =0 value

o, =0 standard deviation
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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.

— — _ Async = Ameaseja =
_ ja .
Ayne = Aneas® Aveat COS & — A SiN 0t +
j(AreaI Sin o+ Aimag COS 0{)

O 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.

Georgia
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Distributed Quasi-Dynamic
SE Algorithms

 Unconstrained WLS,
 Constraint WLS,

« Extended Kalman Filter
(Provides Model Uncertainty)

Important Observation: Data and Model Fidelity is most
Important requirement for best performance
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Performance Evolution: Distributed State Estimation

Execution Time Monitor CPU Time Usage
_ — Indicateg. in Real Time
the Portion of the Time

Substation HuperCalibrator Message Window |  Close | Used by the SE

Substation: VIVWAPA_LONGBAY

Description: | Substation Simulation Based|State Estimation Master CalCU |at|OnS .

sert |1 I ets ReEw l l l 100% corresponds to
!L = “%ZT.‘” - the time between two

R [ <« @Em | Successive SE
Conn |. Disc | Setup | Play Back | HIT | ——— | Computatlons.
Start I. Stop I 7y T
Setup View Input

' = — Example: if SE is set to

| J

st [ Test Time Plots second, then:

Stop| Setup |

|
|
Performance I execute 60 tlmes per
|
|

Setup ‘ Setup ‘ Setup | TS Animation

O Circular Buffers

100% - 16.6 ms
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Implementation and Field Demonstrations

(a) visualization of system operation updated once per cycle

Snapshot of system:

(b) metric of data validity
(c) displays of phasors and errors.

& WiniGS-Q - [DEMOSYSTEMSEPT.NMT3]
i) File Edit View Help Window

QB Baon:
S =
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‘ Run ” Pause ” STOP “

EENS
SICN

|, (¢

(Y

sysvem ¢

Boullh Y

‘ £ H 3% ‘ a2 || Substation Based Dynanic State E stimation

SuperCalibrator - Performance
State Estimation Quality
10.0
x
Vios
H
0.1, | : { J ;
o0 20 won woo weo 100
Contidence Level
Confidence [ ) Rerations [ NA
parameterk | = wsmatch [ WA
| 12/01/2016, 18:49:09.066667
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- 18] Copy Print Help

PMU Calibrator

500000

CLOSE

© Show Curren| copy Print Help
I Normalize

Clear

Merging Unit Data Concentrator & PMU

—— Concentrator Settings

™ Pause on Missing Data
[ PacketReports

Messages (G SRS [ Rec MU Identifier
Vewosa | Stop | swr || 1 SIEMENSMUO1O1
2 SIEMENSMU0101
Sampling Rate 4800 sisec 3, FLQSCMU04
Max Latency 2000 sampes | 4 MU320-SCENIC1
Main Buffer Size [ 8192 sampes | 2 MU320-SCENIC2
Plot Buffer Size 480 samples.
¥ IEDActive
¥ Completeness Check
I~ Time Domain Plots K|

Add Al | Remove Selected | Clear |

Merging Unit Data Concentrator] | Active MergingUnits |

Streaming 1+

=
2

¥ Error Reports

Performance Reference Clock
Average Latency (%) 2610 ms
4 20 40 60 80 100 -
. I Detlta | 1.2870 sec
Buffer Usage (%) e ) Setup ‘
IS || _erwonr |
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Error Counts

Smp Count
Too Late
Too Early
Out of Seq
Smp Rate

0

0
0
0
0

| Concel ] ok |
— Synchrophasors ——

Settings I SlopJ Start
PMU Name | MU_PMU

F=6000414Hz <

2

V| = 6632 kV

— W
Bad Pkts 0

Unrec. Pkts 0
Buffer Full 0

Reset Counts

PMU Channel Value Std Deviation  Plot
(M MU_PMU |V _SHBUSB AN | 6595kV. 1688 Deg | 17.71mDeg | REF |
2 V_SH-BUS8 BN | 66.59kV,4968 Deg  19.08 mDeg (22) -2.9989
3 V_SH-BUS8_CN  66.60kV,-7205Deg  17.83 mDeg .
10 V_SH-BUS11_AN  6590kV, 169.0Deg  18.46 mDeg \4
1 V_SH-BUS11_BN 6684kV,4932Deg  18.96 mDeg
12 V_SH-BUS11_CN| 66.87kV,-71.46Deg 16.50 mDeg
16 V_SH-BUS5 AN = 6592KV,169.1Deg 17.78mDeg =V
17 V_SH-BUS5 BN | 66.83kV,4945Deg  18.88 mDeg (16) 0.2151
18 V_SH.-BUS5_CN  6690kV,-71.44Deg  16.52 mDeg (10) 0.1104
22 V_SH-BUS14_AN | 65.89kV,1658Deg 17.38 mDeg \4 ]
23 V_SH-BUS14_BN 66.89kV,46.17 Deg  19.34 mDeg
24 V_SH-BUS14_CN 67.00kV,-7463Deg 16.55 mDeg
28 N/A 6587kV,1658 Deg  18.01 mDeg
29 N/A 66.86kV,46.17 Deg  19.11 mDeg
30 N/A 66.99kV,-7463Deg  16.62 mDeg
3 STATIONA V_SH-BUS14_AN 6589kV,1659Deg 17.23mDeg
32 V_SH-BUS14_BN | 66.90KkV,46.19Deg  18.37 mDeg
33 V_SH-BUS14_CN 67.03kV,-7461Deg 17.06 mDeg
34 N/A 5.331V,-30.52 Deg 11.91 Deg
35 N/A 5987V, -82.67 Deg 9.840 Deg
36 NA 2771V,-1518Deg  70.24 Deg |l F = 60.0150 Hz
Reference @ Show Voltag (' yynen pige iy.. ==



Data Integrity

Instrumentation Channel Error Correction
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Effects of Input Data Accuracy

Quality of Data is Affected from:
(a) Instrumentation Channel Errors,
(b) Hidden Failures and
(c) Cyber data attacks.
All Affect Performance of Protection and State Estimation.

Relays and merging units are becoming more accurate by using higher
resolution in data acquisition and higher sampling rates.

Errors from instrumentation channels remain practically the same.
Instrumentation channel errors have been much higher than the errors
Introduced by the data acquisition even in earlier generations of sensor
less systems.

Merging Units offer a unique opportunity to perform error correction within
a merging unit > MU provides corrected data in primary quantities.
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Basic Question

NI ™ M : :
== agnetic Core with
. /”'%\\./ Distributed Winding

—_—
=

Phase Conductor

2

out

B )
v
Pair of #10 Copper Conductors |

Burden
Resistor

« Given a measurement at the secondary of an instrumentation
channel, can we extract the correct value of the primary quantity?

« Can it be done on a sample by sample basis?
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Basic Approach to Error Correction

Construct the mathematical model of the instrumentation channel:
Example CT Channel

; 852
I, ' 8s1 r\/\j\, Burden
O—r— e Vidi r, vV, r, V3 Resistor
- D—.‘—MD—.< O Py O
. In I Ly Iy I, L, 2 i
Primary) gm§ L, . M,; Ry Vo
v, ¥ I13 V4 |
. O——AW\ A b O———0
I:n Iy 3 )
O—— AMA
gsj' Rg
Current Transformer Twisted Pair of Copper Conductors Grounding
Resistance
Use actual measurements and augment with:
(a) virtual measurements,
(b) derived measurements, and Redundant Measurements.

(c) pseudo measurements

Perform dynamic state estimation - Best Estimate Of Primary Current
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Dynamic State Estimation

CT Channel math Model

i e Measurements
O—— 2 V3 Resistor
: 7 N Actual:  Voltage or Current at Burden
Primary : 3 ; ), % R, ‘l’um Ad d _VI rtu al ’
k ! ; 0 o
: > -Derived, and
5 R,
‘ Current Transformer Twisted Pair of Copper Conductors ¢ S;osti]srtlgil:lcge -PSGUdO-MeasurementS
. _ Ll (t)
Example Virtual Measurement: 0=-g,e(t)-i, (t)+—| () +i (t)+94L

Example Derived Measurement: i (t)=i_ (t)+gylL

Example Pseudo Measurement: 0" =v,(t)

21 Equations in 15 unknowns.

One of the unknowns is the Primary Current

Georgia

dILl( )

States: 15

Actual Measurements: 1
Virtual Measurements: 14
Derived Measurements: 5
Pseudo measurements: 1
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CTBUS

X

Merging Unit
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Example System

Example System Parameters

115-kV transmission system.

Current transformer on phase A

CT ratio is 800:5A

Error class: 10C100.

CT instrumentation cable: #10 copper
Instr. cable length: 96 meters
Burden resistance: 0.1 Q

Fault 2

Current Transformer Parameters

IcT

Device Supplying Primary Current

Circuit Number

1
\B—Phase Overhead Transmission Line f‘
CT on Terminal e CT Secondary Terminals
SOURCETA -] @ CTBUS A
©“ — " CTBUSN
| Secondary Tap | Turns Ratio Save
X1-X2 500:5 Error Class | C ~ 5.00 % at 20 x Rated Current
LB Ll Voltage Class 50.00 Volts
X1-X4 10005 g :
X1-X5 12005 Tap Selection | X1-X6 - Updare i;
X1-X6 20005 Match specified error class
= Selected Tap Parameters Full Coil Parameters
£ Primary Rating | [ 2000.0 Amperes
- Secondary Rating | [ 50 Amperes
>
¢ Coil Resistance | 0.00500 | 0.00500 Ohms
g Leakage Reactance | 0.01000 | 001000  Ohms
e ""“o Core Conductance |  0.00100 | 0.00100 Siemens
L] Magnetizing Current(i,) [ 609109 [ 6.09109 Amperes
[ k=116 A I
—v| =i |¥| * sign(A(6)) Exponent (n) 1"
[¥ LogAxis

21



Tech

E

xample System Results

5000 . . . .
Primary Current
— NUWNWU\N\NU\MANUWV\NVUW = = = = Estimated Current
< 0 TTTVTTTTVVvvvvvvvey -
IS
o
3 -5000 .
-10000 : : . .
0 0.2 0.4 0 6 0.8 1
~ 200 . . .
5 0 AAAAAPAAAAAAASAAAA AN | || A R AN e
E Secondary Current * CT ratio |J IR [V
-200 Estimated Current '
0 0.2 0.4 0.6 0.8 1
10
8 10 _ . . , | |
£ ,10[] awwmwwwwrrmwmﬂwmwrmmY'r‘r*rwm“mwm‘mg]:P,ﬁﬁﬂmmx‘qgﬂgmm‘r ALARARASIARAASA LI
O - ]
@ 10710
0 0.2 0.4 0.6 0.8 1
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Example System Results — Mild CT Saturation

Simulated CT Secondary Current Waveform

CT Secondary Current

-105.3 A

1185A— | CT SEC (A)

26.51 ms 77.70ms

Phase A to ground fault at “MIDBUS”
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Example System Results — Mild CT Saturation

Error Correction Performance

Secondary Current x CT Ratio

Actual Primary Current

CT primary current

Estimated CT Primary Current
— — — Actual CT Primary Current
Ratio*CT Secondary Current

0.08

-2.5
0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075
error in percentage
60 T T T T T
N — — = Error before correction
40 - A\ Error after correction | |
2 / \
L / \ i
20 / A P - )
N
0 | — LS l -l | S~ | |
0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075
Time / sec

Estimated results match actual primary current with less than 1% error

ial=
Tech:
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Intelligent Merging Units Provide Corrected
Primary Values

Error Correction Integrated into Merging Units
(alternative: in substation computers)

Phase Conductor

— |

/\t:l:/
Potential / Control House

Transformer

Breaker
5 |
Current Q o
Transformers——» qj ‘
Trip Coil g. H
Merging ‘l E———— WOME T Jas S j
Unit | =l 52ab © H/
— LT
=== Battery

Instrumentation | Fiber

Error Correction
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Residual Analysis with/without Instrumentation Error Correction

30.0

225+

15.0

7.50

Number of Samples

0.00-—

-0.03000

\
-0.01500 0.00

Histogram of Residuals
without Correction
(300 SE Executions)

—

I
0.03000

32.0

24.0-

16.0 -

8.00 -

Number of Samples

0.00 -

I
-0.03000

jialnstiturie

I
-0.01500

Lk “ |

Normalized Error

Histogram of Residuals
with Correction
r~ (300 SE Executions)

1
0.03000
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The Future

The Digital Substation
Integration of Protection and State Estimation
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Dynamic State Estimation Based Centralized Protection Scheme

| Resilient
| Zone 1 Zone 2 eoce Zone N .
: AQCF Model | AQCF Model AQCF Model Centralized
i e | .
| J Substation
| Zone 1 Zone 2 Zone N .
- : Measurement Measurement | ®®® Measurement P I’Ote Ct' O n
=l Definitions Definitions Definitions
% | (I‘ C S P)
= | L,
3 ! Substation Substation
E | AQCF Model Measurement Model

................... g

Centralized Substation Protection

Zone 1
Setting-Less
Relay

Dynamic State Estimation
(Detection Process)

‘ v
Phasors Hypothesis Analysis
1 (Identification Process)
' v

Compromised Data Correction

Zone 2
Setting-Less "
Relay

Zone N

—» Setting-Less > :
——I : |!I—> Relay e T R

Estimated Sample Values

l Model | |

Process Bus (SVDC)

Station Bus (PDC)

: Cyber
. % Validated Intrusion
Optimal £3 Substation Detection
Control o= Model
Real 2= hdctte——— To Control System
Time E £ Center
Control S -
D From
& : Other
Substations
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| e Techmn
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Concluding Remarks

IEEE and CIGRE Efforts Move Towards the DIGITAL
SUBSTATION.

Resiliency: The entire process should be automated with self
healing capabilities against data errors, hidden failures and

cyber attacks.

Awareness: Automatic provision of substation dynamic state.

Asset Management: Automated testing and in-line testing of
active substation protection and control systems.
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