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Announcements

Read Chapter 9 from the book
Homework 4 is due on Thursday October 31.
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Nonlinear Formulation
T
A regular ac power system is nonlinear, so we need to
use an iterative solution approach. This is similar to
the Newton power flow. Here assume m
measurements and n state variables (usually bus
voltage magnitudes and angles) Then the Jacobian is
the H matrix

™ -
o

H(x) = @fa(x) _|
Co|d,
K& X _




Measurement Example
Al
« Assume we measure the real and reactive power
flowing into one end of a transmission line; then the
Z;-f;(x) functions for these two are
Pijmeas - —ViZGi_ +VV. (Gi_ cos(é’i -0, )+ B_ sin(é’i -6 ))]

J J J

| B
Qe _ viZ[Bij + ;ap}rvivj (Gi_ sin(é?i —6’j)— Bij COS(@i —Qj))

1) J

— Two measurements for four unknowns

e Other measurements, such as the flow at the other end,
and voltage magnitudes, add redundancy



SE lterative Solution Algorithm
T

« We then make an initial guess of x, x© and iterate,

calculating Ax each iteration This is exactly the least

2z —f (x) ] squares form developed
earlier with H'R-1H an n

’ by n matrix. This could be
'z —T ()] solved with
Gaussian elimination, but

Ax=[H'RH| H'R"

x ) = x ) 1 Ax this isn't preferred
because the problem is
Keep in mind that H is no often ill-conditioned

longer constant, but varies
as X changes. often ill-
conditioned



Nonlinear SE Solution Algorithm,
Book Figure 9.11
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FIGURE 9.11 State estimation solution algorithm.



Example: Two Bus Case
T
« Assume a two bus case with a generator supplying a
load through a single line with x=0.1 pu. Assume
measurements of the p/q flow on both ends of the line

(into line positive), and the voltage magnitude at both
the generator and the load end. So B,, = B,,=10.0

p e —[ViVj (Bi,— 5'”(9i -7, ))J

Q meas [V B, +VV. (—B.. COS(Hi -9, ))}

ij 1)

V ™S\ — 0 We need to assume a reference angle
| i unless we directly measuring phase



Example: Two Bus Case

Let

Zmeas _

H (x) =

P, ] [202

Q12 1.5

P |_| 7198
Q21 -1

V, 1.01
'V, | | 087

V,10sin(-6,)
20V, -V,10cos(-6,)
V,10sin(6,)
-V,10cos(6,)

1
0

v,] [1
0,|=0/,0 =001
_V2_ _1_

-V,V,10cos(-6,)
-V V,10sin(-6,)
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V,V,10sin(6,)

0
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o

We assume an
angle reference
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Example: Two Bus Case

201 0 -2
HTR'H=12.°x| 0 2 O
2 0 201
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x'=x’+[H'RH] H'R"
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Assumed SE Measurement
Accuracy T

 The assumed measurement standard deviations can
have a significant impact on the resultant solution, or

even whether the SE converges

« The assumption is a Gaussian (normal) distribution of
the error with no bias

PDF(z)
3
a

FIGURE 9.8 Normal distribution of meter errors.
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SE Observability

T
In order to estimate all n states we need at least n
measurements. However, where the measurements are
located Is also important, a topic known as observability

— In order for a power system to be fully observable usually we
need to have a measurement available no more than one bus

away

— At buses we need to have at least measurements on all the
Injections into the bus except one (including loads and gens)

— Loads are usually flows on feeders, or the flow into a
transmission to distribution transformer

— Generators are usually just injections from the GSU

11



Pseudo Measurements
T
Pseudo measurements are used at buses in which there
IS no load or generation; that is, the net injection into
the bus i1s know with high accuracy to be zero
— In order to enforce the net power balance at a bus we need to
Include an explicit net injection measurement
To increase observability sometimes estimated values
are used for loads, shunts and generator outputs

— These “measurements”™ are represented as having a higher
much standard deviation

12



SE Observability Example
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SE Bad Data Detection

T
* The gquality of the measurements available to an SE
can vary widely, and sometimes the SE model itself is
wrong. Causes include

— Modeling Errors: perhaps the assumed system topology Is
Incorrect, or the assumed parameters for a transmission line
or transformer could be wrong

- Data Errors: measurements may be incorrect because of in
correct data specifications, like the CT ratios or even flipped
positive and negative directions

— Transducer Errors: the transductors may be failing or may
have bias errors

— Sampling Errors: SCADA does not read all values

simultaneously and power systems are dynamic Y



SE Bad Data Detection

T
* The challenge for SE is to determine when there Is

likely a bad measurement (or multiple ones), and then

to determine the particular bad measurements

« J(x) I1s random number, with a probability density
function (PDF) known as a chi-squared distribution,
v2(K), where K is the degrees of freedom, K=m-n

|t can be shown the expected mean for J(x) is K, with a
standard deviation of 2K
— Values of J(x) outside of several standard deviations indicate

possible bad measurements, with the measurement residuals
used to track down the likely bad measurements

 SE can be re-run without the bad measurements r



Example SE Application: PIJM and
MISO
T

« PJM provides information about their EMS model in
— www.pjm.com/-/media/documents/manuals/m03a.ashx

L M e o J
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Exhibit 4: PJM EMS Model Details 16


http://www.pjm.com/-/media/documents/manuals/m03a.ashx

Example SE Application: PIJM and
MISO

* PJM measurements are required for 69 kV and up
 PJM SE is triggered to execute every minute
 PJM SE solves well over 98% of the time

« Below reference provides info on MISO SE from
March 2015
~ 54,433 buses
~ 54,415 network branches
— 6332 generating units
~ 228,673 circuit breakers
- 289,491 mapped points

A

https://www.naspi.org/sites/default/files/2017-05/3a%20MISO-NASPI1Wokshop-
Synchrophasor%20Data%?20and%?20State%20Estimation.pdf 17



Energy Management Systems
(EMSSs) T

 EMSs are now used to control most large scale
electric grids

* EMSs developed 1n the 1970°s and 1980°s out of

SCADA systems
— An EMS usually includes a SCADA system; sometimes
called a SCADA/EMS
« Having a SE iIs almost the definition of an EMS. The
SE then feeds data to the more advanced functions

 EMSs have evolved as the industry as evolved as the
Industry has evolved, with functionality customized
for the application (e.g., a reliability coordinator or a
vertically integrated utility) 18



NERC Reliability Coordinators
T

NERC Reliability
Coordinators

As of June 1, 2015

] Alberta Electric System Operator
Electric Reliability Council of Texas
[ Florida Reliability Coordinating Council
B Hydro Quebec TransEnergie
[ 150 New England, Inc.
] Midcontinent ISO
New Brunswick Power Corporation
[ New York Independent System Operator
Ontario Independent Electricity System Operator
[ Peak Reliability
[1 PiM Interconnection
[[] saskatchewan Power Corporation
[ Southern Company Services, Inc.
[ Southwest Power Pool
[T BAs receive RC services from SPP or TVA
[ Tennessee Valley Authority
[ BAs receive RC services from TVA or MISO
[ VACAR South

Created using Ventyx Velocity Suite,
© 2016 Ventyx, an ABB Company

Source: www.nerc.com/pa/rrm/TLR/Pages/Reliability-Coordinators.aspx
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EEl Member Companies

Edison Electric
INSTITUTE

:" Puget Sound
\'3% Energy
1 ;.

Portland General ¥ d

EIocFHc& }’

NV/Energy

EEI U.S. Member Company Service Territories

_ [WiSuperior Water, Light, and Power

¥ Upper Michigan Energy

M Upper Peninsula Power Company
We Energies a

-Xcel Energy

. Emera Maine

Penn Power
W Duquesne Light
Company
Liberty Utilities

-
—— M Unitil
Eversource Energy

P

SEG Long Island

Orange and Rockland

Rockland Electric Co.
M ConEd

Public Service Electric and Gas Co.
B Jersey Central Power & Light

South;’. Kentucky Ml.I;!.réI‘i’c City Electric

‘UniSource:

Arizona Pu
fo Service
* N \ ; ¥
i san Diego Gas n Y ﬁ
& Electric

M Tucson Electric
Power

Hawaii

-
A,
Hawaiian Electric Co.
=

Maui Electric Co.® S8

/.‘/ &' Hawaii Electric Light Co. '
V. Alaska Electric

e =" Light and Power Co.

Produced by Edison Electric Institute. Data Source: ABB, Velocity Suite. July 2017

CenterPoint Ente

"“AEPTexas ,'

S 2 ammom Gas and Electric Co.

M PE|
Mt 8::_:;0:::"5"5 Bomu:\ilonPNorm EDelmlrva Power

Entergy/-

Member Companies with No Service Territory
Ohio Valley Electric Corporation
Tennessee Valley Authority (e strategic partner)

Transmission-Only Utilities

American Transmission Company wiscansin, Michigan, Minnesota and llinois
Cross Texas Transmission rexas

ITC Holdings Corporation micnigas, iowa, Minnesota, liinols, Misseuri and Kansas
Vermont Electric Power Company vermont

Map Abbreviation Key

‘CHG&E = Central Hudson Gas & Electric Corporation NIPSCO = Northem Indiana Public Service Company
ComEd = Commonwealth Edison Company PGAE = Pacific Gas and Electic Company

ConEd = Consolidated Edison Company of New York PPL = PPL Electric Utilities Corporation

DPAL = Dayton Power & Light Company PSO = Public Service Company of Oklahoma

FPU = Florida Public Utlities RGAE = Rochester Gas and Electric Corporation
IC = The luminating Company SCE&G = South Caroina Electric & Gas

IMP = Indiana Michigan Power SWEPCO = Scuthwestem Electric Power Company
IPL = Indianapolis Power & Light Company TolEd = Toledo Edison

MGE = Madison Gas and Electric Company Ul = The United llluminating Company

NYSEG = New York State Electric & Gas Corporation WPS = Wisconsin Putlic Service Corporation

W Loulslr:xlﬁ.% ¢

AIM

®
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Electric Coops
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Texas Electric Coops

COOPERATIVE
Bailey County ECA
Bandem EC
Bartiett EC

Big Country EC. .
Blwebonnet EC
Bowie-Cass EC. |

Bryan Texss Utilities. . ...

Cantral Taxas EC

Cherokee County ECA,

Colbeman County EC
Comanche EC
Concho Valley EC .
Coo¥n County ECA
CoServ Electric
Deaf Smith EC
Deep East Yoxas EC
Fannin County EC,
Farmers EC. ..
Fayntte EC

Fort Belknap EC
Geayson-Collin EC,
Greambelt EC

Guadalape Valley EC .

Hamilton Ceunty ECA
Harmon EA. .,
Heart of Texas EC.
HILCO EC

Houston County EC
FA-CEC

Jackson EC
Jasper-Newtoa EC.
Kormes EC .
Lamar County ECA
Lamb Cousty EC. .
Lea County EC
Uighthease EC
Lmtegar EC |
Magic Valley EC
Mediaa EC
Mid-Sowth Synergy
Nawarro Coanty EC

Navssota Valley EC. . .

North Phains EC
Nuoces EC
Panols-Harrisen EC
Pedemales EC

Rio Grande EC

€) Texas Electric Cooperatives

NUMBER

R R
RESveomuonawnm

HQ TOWN
Muleshoe
Bandera
Bartiatt

. Roby
. Bastrop

Doughessiilie

. Bryan

Fradencksburg

. Rusk

Cokeman
Comanche

. San Angedo

Muenster

. Corimh
. Herefoed
. San Augusting

Banham

. Greendlle

La Grangs

. Oiney

an Alstyne
Walinglon

. Gonzales

Hamihon

. Holis, DK
. MoGregoe

Itasca

. Crockent

Bhosgrove
Edma

- . Kittpvilie
. Kames City

Paris

. Listhefield

Lovegron, NM

. Feydada

Tahoka
Mercedas

. Hondo
. Ravascta

Corsicana

. Frankin

Perrytan
Carpus Clristi

. Marshall

Johnson City

. Brachnitvite

COOPERATIVE NUMBER
Rita Blanca EC, 48
Rusk County EC 45,
Sam Heuston EC 50
Ssn Bernard EC. ... ... ...51
San Patricie EC 52
Seuth Plains EC ienin 53
Seuthrwest Arkansss. ... .... 54.
Southwest Raral EA 55
Seuthwest Taxas EC 56
Swisher EC. ... 51
Taylor EC 58
Tri-County EC .. S9AB.
Tri-County EC, 0K L. 60
Trinity Valley EC ...81
United Coopetative Services . 62.
Upshur Rusal EC. . . . .. 63
Victoria EC, . ., RIS
Whartoa Cousty EC . ... ... .65
Wise EC 65
Wood County EC ..........67

.- Balhile
.. Sinton k

.. H Campo |

AlM

®

HQ TOWN
Dbt

Hendesson
Livingston

Service Area Boundaries

Lubbock for Texas Electric Distribution Cooperatives
Tesackana, AR
Tipton, 0K 15
Bdonsdo
Tulla 57
Meckn| | E.
fale ! V\f-"l
Hooker, OK 34 5 s _,/L,f sz, //\,r/h_f
Kaufiran A
53 29 33

Clebume s98 2 21 17

20 66
las A7 “ 8
59A

Decatr | 4a

Quitman
58

N\
.

11

1512} 454-0

@

4, 24th Roor

VAW IEN3S-EC O3

Jesstin, TX 78701

| Sarvice areas shown include multiple certificated areas and generally correspond
to service sres boundaries approved by the Public Utility Commission of Texas.
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ERCOT Control Center with EMS

Source: www.texastribune.org/2016/05/17/texas-market-forces-driving-shift-coal-study-says/

o
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ERCOT EMS
Al

| Loy el Blrn Barlevoe b

L |

thoncd il S e Sezwcla B B S e SE N AL S i E M 5

Slide source: ERCOT, D. Penney, J. Mandavilli, M. Henry, “Loss of SCADA, EMS or LCC” 24



ERCOT EMS

ICCP SCADA

EMS Applications

Load and
Wind
Forecasting

Load
Frequency
Control

Resource
Limit
Calculator

State
Estimator

EMS->MMS

Real-Time Interface

Contingency
Analysis (RTCA)

Transmission
Constraint
Manager (TCM)

Dynamic
Ratings

Forced Outage
| Detection

MMS Applications

Security
Constrained
Economic
Dispatch (SCED)

Ancillary
Service (AS)
Manager

Reliability Unit
Commitment
(WRUC, DRUC,
HRUC)

Supplemental
Ancillary
Services Market
(SASM)

Look Ahead
SCED
(LASCED)

Day Ahead
Market (DAM)

o
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