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Announcements

Skim Chapters 3,4 and 5
Starting reading Chapter 8
Homework 5 is due on Thursday Oct 29
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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) 5



NERC Reliability Coordinators
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SPP West

PIJM Interconnection

Reliability Coordinator West

Saskatchewan Power Corporation

Southern Company Services, Inc.

Southwest Power Pool

BAs receive RC Services from SPP or TVA

Tennessee Valley Authority

BAs recieve RC services from TVA or MISO

VACAR South

Alberta Electric System Operator

British Columbia Hydro

Electric Reliability Council of Texas

Florida Reliability Coordinating Council
Hydro-Quebec TransEnergie

ISO New England, Inc.

Midcontinent ISO

New Brunswick Power Corporation

New York Independent System Operator

[T Ontario Independent Electricity System Operator
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Source: www.nerc.com/pa/rrm/TLR/Pages/Reliability-Coordinators.aspx
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EEl Member Companies

LH EEI U.S. Member Company Service Territories

Edison Electric
INSTITUTE

;£ Puget Sound
Energy

-Superlorm Light, and Power

Portland ce-m%r“““{'

Electric i =R : 7
| % }(‘ IdafiolRower’ | [WPenn Power
A ) . -, HD
; B \

i San Diego Gas
& Electric

Power

Alaska Hawaii

< )
.~ ‘Naska Power & Telephone

Produced by Edison Electric Institute. Data Source: ABB, Velocity Suite. June 2020

M Upper Michigan Energy Resources
M Upper Peninsula Power Company
wpe Energies

Domlnlon Energy
e

[iNational =%

Liberty Utilities
I Unitil
Eversource Energy

Orange and Rockland
B ConEd

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

[ Atiantic City Electric
et-Ed

Member Companies with No Service Territory
Ohio Valley Electric Corporatlon
Valley Auth Pactrar)

Transmission-Only Utilities

American Ti ission C Wiscensin, Mchigen,
Cross Texas Transmission ress

ITC Holdings Corp. sichigan iows. Minsesota, Hissis, Mixseuri snd Kansas
Sharyland Utilities s

Vermont Electric Power Company vermas:

Map Abbreviation Key

CHGAE = Cental Mudson Gas & Electic Corporaion NIPSCO = Northem Indiana Publc Service Company
ConEd = Consalidated Edisan Company of New York  PGAE = Pacific Gas and Electric Campany

DPSL = Dayton Power & Light Compary PPL = PPL Electric Utilties Corporation

FPU = Flonda Publc Usities PS0 = Public Service Company of Oklahoma

IC = The |luminating Company RGAE = Rochester Gas and Electric Corporaton
IMP = Indana Michigan Pawer SCEAG = South Cardlina Electric & Gas

IPL = Indianapols Power & Light Company SWEPCO = Southwestern Eledric Power Company
MGE = Mackson Gas and Electric Campary Tol£d = Toledo Edison

NYSEG = New York State Electnc & Gas Corporation Ui = The United Ifuminating Company
WPS = Wisconsin Public Service Corporation
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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 |
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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/
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ERCOT EMS
Al
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Slide source: ERCOT, D. Penney, J. Mandavilli, M. Henry, “Loss of SCADA, EMS or LCC” 8



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)
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Aside: Singular Value Decomposition
T
« Traditionally power system analysis has mostly been

focused on the sparse matrices associated with the
electric grid; there was not much signal analysis

« This is rapidly changing as the power industry get
more signals and need to extract information from
them, with PMUs one example

« This data Is often presented in the form of a matrix, for
example with the rows being sample points

« A key technique for extracting information from
matrices Is known as the singular value decomposition

10



Aside: Matrix Singular Value
Decomposition (SVD) T

« The SVD Is a factorization of a matrix that generalizes
the eigendecomposition to any m by n matrix to

produce The original concept is more than
100 years old, but has founds lots
Y =UxV' of recent applications

where S Is a diagonal matrix of the singular values, and
U and V are orthogonal matrices

« The singular values are non-negative real numbers that
can be used to indicate the major components of a

matrix (the gist is they provide a way to decrease the
rank of a matrix

* A key application is image compression 1



Aside: SVD Image Compression

Example T

Images can be
represented with
matrices. When
an SVD is applied
and only the
largest singular
values are retained
the image is
compressed.

/Pnrate /Plrste

Figure 3.1: Image size 250x236 - modes used
{{1,2,4,6},{8,10,12,14},{16,18,20,25},{50,75,100,0riginal image}}

Image Source: www.math.utan.edu/~goller/F15 MZ22/(U/BradyMathews SVDImage.pdf 12



http://www.math.utah.edu/~goller/F15_M2270/BradyMathews_SVDImage.pdf

Aside: SVD and Principle Component
Analysis (PCA) T

« The previous image compression example
demonstrates PCA, which reduces dimensionality

— Extracting the principle components

* The principle components are associated with the
largest singular values

— This helps to extract the key features of the data and removes
redundancy

« PCA can be used to do facial recognition

« PCA is starting to be more widely used in power
system analysis, particularly when doing signal
analysis

13



Aside: An SVD Application, the
Pseudoinverse of a Matrix

o

* The pseudoinverse of a matrix generalizes concept
of a matrix inverse to an m by n matrix, m >=n

— Specifically this is a Moore-Penrose Matrix Inverse
* Notation for the pseudoinverse of A is A*
« Satisfies AATA=A
* If Alisasquare matrix, then A* = Al

» Quite useful for solving the least squares problem
since the least squares solution of AX =D Is
X=A"Db A=UZV’

 Can be calculated usingan SVD A =vx U’
14



Aside: Pseudoinverse Least Squares
Matrix Example

o

« Assume we wish to fit a line (mx + b = y) to three data |
points: (1,1), (2,4), (6,4)

* Two unknowns, m and b; hence x = [m b]"
« Setupinformof Ax=D

1
SO A=

o N P
e

1
o 3
I
|l

S

o N
e
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Aside: Pseudoinverse Least Squares
Matrix Example

A

Doing an economy SVD

~0.182 -0.765
) 6559 0 ][-0.976 -0.219
A=UEV' =| 0331 -0.543
0 0988 0.219 -0.976
~0.926 0.345

Computing the pseudoinverse

A+_VZ+UT_'—0.976 0.219 |[0.152 0 [-0.182 -0.331 -0.926
B |-0219 -0976|| 0 1.012| -0.765 -0.543 0.345
. ... [-0.143 -0.071 0.214

A" =VIU =

| 0.762 0.548 -0.310

In an economy SVD the X matrix has dimensions of
mbymifm<nornbynifn<m

16



Least Squares Matrix Pseudoinverse
Example, cont.

o

e Computing X = [m b]" gives

1
-0.143 -0.0/71 0.214 0.429

"1 0762 0548 -0.310 1.71

A

* With the pseudoinverse approach we immediately
see the sensitivity of the elements of x to the
elements of b

~ New values of m and b can be readily calculated if y
changes

« Computationally the SVD is order mn4+n3
(with n < m)

17



Power System Equivalents
T
* No electric grid model is ever going to completely
represent a real electric grid

— “All models are wrong but some models are useful”

* A key modeling consideration is how much of the
electric grid to represent

~ For large-scale systems the distribution system is usually
equivalenced at some point; this has few system level
ramifications if it is radial; if it is networked then there are
potential issues

— At the transmission level either the full interconnect is
represented or it is equivalenced

— Inan SE model in large grids (like the Eastern Interconnect) it
Is always an electrical equivalent 18



Kron Reduction, Ward Equivalents

A

For decades power system network models have been

equivalenced
by J.B. Ward

using the approach originally presented
in 1949 AIEE paper “Equivalent Circuits

for Power-Flow Studies”

— Paper’s single reference 1s to 1939 book by Gabriel Kron,
so this is also known as Kron’s reduction or a Ward

equivalent

System buses are partitioned into a study system (s) to

pe retained and an external system (e) to be eliminated;
puses In study system that connect to the external are

Known as boundary buses

19



Ward Equivalents
T

The Ward approach is based on the below relationship

] [y, v,
L| |y, v |7

(1, -y, 7'1,)=(Y, -V Y'Y, )V,

Se  ee e

* No impact on study, non-boundary buses
« Equivalent is created by doing a partial factorization of

the Y,
- Computationally efficient

20



Other Types of Equivalents
Al

There are many different methods available for creating
power system equivalents

— A classic paper is by S. Deckmann, et. al., “Studies on Power
System Load Flow Equivalencing,” IEEE Transactions Power
App. And Syst., Nov/Dec 1980

— Companion paper covers numerical testing of equivalents

The major equivalencing types are

—- Ward-Type Equivalence: this is what we’ll be covering, with
the major differences associated with how the generator buses
and equivalent loads are represented

- REI Equivalents: All boundary buses connect to one “REI” bus
— Linearized Methods: Linearize about an operating point
— Others: PTDF-based, backbone type 21



Equivalent System Properties
T
An equivalent is usually created from a larger model

— In the Eastern Interconnect there are full grid models that are
used for wide-area planning, these are equivalenced for real-
time usage or more specialized studies

The equivalent is usually smaller and less detailed
— Solves quicker

— Requires less storage

— Requires less up-to-date data

Equivalences contain fictitious elements

— This can make modeling/updating more difficult

The equivalent only approximates the behavior of the
original 29



Study vs External System

T
« The key decision In creating an equivalent is to divide
the system into a study portion that is represented in
detail, and an external portion that is represented by the
equivalent

« The two systems are joined at boundary buses, which
are part of the study subsystem

« How this is done is application specific; for example:

— for real-time use it does not make sense to retain significant
portions of the grid for which there is no real-time information

— for contingency analysis the impact of the contingency is
localized

— for planning the new system additions have localized impacts23




Ward Type Equivalencing
Al

Befor
elore Bounda Will be
B Y Equivalenced
uses /a
sty External
System

System

After

No changes to Boundary _ _
study system Buses Equivalent lines
\ and loads/shunts
Study /Extemal system
System has been
eliminated

24



Ward Type Equivalencing

Considerations
T

The Ward equivalent is calculated by doing a partial

factorization of the Y,

— The equivalent buses are numbered before the study buses

— As the equivalent buses are eliminated their first neighbors are
joined together

— At the end, many of the boundary buses are connected
— This can GREATLY decrease the sparsity of the system
— Buses with different voltages can be directly connected

L] Y, Y, ||V,
L] Y, Y|V
(1 YYll) (Y Y}”Y)V

J€ €€ & SJg g€ &5

25



Ward Type Equivalencing
Considerations

Al
« At the end of the Ward process often many of the new
equivalent lines have high impedances

— Often there is an impedance threshold, and lines with
Impedances above this value are eliminated
* The equivalent lines may have unusual values,
Including negative resistances

« Load and generation is represented as equivalent
current injections or shunts; sometimes these values
are converted back to constant power

« Consideration needs to be given to loss of reactive
support; the equivalent embeds the present load and
generation values 26



B7Flat Eqv Example
T
In this example the B7Flat_Eqv case Is reduced,

eliminating buses 1, 3 and 4. The study system Is
then 2, 5, 6, 7, with buses 2 and 5 the boundary buses

ust For ease of
omw g o o comparison

o e © system is

" R modeled

» é - unloaded

ofMw AGC OFF

oMW T

1.04 pu \w/ .04 pu
0 MW OMW Bus7
é j/ OMW | eft Area Cost R ight Area Cost \t 0 MW
832 $/h 500 $/h 0 Mvar
oflMw AGC OFF -offlMw AGC OFF

27



B7Flat Eqv Example

* Original Y

2083 16.67 417 0O 0 0 0
16.67 -52.78 556 556 833 1667 O
417 556 -431 333 0 0 0
Y,.,=j| 0 556 333 -431 417 0 0

0 8.33 0 417 -29.17 0 16.67

0 16.67 0 0 0 -25 8.33
0 0 0 0 16.67 833 25
(-20.833  4.167 0

Y, =j| 4167 -43.056 33.333
0 33333 -43.056




B7Flat Eqv Example

YES j

SS

(Yss o

Al
16667 0 0 O 116.667 5.556 5.556 ]
5556 0 0 0| v,-j o O 4
0 0 0
| 5556 4167 0 O B X 0
52,778 8333 16.667 0 Note Y, =Y.,
8333 -29167 0  16.667 if no phase
16.667 0 250 8.333 shifters
0 16.667 8.333 —25.0 |
(_28.128 11.463 16.667 O
. | 11.463 -28.130 0  16.667
YseYee YES) :J
16.667 0 ~25.0 8.333
0 16.667 8333 -25.0

29



Equivalencing in PowerWorld

Al

Open a case and solve it; then select Edit Mode, Tools,
Equivalencing; this displays the Power System
Equivalents Form

B T B Ak e 5%

Make-up of the study and external systems

SSSSSSSSSSSSSSS

NNNNNN

MQ&D I Records~ | ¥ 0w

- o ER

s regarding Areas and Zones are induded to aid the task of selecting or unselecting blocks of buses,

--------
--------

_____
--------
-----
--------
--------

Select what to add to the study and external systems
EEEEEE | Study
o e |1 S —
d Find
aaaaaaa
[ — 3 —(
d Find
sssss — 2 —
Find... Find...
dude how many f neighb: [Filter by Kv:
[ M :
Il as external Min D
nch Terminals External
Save buses to fil
ch inals Study
d by from fil
lect b network cu
i-L Cloze ? Help

Next step is then to
divide the buses into
the study system and
the external system;
buses can be loaded
from a text file as
well

30



Equivalencing in PowerWorld

AlM

®

Then go to the Create The Equivalent page, select the
desired options and select Build Equivalent System

Power System Equivalents - o IEH
Select The Buses  Create The Equivalent
Build Equivalent
[“1Delete All External Generators

Max Per Unit Impedance for Equivalent Lines - :

Max MWW Ratings Above

[Cretain Remotely Requlated Buses
Retain Branch Terminals for
[ Transformers
[Jzero Impedance Ties {x < 0.001)
I:| Area Tie Lines
[Jzone Tie Lines

[ convert Equivale
[CIModel Generation
[Cremove Radial Syste
[ pelete Empty Areas/Zol
[ adjust Area Unspedified T

Load as Current Injections

/Substations that occur from Equivalencing
rchange to Zero Qut ACE

[Jindude Generator Dynamic Wauivalents

€~ Click to create the equivalent

The following are alternative non-equivalencing tasks that can be applied to the External Sy:

Build Equivalent System

Save External System in File MerQe Bus Shunts Across Zero Impedance Branches
() Entire External System Save External System Bus Shunt Values Above =
(®) Entire External System and Ties MergQAcross Branches

andB =0

osoonsfs

Merge Shunts

Delete External System
[CJremove External Objects from Onelines

O Delete empty Areas/Zones/Substations
induded in the External System

Delete External System

Mote: If bus nt values are merged across area tie
lines, the unspRified MW transactions for the areas
will be adjusted\Q-cordingly.

fL Close

Save To Aux ? Help

— Maximum
e o e Impedance
lines to retain

99’ or ‘EQ’
are common
circuit values
for equivalent
lines

Removes equivalenced objects from the oneline 31



Small System Equivalent Example

A

Example shows the creation of an equivalent for
Aggieland37 example

Aggleland Power and nght

First example is
simple, just removing
e d - WHITE138 (bus 3);

T fanie '~ note TEXAS138 is
il now directly joined to
RELLIS138..

Case Is Aggieland37_HWS5

32



Small System Equivalent Example

Aggleland Power and nght

5: ’. (:
Total Load 1420.7 MW 102pu V uuuuuu d 641 MW
S S Total Losses: 24.70 MW -

0.982 pu

T
Only bus 3 was
removed; the new
equivalent line was

auto-inserted.

Don’t save the
equivalent with the
same name as the
original, unless you
want to lose the
original

33



Small System Equivalent Example

T

 Now remove buses at WHITE138 and TEXAS and
RELLIS (1, 3, 12, 40, 41, 44); set Max Per Unit
Impedance for Aggieland Power and Light
Equivalent :
Lines to eudagiprtet
99 (per unit)
to retain all
lines. Again
to an auto-
Insert to show
the equivalent
lines.

34



Small System Equivalent Example

Now set the Max Per Unit Impedance for

Equivalent Lines to 2.5.
Aggieland Power and Light

Total Load 1376.7 MW

641 MW
Total Losses: 23.85 MW
>
P ——
> >
53 MW Ll el U Ll
21 Mvar P
29 MW
4 0.0 Mvar '8 Myat 100 MW
0.99pu |8 BATT69 4 "':y 1% 30 Mvar
#G_AA= NORTHGATEGS g
ool o
<z 29% 0.98 pu BONFIRE69
&7\ A % !
DRAR ceNTURY6D 78%
YA 7 :
3 “ 78%
My 9 0% WEB138 N PLUM138
‘ o GIGEM69
MAROON69 _~REVEILLEG) T omw
D7 27 Pvar 17 Mvar
1.01pu

30 Mvar
FISHE9

101pu @ A , il 000 aj
YELL69 24% <‘ 63% X *t < AL [ % F 0.0 Mvar i
‘ 7 } @ | 0.98 0 085 pil KYLEG9 % T
) N SSSSNAN 7 M ra (
10 Mvar N < 17 Mvar
e \“\ < SO% @ o R
- N - S & e 0.99 pu Y
5 ~:; 2tvar 0 0 Mvarke (7 v
\ < 0.97pu  =llfy MsC69 2 0
q’. 70 MW 59MW  RING69 4

RUDDERG69. [omgar 6Mvar

o MW

1.005pu SPIRIT69 58 Mvar \ 0 961 pu’

KYLE138 63%

>

22Mw
oM

0.990 pu ." REEDS6!
ofdEs v o
4

5 0.989 pu ﬁ REED138

=
AGGIE138

AlM

®
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Large System Example: 70K Case

AlM

®

Original System has 70,000 buses and 71,343 lines

pY
i
]
e TEEL N
b o~ d
¥
S -
e 5 it b -5
= ‘1 ; v ..h.' 2
L * e
- 3
£ g ]
%
] 3 * 4
y iy 5
- el &
L - ¥
= 2 Rl
Ty ) fi:
= % Figs
5 i
5
"
o3
o
E A S 7
. [
o
R
a4 ;
* 3 7
7 g
‘%

This is a synthetic power grid which does NOT represent any actual grid.
It was created with a synthetic methodology and does not contain any CEII.

References:

A, B. Birchfield; T. Xu; K. M. Gegner; K. 5, Shetye; T, 1. Overbye, "Grid Structural
Characteristics as Validation Criteria for Synthetic Metworks,” in IEEE Transactions
on Power Systems, vol, 32, na, 4, pp. 3258-3265, July 2017,

A. B. Birchfield, T. Xu, and T. J. Overbye, "Power flow convergence and reactive
power planning in the creation of large synthetic grids, " in IEEE Transactions on
Power Systems, 2018.

For more information about this and other synthetic power grids,
wisit electricgrids.engr.tamu.edu or contact Adam Birchfield abirchfield @tamu.edu
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Large System Example: 70K Case

e Just retain the Oklahoma Area; now 1591 buses and
1745 lines (deleting ones above 2.5 pu impedance)

A a ‘),jiﬁi’ﬁ
&371!47 ,
1&%23‘“

:."‘Z‘

mmmmm

&4

‘\||I "" “M ’
\‘l'A\\ 4"‘ l'll/

ll' m\'
\\Ul

o
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Grid Equivalent Examples
KM
« A 2016 EI case had about 350 lines with a circuit ID of
99’ and about 60 with ‘EQ’ (out of a total of 102,000)

—- Both WECC and the EI use 99’ or ‘EQ’ circuit IDs to
Indicate equivalent lines

— One would expect few equivalent lines in interconnect wide
models

« A ten year old El case had about 1633 lines with a
circuit ID of 99 and 400 with ‘EQ’ (out of a total of
65673)

« A ten year old case with about 5000 buses and 5000
lines had 600 equivalent lines

38



Example: PJM EMS Equivalent
T

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

1 i FEEer )
.\“—l_ = LN

Data here Is
from the
December

| 2019 (Rev 18)
o oA N T . Rl

Exhibit 4: PJM EMS Model Details 39


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

