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Abstract

The effects of large rap1d changes in generation from
large arrays of wind turbine generators on the operation of
automatic generation control and frequency regulation will be
assessed. The maximum.change and rates of change of genera-
tion from an array of wind turbines due to passage of a
thunderstorm front is determlned first. The assessment re-
quired (1) modeling an array -of wind turbines in order to
determine power variation for changes in wind speed caused by
a storm front; (2) simulation of the model to determine power
variation from a worst case coastal farm due to passage of a
front; and (3) .analysis of the maximum change and rates of
change from the portion of the array affected by the front.

The theoretical worst case power change and rates of change
from a theoretical worst case farm/thunderstorm combination

due to passage of the front are .also derived based on the for-
mulas derived. from the results on the coastal farm. Constraints
on the penetration of the portion of an echelon and farm that
are affected by the front -are derived so that power variation
rates will .not exceed the response rate capability of a typical
system. . These penetratlon constraints would eliminate the
occurance .of excessive frequency excursions and violations of
NAPSIC performance requirements on automatic generation con-
trol. -The penétration constraints effect on the size of an
array and the maximum power variation rates allowed on a
partlcular system are dlscussed



FORWARD

This report was prepared by the Division of Engineering
Research of Michigan State University for the U. S. Department
of‘Energy, Wind Systems Branoh, nnder‘contract EC-77-$-02—4450.
The responsible progrem manegers were Dr. Jeffrey H. anoaqgh
of the Electric,Energy éystems Division ano Daniel Ancona'ofA
‘the Wind Systems Branch. Projeqt monitoringlwas'also done by
A_Thomas Benn of the Charies Stark Draper Laboratories, and by
Dr. Thomas Reddock of the University of Tennessee'who also
‘reviewed in detail the draft of this final report. Prelimi-
nary results were presented at the March 1979 Workshop on
Economic and 0perat10na1 Requ1rements and Status of Large
Scale Wind Systems sponsored by the Department of Energy and
the Electric Power Research Instltqte. ‘

The authors are indebted to Larry M. Smith of the Phila-
delphia Electric Company for'oroviding the simulation program

used in Part II of this study.



Table of Contents

. Abstract

Forward : . ' '

Table of Contents, Figures and List of Tables
Introduction

.Section.1 - Summary of Part I
Section 2 - Power System Dynamic Model Development
Section 3 - Wind Array Model
Section 4 - Model Aggregation
Section 5 - Analysis of the Dynamic Performance
. of the AGC-ED Strategy
Section 6 - Conclusions of Part I
‘Section 1 - Summary of Part II
Section 2 - Worst Case Power Variation from Wind
- Arrays
Section 3 - Analysis of Echelon and Form Penetration
' ' Constraints -
Section 4 - Effects of Wind Power and Load Variation
‘ on AGC Regulation and Governor Frequency
o . Regulation
Section 5 - Conclusions of Part II

Bibliography

142

. 146



Figure

10
11

12

13
14
15

16

17

18

19

20

21

List of Figures

Block Diagfam of Siﬁolation Model;
Lumped Inertia and Intertie ' Model
Gas Turbine Model

Model of Hydro Unit

Detailed Model of Governor and Gate Dynamics
for Hydro Unit :

Detailed Model of Turbine Dynamlcs for Hydro
Unit

Model of BWR Turbine and Controls
Drum Steam Turbine'Generator Model
Response of 0il-Fired -Drum Unit

Fossil Fueled Once-Through Unit

| Response of Subcritical Once~-Through Unit.

Response of the Supercr1t1cal Once- Through
Unit

External Area Model

Central Dispatch Office

‘Local Load Dispatch Office -

Steady-State Relation Between Wind- Veloc1ty
and WTG Mechanical Power

Dynamlc Model for WTG Under Normal Operating
Condltlons

Wind Speed Profile of a Storm Front

Alﬁernator Power vs Blade Angle for Various
Wind Speeds (MOD O) ' '

i

Load Loss from Rated Load, ISOO KW WTG

- Wind Farm Configuration

Page

19

22
24

25
26

28
30
-33
36

39
42

43
45
I
49

52
54.

55
56



| Flgure
22

23"

24
25

26
27
28
29
30
31
32
33
34
35
36
37.

38,

39 -

40

Block Dlagram of Two Generator AC-ED Control

;Slmpllfled Block Dlagram of Local and Cen-

tral Dlspatch for the Aggregated Generator

.Case -

Coastal Farm Configuration
Midwestern Farm

Simulation of the Coastal Farm for a Thun-
derstorm Front

Simulation of the Midwestern Farm for a
Thunderstorm Front

Power System.Response Rate Capability
Coastal Farm Power Variation Rate during
Passage of Leading Edge Outflow of Storm
Front

Coastal Farm Power Variation Rate during

‘Passage of the Trailing Edge Inflow of

Storm Front

.Morning Pickup #1 with Load Variation only_

Generator. Responses for Morning Plckup #1
w1thout Coastal Farm

Morning Pickup #1 with Coastal Farm and
Load Variation

Generator Responses for Morning Pickup #1
with Coastal Farm

4Even1ng Dropoff with Coastal.Farm and Load

Variation

Solution‘of the AGC Saturation Problem

Mornlng Pickup #2 w1th Coastal Farm and Load
Varlatlon

Generator Responses for Mdrning Pickup #2

Summer Peak w1th Coastal Farm and No Load
Variation . AR .

'Generator Responses for Summer Peak with the

Coastal Farm

Page
64

65

92
94
96

97

102

103

109

118

121

123

125

- 128

130
133

134
135

137



Page

- Figure _
41 Summer Peak with Mldwestern Farm and No ' 138
'Load Variation - '
42 Generator Responses for Summer Peak with 141,

‘the Midwestern Farm .



Table

10
11

List -of Tables: - .-

Gas Turbine Model Variables

Hydro Turbine Variables

Boiler Water Reactor Model Variables

“* Drum Unit Model Variables

Data for Coal-Fired Drum Unit Model
Data for Once-Thru Steam Model

Data for Super-Critical Model

Parameters in External Area Model

Unit Commitment Data for Aggregated Units
Parameters for Various Simulation Cases-

Constraints on Penetration Levels

Page

21
27
29
31
34
37
40
41
70
77

108



1. INTRODUCTION
The objectives of this research project are to determine .

(1) what magnitude and rate. of wind'velocity change'énd
what magnltude of WECS penetration will cause in-
tolerable operatlng problems 1n a typical utility

utlllzlng present operating procedures,

(2) what changes in present operating practice for auto-
matic generatlon control (AGC), economic dispatch
(ED), and unit commltment (uC) may be necessary as

WECS penetratlon increases.

These objectives were stated under Task 1 in our proposal en-
titled "Development of Wind Electric Application Manual and
Simulation of Operating Problems with Wind Turbine Generator
Arrays on Interconnected Electric Systems" [1].

The objectives of thiy study require the development of
‘a model for an array of wind turbine generators (WTG), a long
term power system dynamic model, and a simulation program that
can be used to test and analyze the performance of the fre-

quency regulation and automatig-generation control responses

. of typical power systems to variations in generated powef'from
such a WTG array due to wind fronts and thunderstorm gust
fronts. Therefore, Part I of this task discusses the models.
and the simulation program used to test and analyze the per-
formance of frequency regulation and automatié generation con-
trol responses of typical power systemé'due to variations in
generated power from such a WTG array.

The specific objectives of Part I of this task are:

(1) to justify the use of a lumpéd.ine:tia power system
model that does not represent synchronizing torque

oscillations between units;

(2) to justify and describe the generating unit models,
‘the load model, and external system models used 'in

3

the simulation;



(3) to develop (a) a model of the output power of a
sinéle WTG to a thunderstorm gust front and (b) a
model of the power out of a wind farm, composed
of WIG clusters which are affected byftﬁe thunder-
storm gust front in the time frame of épinning
reserve'requiremenf on tﬁe fesponse of automatic

generation control;

(4) to justify the use and:déscribe the opefation of
an automatic generation control-economic dispatch
strategy patterned after the one used on the PJM*
interconnection, which is used in“this'simulation

program;
(5) provide a data base for this model;

(é) to justify the aggregation of similar generating
units that are base loaded, under economic dis-

- patch only, or are under both regulation and
economic dispatch. Analysis will be performed to
modify the automatic generation control-economic
dispatch strategy when similar units performing

a particulér function are aggregated;

-(7)  analyze the dynamic performance of the automatic
generation control-economic dispatch strategy for-
aggregated generation to show that it is satis-
factory for assessing operating problems due to- ~
wind power variation as the penetration of a wind -

farm increases.

The genefator models, the automatic generation control-
economic dispatch, strategy and the unit commitments for
several operating conditions have been supplied by Philadelphia
Electric for the PJM system [2]. Larry Smith of Philadelphia
Electric provided invaluable assistance in providing explana-
tion and documentatioﬁ‘needed to implement this program and

understand the models.

*The simulation program is an adaptation of the model used by
the Pennsylvania-Jersey-Maryland (PJM) power pool.
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Part II of this study uses the'model of an array of wind
turbiﬁe generators and the simulation program of a model of a
typical power system to énalyze and test the performance of
the frequency regulation and automatic generation controls for
worst case power variations produced from worst case wind array
configuration for a worst case thunderstorm gust front. The
analysis will show that proper constraints on penetration of
any wind farm and the penetrationﬂef any echelon in the wind
farm will permit present frequehcy regulation and automatic
generation controls to adequately respond to worst cese power
variation from an array of wind turbine generétors.

The specific objectives of Part II of this study are

(1) to determine a theoretical worst case farm and
thunderstorm gust front based on physical con-
‘straints on the 'size and speed of a thunderstorm

"gust front and the splnnlng reserve requlrements
and response capability on automatic generation '
control and freqqenCy regulation control strate-
gies. The response of a single'WTG including
its shutdown and startup sequence for excessive
sustained wind speed is simulated and analyzed.
The worst case coastal and midwestern'plains farm
configuration is determined based on the theo-
retical worst case farm configuration, and the
worst caée power variation record for each is

determined for the worst case thunderstorm front;

(2) to compare the average power variation rates.out
of these two wind farm‘configurations with the
average response rate capability of a typical
power system. The average response rate capa-
bility of a typical power system is expressed as
a percentage of system capacity and is plotted
as a function of the time interval over which
this average is calculated. This_anaiysis of the

average response rates out of a wind farm and the’

10



(3)

average response rate capability indicates the
penetration level, of the entire wind farm that

can be affected by a single thunderstorm gust
front, should be less than the penetratioh\of the
largest unit in a typicallsystem.- Thuslthe AGC
spihning reserve can assure adequate response to
either shutdown or startup of this wind farm.

The penetration of any echelon, which is all

WTGs that respond to the wind speea on a thunder-
storm gust leading edge outflow, is constrained so "
that the power variation rate will be less than the
response rate capability of a typical system. This
penetration constraint level varies between 2% and
3% and takes on the lower values if the rate of
chénge of wind speed“in the leading edge outflow is

'highvor if the number of WTGs in an area near any
particular echelon is also high. The largest capa-

city system'whidh will not adequately respond to
theoretical worst case power variation from an
echelon or farm will also be established;

to determine ffom the simulation the effects of

such parameters as

(1) system size (penetration)

(2) Unit Commitment (Morning Pickup, Summer

| Peak, Evening

(3)  Generation Mix (Two Morning Pickup Unit
'~ Commitments) '

(4) Availability of Bulk Storage Devices

on area control error, frequency, tie line inter-
change, and regulation-cycling on particular units
for a specific worst case wind power variation
record from a single wind farm. Specifically,
operating problems due to simultaneous load'and
wind power variations for morning“piCkup

11
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and evening dropoff'ahd due to the‘responsé"'
'11m1tat10n during summer peak 1s assessed The
changes in response rate ‘capability due to - changes
in generation mix and cyclxng problems due to
conStant changes in wind power on differentA
echelons 1s investigated.. Improvement in response
capablllty and AGC performance when generatlon

. .mix includes a larger percentage of faster re-

sponding units is also assessed.

SUMMARY OF PART I

The final report of Part I of this research pro;ect fol-

lows in the next three sections. Section 2

(1) Jjustifies and develops -the lumped 1nert1a model (2]
used in this 51mulatlon, '

(2) justifies and develops the generating unit model,
the external system model, and'the‘load"model [2];

(3) develops the modeis'for‘thehlocai and central dis-
patch offices that perform automatic generation
control and economic dispatch functions.

Section 3 develops the model of an array of WTGs and

contains .

(1) Jjustification and development of a static non-
linear model of a single WTG under normal -oper-
ating conditions;

(2) . analysis of blade pitch and rotor speed dynamics
dnring the shutdown-startup sequence when wind

-speed exceeds safe operating limits that can

occur during a thunderstorm gust front;

(3) development and justification for a model of an
array of wind turbine generators as modeled in
(1) and (2)

12
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This develop@ent of the array of WTGs or wind farmvis based
on the assumptioﬁ'thaﬁ a fa:mkégnéists of all WTG clusters
that expgrience:changés in}generation,due to a single thunder-
storm front in the_timeAintérVal of spinning reserve require-
ments on the‘requnée,of,thg_ahtomatic generétion control.

Section 4 contains$

(1) . .the rationale for aggregating similar generating
-uhitS‘(hydrohncoal'fired drum, oil fired drum,
subcritical once through, supercritical .once
through, gas turbine, boiling water reactor)
performing the same function (economic dispatch,’
regulation, base loaded);

(2) a discussion of the assumptions required for this
aggregation and a justification for each of the

aggregated units to be included in the simulation;

(3) a discussion of the aggregation prbcedure which

includes

(a) the modification of the regulation - economic
-4;§isp§tdﬁ étrategy required for aggregated
units with aggregated cost curves;. .

(b) the determination of cost curves for aggre-
. Qated'units”giVen cost curves for typical

units of each kind retained in the simulation.

Section 5 contains an én31Ysis”of the dynamic performance
of this automatic géﬁeréﬁion - economic dispatch control strategy
to determine if it meets typical spinning reserve requirements
and NAPSIC response requirements . - [2] and thus, the AGC-ED for the
aggregated generating .units is appropriate to study the oper-
ating problems that result due to wind power variations when

wind penetration levels .increase.

2. POWER SYSTEM DYNAMIC MODEL DEVELOPMENT

A very thorough examination of alternative models and

model structures was undertaken in order to determine which

13



model type would best.fit the objectives of this research.
Two basic. model structures were identified:

(1) a lumped inertia model [2,3] with a one second
' iﬁteéréti&h step size that eliminated all synch-
rbniziﬁg'tbrque oscillations between machines.
Thé generation component models were selected to
“reflect the response of a unit to majOr)changes
in load demand and thus 1ncluded boiler feedwater

~and fuel dynamics:

(2) dynamic'models that included an explicit repre-
sentation of the electrical network and -permitted.
the,représentation of synchronizing torque oscil-
1atioﬁs. Generation componenf models sometimes
did not include feedwater, fuel, and boiler’

~models [4,5].

It was determined that the model should use a lumped inertia
representation and detailed model of longer term generator
dynamics [2]- and thus should ignore synchronizing oscillations
and generator dynamic with time constants of less than one

second because

(1) other DOE contracts were investigating the dynamic
and stability problems associated with wind tur-
- bine generation and the effects of wind turbine
generation dynamics on the neighboring genera-
tors [6];

(2).  the stated objectives were to evaluate the per-
formance of automatic generation control, economic
dispatch, and unit commitment as WECS penetration
increased. . Since automatiC'generation control,
ecéndmic dispatch, and unit commitment are slow
responding power system control strategies and
thus should not be affected by:

'(i) synchronizing torque osc1llat10ns whlch

"range from 0.5 to 2.5 hz.

14
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(ii) thé,dynamics of single or multiple wind
turbine generators connected to thé system
at a particular bus in normal operation'be-
cause'these dynamics for single‘or multiple
generators were shown to have a dominaﬁt
mode at of.above,0.6 hz [7].

(iidi) the'intéraction of these fast WTG dyﬁamics
with generationHelectfiéélly‘closeAto ﬁhe
WTG:because the effects would mainly be on
governor action in a frequency range above
0.1 hz. The effect of change in wind array
generation due to thunderstorm gust fronts
on the frequency regulation of nuélear and
steamﬂ;ggpiéenggneration will be investi-

e /gg-{:éd;'. (It shoulc_i\l;e‘"hoted\t':hat this in-
teraction of WTG responses wi£ﬁ“goyerndrs
- of héighboring generators is a'majof5boncern‘
but is not within the scope of this reSeérch...
It is being considered by othér DQE con-

tractors.)

(3) the performance of the automatic generation con-
trol economic dispatch, and unit commitment
strategiesimusf be evaluated over periods as long
. as several-hours which would.be very expensive
to. simulate if the non-lumped ineftia models

were used.

The lumped inertia model with a one second integration step

was thus chosen as the fundamental building block for the

power system model to: be developed. " Moreover, drum and once

through steam turbine, hydro turbine, gas turbine, and boiling
water reacfor*generator models were chosen based on the re-
quirement that they be able to accurately represent'the re-
sbonse to large changes in load demand and. that they be com-
patible with a one sécohd integration step size. This latter

requirement forced modification or elimination of3a11‘dynamics

15



with time constants below .one.second. The generating component

models used are those developed by Philadelphia Electric [2]

for the PJM interconnection.

'Since the automatic generation - control-economic dispatch

strategy used by PJM is typical, 'is well-documented, and since

it was utilized with the basic generation component models to

be used in this model, the automatic generation control- —-economic

dlspatch strategy to be used 1n thls ‘model will be patterned

after that used in the PIM 1nterconnect10n. A unit commitment -

strategy and assoc1ated data for the automatic control-economic

dlspatch for that unit commltment has been supplied by Phila-

delphia Electric for four operating conditions on its system.
It should be noted that even though much of the data for our

model is provided by Philadelphia Electric and the automatic

generation control-economic dispatch strategy is patterned

after POM's, the results in our study will not be 1dentlcal

to that from the Phlladelphla Electrlc model and will not re-

flect the performance on the PJM system because

(1)

(2)

(3)

each of the generators that are similar (oil fired
drum, coal fired drum, once through, boiling water
reactor, gas turbine, hydro turbine) that perform
the same function (regulation, economic dispatch,
base loaded).in-the PJM model are aggregated into -

*a single generator of. that type performing that

function in the model being developed. The PJM model

[2] represents each generation in the system separately;

.only a single load dispatch center will be used rather

than individual local load dispatch offices. for each
company in PJM. This use of a single local dispatch
office would not affect the results if all local dis-
patch offices were identical which is not true in-the

PJM system. The PJM model [2] represents each of these

local dispatch offices separately,

the PJM automatic generatlon control- economlc ‘dis-
patch strategy was modified to handle

(1) aggregated generator models for each generator

type performing -the same function and

16



(2) a single local dispatch office. 'Thé per formance
of the re@ulation and economic dispatch using-aggre-
gated units and a single dispatch center can only
approximate the collective response Qf the correspon-
ding individual units controlled throﬁgh-distihct local
dispatch offices. ’ '

The particular component models for this power system model
will not be developed based on the following logic. The lumped
inertia modeliWill be developed first since it is the basic
building block for the power system model. The models of parti-
cular generation components; including drum, once through, boil-
ing water reéctor, gas turbine, and hydro turbine generators
will then be discussed. Finally, a model of the external system
and a load model will be discussed to complete the discussion of
the dynamic model of the power system. ‘

Functional block diagrams of the central and local diépatch
offices will then be discussed in terms of the particulaf opera-
tions used to perform the regulation and economic dlspatch
functiops. The central load dispatch office determined the
filtered area control error, AR, and marginal cost signal, LAMBDA,
from the system'fréquency OMEGA, and tie line power signals,
PTIEIN, determined.in the lumped inertia model. The local dis-
patch office model used AR and LAMBDA signals from the central
dispatch office, and the mechanical power output of each genera-
tion unit, PM , to determine the setpoint PS for genérating
units i=1, 2,... N under its control. A block dlagram of the
power system modei with the automatic generatlon control-econ-
omic dispatch functions is shown in Figure 1.

The description of the model that follows is not intended
as a detailed description of the FORTRAN code which was written

to simulate the particular models.

2.1 1Inertia Model

- The lumped inertia model is not only the basic building of
this power system model but also the block to. whlch almost every
other component model is connected as shown in Flgure 1. The
lumped inertia model, shown in Figure 2, accepts the 1nternal

system load. LODEIN, from the load model; the prime

R
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mover power, PMi, from each'generator component model; thef

wind array power,APWECS, from the wind array model; and the

external system prime mover power, PMEXT, and external load

power, LOADEXT, from the external system model. This inertia

model then computes system frequency, OMEGA, and tie line

flow, PTIEIN, between the internal and external system models.
The system frequency OMEGA or w is computed from

-1 -
w(t) =, [(T, = T )dt
UsA B
where

HUSA_ rotary iqertia of the entire system
TM - Te - accelerating torque = prime mover torque -
electrical load torque
Since the model is a power model and not a torque model, the

accelerating torque ‘is

. PACCEL _ PMINT+PMEXT-LODEIN-LOADEXT
M e OMEGA - OMEGA

After PACCEL/OMEGA is formed, it is divided by ZHUSA to form
the per unit angular acceleration which is then integrated to
form the per unit angular velocity OMEGA. :

. The electrical power, PELINT, is the internal system prime
mover power minus a percentage of the acceleration power needed

to accelerate internal inertia.

_ ' _ HINT
PELINT = PMINT - gisy PACCEL.

The tie line power into the interual system is
PTIEIN = LODEIN -iPELINT

The generator component models, which produce the prime

mover power PMi for the inertia model from.the power setpoint
PSi from the local dispatch office, OMEGA from the inertia
model, and the scheduled frequency CSKEDF/60 for the power

20



system in per unit are now developed. It is assumed that the
inertias of each generating unit including the wind array model
is lumped and included in HINT.. Some of the discussion and

the data for these generating component models is taken from [2].

2.2 Gas Turbine Model

The block diagram of a gas turbine geherator model is
shown in Figure 3. The 81mp11c1ty of the model is based on

. the follow1ng assumptions

1) Reasonable limits on loading rates will be used in
the local dispatch office models where governor speed

changer position is determined.

2) It is used with computer time simulation steps of 1

to 2 seconds.

3) The dynamics of the exhaust temperature limits are
.approx1mated by an 1nstantaneous limit determlned by

ambient temperature condltlons.

The exhaust temperature limiter dynamics are deminated by
the thermal time constant of the exhaust:thermocouple, which is
about 2 to 3 seconds. Thie thermocouple time constant is so _
close to the integration step size:that it is represented by a
computer delay of 1 second. If the integration step was not
1 to 2 seconds, this model would heve.tofbe altered. It is
expected that limits on the QGVernOr speed changer position
will prevent full loading of the unit in the one second time

step. A list of the variables is given below:

TABLE I .
Speed Regulation (CAP) Mw Rgglng
Exhaust Temperature Power Limit (MW at 295°F; CYTO2)
.23

)*(Amblent Temp) * (MW Ratlng)

for 0 <Temp<120°F
Deadband, MW (CDBYT) 1 MW '
Computer Time Delay ' ' | 1 sec.

CYTO2 =.1.23-(
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2.3 Hydro Turbine Model

The following discussion of the‘hydro turbine generator
'model and data is also taken directly from [2]. A block dia-
gram of a typical hydro turbine generator is shown in Figure 4.
This hydro turbine generator model can represent either high
head-pumped storage unit or low-head run of river units.

The model consists‘of a-regulator, governor and gate dy-
namics, and turbine dynamics. The model represents a governor
with transient droop compenSation: If the transient droop
were not to be included then the ratio R/r(CYPO2) would be
set to 1 and Tr may be arbitrarily chosen. The'governor and
gate dynamics are further illustrated in Figure 5. This ap-
proximates the gate servo-loop with rate and position limits
and proportional and defivétive feedback action. The feedback
gains establish the steady state regulation and transientl
droop and its washout time.

The servo time constant of fhe gate is about one second
or less and is masked by the temporary droop effect. The model
does not include water.column or éurge tank effects since these
are short-term characteristics when compared to the integra-
tion step. 1In order that the model will be valid for both
high head and low head hydro generation, a Z form model was
used for the turbine simulation, as shown in Figure 6.

The regulator, shown in Figufe 4, consists of a gain, in-

tegrator, and rate and generation limits

—CYPOSiUCEiiCPYOS

CYPO7§PSiiCYP06

The regulator is not included on base loaded hydro units but
is required on hydro units used for regulation. The actual
regulator is included in the local dispatch office model but
is included here only to indicate that it exists for hydro
units used for regulation.

Test data was obtained for the ?hiladelphia Electric Com-

pany's Conowingo Station Unit No. 7. The model data given'in
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the following table was obtaiﬁed for that unif;

TABLE 2
K Regulator Gain - . .. ' -_'. o
R Speed. Regulation - ' .05
R/r r is the transient regulation (CYPO2) - .125
CYPO3 Deadband ) N . 1.MW
T, Transient Droop Time Constant (CYPO4) 8 sec. -
CYPO5 Rate of Gate Limit ' - - ~ 43.33 MW/sec
(MW rating/gate full travel time, sec.) |
CYPO6 Gate Upper Limit o MW rating

CYPO7 Gate Lower Limit, MW corresponding to no locad .0.MW

T, Water Starting Time 2. sec.

2.4 Boiling Water Reactor Model -

This Boiiing Water Reactor model represents General Elec-
tric reactors. It includes both the turbine generator and
plant controls. The unit will respond to changes in automatic
generation control (response to area control error) and system
frequency. Those dynamics which should appear in a one-second
intégration step simulation have been included. These consist
of changes in the recirculation flow and transient offset of
the throttle pressure set point. Nﬁclear units of this type
are base loaded on this system and do not fespond to. changes
in area control error. A block diagram is given in Figure 7.

In fTable 3 is a list of the variables and the values
used in these simulations. This list also includes controller
settings. ‘
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TABLE 3

CAP Capability(MW,per unit base for powerf

KP Proportional part of recirculatioﬁ control 0

Tp In-core thermal time constant C | 7 sec.
K, Intégral part of recirculation control .15
CYBO6‘ Limit oﬂ signal to pressure regulétor'offset +.1

K Gain of pressure regulator offset .6

Tl Time coﬁstant of pressure regulatér offset 25 sec.
T2 i Time constanf of pressuré regulaﬁor df%set 5 sec.
£ "Portion of power develoéed before the cross-over .3

moisture separator

T Time constant of steam flow in moisture - 4.5 sec.

separator and cross-over

R Speed'regulation .05

The power corresponding to full reéirculation flow is PGEN,
where PGEN ='(RECFLO+.3}/L.3; Finally, i£ is apparent that the
huclear modei is a per unit model and the governor set point
.input is expreésed-ih per unit and the mechanical power odtput
is converted back to magawatts. This model ‘can be used for

any size unit on the system as long as the approprlate initial

conditions are supplied.

2.5 Fossil Fueled Drﬁm Steam Turbine Model

The drum steam turbine generator model is shown in Figure 8.
The fuel system dynamics affect the throttle pressure more than
feedwater dynamics for a drum unit and thus feedwater dynamics
are neglected. The fuel system dynamics will be vefy dependent
on the use of coal or oil as a fuel and thus the fuel used
will affect the transport delay and fuel system time constant.
The P-I contféller, rate limiter, and integrator in the

governor are includgd‘in the local dispatch office model but
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are shown here for completeness. This ~governor regulator 1s'
not shown in' the gas turblne or boiling water reactor models
because these units are base loaded and there is no need to
represent the governor regulators. .
0il and coal fired drum units have been tested 1n the

field. and the parameters of the governor valve characterls- '
tics, fuel system, and steam capacity have been based on these
s 1 and C2
constant K~ can be calculated for each case having a knowledge

tests. The calculation of the steam capacity c and

of the pressure and temperature proflles of the b01ler and

the volumes of the waterwall and superheater tublng. The
following is data for an oil-fired drum type unit, Philadelphia
Electric Companyfs Cromby No. 2 Uhit. This model serves as

the basic oil-fired drum-type unit,for this system model;

TABLE 4
K, Gov. Control Proportional Gain ‘ B 1.
1 ‘ : ‘
K; . Gov. Control Integral Gain - : 0.
1 ' T
T, Gev; Control Time Constant : .. 100. sec.
CYSsol Base Value of Unit Simulated .225. MW
R Speed Regulation ‘ . . .05
CYS04 First Stage Pressure Feedback Indicator. | 1.
K, pr, Initial Pressure Limiter Gain 10.
Valve Rate Limit Opening .025 sec.
Valve Rate Limit Closing - .100 sec.
Valve Travel Limit . 0 to 1.0
Initial Pressure Limiter Set Point ' .85
speed Set Point (CSKEDF/60) , 1)
'Load Limit ' ' ' 225 MW
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TABLE 4 (Cont.)

. Portion of Power Developed Before Reheater

Reheaf Turbine Time Constant

- Sensor Lag Time Constant

. Per Urit Power (PM;/CAP.) .

Boiler Constant for Steam Flow

Drum plus Primary Superheater Steam

Capacity Representation

Secondary Superhéatér Stéam Capacity

Representation.

Fuel Firing'System Delay Time

Fuel System Time Constant

‘Boiler Control Proportional Gain

Boiler Contrbl Integral Gain

Throttle Pressure Set Point, per unit

"0.0606

.28

8 sec. '

1l sec.’

1 (IN)2

.2217.430 sec.

11.668isec.-

6 sec.

9 sec.

Flgure 9. shows a comparlson ‘between test data and the

simulated model for both throttle and generation level change

to an instantaneous change 1n.setp01nt PS;.

The model is a

good'approximation and indicatés a relatively slow responsé.;

The simulation and test results are for a dlfferent ratlng

than glven in Table. 4. . ' ' S e

Data for a coal fired drum unit, Pennsylvanla Power and

Light Company S Brunner Island No. 2 unlt, is glven in Table 5°

and is used as the ba31c coal fired drum unit in thls system

model
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TABLE 5

Gov. Control Proportional Gain
Gov. Control Integral Gain

Gov. Control Time Constant

Base Value of Unit Simulated
Speed Regulation -

First Stage Pressure Feedback Indicator

. Initial Preséure Limiter Gain

Valve Rate Limit Opening
Valve Rate Limit Ciosing
Valve Travel Limit

Initial Pressure Limiter Set Point

Speed Set Point (CSKEDF/60)
“Load Limit '
Portion of Power Devéloped Before Reheater
':fReheat Turbine Time Constant
" Sensor Lag Time Constant

. Per Unit Power (PM,/CAP)

1.Boil§r Constant for Steam Flow

EDrum plus Primary Sgpe?heater Steam

Capacity Representation

Secondary Superheater‘Steam‘Capacity

Representation

FuéliFiring SYStem~Délay”Time
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TABLE 5 (Cont.)

T © Fuel System Time Constant o : : ¢ 30.0.sec.

F
KP . Boiler Centrol Pfopoftionel_qun % L .B
KI | Boiler Control Integfa;’Gain B {OlS
K, Boiler Control Derivatiye‘GainN - 30
| Throttle Pressure Set Poiht; per unit' l“_ ‘l.v

2.6 Fossil Fueled Once Through Turbine Model

The ohce-through units use a coerdinated or integrated
control system and feedwater dynamics,instead of the fﬁel
system dynamics. 1In-this type of unit with an integrated con-
trol system, the governor controls act upon the megeWatt loop,
the boiler controls act upon the throttle pressure loop, and
a cross-coupling exists betWeen:the two control loops. .Pres-
sure error is proportioned end entered into the governor con-
trol loop in addition to thetleéd demand or megawatt error and
the megawatt error is proportioned and added to the throttle
pressure control loop along with the throttle pressure error.
The feedwater dynamlcs are used in place of the fuel system
dynamlcs because they are déminant in a once- through unit where
there is no drum for separetloh of water and steam. The once-
through unit has a continubus flow, dependent on the feedwater
system and affecting the power cutput of ‘the unit. These units
are generally the most modern fossil fueled unlts on the sys-
‘tem and have a faster long term response than a drum unit. '
Power is raised by 1ncrea51ng the feedwater flow in the boiler.
' However, without a drum which acts as 'a steam reservoir to
take care of certain tran31ents,,tlghter controls are needed
on a once-through unit for‘stability'andjthus the integrated
control scheme is used. . o V

Once—throdgh'units are divided into suhcritical and super-

critical types. Both types can be modeled ‘as 'shown in Figure 10.
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The governor model is,shown in "this figure'for completeness
even though it is actually modeled,in_the-local dispatch office
model. It should be noted that the governor is not shown in -
the block diagram of the turbine or boilingiwater reactor be-
cause they are base loaded in the PJM sYstem and’thus regula-
tors would not:be needed. ' o -

The parameter of these onceethrough units are also ob-
tained from field test data. Theé parameters of the governor
feedwater, and steam capacity models are based on these tests.

1 can be .

The steam capac1ty Cl and C2 and boiler constant K
calculated as shown in [2] from knowledge of the pressure and
~ temperature proflles of the b011er and the volumes of the
i 'waterwall and superheater tublng. '
? The values determined for the Baltlmore Gas and Electrlc
Company's Crane No. 1- sub-crltlcal once through unit are given
in Table 6 and serve as the bas1c model for sub-crltlcal once-

~ through units in this system model

TABLE 6
iKPl Gov. Control Proportional: Gain - © .01
'KIi. Gov. Control Integral Gain | ' .1
T, Gov. Control Time Constant 100 sec.
CYSO1l Base Value of Unit Simulated 191 MW
R . Speed Regulation ‘ ‘ A .05
CYSO3  Deadband o .06 MW
CYSO4 ~ First Stage Pressure Feedback Indicator 1. |
Kipp .Initial Pressure Limiter Gain ., .10
Valve Rate Limit Operiing S .025 sec.”?!
valve Rate Limit Closing ‘ . 3 .100 sec.”
-,Valve Travel Limit . ‘A;~{'-_ . Oto 1.0

Initial Pressure Limiter Set Point ' © .85

37 -



MEB

PEB

. TABLE 6 (Cont.)

Speed Set Point'(SKEbF/GO)
Load Limit
Portion of Power Developed Before Reheater

Reheat Turbine Time Constant

. Sensor Lag Time Constant

Transition Zone Plus Primary Superheater
Steam Capacity Representation

Per Unit Power (PMi/CAP)
Boiler Constant for Steam Flow

Secondary Superheateristeam Capacity
Representation

Feedwater Syétem Propoffiohal Gain
Feedwater System Integral Gain
Feedwater System Inertia Tiﬁe Cénstaﬁt
Boiler Control Proportional Gain
Boiler Control Integral Gain

Boiler Control Derivation Gain

" Throttle Pressure Set'Point, per unit

Megawatt Error Bias

Pressure Error Bias

-Pressure Error Deadband

1.

191 My
.28 |
8 sec.
1l sec.

27.042

(50767 0767)(IN)

6.0417
.9881 .
.0214
20 sec.
4.5
.03
44,
l.‘
.0382
3.926

.004

‘Figure 11 shows the test data and simulated response data

for throttle pressure and.generation for this subcritical once

through unit.

unit.

Company s Brummer Island No.

The response is much more rapid than the drum

The associated data for the Pennsylvania Power and Light
3 supercritical once through unit

is given. in Table 7 and is the basic'unit in this system model
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mABLE 7

Gov. Control Préportiodai Géinf-
G9§. Control Integrél:Gaipu

éov; Control Time‘anstanf

Base Value of Unit'Simuia£ed
Speéd Regulation |

Deadband

‘First Stage Pressure Feedback Indicator’

Initia1‘P:essﬁre Lihip;Qpéning

Yalve Rate Limit Opeﬁing‘

vValve Travél Limit-

Initial éfés§ﬁre Limitér Set‘fbint:,A
Speed Set Point |

Load Limit

Portion of Power Déveloped Before'Rehéater

Reheat Tqrbihe Time Constant

Sensor Lag Time Constant

Transition Zone Plus Primary Superheater
Steam Capacity Representation

Per Unit Power (PMi/CAP)
Boiler Constant for Steam Flow'

Secondary Superheatér Steam Capacity
Representation o

. Feedwater System Proportional Gain

Feedwater System Integral Gain:
Feedwater System Inertia_Timé Constant
Boiler Control Proportional Gain

Boiler Cbnt;ol Integral Gain

.40

F-

.095 -
0.
175 sec.

745 MW

.05

23 MW

1.

.025 secC.

.100 sec.

0.

.85

1.

745, MW

.28

8. .sec.

1. sec.

6.5938

[

1,2
0628 (IN)

3.8771

.9881

..0214

20 sec.

-1

1



TABLE 7 (Cont.)

Ky . Boiler Contfql'pe;ivative Gain | , 88.
Throttle PfésSure Set Point, per unit ' 1. .
MEB Megawatt Error Bias ‘ | o o ‘ .00065.
" PEB . Pressure Error Bias . ,.." L 750.
Pressure Error Deadband >J o .006 MW"

" Figure 12 shows the test and. simulated respohse of this =
supercritical once through unituand‘again~this response rate’
is much higher than for drum unit. Note that this supercritical

unit is'much larger than the sub-critical unit.

2.7 External Area Model

The external area model is divided into'threé‘sections; a

load-frequency control mode, a prime mover model representing
a slow fossil fueled boiler turbine sét, and an external area
load model. The first two séctions are shown in Figure 13.

The external area control error; ACEEXT, -is :developed from the -
tie flow deviation from schedule and the frequency error. This
signal'passes through a tglemetry delay of three seconds to.the
governor motor to form the governor motor set point. The set
point and speed droop are added to form the input‘to the priﬁe
mover section, whose output is fed into the reheat steam tur-
bine dynamics. The mechanical power of the external area, .
PMEXT, is the'output.} A list of definitions of the various

parameters is given below:

TABLE 8
‘CEXTO1 Frequency Bias : .09 Capability_
CEXTO2 ACE Gain | . .05 |
CEXTO3 DEADBAND 108. MW
CEXTO4 Préssuré Drop Factor (C) .16
CEXTO5 Boiler.Lag(TB)A : " 360. sec..
A

U
)
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CEXT06
CEXTO07
CEXTO8

CEXT09

CEXTlO

CEXT11

TABLE 8 (Cont.)

Flrlng Lag (T )

Proportlonal COntrolt

Integral Control
Non Reheat Portlon
Reheat Lag (TR)
Speed‘Droop

(CAPABILITY)
. =

60.'sec:

75

. 005

5 ;

8. sec.

2,205,000.

The parameters of this model are‘chosen specifically for the.

PJIM system and were tuned to glve proper response characterlstlcs

of the external system.

2.8 Load Model

The load model section of the external'area as well as the

'PIJM load model is not completed.

Due to-a lack of statistical

: data for the system, a statistical load model has not been

developed.

Instead,

actual system test data are fed into the

model. Since these data include'many:types of operating con-

ditions they are considered to be very representative. Using

these data, the model was validated for four separate conditions.

Thls completes the model .used to produce prime mover -

mechanical powers into the lumped 1nert1a ‘model. "Models of the

local and central dispatch offices will now be presented

2.9 Central Load Dispatch office (Subroutine UPDATE) .

- The model shown in Figure 14 represents the LDO located

in valley Forge, PA.
- of the ACE-AR-Lambda algorithm.

and frequency. The outputs are AR and Lambda.:

It simulates the control computer dynamlcs

The basic inputs are tie flow

The Area Control Error (ACE) is formed as the sum of tie

flow dev1at10n, frequency bias, accumulated 1nterchange error,

and manual input.

time constant CTTEIM.

The tie flow. dev1atlon is.the sum of the
telemetered tie flow (PTIETM),4and scheduled t1e flow (SKEDTI)
PTIETM is ‘the actual t1e flow after it has. been delayed by a

Scheduled t1e flow, SKEDTI, is formed

from a functlon generator, dependent on TIME, by linear 1nter-

polatlon.

Ly
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Off generatién, OFFGEN, is the accumulated value of inter-
change error, .put in the initial conditions of a siﬁulation as
COFGEN. ‘Time error, TIMERR, is the integral of frequency devi-
ation plus an initial value of CTIMEO. If the off generation
exceeds 25 MW and is in.a direction not to act to increase time
error, then the time error is weighted by CTIMER to offset ACE
to reduce both TIMERR and OFFGEN. Frequency, FREQHZ, is com-
pared to scheduled frequency, CSKEDF, and the difference biased
by CBIAS to form the frequency bias.

A constant CACEAD is included to represent the dispatcher's
manual additions‘to correct for known errors.

The manual time error and interchange error corrections are
not included in the FORTRAN simulation because they were not
essential for thisAstudy.

The Area Requirement, AR, if formed by a digital filter
using CKCR as a delay variable. CKCR is related to the filter
time constant by ' ‘

Ln (1-CKCR)=- (Time Step)/TIME CONSTANT=-1/TIME CONTANT=0.16

tiﬁe step=1 sec. -~

LAMBDA is formed from the area requirement by a proportional
plus reset controller. MWNEW is an accumulated value of AR. It
is used in the system cost function table to obtain LNEW. This
table is presently a straight line. LCHANG is approximately
the rate of change of LNEW. LCHANG is proportional to AR
becauSe of the linear cost function. LAMBDA is the sum of a
proportional part of LCHANG with gain CKLP, a proportional part
of the integral of LCHANG with gains KLR times KLD, and a pro-
portionél part of the integral of LSUP, the supplementary input
from the dispatcher.

2.10 Local Load Dispatch Offices
The Load Dispatch Offices (LDQ) represent the control cen-

ters on each‘member's system. They receive the economic cost
signal, LAMBDA, and the area requirement, AR, from the Central
Load Dispatch Office and the generation level PMi from each of
their units. Their output is the command signal, UCEi, to

each unit. This model is described in Figure 15. Each of the

member company LDO's is similar. The economic cost signal
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passes through a dispatch algorithm to produce a company cost

and then through each unit's cost curve to develop the desired
megawatt signal for each generator. The system area require-
ment signal passes through an Automatic Generation Control |
algorithm to produce that company's participation in the AR
commitment. Finally, each unit's generation passes through
the telemetry system dxgemics and is subtradﬁed from the sum of
the desired economic generetion for that unit and its AR partic-
‘ipation. This megawatt error signal then passes through the
governor regulator controls to the governor motor.

A further description of the central and local dispatch
office ' is included in SectionﬂS when the dynamic response of

the automatic generation control economic dispatch is analyzed.

3. WIND ARRAY MODEL

The wind array model is developed by first considering
the model for a single wind turbine generator and then develop-
ing a model of the correlation between the wind at dlfferent
generators in an array for a thunderstorm gust front. '

The model of each WTG used in the wind array model assumes
that the performance of the automatic generatlon control-economic
dispatch and unit commitment strategies are too slow in response
to generation or load changes to be affected by

(1) the dominant modes [7,8] of a single or multiple

WTG configuration as seen from the EHV transmission
network under normal—-operating cenditions;

(2) "tower shadow" [9] or spuriods internal disturbances

and their interaction with turbine generator dynamics;

(3) the effects of wind gusts and their interaction with

turbine generator dynamics

A static nonlinear model {for a~ Mod 1 WTG], that relates
wind speed Vw and mechanical power to the generator shaft
PMW(t) and shown in Figure 16, is thus assumed to be sufficient
to model the changes. in mechanical shaft power on a WTG due to
wind speeds in a thunderstorm gust front. The resulting WTG

model for normal operating conditions is shown in Figure 17
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where PEW(t) -is. the electrical power produced by the WTG, w(t)
is.the electrical frequency of the generator,-and M and D are
the. inértia and damping factors for the WTG. This model ‘is
quite sufficient for wind fronts that do'not have speeds in
excess.of 64 km/hr.

The WTG model, showh in Figure 16, must also include a
model of the ‘shutdown ana startup sequences that occur when-
the average wind speed'exceeds 64 km/hr and a shutdown of the
generator  is triggered. -'This shutdown-startup sequence, that
aVoigs damage due to high winds, must be included in the WTG
model because

(1) the changes in generation are large (1.5 MW/machine)

- and almost instantaneous for both shutdown and
startup .

-+{2) the times.at which a shutdown or startup occurs at
each generator in the array has a very important
effect on the changes in pcuer out of the wind array
during a thunderstormdgustmfront with wind speed
profiles as shown in Figure 18. The CHanges in
power out of an array 1s partlcularly affected by
‘this shutdown-startup sequence - if there are multi-
ple echelons in the array and if thunderstorm fronts

" have wind speed peaks -that can trlgger such a shut-
down o
A shutdown of a generator will only occur when the average

wind speed as observed from a one minute filter

120, , : .
V(kT) + V(KT-T) = (———=—==) (V. (kT) - V. (kT-T)]
: (1+ 120) SRR N, 1200 v w

T . T

with sampling period T, exceeds 64 km/hr. If a shutdown is
triggered, the rotor blade p1tch angle is slewed at a —30°/m1n
rate -from the angle at maximum capac1ty at 64 km/hr (- -18°) to

feather (-90°). "As this rotor blade pitch angle is slewed,
power .is very quickly lost (4 seCond)'because‘Figure 19 shows
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that only a 2° change is necessary for loss of power at 64

km/hr.

The rotor angle continues to be slewed to feather even

after loss of power, and takes approxxmately 144~ seconds if the

filtered wind speed remalns above 53 km/hr for the entlre 144

seconds.

If the flltered wind speed V(kT) drops below 53 km/hr,
after the machlne has feathered and the rotor has: stopped

spinning, a regular startup sequence is 1n1t1ated in which

(1)

2)

_.at a constant 15 rpm/min rate by adjustlng acceler-

3.

the rotor blade pltch angle slewslfrom -90° back
toward zero degrees at a rate of 36°/min until the
rotor attains a 5 rpm speed. Since the blade angle
must reach -17.5°, from Figure 17, before any power
is obtained at a 53 km/hr wind speed, it is assumed
that the blade pitch angle must be greater than -17. .3
for acceleratlon of the rotor shaft. This acceler-

_atlon to 5 rpm is assumed to occur very rapldly after
zthe rotor blade angle reaches =-17.5°

the  rotor shaft is accelerated from 5 rpm to 40 rpm

at1ng torque through control of the rotor blade

pitch angle A
synchronlzation of the machine into the grid .

occurs only a few seconds after the machine reaches

"~ . synchronous speed. The phasing for synchronlzatlon

.1s adjusted by perturbing blade pltch angle and thus

torque.

If the filtered wind speed drops below 53 km/hr before the
rotor blade has been fully feathered and before the rotor has

"stopped rotating, an early startup procedure is begun which

(1)

slews the rotor blade pitch angle from the value it
1s when V(kT) first comes below 53 km/hr back toward
zero degrees at a rate of  36° /min. A -17.5° blade
pitch angle, at which the shaft~is assumed.to start -
accelerating, from Figure 19, is thus achieved'in _
much less than the 120 seconds required when slewed
from the feathered position.. ' '
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The rotor -speed will not drop below 5 rpm if the
machine is restarted before it is feathered because
Figure 20, [8], which shows théAresponse of the speed
control loop, for an overspeed«conditioﬁ; indicates
the speed control system will cause a 2 rpm/sec
decay rate on the high speed shaft if there is no
accelerating power from the rotor. This 2 rpm/sec
decay rate on the high speed shaft tﬁanslates into
a.Z% rpm/sec decay rate on thg‘slow speed shaft.
Thus, the speed on the low speed shaft will only
decay 18 rpm in the 264 seconds needed to bring the
rotor blade pitch to feather and back if a startup
was triggered at the 1nstant the blade just reached.
the feathered position.,

(2) the rotor speed control accelerates the rotor speed
from the vaiue it has when the blade pitch angle
returns to -17.5 and changes rotor speed at a
15 rpm/min rate unitl a 40 rpm speed is obtained

(3) synchronization with the grid is again‘obtained
quickly by adjusting blade pitch angle and torqﬁe
‘to obtain proper phasing

An analysis of the changes in rotor blade pitch angle and.
rotor speed during a shutdown-startup seéuence during a thunder-
storm gust front is included when the wind farm fesponse to
the thUnderstofm front (Figure 18) is analyzed in Part II of
this report. | '

u A second shutdown-startup sequence is used when average
wind speed drops below 13 km/hr. In this case no power is
lost because the generator is not producing any neé power into
the grid when the sequence is initiated. The startup is not
‘initiated unless average wind speed attains 21 km/hr. This
shutdown—sﬁartup sequence 1is only important because it would '
indicate the times when -a generator is triggered off-line and
when it again can be resynchronized.. This shutdown-startup

sequence, which avoids drawing power from the network to main-
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tain rotor rotation, is neglected ;n this model because wind
profiles for such low wind speeds Will‘not be considered due
to the small effects on wind array power and thus the power
system which the wind array is connected to.

This model of a single wind turbine generator also includes
an inertia and damping term wheh the machine is operating and
not in the shutdown-startup mode that avoids damage due to
high wind speed. This inertia must be included in the lumped
inertia parameter for the internal system HINT, and the mech-
anical power PMW(t) must be included as an input to this common
inertia model along with mechanical shaft powers from all other
machines in the internal system: The triggering of the shut-
‘down-startup sequence when average wind speed is above 64 km/hr
would causé the mechanical shaft power to become zero and a
reduction of inertia HINT during the interval when. average
wind speed remained above 53 km/hr. The reduction in inertia,
when turblne generation is lost due to the shutdown for hlgh
wind, may not be necessary if the wind turbine generation
shutdown is a small percentage of the total generation in the
system. |

The wind speed profile Vij(t) at the i#h wind turbine
generator in wind array j and, thus the mechanical shaft power
PMij out of this generator, is a delayed version of the wind
velocity profile Vij(t) and mechanical shaft power PMij(t)

for a reference generator i=1 in wind array j if:

(1) the wind velocity is assumed constant along straight
line contours in the region where a wind array is
located;

(2) the velocity of each straight line contour of con-
stant wind velocity is the velocity of the wind
front (Vo) and not the velocity of the wind at that

~location and time instant;

(3) the wind velocity contours are parallel and each
have an angle a with the x axis of the wind farm as
shown in Figure 21;
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~(4) referenoe generator i=1 in wind array j is always
the first wind turbine generator affected by the
front.f ‘ -

Based on the above assumptlons, the wind veloc1ty profile
<and generator shaft power at any generator in the array satis-
fies:

Vig(8) = Vgl = Tyy)

PMij(t) = PMlj(;,—‘Tij)

¥y

where.'I‘ij is

(1) ,pnoportionalﬁtoithe!distance
d = X, sin o + y cos o
il il il.
3 ) 3 -

h generator in the array and the ref-

between the it
erence generator in the direction of movement ‘of the

w1nd~front. The Xiq1 . and vy, i1, are the distance-

-between w1nd turblne generators iand 1 in the
x and” y axis, respectlvely,
(2) inversely proportional to wind front velocity Vo
- so that o

Tij = —V_l

~ The assumptlon that wind speed is fairly constant over
'some straight line is true for short dlstances in a thunder-
storm.gust‘front. "The specific wind speed that,would he
experienoed at any WTG in a cluster during the passage of a
gust front would be very sensitive to the position relative
to the location and path of the thunderstorm downdraft" [8]
The assumptlon that the wind speed is constant on a stralght
line ‘that covers the extent of the wind array may not thus be
true,ﬂbut s;nce_a worst case analysis of the effects of wind

turbine generation is desired, this assumption is made. .
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“The assumption that the speed of each straight line con-
tour 'is the speed of the front and not the wind speed at that
straight line contour, is .consistent with knowledge of thunder-
storm gust fronts.. The,aSsumption that these straight line
contours are parallel is certainly true- in small regions, but
is again assumed as a worst case condition in this analysis
of the effects of wind turbine generation on governor control,
automatic generation control, economic dispatch, and unit
commitment strategies of a power system.

Straight line parallel contours‘are worst case wind thun-
derstorm gust fronts for the wind farm configuration chosen
because the wind turbines are arranged in echelons normal to
the motion of the thunderstorm front and, . thus, the straight
line constant wind speed contours will effect every WTG in an
echelon, identically and simultaneously maximizing the power
variations from the farm and the effect on the power system.

Suppose the siting patterns are nothexactly in straight |
lines and not evenly spaced'as 1n the wind array: conflgurations‘
considered inPart II. Then the analyses, which places con-
straints on the penetratlon of any echelon in a farm and the
penetration of a farm formed by a set of WPG clusters affected
by the wind'front in the response time of spinning reserve -
requirement onm the AGC, is still meaningful in assessing
whether a particular set of WTG clusters will cause operating

problems for a power system

4.  MODEL AGGREGATION
The purpose of this section is

(1) to discuss the rationale for aggregatlon 51m11ar
generatlon components (coal fired drum, oil fired
drum,..once through subcritical, once through super-:
cr1t1ca1, gas turblne, hydno turbine, boiling water
reactor) performing a 51m11ar functlon (regulatlon,?
economic dlspatch base loaded); .

(2) to discuss the assumptions needed for- aggregatlon
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(3)

and the’ resulting aggregated generating components
in the power system model; .

to discuss the 1mpacts of aggregation on economic
dispatch and automatic generation control. In parti-

cular, this discu551on included

-(a) a method for determining cost curves of aggre-

gated units from the cost curves of a typical
unit of a particular type performing a parti-
cular function ‘ .

(b) An analysis of the theoretical basis of the
CUREMW/ A and A/PGj curves in' the central and
local dispatch offices when the cost curves
for'aggregated'generators are”quadratic and
transmission losses are neglected.

4.1 'Rationale and Assumptions’for Aggregation

The rationale for aggregation is:

(1)

(2)

to con51derably reduce the computation and model

data required to simulate the power system model

to reduce the complexity of the: model so that the
contribution of each type of generating component
performing each task (regulation, economic dispatch,
base load) could be more easily analyzed. -‘Hopefully,
this base of analysis of the economic dispatch, auto-
matic generation, control. and unit commitment wiil

be an, asset if increased wind penetration leads to

.operating problems.

The assumptions required to perform the aggregation are

(1)

(2)

(3)

that the 1oca1 dispatch offices of each member com-

. pany are identical,

that the dispatch from a single local dispatch office

~would be identical. to that performed at the individual

dispatch office so that ‘only a single local dispatch
office need be- used
an aggregated generator component would respond
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identically to the collective responses of the in-

dividual generators.

Although the local dispatch’ offices are not identical in
the PJM system and the aggregated generator model will not
respond exactly as the ‘collective response of the generators
. it represents, the system model w1ll be a reasonably accurate

representatlon of the PJM system. The objectlve is to make

this system model qualltatlvely 51m11ar to the PJM model so

that the results obtained have valldlty for representative

I3

large interconnected systems

The aggregated generatlon types that are to be iunder regu-
latlon, economlc dlspatch and base 1oad in this system model

are given below.

BASE LOAD
' Nuclear (BWR)
Hydro

Drum

ECONOMIC DISPATCH ‘ ) )
. Drum 0il (Large, More Economlcal)

Drum Coal (Large, More Economlcalj

REGULATING & ECONOMIC DISPATCH
.wi v Hydro - . -

Gas -

Drum Oil (Small, Mére Expensive)
Drum Coal (Small, More Expensive)
Once Through 0il Subcritical:
Once Through Coal Supercritical

sThe choice of aggregated generator'components performing
each function was made based on the four unit commitment-
economic dlspatch schedules for the PJM system given in Appendix
A and knowledge of power system operatlng practice.

Gas turbines and hydro turbines are very fast responding
units and would be helpful in regulatlon. " Although other units
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under regulatlon are also under economic dlspatch nelther the
gas turbine nor the hydro turblne are under economlc dispatch
in thid simulation because
(L) j-cras turbines are very expensive to operate and would
not generally be used for regulatlon but. only as
peakers. The inclusion of gas turbines for regulation
has been discussed in‘some'references [lO] and are
included in units for regulation due to their‘fast
response and‘possible need to compensate'for the fast
changing power output from a wind array:;
(2) although hydro ‘turbines could be placed under economlc
-,dispatch‘[ll], they are generally not dispatched
based on economics because their base level of gene-
ratlon 1s generally based on
(a) the hydraulic coupllng requirement on hydro units
| | that must supply sufficient water for coollng
fossil or nuclearlunits‘downsteam o ‘
(b) the run of the river in order to take advantage
' of all of the power available at any instant
since none can be stored '
(c) unit commltment schedules that utilize the re-.
‘servior in a manner.that minimizes total system
cost and maximizes system security over a daily

or weekly time 1nterval

Once- through subcrltlcal steam turblne generators are used
for regulatlon if hydro units are unavailable since these once-
through unlts are relatlvely fast responding compared to drum
units. These once-through unlts will also be placed under
economlc dispatch since these units are generally 1nexpen51ve
to operate and thus their level of generatlonshouhibe pased ‘on
economics. Both subcrltlcal and supercrltlcal once through
units were included due to the dlfferences in thelr responses
‘Small older drum steam turbine generators are also used for '

" regulation and economlc dispatch because they are faster re-

spondlng and less economical than newer 1arger drum steam tur-
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bine generators. Both coal and oillfired drum units are in-
cluded since both the fuel dynamics and the cost curves for
the two units are different.

A coal and oil fired drum unlt are the only unlt types
which are under economic dispatch but without regulatlon re-
sponsibility 1h the four unit commitment schedules supplied byw
Philadelphia Electric. Therefore, only an oil and a coal fired
drum unit are placed under economic dispatch.

The generators that are base loaded are generally either’
very large economical units or peakers. Their control actionA
is confined to governor response for frequency regqulation.
Since the frequency regolation on nuclear units affected by
wind generation is important and since nuclear generation is a-
significant portion of base 1oaded generatlon, a boiling water
reactor unit is included as a base loaded unit. " A hydro unit"™
is included as a base loaded unit because this unit may be use-
ful for compensating for changes 1n wind turblne generatlon
~An 0il drum unit is included to represent all other generatlon
that is base loaded. Note that the nuclear b0111ng water and
gas turbine reactors are not under economic dispatch or regu-

lation in this PJM system.

4.2 Description of the Automatic Generation Control Economic

Dispatch for Aggregated Generators

Having explained the rationale for the selection of the
aggregated units to be included in the model, the operation of
the automatic generation control-economic dispatch strategy,
shown in Figures 22 and #3, will be discussed for such an
aggregated model. This description will differ from that in
Sections 2.9 and 2.10 in that the emphasis here will be on
analyzing the purpose of each function performed rather than
jost describihg the functions. Moreover, this discussion will
be particular to the single local dispatch office - aggregated
generator system model rather than the individual loc¢al dispatch
office-individual generator model used in the PJM system model
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[21. Finally, tﬁé analysis of the automatic generation control-
economic dispatéh strétegy will be separated as much as possible
into an analysis of .the regulatién énd»an_analysis of the
economic dispatch‘taské.. The~operétion of - the central dispatch
office is analyzed first and then the 16cal dispatch office.
The:function of the central dispaﬁch office is to compute
the area control. error ACE(t) and filter and procéss it to -
produce -the area requirement'signal AR(t) for regulation theée"
LAMBDA(t) signal for economic dispatch. The area requirement
is proauced by low pass filtering ACE(t) to 0.16 rad/sec and
magnitude limiting ACE(t) to ACEMAX. If ACE(t) is assumed
bandlimited to 0.16 rad/sec then '

ACE (t) ACE(t) < ACEMAX.
AR(t)= S | (1
| aceAx . ACE(t) > ACEMAX
.VThié_Aﬁ(t)vis seﬁt to the local disbatch office but is
also.further p;ocessed to pfbduce LAMDA(t); The first step in
producing LAMBDA (t) is to integrate AR(t) to produce ‘

CUREMW(t)=  CUREMW-(0) + f;AR(Y)dY' | (2)

which is the part of the total ihternal load that is not base
load. This CUREMW(t) signal produces a A(t) éignal through
the function

A(t) = f_(CUREMW(t)) . (3)

The form of this'fuhctipn'Will bevdescribéd in the next section
when the thédfetiéai basis . for the economic dispatch is ana-

lyzed. T S -
This A(ti.signél.is then differentiatgd and put through a

compensator with transfer function
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: o 0.00441 | .
. GC(S) = 1+ s (4).
‘to. produce theLAMBDA(t)functlon sent to the locdl dlspatch
_offlce. ) . :
The local dispatch office performs. regulation and eco-
nomlc dlspatch tasks using AR(t) andIAMBDA(t)respectlvely

The regulatlon command to each aggregated generator is
r B.AR(t B.AR(t)<MR,
BJ (t) j (t) j

(5)

]
v _ .

RGj(t)

MR. .AR(t) SMR.
My BjAR(L) ZMR,

where B is the participation factor for aggregated generator
j and MRJ is maxlmum regulatlon permltted on aggregated gener-

ator j. .. The max1mum regulatlon on aggregated generator j 1s

. ‘Nj )
MR. = Z MR, .
o) T 1]

i=1l

which is the sum of the maximum regulation of all Nj generators of
type j in the particular unit commitment economic dispatch
schedule used. The part1c1pat10n factor for aggregated

generator j is then
B. = j . (6)

where MR is the sum of the maximum regulation or allbaggregated

generators performing the,regulatioﬁ,task.

- ZMRj f (7)
j=1 : o
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"tThe aggregated generators chosen to pérform regulation

are .
hydro turbine -~ (3=1)
.gas turbine . | A (3=2)
0il fired drﬁm b‘ ' - (3=3)
coal fired drum o ‘ (3=4)

o0il fired subcritical
once-through - (3=5)
coal fired supercritical - A
once-through - L (3=6)

The economic dispatdh command to generators is
PG, (t) = f,. (LAMBDA(t) o 8
J( ) lJ( (t)) (8)

The generators performing the economic dispaﬁch funétion'
are: ' '
0il fired drum on regulation and economic dispatch (j=3)
. -coal fired drum on regulation and economic dispatch (j=4)

coal fired subcritical once-through unit on regulation
and. economic dispatch (j=5)

coal fifed Supercritical‘6nce—through unit on regulation
and economic dispatch (j=6) '

oil fired drum unit on. only ecbnomic dispatch (j=7)

coal fired drum unit on only economic dispatch (j=8)

Thexe,afe two,aggregatedvgenefators (j=7,8)>undqr economic
dispatch that do not participate in regﬁlation and there are
two generators (j%l,Z)}uhder regulation thét ao not barticipate
in.ecqnomic dispatch. The following generators are base loaded

and do not participate in either economic dispatch or regulation.

Nuclear (Boiling Water Reactor) (3=9)
Hydro (j=10)
'0il Fired Drum | (j=11)

The unit control for base loaded'units (j=9,10,11) is

ch(t) = PSy(t) : (9)
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where PS. for the base loaded units of each type are determined

by summing the generatlon of all individual generators of that

type. that are base loaded from. the unit’ comm;tmeqtfeconomlc

dispatch data set chosen. Thelnut control | o

signal is not modified by regulatlon (RG ) or economic dispatch

(PG;) - .
The unit control error for the aggregated generators on

strictly regulation (j=1,2) is

UCEj(t) = RGj(t) + UCj(t) - PMj(t) (10)

where UCj and PMj are the sum of the desired ahd actual mea—.
sured generation levels of all units of this type respectively.
The unit control signal (UC;)'is found from the unit commitment-
economic dispatch data set chosen. .

The aggregated generators strictly on economlc dlspatch

()j=7,8) have unit control error
UCE. (t) = PG. - PM., ‘11
J( ) J 3 (11)

and the aggregated unlts under both regulatlon and economic
dispatch (j=3,4,5,6) have unit control error

. = PG. G.tv-PM.t | 12
UCEJ(t) GJ(t)+Rj() J() (12)

The units on regulation and economic dispatch (fossil
fueled drum, fos'sil fueled once—through)‘hYdro)‘unitSAprocess
the unit control error through a governor regulator to produce
st. The regulators are described in the generator models of
Section 2 but are included in the local dispatch office sub-
program. _

The data for the aggregated generators under regulatlon
(MR., B., UCJ(OH base load (UCJ(O)), and under economlc dis-
patch (PGJ(O)) are given in Table 9 for each unit commltment
economic dispatch schedule. "This data was abstracted from the
unit commltment -economic’ dlspatch schedules given to MSU by -
Philadelphia Electric Company.
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4000 MW SYSTEM

20,000 MW SYSTEM
uNITS '
Requlations MORNING-PICKUP #1 MORNING PICKUP #2 SUMMER PEAK - ° EVENING LULL EVENING DROP
N MRy (d) | UC; (M) MR; () [ uC; (M) WRs(mi) | uc(ma) MR; (M) | U () MRy(MA) | UC (M)
Je1 50° 800 0 0 36 44 0 0 0 0
3= 0 0 0 ) 0 0 0 0 0
Je3 65 2169 46 671 66 | 1828 106 1559 21.2 311.8
J=4 73| 3006 64 1742 84 2850 17 380 3.4 76
Js5 0 0 0 0 .0 0 0. 0 0 0
J=6 0 "0 8 195 0 386 17 868 3.4 173.6
Eg . ' .'Ff??gtif.oispazcn 3 PG, 3 PG, PG,
J=7 1260 816 1631 1427 . 285.4
J=8 T 1613 375 2754 1246 29.2
. Base Loaded ue; ue; - uc; -"ucj
. : J=9 500 2337 986 3807 761.4
? J=10 659 205 1113 0 0
J=11 6925 9609 ‘8894 10158 2031.6

Table 9

Unit Committment .Data for Aggregated Units




4.3 A Theoretical Basis for Economic Dispatch Using Aggre-

gated Generator Models

‘The two objectives of this subsection are to.

(1) analytically derive the functional relationships

A(t) = fo(CUREMW(t))
PG.(t) = f..(LAMBDA(t))
5.(8) -13.( ') ,
based on knowledge of the cost curves .
' ' 2
F.(PG.) = a. + b.(PG.) + c.(PG. . 13
J(- J)' B J( J? J( J) (13)
for each aggregated generator

(2) derive the form of the cost curves for these aggre-
gated generatorsa(l3) from knowledge of the cost
curves for typical individual generators of each
type .

2

Flj(Pgij) = aij'+_bij(PGij) f Cij(PGij) (14)

The derivation of the functions f () and'fij( ) uses the
following nonlinear programmlng argument
" The economic dlspatch problem.can be stated formally as

follows:

. . '
Determine the optimal generation PGj that minimizes

total generation cost

8
F(PGy, PGy,..., PGy) = EZ».Fj(ng) (15)
. =3 .
given
F.(PG.) = a. + b.PG. + ¢.(PG.)% (16)
) 5 I i3

where the sum of the generation on these unlts is contrained

to equal the generation to be dlspatched
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8
zz PGj = CUREMW = LODEIN-PBASE (17)
j=3 |

The transmission losses are neglectéd in this formulation and

' 11
PBASE = UC, .+ UC, + ucC,
1 2 22: 3
j=9.
The Lagrange function for this optimizatibn.pfbblem is
: - : 8
L(PGys PGy,....,PGg,\) = F(PG3,.PG4,.T.,PG8) +-A(CUREMW£§:PGj)
3=3
Tbe necessary conditions. are
3L . _ JF(PG.) _ 4 _ | o q f. 8
3P6. ~ 3PG. J- A=.0 B : - (18)
J el , L '
= . b, + 2c.PG. - A =0
J D J o
_ 8 - . .
oL _ .
;= CUREMW 2{ | (19)
Solving equation (18) for PGj
PG, (A) = Afbj'~ B _ ‘ (20)
and substituting into (19), the multiplier A becomes
g
N b, -
CUREMW + ) —j _ ‘
= 3= o en
l—.
j=3 *°
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Noting that CUREMW(t) is not constant but a function of

time

A(t) ‘fO(CUREMW(t))

CUREMW(t) + Z
j=3 J

8 . 1
2

The A(t) is processed through a differentiator and eompensetor

?LF'

to produce a signalLAMBDA(t)which is used to dispatch genera-

tion and thus

. . . BDA(t
PGJ(t) flJ(LAM (t))

LAMBDA (£) -b 4 (23)

2C.
]

Thus, the functlonal relatlonshlps in the central and local
dispatch offlces have been derived.
The prev1ous analy51s neglected two considerations which

are generally considered.
(1) 1loss in transmission of power
(2) minimum and maximum generation limits on each gener-
ator ' ‘

Pyrn, & PGy X Puax:
J )
The losses in transmissien will be neglected because

(1) 'they are sometimes  (seldom) neglected even in large
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utilities
(2) the inclusion of transm1551on losses would only affect
total cost by about a few percent in practlce and
thus are small enough to be neglected in this study
of operatlng problems whlch arise due to increases

“in wind penetratlon.

‘Minimum and maximum generatlon limits on aggregated gene-~
ratlng units can be neglected because it 'is very unllkely given
a good unit commitment that all generators of a particular type
will be at minimum or maximum generation limits even if some
of the generators being aggregated could be at one of these
limits.

A second reason for ignoring the minimum and maximum limits
on particular aggregated units is that the power system model
will be simulated over one or two hours at most and the unit
commitment schedule should be accurate enough over that inter-
val so that all generators of a particular type will not hit
maximum or minimum generation limits. '

The level of generation for the hydro(j 1) and gas turbine
-(j=2) aggregated generators under regulation and for the base
loaded aggregated generators is not affected by this economic
dispatch strategy and are

(1) constrained to have initial generation levels equal

to the sum of the generation of all generators of
that type for the unit commitment-dispatch schedule
. chosen |
(2) are adjusted according to present schedules which de-
" pend on the internal load (LODEIN) schedule.

The generations levels-PGj(t)'for aggregated generators
under economic dispatch are not predetermined since the gene-
ration level PGj(t) at any time for these generators depends
on the generation to be dispatched (2) which is proportional to

LODEIN(t) ~ PBASE(t) where 11

 PBASE(t) = (UCy(t) + UC,(t) + Z uey (t))
=9 -
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Although the initial generation level.PG_ko) for each aggre-
J

gated generator under economic dispatch is known‘(Table 9) by
adding the generation of all generators of that type from the
particular unit commitment-dispatch schedule eonsidered,'the
'cost curve parameters (anJcJ)J =3 for the aggregated generators
that will result in those initial generation levels are unknown
and must be determined.
The selection of the cost curve parameters must be based on.
(I) knowledge of the 1n1t1al cost per megawatt A(t) =0
on the PIJM system for the dispatch given in the
particular unit commitment-dispatch schedule con-
sidered | . |
(2) the assumption that the cost curves for aggregated
| generators is obtained based on the assumptlon that
(i) there are NJ identical generators of type 3
each w1th cost curves ’ ' \
i3 (PGy5)may; + bys (PG, p) + oy (8, )

where a..,b.} and c,. are known.
R s Lt & e 5 B

(3) each of these Nj generators of type j will carry an
equal share of the generation PGj for any~va1ue of

PGj since they have identical cost curves

PG.. = I . - C(24)

(4) the cost for the aggregated generator of type j is
the sum of the cost curves for the Nj/individual
identical generators of type j

N,

Fy{Fey) - :Ef Fi3P033) o

i=1
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‘Noting that (a, iy’ b, i3’ ) are identical for all i=1,2...,N.
and substituting (24) 1nto (25), the cost curve for aggregated

generator of type j becomes
' J
* Z

F. (PG,
J(PAJ)

I
=
[+

ot

J
o

-. H.

J. -
OU .
O

so that the coefficients of the aggfegatedigenerator cost curve
(13) can be expressed in terms of the ccefficiehts of a typical
. generator cost curve as follows '

a = N-.a
j 73743

b. = b..

j ij.

C...

C = 1!
] N.
j

The coefficients for typlcal genefators of each type (J)
were supplled by Phlladelphla Electric along w1th the1r gene-
rator capacities and are given in Table.lQ.

The value of NJ and thusv(al,ba}cj) will be determined
from knowledge of {PG (0) alj blj lJ}‘J_3
per megawatt A(0) u51ng the necessary condltlons (18) as follows

and the initial cost

b, + 2c.PG, (0) = A(0) (28
j 5 'J(A) (0) . (28)
Substitutihg (27) for bj and'céfénd,solving4

N, = .2Ci3P63(00 - | - (29)

bA(O)-bij"
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LL.

; 20000 MW-SYSTEM

4000 MW SYSTEM

Evening Drop A(0)=17

UNLTS Summer Peak, (0)=60%/IM Evening.Lull A{(0)=17 ' o Morning éickup #1, »(0)=35%/M4 Morning Pickup 72, 2(0)=355/My

J PGJ.(O) bij ‘bj C'J PGJ(o) _ bij bj CJ- p(;j(o) bij bj <5 PGJ(O) b1J b.j A‘cJ p(;j(o) biJ bJ <

3 |18 4.5455 4.5455 15.06010°3 1559 - a.5455 4.5485  3.09X10°3 2169 4.5¢55 4.5455  7.02010°3| 671 4.5455 .4.5455- 70.269x103|311.8 4.5455 ‘4.5455 ~ 19.95x10°

o |2850 4.5833 .5833 97224107 380 4.58‘33'4.5‘83.‘!4 16.337x10°3| 3006 4.5833 4.5833 5.059x10°°| 1742 4.5333  0.5833  8.73107) 76 4.5633 4.5833 81.685x107°

5 | -- - - - -- -- -- -- 0 - .- - - . .- . -- -- -- --

6 | 6 a4 a4 72.00007 868 4.4 44 rossaodl 0 - - -- 195 a4 44 78.48x107(173.6 4.4 a4 © 36290107

7 (1631 4.615¢ 4.6154 16.978x1073| 1427 46150 4.6150 4.399x107| © 1260 4.6154 4.6154 12.057x107} 816 4.6154 4.6158 tax62010°Y 28524 4.6150. 4.6150 2]..6§5x10'3~
8 6629 4.6029 10.95x107| 1206 4.6429 4.6429 4.958x1073| | 315 a.6e28 a.6e28  40.47x107 249'.‘2 4..542-9'4.6'42? 20790107 |

2754 4

1413

4.6429 4.6429 10.742x10°

Table 10



and

a, = 23i3%3 pc.(0)

ST N () B T
Cde ARt . _'!_J .
b, = b.. . | ' ,

3 JRES | (30)
o = A (0)-b,
] 2PG(0)

Values of a., b. and'cj are given in Table 10 for genera-
tors (j=3,4..,8) for each economic dispatch-unit commitment

condition.

5. ANALYSIS OF THE DYNAMIC PERFORMANCE OF THE AGC-ED STRATEGY
An analysis of the dynamic performance of the AGC-ED

strategy developéd in the previous Sectidn for aggregated gene-
rating units is now anaiyéed to determine if it meets NAPSIC
"reéponse'fequiremehts and typical spinning reserve requirements
so that its use in‘assessing operating problems asscciated-with-
wind power variations when wind array_penetration incfeaées
can be justified. o '

The dynamic performahce of the automatic generation con-
_ trol-economic dispatch can not be anélyzed with eight aggre-
gated generators controlled by this strategy except by simﬁla—
“tion. However, some understanding of the structure énd design
of this automatic generation control-economic dispatch strategy
for aggregated generating units devéloped’in~the-previous sec-
tion can be accomplished if the eight aggregated generators
under economic dispatch and regulation are further aggregated
to produce a single aggregated generator under regulation and
economic dispatch and a single aggregatéd generator under only
economic dispatch as shown in Figure 22..

-The analysis necessary to further agérégate this system

model to this two aggregated generator model will be under-
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taken first. Then performancespecifications on the AGC-ED
strategy will then be.discussed. Finally the AGC-ED strategy
for this two generator model will be shown to meet these per-
formance speoifications.. A brief discussion of the design of
this AGC-ED strategy is then made.

The central dispatch office model does not change when the
eight generators on economlc dlspatch and regulation are aggre-
gated to form two generators. ‘The local dispatch offlce does
change cons;derably. The requlation on the single aggregated
generator performing regulation is

' AR(t)  AR(t)< MR

RG(t) =
| MR AR(t)> MR
since . : -
6 {6 -
RG(t) = Z"Rc;j(t)=~ z B4AR(); AR()< MR
j=1 =1
MR 3 AR(t)>MR
and

. 6
.EE»B
3=1

The economic dispatch command to the aggregated generetors #1
and #2 is
' 6

z PGj (t)

j:
(.AMBDA(t) b,
_l
2

PGy (t)

_ LAMBDA (t) - By
- ‘.‘ 2c
j=3
= K| LAMBDA(t) - K,
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PG , (t)

()
il
~J

PGj(t)l

A[-IBDA(t)-bj

=7 2¢. .
: =‘-Ja‘ o3 \ ;
N 8 by
= Zz_c_ LAMBDA (t) -Z 26
= X; LAMBDA(t) - K,
where
6 .
Kl‘ch—. ..-"KZ'T.ch-
j=3 “%; =3
K, =.1 + 1 e A
33 2¢& R 7= 2c
=7 8 . | R °.

The  local and central dispatch offices for this two aggregated
generator model is thus shown in Figure 21. Since the derivative
and cdmpensatdr'bIOéké a;gwlineér operators, the economic dis-
patch can be separated into separate paﬁhs to aggregate gene-
rators #1 and #2 by moving.gain block K, and K, through the

. - - 1 3
compensator and differentiator blocks as shown in Figure 22.
The commands ECl and EC2(t) are 8’ '
' b.
§ . CUREMW (t) + Z T
EC1 = Kf_ ) j=3 j
8
> 2
2c.
j=3 J,
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CUREMW (£)+ (K, +K,)

|
= .

1 ——
DR
K 1]
= 1 i :
R +Ko CUREMW(t)-i- K2+K4
1 "3
, 8
_ CUREMW (t) + z Ry
EC2(t) = K, i=3 %%
8. )
' L 2C.
=3 ]
= K3 .
KK, CUREMW (t) + K,+K,

\
The purpose of this section is~to.ana1yze the dynamic‘per*
 formance ofithis automatic generation control strategy. Tﬁis

can be most éasily done by assumirig éteady state conditions are ;ﬁ

prevailng.
ACE(0) = 0 = RG(0)
. 6 6 )
UCEl(O) = ;E PGj(OX,- zszMj(O) + RG(0) =0
-J=3 - J=3
8 8
UqEz(O) = Z PGj(O) - Z PMj(O) =0

3=1 3=1

and then insert a step change in Eﬁé'area control errér
A AP t >0

ACE(t) = o

s 0 t ‘<0

The -unit control error signalé ekpreésed as Laplace transforms

are
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UCE, (S). = z PGy (S) - z PM.(S)] + RG (S)
. . . r-,‘8. v . 8 “
"UCE,(S) = D> PG.(S --:E: PM. (S -
E,(8) EE J( ) | J( )
-Jj=7 =7 -
where
ég |aP| < MR
RG(S) =
| | MR |aP| > MR
6 6. o 3 o
Z PG.'(S) - Z PMj(S) = _ﬁ_ 1+ 0;99_44_ﬂ SACUREMW (S)
- j=3" ] KI+K3 ;1 . S. L ]
r 8 - - : ~ R -~
Z pc; (s) - Z PMjA(S) = X311 + 0.00441 SACUREMW (S)
_J =7 S i y=T A K1+K3 L A | -
Where" xAP
, e |AP| < ACEMAX
SACUREMW(S)A= ' ACEMAX

|ap| > ACEMAX

and whefe SACUREMW(S) 1is the¢Lapléc¢ transform of
" d ACUREMW(t)
I .

Substituting the above terms into UCE, (S) and UCEZ(S) and per-
forming the'inyerse Laplace transform yields

1
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(ap + K1 AP (140.00441¢) & AP < MR < ACEMAX
©ORTR; -
183 |
-UCEl(t)='<MR + X1 AP (1+0.00441t) : MR < AP < ACEMAX -
K +K T o
1% |
MR + X1 ACEMAX .(1+0.00441)t : MR.< ACEMAX < AP
R #R,
) 3



. 3 ,
. K,+K, AP (1 + 0.00441t) : AP < ACEMAX
UCEé(T)= o '
K , o o
3 ACEMAX (1 + 0.0441t) : ACEMAX < AP
K, +K; _ \

The design of this AGC-ED control is based on the follow-
ing NAPSIC requirements

(1) Area Control Error (ACE) should cross zero once
‘every ten minutes.
(2) Area Control Error should have a ten minute average
less than 45 MW for an interconnection the size of
PIM. - E.
.. (3) Area Control Error should be limited to instahtaneous
' values less than 135 MW for a system of-PJM's size.

"The dlfflculty 1n reachlng these performance levels has
shown the need to 51mulate the system and to develop new con-
trol algorlthms.

Geheral spinning reserve requlrements used on NEPOOL
which are representative, are that '

(1) generatlon equal to the capac1ty of the largest gene-

A rator be available' ‘within 10 minutes o '

(2) an additional generation equal to half the'capacity
of the largest geherator be available ln the next
twehty minutes so that one and one half times the
capacity of the largest generator must be available
in the first thlrty mlnutes ‘after the contlngency

If we consider thadt the largest generator on PJM is 1000
MW so that AP= 1000 and that for the unit commitment-economic
dispatch ‘in this case ' '

ACEMAX 200 MW

MR = 180 Mw
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the power dispatched in t = 600 sec (10 min) is

UCEl(t) + UCEz(t) = MR + ACEMAX(1+0. 0044lt) = 912 MW

t=600"

An additionsl 100 MW is taken up directly by governor actien -

1& the PJM system for ‘this 1000 MW change in load due to the

drop in system frequency and the fact that

Hpam _ Ppam _
= = 3 = .1
USA USA

Thus, the requirement that the system will be able to pick up
the generation of the largest unit within ten minutes is cer-
tainly met. The selection of the gain for the proportionél (1)
and reset (0.00441) components in the economic path and the

gain of the regulating signal (1) are chosen because

- (1) the proportional gain on the regulating signal be 1
so that the filtered ACE is the exact signal put to
the units performing regulation so that the genera-
tion will be AR at the response time of the unit.

(2) the proportional gain of the economic dispatch signal
must be identical to that of the regulating signal so
that the adjustment of power to the most economic
units will be based on the actual power in the system
and not some proportlon of it.

(3) the gain of the reset signal then determines the rate
at which the system will be able to réspond to a loss
of generation and is chosen based on the requirement
that for (ACEMAX=200, MAXREG=180) the -capacity of
the largest unit can.be obtained in 10 minutes.

The analysis shows that the AGC-ED strategy developed for
aggregated generating units should meet typical spinning re-
serve requirements as well as the NAPSIC performance require-

" ments. It should be noted that NAPSIC performance requirements
are violated occassionally for severe contingencies but are
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guldellnes for good performance on any system.

The AGC-ED strategy developed for these aggregated gene—v
rator units and based on the PJM strategy should be quite ade-
quate for analyzing operating problems that might enist due to
wind power variation as wind array penetration increases. The
study of worst case wind power variation and its affects on
this AGC-ED are analyzed in PART II.of'this report, .

6. CONCLUSIONS

Part I of this research project, documented in this report,

develops and justifies the models used in this research inves-
tigation of the operating problems associated with wind power
variation on a large utility as wind array penetration increases.
Thus, a model of the response of a single WIG in an array to.

a thunderstorm front and a model of  the response. of any wind: °
farm, composed of WTG clusters which are~affected.by this
thunderstorm gust front in the time frame of spinning reserve
requirements on automatic generation control response are
developed. The model of the single WTG uses a static nonlinear
model to relate wind speed variations to mechanical power vari-
ations out of the wind turbine into the generator.. The shut-
'down -startup sequence controls on blade pitch and rotor speed,
whlch occur when excessive and sustalned high wind speeds are
present . is also included in the WTG model since a thunder-
storm front will typically trigger such a shutdown start-up
sequence. A model of a WTG array is developed based-on the
assumption that every WTG experiences the sahe wind speed pro-
“file but delayed depending upon its position with respect to
the WTG that first experiences the changes in speed for a
thunderstorm front. .

A dynamic model of a power system which is capable of
being used to analyze operating problems of a typical automatic
generation control-economic dispatch strategy, is also develop-~
ed. The generating unit models, external system model, and
“automatic generation control-economic dispatch strategy model
are developed. '
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A method for aggregafing similartgenerating‘dnits (hydro,

gés turbine, boiling water reactor, supercritical steam tur-
| bine, oil drum steam turbine, coal drum steam turbine) perform-
ing similar functions (base loaded, economic dispatch, regu-
lation) is developed. This aégregation method is developed to
reduce compﬁter simulation cost and to facilitate analysis‘of
operating problems on a pérticular type of unit performing a
similaf function. The chbice-of units to be aggregated and in-
cluded in the éimulation, fhe development of fuel cost curves
for aggregated units based on fuel cost curves of typical units
of that type, and the modification of the automatic generation
control-economic dispatch to accomodate aggregated units 1is
discussed. ‘ - ,A

The performance of this aggregated AGC-ED strategy is

;analyzed_in order to show that it is satisfactory for assessing
operéting problems associated with wind power‘variation on a
large utility as the wind array penetration increases. It is
shown this AGC-ED strategy for aggregated units will meet‘nor—

mal spinning reserve and NAPSIC performance requirements.
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Section 1:
1. SUMMARY OF PART II
The objectlves oftﬂu:work reported in sectlon 2 of thlS
‘part are
(1) to determine a theoretlcal worst case w1nd farm

: Abased on the max1mum width of a thunderstorm front,
the minimum dlstance between WTGs, the maximum dls-
tance a thunderstorm can travel in the t1me frame ofi
the spinning reserve requiremehts on autometic gene-y
ration control (10 minutes) -

(2) to develop a practical worst case coastal and m1d-
western wind farm configurations based on the above'
theoretical worst case farm

(3) to determine a worst case storm'front

. (4) to determine via simulation the worst case from a.
51ngle WTG exposed to a worst case storm front in-
cluding the shutdown startup sequence

(5) to determine through simulation the worst case power
varlatlon record for the coastal and mldwestern farm:

configurations for the worst case storm front
The objectives of the work reported in section 3 are

(1) to determine a maximum penetration per echelon thét
will keep wind power variation rate less than the
power system response capability. Show that this
echelon penetration will decrease slightly if the
rate of change of the wind speed on the thunderstorm
gust front leading edge outflow increases or if the
echelons are spaced closely enough so that echelon re-
sponses due to this leading edge outflow would occur
simultaneously. It is also shown that an echelon can
be interpreted as all generation in a strip 25 mi
wide spaced 0.416 mi for a typical thunderstorm front

(2) to determine a maximum penetration of WTGs in an area,
called a farm, that could be affected by a thunder-

storm front in the time frame of spinning reserve re-
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quirements of automatic generation control so that
AGC response rate is not exceeded by wind power var-

iation from WTGs in such an area.

The objectives of section 4 are

(1)

(@)

(3)

(4)

to show that‘the AGC'regulation becomes - saturated
and thus cannot. meet NAPSlC.performanCe'requirements
whenever the total. power generation change in an in-
terval due to simultaneous load and storm induced -
WECS- generatlon changes exceed the system splnnlng
reserve requlrement for that interval. This operat-

ing problem can be more frequent than one due to

. - typical loss of generation contingencies since the

problem appears when storm fronts pass thru arrays
durlng morning pickup or evenlng dropoff '
to “show that 1ncrea51ng splnnlng reserve marglns,
whlch are set based on a study of system reliability
that 1ncludes WECS generatlon, could allev1ate thls‘
AGC regulatlon problem.

to show that changes in generation mix to 1nclude
higher percentages of fast responding generatlon
(hydro, gas turbines) can have a significant effect
on AGC regulation response to WECS generation ‘changes
mhen regulation is not in saturation;

to show that cycling of nuclear units on governor
frequency regulation can be severe when a-storm
front passes through a farm where several echelons

have 50 WTGs, which is the maximum number that can

"be affected in any echelon by a single ‘thunderstorm

front. This problem would not appear if the gener-

 ation capacity of each echelon were not large enough

to cause frequency oscillations that éxceed governor

deadband of the generators in the system. '

. 8RR



Section 2:

The s

WORST CASE POWER VARIATION FROM WIND ARRAYS

pecific tasks required to analyze worst case power

variation out of a wind farm include

(1)

(2)

(3)

(4)

The t
western f
case powe

quency re

a descrlptlon of a theoretical worst case wind farm
and a worst case storm front i

description of a worst case coastal and midwestern
plains wind farm configurations based on the theoreti-
cal worst case wind farm configuration

a description of a single WTG including its operation
during the shutdown-startup sequence

a description and analysis of the worst case power
variation out of both coastal and midwestern plains
wind farm configurations due to a worst case storm
front. ‘

heoretical worst case farm and the coastal and mid-
arm configurations, which are chosen to produce worst
r variations due to a worst case storm front on fre-

gulation and automatic generation control, are based

on the following assumptions:

(1)

(2)

(3)

(4)

(5)

(6)

that the initial wind speed before the storm front
appears is13 km/hr which is the cut in velocity of
the MOD-1 machine. This is to achieve maximum power
generation change out of each WTG,
that the maximum width of any single thunderstorm
front is approximately D0 miles. The parameter D0
is chosen as 25 mi. which is typical for Michigan.
Other values would be used for other regions.
that the minimum separation distance between WTG's
in an echelon is to assure minimum loss of eff1c1ency
in a farm due to turbulence. This spac1ng constraint
is takeh as 0.57 mi for a 1. 5 MW, MOD-1 machine;.
that site availability constraints due to legal, en-
vironmental, and cost factors are negligible
that wind velocity doesn't decrease between adjaceht
coastal echelons _ , '
the maximum length of any midwestern farm of WTG
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clusters which will affect AGC in theitime frame
assoclated with spinning reserve requlrements (10
«mlnutes) is 1/6 Vo for a thunderstorm front w1th

: frontal veloc1ty Vo.

The ana1y51s of farm or ‘echelon penetratlon constralnts
in Section 3 and the 1nvest1gatlon of operatlng problems due
to -WECS generation changes in Sectlon 4 are both based on
the implicit assumption that no two thunderstorms will occur
simultaneously to affect two entirely separate areas contain-
ing WTG clusters at the same time. This assumption is justi-
fied because the likelihood of thunderstorms in two wind farms
is similar to the double contingency that the two largest
generators in the system will be lost simultaneously. "Thus,
the above assumptions can be used to define a theoretical
worst case farm that can be treated as a single eguivalent
generator_ln terms of '

(1) setting echelon and farm penetration constraints to
keep power rate variations from this equlvalent o
generator below response rate of the systems AGC,
economic dispatch, and governor frequency regulations

(2) 1nvestlgat1ng operatlng problems in AGC, economic
dlspatch or frequency regulatlon due to thunderstorm
induced WECS - generatlon changes even 1f the penetra-

tion constra;nts are observed

It should be noted that this equivalent generator, which
will be defined here as a wind farm, is composed of all WTG
clusters that are included in a strip 25 miles wide and 1/6
Vo mlles deep in the direction of front movement. The length
of the farm (1/6 Vo) is set so that the generatlon of this
farm could be  interpreted in terms of the ten mlnute spinning
reserve margln_for a system. The length of an area containing
_WTG clusters could be longer than 1/6 Vo. Even though pene-
tration level constraints were determined based on.the above
deflnltlon, the penetration constralnt derlved w111 be shown
to also apply to any .general w1nd farm. This 1s defined as
all WTG clusters in .a strlp 25 miles wide and the entire length

90



of the continuous area contalnlng WTG clusters in the dlrec-
tion of movement of the front.

An echelon of WIGs is initially defined to. be all WTGs in
a straight line normal to the, path of the front and a echelon
farm penetration constralnt (that restrlcts the power varia-
‘tion rate from an echelon be less than power system response -
rate capablllty) is developed based on this deflnltlon.' Later
this penetration constraint will be shoWn to apply to the
general definition of an echelon, where all WTGs that respond

simultaneously to the leading edge outflow of a storm front
are considered an echelon and the echelon penetration con-
stralnt will be applied to any such general echelon.

The theoretical worst case. wind farm based on assumptlon
2, 3 and 6 above is now developed. The theoretical worst
case farm configuration for this 25 mi wide 5 mi long area
for a 30 mph thunderstorm front is composed of 400 WTGs
arranged in nine echelons of 45 WTG each where every WTG is
spaced 0.57 miles from every other WTG 1n both latitudinal
and longltudlnal directions. The number of WIGs in an echelon
is based on te maximum width of a thunderstorm front and the
minimum spacing between adjacent WI'Gs. The number of echelons
and the maximum distance the'leading edge of a thunderstorm
front, with front velocity Vo-30 mph can travel in the time
frame of spinning reserve requirements on automatic generatlon
control (10 minutes).

The worst case WTG array configuration for a coastal site
assumlng a worst case thunderstorm front, given in Figure 24,
shows a 0.5 mi spac1ng between the 50 generators in each
echelon and a 2 mlle separatlon between the the two echelons.
This 0 5 mi separation between WTGs in an echelon is based on
turbulence av01dance. The number of generators in an echelon
(50) is then based on the assumed maximum width of the thunder-
storm gust front (25 mi) and the minimum spacing between WTGs
for turbulence avoidance. The 2.0 mile spacing was used-rate
her than 0.57_miles (even the smaller’ spacing would have

‘placed more -stringent requirements on frequency regulation
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and generation control performance)5because the penetrationv
limitation on any echelon to auoid exceeding power system re-
sponse rate capability is easier to analyze for the 2.0 mile
spacing since the responses on one echelon will not overlap
the response of any other echelon for. thls thunderstorm front
used. The number of echelons is restricted due to the de-
Ccrease in wind speed as the distance from the coast increases.
The actual midwestern plains farm ~onfiguration, shown in
FigureZSTis composed of 10 echelons with 10 WTG's in each
echelon and a 0.7 mi spacing between any two WTGs in both
longitudinal and latitudinal directions. It should be noted

that for thelpractical worst case midwestern farm

(1) ionly two WTGs are in an echelon rather than a max-

’ imum of forty-five j

(2) only eight echelons of the ten echelons are going to

' 'affect AGC response in any one time frame (10 minutes)

i for splnnlng reserve requirements.

The worst case wind front used 1s one that assumes a 13
km/hr average wind speed before the thunderstorm front appears.
The thunderstorm front will then increase generation to maxi-
mum values (1.5 MW) on each generator as the front passes
through and the wind speed reaches 26 km/hr. Thel3 kni/hr wind
speed before the front arrives is chosen so that each WTG‘has
a maximum (1.5 MW) change in generation as the thunderstorm
front moves through If the wind speed before the thunder-
storm gust front arrives is greater than 13km/hr, this thunder—
storm gust front would have less severe effects on power varia-
tion and would not be con51dered worst case. The following
parameters are important for any worst case storm front.

The distance D is the distance in miles from the very
leading edge of the outflow to a point internal in this out-
flow where wind speed first reaches a wind speed sufficient
for maximum generation on the WTG.'AThe velocity Vo is the,
front velocity at which the entire.thunderstorm front moves .

e -
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The wind speed profile, the resultant édwer.out of a
single WTG due to this wind speed profile, and thé?chaﬁges in
blade‘pftch angle and blade rotational épéed that occur during
the shutdown-startup sequence when the trailingaédge of the
thunderstorm front passes each WTG, are now -analyzed. The
wind speed profile for the thﬁndérstorm front for the fifst
echelon of the farm and the power variation out of the farm
are plotted in Figure 26C and 26D and 27C and 27D for ‘the coastal
and midwestern plain wind farm configurations, respectively.
The wind speed profile shows an immediate increase from 8 km/
hr to 80 km/hr in approximately the first 200 seconds as the
leading edge of the outflow of the thunderstorm front passes
over a particular WTG. The wind speéd drops back after the
leading edge of the outflow paéses and then increases again
and is sustained at this high level as the trailiﬁg edge in-
flow moves 6ver the WTG site. . ‘

This rapid increase in wind speed for the leading edge of
the thunderstorm front causes the power output of every WTG
in the echelon, which simultaneously experiences this‘chéﬁge
in wind speed, to increase from zero to 1.5 MW in fifty séc-
onds which is the time interval that it takes wind speed to
increase from 13 km/hr to 26 km/hr, the speed at which the WTG
achieves maximum generation. The ramp change ih generation
as the leading edge outflow passes through each echelon. is
observed in FigureZGD and 27D for the coastal and midwestern
plains’farms."The generation in each echelon does not de-
crease as the ieading edge outflow passes and the wind épeed
decreases due to blade pitch angle adjustment and the fact
wind speed stays above 26 km/hr. The power level out of each
generator in each echelon is thus maintained constant at maxi-
mum levels until the trailing edge inflow passes where wind
speeds are high enough and sustained long enough so that aver-
age wind speed out of the one minute filter for the ith gene-
rator in the jth farm Gij(kT) surpasses 64 km/hr at kT = 650
seconds after the leading edge initially hits that echelon.
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Then a shutdown-startup sequenéeAis initiated for that ith
generator in the jth wind farm. The WTGs do not experience
a shutdown, es the 1eading_edge outflow passes, because the
ekcessive wind-speed is not sustained long enough for the
averaée wind speed Gij(kT) to exceed 64 km/hr.

The}effect of the shutdown-startup sequence on blade ro-
tational speed and blade pitch>angle for a WIG in the first
_echelon is shown in FigdresZGA;endZSB and 27A and 27B for the.
coastal and midwestern w1nd farm conflguratlons, respectlvely
ANote that the rotor blade pitch angle is slewed to the feather
position (-90°) at a rate of 30°/min and when the angle has
changed 2° all power is lost on the generator. The shutdown
sequehce thus causes a very rapid loss of generation. Thus
the shutdown:ineach echelon in both the coastal and midwestern
farms is observed és sudden drops of all generation in that
echelon when the trailing edge 1nflow passes over that echelon.
The rotatlonal speed of the blade also decreases from 40 rpm
at a rate of Ig rpm/sec simultaneously as tbe blade pitch
angle is slewed to and held in the feathered position. The
treiling edge inflow'passes before the blades stop turning and
thus the average wind speed V (kT) on the 1th generator in
the j th farm drops below 53 km/hr triggering ;he startup se-
quence for that generator and all generators in the e¢helon
that experience this same wind speed profile. The blade pitch
angle is slewed back toward zero degrees at a rate of 36°/min
after the startup sequence is initiated, as shown for a WTG
in the first echelon in Figure 268 and27B for the coastal and
midwestern wind farm configurations, respectively. [The
rotational speed of the blade does not begin to increase back
toward - 40 rpm until the rotor angle reaches -17.5° when the
blade is capable of capturing enough wind to accelerate the
blade'Speed. The blade then accelerates at 5 rmp/min until
the roﬁationel speed reached 40 rpm, as shown in FigureéGA-ahd
27&}»fdr a WIG in the first echelon of the coastal and mid-

western. farm configuration, respectively.
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The power variation out of the coastal wind farm shown in
Figure 26D, shows two'75.megawatt ramps each 50 seconds long
which are the increases in generation due to.the leading edge
outflow passing over the two echelons. .The two very sharp
power decreases are due to .the shutdown of WIGs on both eche-
lons cauSed.by sustained wind speed beyond cutoff. The time
interval between the successive increases or decreases on the
two echelons is 240 seconds.. o ;

The power variation on the midwestern farm is shown in
Figure 27D. The succession of 15 MW increases are due to the
leading edge outflow passing over each echeldn. The period
of fairly constant total wind power generation is due to the
cancellation of the increases in generation on the last three
echelon due to the passing of the leading edge outflow by the
shutdowns on the first three echelon due to the paésing of the
trailing edée inflow. The total power then decreases to zero
as the shitdown of ‘the remaining seven echelons is caused by |
the excessive speeds in thebtrailing edge inflow. _

An analysis will not be performed to determine an expres—
sion for :

M
zero to maximum generation for a worst case thunder-

(1) the time interval T, for a 1.5 MW WTG to change from
storm front ,

(2) the time interval Te between either (a) the initiation
of generation increases on adjacent echelons due to
the leading edge outflow or (b) the shutdown of WIG's
'in adjaéent echelons due‘to the passing ofhthe trail-

ing edge outflow

This analysis is applicable fdr any wind farm configurétion
with WIG's arranged in straight lines and thunderstorm fronts
with cdnstant front velocity. The analysis is péfformed.to
. better understand tﬁe powér variations out of any wind farm
configuration and its impact on response requirements on gover-
nor frequency regulation and automatic generatioh control to
handle wind power variations.
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The time in seconds for a particnlar WTG to change its

generation'from zero to 1.5 MW for a thunderstorm front is

Ty = 3600 D/Vo  sec

where Vo is the yeiocity of the front and'D is the distance
from the very leading edge of the front to.the point internal
to the front at.which wind speed first reaches the wind speed
level (26 km/hr) just sufficient for maximum generation (1.5
MW). Thns,'agthunderstorm front with a minimum valve of Ty
or D would require a higher response rate for the governor
frequency regulation and AGC regulation controls to handle
this change in wind power generatlon without exce351ve or
sustained change in frequency or area control error.

The time- 1nterval T between 1n1t1at10n of generation
changes on two adjacent echelons is

T_ = 3600 d  sec
Vo

where d is.the.distance between echelons in miles. The dis-
tance d must'be greater than.b for the response of two adja-
cent. echelons due to passage of the leadlng edge outflow not
to overlap. The shorter T and d, the ‘higher the response rate
capablllty of the power system requlred to handle this. gene-
ration change without excessive or sustained frequency or area
control error changes.

TWo'other parameters that increase power system response

requirements are

N, ' the number of WIGs in each echelon

N the number of WTGs in any area 25 mi long (the maximum
“width of the thunderstorm front and 1/6 Vo long [the
distance the thunderstorm can move in the time frame

of AGC'actiOn to meet spinning reserve reqﬁirements]

These two numbers are proportional to the penetration level
of an echelon p and a farm pf - These levels are constrained
in the next sectlon to av01d excess1ve and sustained changes

in frequency or area control error due to wind power variation
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exceeding response rate capabilities of governor frequency
regulation and automatic generation control. It should be
noted_that the analysis in this section. did depend on farms
composed of MOD-OA wind tnrbine generators-but rated at 1.5
MW. The analysis and simnlation developed here could.easily g
be applied to any other model wind turhine and wind farm l

siting configurations.

Section 3:  ANALYSIS OF ECHELON AND FARM PENETRATION CON-
STRAINTS

Constraints on penetration of any echelon (pe) spacing

between any pair of adjacent echelons (d), and the penetration
of a farm; which consists of all WTG clusters affected by a:
thunderstorm front in the time frame of concern'are now
developed. These constraints are developed ignoring the
effects of simultaneous load change whlch is con51dered in the
next section. These constralnts are. based on the average re-
sponse rate capablllty curve [Ewart 13] for a typlcal power
system, whlch is shown in F1gure28 and29 ThlS curve gives
the average response rate in percent of system capacity as a
function of the interval in minutes over which the average is
computed. The average wind power variation rate for a coastal
w1nd farm. with 6% penetratlon durlng the initial 6 minutes ‘;
when 'wind generatlon is 1ncrea51ng is also plotted in Figure
29. This average wind power varlatlon rate is. also glven as a'
function of the interval over which the average is computed.
If this wind power variation rate curve exceeds the‘power '
sYstem response rate capability'curve at some'point; either
the governor frequency regulatlon or automatic generation con-
trol is not fast enough to respond to the wind power generation
increase. The control whose response capablllty is exceeded,
depends on whether the p01nt at which. the response rate cap-
ability is exceeded liesin the tlme frame of frequency regu-
lation ( < .3 min) or automatic generatlon control (> .3 m1n)

For a = 6% coastal farm penetration or an equivalent

Pg

Pe = 3% echelon penetration,'the average wind power varia-
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tion rate just equals the response'rate'capability'of‘the
typicai power system at'T = 50 secdnds, which is the time T
that it takes the WTGs in the first echelon to just reach
maximum capacity p "expressed as a percentage of system’
capac1ty. Thus, the maximum echelon penetratlon possible
without exceeding AGC regulatlon response rate capacity is
'3% for a thunderstorm front with Tm = 50 seconds.

The power variation rate out of a WTG echelon would in-
crease 1f the rate of change of w1nd speed 1n the leadlng
edge outflow were to 1ncrease due to decrease in D or in-
crease in Vo which both decrease the interval Tm over which
the increase occurs. However, the power systems response rate
capability also increases as the interval (Tm) decreases and
in a manner so that the 3% maximum echelon penetration at
T, = 50 seconds would decrease to 2% for a'thunderstorm gust
front with Tm = 30 seconds. The values of Tm or D\are not well
known parameters for thunderstorm fronts and thus the fact
that penetration- remalns in a range between 2% and 3% for
varlatlon in T is 1mportant. '

The minimum system capacity required to respond to a 50
WTG echelon of 1.5 MW generators given a maximum echelon
penetration level of 2%, is 3750 MW. This upper limit on
echelon penetration and lower limit on:system capacity for a
worst case WTG echelon‘is.of course developed assuming there
are no other changes in load or generation during this inter-
val and thus that the system frequency regulation is completely
devoted to adjusting for this worst case wind power variation
for this echelon during this interval. Thus, a maximum eche-
lon somewhat lower than 2-3% and minimum system capacity for
a worst case echelon somewhat greater than 3750 MW would be
advisable. '

The increase of generation on the second echelon 2 miles
back of the first echelon, starts at T 240 seconds after
the front first causes power varlatlon on the flrst echelon,

is seen on the wind power varlat;on rate curve in Figure .29.
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Note that it does not cause the wind power variation curve to
exceed the power system response rate capability curve but
does cause additional stfesSIOn automatic generation.contfol.
If the spacing between the two echelon were reduced from 4 =
2.0 mlles to 0.5 miles, the average w1nd power varlatlon rate
curve will remain essentlally constant at 3%/m1n out to
appfoximatelyylZO seconds for the 3% -echelon peneration level
regardless of the ‘value of Th chosen. The -wind response rate
curve will then exceed the power system response rate curve
and the 3% penetration per echelon would have to be reduced
to approximately 2% per echelon. .

The above analysis of the maximum echelon penetration
when the responses of adjaeent echelons to the‘leeding-edge
outflow do not overlap (Te>Tm) and when the responses of
adjacent echelons to the leading edge outflow do overlap
(Tg<T,) will now be generalized. to apply to wind farm con-
figurations where WTGs are not arranged in straight lines.
An echelon for the sake of this penetration constraint will
now be defined as all'WTGs sited in any strip 25 miles wide
(the maximum width;of a thunderstorm froht).and D mi;es long
since all WIGs in this space will reepond simultaneously to
the leading edge outflow at any instant. If (1) the change
in power for a change in wind speed QB is assumed cohstant
for the WTG .(2) the rate of change o% w1nd speed with tlme

9Vw on the leading edge outflow of the front is assumed con-

it
stant, and (3) the number of WTGs in the 25 strip per dis-
tance D %g is assumed constant; then the rate of change of

power out of the echelon defined as a 25 mile wide strip D

mile long is
P
echelon _ apWTG . 9Vw oN D
ot - N2 ot 9D
w N
and clearly depends on D. Although the three assumptions are
only approximated in general, the conclusion that .an echeldn's
power variation rate depends on D is clear. .The distance D

for the thunderstorm front shown in~Figufe26C is
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D = 0.416 miles

The finai constraint on the:wind farm is. the penetration
level of the farm itself where a wind farm is deflned for
- this discussion and generalized later as all WTG clusters that
are- affected by a thunderstorm in the tlme frame of AGC re- '
sponse to meet spinning reserve requirements. Thus for a
thunderstorm front with Vo, front velocity and maximum Width
of 25 miles, the farm is all WTG clusters in an area 25 miles
wide and vy /6 miles long in the direction of the movement of
the front. It can be seen from the typical power system rate
curve, in Flgure28 that the maximum excursion handled in 10
minutes is ten percent on a typical system. This is the
spinning reserve or the generation that the AGC is able to re-
place in ten minutes. This spinning reserve is typically the
size of the largest generator in the system} The size of the
farm, composed of all WTG clusters in a 25 mi by 1/6 V
mlle strip, should be less than the splnnlng reserve margln
(5-10%) or less than the largest generator on this system.

The farm defined for this'analysis is all WTG clusters in
a 25 mi wide, 5 -mi long area for a thunderstorm front with
front velocity of V = 30‘mph. This definition is artificial
in the respect that many continuous areas, which contain WTG
clusters, could be much longer than 5 mi and that this limit
was only placed to determine a constraint on the penetration
of WIG clusters that could affect AGC in the time frame of
spinnihg reserve requirements. The above penetration con-
straint should also be applied to a general farm defined as all
WTGs in an area 25 mile wide ahd the depth of the .continuous
area containing WTG clusters in the direction of motion of the
front. The extension of this farm penetration constraint to
the general farm on the logic behind the spinning reserve will
now be explained based on requirements. These are stated as
follows: ' ' |

(1) it should be possible to replace the capacity of
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the rargest generator in ten minutes
(2)- it should be possible to replace half the capac1ty

of "the largest generator in the next twenty minutes

The additional spinning reserve which is to be made avail-
able in this second interval, is generally intended to cope
with a contingency or load change that is quite independent-
of that taken care of by the spinning reserve required for
the initial interval. Thus, allowing a general(farm to have
a penetration level larger than the spinning reserve for the
first interyal would allow one storm front to utilize more of
the spinning reserve than desired for any single contingency.

The penetration requirements on wind array generatien in
a utility is based on just one thunderstorm front in one 25
mi strip of area because the probability that two thunderstorm.
fronts will affect two such farms is. like the probability that
the largest two generators will be lost simultaneously which
is a worse contingency. than is used to set spinning reserve
requirements. Thus; the affects of multiple thunderstorh -
fronts occuring simultaneously in different areas or in diffe-
rent 25 mile strips in the same reglon are neglected..

Echelon and farmpenetration level. constralnts have been.
derlved that should allow the governor frequency regulation -
automatic generation control to cope with the rapld‘power
yariatien from any echelon and the total power.generation
chanées from any general farm with any siting configuration
affeeted by passage of the leading edge outflow storm front.
Thus analysis of the power variations from the midwestern farm
configuration for passage of the leadlng edge outflow a thun-=

derstorm front would confirm

(1) a maximum echelon penetration of 3% is possible
when (a) the rate of change of wind speed as the
leading edge outflow of a thunderstorm passes through
is not too fast, which 1mp11es

T = 3600 D > ' 50 seconds

Vo
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Vv -
(o)
Tm=3sooo
VO
o o-
pf -

spacing between WTG echelons 2 mi

distance between leading edge outflow - 416 mi .
and the point in the front where wind
speed reaches Vrated, the lowest velo-

city where the machine produce rated

power.
the velocity of the front o 30 mph
time required for the WTGs in an echelon 50 sec.

to move from cut in to full rated power

for passage: of a thunderstorm front

eghelonvpenétration

<2% if d <D or T < 50
<3% if d>D or T_> 50
farm penetration

Pe < spinning reserve margin for first ten

_ minute interval

TABLE 11 Summary of parameter values and constraints

on farm and echelon penetration levels
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"and (b) the response of adjacént echelons do not

A_ overlap

d > D

where an echelon is defined as all WTG clusters ,in
a strip 25 mi wide and D miles deep. o
(2) the maximum echelon penetration level decreases to
2%.if (a) the rate of change of wind speed as the
leading edge of the thunderstorm passes through .is
high : :
Tm < 50‘seconds
or (b) if the responses of adjacent echelons to the

leading edge outflow overlap
d < D

(3’ ~the farm penetratlon level must be less than the spin-
; nlng reserve margin for the system so that AGC regula-
tion can respond to thunderstorm induced changes. in

generation from the wind farm.

A farm is -defined as all generation in a str1p .
25 miles wide and the .entire length of the continuous
area containing WTG clusters affected by the front.
- Theése constraints are summarized in Table 11.

The echelon penétration constraint would limit the width
of'an array of wind turbine genérators if the penetration of
the "WECS generatlon in a region Do miles w1de and D miles long
exceeds.the echelon penetration constraint. If the echelon
penetration constréint for any such region were not exceeded,
the width df the WECS array could be arbitrarily large since
a fhunderstorm can.only affect a strip Do miles wide'énd the
echelon penetratlon in the strip does not exceed ‘the echelon
penetration .constraint. The farm penetration constralnt will
not .constrain the width of a WECS array. The farm penetratlon
constraint does limit the total number of WIGs affected by a
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single thunderstorm, i.e., those in any strip Do miles wide
and the eﬁtire length of motion of the.thunderﬁtorm front.
This farm penetration constraint limits the loss of WECS
generation due to a thﬁnderstorm to be less than thatAof the
spinning reserve reqﬁirement on AGC, which is normally about .
the size of the lérgest generator in that system.

The wind power‘variation rate curve for the shutdbwns due
to passage of the trailing edge inflow on'a 2.57% coastal farm
is not plotted along'with pdwer system response rate capability
in Figure 30. The shutdown is like a generator contingency and
thus frequency regulation should not be expected to cope with
this change. Thus the shutdowns of an echelon may cause power
variations that exceed power system response rate capability
even if the echelon penetration constraint is observed. How-
ever, the power variation fromshutdowns will not exceed
spinning reserve margins if the farm penetration constraint is
observed. The shutdowns are like loss of generation contin-
‘gencies and thus the echelon penetration is not cons£rained.

SO that.frequency regulation can cope with the change but
farm'penetratioﬁ is cbnstréined so that AGC regulation4can
meet the change and ﬁeet NAPSIC performance specifications.

The results'would suggest that if echelon and farh pene-
tration constraints are observed, the power system should
operate satisfacﬁorily for thunderstorm induced WECS generation
changes. The results in the next section will prove that

(1) an AGC saturation problem will exist whenever simul-
taneous loéd and WECS generation change exceed spin-
ning reservé margins. This saturation problem can
happen when farm penetration itself is far below
spinning reserve margins  during morning pickup or
evening dropoff for simultaneous passage of a thun-

derstorm -through a wind farm. This AGC saturation
will éause'violation of NAPSIC performance require-

ments on AGC.-
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(2) a cycling problem on nuclear units can occur if ech-
' elon generation .capacities are large enough to cause
i frequency deviations that are larger than governor
deadband "This problem can occur even when echelon
‘pPenetration levels are small coﬁpared to echelon ‘pene-
tration constraints and will not cause large sustained

frequency deviations.

The analysis of farm and echelon penetration consttaints
does provide useful 1nformatlon on constralnlng wind farm
generation variation so that large sustained frequency de-
viations do not occur for power variation on an echelon and
so that large sustained area control error deviations do not
.occur for power variation ‘from a farm. The fact that operatlna
problems still exist is a concern and must be dealt with by
modifying the AGC, economic dispatch, governor frequency regu-
lation, and possibly the unit commitment and generation mix.

The maximum system capacity, where the theoretical worst
case farm will.have power' variations that exceed the system's
response rate capability, is now derived. This analysis will
- indicate the approximate size of systems that will definitely
" have operating problems from a theoretical a worst caseée ech-

" elon or a theoretical worst case farm.

A system having a capacity of under 3750 MW will have
operating problems for‘a 50 WTG echelon spaced 0.5 miles apart
when a 2% echelon penetration constraint is known to give:a
power variation rate from this echelon for the thunderstorm
front equal to.the power system response rate capability at
a particular point. A system having a capacity of under 6075
MW with a 10% spinning reserve margin will have operating pro-
blems for a theoretical worst case wind farm of 405 WTGs
spaced 0.57 mi'apart in a 25'mi by 5 mi strip.  If a 5% pene-
tration farm wastjmamaximum that could be replaced by AGC in
the time ffame.of spinning'reserve requirements, a system of
under 12,150 MW would have operating probleme in reSponding

to power variations from this theoretical worst case farm.
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'Thus, wind power variations from. a worst case echelon or farm
are guaranteed to cause operating problems on a small to
moderate sized utility. The'mofe severe operating problem
between worst case echelon power variation or .worst case farm
power variation is that from the worst case farm since a

6000 MW - 12,000 MW system would easily respond to the worst
case echelon variation rate but'would'just be able to respond:
to the worst case farm power variation rate.

' This analysis would indicate a 20,000 MW capacity system
coﬁld easily respond to worst case echelon and farm power
variations and thus should be able to resboﬁd to any farm that
met echelon and farm penetration constraints. However, in
qsing the analysis for the maximum systém capacity values that

assure operating problems one must consider

(1)  that any actual wind farm will not have a worst case
echelon or farm configuration and will produce power
variations with much smaller average rates of change

(2) the power system is expected to respond to load varia-
tion simultaneously with- thése wind power variations
‘and thus'systems iarger,than these maximum capacities
would experience operating problems given simultaneous:

thunderstorm induced WECS generation and load changes.

The next section will indicate the'operating problems for
load and thunderstorm induced generation changes'coastal and
midwestern farms with 3.75% farm penétration levels. " These
results w111 show operatlng problems exist for simultaneous
load and thunderstorm-lnduced WECS generatlon changes when
farm penetration levels are 51gn1f1cantly below . the upper

11m1ts determlned in this sectlon.'i

Section 4: EFFECTS OF WIND POWER AND LOAD VARIATION ON AGC
REGULATION AND GOVERNOR FREQUENCY REGULATION

The purpose of.this section is to investigate the operat-

~ ing problems when
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(1)
(2)
(3)

are high.
1)

(2)

(3)

farm penetration -
echelon penetratlon o
load varlatlon rate expressed as a percentage of
capacity ' ' '

Specificaily, the objectives are
to show that the AGC regulatlon becomes saturated
and thus cannot meet NAPSIC performance requlrements
'whenever the total ‘power generatlon change in an 1n—
terval due to. 81mu1taneous load and storm 1nduced
WECS generation changes exceed the system spinning
reserve requirement for that interval. This operat-
ing problem can be more frequent than one due to‘
typical loss of generation COntingencies since the
problem appears when storm fronts pass thru arrays
during mornlng plckup or evenlng dropoff.
- to show that 1ncreas1ng splnnlng reserve marglns,
which are set based on a study of system rellablllty
that includes WECS generatlon, could alleviate. thls
AGC regulation problem. This is the major result of
this section because ‘it indicates a solution to the
major operating problem when'WECS‘penetration is high.
The setting of the spinning reserve margins must of
course be done through a system reliability study but
this work 1nd1cates an 1ncrease in typ1ca1 splnnlng re-
serve levels might be Justlfled when WECS penetratlon
is 51gn1f1cant. '
to show that- changes in generation mix to 1nclude

' higher percentages of fast respondlng generation

(hydro, gas turbines) can have a significant effect

'on AGC regulatlon response to WECS generatlon changes

(4)

when regulatlon 1s not in saturation.

to show that: cycllng of nuclear units on governor
frequency regulatlon can be severe when a storm
front- passes through a farm where several echelonsvr

have 50 WTGs,_which is the maximum number that can
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be affected in any echelon by a-single thuhderstorm
front. .This problem would nct~appear if the gener—.
ation capacity of each echelon were‘not large enough
to cause frequency osc1llat10ns that exceed governor

deadband of the generators in the system.

The results 1n the previous sectlon gave theoretical ‘upper
limits for farm ahd echelon penetration when load variation
was assumed‘zero. This study shows (1) that operating prob-
lems can ekist when farm and echelon penetration levels are
lower than these theoretical maxima and (2) possible methods
of reducing or eliminating these operating.problems. This
study'is carried out through use_of the PJM-derived simulation
to study several cases that are selected to determine whether
operating‘problems exist and how they may be relieved. Area
‘control error, tie line power, frequency, and the generation
levels of the units on base load economic dispatch and regu-
latlon are plotted to:document the results.

‘The -150 MW coastal and midwestern farms were con81dered to
be too small to have much effect on the 20, 000 MW capa01ty PJIM
system from results of the previous section. Thus to obtaln
51gn1f1cant farm penetration of 3.75%, 750 MW coastal and~m1d-
western farms were used by multlplylng the outputs of the 150
MW farms by five. Although the operatlng problems for a
3.75%‘coasta1 farm-and %% per minute load'variation rate
should be similar on a system of any capacity; the frequency,
tie line power, and area should be five times that of .a 3,75%
150 MW farm with %% per minute load variation- cn a 4000 MW
capacity system. Thus, the PJM system model for the evenlng
dropoff was downsized to 4000 MW by cuttlng internal system
inertia (HINT), frequency bias (B), generating unltllevels
(PG (0)) and capac1t1es (CAP ), generating cost curve co~
eff1c1ents (l/cj) and the splnnlng reserve (ACEMAX) by five
although the percentage spinning reserve was kept at 5%. .The
morning plckup #1 unit commitment for the 20, 000 MW PJM, and
the evening. dropoff unit commztment for the 4000 MW. system
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were both run with wind power variations from 3.75% penetration
coastal farms and a %% per minute load variations. These runs

show and confirm

(1) that the AGC regulation with a 5% sp1nn1ng reserve
becomes saturated and thus does not meet NAPSIC per—'
formance requirements when a thunderstorm induced
3.75% change in WECS generation and %% per minute
load variation occur,simultaneéusly to require a
total 7.5% change in generation in a ten minute in-
terval. The violation is not a function of s&stem
size but dependent onlwhethex the total percentage
change in generation caused by load and WECS genera-
tion changes in an interval exceed the system spin-
ning reserve margins fof that interval.

(2) that saturation of AGC regulatlon could occur for

~ * both evening dropoff or morning plckup since the total
load and WECS generation changes could exceed typical
spinning reserve requirements set for the case where
WECS generation changes are not present.

(3) that peak frequency, area control error, and tie line
power deviations depend on the capacity of the farm
and not on the penetration level. The existence and
duration of the saturation problems depended on how
much the sum of the farm penetration and percentage
load variation in a ten minute interval exceeded
spinning reserve ﬁargin expressed as a percentage of
system capacity.

A:brief study is then undertaken to determine possible
solutiohs for this AGC saturation problem. The regulation
participation of a hydro unit was approximately doubled in an
effort to increase the percentage of the AGC regulation under-
taken by fast responding units.' The improvement was only slight
because the area requirement was saturated so that faster re-
sponding generatlon were not requlred to increase generatlon
more than the slower units it replaced. In a second run, the
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saturation level ACEMAX on the area requirement was increased
from 200 to 280 MW thus increasing spinning reserve from 5% to
about 7%. The saturation of the area requirement for such a-
long period after the shutdown of the second echelon was elimi-
nated.and the saturation of the AGC regulation was avoided al-
though.the area control error did. not cross zero due to the
large prolonged load increase .that continued long after the.
changes in WECS generation was completed.

An increase in spinning reserve can only be Justified
through a thorough system reliability study. The results that
indicate this saturation problem can be eliminated by an in-
crease in spinning reserve are very significant because they
provide an expanded understanding of the spinning reserve re-
‘quireéement when WECS penetration is significant.

A second morning pickup unit commitment on the. 20,000 MW
system with the 3.75% 750 MW coastal farm and %% per minute
load variationvis run to show that significant changes in
generation mix can have a Significant effect on the response
rate of the AGC regulation when the AGC regulation is not
_saturated as it was when the percentage of hydro on regulation
Qas doubled in an effort to solve the regulation saturation
problem. ' . '

A summer peak unit commitment on the 20 000 MW system is
run_with the 750 MW 3.75% coastal farm and no load variation
to confirm that a 3.75% coastal farm will not alone cause vio-
lation of NAPSIC performance requirement on AGC regulation.

The summer peak unit commitment on the 20,000 MW system
was rerun with the 3.75% 750 MW midwestern farm to show

(1) that placing the WTGs in several echelons rather than

. just two reduces the magnitude of peak frequency and

area control error deViations '

(2) cycling of units on governor frequency regulation

can be severe when a thunderstorm front passesvthrough
a farm where several echelons have 50 WTGs, which is
the maximum number that can be affected in .any eche—

lon by a thunderstorm front as discussed in section
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1. The cycling problem will be shown to occur when- ﬁ
ever echelon generation capacity is large enough to
cause frequency oscillations that are larger than

governor deadband.

A brief discussion of WTG siting in a echeion that will
alleviate the cycling problem and a qenstraint on farm pene-
tration that will avoid AGC. regulation saturation spinning
reserve requlrements is then discussed. ‘Both ef these con-
straints would reduce1ﬂuap0551ble energy from a wind farm and
thus such constraints would only be implemented after assess-
ing their economic impact as well as other methods'of alleviat-
ing the cycling and AGC regulation response problems.

Before actual simulation runs with wind power variations
are presented, a base case morning pickup'{with the halfiper—.
cent per minute load incfease for twenty minutes duration)
simulation run is pfesented to document that the power system
simulation is working satisfactorily. This half percenﬁ per
"minute load variation is as large a sustained load variation
change Ehat a typical power system will experience and thus
is a good test to determine if the simulation generates sig-

" nals with the proper magnitﬁdes'and4shapes. )

’ The load variation (LD) shown in Figure 31A, has a 20
minute ramp increase at a slope of %% per minute. At t=1200s.,
the- load becomes constant and remains so until the end of the
simulation (t=2400s.). The frequency, shownein Figure 31Dlde-
i creases as the load increases until at t = 1200s. the frequency
has dropped 0.01 hz. .The magnitude of this drop is large but
is quite reasonable for the load variation experienced. The
deviation then decays toward zero and nearly reaches zero at -
t=2400s. The area control error (ACE) and tie line power
signals, shown in Flgure 31B and 31C respectlvely, increase to
160 MW and 112 MW respectlvely at t=1200s. and then decay to
nearly zero as t=2400s. The .peak magnitude of area control
error.is slightly larger then NAPSIC requirements for a
20,000 MW 'system (135 MW) but is still satisfactory consider-
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ing the very high and sﬁstained rate of ioad variation exper-
ienced. ' '

The simulation was not run long enough to indicate the
"payback" of energy that would occur due to the integrator in
the compensator for the economic dispatch signal LAMDA.

The change in generating level of the hydro unit on regula-
:.tlon is shown in Flgure 32B and thelevelfollows the area.
requirement (AR) signal in Figure 31C perfectly. The hydro
unit has a peak change 'in generation of 52 MW at t=1200s.
:‘The changes in generatlon on coal drum (CD) and oil drum (OD).
Aunlts on regulation and economic dispatch are shown in Figure
.32F. The generation ‘levels increase with load until t=1200s
~and then increase only slightly as load is taken off the hydro
~and base loaded units which did initially add power to com-

- pensate for the load increase. The frequency regulation and
AGC.regulation»components on these units are reduced to zero
during thiS~intervel but is more than compensated for by
larger economic diepatch commands resulting in the increase
sum from t=1200 to t=2400.

The changes in generation on coal drum (CD) and 011 drum
(OD) on economic dispatch shown in Figure 32E was larger than
for the units on both regulation and economic dispatch due to
- the much larger capacity of units on both economic dispatch
- and regulation than of units on economic dispatch alone. How-
’ ever,uit is interesting to note that the relative increase of
" generation on the second 1200s. interval is larger for the
eeonomic.dispatch units because there is no- decreasing regula-
tion signal on these units over this interval.

The baseleaded units and nuclear units are shown in Fig-
ures: 32C and 32D respectively. These signals are small and
follow the frequency deviation signal rather closely because
‘these changes are due to the governor frequency regulation

control.
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Mornlng Plckup 41 thh Coastal Farm

The mornlng plckup #1 unit commltment with one half per-
cent per minute load variation, as just presented 1n the base
case, is now rerun w1th a 750 MW 3.75% penetratlon coastal
wind farm. The load (LD) and mechanical power (PM) from all
generation including the wind farm, are plotted in Flgure 33a.
The increases in WECS generation due :to the outflow hitting
each echelon and even the WTG shutdowns that occur are seen
as small conpared to the total load variation over the same
interval. Moreover; this increase in WECS Qeneration is can-
celled by the shutdown just 11 minutes later. The frequencyr
regulation and automatlc generatlon control regulatlon can
handle the w1nd generatlon increases in both echelons without
excessive or susta;ned changes in frequency, tie line power,
or area control errorh(ACE), as shown in Figures 3§E, 33ﬁ,
and 33 respectively. ‘The shutdown of the two-echelons'cauSes
a much larger and sustalned ‘errors 1n frequency, .tie line
power, and area control error. ThlS occurs partially, be-
cause the WECSgeneratlonshutdown and load variation both
require increased generatlon and saturate the drea requirement
SLgnal, and thus the AGC regulation control cannot quickly
reduce frequency; tie llne power, and area control error. The
shutdown of the second echelon causes a larger and more sus-
tained effect than shutdown of the first echelon because when
the shutdown of the second echelon occurs the area require-
ment signal is still saturated due to the shutdown of the
first echelon. Therefore, the automatic generation control
regulation does not respond at all to this lost generatlon
on -the second echelon causing a very large area control error,
frequency deviation and tie line power dev1at10n to occur.

The governor frequency regulation does respond to the second
echelon shutdown but its effect is small. An lndlcatlon of
the. seVerity of the operating broblem is that area control A
error never Crosses 2zero in ten minutes after shutdown ‘of the

second echelon v1olat1ng NAPSIC requirements on AGC regulatlon
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performance. Moreoyer, the area‘requirements (AR) remains in
satufation and freduency.deviation remains above 0,01 hz for
almost 7% minutes after the second echelon experiences the
shutdown, indicating there is no'possiblity of performing AGC
regulation for this shutdonn of the second echelon. Although
(1) the absolute size of the wind powet variation is not large
compared to the load{variation'and (2) the wind>generation in-
crease is cancelled by shutdown in the time interval of the
load increase so no additional generation is required over
that in the base case, the.operating problem that results due
to the shutdowns dnring large load variations is significant.
It is due not to the size of the WECS generation changes but
rather to the fact AGC regulatlon could not respond to the
large demand in a short interval caused by shutdown of the
wind generation and the simultaneous large load increase.

The AGC regulation is pushed into saturation, thus it does

not recover quickly.

. The economic dispatch units (OD, CO) and economic dis-
npatch and - regulatlon units (OD, CD), shown in Figures 34E and
34F respectlvely, are too slow to show much of an 1mmed1ate
response to wind generatlon.changes. Thus these units show
minor fluctuations until t=700 seconds when the first echelon
shutdown occurs because in this 700 second interval the wind

' power generation increase almost cancels the load increase.
The rate of oeneration increase changes suddenly at the shut-
down of first echelon for these four units but this rate of
generatlon increase does not change at all for the second
echelon shutdown-51nce the area requirement signal is still at
or near saturation when this second echelon shutdown occurs
(t= 900s ). The rate of 1ncrease of generatlon on these four
unlts beglns decrea51ng sllghtly at t=1350s when load variation
has stopped (t 1200s) permlttlng area requlrement to come out
of saturatlon and- begin decrea51ng The generation level on
the economic dispatch and economic dispatch and regulation

units is nearly constant at t=2400s.
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The frequency regulation on the basevloaded units and the
base loaded nuclear unit, see Figures 34D and 34c, did fespond
to each wind power generation increase or decrease aithough
the'changes in generation were not larée'until frequency de—
viation became large when AGC regulation became saturated.

The generation level on these units dropped as the frequency
deviation began to decay toward zero.

The hydro unit unnder both gévernor frequency regulations
and AGC regulation controls responded quickly and in a signi-
ficant manner to compensate for the increases in generation
“on both echelons and the decrease in generation on the first
echelon. However, the hydro unit responded in only a very
small way to the shutdown of the second -echelon since the
area requirement and AGC regulation control are saturated at
thie»point and do not'chanée‘et the shutdown of this second
echelon. The generation change on this hydro unit- decreases
toward zero as the frequency deviation and area requirement
decrease toward zero.

It should bé remembered that the magnltude of the frequency,
tie line power and area .control error signals are five times
the size for this 750 MW farm fhan they4would be for a 150 MW
farm. However, the operating problems seen in the lack of re-
sponse will now be shown to be common ‘to any system with a
5% spinning reserve experlenCLng” a %% per minute load varia-
tion and shutdown of a 3.75% penetraion farm by the study of
the results for.a 150 MW 3.75% coastal farm run on the. 4000
MW system during an evening dropoff with a %% per minute load

decrease.

Evening Dropoff with Coastal Farm

'An evening dropoff unit commitment for the 4000 MW system
with the 3.75% 150 MW coastal farm anc %% per minute load de-
crease is now run to show (1) that the maximum‘magnitude of
the frequency, tie line power, and area control error for a

150 Mw coastal farm is approx1mately one fifth of that for
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the 750 MW farm and is independent of whether that farm appears
on the 4000 MW or 20,000 MW internal system and (2) to show
that the total percentage generation requirements (due to
generation change and %% load variation) on a 3.75% coastal
farm will produce the same operating problems in terms of
lack of AGC régulation response for either a 20,000 or 4000
MW system. The major difference between the above morning
pickup #1 run and this evening dropoff is that the operating
problem occurs for the WECS generationlincrease and %% per
minute load decrease. This difference causes the stress on
AGC regulation to occur immediately when the wind generation
increases as observed in Figure 35E, 35D, and 35C for fre-
quency, area control error, and tie line power. The AGC
regulation on the evening dropoff run would have remained in
saturation for a period as long as that for the morning pick-
up except that. the shutdown of the first echelon brought the
area requirement out of saturation as observed in Figure 35D.
The results on the evening dropoff and morning pickup cases
suggest that the severity of the operating problem for simul-
taneous WECS generation and load change is dependent on how

much the total percentage change in load and WECS generation

in a ten minute period exceeds the spinning reserve require-
ments for that interval. This hypothesis is confirmed by
noting that no operating problem existed when a 4% load varia-
tion occurred with no WECS generation in the base case and
when a 3.75% change in WECS generation occurs without load
variation (in the summer peak unit commitment runs to be dis-
cussed later) but occurs for the morning pickup #1 and evening
dropoff when total percentage change in AGC regulation is
7.5% on systems with 5% spinning reserve. The result in the
next subsection will show that increasing spinning reserve to
7% from 5% alleviates the saturation and thus significantly
improves AGC regulation performance.

The magnitude of the peak frequency deviation, area con-
trol error, and tie line power deviation is shown to be pro-

portional to the size of the farm experiencing the passage of
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the thunderstorm front because the frequency, area control
error, and tie line power are nearly zero just before the

WECS generation changes that resulted in the peaks for these
signals. The peak of the area control error, tie line power
and frequency is thus five times larger for the 750 MW coastal
farm on the morning pickup than it was on the evening dropoff
run. The differences in the size of the internal system had
little if any effect on these maxima. This confirms that
maxima of frequency, tie line power, and area control error
depend on the magnitude of total generation changes required

of AGC regulation over a relatively short interval.

Improvement of AGC Regulation Response

A brief study was performed to check a solution that
alleviates the saturation of AGC regulation and thus speeds
the response of AGC regulation when significant load and
WECS generation changes occur simultaneously. The first change
made was to doublé the participation factor of the hydro unit
under regulation and thus to reduce the regulation participa-
tion factor (aj) for the oil and coal drum units under both
regulation and economic dispatch. Very little effect on the
speed of response 1s observed by comparing the area control
error and frequency, shown in Figures 36D and 36C for two sets
of AGC regulation participation- factors on the morning pickup
#1 unit commitment on the 20,000 MW system with the 750 MW
farm and the %% per minute load increase. A second modifi-
cation was to increase the ACEMAX saturation level from 200
to 280 MW on the area control error increasing the spinning
reserve in a ten minute interval from 5% to 7%. The spged of
response of the automatic generation control regulation in-
creased significantly almost eliminating the saturation pro-
blem of the AGC regulation. This occurs because the interval
over which area requirement is saturated and the area control
error deviation after the shutdown of the second echeipn are
significantly reduced.

The purpose of this study was to determine if an operating
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problem would exist when simultaneous load and  thunderstorm
induced generation changes occur, and how to solve the prob-
lem. One solution is to increase the spinning reserve re-
quirements above those required when no WECS generation
changes are present. It is not the purpose of this study to
determine if such an increase in spinning reserve should be
required since that determination must also be based on a
study of system reliability with WECS generation present.
However, it should be noted that this AGC regulation satura-
tion operating problem could occur relatively often since
large load variation for evening dropoff and mérning pickup
occur everyday and since the large thunderstorm induced WECS
generation changes could occur relatively often compared to
other specific typical loss of generation or loss of. load
contingencies.

A study of system reliability with WECS generation would
require knowledge of the probability of WECS generation losses.
This probability of WECS generation loss could use the infor-
mation on the maximum generation lost by a single thunder-
storm front presented in section 1, as well as the frequency

of thunderstorm fronts.

Morning Pickup #2 and Coastal Farm

A second morning pickup unit commitment was run for the
20,000 MW PJM system with the half percent per minute load
variation and the 750 MW 3.75% penetratioﬁ coastal wind farm.
This case was run because the morning pickup #2 unit commit-
ment is significantly different than the morning pickup #1
because no hydro units were available for AGC regulation and
supercritical units were used for regulation in place of the
faster responding hydro units used in morning pickup #1l. This
simulation run is intended to show that the generation mix
used in a particular operating condition such as morning pick-
up can have a significant effect on the performance of the
automatic generation control and frequency regulation when the

area requirement is not saturated as it was in the case where
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hydro participation factor was increased to as a method of
alleviating the saturation problem. The change in AGC re-
ponse for change in generation mix can be observed by noting
the 25% larger but similarly shaped area control error and

tie line power deviation signals, shown in Figure 37D and 37C,
for the morning pickup #2 over that for the morning pickup

#1. The lack of fast responding hydro units can also be noted
in the significantly slower decay of the area control error
after the first echelon and second echelon shutdowns. The

- frequency deviation shown in Figure 37E, is also approximately
25% larger for morning pickup #2.

The lack of a hydro regulating unit is also seen by'ob—
serving the small changes 6n the base hydro unit shown in
Figure 38B compared to that for the regulating hydro unit for
morning pickup #1l. The supercritical unit plotted in Figure
38E should be taking up the hydrb unit regulation task but is
clearly not fast enough to compensate for the wind power
changes.

The nuclear, (CD OD) economic dispatch units, and (OD CD)

' economic dispatch-regulation units generation curves are

similar in shape to those for morning pickup #1.

Summer Peak.and Coastal Wind Farm

A summer peak unit commitment on the 20,000 MW with the
3.75 % 750 MW coastal farm and no load variation was run to
confirm the results of the previous section that a 3.75%
change in WECS generation over a ten minute interval will not
cause operating problems as long as the spinning reserve, which
is 5% on this PJM system, is larger than the wind farm pene-
tration level. Simultaneous WECS generation and load chanées
have already been shown to cause operating problem when neither
one separately could cause such a problem. »

The load power (LD) and mechanical power (PM) out of all
machines including wind generation is shown in Figure 39A.

The area control error and tie line power, shown in Figures

39D and 39C, indicate an immediate decrease and slow decay
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for the increases in genération on both coastal farm WTG ech-
elons. Similarly the area control error and tie line power
.show very sharp increases and a slow decay toward zero after
~each shutdown of an WTG écheloh. The frequency deviation,
shown in Figure 39E, differs slightly from area control error

and tie line power signals in that

(1) there is a sﬁarp spike on the frequency signal at
its minimas for wind generation increases, and maxi-
mas for wind generation decreases. These spikes are
due to the rapid but very limited governor frequency
regulation controls that act to reduce the frequency
deviation due to any change in load,or generation.

(2) the frequency'signal has more oscillatory behavior

than tié line power or area control error.

The base load and nuclear base loaded unit, shoWn in
Figure 40D and 40C respectlvely, respond very similarly to
the frequency deviation 51gnal. ‘The hydro regulation unit re-
sponds like the area control error signal. The economic dis-
patch units (OD, CD), shown in Figure 40E, respond slower to
the wind generation changes than does hydro. Moreover, the
change in generation continues to decrease long after the
initial wind generation increases in order to compensate for
the power on the regulating units and the power due\to fre-
quency regulation controls backing away from the initial de-
‘creases taken immediately after the w1nd generation increased.
A similar effect is observed on these economic dlspatch units
‘after the wind generation decrease but in the opposite direc-
tion. The regulation and economic dispatch units, shown in
Figure 40F experience a change immediately after the wind
power change but do not experience any change in the 1ntervals
between these changes due to .the fact economic dispatch can-
.cels the effects of governor'frequency regulation and auto-
‘matic genefation control regdlation during these intervals.
The frequency regulation and AGC controls are able to com-

pensate for the wind power variations from.a 3.75% farm quickly
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and without large sustained deviations in frequency, area
control error or tie line pdwer when no load variation: occurs.
The economic dispatch units do contlnue to unload the regu—
lating units and reduce the power taken on for governor fre-
quency regulatlon and several minutes after the actual changes

in wind generation have occurred

Summer Peak with a Midwestern Farm
The 20,000 MW system w1th no load varlatlon and a 750 Mw
3.75% mldwestern farm was run ’

(1) to show that the peak-deviations in area control-
error, frequency and tie line power are proportional
to the{generation capacity on each echelon by com-
paring simulation results for the'coastal and mid-
western farm on the 20,000 MW eystem and the summer
peak unit commitment. . ‘

(2) to show that cycling problems can occur on nuclear
units if the WECS generation capac1ty on any echelon
is large enough to generate frequency oscillations
that are larger than governor deadbands on these

units

The load (LD) and mechanical power (PM)'out of all gene- -
rators including the wind farm are plotted in Figure 41A.
. The power variation froﬁ the midweetern wind farm, plotted in
Figure 41B, indicates total wind power increases for approxi-
mately.ten minutes as the first seven echelons have wind gene- '
ration increases due to the leading edge outflow of the storm
front. The wind power remains fairly constant for the next
four minutes as the shutdown of tne first three echelons due
to the trailing edge inflow cancels wind generation increases
on the last three echelons. The wind generation then gradually
decreases over the next ten»minutes as-the high wind speeds of
the trailing edge inflow cause shutdowns on WTGs in the last
seven echelons. The area control error, and tie line power,

as shown in Figure 41D and 41C, gradually decrease as wind
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‘géneration increases but then decrease to nearly zero as the
period of constant wind generation occurs because the changes
in wind power generation are slow enough that AGC regulation,
and dispatch as well as frequency regqulation have been able
to compensate for the increase in wind generation. The area
control error and tie line powerlincrease and are positive
during the interval that wind generation is decreasing and
then decay to zero over several minutes after.wind generation
stops decreasing. The ffequency signal, “shown in Figure 41F
is considerably more osc1llatory than the area control error
and tie line power signals. _ '

Comparison of the area control error;ftie line  power,
and frequency deviations, for the summer peak with coastal
ahdamidwestern farms indicates the changes in these. signals
due to the generation increasee or shutdowns on the coastal
farm are five tlmes those on the midwestern farm because the
capacity of WTG s in each echelon of the coastal farm is flve
times that of the midwestern farm. The changes in area con-
trol error and frequency are much larger for shutdowns than
for the wind generation ;ncrease because the generation changes
for shutdowns are so fast that -governor frequency regulation
can not respond. The system frequency has a spike at each :
shutdown which reflects the delay in governor frequency re-
sponse to these rapid WECS generation change at shutdown.

The frequency signal is thus much mofe oscillatory than
the area control error signal. The oscillationé do appear on
the base loaded units and base loaded nuclear'units, shown in
Figure 42D and 42c respectively. These oscillations or cycling
of units is a severe problem and would occur whenever the
echelons in a farm approach the maximum echelon capacity of
75 MW which is determined by the maximum width of a thunder-
storm front and the minimum spacing between adjacent WTGs in
an'echelon. These osc1llat10n would dlsappear if the echelon
generation capacity were smaller so frequency deviations: would
be below normal deadband of 0.0036 hz and the governor ‘would
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not be able to respond to these oscillations. Restriction of
the capacity of each echelon below 50 MW would reduce the
freqﬁepcy.osoillations and‘the‘oycllpg problem on this 130,000
MW internal-external PJM system.moael.

. Restriction of ecbelon capacity.is thus\a method of re-
ducing the'cyoling problem amd restriction of farm capacity
or requiring the siting of this generation to be distributed
SO that spacing between echelons 1s also larger would solve
the AGC regulation response problem These constraints are
not attractive because they restrlct'the‘total wlnd generation
available. Thus} other solutions tolthe AGC regulation re-
sponse and cycllng problems should be attempted if these
operatlng problems would be a concern for a particular system

and WECS generatlon siting conflguratlon

Section 5: CONCLUSIONS

The"conclusions for the research performed in part 2 are

(1) a worst case thunderstorm front
(i) has the maximum width (25 mi) and thus can affect
the greatest number of WTGs
(ii) moves at 30 mph and thus causes higher power
variation rate during the .leading edge outflow
and affects more WTGs in ten minutes, the time
frame of the spinning reserve requirements on

| AGe | .

(iii). has. wind speed below 13 km/hr before passage of
the storm front so that power out of the WTG
before passage of the front is zero and a maxi-
mum change in generation will occur as the lead-
ing edge outflow for the front passes

..(iv) has a minimum distance (D) between the leading
edge outflow at the point internal to this out-
flow where wind speed reaches 26 km/hr so that
poWer variation rate out of a WIG will be maxi-

murmnm
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(2)

(3)

(4)

(5)

a worst case wind farm siting configuration ‘
(i) “has a 0.57 mi spacing between WTGs in an eéhelon
so that turbulencé from one WTG will not affect
other WTG's. A larger spacing is not used so
that a maximum number of WTGs can be affected
by the thunderstorm front and‘produce worst
case power variation. '

(ii) has a 0.57 mi spacing between echelons so that

'a maximum number of WTGs can be affected by a

thunderstorm in any ten minute interval

(iii) has as many echelons as possible for the aver-

age wind speed profile at that location. A
farm site on a body of water will have a limited
area due to the fact average wind speed‘decreases
with distance from the coast.
the theoretical worst case farm with minimum spacing
between WIGs could have a maximum of WTGs affected
by a single worst case thunderstorm front in ten
minutes. A
a maximum echelon penetration level of between 2% and
3% constrains power variation rates for a wind farm
for passage of the leading edge outflow of a thunder-
storm front to be less than typical power system rate
capability. The echelon penetration constraint will
limit the width of a WECS array if the penetration
of an area D0 miles wide and Do miles long exceeds
this penetration constraint. If the penetration of
this region does not exceed the echelon penetration

 constraint, the WECS array could be arbitrarily wide.

the maximum penetration level for all the WTG's that
can be affected by a single thunderstorm front (in
an area Do miles wide running the entire length of
the motion of the front) must be less than the
spinning reserve requiremenf in order to meet NAPSIC
performance réquirements on AGC for WECS generation
changes alone.
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(6) saturation of AGC regulation and economic dispatch
could occur for normal spinning reserve margins set
‘'without consideration of WECS generation if large
load and WECS generation changes occur simultaneously.
This saturation will cause violation of NAPSIC per-
formance requirements of AGC. '

(7) the saturation of AGC regulation and economic dis-
patch can be alleviated if the épinning reserve margin -’
is increased. The increase in spinning reserve margin
will generally be dictated by a,study'ofisystem
reliability with WECS generation and not purely by
the saturation problem noted here. The results that
indicate this saturation problém can be eliminated
by an increase in spinning reserve are very signifi-
cant because they provide an expanded understanding
of the spinning reserve requirements when WECS pene-
tration is significant.

(8) a change in generation mix to include a higher per-
centage of fast responding units on regulation will
improve AGC response to WECS generation changes if
the AGC is not saturated. |

(9) a cycling problem on generators in a system will
occur due to WECS generation changes during passage
of a thunderstorm front if the capacity of all WTGs
in any echelon is large enough to cause frequency
oscillations larger than the governor deadband on
these generators. The capacity of an echelon had to
be greater than 50 MW for this cycling to occur on
the simulated system of 130,000 MW.

The .study performed here was definitely worst case; both
in regard to the power variations out of a farm and the:effects
on the operation of the power system. There would be methods
to reduce the power variations from a farm that were not in-
vestigated such as sequentially shutting down WTGs in each
echelon to reduce the effects of a sudden simultaneous shutdown

of an echelon. The selective shutdown is done with run of
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.river hydro units where ponding levels must be_kept within pre-
scribed limits. '
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