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ABSTRACT

This research project proposed a modified unit commitment that
schedules connection and disconnection of generating units in response to
lcad A modified generation control is also proposed that controls steam
units under automatic generation control, fast responding diesels, gas
turbines and hydro units under a feedforward control, and wind turbine array
output under a closed loop array control. This modified generation control
and unit commitment require prediction of trend wind power variation one hour
ahead and the prediction of error in this trend wind power prediction one
half hour ahead. An improved method for predicting trend wind speed
variation is developed. Methods for accurately simulating the wind array
power from a limited number of wind speed prediction records was developed.
Finally, two methods for predicting the error in the trend wind power
prediction were developed. This research provides a foundation for testing
and evaluating the modified unit commitment and generation control that
was developed to maintain operating reliability at a greatly reduced
overall production cost for utilities with wind generation capacity.
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EXECUTIVE SUMMARY

The purpose of the research is the development of:
(1) a modified unit commitment;
(2) a modified generation control;

(3) a trend wind power predictor required by both the modified unit
commitment and generation control procedures developed;

(4) a wind power error predictor required by both the modified unit
commitment and generation control procedures.

These four developments permit one to answer the following two questions which
are to be addressed by the research to ke conducted within the Federal Wiods
Eoergy Besearchb Planm: 1383120

(1) what is the magnitude of the capacity credit that can be assigned to
wind energy produced by large arrays based on methods for setting
and meeting the load following and operating reserve requirements
within a utility's unit commitment. This magnitude of the
capacity credit assigned to wind will determine the breakeven
point in terms of 30 year levelized cost in $/KWH that wind enerqgy
technologqy must achieve to warrant large scale implementation by
‘utilities.

(2) Develop a geperaticn cootrol strategy that minimizes the impact of
large rapid changes in wind array generation that is caused by
"rotor synchronization” {1, A-3. III-20] of all wind turbines in the
array for large meteorological event wind speed changes. The
utility's steam turbine generation is slow responding and cannot
compensate for these large rapid wind generation changes. Attempt-
ing to force these units to compensate for these large wind generat-
ion changes would cause cycling in these units thai would expend
significant fuel, increase maintenance, and possibly reduce unit
reliability and lifetime. A modified generation control is proposed
in this research based on an hour anead prediction of wind power
change. This modified generation control would utilize these slow
responding large esteam turbine units up to a limit imposed by the
utility; fast responding diesels, hydros and gas turbines that are
not presently effectively controlled, and wind turbine array ocon~
trol of wind power output as a last resort.

This modified generation control strategy has been developed to allow
the utility to determine the level of participation its large steam turbine
units shculd have in compensating for large wind generation changes. This
modified generation control was designed so that -ick pickup units provide
the principal compensation for the large wind cha.-Je. The modified quarter
hour updated unit commitment strategy would continually unload these quick
pickup units and replace them with standby economic, peaking, and regulating
units. The purpose of maintaining quick pickup generation is spinning
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reserve is to maintain adequate spinning reserve and load following margins
to compensate for large drops in wind generation. If the wind generation
increase exceeds the allocated combination of the response capability of
large steam turbines under automatic generation control and the level of
quick pickup generation connected and loaded (that could be unloaded and
disconnected in 15 minutes by the feedforward generation control to compen—
sate for the wind generation increase), the closed loop wind turbines array
control would reduce the wind generation rate of change to the level the AGC
ard feedforward control could handle. For wind generation decreases, the
AGC would aqain compensate for the wind generation change up to the
capability allocated to tracking wind generation change. The feedforward
control of quick pickup units would then be capable of connecting and fully
loading all quick pickup generation within the spinning reserve within
fifteen minutes to compensate for wind generation decrease. The quarter
hour unit commitment would schedule their connection and the feedforward
generation control would set the gain on their governor controls so that
they would be properly loaded. These quick pickup units, once connected,

- would be controlled ut:lizing the area control error signal used for regu-

lating units under AGC. The participation factor on the quick pickup units
would be adjusted by the feedforward generation control to obtain the de-
sired generation change out of these quick pickup units and thereby prevent
units under AGC from exceeding the allocated response capubility assigned to
compensating for wind generation. If the predicted wind generation decrease
is greater than the combined response capability of the feedforward genera—
tion control and the allocated response capability of the units under AGC,
then the closed loop array control attempts to build up a back off reserve
on the wind turbines by clipping wind generation below the level that would
otherwise be produced given the present wind speed at the particular time.
This back off reserve is utilized as a cushion so that when the predicted
drop in wind generation occurs it is not larger than could be handled by AGC
and feedforward control within 15 minutes. The development of the back off
reserve is possible due to the hour ahead prediction interval and the fact
that the level of wind generation to be clipped is based on the parimpud
predicted wind generation decrease (trend wind power minus the error in the
trend wind power prediction) and not just the trend wind power change.

Although the structure of the modified generation control has beer
developed, it has not been evaluated or tested via simulat‘on. The simulation
of this generation control utilizing predicted trend wind power changes and
predicted wind powr errors of the typical utilities that could expect to have
large wind penetrations would be a subject for future resea:cch

A trend wind power predictor was developed in this research project. The
research in this project showed:

(1) time filtering wind speeds caused significant distortion of the
maximum, minimum, and average values in wiod gpeeds prediciticu and
could introduce significant delays;

(2) time filtering is not reqguired to determine meteorological event
propagation direction, the reference groups used to predict wind




(3)

(4)

(S)

(6)

(7)

(8)

speed at prediction sites in the wind array or propagation delays
between referenced and predic+ion sites. This is a change from the
wind speed prediction method aeveloped in [20];

the reference measurement sites should encircle the wind turbine
cluster at a distance of at least 100 miles away from all wind
turbine clusters. Meteorological events can propagate at speeds
between 0-100 mph and thus a 100 mile separation allows one or more
hour ahead trend wind power prediction;

the reference groupe should not contain storm cell induced cyclic
variation because such variation is site specific and time varying.
Using reference sites with cyclic storm induced variation prevents
prediction of the trend changes in wind speed that are associated
with the storm front and can be predicted;

the reference groups used for prediction should change when the wind
shift associated with an incoming front first affects a particular
cluster of wind turbines. The reference group should change from
one that is in front of the wind array in the directicn of
propagation of the initial meteorological event to reference sites
that are in front of the wind turbine array in the propagation
direction of the incoming event;

the use of several wind speed reference sites introduces a spatial
filtering of wind speed variation associated with a meteorological
event. This spatial filtering associated with the wind speed
prediction is shown to cause the predicted wind power variation to
exceed. the actual wind power produced by the array by as much as 10-
20%;

several wind prediction sites are required to produce accurate wind
array power estimates. The error utilizing a single wind speed
prediction site to simulate a 90 wind turbine array could be as
large as 100% depending on the prediction site selected within that
wind turbine array. The error could be reduced to 25% if three
reference sites are used. The larger the number of prediction sites
the smaller will be the effect of site specific effects and wind
speed prediction errors of any predictior site. If the wind speed
at each wind turbine is not predicted due to the computational
burcen, then one should select prediction sites so that each
prediction site is geographically closest to an equal number of wind
turbine sites. This method of siting wind prediction sites
minimizes the site specific effects and error of any one wind
prediction site on the total array power prediction;

the study of five different methods of simulating wind array power
variations indicates that there can be significant differences
between the results obtained using different methods. These
differences are minimized as the number of wind prediction sites
increases. No one method of simulating wind array power variation
will be most accurate for all wind conditions since the magnitude of
the error and site specific variation at a wind prediction site will
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vary with the wind conditions. Since each simulation method mini-
mizes efiects of error at specific sites and accentuate error at
other sites, no one simulation method can give the most accurate
estimate of true wind array power variation for all wind conditions;

(9) the magnitude of the wind array power prediction error depends on
the magnitude of the storm induced cyclic variation and turbulence
induced wind power variation that can not be predicted using the
trend wind power predictor. The error in the trend wind power
predictor due to the spatial filtering in the wind speed predictor
also contributes to wind array power prediction error. This wind
power prediction error can be the magnitude of the capacity of the
wind array during storms since the large cyclic variations can cause
cycling between zero and rated array capacity. The error is so large
because the cyclic variation which can not be predicted using this
methodology. The wind power prediction error can be kept below
10% -~ 25% for other wind conditions if a sufficient number of wind
power prediction sites are used to simulate the wind array power
variation.

A wind power prediction error predictor was also developed. The wind
speed prediction error was shown to be a zero mean and normal at sites where
wind speed prediction is successfully accomplished The wind power
prediction error was shown to be slowly time varying. Thus, a wind power
error predictor was proposed that averages the absolute error between the
actual array power output and the predicted array power over a 15 or 30
minute period and uses this error estimate to predict power 30 minutes
ahead. This predicted error is not allowed to be less than 10% of the wind
array power autput since even though the error may become very small for a
period of time it does reflect the error that can be expected to occur at
some time in the future. This wind power prediction error predictor was
thoroughly tested. The error band around the predicted array power was
shown to effectively band the actual wind power variation.

The following accamplishments of this research project are unique:

(1) the development of wind speed prediction for meteorological events
and turbulence induced variation. Prediction of wind speed based on
turbulence alone was performed in (2], but the magnitude of
turbulence induced variation is so small compared to meteorological
event variation that it does not require prediction to assure power
system reliability and economy;

(2) the development of a method for predicting the error in the wind
power predictor;

(3) the development of wind power prediction methods. The assessment of
different wind power prediction methods, the effect of increasing
the number of wind power prediction sites in the array, the proper
siting of these prediction sites and the proper simulation method
for producing array power variation from several wind speed
prediciton sites were all investigated in the research;

11



(4) investigation of a modified unit commitment procedure that would
greatly increase the capacity credit given to wind generation.
Without trend wind power prediction and wind power error prediction,
a utility would not be able to connect or disconnect nonwind
generation in proportion to predicted wind generation increase or
decrease respectively. Thus, although one could achieve a capacity
credit based on IOLF calculations, the operation of the utility
effectively prevented wind generation from serving any load since no
nonwind generation capacity is displaced by wind generation. The
modified unit commitment procedure proposed would increase load
following and spinning reserve proportional to the magnitude of the
wind power prediction error. The magnitude of the spinning reserve
increase at any time, which is proportional to wind power prediction
error at that time, is the amount of the wind generation that is not
allowed to be counted at meeting load due to the lack of perfect
prediction of wind power variation. Wind power prediction thus
permits one to provide capacity credit for wind and improvements in
wind power prediction accuracy increase the capacity credit given to
wind array power variation. The research performed in this project
is the only published research on modified unit commitment methods
that can utilize wind power prediction to modify the 24 hour unit
comnitment based on predicted wind generation changes;

(5) the development of a generation control strateqy based on the one
developed in (8] but that utilizes both the trend wind power
predictor and the wind power prediction error predictor for both
meteoroicgical event and turbulence induced variation. The
generation control utilizes the control philosophy in the priority
use of automatic generation control feedforward control, and array
control but incorporates the effects of predicting meteorological
events and the effects of wind array power prediction error. The
generation control strategy proposed would satisfy utility
reliability reguirements while simultaneously assuring economic
operation. Furthermore, the proposed generation control would limit
the cyclicing on large steam units that would increase fuel costs,
increase forced outages, and possibly reduce unit lifetime.

However, the methodology has not been integrated into an individual package.
Thus, the capabilities and performances of the modified unit commitment and
modified generation control can not be fully quantified and validate. and
shound be evaluated in a future research project.

12
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SECTION 1
INTRODUCTION
Two fundamental questions that are to be addressed in the Federal Wiod

Eoergy Eive Year Besearch Plau. 1983:199Q [1] have been investigated and
partially answered in this research project. These two questions are:

1.

(2)

1.

What is the magnitude of capacity credit that can be assigned to wind
energy rroduced from large arrays based cn development of methods for
setting load following and operating reserve levels [1, pg. A4]. The

methods for setting and meeting operating and lcad following requirements
must meet the utility operating reliability standards [19] but have
tremendous impact on the economic breakeven price of wind energy where
utilities would likely begin large scale implementation of wind
development. If there are no capacity credits given to wind because of
operating reserve and load following requirements, the long term economic
breakeven point in 30 year levelized cost for wind energy would be 3 /kWh
(1, A3]. If the load following and operating reserve requirement give
capacity credit to wind eneryy, then wind need not be justified solely
based on fuel displacement and the economic breakeven price of wind
enerqy would decrease substantially. This research project develops a
modified unit commitment procedure based on an hour ahead wind power
prediction that can provide significant capacity credits that depend on
the accuracy of the wind array power prediction at any time;

Develop a geperatioo cootrol strategy that minimizes the impact of large
rapid changes in wind array generation that is caused by "rotor
synchronization" {1, A-3, III-20] of all wind turbines in the array for
large meteorological event wind speed changes. The utility's steam
turbine generation is slow responding and cannot compensate for these
large rapid wind generation changes. Attempting to force these units to
compensate for these large wind generation changes would cause cycling in
these units that would expend significant fuel, increase maintenance, and
possibly reduce unit reliability and lifetime. A modified generation
control is proposed in this research based on an hour ahead prediction of
wind power change. This modified generation control would utilize these
slow responding large steam turbine units up to a limit composed by the
utility; fast responding diesels, hydros and gas turbines that are not
presently effectively controlled, and wind turbine array control of wind
power output as a last resort.

There are four major contributions of this research:

Development of a pey wodified unit couwitweot procedure that utilizes an
hour ahead prediction of trend wind power change and an hour ahead
prediction of the error in this trend wind power prediction. This new
unit procedure would provide significant capacity credit for wind energy
(8% ~ 30%) based on both the magnitude of the wind power predicted over
the next hour and the estimate of the error in this prediction;

13
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2. Development of a new geveratiou coutrol that minimizes the impact of
large rapid "rotor synchronized" array wind power changes on large slow
responding steam turbine units; utilizes the fast responding diesels, gas
turbines, and hydro units to provide the primary compensation for these
large rapid wind energy changes; and utilizes wind array controls to
reduce wind enerqgy changes only when required to maintain the utility's
operating reliability;

3. Development of a ywind power predictico methodology based (a) on
improvements in the previously developed wind speed prediction
methodology [20] and (b) development and assessment of alternate methods
for simulating predicted wind array power from the predicted wind speeds
at one or more sites in the wind turbine array;

4. Development of a wind power predictico error predictor that can estimate
the magnitude of the error in the prediction of trend wind power
variation. This wind power prediction error predictor would estimate the
(2) magnitude of the large cyclic variations in wind array power due to
passage of storm cells through an array; (b) the magnitude of turbulence
induced wind power variations in the array; and (c) the magnitude of the
error in the prediction of trend wind power change. The need to estimate
the trend wind prediction error is due to the fact that (1) this error is
very large compared to the error in predicting electric power demand
(load) over a 24 hour or hour period and (2) this error has major
impact on the capacity credit assigned to wind energy in setting load
following and operating reserve requirements in the new unit commitment
procedure. This error in wind power prediction would also determine
whether feed forward generation control of gas turbines, diesels, and
hydro units needs to be utilized over the next 15 minute period and the
magnitude of the reduction in wind generation change that the closed loop
control of wind array power should allow.

The remainder of this section reviews the work performed under these four
major contributions and where it is presented in this report.

The new unit commitment procedure, developed and presented in Section 2
of this report, is a significant extension of a modified unit commitment
procedure developed by Michigan State University in [3]. The unit commitment
procedure developed earlier (3] assumed that both front and storm
meteorological event induced wind power variation could be accurately
predicted. The results in Section 4 of this report indicate that the trend
variation in both front and storms can be predicted one hour ahead but that
the large cyclic variation in storms cannot be predicted using the wind speed
prediction methods utilized in this research. The unit commitment procedure
(3] proposed that a minute updated unit commitment procedure could be
implemented based on an accurate quarter hour ahead prediction of storm
induced cyclic variation. Moreover, no explicit method was proposed in (3]
for estimating the error in the hour ahead wind power prediction as is
developed in Section 2 and 7 of this report. The unit commitment procedure
proposed in Section 2 would allow the present 24 hour ahead unit commitment to
sch.~dule connection and disconnection of large steam turbine peaking, and
quick pickup units based on a 24 hour ahead prediction of load and a 24 hour

14



ahead prediction of diurnal wind power variation. Operating, reserve, and
load following requirements would be set assuming these 24 hour forecasts of
wind power were accurate and that the wind array power variation due to
meteorological events was small. A quarter hour updated unit commitment would
then be utilized to schedule connection of quick pickup and standby economic,
peaking, and regulating units to compensate for large meteorological event
induced wind power variation. This quarter hour updated unit commitment would
be based on a hour ahead prediction of trend wind power variation as well as
an estimate of the error in this trend wind power predictor. The error in
this predictor would be an estimate of the magnitude of the (a) large storm
induced cyclic power variation, (b) turbulence induced wind power variation,
and (c) error in the trend wind power prediction. Methods for setting
spinning reserve, unloadable generation reserve, and load following reserve
within the quarter hour unit commitment are developed. A method that requires
additional research is proposed for setting operating reserve within the
quarter hour unit commitment. Methods for meeting these reserve requirements
as well as minimizing production cost, satisfying minimum shutdown and startup
constraints, and satisfying minimum and maximum generation constraints on
generators, within this quarter updated hour unit commitment procedure, are
discussed.

A new genaration control procedure is developed in Section 2 that is a
significant extension of the one developed by General Electric in [8]. This
new generation control procedure utilizes the trend wind power prediction as
well as the estimate of trend wind power prediction error. This new
generation control procedure permits the utility to decide the maximum lcad
following response capability in MW/minute to be devoted to compensating for
wind power variations. If predicted maximum wind power change exceeds this
capability, then a feedforward control of fast responding quick pickup units
(diesels, gas turbines, hydros), are utilized to compersate for these large
wind power variations. This generation control is coordinated with the
quarter hour unit commitment so that standby economic, peaking and regulating
units are connected to replace quick pickup units that are connected and
loaded by the feedforward generation control to compensate for wind generation
decreases. The quick pickup generation is unloaded and disconnected if large
wind generation increases are experienced. These quick pickup units are the
primary compensation for large wind generation increases because they can be
connected and loaded or unloaded and discomnected in fifteen minutes. The
actual control of the level of generation in the feedforward control would
depend on area control error in a manner similar to that used on regulating
units on AGC. If the maximum predicted wind power change in fifteen minutes
exceeds the maximum response rate capability of the combination of quick
pickup units under feedforward control and the allocated maximum response of
steam turbine units for wind variation, then closed loop control of array
power output would limit wind generation change to a level that could be
handled by automatic generation control and the feedforward generation con—
trol. Wind generation increase can be limited to any desired value by the
closed loop wind generation control. The ability to predict trend wind gene-
ration change one hour ahead and the use of a maxipup possible wind generation
decrease to determine the rate of generation decrease for the closed loop
array control allows the development of a backoff reserve that would help
compensate for large sudden drops in wind speed.
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The generation control is a very significant extension of the work
performed in (8] because it utilizes the trend prediction of meteorological
event wind power variation rather than a crude Davenport spectrum based
prediction of turbulence induced variation. The use of wind power error
prediction as well as trend wind power prediction to determine when the
feedforward control and the closed loop array control is required and to
determine the amount of the wind array power variation to eliminate via closed
loop array control are two other significant contributions of the research
reported in Section 2. Finally, the ability to limit the response of units
under automatic generation control for wind generation change and the ability
to coordimate the quarter hour updated unit commitment and feedforward genera—
tion control to maintain sufficient quick pickup units in spinning reserve and
response (1oad following) capability are contributions of this work.

The third major contribution of this research is the development of a
wind array power prediction methodology and the assessment of its accuracy and
limitations. An improved wind speed prediction methodology is described in
Section 3 of this report along with a review of previous literature on wind
prediction. The wind speed prediction methodology requires determining the
direction of propagation of the meteoroclogical event, the speed of propagation
of the event and thus the delays between reference measurcment sites and the
wind speed prediction sites in the wind turbine clustei. Methods for
selecting reference groups to insure accurate trend wind speed prediction for
meteorological events and for changing reference groups for arrival of a front
are discussed. The need to provide reference measurement sites that encircle
all wind turbine clusters at a radius of 100 miles is indicated to be required
to insure hour ahead wind prediction regardless of the direction of
propagation of the event. Finally, individual prediction site, reference
group/prediction site, and reference group/prediction group predictive models
are described along with the least square procedure for estimating parameters
of these models.

The accuracy and limitations of the improved wind speed prediction
methodology is assessed in Chapter 4. It is shown that the individual site
predictive model is much more accurate than either the prediction
site/reference group or prediction group/reference group models. It is shown
that filtering the wind speed records seriously distorts the accuracy of the
wind speed prediction and is not required for determining reference groups,
direction of propagation of the front, or prediction delays. Our earlier work
(3] on wind speed prediction utilized filtering and is shown to seriously
distort the accuracy of the prediction and is not otherwise required to
enhance the information in the record required to determine propagation
direction, reference groups, and prediction delays. It is shown thet the
large cyclic variations due to storm cells passing through the prediction
sites cannot be predicted due to their variation over both time and distance.
Reference sites that did not contain storm induced variation was shown to much
more accurately predict the trend change in wind speed at sites regardless of
whether they experienced storm cell induced cyclic variation or not. It was
also found that utilizing reference sites that are closer to prediction sites
proportionately reduces the prediction interval and reduces prediction error.
A 100 mile separation between the reference sites that encircle the prediction
sites was seen to be necessary because the speed of propagation of a
meteorological event can be as high as 100 mph and as low as 0 mph when wind
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speeds are 0 to 40 mph.

The development of the wind array power prediction is begun in Section 5.
The use of several reference sites to produce a predicted wind speed record is
shown to be equivalent to a spatial filtering of the wind speed profile of a
meteorological event. This spatial filtering is shown to occur by time
filtering the reference wind speed record used to produce the predicted wind
speed at sites within the wind array and ultimately the simulated power out of
a wind turbine array. The actual wind speed measurement records at the
prediction sites in the array are also filtered and then used to simulate wind
array power. The filtering of the actual wind speed measurement records
causes a significant increase of power out of the array when wind speed is
near rated wind turbine velocity by increasing the average wind speed and
increasing the period of saturation of 