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EFFECT OF WIND TURBINE GENERATOR MODEL AND SITING ON

WIND_POWE

ABSTRACT

Previous results have [1,2,3], been concerned
with estabiishing {1) whether operating problems
could exist when WECS generation is significant and
{2) the proper modification of unit commitment, regu-

--lation, and economic dispatch required to provide

sufficient system security and alleviate the oper-
ating problems caused by WECS generation changes.
This paper discusses methods of reducing the WECS
geneération change through selection of the wind tur-
biné modal for each site, selection of an appropriate
An
analysis of wind generation change from an echelon
and a farm for passage of a thunderstorm is presented

~ to establish the factors concerning the wind turbine

model and siting configuration that contribute to
-jations. Detailed simulation results indi-
cate more precisely how theseé factors can be
exploited to minimize the WECS generation changes
pbserved. Reduction of the wind generation change
over ten minutes is shown to reduce the increase in
spinning reserve, unloadable generation and load fol-
lowing requirements on unit commitment when signifi-
cant WECS generation is present and the farm
penetration constraint is satisfied. Controls on the
blade pitch angle of all wind turbines in an array or
a battery control are shown to reduce both the wind
qeneration change out of an array and the effective

~farm penetration in anticipation of a storm so that

the farm penetration constraint may be satisfied.

.

INTRODUCTION

" The research reported in this paper is an exten-
sion of previous work [1,2,3]. The objectives of the

eariier work was to determine:

(1} if operating problems could exist on auto-
matic generation control (regulation and
economic dispatch), frequency regulation,
and unit commitment when wind generation
capacity is significant;

the penetration limits on wind generation
capacity that would alleviate these oper-
ating problems.

The results indicated that there were two spe-
cific operating problems which could both be elimi-
nated with proper penetration constraints:

{1) The automatic generation control will satu-
rate for long periods when the total change
in wind generation for passage of a thun-
derstorm front and simultaneous load change
in a ten minute interval will require non-
wind generation change that exceeds load
following capability in a ten minute inter-
val. This problem violates NAPSIC perfor-
mance standards but can be eliminated by
imposing a farm penetration constraint on
the capacity of all wind turbine generators
that can be affected by a single thunder-
storm front.

A cycling problem caused by simultaneous
1oad and genmeration change that induce fre-
quericy deviations that exceed governor
deadband. This continual cycling of steam
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turbine units is objectionable to generator
operators and can cause increased main-
tainance costs, forced outage rates and
ultimately reduce unit life. The cycling
of nuclear units is of concern for safety
reasons in addition to those mentioned
above. The cycling problem can occur due
to a storm front sweeping through a wind
generator array causing large power varia-
tions on successive echelons. A echelon
penetration constraint on the capacity of
all WTGs that can experience simultaneous
change in generation level will eliminate
this cycling problem.

A subsequent study [3] was devoted to a detailed
discussion of the modification of unit commitment,
regulation, and economic dispatch when WECS genera-
tion is significant. A modified farm penetration
constraint is determined that limits WECS generation
to be less than the maximum first contingency loss of
resource or commitment. A violation of this farm
penetration constraint is shown to necessarily cause
an increase in the maximum first contingency Toss of
resource or commitment to the Tlevel of the farm
capacity and thus an increase 1in load following,
spinning reserve, and unloadable generation require-
ments on unit commitment. A discussion of the
methodology, costs and benefits of changing unit
commitment, when WECS generation is significant and
the farm penetration constraint is or is not vio-
lated, is included. A discussion of the methods for
modifying unit commitment is also included. Detailed
simulation results that document the reduction of the
effects of significant WECS generation change through
the modification of the unit commitment regulation,
and economic dispatch is also presented.

A modified echelon penetration constraint is
proposed which 1imits instantaneous change and rate
of change of wind array generation that must be
handied by frequency regulation and regulation con-
trols. This constraint is imposed to limit cycling
of units.

This paper presents both analysis and simulation
results that show how to decrease the WECS generation
change over a ten minute interval through selection
of the wind turbine generator model at each site, the
siting configuration, and controls on the power
variation out of the array. These direct controls of
power out of the array are shown to also permit
reduction of the effective farm penetration below the
farm penetration constraint level and thus make the
increase in spinning reserve, unloadable generation,
and load following requirement depend on the probable
change 1in WECS generation over a ten minute interval
rather than on the farm capacity, which would be the
maximum first contingency loss of resource or commit-
ment for a particular utility if the farm penetration
constraint were violated.

2. ANALYSIS AND SIMULATION OF WIND GENERATION
CHANGE FROM AN ECHELON AND A FARM

The purpose of this section is to:



(1) brieflydescribe the model and simulation of
wind power change from an array of wind
turbine generators for passage of a thun-
derstorm front;

(2) analyze the power change and rate of change
from an echelon and a farm in terms of the
factors that determine these changes;

(3) review the methodology for determining
spinning reserve, unloadable generation,
and load following requirements on unit
commmitment and briefly discuss how the
selection of wind turbine models, siting
configuration and wind array controls can
influence these requirements.

A model of a single MOD-1 WTG and an array of
wind turbine generators is developed. The MOD-1 WTG
model, given in [11, is a static nonlinear model that
relates generation to wind speed if the wind speed
does not exceed the cut out velocity for a sustained
period ,which causes shutdown to avoid damage. The
dynamics of the shutdown startup sequence is also
modeled since a thunderstorm can cause such a shut-
down. A similar model of a MOD-2 wind turbine is
discussed in section 3 of this paper in order to
compare the changes from an identical siting configu-
ration of MOD-1 and M0OD-2 wind turbines experiencing
the identical wind speed profile.

The farm model, which is common for every wind
turbine model, assumes the motion of thunderstorm
front is normal to each echelon. The power out of the
first echelon is then just the generation out of a
single generator in this echelon multiplied by the
number of generators in this echelon. The generation

out of the jth echelon is the generation profile of
this WTG in the first echelon (1) delayed by an

interval (d./Vo) proportional to the distance between

the first and jth echelon and inversely proportional
to the speed of the thunderstorm front, and (2)

multiplied by the number of WTGs in the Jth echelon.
The generation out of all echelons is simply summed
to obtain the generation time profile for the farm
for passage of a thunderstorm front.

The worst case change and rate of change from a
coastal farm will now be determined. The results are
derived based initially on simulation of a worst case
coastal farm experiencing a worst case thunderstorm
wind speed versus time profile.

The worst case MOD-1 siting configuration for a
coastal farm [1], which is a farm located on the coast
of a body of water, shows a 0.5 mi. spacing between
50 generators in each echelon and a 2 mi. separation
between two echelons. The echelons are assumed sited
normal to the motion of the thunderstorm front.

The wind speed profile of a worst case thunder-
storm gust front on the WTGs in the first echelon is
shown in Figure 1A, The initial wind speed increase
is due to the leading edge outflow and the second
segment of high wind speed is due to the trailing edge
inflow. The wind speed increases from 13 km/hr. at t
= 0 to 26.km/hr. at t = 50 causing the power on each
WTG in the first echelon to increase from zero to
capacity (1.5 MW} in that interval. The power re-
mains at capacity for speeds in excess of 26 km/hr.
due to blade pitch controls. The thunderstorm front
was chosen with a 13 km/hr. initial wind speed to
cause maximum power variations out of any WTG.
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The power variation out of the coastal wind farm
of MOD-1 WIGs, shown in Figure 1B, shows two 75
megawatt ramps each 50 seconds Jong which are the
increases 1in generation due to the leading edge out-
flow passing over the two echelons. The two pro-
nounced power decreases are due to the shutdown of
WTGs on both echelons caused by sustained wind speed
exceeding cutout velocity. The time interval between
the successive increases or decreases on the two
echelons is 240 seconds.
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Figure 1

The logic for initiation of shutdown of a WTG
requires the output of a one minute smoothed wind
speed wav(k), to exceed 64 km/hr. Thus, a shutdown

only occurs for the trailing édge inflow because the
excessive wind speed for the leading edge outflow is
not sustained Tong enough to trigger a shutdown.

The power out of any MOD-1 WTG does not decrease
after the first 50 seconds of the leading edge out-
flow passes over {until the shutdown) due to the
blade pitch control that maintains constant maximum
generation over a wide range of wind velocities (26
km/hr. - 64 km/hr.).

An analysis of power variations out of an eche-
Ton and a farm is now performed to determine the
factors that influence power increases and decreases
for passage of a thunderstorm front. The analysis
assumed all WTGs in a farm are similar, and arranged
in straight parallel lines normal to the motion of
the front. The analysis is not restricted to any
particular WTG model if the parameter D is inter-
preted as the distance between the leading edge of
the thunderstorm and the point where the wind speed
reaches VR, the wind speed at which that WTG model

achieves rated generation. This maximum change and
rate of change in generation is derived based on the
additional assumption that the wind speed is below
Vci’ the cut in velocity for the WTG before the front

arrives.

Thg time in seconds for a particular WIG to
change its generation from zero to capacity Cw for a

thunderstorm front is
Ty = 3600 D/V sec Mm

where Vo is the velocity of the front and D is the

distanqe from the very leading edge of the front to
the point internal to the front at which wind speed
first reaches VR’ the wind speed level just suffi-

cient for maximum generation on that WTG model (Cw).
Thus a thunderstorm front with a minimum value of T

M
due to a minimum value of D and a maximum value of Vo,

s oprom
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would require a higher response rate for the governor
frequency regu]atxon and AGC reguTation controls to
handle this change in wind power generation without
excessive or sustained chmage in frequency or area
'contr01 arror.

The time interval Te between initiation of gen-
eration changes on two adjacent echelons is

T, = §§%Q_Q sec (2)

€ 0
where d is the distance between echelons in miles.

The distance d must be greater than D for the response

- 'af two adjacent echelons due to passage of the
Teading eige outflow not to overlap. The shorter T

“and d, the higher the response rate capability of the
prer system requ1red tc handle this generation

~change without excessive or sustained frequency or

- grea *owurdT error changes

he maximum change of generat1on from an echelon
e dlth rated capacity C

and e maximum average rate of change during period
T regui raé for passage of the leading edge outflow

i%

e maximum 3verage rate of change of power from an
helon during the per}od TS required for shutdown

du*1ﬁ§';hé passage of the trailing edge inflow of a

(4)

The maximum power change out of a farm composed
of N WTGs for passage of either the leading edge

outf;ow or tr aﬁfxng edge inflow is
:;,::;; AP, = X C . ST (5)

_ma x}num average rate of change from “the farm

ing the pa rwod“(Nf/N -1 Tt Ty required for the

e in geﬂeratlon dur1ng the passage of the
fng ’dge out\fow is

Nf X Cw

P v (6)
— - 1)7T +T
(Fe ) e M

ximum average rate of change from the farm
e period (Nf/N - 1) T + TS required for

~Shutdown of all the echelons dur1ng passage of the
tra111ng edge 1nf1ow of the thunderstorm front is

- an B Nf X Cw

o )
e g )T+ T
e e e

The formulas for WECS generation change out of
an echelon and farm for passage of the leading edge

defined

outflow are given by equations (3) and (6) where TM
and T, satisfy' equations {1) and (2) respectively.

Results obtained in section 4, where generators in
echelons are randomly sited in a strip D miles long
rather than in straight lines normal to the motion of
the front, indicated that the rate of change of WECS
generation in an echelon for passage of a thunder-
storm trailing edge inflow to be identical to that
for the passage of the thunderstorm's leading edge
outflow. Thus, the formulas for rate of change of
power from an echelon (3) or a farm (6) are appropri-
ate for passage of both the leading edge outflow or
trailing edge inflow if the siting configuration is
not in straight Tines normal to the motion of the
front which will generally be true.

These formulas will not be used to derive de-

tailed expressions that indicate more precisely the
dP

factors that contribute to —3% and —a% so that the

model WTG and siting configuration can be selected to
keep these WECS power generation rates below that of

the power system average response rate capability.

The power rate of change out of an echelon is
quite different depending on whether the density of
wind turbines in an array is or 1s not uniform; 1.e.,
whether the density of wind turbine in an eche]gn,

. 'Ne
PE D x D0 (8)

is or is not identical to the density in the farm

Ne o (Nf )
Pe S WTFDIOC T= =17 (9)
f ol *070D, N; )
where T is the time for the thunderstorm to move
through the farm. The formula for power rate of
change from an echelon (3) becomes upon substitution
of (2} and (9)

dPg pe D o Vo Cu
ot " —3-53-5— (10)
if Pg = Pg @S it is more nearly in a low density

mldwestern farm siting conflgurat1on. Note that V
and D are the veloc1ty of the thanderstorm front and
the wwdth of the front respectively, C is the capac-
ity in Md for the wind turbine model, and PE is the

uniform density of w1nd turb1ne in the farm in #/mv.2
The rate of change of power out of an echelon is

EBE ) D V 0 VR - VCI Cw (an
dt 3505 D VR - ch

if pg > ¢, as in the coasta? farm siting configura-

dP,

tion. Note that in this case _Ef depend on
Cy

Vv - The slope of the power versus wind
R CI speed curve for a wind turbine
model for the range of velocities

VR - VCI where power can change.

o - Ver
e The slope of the wind speed profile
of thunderstorm front for the dis-

tance D into the front.

Bl




D - The distance dinto a particular
thunderstorm front where power will
change on the WTG model considered
or alternately the 1length of an
echelon in the direction of motion
of the thunderstorm front.

The formula for power out of a farm (6) has the
form

dPe Lo Dy ¥y Cy

dt T T 300
upon subsititution (1,2, 9) into (6). Note when the
density of an echelon is the same as that of the farm,
the rate of change out of an echelon is the same as
that out of the farm,

(12)

It is clear that the wind generation rates of
change from an echelon (10,11) and farm {12) depend
on the width (Do), speed (Vo), and the slope
R - Ver
—7p — of the Teading edge outflow for the thun-

derstorm front. The remaining parameters depend

. W
either on the WTG model (Cw, VE_:_VEI’ D) or on the

siting configuration (pf, Pas d). The effects of

different WTG models and siting configuration charac-
teristics on the change and rates of change from an
echelon and a farm for different wind speed profiles
will be demonstrated in the next two sections of the
paper. The purpose of studying the effects of WTG
models and siting configuration patterns is to ana-
lyze how such factors can be used to minimize WECS
generation change and thus minimize any increase in
load following, spinning reserve and unloadable gen-
eration requirements provided through unit commitment
modification when WECS generation is present. These
increased requirements add to fuel, operating, and
maintainance costs but are required to maintain sys-
tem security as discussed in[3]. Changes in regula-
tion and economic dispatch f]oad following) controls
must also be implemented [3] to take advantage of the
increased response and response rate capability pro-
vided by the increased spinning reserve, unloadable
generation, and Toad following capability, when WECS
generation is present. Thus minimizing WECS genera-
tion change by WTG model and siting configuration
selection can either dramatically decrease or possi-
bly eliminate the need for modifying the unit
commitment, regulation, and economic dispatch when
WECS generation is present.

A brief discussion of spinning reserve, unload-
able generation, and load following requirements and
how they are affected by the magnitudes of the change
and rate of change from an echelon and a farm is now
presented. The two factors that determine the
spinning reserve, unloadable generation, and load
following requirements are the maximum probable rise

AL: and drop AL; in thermal load in ten minutes.
These maximum probable changes are defined as

+ + +
ALk = max{(Lk+] - Lk)T + DR + qwk + QLk’ 0}(13)
&L = max{-(Lk+] - Lk)T 0ot Q t Wi 0}
where

Lk - thermal Toad at the k hour
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(Lk+] - Lk)T - predicted change in thermal load in
ten minutes

T = .1667 hour = ten minutes

Q;k Maximum probable drop in WECS genera-
tionoutput in 10 minutes

Qﬁk Maximum probable rise in WECS genera-
tion output in 10 minutes

Q:k Maximum probable rise in

system load
in 10 minutes .

QEk Maximum probable drop in system 7load

in 10 minutes

DR Largest single resource (generation
or import) subject to failure

D¢ Largest single commitment (export)
subject to failure
The spinning reserve SRk, unloadable generation
SSk, and load following capabilities LFk for a unit
commitment where

G Required load-following capacity

k

f Average minimum generation Ieyel of
load-following units as a fraction of
maximum capacity

g Average operating level of load-
k following units above level f(Uj_gk <
1 - f)

r Average ramp rate of Toad-following
units in % of rated capacity per
minute

are defined as

SRk ={1-f- gk) Gk
SS

k= 9 G (14)

LFk = 10r Gy

when there is no unconnected hydro or pumped storage
units, interruptible Tload, and unused but connec@ed
base loaded generation to contribute to spinning
reserve and unloadable generation capability. The
requirements for security on the system are that

SR = (V- f-g)6 " 2aL (15)
SS, = 9 6 2 ALy (16)
LF, = 10r G, > max(aLy, AL}} 7)

The presence of significant wind generation can
affect the maximum first contingency loss of resource
DR and commitment DC and the probable rise QWk and

drop Q;k in wind generation in ten minutes. The farm

penetration constraint [3] Timits the maximum change
in wind generation in an array for passage of a
thunderstorm to be less than the minimum of the
maximum first contingency loss of resource or commit-
ment

Np C, < min(Dp, D) (18)



where Cw is the capacity of each of the Nf wind

turbines in the farm. If the farm penetration con-
straint js_violated in some region due to favorable

economics and JTimited siting availability due to
wind, environmental or other factors, then either DR

or DC or both must be increased to the farm capacity
+ - . .
and ka = QWk = 0. The logic for changing DR, Dc or

both is that the maximum first contingecny loss of
resource or commitment is now the worst case changes
“in wind generation due to passage of the thunder-
storm's trailing edge inflow and leading edge outflow
...respectively as indicated by thg simulation results
—givenzarlier in this section. Q. and Q are set to
"~ zero because the effect of wind generation has been

already included in adjustment of DR and DC and thus

¥+ -
ALk and ALk.

If the farm penetration constraint is not vio-
lated, DR and Dc are not changed and values of Q;k and

Q&kmugt be determined. These probable or predicted

changes in wind generation (Q;k’ QWk) depend on the
anticipated wind conditions, the wind turbine models
in the array, the siting of wind turbines, and the
correlation of wind speeds at the various sites.
These factors and their effect on the probable change
in WECS generation in ten minutes will be discussed
in the next two sections.

Two methods for determining or setting Q;k’oﬁk

were discussed in [3]. The first method is based on
reliability analysis that includes the statistics of
WECS generation change on a particular array_for
anticipated wind conditions and can select ALy in
addition to qL:. A second method would select Q;k and

*"'Qﬁ!igggééjénwa’weighted prediction of change of WECS
gensration change on a specific array and anticipated
wind conditions, The weighting would depend on the
operating procedure of the utility.

The proper selection of wind turbine models and
the s%téng cénfiguration can dramatically reduce Q;k
gnq Q&k when the farm penetration constraint is sat-
_Isfied. Thus the analysis of how the factors in the

TE ol .- . C
. e W .
wind turbing model (Cw, VE—:—VEI, D) and the siting

configuration (pf, Pes d} can be selected to reduce

WECS generation change can provide guidelines for
siting wind turbine generators and model selection.

+
The values of Dp and D, (and thus AL, and AL;)can

not be reduced by wind turbine model or siting con-
figuration selection if the farm penetration con-
straint is violated since the NF Cw = DR = DC and the

farm penetration level does not necessarily depend on
the wind turbine model and siting configuration but
on the total capacity of wind turbines in an area
swept out by a thunderstorm. The effective farm
penetration can be reduced if the farm penetration
constraint is violated by the controls discussed in
section 5, These controls would reduce DR and DC and

RTINS

thus spinning reserve, unloadable generation and load
following requirements if the farm penetration con-
straint were violated.
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3. EFFECTS OF THE WTG MODEL

The analysis in the previous section showed that
the change and rate of change of wind generation out

of an echelon and farm are dependent on the following
wind turbine model parameters; capacity Cw, the slope

of the change of power produced with wind speed
v—:%——, and the distance D into the leading edge
R™CI

outflow where the wind speed first reaches rated
velocity VR for the WTG model. The capacity CH and

distance D are much larger for a MOD-2 WTG than for a

C
MOD-1 while the slope W is nearly identical for
Ve

the two WTG models. Thus, the change and rate of
change of generation for an echelon (10,11) and farm
{12) of MOD-2 WTGs will be much larger than for an
identical echelon and farm of MOD-1 WTGs.

A detailed model and simulation of the MOD-2 and
the MOD-2 wind farm was developed and is discussed in
[3]. The discussion of the detailed operation of the
MOD-2 is omitted here. The simulation of the coastal
farm of MOD-2 wind turbines experiencing the Mitchell
storm front is presented and compared with similar
results for the M0D-T1 presented in section 2. These
simulation results on the MOD-2 confirm the results
of the above analysis of the differences in power

change and rate of change from the MOD-1 and MOD-2.

The power out 6% a cdasta] farm of MODiérﬁind
turbines experiencing the Mitchell storm front is
shown in Figure 2. Note that the power increases are

+*

dPe
=% - 1.75 Mid/sec.

which is larger than for the MOD-1 and that the period

rather than 50s for the MOD-1. Thus the total power
change, the rate of change, and the period over which
the change in power on an echelon of MOD-2 WTGs is
significantly larger than for an identical ehcelon of
MOD-T WTGs experiencing the same Mitchell storm front
as predicted from the analysis.

_over which power changes on each echelon is TM = 80s
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Figure 2 The Power Qut of a Coastal Farm of
MOD-2 Wind Turbines Experiencing
The Mitchell Storm Front

The power output of the MOD-2 WTGs in the first
echelon fall with the decrease in wind speed after
passage of the very high winds of the leading edge
outflow. The power output of a MOD-1 remains con-
stant during this period because VR = 18 mph is much

lower on a MOD-1 causing the blade pitch controls to
keep power output constant when wind speeds are above

VR'
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The power increase out of the second echelon
starts at Te = 220s and is similar to that out of the

first echelon. The power drop due to shutdown of the
two echelons is quite rapid. The power decrease out
of the first echelon is shown at t = 650 seconds
followed almost immediately by a ramp increase in
power on the second echelon due to increasing wind
speeds for passage of the trailing edge inflow over
this second echelon.

4, EFFECTS OF SITING CONFIGURATION
ON WECS GENERATION CHANGE

The purpose of this section is to discuss how
following factors affect the probable WECS generation
change in ten minutes (ka’ ka):

(1) density of WIGs in a farm o when N.C, is
held constant;

(2) uniformity of the farm siting configuration
when NfCN and Pe values are held constant;

(3) the wind speed characteristics of typical
thunderstorms; and

(4) the correlation of wind speed characteris-
tics at various sites in an echelon and

farm.

This discussion will indicate how each of these
factors affect probable changes in WECS generation

for ten-minute intervals (Q;k, Qﬁk)' and how one

might attempt to minimize these probable changes and
thus to minimize the changes in spinning reserve,
unloadable generation, and load following capability
required if the farm penetration constraint is satis-
fied. The siting configuration has no affect on the
spinning reserve, unloadable generation, and load
following requirements if the farm penetration con-
straint (18) is violated since the change in these
requirements are embodied in changes in DR and Dc to

the farm capacity (NfCH) and not changes in Q;k
and Qﬁk'

The effects of increasing o and not Nf or
penetration Nwa is indicated by simulating the WECS

generation change out of a coastal farm of MOD-1 WTGs
experiencing a Mitchell storm front when the distance
between two echelons is decreased from 2 miles to 0.5
miles. The power change from this modified coastal
farm, where the total number of WTGs is unchanged but
the farm density is increased 2.5 times, is shown in
Figure 3A. The average WECS power change as a
function of the length of the interval over which the
average is computed is plotted for the WECS genera-
t1on_change out of the modified coastal farm siting
configuration in Figure 3B. Note that the average
power system response rate capability curve is also
included in Figure 3. The increased farm density has
not increased the instantaneous rate of change in
power from an array but held it at the Tevel for 100s
rather than 50s. The farm and echelon penetrations
have tq be reduced from 6% and 3%, respectiveiy, to 4%
and 2%, respectively, so that the average WECS gen-
eration change would not exceed power system response
rate capability. If the density were increased as
indicated, while holding the number of WTGs (N¢) and

penetration (Nfcw) constant, the peak frequency and

area control error deviations would be Tlarger and
would not be reduced to low values as quickly because
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the system response and response rate capability are
more severely stressed by the same total WECS genera-
tion change occuring in a shorter interval.
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Figure 3 Power Change and Rate of Change
from the Modified Coastal Farm
of MOD-1 WTGs

The effects of reducing both farm and echelon
siting densities without changing farm penetration is
shown by simuTating the WECS generation changes from
the midwestern farm and coastal farms of MOD-1 WTGs
as shown in Figures 4 and 5. The midwestern farm has
the same 100 WTGs in 10 echelons of 10 WTGs each with
separation between every WTG equal to 0.7 miles. The
spreading out of generation, by reducing or and P

and reducing Pa to values that more closely approach
o
1.4 ¢ midwestern
e 4 Pe coastal
eliminates the saturation of area control error,
reduces frequency and area control error deviations,

and permits the utility to handle the WECS generation
easily in a manner similar to load changes.

Thus, reducing farm and echelon density and
maintaining echelon density at or near farm density
levels {uniform low density farm siting patterns)
could dramatically reduce WECS generation changes in
ten minutes and the need to increase load following,

KRR
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° spinning reserve, and unloadable generation require-
- ments. It should be noted wind speed characteris-

tics, site availability, legal and environmental con-
straints seriously T1imit the ability to select
unifor density siting configurations. A coastal
farm, where wind speéeds drop as distance from the
Coast increases, is one example where higher non-
uniform density configurations are Tikely.
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Figure 4 Effects of Power from a Coastal Farm

~.. on System Frequencv and ACE
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£ = Farm on System Frequency and ACE

The siting pattern assumed to this point is that

1 WiGs ara sited in straight lines normal to the
nt althoiugh the definition of an echelon included
generation in strip Do miles wide and D miles long

_the diréction of the motion of the storm front.
The echeTons were separated by a distance d which was
greater than the MOD-1 or MOD-2 WTG value of D for the
coastal and midwestern farm configurations. The
effects of randomly siting WTGs in the farm main-
taining a 0.5 mi. separation between WTGs, which
avoids turbulence and loss of efficiency, was inves-
tigated for both coastal and midwestern farms. This
random siting has the effect of making the density o,
of WTGs in every D x D0 area smaller and much closer

rm de Thus, this random siting

f density Tevels. 5 rand
shows the effect of spreading out the siting within
“ah echelon and the effects of reducing echelon
density.

The coastal farm, with a d = 2.0 mile separation
- between echelons, was randomly sited by restricting
all WTGs within the two mile strip but maintaining a
= 0.5 center band within this strip to satisfy the
_=—— ' turbulence avoidance constraint. Note from Figures 1
- and 6 for the original and randomly sited coastal
- farm, respectively, that randomly siting WTGs has
e - smoothked out the power increases for passage of the

____ thunderstorm leading edge outflow so that the rise is
— continucus with no intervals where WECS generation

| 01 ‘\‘
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change has stopped. Random siting has made the drops
in generation due to passage of the trailing edge
inflow almost as smooth and continuous as the in-
creases. This result indicates that the large almost
instantaneous drops in generation, that could occur
due to simultaneous loss of generation on an entire
echelon, is not likely since the siting configuration
is not likely to be perfectly straight lines normal
to the _motion of the thunderstorm front. The large
frequency changes, which result due to the inability
of frequency regulation to cope with such large
instantaneous change, is also not likely.

The average response rate over a 70 second
interval for this random sited coastal farm and the
original farm are almost identical, as can be seen by
comparing the power change on the two farms at t = 70s
in Figures 6 and 1. This indicates random siting has
virtually no effect on the average rate of change
that must be coped for by frequency regulation and
regulation in 60 seconds given by (10) for this
Mitchell front. However, randomly siting the coastal

_farm would 1ikely have greatly reduced the WECS gen-
“eration changes for the O'Hare & wind speed profile,

shown in Figure 7B, where adjacent echelons of the
coastal farm had simultaneous increases. This random
siting of echelons, which makes echelon densities
smaller and more equal to farm density, could thus
have decreased the changes in WECS generation out of

the coastal farm. This result confirms that

(a) reducing echelon density and penetration,
and

(b) making echelon density uniform by making it
more nearly equal to farm density

decreases WECS generation change over ten minutes

(Q;k, Qﬁk) as well as instantaneous rates of change

‘which must be handled by frequency regulation and

regulation controls.
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Figure 6 Random Sited Coastal Farm of
MOD-2 WTGs with the Mitchell
Storm Front

Wind speed time profiles during thunderstorms at
Chicago's O0'Hare International Afrport and at
Ludington, MI were measured and used at inputs to the
original coastal farm siting configuration of MOD-2

_WTGs, replacing the Mitchell storm front wind speed

profile used exclusively up to this point. The power
fluctuation out of this coastal farm for these vari-
ous thunderstorm wind speed versus time profiles are
given in Figures 7A-7D. ‘

. The actual measurements of wind speeds at these
sites indicate there can be several peaks and 1lulls
in a wind profile (Figures 7A-7C) and that the
time interval between peaks can vary between 10 min-
utes to 40 minutes. The gradual buildup of wind speed
for an advancing storm and the eventual peaks and
lulls in the actual storm can be seen in Figure 7D.
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The power from the coastal farm indicates that
WECS generation changes can occur simultaneously on
the two echelons which was not true for the Mitchell
front. These WECS generation changes sometimes add
giving short term ( -~ 1 minute) WECS generation change
that is larger than can occur on a single echelon.
This occurs at t = 300s and 1800s in Figure 7B where
WECS generation changes reach 150 MW and 170 MW when
the capacity of the echelon of MOD-2s is 120 MW. The
repetition ot these changes in wind speed and genera-
tion and the long duration of the thunderstorms (-
hour) were not anticipated based on the Mitchell
storm front data.
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Figure 7A O0'Hare 2 Storm Front on the
Coastal Farm of MOD-2 WTGs
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Figure 78 O'Hare 6 Storm Front on the
Coastal Farm of MOD-2 WTGs
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Figure 7C 0'Hare 5 Storm Front on the
Coastal Farm of MOD-2 WTGs
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Figure 7D 0'Hare 4 Storm Front on the
Coastal Farm of MOD-2 WTGs
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The effects of these large and cyclic power
variations from the coastal farm of MOD-2s experi-
encing the 0'Hare 6 wind speed versus time profile is
shown in Figure 8. The simulation is performed on
the 4000 MW system with 5% load following capability
and experiencing %%/min. Toad change for ten minutes
in addition to these WECS generation changes on the
5.5% penetration coastal farm. The power variations
from the coastal farm with O'Hare 6 wind speed pro-
file is large and oscillatory. This is observed in

large area control error and frequency deviations
that reach peak to peak 150 MW and .03 hz respectively
at t 300s and approximately similar values at
1800s. The area control error saturated in both
positive and negative directions within 100s in each
case. Economic dispatch and economic dispatch/regula-
tion units take on the load increase over the first 20
minutes and then respond to the overall cyclic (t
800s) power changes in WECS generation, but not the
faster changes seen on base and hydro units.
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Figure 8 Effect of the O'Hare 6 Storm Induced
WECS Generation Change on System
Frequency and ACE

The lan?e power changes from the coastal farm
with 0'Hare 6 wind speed profile are truly excessive
for the 4000 MW system not only in size but also in
terms of their repetition at t = 300, 1800 and 2700s
and the duration of these changes (t 3600). The
size of these oscillations is due, in part, to the
occasional overlapping of generation increases or
decreases on different echelons. These large WECS
generation changes can repeatedly cause saturation in
area control error in both directions over a very
short interval.

It would appear that reducing farm and echelon
density without changing farm penetration would re-
duce the magnitude of these fluctuations. This is
shown in Figure 9 where the O'Hara 6 wind speed
profile is inserted into the midwestern farm configu-
ration. Note that compared to coastal farm changes
in WECS generation, shown in Figure 9b, the peaks and
sharp valleys have been eliminated. The result in-
dicates high echelon and farm density can have a
major effect on the WECS generation changes over ten
minutes as well as those over 60 seconds thus in-
creasing spinning reserve, unloadable generation, and
load following requirements as well as effecting the
measures of operating reliability such as the average
area control error and interval between area control
error zero crossings.

It should be noted that the width of peaks and
valleys, and duration between such peaks and valleys,
probably are related to the very structure of a
thunderstorm wind pattern. If statistics were deter-
mined on the width of peaks and valleys and duration
between them, rules or principles for siting in
coastal and midwestern farms could be developed that



would minimize WECS generation change out of an

s array. The analysis of wind speeds and the appro-

e priate principles for siting WTGs is a subject for
e further research.
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analysis and simulation of thunderstorm
S generation changes have assumed that the
at every point along a straight Tine
1 re direction of front motion is identical
perfectly correlated and that the wind speed
) propagates at V,  so that each WTG observes

2 wind speed profile. This may not be true in

2t

“and thus an effort is made to assess what
the assumption of perfect correlation of wind
. 1 an echelon and the assumption that the wind
“speed profile propagates from echelon to echelon
unchangad has on the size of power variations from a
farm. The present correTated echelon wind farm model
works as follows. S

: : power out of a single WTG is multiplied by
- of WTGs in an echelon and then this echelon

,ﬁﬁf'is:déiayea b}iﬁd 3600 to get the output
o Abe-Abees. AN Vo

< iX UpoWer 6u

_of the nth echelon. The output of all echelons is
then summed. This wind farm model assumed all wind
speeds 1in an echelon are perfectly correlated and

wind speed profile propagates from echelon
second wind farm model assumes power

_:'1 =18

. A
2ach WG

ndependent. If power out of each

e a gaussian process, then if all

in a farm see independent identical

" ergodic wind speed processes, a sample
of the power out of such a farm is

) = Nemy + [ (Pw(t) - mx) (19)
I

where my =‘%if0Pw(t)dt ?ﬁd Pw(t)ﬂis a s§wp1e'function

of the power out of a single WTG for this wind speed

process. A perfectly correlated model of power out

“of afa ﬁ"é?suﬁed"the’wind’$§éé&”5665éss.at every WTG
- are an jdentical stationary ergodic gaussian
- processes which are perfectly correlated so that

(20)

The output of independent model, perfectly
correlated model, and the perfectly correlated
_echelon wind farm model are shown for wind speed
profiles measured during thunderstorms at O'Hare 5
~and 6 in Figures 10 A-C, respectively and 11 A-C,
- eCtively. Note that power variations out of the
tly correlated model, perfectly correlated

- echelon model, and independent model are generally
successively smaller. There are exceptions when the
perfectly correlated echelon model has larger power
variations than the perfectly correlated model, which

0CCars when power increases on different echelons
“ simultanesously.

The assumptions concerning the correlation of
wind speeds at various sites thus not only affect the
magnitude of the variations over a one minute inter-

-val but also the variations over a ten minute inter-
val. Thus, the correlation of wind speeds can sig-
nificantly affect the statistics of the changes in

WECS generation out of an array over a ten minute
interval and thus the selection of (ka, ka) in the

load following, spinning reserve, and unloadable gen-
eration requirements.
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Figure 10 Independent, Uorrelated Farm, and
Correlated Echelon Wind Speeds on
WECS Generation from the Coastal
Farm with O'Hare 5 Wind Speed Profile
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Figure 11 Independent, Correlated Farm, and
Correlated Echelon Wind Speeds on
WECS Generation from the Coastal
Farm with 0'Hare 6 Wind Speed Data

5. EFFECT OF WIND ARRAY CONTROLS

The prevqu§r two sections discussed factors,

. - ¢
which depend on the WTG model (C,, D. W ) and
o W VR -V

sitingffoﬁ?ﬁahhatfon'(pf; Pes d), that affect prob-
able WECS generation change (Q;k, Qak)' The selec-

tion of wind turbine models and siting configuration
are often based on economics, wind conditions, site
availabiltiy and other factors which do not permit
the most favorable WTG selection and siting
configuration combination. Moreover a5 WECS genera-
tion penetration increases no WTG model and sitjng
configuration will reduce the probable changes (ka,

Qﬁk) in WECS generation sufficiently to eliminate the

need'for increased spinning reserve, unloadable gen-
eration and 1load following requirements and the

PR e onl
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appropriate modification of regulation and economic
dispatch controls as described in [3]. Finally, WTG
model and siting configuration selection only have
effect on reducing the need for modifying unit
commitment, regulation, and economic dispatch if the
farm penetration constraint is satisfied.

The direct controls of WECS generation change,
discussed in this section, can:

(1) reduce the effective farm penetration when
thunderstorms are present and thereby make
an array that would otherwise violate the
farm penetration constraint effectively
satisfy the constraint. This satisfaction
of the farm penetration constraint thus
makes the increase in spinning reserve,
unloadable generation, and Toad following
requirement depend on the probable ghange
in WECS generation in ten minutes ka and

Q;lk and not on the modification of Dp and
DC to NF CN;

(2) significantly reduce the probable WECS gen-
eration changes in ten minutes (Q. ka)

assuming that WTG model and siting configu-
ration have been appropriately selected and
that the effective penetration of the array
with these controls present satisfies the
farm penetration constraint.

Two direct controls limit the WECS generation
change out of an array during any ten minute interval
by coordinated control of blade pitch angles of all
WTGs in an array. These controls would also reduce
the apparent farm penetration during thunderstorms so
that it meets the farm penetration constraint. One
of these controls would clip WECS generation change
in any ten minute interval and the other causes
partial shutdown of each echelon in anticipation of
the storm so that the effective farm penetration
satisfies the farm penetration constraint and the
WECS generation changes are capable of being handled
by the unit commitment, regulation, and economic dis-
patch controls that are set when WECS generation is
not present.

The partial shutdown of each echelon reduces
both the ramp WECS generation increases and the
sudden WECS generation drops on each echelon by 50%.
The area control error, frequency, and tie line power
deviations for each of these changes 1is thus
decreased by approximately 50% also.

Frequency regulation is seen to be more capable
of quickly reducing frequency deviations after the
sudden drops of WECS generation on each echelon be-
cause they are smaller. Finally the saturation of
area control error after the drop in WECS generation
on the second echelon is reduced from 500s to 100s
indicating the effectiveness of a partial shutdown in
anticipation of the arrival of a thunderstorm front.

This partial shutdown would require wind speed
monitors .to detect the approach of a thunderstorm
from any direction. Both clipping and partial shut-
down would result in lost energy and that may some-
what reduce the economic attractiveness of the wind
turbine arrays.
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Figure 12 Effect of Partial Shutdown on
ACE and Frequency Deviation

6. CONCLUSIONS

The paper discusses methods of reducing the wind
generation changes from an array for passage of a
thunderstorm by wind turbine model selection and site
configuration selection. Coordinated blade pitch
controls are also discussed and can be used to reduce
the effective farm penetration level so that the farm
penetration constraint is not violated. Satisfaction
of this constraint implies that the added spinning
reserve unloadable generation and load following re-
quirement on unit commitment and the added response
capability of AGC controls depends on WTG model se-
lection and site configuration selection and not on
the capacity of the farm. These coordinated blade
pitch controls on each WTG in the array could also
reduce the wind generation change out of an array
much as wind turbine model and site configuration
selection. The wind generation change after appro-
priate wind turbine model selection, site configura-
tion selection, and coordinated blade pitch controls
must be responded to by the units under AGC control.
Limitation on site availability and wind turbine
model selection and economic incentives for higher
density siting may contribute to a rather significant
change and rate of change in WECS generation espe-
cially during severe weather conditions. The adjust-
ment of unit commitment to allow sufficient spinning
reserve, unloadable generation, and Joad following
capability and the adjustment of AGC controls to
exploit the response capability available from unit
commitment are discussed in [3].
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