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Abstract—The paper analyzes the impact of integrating wind
generation on the regulation and load following requirements of
the California Independent System Operator (CAISO). These
requirements are simulated and compared for the study cases with
and without wind generation impacts included into the study for
the years 2006 and 2010. Regulation and load following models
were built based on hour-ahead and five-minute ahead load and
wind generation forecasts. In 2006, the CAISO system peaked at
50270 MW. Wind generation (at the installed capacity of 2600
MW) had limited impact on the requirement of load following and
regulation in the CAISO Balancing Authority. However, in 2010
(with an expected installed capacity of approximately 6700 MW),
this impact will significantly increase. The results provide very
useful information for the CAISO to adjust its scheduling and
real-time dispatch systems to reliably accommodate future wind
generation additions within the CAISO Balancing Authority.

Index Terms—Capacity, load following, load forecast, ramp
rates, real-time dispatching, regulation, scheduling, swinging door
algorithm, wind generation forecast, wind power.

I. INTRODUCTION

IND power is an important renewable energy resource
W in California. Installed wind capacity in California is
rapidly growing, and is becoming an important component of
the future power generation portfolio. To further develop renew-
able power, the state enacted a Renewable Portfolio Standard
(RPS) requiring each retail seller of energy to procure 20% of its
customer sales from renewable energy resources by December
31, 2010.

Over the last decade, researchers have made significant ef-
fort to evaluate the impact of wind generation on the operations
and cost of power grids. Grubb [1] addressed the integration of
renewable energy into large power system. Hatziargyriou and
Zervos [2] described more recent state and prospects of wind
power in Europe. Parsons et al. [3] and Smith [4] presented com-
prehensive reviews on the wind impacts on the U.S. power grid.

Many researchers have addressed more detailed studies on the
impacts of wind generation on the operation of power systems
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of different nations [5]-[12]. Strbac et al. [13] assessed the costs
and benefits of wind generation on the U.K. electricity system
based on assumed different levels of wind power capacity. In a
study on the potential impact of wind generation on the load fol-
lowing capability of a medium-sized power system, Persaud et
al. [14] found that the magnitudes of power output fluctuations
from well-dispersed wind farms are small compared to system
demand variations. Consequently, a conclusion was made that
wind power expansion would not impose significant additional
load following duty on the power system. Persaud et al.[15]
studied the potential impact of significant wind power capacity
on generator loading levels, system reserve availability and gen-
erator ramping requirements, and found that wind power gen-
eration did not significantly increase the ramping duty on the
studied system. Ummels et al. [16] investigated the technical
capabilities of a thermal generation system for balancing wind
power by taking into account ramp-rate constraints. Sgrensen
[17] studied the wind integration on ramp rates of power grid,
focusing on the ramping characteristics of the wind farm at dif-
ferent power levels. Holttinen [18] estimated the increase in
hourly load-following reserve requirements based on real wind
power production and synchronous hourly load data in the four
Nordic countries. The result demonstrated an increasing effect
on reserve requirements with increasing wind power penetra-
tion. In [19], Ummels et al. presented balancing generation/load
imbalances and their implications on the Dutch power system
integration of wind power. Kirby and Hirst [20] discussed the
economic efficiency and equity benefits of assessing charges on
the basis of customer-specific costs, focusing on regulation and
load following, and determined the extent to which individual
customers and groups of customers contribute to the system’s
generation requirements for these two services.

Generally, these studies used sequential time-series to model
and forecast the wind and load behaviors followed by extensive
statistical analyses to characterize the wind and load variability.
In some studies, such as [21], detailed modeling of ancillary ser-
vice deployments was performed to determine both the amount
of ancillary service required to be procured as a function of wind
penetration, and to assess the suitability of procurement pro-
cedures. Then, system-wide power production simulation was
performed to determine the system’s ability to provide ancil-
lary services and associated costs of these services [21].

From California’s perspective, the California Energy Com-
mission (CEC) studied the impacts of all types of renewable re-
sources on the power system. Their examination of wind power
effects included only modest increases in load following and
regulation requirements [22], [23]. In a study conducted inter-
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nally by the CAISO [24] using a mathematical model of the
CAISO operations and market, it found that the wind generation
had a considerable impact on the regulation and load following
requirements. A disadvantage of this former study is that it was
oriented to the previous CAISO operational and market systems
that included manual real-time dispatch. The former study did
not simulate an advanced wind generation forecasting service
and was not capable of evaluating the future wind generation
impacts. These drawbacks have been overcome in this study.
Since then a major reorganization of the CAISO market system
has been undertaken. The CAISO operates a two settlement
market structure, a day-ahead market which allows parties to
bid and schedule load and generation for the following day and
a real-time market which clears supply and demand on a five-
minute basis to meet current system conditions. A third piece
of the market structure is the hour-ahead scheduling process
(HASP) which allows parties to submit further bids, clears con-
gestion, and issues advisory schedules and prices but does not
have a formal settlement [25]. The CAISO Participating Inter-
mittent Resource Program (PIRP) [26], [27] includes a manda-
tory day-ahead and hour-ahead forecast service for participating
resources. It is expected that new wind generation projects will
opt to join the PIRP.

The subsequent sections of this paper describe a detailed
methodology to determine the amount of regulation and load
following capability needed in the CAISO Balancing Au-
thority. Minute-to-minute variations and statistical interactions
of the system parameters of wind generation and load forecast
involved in actual scheduling, real-time dispatch, and regu-
lation processes are modeled with sufficient details to mimic
the actual CAISO operating practice to provide a robust and
accurate assessment of the additional load following and regu-
lation capacity, as well as ramp rate and duration requirements
caused by the integration of wind generation in the CAISO’s
Automatic Generation Control (AGC) and load following Au-
tomated Dispatch System (ADS) systems. The expected wind
profile in 2010 was developed by AWS Truewind, while the
expected load demand was scaled up using actual 2006 load
data. Load and wind forecast errors observed in 2006 were
then added to the expected load and wind profiles for 2010 to
determine the forward schedules. Simulations mimicking the
CAISO market timelines with and without wind generation
were done to determine the load following and regulation
requirements due to wind. The proposed methodology can be
used by balancing authorities, utilities, project developments
and government organization (RPS developers) to evaluate
more accurately the impact of wind generation impacts on the
grid balancing generation requirements.

This paper is organized as follows. In Section Il, the basic
concepts of CAISO real-time and hour-ahead dispatch are
described. In Section Ill, the methodology applied by the
CAISO to model load and wind generation forecast errors
is presented. Load following and regulation assessment, and
ramping requirements assessment are presented in Section IV.
The method to forecast hour-ahead and real-time load and wind
generation are described in Section V. The stochastic behavior
of the variable load models and wind resources are presented
in this section. In Section VI, simulation results are presented
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Fig. 1. CAISO hour-ahead scheduling timeline.

and analyzed. Conclusion remarks and a discussion of the
implications of the results are presented in Section VII.

Il. CAISO SCHEDULING AND REAL-TIME
BASICS AND TIMELINES

The methodology developed to analyze the wind generation
impacts is based on a mathematical model of the CAISO’s
actual scheduling, real-time dispatch, and regulation processes
and their timelines. Minute-to-minute variations and statistical
interactions of the system parameters involved in these pro-
cesses are depicted with sufficient details to provide a robust
and accurate assessment of the additional regulation and load
following capacity, ramping and ramp duration requirements
that the CAISO Balancing Authority is expected to face with
higher penetration of wind generation.

A. Generators’ Schedules

Hour-ahead schedules are hourly block energy schedules in-
cluding the 20-min ramps between hours (Fig. 1). They are pro-
vided 75 min before the actual beginning of an operating hour.

The load forecast used for the hour-ahead scheduling process
is provided 2 h before the beginning of an operating hour. The
difference between the day-ahead and hour-ahead schedules
constitutes the required generation adjustment. The CAISO
facilitates the adjustment bids and the market.

Load following is an instructed deviation from schedule
caused by the real-time (or supplemental) energy dispatch.
The desired changes of generation are determined in real-time
for each 5-min dispatch interval. Fig. 2 illustrates how the
generators in the CAISO Balancing Authority are scheduled
and dispatched.

B. Real-Time Dispatch and Regulation

Under normal operating conditions, supply and demand in a
power grid must always remain balanced. In real-time, gener-
ators under automatic generation control are adjusted to match
any variation in demand. Generally the variations in generation
and demand are difficult to predict, therefore, the system dis-
patchers need appropriate automatic response and reserves to
deal with rapid and slow variations from a few minutes to sev-
eral hours.

The real-time dispatch is automatically conducted by the
CAISO’s MRTU applications using 15-min intervals for unit
commitment and 5-min interval for economic dispatch. Fig. 3
illustrates the timeline for this process. The desired changes of
generation are determined in real-time for each 5-min dispatch
interval 5 min before the actual beginning of the interval.
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Fig. 3. CAISO real-time dispatch timeline.

System information used for that purpose is dated back 7.5 min
before the beginning of the interval. Units start to move toward
the new set point 2.5 min before the interval begins. They are
required to reach the set point in the middle of the interval (2.5
min after its beginning). The units may ramp by sequential
segments, that is, the ramp is not necessarily constant.

The CAISO utilizes a Very Short Term Load Predictor
(VSTLP) program to provide an average load forecast for the
interval [t,t + 5] 7.5 min before the beginning of the interval
or 10 min before the middle point of this interval. The VSTLP
program uses real-time telemetry data to generate the forecast.

For wind generation in the PIRP, the wind forecasts are
provided by a forecast service provider. Scheduling errors and
variability of wind generation is balanced in real-time by the
CAISO. The net deviations from schedule for wind is then
settled at an average price, reducing penalties for inherent
variability.

I1l. METHODOLOGY APPLIED BY THE CAISO

In this section, the methodology used by the CAISO to model
load forecast errors and wind generation forecast errors is de-
scribed. The wind generation and load data used in the statis-
tical analysis is actual wind generation and load data realized in
the CAISO system in 2006.
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A. Random Number Generator Based on Truncated
Normal Distribution

One important task of the study was to generate realistic load
forecast errors. The assumption used in this paper is that the dis-
tribution of hour-ahead forecast errors is an unbiased truncated
normal distribution (TND). This is based on the fact that the
values of a normally distributed random variable can, in theory,
assume any value over the range from —oo to +oo which may
lead to significant computational errors in situations where the
distribution’s outcomes are constrained. Meanwhile, the char-
acteristic parameters (i.e., mean ¢y and standard deviation o)
of truncated normal distributions can be readily derived using
basic statistical methods.

The probability density function (PDF) of the doubly trun-
cated normal distribution (shown in Fig. 4) is expressed by the
following formula:

0./ —00 < € < €min
PDFryp(e) = { PDFN(g), €min <€ <émax (1)
0, Emax < € < 400

where e,,;, and e, are the lower and the upper truncation
points, respectively, and P D Fy (¢) denotes the PDF of the stan-
dard normal distribution, which can be specified as

PDFy(e) = ————e 252

N Vet ’

where ¢, refers to mean and o is standard deviation. Fig. 5

illustrates the actual PDF and the normal distribution PDF of
hour-ahead load forecast error distribution for 2006.

—c0<e<+o0 (2

B. Load Forecast Errors

The load is modeled as a stochastic quantity, represented by
two series of minute-to-minute values: the load average value
and its standard deviation magnitude. Hour-ahead hourly load
forecast is provided by the CAISO’s Automated Load Fore-
casting System 120 min before the operating hour begins. The
hour-ahead load forecast error is the difference between the av-
erage actual load over an operating hour and the hour-ahead load
schedule (Fig. 6). This error is denoted as ez n. (see Fig. 7).
The hypothesis concerning the TND distribution of ey, 1, is
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Fig. 6. Separation of regulation from load following based on simulated hour-
ahead schedule.

confirmed by the analysis of the actual hour-ahead error pro-
vided in Fig. 5. The mean absolute percent error (MAPE) of the
hour-ahead load forecast stays within 2% of the peak load.

After analysis, average, maximum, minimum values and
standard deviation of the relevant variables are obtained. These
values are used to represent the proposed operation strategy for
the load forecast errors. Table | shows the standard deviation
and autocorrelation of the hour-ahead load forecast error oy, 4
for the year 2006. It is assumed that the same statistical charac-
teristics of the hour-ahead load forecast error will be observed
in the year 2010, including autocorrelation.

It was also assumed that the same statistical characteristics
of the real-time load forecast error will be observed in the year
2010. The standard deviation and autocorrelation of the real-
time load forecast error o, ., 5 is set to values shown in Table I1.
All seasons of real-time load forecasts use the same error statis-
tics in MW.

C. Actual Wind Generation Forecast Errors Observed in 2006

Similar to load, the available wind generation forecast error
is assumed to be a TND quantity, represented by two series of
hourly values: the wind-power average error value (zero) and
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AGHf

Fig. 7. Concept of the “swinging window™ algorithm.

TABLE |
HOUR-AHEAD LOAD FORECAST ERROR
CHARACTERISTICS FOR 2006 (IN MW)

Seasons Winter Spring Summer Fall
Average -22.49 -24.05 -130.43 -69.21
Min -2680.12 | -2101.08 -3770.73 -2627.90
Max 1842.06 1930.54 2446.12 2080.98
Std. Dev. 637.37 601.34 900.13 687.52
Autocorrelation 0.70 0.73 0.89 0.83
TABLE I

REAL-TIME LOAD FORECAST ERROR CHARACTERISTICS (IN MW)

Average 1.1
Minimum -349.5
Maximum 349.4
Std. Dev. 97.8

Autocorrelation 0.6
TABLE 111

ESTIMATED HOUR-AHEAD WIND GENERATION FORECAST
CHARACTERISTICS (IN FRACTION OF CAPACITY)

Seasons Winter Spring Summer Fall
Average 0.00012 -0.0005 |  -0.00047 0.00058
Minimum -0.35678 -0.43313 |  -0.32185 -0.31930
Maximum 0.30918 0.30840 0.30742 0.39663
Std. Dev. 0.07233 0.08987 0.07955 0.07922
Autocorrelation 0.61062 0.70609 0.65185 0.59392

its standard deviation. The hour-ahead wind generation fore-
cast will be a part of the future CAISO scheduling system. It
is assumed that the 2-h-ahead wind generation forecast error is
distributed according to the TND law with the characteristics
shown in Table 111, derived from 2006 wind generation forecast
data.

IV. ASSESSMENT OF REGULATION AND LOAD
FOLLOWING IMPACTS

A. Area Control Error

The CAISO’s operation control objective is to minimize its
area control error (ACE) to the extent sufficient to comply with
the NERC Control Performance Standards [28]. Therefore, the
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“ideal” regulation/load following signal is the signal that op-
poses deviations of ACE from zero when it exceeds a certain
threshold:

—ACE = — (I, — L) + 10B(F, — F,)
| S

Neglected
~Gs—L, -G, + L, — min 3
where I, denotes net interchange (MW flow out of the Bal-
ancing Authority); I, refers to scheduled net interchange; B
is area frequency bias constant; F, and F, are actual and
scheduled frequency, respectively. Impacts of wind genera-
tion on the interconnection frequency are neglected. This is a
valid assumption given the large interconnection (>140 GW
peak load) whose frequency deviates by very small amounts
with normal imbalances and which is maintained by several
balancing authorities. The generation component of the ACE
equation can be represented as follows:

G Gha + Gha (4)
Ga = Gs + AGlf + AG" + AGY + AGud (5)

where ha denotes the hour-ahead generation schedule; [f de-
notes instructed deviations from the hour-ahead schedule caused
by generators involved into the load following process; r de-
notes instructed deviations caused by generators involved into
the regulation process; AG!f and AG™ are the deviations of the
regulation and load following units from their base points; AG*
is the deviation of the wind generators from their schedule (wind
generation real-time schedule forecast error); and AG*¢ is the
total deviation of generators from the dispatched instructions.
AG"? is simulated similarly to the load forecast error (random
number generator based on TND).

The total deviation of generators from dispatch instructions
for the conventional units that are not involved in regulation and
load following can be represented as follows:

AG“d = Ga - Gha (6)
AGY =G, — Gy, @)
AL =Ly — Lp,. 8)

Since the control objective is AC'E — 0, (3) can be rewritten as

AGY + AG" = AL - AG" — AG™ ©)
where AL is the deviation of the actual load from its real-time
scheduled value (load forecast error).

Equation (9) is written for instantaneous values of AL, AG"™,
and AG"?. Therefore, the statistical interaction between the
load forecast error and the wind generation forecast error is fully
preserved in (9). The load and wind generation errors can vary
depending on the wind generation penetration level within the
CAISO Balancing Authority and the accuracy of the load fore-
cast compared to the accuracy of the wind generation forecast.
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Since the percent wind generation forecast error is more signif-
icant than the percent load forecast error, the former may have
a considerable impact on AGY + AG™.

Wind generation would have no impact on regulation and load
following requirements if

AGY = 0. (10)
By substituting (10) into (9), we have
AG™ = AGY + AG" = AL — AG™. (11)

B. Load Following and Regulation Assessment

Load following is understood as the difference between the
hourly energy schedule including 20-min ramps (in Fig. 6) and
the short-term 5-minute forecast/schedule and applied “limited
ramping capability” function. This difference is also shown as
the blue area below the curves. Regulation is interpreted as the
difference between the actual CAISO generation requirement
and the short-term 5-min dispatch shown in Fig. 6 as the red
area between the blue and green lines.

The hour-ahead and 5-min schedules for load and hour-ahead
schedule for wind generation are generated using forecast er-
rors observed in 2006. Then regulation was separated from
load following. The schedule/forecast based approach uses the
short-term forecasts of wind generation and load, G*,
and LY

rtf,5min’

th 5 min

. Inthis case, the following formulas can be used:

AG"(m) = Ly( ) -G (m) — L:{tf,:'Smin(m)
th 5 mm(m) (12)
AGlf( )= Litf omm(m) :}tgﬁmin(m) - Lgtf.,lhr(m)

+ Gha 1hr(m)' (13)

C. Assessment of Ramping Requirements

The regulating unit ramping capability can directly influence
the required regulation and load following capacity. If the
ramping capability is insufficient, more units and more capacity
must be involved in regulation to follow the ramps. Hence,
a simultaneous evaluation is necessary to determine the true
requirements.

The required ramping capability can be derived from the
shape of the regulation/load following curve AG™f. This
derivation needs to be done in a scientific way. We propose to
use the “swinging window” algorithm [29] for this purpose.
This is a proven technical solution implemented in the Pl His-
torian and widely used to compress and store time dependent
datasets.

Fig. 7 demonstrates the concept of the “swinging window”
approach. A point is classified as a “turning point” whenever
for the next point in the sequence any intermediate point falls
out of the admissible accuracy range +eaq. For instance, for
point 3, one can see that point 2 stays inside the window abcd.
For point 4, both points 2 and 3 stay within the window abef.
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Fig. 8. “Swinging window” algorithm—obtaining regulation, ramps, and ramp
duration.

o

JA%e

Fig. 9. Concurrent consideration of the capacity, ramping, and duration re-
quirements.

But for point 5, point 4 goes beyond the window, and therefore
point 4 is marked as a turning point.

In this analysis, points 1, 2, and 3 correspond to the different
magnitudes of the regulation signal, 71, w2, and = , whereas the
ramping requirement at all these points is the same, ;_ (see
Fig. 8). The swinging door algorithm also helps to determine
the ramp duration

D. Concurrent Statistical Analysis of the Regulation and Load
Following Requirements

As it has been discussed before, the regulation capacity
and ramping requirements are inherently related. Insufficient
ramping capability could cause additional capacity require-
ments. In this paper, we propose to apply a multivariable
statistical analysis to provide a concurrent consideration of
the regulation and load following capacity, ramping and ramp
duration requirements.

For the regulation/load following requirement curve AG™*7,
we can apply the “swinging window” algorithm and deter-
mine the sequences of its magnitudes and ramps, 7y, 7o, .. .,

1, 2,...and 1, o,.... Thetriads (m;, ;, ;) can be used to
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populate the three-dimensional space of these parameters (see
Fig. 9).

For given ranges of these three parameters, Aw, A ,and A ,
a box can be plotted in this space, so that some triads are inside
thebox (), some are outside (). This approach helps to
determine the probability of being outside the box

out ) (14)

Pout =
out + n

If a point lies outside the box, the regulation/load following
requirements are not met at this point. We will require that this
probability must be below certain minimum probability, Prin.
The purpose is to find the position of the wall of the probability
box that corresponds to a given P, .

V. SIMULATION OF FUTURE SCENARIOS
AND DATA SET GENERATION

This section provides a detailed description of the applied
modeling techniques for describing the stochastic behavior of
the driving variables, i.e., hour-ahead and real-time load forecast
and wind generation forecast error.

A. Actual Load

For a future study year 2006 + 4, the actual annual load curve
can be simulated as the year 2006 load multiplied by the ith
power of the annual load growth factor

L2%%F = (1+7) x L2™. (15)
The actual one-minute resolution load data are used for this
study. The annual growth factor 4 is set as 1.5%.

B. Hour-Ahead Load Schedule Model

The scheduled load is the one-hour block energy schedule
that includes 20-min ramps between the hours (Fig. 10). It is
calculated based on the load forecast error using the following
approach. The hour-ahead load schedule L2°°%* 'is simulated
based on the projected actual load (15) and the expected load
forecast error €z, q

L2006+ —

2006+
ha,lhr — LCL

20 @ 1hr ( - €L,ha} (16)

where Eril_i};a < éerpha < PSS, P9 = 301 ha, and 5’Lni,‘;a =
—307 ha; and the operator 5, adds 20-min linear ramps to the
block energy load schedule.

The hour-ahead load schedule is simulated using a TND
random number generator based on the statistical characteris-
tics of the load forecast error (derived from 2006 and 2007 data
evaluated by the CAISO; see Table I). The error distribution
applied to the hour-ahead schedule is shown in Fig. 11.

Based on these specified values, a random number gener-
ator is used to generate values of ¢y, ,, with the PDF func-
tion determined by (1). For each operating hour, the random
values of €7, 5, are substituted into (16) to produce the sim-
ulated hour-ahead load schedule. It is assumed that the load
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