2086

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 22, NO. 4, NOVEMBER 2007

Load Shedding: A New Proposal
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Abstract—During overloads in the mains, the load curtailment
applied to interruptible loads is often the only solution to keep the
network in operation. Normally, in contingencies, the difference
between the power absorbed and the power produced is very low,
often less than 1% of the latter. Therefore if all the loads partici-
pated in the load shedding program, the discomfort would be min-
imal, considering its usually short duration. According to this point
of view, we present a new approach to the load shedding program to
guarantee the correct electrical system operation by increasing the
number of participants. This new load control strategy is named
Distributed Interruptible Load Shedding (DILS). Indeed, it is pos-
sible to split every user’s load into interruptible and uninterrupt-
ible parts, and to operate on the interruptible part only. The op-
timal load reduction request is found by minimizing the expected
value of an appropriate cost function, thus taking the uncertainty
about the power absorbed by each customer into account.

Presently, several users such as hospitals, data centres, super-
markets, universities, industries, etc. might be very interested in
typical shedding programs as a way to spare money in their elec-
trical account. However, in the future, when the domotic power
plants are likely to be used widely, the distributors could interest
the end users in participating in DILS programs for either eco-
nomic or social reasons.

By adopting the DILS program, the distributors can resort to
the interruptible loads not only in case of emergency conditions
but also during normal and alert operations.

Index Terms—Black out, demand side management, interrupt-
ible load, load shedding, stochastic approximation, uncertain
system.

I. INTRODUCTION

LACK OUTS are becoming more frequent in industrial
B countries because of network deficiencies and continuous
load growing. One possible solution to prevent black outs is
load curtailment. Both Demand Side Management (DSM) and
Load Shedding (LS) have been used to provide reliable power
system operation under normal and emergency conditions. DSM
is specifically devoted to peak demand shaving [1] and to en-
courage efficient use of energy. It uses particular tariff condi-
tions and operates in a preventive way. LS is still a methodology
used world wide to prevent power system degradation to black
outs [2], [3] [4] and it acts in a repressive way.
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Since 2000, the implementation of LS programs in California
has concurred to the creation of interruptible users that have
reduced the power withdrawal during summer peaks (53 GW)
by almost 1.5 GW in 2003. In the State of New York the
spontaneous participation of users in both the previous day
energy market and the proper interruptible services market has
increased the interruptible loads by approximately 1.8 GW,
which has reduced the withdrawals by more than 0.7 GW during
the summer peak periods in 2003 (29 GW approximately). In
South Korea, in comparison to a load annual peak of about
49 GW, the LS program has been accepted by interruptible
users of about 4 GW in 2003, with additional withdrawal
reductions determined by the energetic saving measures. In
South Africa, the DSM has cut more than 0.15 GW from the
peak of 35 GW. In Brazil, the withdrawals have been reduced
by 5 GW when the peak withdrawal was at 74 GW. In the State
of New England, with a load peak of 26 GW, almost 0.185 GW
have been included in the DSM program.

These examples show that world interest in the control of
the load demand (in particular of the peak) by means of market
devices is increasing strongly.

Beyond the load peak management, the DSM, in a preventive
way, and the LS, in a repressive way, could also be useful for
the management of the transmission network deficiencies (as a
result of faults, particular climatic conditions, etc.) to avoid net-
work dysfunctions. Indeed, when an entire electrical network is
running out of order this is generally associated with small dif-
ferences between the absorbed power including the net losses
(superior value) and the generated power (inferior value). This
difference is often less than 1% of the total absorbed power,
as during the black out in August 1996 in the western North
American grid. On 10 August 1996, faults at the Keeler—Allston
500 kV line and the Ross—Lexington 230 kV line in Oregon re-
sulted in excess load, which led to the tripping of the generators
at the McNary Dam, causing 500 MW oscillations, which led
to the separation of the North—South Pacific inter-tie near the
California—Oregon border. This led to islanding and black outs
in 11 U.S. states and 2 Canadian provinces. It was estimated to
cost from $1.5 to $2 billion and included all aspects of the in-
terconnected infrastructures and even the environment. Among
several studies that followed, some researchers have shown that
a dropping (shedding) of about 0.4% of the total network load
for 30 minutes would have prevented the cascading effects of
this black out [5].

In order to perform the LS program, it could be necessary to
increase the number of interruptible customers and distribute
them over all the country.

Considering such small percentage values of load shedding,
if the number of interruptible customers increased, the impact
on users would be negligible. Instead of detaching all the in-
terruptible loads, only a part of the load could be disconnected
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from the network, in particular the part that can be interrupted
or controlled (such as the lighting system, air conditioning, de-
vices under UPS, pumps dedicated to tanks filling, etc.).

A method based on the control of individual loads in proposed
in [6]. This paper is therefore related to a new statistical load
control strategy to execute the Distributed Interruptible Load
Shedding (DILS) program.

Power peaks usually occur on working days. Therefore, the
probability of DILS adoption could be limited to these days only.
Considering that the total load profile on these days is well de-
termined, the DILS program can be reliably actuated.

In Section I we introduce the technical and market conditions
which enable a customer’s participation in the DILS program. In
Section III we describe the features of interruptible load, and in
Section IV we consider two possible methods for DILS imple-
mentation. Then in the remaining sections we propose a simple
approximated probabilistic model, based on the minimization of
a cost function, to obtain a desired load relief when the second
described strategy is adopted.

II. CONDITIONS TO PARTICIPATE IN THE DILS

Generally speaking, at least the following three levels of ac-
tion should be assumed so that a customer can participate in the
DILS, allowing the network manager to control the peak power
withdrawal or to act during the periods of network dysfunctions:

* the financing of technologies that enable the implementa-
tion of DILS (domotic systems, electronic power meters,
domestic and similar appliances, etc.);

* incentives aimed at changing the behavior of some cate-
gories of end users;

* definition of ad hoc instruments for particular classes of
consumers such as Public Administration, Data Centres,
etc.

In particular, considering the Italian electrical system, it can
be observed that some levels of intervention have already been
partially realized. About 27 million intelligent power meters
have been installed to customers, of which about 25 million
are already connected to communication and control systems.
This could concur or is already partially concurring to the
application:

* of the time of use (TOU) rates or similar tariffs, eventually
adding the critical peak-pricing, a narrow hourly band at
high price during the critical days;

* of other mechanisms of dynamic prices determination, like
real time pricing (price per hour);

* of reducible power contracts for the captive market,
through which the customers can see the withdrawal
threshold reduced during particular hours of critical days
with an economic return.

Moreover the customers could find it convenient to partici-
pate in the day-ahead market (according to foreign experiences).
Users with reducible power above a minimal threshold could
present offers in the previous day market that, if accepted
because competitive, could take part in the dispatch services
market.

This way, the load curtailment would be paid according to
the actual recorded interruption. Moreover, there would be
more market efficiency, created by the competition between
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Fig. 1. Typical load power absorption of an Italian university in a working day.
The electrical loads reported in the legends are represented in the same order
(from bottom to top) in the figures.

both the interruptible services themselves and between these
and the generation.

III. FEATURES OF THE INTERRUPTIBLE LOAD

In order to participate in the DILS program with interest, a
user must have an economic profit and/or be less sensitive to
dysfunctions.

Considering Fig. 1, which represents the electrical load of a
university during two different working days, one can observe
that the greatest part of the load in summer peak hours (more
than 50%) is related to conditioning and about 10% is related
to the lighting system. Such a load could be extremely useful
for a DILS program, because the controllable interruptible loads
are concentrated in the most critical periods of the electrical
network.

As one can observe from Fig. 2, as far as the evolution of
the power peaks of the Italian electrical load is concerned, the
summer hourly requirement peaks (usually in July) and the
winter hourly requirement peaks (usually in December) tend
to be similar. Moreover, Fig. 2 shows that the increase of the
summer peak caused by air conditioners is mostly faster than
the increase of the winter peak. In these network conditions,
the transport of electric power is more problematic because of
the critical environmental conditions to which the transmission
lines and the machinery in the transformation electrical stations
are subordinated. Therefore, in the Italian electrical grid, pre-
ventive disconnection of interruptible loads is mainly required
in the summer to avoid network black outs.
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Fig. 2. Peak load evolution.

The record of winter consumptions was recorded on
Wednesday, 25 January 2006 at 6.00 pm with 55539 MW.
The value exceeds the previous summer record by 1376 MW
(4+2.54%). It was principally caused by the big wave of intense
cold in Italy, characterized by a sudden lowering of the tem-
peratures and the massive use of the heating machines. This
percentage is lower than the corresponding percentages up to
the years 2002/03, and we think we can safely assume that it
does not disrupt the tendency of winter and summer peaks to
level off. Indeed, the peak in summer 2006 was 55619 MW.

Moreover, it is necessary to underline that the division be-
tween interruptible and uninterruptible loads depends statisti-
cally on the variation of hours, days, weeks, months and climatic
conditions. The percentage of the interruptible power at a time
t is therefore different form the same percentage at a time ¢ 4 u.

For every moment of the day, it is therefore necessary to char-
acterize the total load, splitting it into interruptible Sy and un-
interruptible Sy.

The total interruptible load could then be subdivided into step
adjustable interruptible load Ssa1 and continuous adjustable in-
terruptible load Scar.

Considering this point of view, at time ¢, the entity of the in-
terruptible and uninterruptible loads can be estimated statisti-
cally by reading the global absorbed power (which depends on
hours, days, weeks, months and climatic conditions). Similarly,
the subdivision between step adjustable interruptible load Ssat
and continuous adjustable interruptible load Sc a1 can be deter-
mined. Also the load subdivision at time ¢ + u can be found.

For example, as Fig. 3 shows with reference to a summer day
of California’s electrical load, it is possible to partition the total
electrical load. Thus, one can observe that around the time of
peak load, the interruptible loads (air conditioning, lighting, re-
frigerators, etc.) are almost twice in comparison to the uninter-
ruptible ones (agriculture & other sector, industrial, etc.) [7].
The diagram shows the importance of air conditioning, both res-
idential and commercial, and of the lighting system, according
to the daily maximum request (just these three final uses consti-
tute almost 40% of the total load during the summer peak hours).

Using this information it could be possible to know how the
situation of the absorbed power from time ¢ to time ¢ + u is
changing and similarly how the subdivision from ¢ to ¢ +
between the power of interruptible and uninterruptible loads is
evolving.
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Fig. 3. California 1999 Summer Peak-day End-use Load (GW): 10 largest co-
incident building-sector end-uses and nonbuilding sectors. The electrical loads
reported in the legend are represented in the same order (from top to bottom) in
the figure.

Various user typologies may be interested in participating in
shedding programs. Several users such as hospitals, data cen-
tres, supermarkets, universities, industries etc. could be very in-
terested in typical shedding programs such as LS and DSM as
a way to save money in their electrical account. But to guar-
antee social benefit, the distributor could induce other customer
typologies, such as residential users, to participate in DILS in
exchange for some economic advantages.

IV. DILS ADOPTION

We may assume two different DILS techniques that can be
adopted in automation sceneries only, for obtaining the desired
load relief during criticalities:

1. the first one increases the cost of electric energy for all the

users [8]. One can assume to know the response of the users
statistically, in particular as to the way they change the sub-
division between interruptible loads (which would become
disconnectable) and uninterruptible loads depending on the
cost of energy, as shown in Fig. 4.
With such scenery, the transmission of a price signal via the
electronic power meter could be sufficient to avoid the loss
of the mains. Of course, it is fundamental to know the sta-
tistical load response of the different user typologies (that
is, the load partition curve reported in Fig. 4 for illustrative
purposes only) as a function of the energy cost;

2. the second one is based on the transmission of an inter-
ruptible load percentage reduction signal p to every cus-
tomer participating in the DILS program. The duration of
the reduction might be contractually determined. Due to
the uncertainty on how much power each single interrupt-
ible customer is actually drawing, the value of p will be
larger than the fraction of the expected interruptible load
giving the wanted load relief.

In the following we only consider the second DILS technique,

because it is more easily adoptable in practice by the distributor
and the end user.
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Fig. 4. Electrical load subdivision between interruptible and uninterruptible
according to the kWh cost.

V. PROBABILISTIC CHARACTERIZATION
OF INTERRUPTIBLE LOAD

In this section, we try to show that the interruptible load of a
customer can be considered as an essentially continuous random
variable. This insures that every percentage p of load reduction
is actually achievable (possibly with low probability for some
values of p). We denote by Y7 ;(¢) the random value of the in-
terruptible load power of the single customer ¢ of a given sector
at time ¢ and build its probability distribution at a fixed time, so
that we omit the time argument temporarily and write Y7 ; only.

The load Y7 ; is composed of various combinations of contin-
uous adjustable and step adjustable interruptible loads, which
we write as Y7 ; = Ycoar,; + Ysars. The combinations of step
adjustable loads give rise to, say, m possible well separated
load levels of Ysar,;, denoted by I4, ..., 1. Each level is taken
with a different probability, so we introduce the probabilities
w(1),...,w(m) which sum up to one, giving the probability
distribution w(-) of Ygar,;. On the other hand, Ycar,; has an
absolutely continuous probability distribution with density
fcar(+) on the range (0, Lcar), where Lear is the maximum
power of the interruptible continuous adjustable load.

Assuming that Ycat,; and Ysar,; are independent (a conve-
nient but maybe inaccurate assumption), the distribution of Y7 ;
is the mixture density resulting from the convolution of w(-) and

fear():
fry) = foarly —Ix) - w(k) !
k=1

with y ranging in (0, [, + Lcat). Since fcai(+) is a density, the
mixture density fy (-) is never zero in (0, l,,, + Lcar) provided
Lt is greater than the largest difference between consecutive
step adjustable load levels. This makes every load level within
this interval actually achievable.

The argument we are making here insures a smooth transi-
tion to lower load levels following reduction signals sent to cus-
tomers. This is important if DILS is applied to few customers,
but it becomes less and less important as the number of cus-
tomers increases.

IThe capital Y indicates a random variable, whereas v is a particular value
that Y can take. The same convention is maintained throughout the rest of the

paper.
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VI. BOTTOM-UP PROBABILISTIC CONSTRUCTION OF TOTAL
INTERRUPTIBLE LOADS

Now consider a load point with N users connected to it.
With reference to the second method for DILS described in
Section IV, we wish to predict the effect of a load shedding
signal p sent to a given number of customers at time ¢ to be
carried out at time (¢ + u). We let n, the number of customers
participating in the DILS program, be less than N. The question
is: how large should p be in order to obtain a load relief of at
least » kW overall?

The answer to this requires the probabilistic characterization
of the load of a typical customer at any time ¢, and its subdivision
into interruptible and uninterruptible, which will be the tool to
assess the probability of reaching the desired load relief. For
expository purposes, we take all the N users belonging to the
same class (e.g., all residential) and we will explain how to deal
with the relaxation of this assumption at the end of this Section.

Let us write the total load of a single user as Y;(t) = Y7 ;(¢)+
Yu,i(t), where Yy ;(t) and Yy ;(¢) are the interruptible and the
uninterruptible part of the load respectively. Obviously Y7 ;(t)
is zero for uninterruptible customers. Let us consider A appli-
ances (such as refrigerators, washing machines, dishwashers,
etc.), and let the percentages of customers who possess each ap-
pliance be given by p1,...,p4. Finally, the indicator function
I (2 has a), takes a value of 1 if customer ¢ has the appliance a
and zero otherwise. Then we can write

Yi(t) = ZI(L has a) - W,(t) (1)

where W, (t) is the (random) power absorbed by the appliance
a at time t. Now, letting p1,(t) = E(W,(t)) and 02(t) =
Var(W,(t)), we can derive the expected value and the variance
of the load absorbed by a customer picked at random, under the
hypothesis that the appliances are used independently of each
other:

nr(t) =D pa- Ha(t) @

oF(t) =Y pa-[o2(t)+ (1 —pa)-pa(®)].  3)

If we drop the assumption of independence among the ap-
pliances, (2) is unchanged, whereas (3) is modified by adding
twice the sum of all the covariances between pairs of products
of random variables I (i has a) W, (¢) and T (i has a’) W/ (t),
having the following expression:

01,1, * (Batta’ + oW, w,,) + PaDa’ - OW, W,

where the new notation indicates covariances. The covariance
between the power absorbed by two appliances a and a’ used
by a single customer could be null, in case it is sufficient to ac-
count for common-cause variations through their means p, (%)
and /1, (t), or negative, due to the upper limit on power deter-
mined by the contracts. On the contrary, the covariance between
possession indicator variables of the appliances could be posi-
tive, because these are related to the income of a household in
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the same way. If the negative and the positive compensate (3)
could be an acceptable approximation of the true variance or a
cautionary approximation if the negative part prevails. A better
assessment can be gained only after gathering specific contex-
tual information on the customers. For some nonresidential cus-
tomers, such as the industrial ones, where appliances and other
equipments are operated based on restrictions imposed by the
production chain, the above covariance structure should be con-
sidered explicitly.

The mean and variance in (2) and (3), are sufficient to approx-
imate the probability distribution of the load with a Gaussian
by the central limit theorem, provided the total number N of
customers connected to a given load point is large enough, so
that we can state that the total power S(t) absorbed at time ¢
has a Gaussian distribution, with mean N - ur(t) and variance
N - or(t)?, as follows:

+ Su(t

S(t) =Si(t)

By indexing from 1 to n those customers who take part in the
DILS program, we can write

N
Z Yr.i(t) + Z Yu,i(t)
i=1

N(N - pr(t), N - o7 (t)).

SIn

ZYIL

for the share of the total load actually available for curtailment.

Suppose now that we possess a load forecasting method
which is precise enough to consider s(¢ + u) as known
when data is available up to time ¢. Of course sy, (t) re-
mains unobserved (we can only measure the total power
taken by all the N customers), but the precisely forecasted
s(t + u) gives us some information about Sy, (¢ 4+ ). This
information is summarized by the conditional distribution?
P(Spn(t+u)| S(t+u) = s(t+u)). Let ur(t) and o%(t) be
the mean and variance of the load drawn by the interruptible
appliances of a customer picked at random. By the normal
approximation, this conditional distribution is still Gaussian
with mean

1 o%(t+u)
n- {ILI(t-Fu)‘FNm

-[8(t+U)—N-uT(t+U)]} =n-p 4

and variance

n- [a?(t+u)~ (1_%%)} —ne? (5)

where 11 and o2 are introduced for notational simplicity (see

[9, Ch. 45]). This conditional Gaussian distribution will be the

2In words: this is the probability distribution of the total interruptible load
given that the total load S (¢ 4 ) will take value s(¢+ ). Its mean and variance
in (4) and (5) result from the correction of the prior mean and variance 7 (t)
and o%7(t) implied by the knowledge of s(t + u).
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main ingredient for the determination of the optimal value of
p. In Sections VII and VIII, we explain two related decisional
methods.

If the customers connected to the same load point are not ho-
mogeneous, they can be split into homogeneous groups. If these
groups are large enough, then the Gaussian approximation still
applies for each group so that S(t) will be Gaussian distributed
and the conditional distribution of the interruptible load can be
found in a similar way as above.

The effectiveness of the central limit theorem depends on
both the shape of the individual load probability distribution
and the degree of statistical correlation among customers’
loads. A recent study [10] on the probability distribution of
the aggregated residential load for extra-urban areas, based
on a bottom-up approach, shows that the Gamma distribution
exhibits the best goodness of fit among a set of candidate dis-
tributions, but that the Gaussian approximation still passes the
test for a reasonably large number of users. If strong stochastic
dependence among customers persists, due for example to spa-
tial autocorrelation (the means u7(t) depend on time only), the
Gaussian distribution could be inappropriate, and further study
would be necessary to model the specific situation correctly.

VII. CHOICE OF THE CURTAILMENT ACTION VIA
THE PROBABILITY OF FAILURE

A load shedding request p sent to customer : implies a load
relief of p - Y7 ; kW (we have suppressed the time index for
simplicity). The customer can attain the new load level (1 —p) -
Y7 + Yu,i(t) by what was said in Section V. Overall, the load
relief obtained when p is applied to the n customers is

n
D Z Yri=p- St
im1

Then we must set up a decision criterion to set p in such a
way that we are confident that the requested load relief of » kW
is achieved. We can formalize this by stating that p must be such
that:

P(p-Sin<r)<a

where « is an acceptable probability that the desired load relief
is not attained. In principle a can be zero, if the interruptible
load is greater than r /p with probability one for some p. In some
situations, when the absorbed load is very high and a small load
relief is requested, this condition can be met.

Let F' denote the cumulative conditional distribution function
of St.». Then the decision criterion for p is written:

F <5> <a (6)
P
.

—:F_l(a):qa:p:L.
p Go

and is satisfied if

The condition r < g, is required for this to have an admis-
sible solution.
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In general there will be no closed-form expression for F'. But
we may employ the central limit theorem approximation intro-
duced above with the appropriate conditional mean and variance
of the single customer’s load indicated by y and o2. Then

T\ nr_.p —H
F (5) ~g (22t
vn
where ® is the standard Gaussian cumulative density function,

and the solution to (6) is

T

n

p

2 + Za % ’

As usual, z, is the a-level percentage of the standard
Gaussian distribution.

The probability level « can be chosen if a measure of the cost
of not achieving the desired load relief is available, say c,. Then
the expected cost of not attaining the load relief is given by - cg
and « can be increased from zero up to a value ¢4 /co, Where ¢4
is the maximum acceptable cost (which would be lower than cy,
of course).

VIII. CHOICE OF THE CURTAILMENT ACTION
VIA A GENERAL COST FUNCTION

A more sophisticated decision criterion can be based on a
cost function which increases with the actual load relief distance
from the target, such as

C(p7SI,n> =C 'p'SI,n I(pSI,n > T)
+ep-s-I(p- St <),

As before in (1), I(-) is the indicator function of a statement,
and s is the total load at the time of the shedding. The two ad-
denda account for the cost of an overshooting and of an under-
shooting, respectively. The cost constants ¢; and ¢y can include
per-kWh costs on the distributor’s (energy not sold) and on the
customer’s side (energy not available), because of a black out
or of an excessive curtailment (since we are talking about en-
ergy and the cost function depends on power, we are implying
a fixed duration of the shedding intervention). One should note
that for the network operator, which manages the shedding ac-
tion, it will be difficult to give a fair assessment of costs not
incurred by itself. Considering the costs of the energy not sold
only, given cg, the order of magnitude of ¢; should be co, one
possible choice being ¢; = c¢2. Knowledge of the conditions of
the contract existing between the distributor and its customers
can help determine the cost constants more precisely.

We seek to minimize the expected value of the cost function,
which is shown to be

c(p) = E(c(p, S1.n))
“+o0

=cp-p- / s’-f(s’)ds'—l—cQ-s-F(i)
p
r/p
with f being the density function associated to F’.3

3Incidentally, notice that the criterion for the choice of p of the previous sec-
tion is equivalent to letting ¢; = 0, ¢co = ¢z - s and requiring that ¢(p) = ca
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Fig. 5. Residential user absorption in a typical summer working day. The elec-
trical loads reported in the legend are represented in the same order (from top
to bottom) in the figure.

By using the Gaussian approximation, and noticing that in
this case the integral within ¢(p) is proportional to the expected
value of a truncated Gaussian (see [11, Ch. 13]), we get:

. T,
ooV L s e (2
Vn-o Vn-o

where ¢ is the standard Gaussian density function.

This decision criterion based on the conditional Gaussian is
an instance of Bayesian expected loss minimization (see e.g.,
[12, Sec. 1.3]). The loss is represented by c(p, Sr,») and the ex-
pectation is taken with respect to the posterior distribution of an
unobservable quantity (S I,n) conditionally on another observed
quantity (s), through which the prior information on the former
is updated.

IX. A NUMERICAL EXAMPLE

We present a numerical example of the methodology of
Section VIII, which is more general than that of Section VII.

We focus on residential consumption, and in the following
we obtain all the data we need from the above-mentioned CESI
survey study on the contribution of electrical appliances to the
peak load.

In Fig. 5 we show an average residential user’s absorption
profile, where the total load in a typical summer working day
is divided among 9 different appliances (A = 9). Each band
height at any fixed time is the result of the product of the prob-
ability that an appliance is in use times its average working
power.

To find ¢(p) we must first assign values to the percentages,
the means and the variances on the right-hand side of (2) and
3).

We consider the residential loads divided among: washing
machine, dishwasher, lighting, boiler, TV set, iron, air con-
ditioner, refrigerator and freezer with ownership percentages
given by 97, 41, 100, 28, 98, 100, 20, 99, 30, respectively. The
means /i, (t) and the variances o,(t)? at a given time can be
derived by combining the probability that they are being used
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TABLE I
EXPECTED VALUE AND STANDARD DEVIATION, REFERRED TO THE SINGLE
END USER, OF THE TOTAL LOAD ABSORBED (ft;+ AND 1) AND OF THE
INTERRUPTIBLE LOADS (f¢; AND o) AT 5 PM AND AT 10 PM

Spm 10pm
or(f) 0.764 kW 0.686 kW
H1a(t) 0.421 kW 0.550 kW
o1) 0.759 kW 0.679 kW
ulf) 0.356 kW 0.485 kW

& ] I‘: —— Spm
' ---- 10pm
§ ;

Fig. 6. Expected cost ¢(p) as p varies with required load relief being r =
40 kW, N = 1000, n = 250, ¢l = ¢2 = 1. The empty triangle points at
r/(n - u) on the p-axis, with n - u being the conditional expected value of the
interruptible load available at 10 pm. The filled triangle has the same meaning
for the load at 5 pm.

with their average working power. The calculations involve
only elementary probability notions, and are not reported here.

We illustrate the proposed method for the choice of p with the
help of three different examples.

In the first example the first seven appliances are considered
as interruptible. In Table I we report the expected value and the
standard deviation of the total load absorbed (17 and o) and of
the interruptible loads (1; and o) in two different time points.

Now let N = 1000, n» = 250, and take s(5 pm) = 400 kW
and s(10 pm) = 530 kW. Then from (4) and (5) we get u =
0.335 and 0 = 0.680 at 5 pm and . = 0.465 and o = 0.485
at 10 pm. Finally, assign ¢; = 1, and ¢; = 1, and assume a
requested load relief of about 40 kW. The expected cost func-
tion ¢(p) in the two cases is shown in Fig. 6 and it possesses
a unique minimum. As far as the optimization method is con-
cerned, we have not explored analytical solutions, because of
the rather involved form of ¢(p). However, a simple numerical
algorithm such as the golden section search [13] found the min-
imum almost instantly.

We can observe that the slope of the cost curve is larger as p
moves left from the point of minimum than it is when p moves
right, and this depends on the value of ¢; relative to co. If the
former is increased, the slope of the curve to the right of the
point of minimum also increases. Moreover, when p = 0, the
DILS is not executed so that the whole cost ¢(p) = ca-s of
undershooting is incurred. When p = 1, all the interruptible
loads are curtailed and ¢(p) = ¢; - n - p. The minimum at 5 pm
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Fig. 7. Same as Fig. 6, but with » = 500.
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Fig. 8. Same as Fig. 6, but with n = N and all interruptible appliances.

is around p = 65%, whereas the requested load relief value
r is 48% of the expected interruptible load at 5 pm, because
the uncertainty on what interruptible customers are currently
drawing is taken into account. Obviously, the cost ¢(p) starts
to decrease for values of p lower than r/(n - p) (marked by
triangles in Fig. 6), because there is still a positive probability
to avoid the black out with such values. Of course, at 10 pm, the
minimum of p is around a lower 45%, because users are drawing
more power at that time.

The second example is displayed in Fig. 7, in which the in-
terruptible customers rise to n = 500. As expected, the curves
keep their relative positions compared to Fig. 6, and the points
of minimum move left.

The last example considers the participation of all the cus-
tomers in DILS and all the appliances as interruptible.

The interruptible load coincides with the measure taken at
the load point and it is known exactly. Thus, the optimal shed-
ding percentage coincides with the initial load relief request, as
shown in Fig. 8.

These examples suggest that the higher the number of inter-
ruptible customers and loads, the nearer the optimal p is to the
expected value marked by the triangles in Figs. 6-8. This is very
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important in relation to the dynamic behavior of the mains. In-
deed, when DILS is applied in small network areas, the optimal p
could be substantially larger than the expected value, but in this
case the behavior of the mains would not be affected, because
the power variation would be very small compared to the total
power. Instead, when DILS is applied to big network areas, the
optimal p is close to the expected value because the interruptible
load available is considerable. In this latter case the behavior of
the mains is similar independently from the load shedding tech-
nique adopted (LS, DSM or DILS).

X. CONCLUSION

We have analyzed the possibility to adopt, in network con-
tingencies, an innovative Distributed Interruptible Load Shed-
ding (DILS) program instead of the traditional methodologies
based on the separation of some users and/or entire distribution
feeders, according to programmed plans of emergency.

The proposed strategy, based on the control of many single
loads, can be adopted in net emergency and renders the effects
of lightening to be less traumatic for the end users. The relief
of residential or similar loads may rely upon existing technolo-
gies, which, by means of electronic meters and building automa-
tion, enable an easy and capillary access to distributed users,
where a small selected number of appliances have their absorp-
tion reduced.

Given a target load relief, the magnitude of the load reduction
signal to be sent to customers participating in the DILS program
is found with the help of a Gaussian approximation to the prob-
ability distribution of their interruptible load. While this may
appear to be a limitation of our approach, it arises quite natu-
rally from the distinctive feature of our proposal, being that of
a diffuse type of action (which explains why we have presented
numerical examples on residential users). The parameters of the
approximating Gaussian distribution can be specified with data
from sample surveys of household appliances, and the electronic
meters could also collect field data on appliance possession and
usage patterns.

Summing up, the method for distributed load control we have
proposed is feasible thanks to substantial enhancements in com-
munication and computer technology, and is potentially appli-
cable to power networks in addition to the other methods regu-
larly employed to prevent black outs.

With regards to the economic convenience of DILS (espe-
cially for the final users), we have suggested some possible in-
centives, but this issue requires further analysis.
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