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ABSTRACT

The topics introduced in this thesis are: the Finnish load research project, a
simple form customer class load model, analysis of the origins of cus-
tomer’s load distribution, a method for the estimation of the confidence in-
terval of customer loads and Distribution Load Estimation (DLE) which
utilises both the load models and measurements from distribution networks.

These developments bring new knowledge and understanding of electricity
customer loads, their statistical behaviour and new simple methods of how
the loads should be estimated in electric utility applications. The economic
benefit is to decrease investment costs by reducing the planning margin
when the loads are more reliably estimated in electrc utilities. As the Fin-
nish electricity production, transmission and distribution is moving towards

the de-regulated electricity markets, this study also contributes to the devel-
opment for this new situation.

The Finnish load research project started in 1983. The project was initially
coordinated by the Association of Finnish Electric Utilities and 40 utilities
joined the project. Now there are over 1000 customer hourly load record-
ings in a database.

A simple form customer class load model is introduced. The model is de-
signed to be practical for most utility applications and has been used by the
Finnish utilities for several years. There is now available models for 46 dif-
ferent customer classes. The only variable of the model is the customer’s
annual energy consumption. The model gives the customer’s average hourly
load and standard deviation for a selected month, day and hour.

The statistical distribution of customer loads is studied and a model for
customer electric load variation is developed. The model results in a



lognormal distribution as an extreme case. The model is easy to simulate
and produces distributions similar to those observed in load research data.
Analysis of the load variation model is an introduction to the further analy-
sis of methods for confidence interval estimation.

Using the ‘simple form load model’, a method for estimating confidence
intervals (confidence limits) of customer hourly load is developed. The two
methods selected for final analysis are based on normal and lognormal dis-
tribution estimated in a simplified manner. The simplified lognormal esti-
mation method is a new method presented in this thesis. The estimation of
several cumulated customer class loads is also analysed.

Customer class load estimation which combines the information from load
models and distribution network load measurements is developed. This
method, called Distribution Load Estimation (DLE), utilises information
already available in the utility’s databases and is thus easy to apply. The
resulting load data is more reliable than the load models alone. One impor-
tant result of DLE is the estimate of the customer class’ share to the distri-
bution system’s total load.
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1 INTRODUCTION

The electric load in electricity distribution varies with time and place (See
examples of load variation of three types of customers in Fig.1) and the
power production and distribution system must respond to the customers’
load demand at any time. Therefore modern electricity distribution utilities
need accurate load data for pricing and tariff planning, distribution network
planning and operation, power production planning, load management,
customer service and billing and finally also for providing information to
customers and public authorities.

The load information mostly needed is how a customer or a group of cus-
tomers uses electric energy at different hours of the day, different days of
the week and seasons of the year and what their share of the utility's total
load is and how loads of different customers aggregate in different locations
of a distribution network.

5 Residentja .
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3004 Industry 1-shift
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o 1 J |

0 24 48 72 96 120 144 168
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Fig. 1. Examples of customer load variation over one week for three differ-
ent types of customers.

This study concentrates on two problems: estimation of customer’s hourly
load using statistics from load research measurements and the distribution
load estimation based both on load models and the direct load measure-
ments from the distribution network.

12



2 LOAD INFORMATION IN ELECTRICITY
DISTRIBUTION

2.1 GENERAL

The mission of the electric power utilities is to service the customer’s needs
of electric energy at optimal costs. The most important thing characterising
the service is the load supplied to customers. Other factors are reliability,
number and length of outages, the quality of voltage and mechanical and
electrotechnical security of installations.

The load data is needed for defining the requirements of the network’s

transmission capacity, approximating the transmission losses or estimating
the existing network’s capability to transfer increasing loads. The planning

of new generation capacity or energy purchase requires knowledge of cus-
tomers’ load variation (Fig. 2).

Fig. 2. Load data is needed for planning and dimensioning of electricity
production, transmission and distribution.
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The physical properties of network components are usually far more accu-
rately known than the load, and the accuracy of load estimates and forecasts
is the main factor determining the overall accuracy of several power sys-
tems’ computations. There is a continuous need to improve the knowledge
of loads in electric power systems by collecting and analysing more load
information, developing better load models and developing new applica-
tions utilising all the new information available (Lakervi & Holmes 1995
pp. 209 - 221).

2.2 THE MEANING OF LOAD

The load data may be formulated in several ways according to the require-

ments of applications. The most important specifications for load data are

» System location: customer site, low voltage network, transformer, etc.

» Customer class: industry, service, residential, electric heating, etc.

* Time: time of year, day of week, time of day.

* Dimension: A, kW, cos.

* Time resolution of the load recording: 5 min, 15 min, 30 min, 60 min,
etc.

The load influences the distribution network causing energy losses and volt-
age drop. While the voltade is approximately constant, the current and the
load factor alternate with the load. The relation between load curract

tive power loadP and load factor cog is defined in a three phase distribu-
tion system by the equation

P =3O [togp (1)

The load current causes thermal losses in electrical components
(conductors, breakers, transformers). The thermal losses are proportional to
the resistance of the component and square of the load current. The heat
causes ageing and damage to the components. In some components, like
power transformers, such phenomena is critical. On the other hand the en-
ergy losses increase the transmission costs in the distribution network.
Transmission losses may grow to over 10 % of the total transmitted energy.

For example, the thermal loss load of a power transformer is defined by
equation ( 2 ) where power loBg is the thermal loss loa#y the thermal

loss in nominal currenty is nominal current andis the load current (for
example 500 kVA transformeri, = 5 kW):

P9=PN<ﬁ2 (2)

14



The loading capability of a transformer is determined by the thermal ageing
of the transformer’s coil’s insulators. The durability of a transformer can be
estimated when the load of the transformer is known (Erhié 1991). There-
fore load data is essential in calculations finding the most economical tar-
gets for network reinforcements.

With energy business the pricing of electricity is determined by the cus-
tomer’s energy use at different times and the amount of incremental power
demand the customer causes to the energy selling company’s energy pur-
chase. The planning of the time of day tariffs and seasonal tariffs requires
knowledge of the energy shares for different time/price categories. These
values depend on the customer’s load variation.

The electricity market in Finland calculates energy sales on a one hour ba-
sis.

2.3 FACTORS INFLUENCING THE ELECTRIC LOAD

Usually all the needed load data is not available directly and the load values
must be estimated and forecasted using other available information. The
load calculations for different locations in the radially operated distribution
network are rather straightforward when the customers’ loads are known.

The load modelling and forecasting is based on knowledge of several fac-

tors influencing the customer’s load. The most important factors are:

» Customer factors: type of consumption, type of electric heating, size of
building, electric appliances, number of employees, etc..

» Time factors: time of day, day of week ( + special days) and time of year.

» Climate factors: temperature, humidity, solar radiation, etc.

» Other electric loads correlated to the target load.

» Previous load values and load curve patterns.

The relation of the factors to the electric loads are handled by various mod-
elling techniques. A wide range of research of modelling electric loads by
mathematical methods have been reported. In Finland mathematical model-
ling studies were done in Helsinki University’s System Analysis laboratory
by Karanta & Ruusunen (1991) for electric utility’s total electric load and
Réasanen (1995) for single customers’ loads.

Load modelling and modelling applications for Finnish power companies

have also been studied by Meldorf (1995) who also presents a complete
utility level load modelling application software.

15



2.3.1 Customer factors

The customer factors of electricity consumption are primarily the number,
type and size of the electrical equipment of the customer. While the electri-
cal equipment and installations vary from customer to customer there are
recognised types of customers which have similar properties. Such customer
types are for example: residential, electric heating, agriculture, small indus-
try and service.

2.3.2 Time factor

The electric load varies with time depending on human and economic activ-

ity. There is more load in the day time and less load at night. Also the load

varies between week days and usually the load is lower at weekend than on
week days. The cyclic time dependency leads to analysing the loads: on
hour of day basis, day of week basis and time of year basis.

The time factor is important in the Finnish power system because the pro-
duction capacity is limited and the price of the incremental power to maxi-
mum load is sometimes very high. The customer load’s coincidence with
the energy seller's own purchase is a very important pricing factor.

2.3.3 Climate factors

The weather factors like out-door temperature, wind speed, sun radiation
etc. influence the load. The out door temperature mainly influences custom-
ers with electric heating. The temperature varies over a wide range in the
Finnish winter (about 20 degrees C change in a few days is normal!). This
causes a lot of variation in temperature dependent loads, especially electric
heating.

Temperature is not the only factor, as the demand for heating energy is also
dependent on sun radiation, wind speed and humidity. Also the automatic
control of different heating equipment reacts to the temperature changes in
different ways. However in practice only the out door temperature is taken

into account as knowledge of the values of the other factors is limited.

Although the temperature correlation is obvious for total heating energy use,
the interaction between hourly load and out-door temperature is more com-
plicated (Rasanen 1995). This is because of the automatic thermostat con-
trol of the heating equipment, which among other things, also interacts with
the other uses of electricity. For example, heat storage is designed to store
the heating energy at night and transfer it to day time use.

16



2.3.4 Other electric loads

Electric loads are sometimes influenced by each other. A good example is
how the use of other electrical appliances in a building reduces the demand
for electric heating. The use of one appliance also generates the need to use
other appliances. This interaction is not well known and will be analysed
with the analysis of statistical distributions of customer’s electricity con-
sumption in chapter 4.

2.3.5 Previous load values

The electric loads have many periodic patterns. The load variation includes
autocorrelation. When there is knowledge of previous load values e.g. from
the previous day and from the previous hour, the load is usually very easy to
predict with good accuracy. This property has been successfully utilised
with forecasting of the utility’s total load. However the previous load data
recordings are seldom available for a customer or a customer class.

2.4 AVAILABLE DATA IN ELECTRIC UTILITIES

Usually the only measurements from customer loads is the energy con-
sumption from the billing meters. From the bigger customers there might
also be hourly meter recordings or maximum load values. The customer
billing databases usually include some kind of classification and naturally
the pricing information: size of the main fuse and annual energy.

The annual energy is the most important factor used in this study. The an-
nual average load is equal to the annual average hourly loads, and therefore
a reasonable factor explaining the hourly load differences between custom-
ers of the same class.

The new electricity market will promote new metering techniques and the
number of hourly load recordings is growing. However small residential
customers will not be under direct hourly recordings for many years.

2.5 THE SIMPLE FORM CUSTOMER CLASS LOAD MODEL
FOR DISTRIBUTION APPLICATIONS

Most mathematical load models developed for forecasting purposes are so
far too complicated to be directly applied to studies of distribution networks

(See Fig. 3). The number of calculated network nodes is high and the
knowledge from the loads and load measurements is limited. Therefore

17



simple form load models are needed which are easy to adminster and use
only such information that is available directly from utilitiy customer billing
systems.

substation feeder

, , 110/21 kV
primary substation

7

— O

distribution feeders >1<

mv-network 1 (open loops) 1
remotely operated disconnectors T" N\

mv-network 2 (radial) h
distribution feeder substation &/0,4 kV
lv-fuse

Iv-line

Iv-line to customer

main fuses
energy metering

customer

Fig. 3. For planning and monitoring purposes the electric utility needs to

estimate the loading of the distribution network. The readings from the
customer billing meters are the best and usually the only source of informa-
tion of the customer’s energy use.

In the Nordic countries the traditional method to estimate peak load in dis-
tribution network from customer’s annual eneiyyy has been Velander’s
formula ( 3)

Prax = KW, + ko[ W (3)

The coefficientsk; andk, studied from the load recording data from the
Finnish load research project have been published in the network planning
recommendations by the AFEU.

Velander’'s formula has been quite reliable in medium voltage network (mv-
network) load calculations when the number of customers has been large.
However the load estimates of small numbers of customers in low-voltage
networks (lv-network) have been quite unreliable.

18



The simple form load model used nowadays in electricity distribution appli-
cations of most Finnish electric utilities represents the customer’s average
hourly load P(t) and standard deviaticsa(t) as a linear function of the an-
nual energy consumptiof; in eq. (4) .

CP(t) = L(m(9), d(D, H(9) W

0 o (4)

(Bp () = sc(nf ), o3, K )OOV

m(t), d(t), h(t) are classifying functions resulting in a category where a spe-

cific hourt belongs. Their definition may vary among applications, but in

general:

» The value ofm(t) is season, time of year, usually month, but may be a
week or a two week period.

e The value ofd(t) is day type, usually day of week or working
day/holiday.

e The value oh(t) is hour 1...24.

The parameters. ands . are estimated from load research data (see chapter
3) from the average and standard deviation of the hourly load recordings
divided by the customer’s annual energy consumption

0 d. h
0 (md,h)= EM%
5 Mac @ (5)
[] (m,d, h)
DSLc(m d’ h:a%Nh’\c/:\/ %
H ac H

whereW, {(m,d,h is classc customer’s hourly energy in month (season)
day (day typedl and houh. W, . is the clasg customer’s annual energy.

Examples from the data and how the division by the annual energy affects
the variation of data is shown in the figures in Appendix 4.2.

The several factors affecting the loads (chapter 2.3) are not taken into the
model. Their impact is now cumulated in the mean and the standard devia-
tion of the model. The practical motivation for this simple model is that
there is usually no data or previous load measurements available for calcu-
lations where this model is applied. This simple model is a straightforward
statistic of consumption of electricity of a specific customer class in a spe-
cific time range compared to the customer’s annual energy use.
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2.6 ELECTRICITY DISTRIBUTION APPLICATIONS UTILISING
LOAD MODELS

The Finnish electric utilities now use various applications in network plan-
ning, tariff planning and production planning which use the load models
from the national load research project (Fig. 4).

Customers

energy meter readings

Load research Billing

annual energyVa
customer class

Load mOdelW Pricing applications

Network application

44

Fig. 4. Load research produces simple load models to be used in applica-
tions where the only available data is the customer’s annual energy use and
customer class. Using the load models the applications can estimate the
load for one year on hourly basis.

Distribution load flow software based on load curves was introduced by
Rossinen (1982). Since the first load models were published in (STYV
1985) more applications for network load computation, network planning
(Juuti et al. 1987), (Kohtala & Koivuranta 1991), (Partanen 1991) and elec-
tricity pricing based on load curve data (Ojala 1992) were introduced.

The Finnish software companies, for example Tekla Oy, Tietosavo Oy and
Versoft Oy, have produced commercial network information systems and
distribution network load flow calculation software products which utilise
the load models from the Finnish load research project.

The model parameters are usually presented in watts [W] when the annual
energyW, = 10 MWh. The parameter values are also sometimes prepared

20



for every hour of the year and organised as two 365 x 24 matrixes, one for
averagd..and one for standard deviatisn.

Model ( 4 ) written with dimensions is then:

POMW = L), d ), 1) 10MWH]
% HO MWh[7 (6)
Efp(t)[\m = s (10} Q) hl)%@zvg{lo MWH

The number of different seasongt) and types of day(t) may vary ac-
cording to the accuracy required. See Table 1.

Table 1. Different configurations of load models and their applications.

Configuration of a model Application

24 hourly values for 7 days a week | The most complete form and is used mostly with
for 12 months a year: pricing applications where the complete year's
m=1...12,d=1...28(29)/30/31h = | load data in needed. New applications for lpad
1...24 forecasting and network load monitoring require

this model. Specific for one year's calendar.
24 hourly values for 3 days(working Suitable for simple pricing applications. No spe-
day, Saturday and Sunday) for 12 | cific calendar.
months a year:

m=1..12d=1..3,h=1...24
24 hourly values for 3 days (working Traditionally used in long term production pldn-
day, Saturday and Sunday) for 26 | ning applications and also network planning and
two-week periods of the year: load flow applications. No specific calendar.
m=1..26d=1..3,h=1...24

The experience of using the load models has been positive. The distribution
network load flow applications give much better load estimates than the
conventional methods and, for example, utilities have therefore been able to
reduce their investment plans. The wide use of load models and positive
feedback has encouraged the continuation of the study.

2.7 STATISTICAL ANALYSIS OF LOAD MODEL
PARAMETERS

2.7.1 Sampling and classification

The parameterk, ands . of the load model are statistically estimated from
the load research data. Because of the large number of customers, sampling
is the only possible way to collect data and estimate the parameters. The
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problem is how the selection and analysis of the sample of customers should
be made to finally get the most accurate load estimates for practical network
calculations. See Fig. 5.

Customers c. 2.5 milj. (in Finland)

Sampling

Recorded customers c. 1000

Recording

Classification ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Recordings & background data

|

‘ ‘ ‘ ‘ Load models 46

Results )
Index series

Topography

Energy fractions

Figures

Fig. 5. Load research as a process from sampling to final results for appli-
cations. Different types of results are required: relative load index series,
hour/season load topography, energy fractions, figures, etc.

The way to minimise the sample size and research costs is to make stratified
sampling where the population is divided into some strata where the vari-
ance is known to be small compared with the variance between strata
(Pahkinen & Lehtonen 1989). Instead of terstraita and stratification the
termsclassandclassificationare used with the load research.

The utilities’ applications require a set of load models to represent all the
customer classes. Deciding the optimal number of classes and the type of
load model for one class is a complicated problem. The practical criteria for
load data classification are according to experience:

1. The load variance in one class of customers should be as small as
possible.

2. The number of classes should not be too large.

3. The classes should be representative.

4. The classes should be easily linked with the utility’s databases.
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Load research classification has also helped the utilities to classify their
own customers. Because of the many requirements load classification is said
to be more an art than a computation and is best done by an experienced
analyst.

For classification of the load research data, automatic classification meth-

ods, i.e. cluster analysis, were also considered but not completely applied
(Seppala 1984). During the latest analysis the data was first manually split

to 77 customer classes (Paananen 1991). After verifying the results the clas-
sification finally resulted in the 46 classes presented in Appendix 2 (Seppéala

& Paananen 1992). Rasanen (1995) developed methods for load analysis of
load classification based on the correlation between load curves, but appli-

cation of the method did not change the manual classification.

2.7.2 Generalisation and bias

The application of the model (estimated from a sample) to the whole popu-
lation is called generalisation. Usually the generalisation is done with the
sample ratio, which is the relation of the number of items in the sample to
the number of items in the whole population. For example, assuming a
population of 1000 we study a sample of 100 and find 5 items. Generalising
with the sample ratio of 1000/100 = 10 we expect the total number of items
in a population of 1000 is 50.

With the “simple form load models” the generalisation is not done with the

number of customers in a sample. The generalisation is done with the an-
nual energy consumption, where the load of a class is estimated by multi-
plying average customer’s load per annual energy consumption with the

whole class’ total annual energy consumption. While there are, no doubt,

many benefits, such an estimation is biased when the customer’s load varia-
tion is different between customers with different annual energy consump-

tion. This problem has been studied by Sarndal & Wright (1984) and they

call simple load models ( 6 ) “cosmetic” estimators.

The bias of the simple form load model is an acceptable drawback of a
practical and relatively cheap method. The load models are known to corre-
spond quite reliably to the total load of the utilities. However, one method

to remove bias from the load models is for each utility to make its own load

models based on sampling from the utility’s own customer population.

Another method to improve the load estimators is to utilise the direct meas-

urements from the network. This method called Distribution Load Estima-
tion (DLE) is introduced in chapter 7.
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3 LOAD RESEARCH

3.1 GENERAL

The method of load research, in general, is to collect and analyse load data
from different locations of the distribution system (usually at the customer’s
energy meters) to support the needs of load data presented in chapter 2.2.
Load research usually requires special metering instruments and human
work when the meterings are done at the customer’s site. Thus load research
is regarded to be expensive.

The benefits of load research come from improved accuracy of the decisions
made in utilities using more reliable load information. Two examples from
electricity production planning and demand side management (DSM) are
analysed in (Gellings & Swift 1988). They give examples where a given
reduction of uncertainty in load data could reduce the total costs of 1000
MW production or a DSM investment by about $40 million.

3.2 HISTORY

In the early days the load data collecting technique was simply to read en-
ergy meters regularly and analyse the information. Devices which automati-

cally printed or plotted the kWh value on paper were also used. These data
collecting methods were expensive, limiting comprehensive studies. On the
other hand the ability to handle and collect large amounts of load research
data was also limited. Anyway, the need for load research was recognised in
the industry and many methods to improve the work were developed (Wolf

1959 pp. 212 - 252).

The first load data analysing methods were mostly numerical simplifications
of the representation of load data. Wolf (1959 pp. 61 - 137) reviews meth-
ods of analysis of symbolic load duration curves. Most of those methods are
trivial for modern calculators or computers and no longer relevant research
topics.

In the 1970's magnetic tape recorders and in the 1980’s low cost electronic
recorders became available to collect load data, making it possible to con-
duct wide range load research covering hundreds of customers. Also the
development of computers made it possible to store and manipulate large
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amounts of data to make comprehensive data-analydéIPEDE
(International Union of Producers and Distributors of Electrical Energy)
published a book in 1973 (UNIPEDE 1973) where the methods of regres-
sion analysis of load data were reviewed.

Computer based statistical load analysis was first done by the regression
method using measurement data from substations together with total energy
consumption data from customers. This method is described for example in
(UNIPEDE 1973 pp.89-101). Also in Finland at least two such studies are
reported (Puromaki 1959) and (Leino 1974).

Fikri studied the statistical properties of loads and their applications for

network planning in (Fikri 1975). The study was based on some recorded
data and development of calculations assuming that loads were normally
distributed.

Load research projects have been reported in the 70's and 80's from many
countries. Some projects are listed in the UNIPEDE congress report (Kofod
et al. 1988). Load research projects are referenced from Germany, Den-
mark, Spain, France, Norway, Sweden and the United Kingdom. In the
United States load research has had a special position because of the Public
Utility Regulatory Policies Act of 1978 that has set high expectations for the
quality of the statistical data and analysis behind a utility's proposals for rate
increases and system expansion.

Nowadays load research is a normal activity in electric utilities. The collec-
tion and handling of data is no longer a problem. The focus is on analysis
and utilisation of the load research data.

3.3 RECENT LOAD RESEARCH PROJECTS IN SOME OTHER
COUNTRIES

3.3.1 The United Kingdom

In the UK the responsible organisation for load research co-operation is the
Electricity Association (EA). The EA has studied loads in England for a
long time and so far they have produced analyses for 250 customer groups
(Allera 1994). They are also actively reporting their results (EA 1994). In
the EA, load research has been a continuous activity for many years.

! For example, hourly load recording over one year produces 8760 measurements. In
four byte memory and approximating some overhead we get 40 kbytes per one year of
recordings. Thus in one megabyte, 25 one year's recordings can be stored. Modern PC
computers can easily manage over 1000 megabytes data storage.
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3.3.2 Sweden

The Swedish Association of Electric Utilities SEF (Svenska Elverksforen-
ingen) organised a load research project to get load data for network calcu-
lations. About 400 customers were recorded and analysed in 45 categories.
The recordings were done in 15 minute intervals. The results were analysed
and published in (SEF 1991). This analysis differs from others by its way of
adjusting temperature dependent load data with degree-day figures
(graddagtal) to standardise the circumstances of load data from different
locations and temperatures. A software package "Betty" has been developed
to give load values and estimates for single and aggregated loads utilising
the results of load research projects.

3.3.3 Norway

In Norway, load recordings are organised by the Electricity Research Centre
EFI (Electrisitets Forsknings Institutt) in Norway. The report from Feilberg
& Livik (1993) describes how the load research results are integrated into a
software package "PMAX”. The results are based on 15 minute load re-
cordings from 100 recorders. The results are reported for eight customer
categories.

3.4 THE FINNISH LOAD RESEARCH PROJECT

3.4.1 General

The Finnish electric utilities started to co-operate with load research in
1983. Most of the recordings were done using a specific electronic load data
recorder produced by a Finnish company Mittrix Oy (Fig. 6). Most of the
recordings were done on the customer level. The author was working with
the project at the beginning and the first steps of this project are described
in the author’'s M.Sc. thesis (Seppala 1984).
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Portable memory Remote reading

recorder Comm
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Customer Customer
Utility
* reader [ ] PC Comm

Fig. 6. The load research recording system. The portable memory (left) has
been the most used type of recorder. Remote meter reading with telephone
communication (right) is now more popular due to the needs of the electric-
ity market.

About 1000 consumer load recordings have been collected. The latest re-
sults of the analysis were published in 1992 (Seppala & Paananen 1992).
The results including load models for 46 customer classes were published in
several data formats. For the complete list of publications of the load re-
search project see Appendix 1.

The load research project was originally conducted by the Association of
Finnish Electric Utilities (AFEU) from 1983 to 1994. Since 1994 the re-
search has been VTT Energy's responsibility (Fig. 7). The project has regu-
larly employed one half time employee and, in addition, temporarily two to
three other persons.
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LOAD RESEARCH SERVICE

Collect - Analyse - . Control&deliver

recordings data results

Fig. 7. Load research is a service to collect and analyse load research data
and then deliver the results to be used in the utilities’ applications.

3.4.2 Load research data management

Since the beginning of the load research project the greatest challenge has
been to keep the load data in order and available to the analysis software.
Most of the data analysis and data manipulating software was written during
the project and by the people working with the project (See 8). During the
years from 1983 the platform of load research data storage and manipulation
moved from mainframe computer to a desktop computer.

The data management of load research now utilises modern computer tech-
nology. The load data is stored in a Relational Data Base. The applications
are connected to the database through ODBC (Open Database Connectivity)
using SQL (Structured Query Language). The applications include load data
management, calendar, reporting, import of data from load recorders and
statistical analysis.

Most of the analysis programming is done with APL (A Programming Lan-
guage). APL is an array oriented programming language with a special
mathematical notation. APL was found to be a very suitable tool for calcu-
lations, data manipulation, graphical presentations and creating user inter-
faces for load research.
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Fig.8. Load research utilises modern data management systems. The col-
lected data is stored in a relational database. The calculation software and
graphics is mostly done using the programming language APL.

3.4.3 Years of the Finnish load research project 1983 - 1996

Start 1983

Forty utilities joined the project and ordered a total of 556 load data record-
ers for this research. To read the EPROM memories of the load recorders, a
special data translation and collection computer station was maintained to
feed the load data to the mainframe computer of AFEU.

The selection of customers for the research was the utilities’ responsibility.
The initial classification included five classes of customers and five types of
residential electric heating. The classes were residential, buildings (non-
residential), agriculture, industry and service. The types of electric heating
were direct electric heating, partly storage electric heating, full storage
electric heating, dual heating (electricity and oil/wood), heat pumps and no
electric heating. See Table 2.
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Table 2. The initial classification of customers in the beginning of the load
research project.

Class Recorders
Direct electric heating 79
Partly storage electric heating 77
Full storage electric heating 30
Dual heating 85
Heat pump 48
Residential without electric heating 81
Agriculture 50
Industry 61
Service 62
Total 573
1983 - 1985

The results of the recordings were first analysed by the author and published
in 1985 in the form of so called index series (STYV 1985). The analysis
was done for 18 customer classes following the tradition of the national
production planning applications. See Appendix 2.2.

1986 - 1989
The recorders were transferred to new customers during 1986 - 1988. The

focus was then on industry and service class customers. The study of load
modelling for distribution network planning was done and published by
Harkénen (1987) and in the network planning recommendations of the
AFEU. Also the overall average load curves from various categories were
published in 1988. The study of temperature dependence of electric loads
was published by Siirto (1989).

1989 - 1991
A statistical load model analysis software package LoadlLab by System

Analysis Laboratory in the Helsinki University of Technology (Rasanen
1995) was developed. The development work was jointly financed by the
AFEU and Imatran Voima Oy.

1991 - 1992
The data management of load research data was transferred to a relational

database, and load data manipulation software was developed for the PC.
The complete analysis was done with 667 different customer recordings in
46 customer classes. The basics of the computation and the use of LoadlLab
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is described in (Paananen 1991). The flow of the estimation process of the
load models is presented in (Fig. 9).

The publication (Seppéala & Paananen 1992) consisted of descriptions for 46
load classes. The data was also made available on data disk in different
formats for uploading to applications software. The files consisted of the
parameter&.ands . for the simple form load model ( 4).

As an example, graphs of one of the analysed load classes is shown in Fig.
10 - Fig. 12.

The final classifications of the analysis are presented in Appendix 2.

Background Recorded Annual Temperature
data data energy

| U U

Normalisation and

filtering

Normalised data

V 1 \

Classification using background
data and annual energy

Classified and
normalised data

Generating load models (LoadLab)
- models for each month (12)
and special days (10)
- calculation of temperature correlation

- classification check

Load models for each customer class

Fig. 9. Estimation of the load model parameters (Seppéald & Paananen
1992).
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Average load 2-week periods
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Fig. 10. Example of load representation for one calendar year in two week
periods. Industry 1-shift, annual energy 10,000 MWh. Below: the data in
index form where the average is set at 100.

Energy fractions
Winter 1.11.-31.3., day hours 7-22

7.1% 9.6%

38.5% 36.4%

47.1%

44.6%

7.3% 9.4%
I \Vinter day I \Vinter day Mon-Sat
NN Winter night NN Winter night+Sunday
[ 1Summer day [ 1Summer day Mon-Sat
[ 1Summer night [ 1Summer night+Sunday

Fig. 11. Example of load representation for one calendar year. Energy
fractions. Winter time 1.11. - 31.3. and day time 7 - 22. Industry 1-shift, an-
nual energy 10,000 MWh.
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Week of peak load: 10 (4123 kW Mo hour 10-11)
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Fig. 12. Example of load representation: Hourly load curve for the week
where the maximum load value exists. Week nr. 10 Monday 10 - 11 hour
peak 4123 kW. Industry 1-shift, annual energy 10,000 MWh.

1993 -

The continuing work of load research focused on the verification of the pre-
vious results and planning the study for the future. It was clearly seen that
the number of different customer classes was sufficient for most applica-
tions. The greater problem was to determine how reliable these results actu-
ally are. The feedback from utilities was in general positive, but some minor
errors were also reported. Also the possibilities of using remote measure-
ments and other distribution automation data had to be analysed. The load
recordings continued on a small scale, studying some special groups ac-
cording to the utilities’ interests. The preparation of this thesis started. The
goal was to develop the load research to better meet the utilitys’ needs and
make some theoretical basic research.
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3.5 THE EXPERIENCE OF THE FINNISH LOAD RESEARCH
PROJECT

3.5.1 General

Load models are now used in many applications in electric utilities. The
planning staff require simple and easy-to-use methods and they have no re-
sources to handle all the statistical and probabilistic problems involved.
This means more responsibility on the researcher to formulate the results so
that they are easy to use and also easy to understand. This chapter summa-
rises some of the experience from the years of the Finnish load research
program indicating what kind of problems have been encountered and if any
solution was found. In general the experience has been positive.

3.5.2 Temperature standardisation

Experience has shown that, in the applications where the simple form load
models are used, only electric heating has such a degree of temperature de-
pendency that it needs to be taken into account. Temperature standardisation
was made for electric heating in studies (STYV 1985) and (Seppéla &
Paananen 1992). The load models were standardised to a long term average
monthly temperature.

The simple method of temperature standardisation is th&iCachange in
outdoor temperature makes, on average, a 4 % change in electric heating
load. This well known rule of thumb was also confirmed when analysing
load research data by Siirto (1989). Applying this rule we can transform the
electric heating loa®; from out-door temperatuf® to desired temperature

8, by the equation

P, = B {1+ 00416, -6,) (7)

3.5.3 Unspecified load distribution caused by load control

The loads that are influenced by load management control are not regularly
distributed. This is well seen from the load data from electric storage heat-
ing. Electric storage heaters are coupled from a few 0.5 ... 3 kW resistors
controlled by a clock and thermostat. The resistors themselves have fixed
installed power, but the way the load recorders collect hourly energy con-

sumption lead to load values which are randomly distributed from zero to

maximum demand with high variance.
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3.5.4 Linking the load models with the utility’s customer data

The linking of load models to customer and network data is a critical phase
before most of the calculations can be run. This work is usually done with
the help of the utility’s customer billing system. For each customer a load
model is selected with special linking rules. In these rules the available in-
formation of the customer’s annual energy, tariff and the utility’s own cate-

gorisation is utilised. The rules are specific for every utility.

After each customer has its load model linked, the application to network
information system is straightforward. The identifier of the customer’s point
of delivery joins the network node to customer billing data and load model.

The correspondence of the utility’s customer classification to the categories
of load research depends on how well the utility people understand the
background of each sample of load models. The publication (Seppéala &
Paananen 1992) explaining the background of each customer category is the
handbook for applying the load models in utility applications. The results of
load models linked to some network feeders are presented in the examples
in the end of this section (Chapter 3.5.6).

By verifying the total of the load models with the utility’s total load, the
accuracy of linking of the models with customers can be checked. In the
case of a single feeder the errors caused by wrong network topology or bad
metering data may lead to poor results, but in general the results have been
good.

The utilities’ customer and network computation applications include tools

for designing the linking rules between customer data and load models. To
what extent these rules are similar between utilities is not known, but some
utilities have been co-operating in Finland to develop these rules together.
The overall analysis of these rules and verification with load models should
be further studied.

3.5.5 Problems with seasonal variation in some classes

Some loads have no regular seasonal variation because of the irregular Fin-
nish spring and autumn climate. In practice, in agriculture and in summer
cottages, the beginning and ending of the season may shift one month de-
pending on the weather conditions. Calculating average load from different
years where the seasons vary, results in a flat load profile which does not
correspond to any real year’'s load. To find a solution to this problem re-
quires further studies and load recordings.
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3.5.6 Examples of load models compared with network
measurement data

The following four figures (Fig. 13 - Fig. 16) and corresponding tables
(Table 3 - Table 6) are examples of how the simple form load models from
the load research project correspond to some feeder measurements from
substations. The feeder current measurements are transformed from amperes
to active power using c@s= 0.9 and U = 21 kV. The measurement data was
collected from substations of two Finnish electric utilities Lounais-Suomen
Sahko Oy and Hameen Sahko Oy.

From Lounais-Suomen Sahkd Oy three feeder current measurements from
two substations, Meriniitty and Pernid, are represented here. The customer
classification for each feeder has been collected from the utility's network
information system. The data is over one year’s period starting from sum-
mer 1993 and ending autumn 1994. Examples of how the models and meas-
urements fit are shown in the following four examples.

The differences between the measurements and load models, according to
these examples, can be quite big. The reasons for the differences between
measurement and model load level can be numerous, for example errors in
scaling of the measurements, incomplete customer data, etc. However the
shape of daily and weekly load variation seem quite similar as seen from the
hourly plotted weeks.

The reader must notice the data presented here are randomly selected exam-
ples from systems that are under continuous development, and these exam-
ples also show one method of checking the accuarcy of the information.

3.5.7 Experience of the Finnish load research project compared
to other countries

In general the load research activity is similar in every country, but there are
also some differences which should be noted here. The organisation of the
Finnish load research project has been very small compared to similar or-
ganisations in bigger countries. Therefore there have been limited resources
to make load analysis. However the several successful applications have
shown that the project has succeeded to serve the utilities’ needs.

The close co-operation between Finnish utilities, application software ven-
dors, universities and research institutes has resulted in advanced load re-
search, load modelling and load model utilisation in electricity distribution.
The applications of load research data in Finnish distribution utilities might
be regarded as one of the most advanced in the world.
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Table 3. Example 1. Data from the Meriniitty Keskusta feeder. For descrip-
tion of classes refer to Appendix 2.1.

Class Nr of cus- | W, [kWh/a]
tomers
110 12 249060
120 29 425510
220 10 251800
601 38 199960
611 288 500120
1010 13 146880
1020 3 144730
1030 3 55910
810430 5 72850
820430 3 242680
820480 1 680910
910820 18 327240
920622 229 8309180
920623 5 222090
Total 657 11828920
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Fig. 13. Example 1. Measurement and load models for the Meriniitty Ke-
skusta feeder. Average daily load (above) and hourly curves over one week
(below).

The overall daily variation of the models is quite similar with the measure-
ments. The influence of the cold winter of 1994 is seen in the measurements
increasing the difference in the models.
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Table 4. Example 2. Data from the Meriniitty Myllyojantie feeder.

Class Nr of cus- | W, [kWh/a]
tomers
810430 3 2057920
810480 3 12641310
820430 1 124590
820480 1 145400
920622 1 146310
920623 2 97000
Total 11 15212530
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Fig. 14. Example 2. Measurement and load models for the Meriniitty Myl-
lyojantie feeder. Average daily load (above) and hourly curves over one
week (below).

The daily energies match well, but the measured daily load curve is very
different because of class 810480 with large annual energy use. The indus-
try class 810480 is obviously not 1-shift as it is classified by the utility. Also
the summer holidays do not affect the load as seen in the model. At the end
of the measurement some switching operations have occurred causing a big
error. This shows how the topology of the network is essential for the reli-
ability of the calculations.
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Table 5. Example 3. Data from the Pernio Kirkonkyla feeder.

Class Nr of cus- | W, [KWh/a] Class Nr of cus- | W, [kWh/a]
tomers tomers
120 52 926350 1010 20 274950
120 3 178790 1030 3 58120
220 7 159940 810430| 6 42400
300 3 146820 820430| 4 55670
520 2 35060 820480| 6 63020
601 168 946090 910820 18 742420
611 418 701670 910830| 14 572950
612 5 34840 920623 1 10510
612 1 8050 Total 735 5081750
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733 2 94700
25004
=
20004
1500
1000 .
500 s \,\,ﬂ”f\“l///\rrﬂf\mﬂw \Fﬂf“/\/ o [xA/MIVV\ﬁfw\ffv\rwrmf»vx\ AAAAA IH’J\AWV\"/VM’V\W
0. T T
01/06/93 15/11/93 01/01/94 31/10/94
d
Week 15/11/93-21/11/93
> 250
= 00 y \/A /\\] \
150! \ M\J
100 - S s - TN AN
50 . ST~ T J// ~ v . ST J/f’\/ - /// ~ - e . ’\u/\/
0.
0 24 48 72 96 120 144 168
h
—— Measurement——- Model

Fig. 15. The Pernio Kirkonkyla feeder. Average daily load (above) and
hourly curves over one week (below).

The shapes of the daily load curves are very similar, but the energy level is
about 40 % from the measured. This is obviously an error in data collecting

and should be fixed. These kinds of errors are quite common and one must
always check how accurate the information is from different sources.
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Table 6. Example 4. Data from the feeder of the Kulju primary substation.
Note different classification. Refer to Appendix 2.2.

Class Nr of cus- | W, [kWh/a]
tomers
1 9 120417
3 52 2905894
4 74 1717852
5 87 2842655
6 18 1510319
7 1577 7633621
8 56 1060872
9 77 157594
11 1171 18313903
12 53 636423
13 576 1384983
16 2 32410
17 246 132420
22 37 1100713
Total 4035 39550076
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Fig. 16. Example 4. Total energy measurement from the feeder of the Kulju
substation. Average daily load (above) and hourly curves over one week
(below).The load models are from the alternative classification which in-
cludes 18 different customer classes categories. (See Appendix 2.2). The
shapes of load models are similar although the level is again too low.
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4 DERIVATION OF STATISTICAL DISTRIBUTION
FUNCTIONS FOR CUSTOMER LOAD

4.1 INTRODUCTION

The loads of customers, even of the same type, are not likely to be the same
at the same time. The load of one specific customer is usually different at
different times. The load of a customer can’t be exactly predicted. We say
that the load is a randomly distributed variable or a random variable. The
most usual parameters describing a random variablenas standard
deviationandvariance

More information on the probabilities of a random variable is presented in
the distribution of the variable. For most of the computations we need the
distribution functionwhere the probability is approximated as a function of
the variable. In statistics usually, and when there is no knowledge of the
statistical distribution function, the normal distribution is assumed
(Pahkinen & Lehtonen 1989 p. 12). Also with electric loads the most usual
assumption has been normal distribution (Fikri 1975 p. 3.07). Especially
when it comes with cumulated independent loads the Central Limit Theo-
rem states that the distribution function converges to normal distribution.

In a report on statistical methods for load research data analysis the conclu-
sion is that the statistical distribution of electric load variation does not fol-
low any common probability density functions (SRC 1983 p.3 - 47). The
goodness of fit of estimated distributions is in general very low.

The Weibull distribution was fitted to consumer billing data in (Irwin et.al.
1986). The Weibull distribution was found flexible enough to explain the
distribution of customers’ annual energy use in different areas in Northern
Ireland. The analysis covered only customer billing data and annual energy.

In 1993 Herman & Kritzinger published results from fitting statistical dis-
tribution functions to grouped domestic loads. The distributions tested were
Weibull, normal, Erlang and beta. As a result they propose the use of the
beta distribution function. No applications using the beta function are de-
scribed. The goodness of fit is in general low for all distributions.

The estimation of statistical distribution functions with poor results was also
experienced in the first analysis of the Finnish load research project
(Seppala 1984 pp. 45 - 60). From the load data we can see, that the loads are
distributed around the mean and in many cases the distribution has a bell
shape. Some loads at some time don’t seem to have any regular distribution
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at all. This is especially the case with automatically controlled loads, like
loads of storage heating during night hours.

However, looked at another way, two examples of experienced load distri-
butions from the load research data shown in Fig. 17 give some new ideas
for finding the distribution function for hourly electric customer class loads.
These figures were produced by cumulating several hours’ data to one set
by scaling each hour's sample data between zero and one. We can see the
average distribution over several hours. These figures show a good fit to
normal distribution on day hours (high load) and lognormal distribution on
night hours (low load).
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Fig. 17. Examples of load distributions of one customer class with estimated
normal (left) and lognormal (right) distribution functions. The data is ob-
tained by scaling each hour’s load values betw@emd 1. The maximum
value of each hour gets the valtteand other values proportionally less
than1. Customer class is Private Service during January working days.

4.2 NORMAL DISTRIBUTION AND LOGNORMAL
DISTRIBUTION FUNCTIONS

Normal distribution is the limit of distribution of random sums and also it is

the limit distribution of many other distribution functions. A random vari-
ablex with density

42



1 'mglﬁz
— 20 0

is said to havenormal distribution with parametergt (mean) ando
(standard deviation)

The normal distribution withu = 0 ando = 1 is called ainit normal distri-
bution N(0,1). A normal distribution function is defined by the mean and
standard deviation of the population, which makes it easy to estimate.

It is, in many circumstances, possible to determine the fudai@hwhich
will transform the skew distribution into a normal one.

9(x) —¢0
FE o

E: N(0,D) (9)

In practical work the interest is to find a function of the type wigéxe

does not include any unknown parameters. According to Johnson & Kotz
(1970) the only transformation with statistical importance is a logarithm
transformation. The data is said tolbgnormaldistributed when the loga-
rithm of the data is normally distributed

Onx-¢

0_
ngg— N(0,]) (10)

& ando can be estimated from the observations by taking the logarithm of
the data and estimating the mean and standard deviation. The distribution
density function of lognormal distribution is

L _}I:Inx—{%2
A(X)=——e 207 O (11)

XOA/ 21T

Some aspects make lognormal distribution interesting in the study of elec-
tric loads. Lognormal distribution is used widely in statistics as a distribu-

% In general it holds for all monotony functionsgf

Pix<d= Pf g x< 03B
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tion of consumption, and customer electric hourly load can also be regarded
as hourly electric energy consumption. Another interesting point is that the
lognormal density function tends to normal density function when the ratio

between standard deviation and the mean becomes small (Aitchison &
Brown 1957).

4.3 THE PHYSICAL BACKGROUND OF LOAD VARIATION

The variability of electric loads is a result of complicated processes and in-
teractions between electrical appliances, environmental factors and human
behaviour. The origin of load variation within the customer loads in a cus-
tomer class can be split into three categories:

 variation in customer’s human behaviour

 variation in environmental conditions

* variation in electrical appliances and installations.

The customer load is limited between zero and the total power of installed
equipment. Thus the load variation is limited from both directions. The use
of the appliances is connected to each other by wiring or by “logical con-
nection”. The “logical connection” means that the appliances are usually
used together, like kitchen lightning which is usually switched on at the
same time as electric cooking appliances.

Customer’s behaviour is in general the background to the load variation.
The peoples’ daily living rhythm and quite strictly regulated daily working
hours bring a very regular portion to load variation. The variation of the
residential load is a result of people’s varying activities at home. Industry
and service have day/night and workday/holiday schedules which are also
clearly observed in load variation.

We shall now study the properties of electric loads as a result of a physical
random process. Certain processes produce a known statistical distribution.
The most common example is the sum of independent random variables
which results in normal distribution according to the Central Limit Theo-
rem. In the following chapters we develop models of processes which gen-
erate similar distributions as observed in load research data.

We assume the appliances, installations and environmental conditions to be
similar. Thus the variability of electric load is caused by the variability of
human behaviour. The human variability here is approximated as a set or
sequence of small random actions altering the use of the electrical appli-
ances.
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The value of loadP is observed from the enerljy; used in a time interval
T (typically T = 15, 30 or 60 min).

_Wr
P—? (12)

The length of timé determines how much randomness in the load values is
included. The shorter the intervals, the more random that load value is.
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Fig. 18. Example of a load over two days observed with different time inter-
vals T The measurement is the total load of an office building including
different service companies.

In Fig. 18 one customer’s lod® measured with different time intervals is
presented. The longer the interval is, the more stable the load is. The time
interval in the Finnish load research project is 60 min.

4.4 DERIVATION OF CUSTOMER LOAD DISTRIBUTION -
BINOMIAL PROCESS

4.4.1 General
The customer is seen here as a system of many appliances switched on or

off (see Fig. 19), which leads us first to study how the load distribution
could be represented as a result of a binomial distribution process. There are
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two possibilities: an additive and a multiplicative binomial process (Hald
1967 p.31 - 33).

If the probability of a certain appliance to be switched dftlsen the prob-
ability of k appliances out af being switched on is

Pr{n, K :@Eek(l—e)“‘k (13)

[ [ _

Fig. 19. Customer load as a combination of small loads.

4.4.2 Independent small loads - additive binomial process

We define the random variable as the demand of envergyer a time pe-
riod T. The randomness @i is caused by small random deviatieghadded

to wp in a random sequeneg, = Wy + & +...+ &, where Pr§ = ¢ = 6 and

Pr{e =0} = 1 - 6. The probability of the value of, after n steps follows in
Table 7.

Table 7. The probability of deviations of the additive process.

Value ofw, | Probability
Wo (1 - 9) "
WgtE (hQJ
0 Hl?l (l _ 9) n-1
+2
Wot<e @SPZ (1_ 9)(n—2)
Wo+NE 6"

The distribution tends to become symmetrical, approximating normal distri-
bution whem - o (DeMoivre-Laplace theorem) (Papoulis 1965 p. 66). The
distribution ofw tends to become normal even if the deviatioag ére not
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the same in every phase, as long asl@lliations are of the same order of
magnitude See also Galton’s distribution machine in Appendix 5.

4.4.3 Interdependent loads - multiplicative binomial process

We assume that the loads are in such a connection that they all react to-
gether. Thus the changes are relative instead of additive and the process is
multiplicativew, = wy (1 + &)...(1 +&,), where Pr§ = & = 8 and Pr§g = 0}

=1 -6. Then we have a similar Table 8.

Table 8. Probability of deviations of the multiplicative process.

Value ofw, Probability
Wo (1— 9) "

Wo (1+€) el n-1
Pro-o

2
Wo (1+£) @EBZ (1_ 6)(n—2)
\./V0(1+€)n én
Writing
dn w, =,
dn1+e)=a (14)

the distribution in Table 8 takes the same form as in Table 7. See Table 9.

Table 9. Logarithm of the multiplicative process.

Logarithm  of Probability
Wh
Yn 1-6)"

nt0 [hl
y &?1 (1 _ 9) n-1
yl‘l-'-z6 @%2 (1_ 9)(n—2)
Yatnd 6"

Thus, the logarithm of the variable is approximately normally distributed.
See also Kapteyn’s skew curve machine in Appendix 5.
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Next we want to get closer to the technical properties of the loads of electri-
cal appliances and develop a more complete load variation model.

4.5 DERIVATION OF CUSTOMER LOAD DISTRIBUTION -
KAPTEYN'S DERIVATION

45.1 General

In this chapter the form of load distribution is derived using some selected
simplifying assumptions and Kapteyn’s derivation. The goal of this chapter
is to give background on how a model of process of electrical appliances
leads to lognormal distribution as a special case (Seppéala 1996).

4.5.2 Definition of customer load

The customer load is the total eneklyy consumed during a time interval
of certain length (5, 15, 30, 60 min etc.) (See Fig. 20). The value of the av-
erage power is then

p=r (15)

T

The energyV; is a sum of the energies of the customer’s appliances

Wr:%er (16)

where the energy consumedTirby an appliancé is wr, . This energy de-
pends on the fixed nominal powey  of the appliance and the tingthe
appliance is used in

WTk:PN,kD-k (17)

Also we define the statug(t) = 1 when an appliance is switched on and
s«(t) = 0 when the appliance is switched. off
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Fig.20. Customer’s total load consists of several appliances, which have
fixed nominal powePy1, Pn2, Pns, Pna, Pns. The total energy demand
over T varies when the time of use of the distinct appliances varies.

45.3 Customer’s random action and reaction of electric
appliances

The customer’s influence on the electric load is an action changing the time
of use of the appliances by a small random vgl(e<T).

We assume that an actignaffects the time of use of appliankd®y value
A(1y); according to the following equation ( 18 ). See also Fig. 21.

(A(Ty); =sc(Dg 0T, <T

EA(Tk)iZO , T =T (18)
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Fig. 21. The reaction of appliances after the customer alters the time of use
of the appliances by the valge. Time of use of load\RR and R, changes
by the amount of; . Py sremains unchanged (below the thick line).

The assumptions of this model ( 18 ) are

1. The action of; takes place at a random tithe

2. The influence of this random action to any appliagkh@®pends on the
momentary status(t) of the appliance.

3. The appliance’s time of uggis uniformly distributed over time interval
T.

4. The resulting influencA(ty); is observed only from the varying length of
time the appliance is used. Whgn= T the load is at maximum and no
change will be observed.

The expected value of the state of an applidneée according to the as-
sumption 3.

Ty

T (19)

5(0) =

Combining the two previous equations ( 18 ) and ( 19 ) we get the expected
change of the time of use of one appliakce
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ATy ) :T?kgiék (20)

where

1 whenO<7, < T

Oy = 21
“ %)whenrk:T (21)

& Is the parameter for each appliance according to assumption 4. If the time
of use of applianck is alreadyT, it can not grow & = 0) any more. Then
the appliance is being used to its maximum capacity.

45.4 Customer’'s random actions and reaction of customer’s
total load

The customer’s total energy use over a time intefvial Wy . Substituting
(16)to(17) we get

\NI':szDPN,k (22)
3

The difference of the loafdl(W); is a sum of the differences of time of use
of distinct appliances

AW, ZZA(Tk)i Rk (23)
K

And applying the previous result ( 20 )

Ty

A(\Nl')i:%?giakPN,k (24)

To eliminate & from the equation we assume the value of the average
power to be far lower than the total installed power

P<<> P (25)
k

when we can “safely” assumig< T for almost allk and approximaté, = 1
for all k (No appliance is used at its full capacity). Then the change of load
gets a value
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AW, =W (26)

455 Definition of the reaction function with low load

Assuming the previous model, the total energy of a customer over an inter-
val T ( for example one hour) is subject to a process which successively al-
ters the load magnitude from the expected valggo W;, W5,..\W\.... The
origin of this process is the customer successively varying the time of use of
the electrical appliances. Each stegorresponds to one small random
change Aty);.

Assuming the average lo&lis far from the maximum so that < T for
almost allk, the expected difference between two phds¥¥) = W, - W,
is, applying the previous result ( 26 )

W
Wi =W =(AW) =5 —-=rW)g .t <T , P="low (27)
r is reaction functiomeeded in the following Kapteyn’s derivation.
W
row) = ?' (28)
4.5.6 Kapteyn’s derivation of a skew distribution

Now we study how a sequence of small random changes taking place in a
certain order affects the value\WW The sequence ofchangesq,,..., &,) of
the loadw expressed with the help of the reaction functienll be

W, = Vi + £ (W)
W, = W+, (W) (29)
W,y = Wy + £ (W)

Adding these equations and solving fgwe get the following result

oW -w " aw
= r(Wisq) \,‘\,[)r(W)

n
& =
=1

=g(W) (30)
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n

According to the Central Limit Theoreri & will be normally distributed
=1

whenn - oo. Also then the functiog(W) is normally distributed.

W
g(\A/)—TV_\l;W—T(an\/r]_InV\tS) (31)

The conclusion, according to the assumptions of the model, is that the cus-
tomer load distribution is lognormal when the average load level is “low”
and technical and environmental conditions are similar within the customer
class.

4.5.7 Simulation of the customer load distribution

The simulation of the previous load distribution model ( 18 ) is now studied.
The simulation was done with a computer with APL. The representation of
a system of distinct loads over a time interavas done using matrices of
bits (bitmaps).

Each row of the bitmap represents one electrical appliance) @nd each
column a short fixed slice of time.(.t,) of lengthAt = t/n . When the ap-
pliance is switched on the corresponding states(bithas the value 1 and
when the appliance is switched off the corresponding bit has the value 0
(see Table 10). The time slices approximate the small time intgrvAt.

Table 10. An example of a bitmap representing the use of appliances at con-
secutive time sliceg,t.. .

S(ty) |S(to) |S(ts) [S(ta) |... | tn)
Appl. 1|1 1 1 0 ] 1
Appl. 2 |0 1 0 1 .| O
Appl. 3|0 0 1 0 .| O
Appl. k |0 0 1 1 w1

The total energy is then related to the sum of the elements of the bitmap. If
the corresponding bit is 1 for an appliance at timéhe next time slice
having value O will be turned to 1. If the valuetats 0 nothing will be
changed. For example the previous table would look like the following if
the increment takes place tat Appl. 1 and Appl. 2 are switched on and
their use will be increased by turning the next O values to 1 (Table 11).
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Table 11. The increment of use at timelrhe changed values are printed as

bold italic (1).

S(ty) [S(tp) |[S(ts) [S(ts) qtn)
Appl. 1|1 |1 |1 |1 1
Appl.2|0 |1 |1 |1 0
Appl.3]0 |0 |1 |0 0
Appl. k |0 0 1 1 1

4.5.8 An example of the results of the simulation

Frequency histograms of a simulated customer’s load variation are pre-

sented here in Fig. 22.
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—— 1. Normal — — 2.Lognormal

Fig. 22. Result of simulation of load variation of an example household with
different load levels and standard deviations.

The customer is assumed to have the following electrical appliances in-

stalled:

Appliance  Py/W  number

light 60 5
light 100 5
heat 500 4
cook 1000 1
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The maximum hourly load is then 3800 W. Four simulations, where the ex-
pected load is 696 W, 933 W, 1291 W and 2706 W, were calculated.

The result of the simulation confirms that the load distribution remains
lognormal with small average loads. Also we see how the distribution is
close to normal when average load is larger, which confirms the result in
Fig. 17. The fitting of these distributions to distribution functions will be
studied in the next chapter.

The simulation model is interesting also for practical applications because
here the influence and interaction of customers with distinct electrical appli-
ances would be quite easy to define. As we see, with the computation capa-
bility of computers continuously increasing, the simple form of the simula-
tion program makes it attractive to use in applications. The applications of
Demand Side Management (DSM) and customer load control may find this
method useful in studying the influence of the DSM and load control ac-
tions on the customers’ load variation.

45.9 Discussion

The previous approach is an application of methods first published in 1903.
These methods were applied to the study of botanical science phenomena.
The question stated by Kapteyn (1916) was why skew distributions exist in
nature? The conclusion was roughly that, causes which are independent of
the size of the individuals, produce normal curves and causes which are de-
pendent on size, produce skew (in special case lognormal) curves.

This also seems natural for electricity demand. The causes changing the
customer’s use of electrical appliances are dependent on the use of the ap-
pliances. It is possible to define the distribution function at least in one spe-
cial case. This leads us to assume that there is a tendency to skew distribu-
tion somewhere between normal and lognormal distribution.

The model of interacting electrical appliances can be explained in many
ways. When the customer’s activity increases or decreases it influences all
the appliances in use (TV, cooking, lightning). In industry the use of the
machines is usually linked together and in offices the use of lightning and
ventilation and computers is related to each other. When the time of use of
one appliance changes, similar changes in the use of other appliances can be
expected.

This model is an approximation of the situation when the load level is far

lower than the maximum load and explains the skewness of the load distri-
bution and the selection of lognormal distribution. When the Padows
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and some of the appliances are used in maximum capacity, the distribution
obviously becomes closer to normal distribution.

The real interactions between electric loads are much more complicated
than the previous model. The loads may interact with negative correlation
while the increase in use of one appliance decreases the use of another ap-
pliance. However the model is easy to simulate which opens possibilities to
further study the properties of load variations. The generalisation of this
model should be a subject for further study.

Kapteyn’s approach is open to mathematical criticism. Also when these
ideas were published, some mathematicians, especially Pearson, criticised
the conclusions of how transformation of data to normal distribution was
obtained. However this method was appraised by those who found it giving
better insight into the systems which obviously lead to skewed distributions
(Baart de la Faille 1915 and Aitchison & Brown 1957 pp. 20 - 22).

From the older statistical literature "distribution machines” can be found.
They were simple apparatus to simulate certain distributions based on bi-
nomial processes. One famous one is Galton’s normal curve apparatus from
1889 (Hald 1965 p. 32). A corresponding skew curve machine was made by
Kapteyn (1916 fig 7.) See Appendix 5. The appearance of these apparatus
may help also the modern reader to understand the physical origins of ran-
dom distributions.
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5 ESTIMATION OF CONFIDENCE INTERVALS
OF CUSTOMER LOADS

5.1 GENERAL

In distribution applications the main problem is determining the dimensions
for the network components and monitoring the loading of the installed
network. Therefore the most interesting information from the electric loads
is the highest values and the probability of their occurrence.

In statistical terms the question is to estimate confidence intervals (or confi-
dence limits) for the load variation. The confidence intervals are related to
the statistical distribution of the load. There are two possible strategies for
estimating confidence intervals: calculating them directly from the observed
data or estimating them with the help of a suitable distribution function.

In distribution load flow calculations the normal distribution function has
been practically the only approximation (Fikri 1975) (Juuti et al. 1987).
Normal distribution is the best choice for cumulated independent customer
loads. When the load of one or two customers should be estimated the nor-
mal distribution tends to be unreliable. According to the previous chapter
other interesting distribution functions are the lognormal distribution and
distributions somewhere between normal and lognormal distribution.

There are also plenty of methods which are based on the re-use of data, i.e.
bootstrap (Pahkinen & Lehtonen 1989, pp. 227 - 243) and (Raséanen 1995).
However the preference of this study is to find simple parameterised confi-
dence interval estimators, which are easier to adopt to the electric utilities’
current applications.

This chapter covers the case of estimating confidence intervals for one cus-
tomer from a customer class. The estimation of confidence intervals of sev-
eral customers’ cumulated load from the same customer class is studied in
chapter 6. The most general case of cumulated loads of several customers
from different classes is more complicated while the correlation between
and within the customer classes should be estimated. This case will be left
for further study.

In network load flow calculations these results are most applicable when
calculating the low voltage network where the number of customers is
small. Also the results of this analysis are suitable for energy sales where
one wants to analyse the risk of one big customer increasing the total load.
Because of the different requirements of applications, the target is also to
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find the most general method which is independent of time and customer
class.

5.2 INTRODUCTION

The confidence interval of lod®, is defined here as a positive load value
under which the load remains with a given probability (see Fig. 23 and Fig.
24).

a
Pr PS Po = 32
{ a/o} 100 ( )

Frequency / %
8 —

Aread %

0 pa‘ - IoadP

Fig.23. The distribution frequency and the confidence interyal P

58



Probability
1

o %/ 100%

0.8

0.6

0.4

0.2

OM\\\ AN I T ST S AT A N N N T N I AT ST T TN NN NN S ST M1
0 Pa load P

Fig. 24. The distribution of load and confidence interval P

Applying the simple form load models in equation ( 4 ) the confidence in-
terval will be estimated by estimating the confidence interval for parameter
L.

Pr = LaW, (33)

5.2.1 The measure for the accuracy of confidence
interval estimation

To verify the different estimation methods, two error valgeandq, are
calculated for each hour. They are defined from the estimated and observed
percentiles and confidence levels according to Fig. 25.

Ch[%] = aestimatec{ %] -a observeLI%]
" - La observed ( 34 )

a observed

Lor

q,[%] =100
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Fig. 25. Verification of the estimated confidence interval.

g, defines what per cent of the observed loads are actually below the esti-
mator.d, defines what per cent the estimaﬁy differs from the percentile

L, observed from the data, represents the value and direction of how
much the confidence interval estimator deviates from the value observed
from the sample data.

While g, andq, are calculated separately for each hour, for each estimation
method and for each estimated confidence interval, the averageaso$e-
lected to represent the overall error of the method over several hours and
customer classes.

5.2.2 The customer classes selected for this study

The selected customer classes for this analysis are shown in Table 12. These
classes are the most important for distribution utilities. The number of
classes is also limited to nine to keep the computation data and time within
reasonable limits.

60



Table 12. Selected customer classes for analysis of confidence interval es-
timation.

Class | Description

810 Industry, 1-shift, all branches

820 Industry, 2-shift, all branches

910 Service, public, all branches

920 Service, private, all branches

110 Residential, one family house, direct electric heat

120 Residential, one family house, direct electric heat, water boiler at|night
602 Residential, one family house, no electric heat, electric sauna

220 Residential, one family house, partly electric storage heat

712 Agriculture, milk production, residence included

Overall figures of the models of these classes are presented in Appendix
4.1.

5.3 DESCRIPTION OF THE CONFIDENCE INTERVAL
ESTIMATION METHODS

According to the previous results in chapter 4 this analysis concentrates on
normal and lognormal distribution and their approximations. Five different
confidence interval estimation methods will be studied:

* Normal distribution Estimation method: NE

» LogNormal distribution Estimation method: LNE

» LogNormal distribution Estimation method, variation A: LNEA

» LogNormal distribution Estimation method, variation B: LNEB

» Simplified LogNormal distribution Estimation method: SLNE

Recalling equation ( 5 ) the estimates of the simple form load model pa-
rameters are brieflyn, for average ang, for standard deviation.

O ., d, h
A mah=eth 08
% 5 Wa B

(35)
0 AV, (m d, W
Bic(Mmd =0G——+—0O=5
= 5 Wy, H

The number of items in a sampleNsThen:th item of load data of the spe-
cific classc, monthm, dayd and houih is briefly L,
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(W, (m, d, h),
Ln =
(Wa’ C)n

n=1..N (36)

5.3.1 Normal distribution Estimation method: NE

The parameters for normal distribution are estimated using formulas

(37)

1 N
) ﬁ nzan
1

N
_ N2
= \/—N 1 ngl( L, —my)

I:IIE/J:I (| gl:l

The estimators for percentiles are selected from respective percentiles of
unit normal distribution$),,. See Table 13.

l:a1:m1+UaSl (38)

Table 13. Selected percentiles for unit normal distribution are found, for
example, from (Milton & Arnold 1990, Table V pp. 637 - 638).

a|50%)| 84.13% 95% 99 % 99.5/% 99.9%
U, |0 1 1.65| 2.33| 2.58 | 3.10

5.3.2 LogNormal distribution Estimation method: LNE

The parameters of log-normal distribution function are estimated in a like
manner to normal distribution taking the logarithm of the data.

N
Emz:i ZInLn
] Nn:1
N W (39)
= |—/—— S (InL, -m,)?
E&JN_lngl "
Lo =expm, + U, s) (40)

62



5.3.3 LogNormal distribution Estimation method variations

The confidence intervals remain in logarithm transformation (the order of
the values is not affected). Thus we can estimate the parameters using
corresponding percentiles of the observed distribution and the previous
equation ( 40 ) and table Table 13. This method is tested with the median
andLgs 13 sWhenU,=1 (41 ) and.gs o percentiles whetd,= 1.65 (43 ):

= [ 0
%rba n( LSO/o)

. (41)
ES3a = IN( Lgg1300) =~ My

LaSa exp(mSa + U S3>a) ( 42 )

In the following text this method is abbreviated LogNormal Distribution
method A, LNEA.

Hr@b = In( |-5o%

43
Essb—ﬁ(m('-%%) My,) (4%)

Loz = €XpMyg, + Uy Sy) (44)

In the following text this method is abbreviated LogNormal Distribution
method B, LNEB.

5.3.4 Simplified LogNormal distribution Estimation method:
SLNE

The parameters of the lognormal distribution function are estimated here in
a simplified way using the ordinary meam,) and standard deviatiors,)
estimated in ( 37 ). The "simplified” estimatarg ands, of the lognormal
distribution are:

mm, =Inm

45
S =In(m+ g)- m=In( M+ g-In m (45)
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I:0{4 = exp(m4 + U(x S4)
=exp(inm, + U, (In(m + §)- Inm) (46)

0 s O
=myE+ L0

0 m0O

a

The background for selecting this “ad hoc” method is the practical reason
that the best known parameters of loads are the mean and the standard de-
viation and they are already available in the electric power distribution ap-
plications. Thus applying this method requires no additional data to be dis-
tributed to the current computing systems.

5.3.5 Properties of SLNE

SLNE here, represents the distribution which is “somewhere between the
normal and lognormal distributions”. This is explained by the known prop-
erties of the normal and lognormal distribution. In the following we assume
that the data comes from lognormal distribution with paramétansio.

The relation between the parameters of lognormal distribut®ar(d o )

and mean and standard deviation &énds;) can be derived from the defini-
tion of lognormal distribution (Johnson & Kotz 1970 p.115, Lokki 1980 pp.
436 - 438):

1 5

E’rh E+EG
e

(47)
5=y e (8 -

The parameters of lognormal distribution are as in equation ( 39 )

Om, =¢

L _o (48)

By substituting equation ( 47 ) to the equations of simplified lognormal dis-
tribution parameters in equation ( 45 ) we get

5“425‘*%02

5

0 0 é g2 2_ N (49)
E1S4:In%|_+e \/e (¢ DB:In%"“/eUZ —l%

N £+E02

Q E e 2 E
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In the following we now study the estimation erggiof SLNE compared to
NE. Recalling the confidence interval estimators for normal distribution
(NE),

La1:m1+UaS_L (50)

and simplified lognormal distribution (SLNE) according to eq. (46 )

A 0 e
Lyg =ml+ iD (51)
0 m0O

and assuming the lognormal distribution as the actual distribution of the
data

L, =exp€+U,0) (52)

we can study the relative estimation error valpevhen the parameters of
the distribution varies. We calculate for NE method

0 %] = 100M

(53)
a2
and for SLNE method
L, —L

a2

Setting the parametér= 0 and varying the parameterthe result is plotted
as a function o§;/my in Fig. 26.
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Fig. 26. The theoretical estimation erros gf 99.5 % estimators of NE and
SLNE applied to lognormal distribution.

The curves in Fig. 26 show how the error of the NE method grows to a
negative direction when the relatiesim, grows. The error of the simplified
lognormal estimation is quite small wheyim; < 1.5. The error then grows
rapidly whens,/m; > 1.5. This explains why the SLNE is below the LNE
but above the NE. Also it is accurate enough in load estimation when the
si/my of load data is mostly well below 1.5 as seen from Fig. 28 - Fig. 30.

5.3.6 The flow of computation estimating and verifying
the estimators

The flow of the computation is presented in Fig. 27. The overall results
from the estimation of the parameters are shown for three customer classes
in Fig. 28, Fig. 29 and Fig. 30.

Comparing these figures with earlier load models presented in Appendix
4.1. we find them similar. The different monthly load curves, especially in

1-shift Industry, is due to the slightly different ways the charts were plotted:
The curve in Fig. 28 is an average of work days but the monthly curve in
Appendix 4.1 is an average of the whole month, holidays included.
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Another important observation is that the results of electric heating are
similar with the previous analysis presented in Appendix 4.1 although the
temperature standardisation was applied to the analysis in Appendix 4.1 but
not here. This is rather surprising as some reduction of variance due to the
temperature standardisation is generally expected. The reason why the tem-

perature standardisation did not reduce the variance should be a target for
further study.

[ Raw load research ddta

_>| Select data for class, month, day type, h1>ur

| Divide with annual energy

Filter outliers

| Estimate parameters for confidence interval estimarors

[Verify the goodness of estimator to data

Store the resulis

| New class, month, day type, hour?

Fig. 27. Flow of the estimation and verification process.
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L[W/10 MWh] Class 810 one customer

200 monthly average load
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Fig. 28. Results of estimation of parametersamd s. Class 810 Industry
1-shift.

L[W/10 MWh] Class 110 one customer
200 monthly average load
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Fig. 29. Results of estimation of parametersamd s. Class 110 direct
electric heating, one family house. No temperature standardisation.
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L[W/10 MWh] Class 602 one customer

150 monthly average load
1000*‘—‘—‘ e j
5004
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Fig. 30. Results of estimation of parametersand s. Class 602 residen-
tial, one family house.

5.4 VERIFICATION OF THE ESTIMATORS WITH THE LOAD
RESEARCH DATA

5.4.1 General

The selected confidence intervals to be calculated will be 84.13 %, 95 %,
99 % and 99.5 %. The problem with this representation is to summarise and
analyse the large number of different cases here.

The computational analysis was done for working days for
e 12 months

* 9 customer classes

e 24 hours

» 5 estimation methods

* 4 confidence intervals

» 2 estimation error valueg; andq,

which make altogether 1D [24[b [4 [2 = 103 680 values.
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First we will study in chapter 5.4.2 the distribution functions with some se-
lected cases which are assumed to be the most interesting. The selected
customer classes are: industry 1-shift (810), residential electric heating
(110) and residential (602). From these classes the hours 00.00 - 01.00 and
09.00 - 10.00 in January are selected to represent day and night. In ch 5.4.3
the error values for the selected hours are presented.

In ch. 5.4.4 we further limit the analysis to 99.5 % confidence interval and
NE and SLNE estimation methods and finally in ch. 5.4.5 we study the es-
timation methods only with the maximum hour in each customer class.

5.4.2 Observed load distributions and estimated distribution
functions

Figures 31 - 36 present distribution functions with the data from the load
research. The selected data is from January work days, hours 00.00 - 01.00
and 09.00 - 10.00 of class 810 Industry 1-shift, class 110 residential, direct
electric heating and class 602 residential without electric heating. The upper
graph covers all data and the graph below is focused on the tail area to show
the distribution of extreme values better. See also the graphs of the original
data in Appendix 4.2.

Pr[%] Class = 810, month = 1, day = Work, hour = 1
1004 e
et
80 e
s
60 P
1 HF
40 K
Hr
I
204 7/
b
di
0 T T T T T T T T T
b [0/? 500 1000 1500 2000 2500 3000 3500 4000 4500
%

L[W /10 MWh]

92

T T T T T T T T T T T T T T T
1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200
—Data —— NE - LNE —— SLNE L[W /10 MWh]

Fig. 31. Estimated distribution functions and distribution of the data. Class
810 Industryl-shift, January, working day, hour 00.00-01.00. Sample size
is 2253.
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Pr{%] Class = 810, month = 1, day = Work, hour = 10
1004

80

60

0 = 'xr AHTJ{‘ T T T T T T T T
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
L[W /10 MWh]

90+

88

86 T T T T T T T T T
5000 5500 6000 6500 7000 7500 8000 8500 9000 9500
—Data —— NE - LNE —— SLNE L[W /10 MWh]

Fig. 32. Estimated distribution functions and distribution of the data. Class
810 Industryl-shift, January, working day, hour 09.00-10.00. Sample size
is 2311.

Pr[%] Class = 110, month = 1, day = Work, hour = 1
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Fig. 33. Estimated distribution functions and distribution of the data. Class
110 direct electric heating, one family house, January, working day, hour
00.00-01.00. Sample size is 1944.
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Pr{%] Class = 110, month = 1, day = Work, hour = 10
100 -

80

60

- — T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

0
P[] L[W /10 MWh]

1004

98+

964 _

9o i

88 T T T T T T T T T T T T T T
3200 3400 3600 3800 4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 6000
—Data —— NE - LNE —— SLNE L[W /10 MWh]

Fig. 34. Estimated distribution functions and distribution of the data. Class
110 direct electric heating, one family house, January, working day, hour
09.00-10.00. Sample size is 1943.

Pr[%] Class = 602, month = 1, day = Work, hour = 1
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Fig. 35. Estimated distribution functions and distribution of the data. Class
602 residential, one family house, January, working day, hour 00.00-01.00.
Sample size is 829.
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Fig. 36. Estimated distribution functions and distribution of the data. Class
602 residential, one family house, January, working day, hour 09.00-10.00.
Sample size is 832.

5.4.3 Verification of confidence interval estimation

Tables 14 -19 present the estimation ergpenddq, of selected classes 810,
110 and 602, January workdays, hours 00.00 - 01.00 and 09.00 - 10.00. The
estimation methods are described in chapter 5.3.

Table 14. The errors;@and @ of the confidence interval estimation. Class
810 Industryl-shift, January, workday, hour 00.00 - 01.00.

Method 01[%0] 02[%0]

0=|84.13%| 95% 99%| 99.5% 84.13% 95% 99% 99.5%
NE 6.28) 0.21 -2.24 -2.30 20.12 0.p0 -40{54 -42.79
LNE 0.20( 0.30 -1.13 -0.74 0.14 1.46 -22/88 -18.00
LNEA (0)| 0.34| -1.00 -0.74 @ 1.92 -22.05 -16.93
LNEB -0.38| (0) -1.13 -0.88 -1.14 (0) -24.11 -19.35
SLNE 6.28 1.49 -0.5 -0.61 20.12 1624 -1578 -11.96

73



Table 15. The errors;@and @ of the confidence interval estimation. Class
810 Industry 1-shift, January, workday, hour 09.00 - 10.00.

Method 0u[%] [ %]

0=|84.13%| 95% | 99%| 99.5% 84.13% 95% 99%  99.5%
NE 3.06] -0.41 -0.90 -0.88 411 -142 -7.36 -1253
LNE 9.51] 439 100 050 1797 3468 57(60 61.52
LNEA (0)] -0.97] -0.64 -0.50 O -3.70 -5741 -9.25
LNEB 1.94 (0) -0.08 -0.1% 2.31 (0) -0.%4 -3.F/5
SLNE 3.0 1.02 0.183 0.02 411 2y7 327 0.30

Table 16. The errors;@and @ of the confidence interval estimation. Class

110 direct electric heating, one family house, January, workday, hour 00.00
- 01.00.

Method [ %] (%]

0=|84.13%| 95% | 99%| 99.5% 84.13% 95% 99%  99.5%
NE 1.26) 047 -008 -032 255 062 -0p5 -7]11
LNE 949 479 09% 05p 19.19 5843 121]67 135.87
LNEA )] 140 054 0.24 () 631 17.73 1586
LNEB 3.93 (0] 038 004 364 () 7.99 4B7
SLNE 126 202 054 029 255 8MU5 1946 14.82

Table 17. The errors;@and @ of the confidence interval estimation. Class

110 direct electric heating, one family house, January, workday, hour 09.00
- 10.00.

Method h[%] [ %]

o=|84.13%] 95% | 99%| 99.5% 84.13% 95% 999  99.5%
NE 100 -004 -09p -084 137 -026 -7/08 -8/38
LNE 532 404 095 050 799 26.80 45[14 54.96
LNEA ©)| 135 043 0.09 O 422 6.16 852
LNEB | -2.04 (0] 002 o004 -247 (0) 044 185
SLNE 100 150 o5# 044 137 5B5 699 935

Table 18. The errors;@and @ of the confidence interval estimation. Class
602 residential, one family house, January, workday, hour 00.00 - 01.00.

Method h[%] [ %]

0=84.13%[ 95% | 99%| 99.5% 84.13% 95% 99%  99.5%
NE 8.97 040 -16] -1.49 3331 10ps -20[11 -21.87
LNE 222 037 -1.45 -11p 347 -5.38 -19]29 -15/58
LNEA )] -0.98] -2.07 -1.1% (0 -9.98 -24.46 -2103
LNEB 2.99] (0] -069 -04%2 658 (0) -12.02 -6.8
SLNE 8.977 147 06p 019 3331 2600 1334 20.47
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Table 19. The errors;@and @ of the confidence interval estimation. Class
602 residential, one family house, January, workday, hour 09.00 - 10.00.

Method 0u[%] (%]

0=|84.13%| 95% | 99%| 99.5% 84.13% 95% 99%  99.5%
NE 3700 -1.74 -16p -166 637 -450 -17]90 -26.14
LNE 339 1.1 028 -02f 439 357 1f75 -3|52
LNEA ] -1.93 -1.04 -0.89 () -5.51 -11.78 -17j4
LNEB 2771 (0) -0.39 -02f 349 () -443 -10.06
SLNE 370 053 -030 -0247 637 0B2 556 -11.96

From Tables 14 - 19 we see how the error of estimation varies from hour to
hour and in general the simplified lognormal estimation method SLNE re-
sults in less errors than the normal distribution method NE. The LNE
method, which is based directly on lognormal distribution, results in very
high errors as seen in Tables 15 -17.

Table 20 summarises the analysis where the different methods of estimating

confidence intervals were compared to load research data from the Finnish

load research project. The results in Table 20 are the average values from an
analysis of 9 customer classes over 12 months. For each hour there are, on
average, 800 observations.

Table 20. Average errors of confidence interval estimation. Average result
of 9 customer categories, 12 months, working days and 24 hours.

Method u[%] [ %]

0=|84.13%| 95% | 99%| 99.5% 84.13% 95% 99%  99.5%
NE 3.15 -1.08§ -1.94 -1.82 10.91 -4.82 -20/97 -29.63
LNE 276 144 0.21 0.0f 5.95 13.88 26J53 33.87
LNEA (0)] -0.05] -0.37 -0.3% (@ -0.08 2.73 5.86
LNEB -0.02 (0) -0.04 -0.10 0.87 0 1.92 4.54
SLNE 3.1 0.63 -0.03 -0.07 1091 4P2 0j11 -0.16

The conclusion is that applying normal distribution approximation when
estimating 99.5 % confidence interval for one customer leads, on an aver-
age, to -25.63 % error. If we use the simplified lognormal approximation
instead we get an average error of -0.16 %. According to this result the sim-
plified lognormal approximation results in more accurate estimates than the
normal approximation in the case of one customer.

In further analysis we concentrate on the NE and SLNE methods estimating

the 99.5 % confidence interval.
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5.4.4 Verification of 99.5 % confidence interval estimation

Now we concentrate on the 99.5 % confidence level which is the highest
resonable level with the sample size around 1000. With a sample size of
1000 the 99.5 % interval means that 5 observations are expected to be above
the confidence interval. The possible few errors in data will then not affect
the result too much.

In Figs. 37 - 39 the estimation errgy for the 99.5 % percentile is plotted

for January and July, workdays varying the hour of day, and for hours 00.00

- 01.00 and 09.00 - 10.00 varying the month. From these figures we see how
the error of SLNE is in general smaller and the NE method in general esti-

mates the confidence interval too lowp (s negative).

99.5% estimation, class = 810 99.5% estimation, class = 810
q2[%] month = 1, day = Work a2[%] month = 7, day = Work
204 40 .
A e \*\»ﬂ-\
10 / \\\ /'7\\?/&\* 301 /’T \*/k\+*+\
f—#‘) SN o / \\‘ 204 I AN e T
0 ra, ) < 104 *‘*\\ / \\{//* N
YA \ \ A4
104 /0y S S \ 0 —
-20] . e -10 T e
/ N -20] / N
-301 R \ 20 / \
X =304 4 \
/N RN X
-40 \ / e
L AN A0 ey
-504 | | | | | | | | | | | | -504 | | ’\é | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20 22 2 0 2 4 6 8 10 12 14 16 18 20 22 24
tfh] th]
99.5% estimation, class = 810 99.5% estimation, class = 810
a2[%)] day = Work, hour=00.00 - 01.00 a2[%)] day = Work, hour = 09.00 - 10.00
204 40
104 // \'*\\\ 304 ’/&\
0 A FA
-10 s~ ' S 201 N
L J/ / Y
204 104 . Z el
-304 PIaES //f;‘x\\x 0 ///f// — “_7*74-\‘\*
-40 o NP ST TS T T
[~ — % / N ~ 104 e S
-50 SV - N
-604 | | | | | | | | | | | -204 | | | | | | | | | | |
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12

t[month] —*NE — SLNE tfmonth]

Fig. 37. Error @ of confidence interval estimation. Class 810 Indugtry
shift. Above: the error for 24 hours of a workday in January and July. Be-
low: the error for 12 months at hours 0.00 - 01.00 and 09.00 - 10.00.
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99.5% estimation, class = 110

99.5% estimation, class = 110
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Fig. 38. Error ¢ of confidence interval estimation. Class 110 direct electric
heating, one family house. Above: the error for 24 hours of a workday in January
and July. Below: the error for 12 months at hours 0.00 - 01.00 and 09.00 - 10.00.
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Fig. 39. Error ¢ of confidence interval estimation. Class 602 residential, one
family house. Above: the error for 24 hours of a workday in January and July.
Below: the error for 12 months at hours 0.00 - 01.00 and 09.00 - 10.00.

77



In Fig. 40 the average estimation erggrof the 99.5 % confidence interval
is presented for each class for January and July, hours 00.00 - 01.00 and
09.00 - 10.00.

In Fig. 41 the average errgs over 24 hours of a day in January and July
and average error over 12 months at hours 00.00 - 01.00 and 09.00 - 10.00
is presented.

From Fig. 40 and Fig. 41 we see the error of SLNE is smaller than the error
when using NE method. Also from the figures it can be noted that the NE
method gives too low estimates while the ecpais systematically negative.

In Fig. 42 the average errors for winter work days (1.11. - 31.3., hours 07.00
- 22.00), winter work days night (1.11. - 31.3., hours 22.00 - 07.00), sum-
mer work days (1.4. - 31.10, hours 07.00 - 22.00) and summer workdays
night (1.4. - 31.10., hours 22.00 - 07.00). Again the error of SLNE estima-
tion is smaller.

99.5% estimation, month =1, 99.5% estimation, month =7,
a2[%)] day = Work, hour = 00.00 - 01.00 a2[%)] day = Work, hour = 00.00 - 01.00
20 - 40
30
10 o
20
04 104
-204- vod 1 )
-304- -30
- -40 -
404 i -50 ]
-50 1 I i i 1 i i 1 [ -60 i [ [ i i 1 i [ I
810 820 910 920 110 120 602 220 712 810 820 910 920 110 120 602 220 712
class class
99.5% estimation, month =1, 99.5% estimation, month = 7,
a2[%)] day = Work, hour = 09.00 - 10.00 0q2[%)] day = Work, hour = 09.00 - 10.00
10 . 40
0 =T 304
-20 L 107 @@
30 - o
-40 20
-50 -30
-60 -40

1 1 I I 1 I I 1 T 1 T 1 1 I 1 I T 1
810 820 910 920 110 120 602 220 712 810 820 910 920 110 120 602 220 712
class [ INE Bl SLNE class

Fig. 40. Error ¢ of confidence interval estimation comparing different
classes months and hours.
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99.5% estimation, month =1,
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99.5% estimation, month = 7,
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1
810 820 910 920 110 120 602 220 71
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99.5% estimation, month = 1...12,
day = Work, hour = 09.00 - 10.00
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Fig. 41. Error g of confidence interval estimation. Average over 24 hours
in selected months and average over 12 months of selected hours.
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99.5% estimation, month = 1.11. - 31.3,,
day = Work, hour = 07.00 - 22.00
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99.5% estimation, month = 1.4. - 31.10.,
day = Work, hour = 07.00 - 22.00
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Fig. 42. Error g of confidence interval estimation. Average over winter and
summer day and night.
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In Fig. 43 the average error over a year is presented. Except for class 220
the error of SLNE is small compared to NE estimation. Here we can see that
the result in Table 20, SLNE error -0.16 % for 99.5 % percentile gives a

bit wrong impression of the accuracy of the SLNE because the error in class
220 has a positive sign compensating for the overall other negative errors of
other classes. Still this result proves the smaller error of the SLNE method

when applied to all classes and all times.

99.5% estimation, month = 1...12,
day = Work, hour = 00.00 - 24.00

q2[%]
1

1

5.
o)

J B o

T I T

2104~

-154--

20~

-4 T I I 0 I I I | T
810 820 910 920 110 120 602 220 712

class

[ INE Bl SLNE

Fig. 43. Error g of confidence interval estimation. Average over year and
all hours of day.

5.4.5 Verification of confidence interval estimation of customer’s
maximum load

The final task is to study how the overall maximum of a customer load
could be estimated. This is the most common engineering problem which
occurs when the lines and other equipment near the customer are consid-
ered. The customer's maximum load is an important factor which deter-
mines how much transmission capacity should be available to gain a desired
performance.

The results are shown in Table 21 where the confidence of interval estima-
tion is shown for the month and hour of the highest 99.5% value for every
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class. In addition to the estimation results, the values of the parammeters
(mean) and; (standard deviation) are shown.

From the table we also observe the Finnish peculiarity, the electric sauna, in
class 602. The electric sauna is a high power appliance in many Finnish
homes, usually 6 kW. While the figures in Table 21 are given for an annual

energy of 10 MWh and the usual annual energy for a one family house
without electric heating is 3 - 5 MWh per year, the power estimated using

Lgg 5001S reduced to 4 - 7 kW.

Table 21. Performance of NE and SLNE estimators when the 99.5 % confi-
dence interval is highest. Unit ofim s, Lggsw , NE and SLNE is
[W/10 MWh/a].

Class | month hour m S Logses | NE C]Z[%] SLNE Q2[%]
810 12 9 3110| 1449 8578 6835 -21 8318 -4
820 2 10 2124| 939 6264 4538 -28 o444  -14
910 1 17 1813| 905 7216 41490 -43 5134 -Zq
920 1 17 1994| 692 5294 3774  -29 4289 -19
110 12 20 2137| 1096 6688] 4954 -26 61983 -8
120 12 23 2732 1108 7921 5581 -30 6554  -18
602 3 20 2803| 2839 14873 10099 -33 16919 13
220 1 1 4094 | 1705 8763 8478 -4 10020 14
712 10 20 1767| 1187 8859 48171 -46 661D  -26

5.5 ESTIMATING CONFIDENCE INTERVALS OF THE DATA
FROM THE SIMULATION

An example of a customer’s load variation simulation is presented here. The
customer appliance data is the same as in the simulation presented in chap-
ter 4.5.7.

Three simulations are presented in Fig. 44 - Fig.46. The estimated normal
(NE), lognormal (LNE) and simplified lognormal (SLNE) distributions are
also drawn. Also with this simulated data the simplified lognormal curve
fits best.
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Pr[%] Simulated load distribution
1004 sample=1000, mean=475.2, range=97-1390, S.Dev=236.8

L

80

60

= T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
W]

96.5
96
95.5
9: T T T T T T T T T T
900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400
——data —— NE - LNE —— SLNE W]

Fig. 44. Simulated distribution and normal, lognormal and simplified
lognormal distribution functions. Expected load=+M75 W and s= 237
W.

Pr[%] Simulated load distribution
1004 sample=1000, mean=908.5, range=146-3022, S.Dev=504.4 e

80

60

401

T . T T T T T T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
W]

94+

9’2 _ T T T T T T T T T T T T T
1800 1900 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100
—data —— NE — LNE —— SLNE W]

Fig. 45. Simulated distribution and normal, lognormal and simplified
lognormal distribution functions. Expected load=+m009 W and = 504
W.
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Pr[%] Simulated load distribution
100 sample=1000, mean=1251, range=145-3375, S.Dev=655.5

80

60

93

92 T T T T T T T T T T
2400 2500 2600 2700 2800 2900 3000 3100 3200 3300 3400
——data —— NE - LNE —— SLNE W]

Fig. 46. Simulated distribution and normal, lognormal and simplified
lognormal distribution functions. Expected loagd=+1251 W and s= 656
W.

5.6 APPLICATION OF THE CONFIDENCE INTERVAL ESTI-
MATORS TO PRACTICAL DISTRIBUTION COMPUTATION

The previous results can be applied in practice to estimate the confidence
intervals for one customer. Substituting the parameters of simplified
lognormal approximation ( 45 ) to the equation of the estimator ( 46 ) we get

) e
[ =mO+i0 (55)
gm0

recalling again from the definition of the model ( 35 ) that m; ands, =
s, we can now write the formula of the estimator using the parameters of the
load model

- s ¢

Lys = LﬁH £ 56
a4 CH (56)

Applying the load model for simplified lognormal approximation we get
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) ) S dJa . S dJa
Poa = LagaW, = LﬁHTLH W, = P@l"' TLH (57)

and for normal distribution approximation we get
A A S — S U
Pal = Lal\/\é\ = Lﬁl"' U(x TLﬁNa = Pﬁl-'- Ua TLH (58)

Example: A load model. gives, for a customer with a given annual energy
W,, one certain hour’s load mean val@e= 100 kW and the standard de-
viation s = 50 kKW.

With the NE method we estimate the 95 % and 99.5 % confidence interval:

Pg5%,1 =100 1+ 16510%= 1825RW
Poo.5%,1=1000(1+ 25810%= 229 5RW

and with the SLNE method we get

Pysos,4 = 1000( 1+ O 5165 = 19528W
Poo.506,4 = 10001+ O 5258 = 284 6KW

If we have load value® = 100 kW andss = 75 kW with the NE method
we estimate

Posee 1 = 100( 1+ 16510 7p= 223 7BV
Poa.s06,1 = 100L(1+ 25810 7%= 293 5KW

and with SLNE we get

Posee 4 = 10001+ O 751% = 251 7&W
Pyo.506,4 = 1000{ 1+ O 75258 = 42368W

The SLNE method is important in the sense that there is no need for pa-
rameters other than the ordinary mean and standard deviation. These pa-
rameters are already available for utilities’ applications and therefore their
use will not require any activity other than a change in the computation al-
gorithm.
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6 ESTIMATION OF CONFIDENCE INTERVALS
OF SEVERAL CUSTOMERS

6.1 GENERAL

The result of the previous chapter was a method to estimate confidence in-
tervals for one customer load. When the load consists of more than one
customer the estimators are not directly applicable.

According to the Law of Great Numbers, the distribution of the sum of the
loads becomes normal when the number becomes large. A complete study
of the problem requires analysis of the correlation between customer classes
and will be left for further studies.

Here we assume the loads are from the same class and are independent.
First we study how the estimators of the confidence intervals should be

modified when the number of customers increases to 2, 3, 4 etc. Then we
apply the method to load research data.

6.2 DEVELOPMENT OF THE ESTIMATION METHODS FOR
SEVERAL CUSTOMERS

6.2.1 The parameters of the sum of random
variables

According to probability theory, the mean of the sum of random variables is
Hs = Ky + Hot... Ly (59)
Also if the variables are independent, the sum of the variances is

c2=0? +0%+. . +0} (60)
Assuming each variables’ mean and standard deviation is equal we get

Hs = ku (61)

o2=ko?0 o =-ko (62)
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According to the simple load model in equation ( 4 ) the standard deviation
sis a linear function of the customers annual energy consumption. Assum-
ing thatW,; is the annual energy of customeve calculate fok customers
the one customer’s standard deviation with the average annual energy

_ i
Sav. one customer— S.L

k
Wa,i
=1

" (63)

We get the standard deviation lotustomers by substituting ( 63 ) to the
previous equation ( 62 )

k
Z Wa, i

1

S k
Sk customers™ \/T<S av. one customéar \/_k§ I K = \/1? z Wa,i ( 64 )
i=1

According to this result we shall now test the estimation of confidence in-
terval of loads of more than one customer in a class by dividing the standard
deviation by the square root of the number of customers.

6.2.2 Normal distribution confidence interval estimation NE for
several customers

The parameters for normal distributiom ands, are estimated from the
data of one customer. The estimators for percentigs according to the
result of chapter 6.2.1 are selected from respective percentiles of unit nor-
mal distributiondJ,. See Table 13.

Emlk:”l
0 _ S (65)
= ik
Izalk:mlk"'uaslk:nl"' Ua% (66)

6.2.3 Simplified lognormal distribution confidence interval
estimation SLNE for several customers

The parameters of lognormal distribution function are derived frppand
Sik Similarly:
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My, =In my

Doae =In(m + ) - In m, (87)

I:or4k :nﬁ(l"‘ﬁ)ua (68)

The procedure for estimation computation is shown in Fig.47.

| Raw load research data

— >  Select data for class, month, day type, hour, nr in group

| Estimate parameters for confidence interval estimgtors

'

ISelect random groups from data of same day and add together

| Divide with annual energy of group |

| Filter outliers |

| Verify the goodness of estimator to data|

| Store the results |

} New class, month, day type, hour, nrin groL||p

Fig. 47. Flow of the estimation and verification process for groups of cus-
tomers.

6.3 VERIFICATION OF THE ESTIMATION OF SEVERAL
CUSTOMER’S LOADS

6.3.1 Verification of 99.5 % confidence interval estimation

The following Figs. 48 - 52 present the results of estimation of 99.5 % con-
fidence interval when the number of custonteis 1, 2, 3, 4, 6 and 8.

The data representing sums of several loads is calculated by selecting ran-
dom combinations from the data

_Wh(m d B+ W(m d Ryt
n Wy + Wi +...

L (69)
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99.5% estimation, nrin group = 2
a2[%] m = 1.11. - 31.3.,d = Work, h = 07.00 - 22.00

99.5% estimation, nrin group = 2
a2[%] m =1.11. - 31.3., d = Work, h = 22.00 - 07.00
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Fig. 48. Estimation of the 99.5 % confidence interval for 2 customers.

99.5% estimation, nrin group = 3
92[%] m = 1.11. - 31.3.,d = Work, h = 07.00 - 22.00
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99.5% estimation, nrin group = 3
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99.5% estimation, nrin group = 3
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99.5% estimation, nrin group = 3
a2[%] m = 1.4. -31.10., d = Work, h = 22.00 - 07.00
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Fig. 49. Estimation of the 99.5 % confidence interval for 3 customers.
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99.5% estimation, nrin group = 4 99.5% estimation, nr in group = 4
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99.5% estimation, nrin group = 4 99.5% estimation, nrin group = 4
42[%] m = 1.4. - 31.10., d = Work, h = 07.00 - 22.00 92[%] m =1.4.-31.10., d = Work, h = 22.00 - 07.00
ST T MR T T O Ot B L HiH
-154- [ -
SL0| [P SN =R A R il B i
-15 251
-304
-20 -354
U U -404,
-254+— T T T T T T T T 454 — T T T T T T T T
810 820 910 920 110 120 602 220 712 810 820 910 920 110 120 602 220 712
class [ INE I SLNE class

Fig. 50. Estimation of the 99.5 % confidence interval for 4 customers.

99.5% estimation, nr in group = 6 99.5% estimation, nr in group = 6
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Fig. 51. Estimation of the 99.5 % confidence interval for 6 customers.
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99.5% estimation, nrin group = 8 99.5% estimation, nrin group = 8
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Fig. 52. Estimation of the 99.5 % confidence interval for 8 customers.

The figures clearly show that the assumption of independent loads is wrong.
The estimates are, overall, below the observed confidence intervals. How-
ever the NE method for several customers gives almost the same results as
the SLNE method. The overall errgy of the estimation becomes smaller as

the number of customeksgrows. When the number of customers is 8 (Fig.

52) the estimation error is about -10 % except class 120. Obviously the as-
sumptions of the estimators are not fulfilled, but the accuracy is still in a
range sufficient for most distribution applications.

The other conclusion is that only in the case of one or two customers is the
SLNE estimation clearly better than NE. In the case of three and more cus-
tomers the two estimation methods give similar results. The value of the
error g, remains, in winter days, around -10 % when the number of custom-

ers grows. However, such an error (ranging from -10 % to +5 % estimating

the 99.5 % confidence interval) is quite acceptable for most distribution ap-

plications.

One source for inaccuracy of this analysis is the random selection algorithm

to form groups of 2, 3, 4,... customers. While the number of the available
load data values varies, the random selection has different numbers of val-
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ues to select. The work to improve this method will be left for further stud-
ies.

6.3.2 Verification of estimation of several
customer’'s maximum loads

Here the result is presented for selected customer classes: class 810 Industry
1-shift, class 120 electric heating with storage water boilers and class 602
homes with electric sauna. The results of the other customer classes will be
analysed in further studies.

Class 810 Industry is shown in Table 22. The estimation result is good and
there is no notable difference between NE and SLNE when the number of
customers is more than 1.

We also see some odd things. The time position of highest load changes as
the number of customers grows, and the parameter values sometimes in-

crease when the number of customers increases while a decrease in the pa-
rameter values would be expected. The main reason for these is obviously

that the data values are the result of random selection forming the groups of

2, 3, etc. customers.

Table 22. The model parameters at the time of maximum load of Class 810
Industry 1-shift with different number of customers. Number of customers
1...8. Unit of m, s;, Log.s0o NE and SLNE is [W/10 MWh/a].

Nr. | Month | hour| m S1 Logss | NE 02[%] | SLNE | qo[%]
1 |12 9 3110 | 1449| 8578] 683% -21 8313 -4
2 |12 15 2761 | 1124| 6218] 5590 -11 6114 -2
3 |12 11 3021 | 928 5348 529% -1 5501 2
4 |1 9 3229 | 748 5018 5012 -1 5094 1
5 |1 9 3226 | 694 | 4893 483§ -2 4876 -1
6 |1 11 3330 | 568 | 4785] 4800 O 4811 O
7 |1 9 3202 | 629 | 4536 4610 1 4604 1
8 |1 9 3202 | 597 | 4489] 4530 O 4512 O

The following example is the class 120 Residential, direct electric heating
shown in Table 23. In class 120 the electric water boilers are automatically
switched on in the evening. Here we see howlLide,, does not decrease
when the number of customers increases because the boilers are always
switched on same time. The values when the number of customers is 3 and
8 are exceptional and likely because of errors in the random selection algo-
rithm.
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Table 23. The model parameters at the time of maximum load of Class 120
Residential, direct electric heat, one family house, water boiler at night.
Number of customerk...8. Unit of m, s, Logse,, NE and SLNE is [W/10
MWh/a].

Nr. | Month | hour | m S1 Logsy | NE 02[%] | SLNE | q[%]
1 12 23 2732 | 1108 7921} 5581 -30 6554 -18
2 2 23 2795 | 837 5290] 4888 -8 5213 -2
3 12 8 1605 | 579 5827 2534 -57 2619 -56
4 2 23 2766 | 638 4524 4289 -6 4364 -4
5 2 23 2758 | 583 4370 413§ -6 4170 -5
6 2 23 2762 | 558 4310 4023 -7 4033 -7
7 2 23 2749 | 521 4163] 3935 -6 3930 -6
8 12 11 1469 | 415 45241 2023 -56 2013 -56

The last example again represents that Finnish peculiarity, the electric
sauna. Many Finnish homes also have an electric sauna which is usually
about 6 kW installed power. The other thing is that Finns have a habit of
using their saunas at the same time which leads to a well known “sauna
peak” for the electric utility. The “sauna peak” is usually on Saturdays, so
the working days are not the best days to study it, but to give information on
how the use of saunas is distributed over the hours of a week. The use of
saunas however, is nowadays spread over the weekdays. In the table we see
how the maximum load takes place in the evening of working days at hour
20. The value of the peak for one customer with a 99.5% confidence level is
almost 15 kW but with eight customers, only 7 kW. Remember that the fig-
ures are given at 10 MWh annual energy and the usual household’s annual
energy use is between 3.5 MWh and 5 MWh per year.

Table 24. The model parameters at the time of maximum load of Class 602
Residential, one family house, no electric heat, electric sauna. Number of
customerd....8. Unitof m, s, Log 506, NE and SLNE is [W/10 MWh/a].

Nr. | Month | hour| m S1 Logsw | NE 02[%] | SLNE | qo[%]

1 3 20 2803 | 2839| 14873 10099 -33 16919 13
2 3 21 2666 | 1962| 1133¢q 7750 -32 9741 -15
3 12 17 2156 | 1039| 9749] 4338 -56 4697 -52
4 12 21 2651 | 1278| 8232 5812 -30 6143 -26
5 12 18 2411 939 | 7638 4944| -36 5072 -34
6 12 21 2701| 1170{ 8038] 5244 -35 5284 -35
7 2 19 2651 | 1087 7778 5096| -35 5070 -35
8 2 19 2755 | 1126 7070f§ 4938| -31 4862 -32
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The overall erron, in Table 24 is also systematically around -35 %, which
again reminds us that the assumption of independence between loads is not
valid.

When the number of customers increases the analysis of the confidence in-
terval obtained from the sample distribution becomes very small. However

this is only an applicable result when the sample is from exactly the same
population and time. When we apply the load model to a larger number

(10...1000...) of customers to estimate their total load, the error comes

from differences between the target population and the sample population
and the errors applying the model at different times.

In the following chapter the method of Distribution Load Estimation is in-
troduced to apply load models to a large number of customers.
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7 DISTRIBUTION LOAD ESTIMATION (DLE)

7.1 GENERAL

The load research has produced load models to convert the customers’ an-
nual energy consumption to hourly load values. The reliability of load mod-
els applied from a nation-wide sample is limited in any specific network
because many local circumstances are different from utility to utility and
time to time. Therefore there is a need to find improvements to the load
models or, in general, improvements to the load estimates.

In Distribution Load Estimation (DLE) the measurements from the network
are utilised to improve the customer class load models (See Fig. 53).

- P,QU

substation feeder

. _ 110/21 kV
primary substation

U (P.Q)
L,(P.Q)

distribution feeders

mv-network 1 (open loops)
remotely operated disconnector
mv-network 2 (radial)
distribution feeder substation

(1,U)

LU
Iv-fuse (L0)

Iv-line

Iv-line to customer
main fuses
energy metering

customer @ @

Fig. 53. Possible measurements in distribution network.

W,P,Q,U,l

The results of DLE will be new load models that better correspond to the
loading of the distribution network but are still close to the original load

models obtained by load research. The principal data flow of DLE is pre-
sented in Fig. 54.
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Customer class energy data from
network connected to the measurement Average customer
(Network topology & billing inf. syst.) class load curves

\ / (Load research)

Hourly load curves for customer
class at the metering point Hourly load measurement
at the metering point

\ / (SCADA)

ESTIMATION

Estimated customer class load curves

Fig. 54. The data flow of distribution load estimation (DLE) process.

7.2 BACKGROUND

Distribution system load estimation has been studied especially by Hand-
schin and Ddrnemann (1988), Dérnemann (1990) and Doérnemann et al.
(1990). Their studies handle distribution network loads and customer class
load models estimated from the busbar loads using the Bayesian estimation
method.

In the USA, distribution network estimation is the subject of research activ-
ity, but the difference in the distribution system makes the problems there
more complicated. Wu & Neyer (1990), Baran & Kelley (1995) and Ghosh
et al. (1996a, 1996b) handle the total three phase system with state estima-
tion techniques. The difference with conventional state estimation methods
is that the load data is obtained from load models instead of direct meas-
urements.

Utilising the distributed estimation algorithms, distributed load estimation
was studied in (Seppéalda 1991). This method could reduce the computation
time by applying parallel algorithms when handling large distribution net-
works.

Karenlampi et al. (1996) have developed estimation and monitoring systems
for distribution networks. The remote meterings are used to adjust the load
model data to better fit the measured loads of the feeders of the distribution
network. The method is integrated into a network operator’s support system
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developed by Tampere University of Technology under the distribution
automation research programme Edison.

7.3 THE ESTIMATION PROCEDURE

7.3.1 Definition of weighted least squares estimation

We assume that the distribution network is radial operated. Each meter
measures the load for a specific part of the network. Usually the load me-
tering points are at the primary substations, but also metering can exist
deeper in the network (see Fig. 53). The medium voltage feeders are usually
equipped with current metering and the substation primary feeder is also
equipped with active power metering. See Fig. 55.
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Fig. 55. Distribution station with feeder measurementsSg. Over an area
i the total annual energy of a customer class j js W

To calculate the hourly load estimate for each customer class we use the
linear load model (4 ):

P(t) = L(m(Y), d(9), () W (70)

In the following mathematical manipulation, the load model is briefly pre-
sented as the equation

z=xXW (71)
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wherez denotes the customer class’ one hour’s expected Padkrived
from the modelW corresponds to annual enefg¥ andx corresponds to
the factorlL., which represents the relationship of customer’s hourly load to
the annual energy consumption.

The annual energy in different areas of the network is representéd, by
wherei defines the area andlefines the customer class.

In the distribution network, the total load is a sum of the loads of distinct
customer classes.ln. The total load of the customer class in the network is
z. The total annual energy of each clpssthe network is presented briefly
asW,

m

W =3 W, (72)

The total annual energy consumption of customer class@soter areas
1...mare (See Fig. 55)

HNL = Wyt + W,
O (73)
BNn = Wn+"'+VVnn

The equation between the actual customer class load and the load obtained
from the model can be written adding an error tgrm

Ezl"'Vl:V\i)i
0 : (74)
H2, + v = W%,

The matrix form of the equations between customer class loads and cus-
tomer class load models is

(7, +vyO W, ---0 00O X.O
B : B:BE .0 : Bc z+v=W,x (75)
@n + Vna EO -0 Wna Q(na

wherez is one column matrix with the number of rows equal to the number
of customer classedV, is a diagonal matrix of total annual energies of
customer classes in the netwoxkis one column matrix of load model pa-
rameters.
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For each load measureméhin the network we can write equations, where
the value of the measured load is the total of the loads of customer classes
in the corresponding area. The equations can be written adding an error
terme

5+ 9= Wkt WX
(76)

B
B+ 60 = Wa X+ W,

The error term also includes the network losses unless the losses are defined
as one customer class. The matrix form of the equations is

S +q0 W, - W OX O
o . oOo_d. - : - [ _
o 0- Lo :D@S+e— Ws X (77)

R
@1‘*@1@ @le \Mnnag(na

S ande are one column matrixes where the number of rows is equal to the
number of measurementéls is a matrix where the number of rows equals

the number of measurements and the number of columns equals the number
of load classes is a one column matrix where the number of rows equals
the number of customer classes.

The two matrix equations ( 75 ) and ( 77 ) presented together now describe
the total system of customer class load models. The load models describe
the customer class loads in the netwark v = W,x and the relation be-

tween the measurements and load models is described by the equation
S+ e= W5 x. Combining these equations we get an equation of partitioned

maitrixes

(xO0 [vO_ DW,O

S B Bl (78)

) L. v
Now we want to findk that minimises the errcEB

For this kind of optimisation problem with several parameters, we will use
the method of Weighted Least Squares Estimation (WLSE), which is widely
utilised in the state estimation of transmission networks (Debs 1988 p. 291).
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7.3.2 The formulation of WLSE

The general solution of the WLSE equation of the form

c=Ab (79)
is solved by solving the minimum of the sum of squares weight&i‘by
min| (c— Ab)T R (c - Ab| for b. (80)

where the weights iR are covariances of the variables and measurements.
Assuming the variables are independent we get a diagonal matrix with vari-

ances.

[y

%712 .. 0 0 0 g

d. . . o L

4 _Uo g2 0 ol
R™ =0 " 0 (81)

BO 0 oy OB

0 ’ (2) 0

H0 0 O 030

The solution of ( 80 ) is when the derivative of the equation is zero
-2ATRY(c-AD)=0 (82)
and the solution and the estimatdis

=[ATR'A] ARt (83)

and applied to the DLE problem (78 )

. _1DN _
= iR e (84)

7.3.3 Definition of the weights

The weights inR™ are inverses of the variances of models and measure-
ments. This leads to a solution where the estimates of the load models and
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measurements of higher variance are subject to greater changes than those
with lower variance.

Now the question is to select which model of variance should be used. One
choice is to use the square of the standard deviggiaf the load model
and the other choice is to use the square of the standard deviation of the sum

of k customers ¢/ k). While the load research data is from different times
and usually different population, the variability of the model error at the
specific hour is not only a function of the number of customers. While we
have no information from the other factors of error variance we rather apply
the model ( 4 ) for standard deviation

Sp(f) = sc(nt ), d ), f O (85)

to evaluate the variance? = (sp)z. The value of standard deviation of
load models in general ranges between 30 % ... 100 % from the mean.

For the network measurements the standard deviation needs to be approxi-
mated. One practical method is first to approximate the maximum error. The
distribution of the error is unknown, but assuming the error to be roughly
normally distributed, the standard deviation is about 1/3 of the maximum
error.

For example, when we have a current measurement, the evaluation of active
power from current includes an error ( the gos usually unknown and
needs to be estimated too) which may have a standard deviation of 10 %
from the absolute value of the measurement. In the case of direct active
power measurement the error could be 1 % or less. Thus the direct meas-
urements have smaller error variance than the load models. Also the resolu-
tion of the SCADA communication between the remote terminal and central
computer bring some error to the registered measurement values.

Only relative differences between weightsRi are important. When in
practice the measurements get much smaller variances, the solution will
more likely change the load models than the measurements.

7.3.4 Application of estimation

Finally with the help of the resuk we can solve the new customer class
load estimateg and the load at the points of measureménts

N>
]

W R

W (86)

>
1
>
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The network losses can be taken into account in two ways. The losses may
be defined as one load model; otherwise the total losses will be included in

the error of the models and measurements. The definition of a load loss

model for estimation should be a subject for further studies.

7.4 A DLE EXPERIMENT WITH FOUR SUBSTATION FEEDER
MEASUREMENTS

The previous DLE method will be dealt with here with some substation
feeder data. Load current measurements from four 20 kV distribution feed-
ers and the customer class information has been used to build the equations

presented in the previous chapter. The measurements and load models of the
feeders are presented in Fig. 56 and Fig. 57.

80 Class110 Month:1 Daytype=W

T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24
25004 Class120 Month:1 Daytype=W

T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24
15004 Class810430 Month:1 Daytype=W

T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24
6004 CIaSSQlOéZO Month:1 Daytype=W

T T T T T T T T T T T T
0 origiRal load ddta-— Efimated lofd 10 12 14 16 18 20 22 24

Fig. 56. Examples of how estimation affects customer class load mggels (
The result of estimation is represented by a dotted line and the original load
model is represented as a solid line. 110 = direct electric heating, 120 =
direct electric heating with storage water boilers, 810430 shift industry

(textile) and 910820 = service (private sector). Average values for working
days over January.
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Fig. 56 shows an example of how the models change on an average in one
month according to estimation with the four substation current measure-
ments. The error is shared between models and measurements depending on
how large a share of a load model is represented in one measurement and
how high the model variance is. This also means that the small or negligible
customer classes are not affected in estimation.

The curve of the customer class "Electric heating with storage boilers” in
Fig. 56 is interesting because it shows exactly the actual situation where the
utility controls the boilers simultaneously and the peak is caused by the
boilers which are switched on the same time (at 22.00).

Feeder3480001 Month:1 Daytype=W

T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24
Feeder3480002 Month:1 Daytype=W

T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24
Feeder3480q05 Month:1 Daytype=W

T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24
25004 Feeder3480010 Month:1 Daytype=W

22000 _—
21500 T— S -

10004

500

0

T T T T T T T T T T T T
0 origiRal load ddta- Efimated lofd 10 12 14 16 18 20 22 24

Fig. 57. Feeders from Meriniitty and Perni6 substations (nr. 3480001,
3480002, 3480005 and 3480010) are the measurem&htsThe result of
estimation is represented by a dotted line. The feeder measurement, where
the values are transformed from current to active power, is represented by a
solid line. Average values for working days during January.

7.5 LOAD ESTIMATION WITH ONE MEASUREMENT

The simplest case of DLE is one measurement in the feeder of a radial
network . Here we analyse the special case more to see if it would be possible
to formulate a simpler form of load estimation for the special case of one

102



measurement in a radial distribution network. However this result can be
generalised to any radial network split to areas of one meter in the feeding
point.

The form of the state equations in DLE recalling ( 78 ) is

(z0 vO_ [OW,0O

3 B HNSHX (0

Now the S, e, W are one-row matrixes and the equation with one
measurement can be written simply

0 z+v O

0 vt o W 0 00

] : O o - ODD(lg

0 + O=0 ' D:E 88
0, Y™ o ownma(é (88)
Sev)re o owEi

We minimise the weighted sum of squares of errors in the following form by
substituting

=l

OoOodoOood

vO_[zO W, @X] (89)

L B B

1
Qoo

=]

N
mOoOOoood

[
¢}

to ( 80 ) and we get the functidh representing the weighted sum which
will be minimised

o CHL 2H, 1,8 %0
mlnéls ;%ng 52 E (90)

In practice the total error between the original models and the measurement
is known as total value'

n n
e’=jz:1vj+e«:> e:e—jzly (91)
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Now we state the problem differently: What are the valuag tof minimise
the weighted sum of square error when the total differehde given? Or
in other words: How should the erret be divided among the customer
classes to fill the WLS-criteria?

Substituting the equation ( 91 ) to equation ( 90 ) we get

n [l n DZ
min@g:zizvj%iz%e—z v @ (92)
j .
—=0 j=1.n (93)

vi=—L ¢ (94)

Substituting this to the formula
Zj+ v = W x (95)

we get the estimate in the form

o2

+_ 1 4

n
2 2
o5+ O
£

>_<>
1

|-
Do QP oo

j (96)

I Y I [

This result is useful for many practical distribution applications, where for
example, the voltage drop of the radial distribution feeders is calculated
separately. This result states that when the WLSE method is used the error
between the loads and metering are divided in proportion to their variances.
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EXAMPLE:

From a 20 kV feeder a current of 20 A was measured on Wednesday, the
15" March, 1995 14.00-15.00. The bus voltage was 20.7 kV. From the net-

work information system we receive the information that the feeder was

feeding five customer classes according to Table 25.

Table 25. The annual energies of the measured feeder

Customer class [MWh/a]
1. 1-shift industry 1000

2. Agriculture 200

3. Residential with direct electric heatingf 1000
4. Storage heating 400

5. Residential 1800
Total 4400

From the load models from load research we obtain the relation between
annual energy and the corresponding hour’s load as shown in Table 26.

Table 26. Customer class load models and expected lpaddPstandard
deviation g

Customer class Lc Sc P S

[WIMWh] |[[W/IMWh] |[kW] |[kW]
1. 1-shift industry 297 133 297 | 133
2. Agriculture 90 64 18 12.8
3. Residential, direct electric heating 135 81 13p 81
4. Storage heating 24 15 10 6
5. Residential 101 70 182| 126
Total 642

This information was obtained from the published files of the Finnish load
research project. The structure of the model is from the calendar year 1990.
Thus we apply the day, March®4vhich was a Wednesday in 1990.

From the feeder current metering we get the active power by assuming first
that the load factor cgs= 0.9. ThusPg =+/3[0.9207120.7= 710kW. The
standard error of the measuremeptwill be approximated as 7 %, thas

= 50 kW. The error between models and measuremert10 - 642 kW =

68 kW will be shared relative to the variances of the models and measure-
ments. The result is shown in Table 27.
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Table 27. The original model class loads, variances, error/correctiands
new estimated value.

Customer class Class | Variance| Error | Estimate
load Pj 0'1'2 Vi 'ﬁj
kW] [[kW?  |[[KW] |[kw]
1. 1-shift industry 297 17689 | 33 330
2. Agriculture 18 4096 8 26
3. Residential with direct electric heating 135 6561 12 147
4. Storage heating 10 225 0.5 10.5
5. Residential 182 4900 9 191
Total 642 33471 | 62.5| 704.5

This shows how the difference between the total of models and the meas-

urements can be quite easily shared between models. This method takes into
account both the difference in the sizes of the customer classes and the un-
certainty of the model and measurement expressed in the variances of the
models and measurements.

7.6 UTILISATION OF DISTRIBUTION LOAD ESTIMATION

When integrated into the utility’s information systems and SCADA the DLE
does not require any additional investments. The DLE can be utilised in the
distribution automation in several ways (Seppala & Karkkainen 1995):

» The output of DLE is a selection of load curves for customer categories
and load classes. These curves can be utilised in forecasting purposes.

» DLE brings the possibility of continuous load research where the need of
customer level recordings is reduced compared to conventional load re-
search.

* When the electricity markets are free from regulation the DLE brings on-
line information from the loads when the final load values are not avail-
able due to the time consuming clearing between producers and sellers.
With the help of DLE the utility can calculate their energy balance relia-
bly on an on-line basis.

From the DSM point of view, the DLE can be utilised in several ways, for

example:

» The accurate knowledge of feeder load gives the indication for the need
of DSM at a specific time (load management, real-time pricing) and site,

» the better estimates of load curves of different customer classes can be
utilised in the operation of the load management system (actual timing of
the load control) and estimation of the effects of load management on the
total load.
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The benefits of DLE can be achieved from optimal utilisation of the distri-
bution network capacity

* maximum utilisation of network components

 finding the most profitable targets for network investments and service.

The integration of DLE to the utility’s information systems is a task which
requires some further experiments. The basic problem is which form of in-
formation is needed in further applications. The suggested DLE method re-
sults in new load values for each hour. Such information is handled on line
and requires applications capable of accepting on line information. Such
applications are studied and presented in (Karenlampi et al. 1996).

Another alternative is to collect the estimated load information to a database
where the data will be retrieved for further study. When large differences to

applied load models occur the reason for the difference should be analysed
and the current load model changed. Some of the distribution network com-
putation applications (at least Tekla, Tietosavo and Versoft) support a load

model editor which can be used to update the load models according to the
information retrieved from load estimation.

The estimation algorithm is very general and brings a lot of possibilities to

develop applications. For example, the results of estimated loads could be
used recursively in further estimations. Such variations and improvements
should be targets for further analyses especially when there is a continu-
ously running DLE installation available to test with live data.
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8 DEVELOPMENT OF THE APPLICATIONS

The results of this thesis will now be reviewed together with an analysis of
future applications for development. This work has been done as a part of
the Finnish distribution automation research programme Edison, which is
integrating several development projects to build a new scheme for a distri-
bution automation system (Lehtonen 1996).

Today load research and utilisation of load models are on a high level in

Finnish utilities. Similar high level integration of distribution applications is

difficult to find in other countries. The direction of development from this

point can be seen in two ways:

» Development of applications and improvement of load data in Finnish
utilities

» Development of products for distribution and applications for domestic
and international markets.

8.1 DEVELOPMENT OF UTILITIES’ APPLICATIONS

The free electricity market in Finland has changed the prospects of load re-
search. In the monopoly situation the local seller's developed local tariffs
and pricing schemes which have also affected the load variation of custom-
ers. In the future such loacal features are expected to change. Also the num-
ber of distribution companies is speculated to shrink from the current 103.

The electricity market for small customers is being considered by the
authorities. The requirement of hourly meterings for customers participating
in the electricity market is too expensive. One alternative is that the small
customers participate in the markets using type load models. In such a case
the need for load research data will increase. Also the methods to estimate
loads of customer classes using load estimation (DLE) techniques are
needed to adjust the energy sold to the total load observed in the feeding
substation of the distribution network (Lehtonen et al. 1996).

While the sales of energy will be changing in many ways the distribution
function itself remains a monopoly. The authorities will be supervising the
distributors and the main problem is to focus the network investments in an
optimal way and keep operating costs under control. Load data and applica-
tions of load models will be needed again not only to help the functions of
planning and operation but also to convince the authorities and public.
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The application of confidence interval estimation presented in chapter 5 is
basic. The new results are applicable at best in low voltage network calcu-
lations where there are only one or a few customers. While load estimation
of one customer is not very important as a single case, it becomes important
because the number of such cases becomes high in distribution networks.
An analysis of correlation between customer classes is suggested for further
study. The correlation between customer classes is needed to complete the
calculations of the sums of loads of different customer classes in distribu-
tion networks.

The simplified confidence interval estimation (SLNE) could be added to the
network computation and planning applications’ toolbox (See example on
page 85.).

The results of load distribution in chapter 4 and 5 are important tools when

analysing the impact of Demand Side Management (DSM) functions and

loads of end use appliances. The outcome of DSM operations are always
random and require simulation tools. The analysis of the origins of distribu-

tion functions and confidence intervals is a contribution to development of

DSM analysis evolving from end use appliances to customer load and fur-
ther to total system load.

The new metering techniques and requirements of hourly metering in the
electricity market bring large amounts of load data. The availability of the
load data also brings a challenge to analyse and benefit from the informa-
tion. The statistical modelling technique and simple load models bring a
straightforward method to utilise the load data from remote meterings.

When the amount of load measurement data increases, data management
becomes an essential factor when utilising the load information. This is an
acute challenge to software and applications development.

8.2 DEVELOPMENT OF DISTRIBUTION AUTOMATION
PRODUCTS

The Finnish distribution system and distribution applications are well ad-
vanced compared to corresponding systems in other countries. This is an
advantage for the development of products for distribution applications.
However, development of applications for other markets where the infra-
structure is not similar to Finland, requires special attention.
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For example, the concept of load research and load estimation, presented in
this thesis, requires good background data from customers and their energy
use. When such information is not available the applications should be ca-
pable of supporting the user to generate the needed information. The algo-
rithms should be so robust that they accept rough approximations as well as
completely defined models or measurements.

Therefore one target for further study should be the development of these

methods to work with minimal data and also applications supporting a com-
plete lack of background information.
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9 CONCLUSIONS

The analysis of customer loads and load estimation is a traditional area of
electricity distribution technology. Modern computers and load research
data collecting techniques and analyses have led us to new sources of in-
formation. More accurate methods of analyses are required because the
competition and market forces will increase the demands of productivity
from the electric utilities. During the last decade the availability of load data
has increased. This study has given some methods of how the information
could be utilised.

In this thesis a model for customer electric load variation and a new method
for estimating confidence intervals was developed. The method is simple
and easy to use. It can be applied in network load flow and voltage analysis
and customer pricing applications.

A method for Distribution Load Estimation (DLE) which combines the
models and measurements was developed. The load estimation of a distri-
bution network is reaching the level where it could be introduced as a prac-
tical application. The utilities are getting better estimates from the partici-
pation of different load categories to the system’s total load.

The Finnish national load research project has proven the usefulness of
customer load data analysis. In spite of the success of the load research
project, the accuracy of the estimates is still limited. Local customer load
research data is required before accurate load estimates from customer load
research data are possible.

The electric utilities should systematise their load research, even on a
smaller scale. The benefits of improved accuracy in the load estimates will
no doubt pay back the costs of load research.

This thesis has pointed out several subjects for further study:

* New load research should be targeted to loads which don’t have regular
seasonal variations.

» The linking of the load models to utility databases should be analysed to
get more accurate information on how the load models are in general ap-
plied.

* The customer load variation model should be analysed further to find out
the complete theoretical basis determining the statistical distribution of
customer loads.

» The applicability of the load variation model to DSM studies should be
analysed.
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The temperature standardisation should be studied because the latest re-
sults show that the temperature standardisation of earlier studies did not
have the expected results.

The load correlation between and within classes should be studied to
form models for cumulated loads for several customers from several
classes.

The random algorithm for simulation of the loads for several customers
should be developed so that they better take into account the varying
amounts of available load data.

The transmission loss load model for DLE should be developed.

The variation of DLE taking recursively the estimated values should be
studied.

The method of configuring DLE without preliminary load models should
be developed.

112



REFERENCES

Aitchison, J., Brown, J. A. C. 1957. The lognormal distribution. Cambridge
University Press. 176 p.

Allera, S. 1994. A letter sent 21.10.1994.

Baart de la Faille, C. J. 1915. On the logarithmic frequency curve and its
biological importance. Recueil des Travaux Botaniques Néerlandais. Vol-
ume XIlI. Groningen: Société Botanique Néerlandaise. Pp. 349 - 368.

Baran, M. E., Kelley, A. W. 1995. A branch-current-based state estimation
method for distribution systems. IEEE Transactions on Power Systems. Vol
10, No 1, pp. 483 - 489.

Debs, A. S. 1988. Modern power systems control and operation. Kluwer
Academic Publishers. 368 p. ISBN 0-89838-265-3.

Doérnemann, C. 1990. Betriebsmittelbezogene Lastmodellierung fur die
Berechnung in Verteilungsnetzen. Dissertation. Universitat Dortmund. 105

p.

Dérnemann, C., Freund, H, Handschin, E. 1990. Netzberechnung in Mittel
und Niederspannungsnetzen mit Hilfe einer betriebmittelbezogenen Last-
modellierung. Elektrizitatswirtschaft, Vol 89, No 22, pp. 1248 - 1256.

EA Electricity Association 1994. Load research progress report July 1994.
London: Electricity Association Services Limited. 5 p.

Erhi6, 1. 1991. Sahkdnjakeluverkon seurannan kehittdminen (The develop-
ment of distribution network monitoring). MSc thesis. Helsinki University
of Technology. 89 p. (In Finnish.)

Feilberg, N., Livik, K. 1993. Energy and load structure at various categories
of end-users. Trondheim: EFI Norwegian Electric Power Research Institute.
ISBN 82-594-0551-2.

Fikri, Z. 1975. Statistical load analysis for distribution network planning.

Dissertation. Stockholm: Department of electric power systems engineering,
The royal institute of technology. 376 p.

113



Gellings, W. C., Swift, M. A. 1988. The value of load research. Public
Utilities Fortnightly, June 9, pp. 32 - 40.

Ghosh, A. K., Lubkeman, D. L., Downey, M. J., Jones, R. H. 1996a.
Distribution circuit state estimation using probabilistic approach. In:
Proceedings of IEEE Winter meeting, 96 WM 171-9-PWRS.

Ghosh, A. K., Lubkeman, D. L., Jones, R. H. 1996b. Load modelling for
distribution circuit state estimation. In: Proceedings of IEEE Transmission &
Distribution meeting, 1996.

Hald, A. 1967. Statistical theory with engineering applications. USA: John
Wiley & Sons Inc. 7th printing. 783 p.

Handschin, E., Dornemann, C. 1988. Bus load modelling and forecasting.
IEEE Transactions on Power Systems, Vol 3, No 2, pp. 627 - 633.

Herman, R., Kritzinger, J. J. 1993. The statistical description of grouped
domestic electric load currents. Electric Power Systems research, Vol 27. pp.
43 - 48.

Harkénen, H. 1987. Sahkoverkon kuormitusten mallintaminen verkosto-
suunnittelua varten. (Load modelling for distribution network planning).
MSc thesis. Helsinki University of Technology. (In Finnish.)

Irwin, G. W., Monteith, W., Beattle, W. C. 1986. Statistical electricity de-
mand modelling from consumer billing data. IEE proceedings, Vol 133, No
6, pp. 328 - 335.

Johnson, N. L., Kotz, S. 1970. Distributions in statistics: Continuous
univariate distributions - 1. New York: John Wiley&Sons.

Juuti, P., Kérkkainen, S., Kalevi, J. 1987. Load curve simulation experiences
in network calculations and load management in Finland. In: Proceedings of
9" International Conference on Electricity Distribution CIRED. Pp. a.15.1 -
a.15.6.

Kapteyn, J. C. 1916. Skew frequency curves in biology and statistics, Re-
cueil des Travaux Botaniques Neéerlandais. Volume XIlII. Groningen: Soci-
été Botanique Néerlandaise. Pp. 105 - 151.

Karanta, |., Ruusunen, J. 1991. Short term load forecasting in communal

electric utilities, Helsinki University of Technology, System Analysis Labo-
ratory, Research Reports A40. 104 p.

114



Kofod, C., Lange-Husken, M., Paradinas, J. G., Voldhaug, L. 1988. House-

hold load curve studies - Contribution to the system demand and load man-
agement. In: Proceedings of UNIPEDE Sorrento Congress 1988, Paper 88E
60/D.2. 33 p.

Kohtala, E., Koivuranta, K. 1991. A program operating in a workstation
environment for LV and MV network design. In: Proceedings of tHe 11
International Conference on Electricity Distribution CIRED. Pp. 6.16.1 -
6.16.5.

Karenlampi, M., Verho, P., Jarventausta, P., Partanen, J. (1996). Forecasting
the short-term loads of mv-feeders and distribution substations - a DMS
function. In: Proceedings of the"lPower Systems Computation Conference
PSCC, Dresden, 19 - 23 August 1996. Pp. 757 - 763.

Lakervi, E., Holmes, E. J. 1995 Electricity distribution network desijrec
London: Peter Peregrinus Ltd, 321 p. ISBN 0-86341-309-9.

Lehtonen, M. (ed.) 1996. EDISON - research programme on electricity
distribution automation 1993 - 1997. Interim report 1995. Espoo: Technical
Research Centre of Finland, VTT Research Notes 1735. 127 p. + app. 7 p.
ISBN 951-38-4890-6

Lehtonen, M. Seppdald, A., Takala, J. 1996. Pienten kuluttajien liittdminen
vapaan sahkokaupan piiriin (Small cusotmer in a free electricity market).
Helsinki: Sahkdmarkkinakeskus, julkaisuja 1 / 1996. 63 p. (In Finnish.)

Leino, K. 1974. Kouvolan kaupungin sé&hkolaitoksen kuormituskayrén
analysointi pienkuluttajien tariffin muokkausta varten (Analysis of Kouvola
town’s load curve for tariffs planning for small customers). Tilastotieteen
laudaturtyd. Helsingin yliopisto, Tilastotieteen laitos. 41 p. (In Finnish.)

Lokki, O. 1980. Tutkimustulosten tilastollinen hallinta ja kéaytto.
Insindoritieto Oy. 591 p. (In Finnish.)

Meldorf, M. 1995. Steady-State Monitoring of Power System. Theses of
Tallinn Technical University. 23 p.

Milton, J. S., Arnold, J. C. 1990. Introduction to probability and statistics:

principles and application for engineering and the computing sciences.
Singapore: McGraw-Hill Book Co. ISBN 0-07-100812-8

115



Ojala, V. 1992. An integrated PC-program for the tariff planning in electric
utilities and for national price statistics on electricity. In: Proceedings of 7th
International Conference on Metering Apparatus and Tariffs for Electricity
Supply, 17 - 19 November 1992. London: IEE. Pp. 72 - 76 ISBN 0-85296-
555-9.

Paananen, A. 1991. Kuormitusmittausten hyddyntaminen tariffien
suunnittelussa (Utilising load recordings in tariff planning). MSc thesis.
Lappeenranta University of Technology. (In Finnish.)

Pahkinen, E., Lehtonen, R. 1989. Otanta-asetelmat ja tilastollinen analyysi,
Helsinki: Oy Gaudeamus Ab. 286 p. ISBN 951-662-470-7 (In Finnish.)

Papoulis A. 1965. Probability, random variables and stochastic processes.
New York: McGraw-Hill. 583 p.

Partanen, J. 1991. A PC-based information and design system for electricity
distribution networks. Dissertation. Tampere University of Technology,
Publications 79. 104 p.

Puroméki, A. 1959. Sahkolaitoksen kuormituskayrdanalyysi moniregressio-
menetelmalla (Analysis of electric utility’s load curve with multiregression
method). Voima ja Valo 1959, Nos 5 - 6 , pp. 116 - 123. (In Finnish.)

Rossinen, E. 1982. Kuormituskayratietoihin perustuva sahkdnjakeluverkon
laskentaohjelmisto (Distribution network software based on load curve data).
MSc thesis. Tampere University of Technology. (In Finnish.)

Réasanen, M. 1995. Modelling processes in the design of electricity tariffs.
Dissertation. Helsinki University of Technology, System Analysis Laboratory,
Research Reports A60.

SEF (Association of Swedish Electric Utilities) 1991. Belastningsberékning
med typkurvor. Stockholm: Svenska Elverksféreningen. 217 p. (In Swedish.)

Seppald, A., Paananen, A. 1992. Sahkdlaitosten kuormitustutkimus 1992
(Electric utilities load research 1992). Helsinki: Suomen S&hkdlaitosyhdistys
julkaisuja 5/92. 172 p. (In Finnish.)

Seppald, A. 1984. Sahkdlaitosten kuormitustutkimus (Load research of

electric utilities). MSc thesis. Helsinki University of Technology. 79 p. (In
Finnish.)

116



Seppéla, A. 1991. Sahkonjakelun laskennan menetelmien ja tietotekniikan
kehittaminen, (The development of methods and data processing for distribu-
tion network computation). Licentiate’s thesis. Helsinki University of Tech-
nology. 58 p. (In Finnish.)

Seppéala, A. 1993. Load research and load modelling for distribution network
planning and operation. In: Proceedings of Third International Symposium on
electricity distribution and load management. Singapore, 27 - 29 October
1993, Singapore: IEEE Singapore section. Vol 1. Pp.284 - 288.

Seppéla, A. 1994. Load research and distribution load estimation. In:
Proceedings of Nordic Distribution Automation Conference, 25 -26 May
1994, Copenhagen.

Seppéala, A. 1995. Load research and electrical distribution load modelling.
In: Proceedings of the 13th International Conference on Electricity
Distribution CIRED. Brussels, 8 - 11 May 1995. Pp. 5.22.1 - 5.22.5.

Seppéala, A., Karkkainen S. 1995. Load research and load estimation - tools
for DA and DSM. In: Proceedings of DA/DSM’95 Europe conference. Vol Il.
Rome, 21 -23 November 1995. The Netherlands: Pennwell Conferences &
Exehibitions. Pp. 349 - 366.

Seppala, A 1996. The estimation and simulation of electricity customer hourly
load distribution. In: Proceedings of the™Power Systems Computation
Conference PSCC. Dresden, 19 -23 August 1996. Pp. 238 - 244.

Siirto, O. 1989. Sahkon tarpeen lampdtilariippuvuuden tutkiminen (Study of
temperature dependency of electricity consumption). MSc thesis. Helsinki
University of Technology. 73 p. (In Finnish.)

SRC (Synergic Resources Corporation) 1983. Selected statistical methods for
analysis of load research data. SRC report no. 7054, draft May 20. Prepared
for EPRI.

STYV (Co-operation organisation for Finnish power producers) 1985.
Sahkon kulutuksen indeksisarjat (Index series for electricity consumption).
Planning Committee Report, October 1985. (In Finnish.)

Sarndal, C.-E., Wright R. L. 1984. Cosmetic form of estimators in survey
sampling, Scandinavian Journal of Statistics. Vol 11, pp. 146 - 156.

UNIPEDE (International Union of Producers and Distributors of Electrical

Energy) 1973. The study of load curves in electricity supply economics -
Manual of theory and practical procedure. 130 p.

117



Wolf, M. 1959. Enzyklopadie der Energiewirtschaft, Zweiter Band: Belas-
tungskurven und Dauerlinien in der elektrischen Energiewirtschaft. Berlin:
Springer-Verlag. 563 p.

Wu, F. F., Neyer, A. F. 1990. Asynchronous distributed state estimation for
power distribution systems. In Proceedings df P@wer Systems Compu-
tation Conference PSCC, Graz, 19 - 24 August 1990. London: Buther-
worths. Pp. 439 - 446.

118



APPENDIX 1

List of publications on the results of the load research project.
The first results from the load research project were published in 1985 by
the Co-operation organisation for Finnish power producers (STYV). The
work was done jointly by the planning committee and published. The title of
the publication was:

e Sahkon kulutuksen indeksisarjat - selvitys tarkistustyostd 1985.
Suunnitteluvaliokunnan raportti . 3/85. 40 p. + app.

The Association of Finnish Electric Utilities has published following reports

presenting the results of the load research project:

1. Sahkon kayton kuormitusmittaukset. SLY julkaisuja 1/1986. 14 p. + app.

2. Sahkolaitosten kuormitustutkimus. SLY julkaisuja 3/1988. 19 p. + app.

3. Sahkdlaitosten kuormitustutkimus 1992. SLY julkaisuja 5/92. 172 p.

4. Data disks of the load curves and standard deviations in various formats.

At least 3 and 4 are available from SLY-Palvelu Oy.

All publications are in Finnish.
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APPENDIX 2

2.1 Customer classification in 1992 analysis

Residential customers

Df

Class Class description Number
recordings
included

110 One family house, direct electric heat, water boiler <300 54

120 One family house, direct electric heat, water boiler =300 65

130 One family house, direct electric heat, floor heating > 2kW 18

210 One family house, partial storage electric heat, short dist®n-

nect periods

220 One family house, partial storage electric heat, long dis2a@n-

nect periods (7-22)

300 One family house, full storage electric heat, (7-22) 16

400 One family house, heat pump 34

510 One family house, dual heat, flat tariff 9

520 One family house, dual heat, night tariff 9

530 One family house, dual heat, seasonal tariff 17

601 One family house, no electric heat, no electric sauna 10

602 One family house, no electric heat, electric sauna 22

611 Flat, no elect. heat, no electric sauna. 24

612 Flat, no electric heat, electric sauna 4

1010 Block of flats, no flats included 6

1020 Block of flats 8

1030 Semi detached house, direct electric heating, whole building 18

1120 Summer cottages (sub-station level) 11

711 Agriculture, milk production, residence excluded 13

712 Agriculture, milk production, residence included 28

713 Agriculture, milk production, residence included, eleqtfis,

sauna

714 Agriculture, milk production, residence included, electts

sauna, electric heat.

721 Agriculture, meat production, residence excluded. 2

722 Agriculture, meat production, residence included 4

732 Agriculture, crop production, residence included 7

733 Agriculture, crop production, residence included, eleric

sauna
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Industrial customers 1-shift

Class Class description Number of
recordings
included

810 1-shift industry all branches all below

810430 | Textile, clothing and leather industry, 1-shift 15

810440 | Wood industry (mechanic), 1-shift 9

810460 | Chemical, oil, gum and plastic industry, 1-shift 8

810480 | Metal and machine works, 1-shift 17

Industrial customers 2-shift

Class Class description Number of
recordings
included

820 2-shift industry all branches all below|

820420 | Food, drink & tobacco industry, 2-shifts 18

820430 | Textile, clothing and leather industry, 2-shift 3

820452 | Paper products manufacturing, graphical industry, 1-shift 6

820460 | Chemical, oil, gum and plastic industry, 2-shift 9

820480 | Metal and machine works, 2-shift 9

Service customers public

Class Class description Number of
recordings
included

910 All branches all below

910810 | Administration 8

910820 | Education, schools 10

910830 | Hospitals and health care 6

Service customers private

Class Class description Number of
recordings
included

920 All branches all below

920610 | Wholesale trade 5

920622 | Department store 29

920622 | Retail shops 8

920630 | Car retail and service 6

920640 | Hotels, accommodation service 5

920650 | Restaurant and café 3

920660 | Bank & Insurance 13

920670 | Recreation and cultural service 4
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2.2 Customer classification for total energy demand

This classification is traditional in Finnish production planning applications
and is derived from the previous groups of Appendix. 2.1. for compatibility.
The simplicity and general form of these load models keep them popular in
applications which don’t require more specific classification. The idea for
this classification is presented in the following figure which describes the
distribution of total (nation-wide) energy consumption to these different
categories. The percentages describe how the larger groups are combined.
For example, the category Other industries (1.) consists of 65% 1-shift in-
dustry (2) and 35% 2-shift industry.

TOTAL-
CONSUMPTION
4.
INDUSTRY SERVICE
Process industry Public ‘ 5. ‘{
1 43%
Other industries ‘ Business ‘ 6. ﬁ{

65%,

35%

2-shift industry

Electric heating
. . . thousehold
Direct +
household

Partly storage +
household

Storage +

2/3

PRIVATE AND
AGRICULTURE

Homes ‘ 7.

One family and
semidetached

‘8.

42%

Blocks

‘9.

15%

Farms

‘10.

- ‘{ Electric heating ‘ 11

o

Direct

‘ 12.

10%

Partly storage

‘13.

10%

Storage

‘14.




APPENDIX 3

Derivation of the load estimation with one measurement

The problem is to solve the value fgiso that the weighted sum of squares
of errors is minimum in the equation

n [f
mln% @ éé >V ﬁg (1)

=1

The minimum is found by solving the set of partial derivatives

X _o j=1n (2)

v

The set of equations is then

02
D_Vl —(e’ ZV) 0
Us =1
B (3)
Us 2 n
2V 5 (€3 %) =0
n Og j=1

4

D n
o5V, -0t (€ -3 v)) =0

=1
@ (4)
] n
ébévn—aﬁ(e -y v)=0

=1

n
Now summing up these equations and sol\@gj we get
=1
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APPENDIX 4

4.1 Simple load models for selected customer classes.

These figures are based on the load model data files published by the
Association of Finnish Electric Utilities in 1992. The figures present simple
form load model paramters, the average load and standard deviation in W
for 10 MWh annual energy usi..
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Model 810: monthly average load
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Model 820: monthly average load
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Model 110: monthly average load Week including maximum load
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Fig. 5. Electric heat, one family house. Model nr 110. Standardised to long
term average temperature.

Model 120: monthly average load Week including maximum load
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Fig. 6. Electric heat, one family house. Model nr 120. Storage water heat-
ing. Standardised to long term average temperature.
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Model 220: monthly average load Week including maximum load
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Fig. 7. Electric heat, partly storage, one family house. Model nr 220. Stan-
dardised to long term average temperature.

Model 602: monthly average load Week including maximum load
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Model 712: monthly average load Week including maximum load
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Fig. 9. Agriculture with milk production and residence consumption
cluded.
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4.2 Plots of load research sample data

The following figures present plots of load research sample data for a spe-
cific class, month, day-type and hour of day. Each value is plotted along the
x-axis. These figures show the scatter of hourly loads in a sample and how
the division with annual energy affects the distribution.

In each figure the above plot shows the original load data sample in watts.

The plot below shows the same load data divided by customer’s annual en-
ergy use and scaled as watts per 10 MWh/year.
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APPENDIX 5

Distribution machines

From the history of science we find methods which sometimes can give us
another interesting view to a problem. These machines are nowadays re-
placed by computer programs. However the appearance of these machines
gives better understanding to the physical origin of normal and lognormal
distributions.



Galton’s normal distribution machine (Hald 1965, p. 32) from the book
“Natural Inheritance” 1889. The apparatus consists of a board with nails
of a given row being placed below the midpoints of the intervals in the row
above. Steel balls are poured into the apparatus through a funnel, and the
balls will then be “influenced” by the nails in such a manner that they take
up positions deviating from the point vertically below the funnel. The distri-
bution of the balls is of the same type as the theoretical distribution from a
binomial process.

5/2



Kapteyn’s skew distribution machine (Kapteyn 1916, fig. 7). The whole ma-
chine is 104 cm high. The pins of Galton’s machine are replaced here with
pentagon shapedeviators two sides perpendicular and the two upper ones
inclined at a fixed angle (49 to the horizon. The deviators are of varying
breadth. The breadth is proportional to the distance of the deviator from the
left hand side of the machine. Sand is poured into a funnel situated at the
top. The sand will arrive in the receptacles placed at the bottom of the ma-
chine and form a histogram approximating lognormal distribution.

5/3



	ABSTRACT
	PREFACE
	CONTENTS
	SYMBOLS
	1 INTRODUCTION
	2 LOAD INFORMATION IN ELECTRICITY DISTRIBUTION
	2.1 GENERAL
	2.2 THE MEANING OF LOAD
	2.3 FACTORS INFLUENCING THE ELECTRIC LOAD
	2.3.1 Customer factors
	2.3.2 Time factor
	2.3.3 Climate factors
	2.3.4 Other electric loads
	2.3.5 Previous load values

	2.4 AVAILABLE DATA IN ELECTRIC UTILITIES
	2.5 THE SIMPLE FORM CUSTOMER CLASS LOAD MODEL FOR DISTRIBUTION APPLICATIONS
	2.6 ELECTRICITY DISTRIBUTION APPLICATIONS UTILISING LOAD MODELS
	2.7 STATISTICAL ANALYSIS OF LOAD MODEL PARAMETERS
	2.7.1 Sampling and classification
	2.7.2 Generalisation and bias


	3 LOAD RESEARCH
	3.1 GENERAL
	3.2 HISTORY
	3.3 RECENT LOAD RESEARCH PROJECTS IN SOME OTHER COUNTRIES
	3.3.1 The United Kingdom
	3.3.2 Sweden
	3.3.3 Norway

	3.4 THE FINNISH LOAD RESEARCH PROJECT
	3.4.1 General
	3.4.2 Load research data management
	3.4.3 Years of the Finnish load research project 1983 - 1996

	3.5 THE EXPERIENCE OF THE FINNISH LOAD RESEARCH PROJECT
	3.5.1 General
	3.5.2 Temperature standardisation
	3.5.3 Unspecified load distribution caused by load control
	3.5.4 Linking the load models with the utility’s customer data
	3.5.5 Problems with seasonal variation in some classes
	3.5.6 Examples of load models compared with network measurement data
	3.5.7 Experience of the Finnish load research project compared to other countries


	4 DERIVATION OF STATISTICAL DISTRIBUTION FUNCTIONS FOR CUSTOMER LOAD
	4.1 INTRODUCTION
	4.2 NORMAL DISTRIBUTION AND LOGNORMAL DISTRIBUTION FUNCTIONS
	4.3 THE PHYSICAL BACKGROUND OF LOAD VARIATION
	4.4 DERIVATION OF CUSTOMER LOAD DISTRIBUTION - BINOMIAL PROCESS
	4.4.1 General
	4.4.2 Independent small loads - additive binomial process
	4.4.3 Interdependent loads - multiplicative binomial process

	4.5 DERIVATION OF CUSTOMER LOAD DISTRIBUTION -KAPTEYN’S DERIVATION
	4.5.1 General
	4.5.2 Definition of customer load
	4.5.3 Customer’s random action and reaction of electric appliances
	4.5.4 Customer’s random actions and reaction of customer’s total load
	4.5.5 Definition of the reaction function with low load
	4.5.6 Kapteyn’s derivation of a skew distribution
	4.5.7 Simulation of the customer load distribution
	4.5.8 An example of the results of the simulation
	4.5.9 Discussion


	5 ESTIMATION OF CONFIDENCE INTERVALS OF CUSTOMER LOADS
	5.1 GENERAL
	5.2 INTRODUCTION
	5.2.1 The measure for the accuracy of confidence interval estimation
	5.2.2 The customer classes selected for this study

	5.3 DESCRIPTION OF THE CONFIDENCE INTERVAL ESTIMATION METHODS
	5.3.1 Normal distribution Estimation method: NE
	5.3.2 LogNormal distribution Estimation method: LNE
	5.3.3 LogNormal distribution Estimation method variations
	5.3.4 Simplified LogNormal distribution Estimation method: SLNE
	5.3.5 Properties of SLNE
	5.3.6 The flow of computation estimating and verifying the estimators

	5.4 VERIFICATION OF THE ESTIMATORS WITH THE LOAD RESEARCH DATA
	5.4.1 General
	5.4.2 Observed load distributions and estimated distribution functions
	5.4.3 Verification of confidence interval estimation
	5.4.4 Verification of 99.5 % confidence interval estimation
	5.4.5 Verification of confidence interval estimation of customer’s maximum load

	5.5 ESTIMATING CONFIDENCE INTERVALS OF THE DATA FROM THE SIMULATION
	5.6 APPLICATION OF THE CONFIDENCE INTERVAL ESTIMATORS TO PRACTICAL DISTRIBUTION COMPUTATION

	6 ESTIMATION OF CONFIDENCE INTERVALS OF SEVERAL CUSTOMERS
	6.1 GENERAL
	6.2 DEVELOPMENT OF THE ESTIMATION METHODS FOR SEVERAL CUSTOMERS
	6.2.1 The parameters of the sum of random variables
	6.2.2 Normal distribution confidence interval estimation NE for several customers
	6.2.3 Simplified lognormal distribution confidence interval estimation SLNE for several customers

	6.3 VERIFICATION OF THE ESTIMATION OF SEVERAL CUSTOMER’S LOADS
	6.3.1 Verification of 99.5 % confidence interval estimation
	6.3.2 Verification of estimation of several customer’s maximum loads


	7 DISTRIBUTION LOAD ESTIMATION (DLE)
	7.1 GENERAL
	7.2 BACKGROUND
	7.3 THE ESTIMATION PROCEDURE
	7.3.1 Definition of weighted least squares estimation
	7.3.2 The formulation of WLSE
	7.3.3 Definition of the weights
	7.3.4 Application of estimation

	7.4 A DLE EXPERIMENT WITH FOUR SUBSTATION FEEDER MEASUREMENTS
	7.5 LOAD ESTIMATION WITH ONE MEASUREMENT
	7.6 UTILISATION OF DISTRIBUTION LOAD ESTIMATION

	8 DEVELOPMENT OF THE APPLICATIONS
	8.1 DEVELOPMENT OF UTILITIES’ APPLICATIONS
	8.2 DEVELOPMENT OF DISTRIBUTION AUTOMATION PRODUCTS

	9 CONCLUSIONS
	REFERENCES
	APPENDICES

