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Abstract 

In distribution system, bus load estimation is complicated 
because system load is usually monitored at only a few points. 
As a rule receiving nodes are not equipped with stationary 
measuring inshwnents so measurements of loads are 
performed sporadically. In general, the only information 
commonly available regarding loads, other than major 
distribution substations and equipment installations, is billing 
cycle customer k'Uh consumption. In order to model system 
uncertainty, inexactness, and random nature of customers' 
demand, a fuzzy system approach is proposed. This paper 
presents possibilities of application of the fuzzy set theory to 
electrical load estimation and the effect of different factors on 
the result of calculations. Unreliable and inaccurate input data 
have been modeled by means of fuzzy numbers. A regression 
model, expressing the correlation between a substation peak 
load and a set of customer features (explanatory variables), 
existing in the substation population, is determined. 
Simulation studies have been performed to demonstrate the 
efficiency of the proposed scheme and an effect of different 
parameters on its accuracy on the basis of actual data obtained 
at distribution system substations. 

1. Introduction 

The knowledge of loads at system buses is one of the 
most important requirements for efficient operation of 
power distribution systems 13, 51. Estimation of loads, 
particularly of peak loads, is the basis for the system state 
estimation and for technical and economic calculations. 
This makes possible improvement in operation and 
maintenance of electrical equipment and in planning of 
network operating configurations. 

The main difficulties in the modeling of peak loads at 
receiving buses in distribution systems result from the 
random nature of loads, diversification of load shapes on 
different parts of the system, the deficiency of measured 
data and the fragmentary and uncertain character of 
information on loads and customers. 

In the present stage of development of power 
distribution systems, the matbematical estimation of the 
loads at the system buses seems to he the most realistic 

strategy due to incomplete primary information on loads and 
customers. It demands earlier determination of the stable 
relations between bus loads and easier available data [ 5 ] .  

The most renowned method for expressing the 
uncertainty in load models is fuzzy set theory [2,4,6, 71. 
For the purpose of simplicity of mathematical operation the 
trapezoidal and triangular forms of fuzzy numbers are 
usually used (Fig. I ) .  

a) 

Fig. 1. Triangular and trapezoidal forms of fuzzy number 

This paper presents a new scheme based on the fuzzy 
regression analysis for the estimation of peak load in 
distribution systems. Comparison of different factors 
influencing accuracy ofthe method has been done. 

1. Fuzzy Regression Method 

The general regression model is given by the 
following equation [l]: 

Y=ZA+e (1) 
where: Y - vector of output variables, 

Z - matrix of independent variables, 
A - vector of parameters, 
e - vector of unobservable errors. 

Two cases can be discriminated depending on the type 
of output variable. The first when the output variable y is 
a real number and the second when the output value is an 
interval y E <yL,yn>. 

The first case is described in this section. It can be 
represented in the form: 

8 = Z Z  (2) 
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where: 

y j (z , )=x,  +z,z, ,  + ... +Z,Z,, i = 1 , 2 ,  ..., n (3)  

The linear fuzzy regression model (3) is represented 
using symmetric triangular fuzzy parameters zi = [aic,ai,] 
(Fig. I )  as follows: - 

Y ,  ( z > )  = [ 8 ] + [a I C ,  a IC ] '8, + "' + kc,  a kr ] 'ik (4) 

Y C , ( ~ L ) = ~ O C  + a l c z i l  + " ' + a k c z i k  ( 5 )  

Y r i ( z i ) =  + a l r z , l  + " '  + a k r z i k  ( 6 )  

where: yc, a, - center parameters of fuzzy numbers 
(membership function p = I) ,  
yr, a, - spreads of fuzzy numbers (geometrically the 
spread is a half of the base of the triangle). 

The coefficients of polynomial (3) should be optimally 
determined in order that value of membership function of 
estimator is bigger than imposed level h. It means that [IO]:  

Pv, ( Y , )  2 h i=l,2, ..., n (7) 

Fig. 2. The membership function of estimator "7, (y ,  and 
estimating value y, 

The Fig. 2 presents graphic interpretation of this way. 
From equation (7) appears that output value y, should be 
between points A and B (Fig. 2). In the other words value y, 
should belong to support of h-cut set: 

Yt E SUPP(Y!I) h 4 0 ,  11 (8) 
Author of model determines the value of level h. It is the 

threshold value representing the degree to which the model 
should satisfy all the experimental data points. The 
dependence between h level and spread of the fuzzy set is 
proportional. 

The method uses the criterion of minimizing the total 
vagueness J = f(v.(z,)). defined as the sum of individual 

Y ~ ~ , .  .,,. 
spreads of elements of vector P [9, I O ]  

J = y I c ( z , )  + yzr(zz)+ ... + ym(z.)+ Minimum (9) 

subject to y i  E V(zi), i = I ,  2,  _._, n (IO) 

a,, 2 0, j = O , l , 2  ,..., k ( 1 1 )  

Using equations (4) - (6) the problem can be written as 
follows: 

(13) 
i = 1, 2, .._, n 

Dependence (12) presents a linear programming (LP) task, 
which can he easily solved by conventional techniques. The 
parameters ai = [qc, a.] of vector are determined as the 
optimal solution of the LP problem (12) - (14). 

3. Application of the Fuzzy Regression Analysis to the 
Electrical Load Estimation 

The loads on distribution transformers are the 
instantaneous summations of the individual demands of 
many customers. Since the pattern of electrical demand of 
each customer cannot be determined precisely, it is 
usually necessary to calculate system loadings on an 
estimation basis. 

Planning engineers use load estimation to predict the 
loads on different parts of distribution systems. 

The probabilistic models are widely used to estimate 
system loads. In order to develop the relevant types and 
parameters of probability distribution, large numbers of 
recorded consumption values are required. To obtain the above 
data a special measurement project has to be considered. 

In practice the only information commonly available 
regarding loads, other a major distribution substations is 
kWh consumption. In modeling process also can he used 
other input quantities (number of customers, rated power of 
transformers, installed capacity). 

Many relationships between output quantities (peak load, 
load flow, losses of power and energy) and describing 
values coming from measurements can be represented by a 
regression model. The use of statistical methods is not 
always possible due to occurrence of a large deficit of 
measurements. The fuzzy set theory is a convenient 
mathematical tool that allows us to partially eliminate 
unreliability from input information and to limit the 
influence of deficit of measurements. 
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The daily 15-minutes peak power consumption for a 
given substation may be found on the basis of input 
quantities using fuzzy regression models (3) and (12) - (14). 

4. Factors Influencing Accuracy of the Method 

The accuracy of electrical load estimation method 
(presented in section 11) depends on following factors: 
significance of explanatory variables used to building of 
the model, value of the h level, right selection of the 
objects, which were a basis of the modeling process. 

In the first case, verification of significance of input 
quantities is made. This is a basis for the eventual 
elimination from the qualitative model those input 
quantities that may be recognized as insignificant in 
assumed variation interval of all input quantities. The 
significant input quantities are placed in the sequence 
from the most significant to the least one. 

On initial stage of analysis and optimization of 
distribution system operating conditions, possible large 
number of quantities that characterize system and have 
influence investigated output characteristic should be 
taken into account. Elimination of same quantities 
without sufficient justification but only for fear that a 
model might be too large is a mistake that may shatter the 
sense of all work when omitted quantities have a 
significant influence investigated system characteristic, 
In order to verify the significance of investigated factor 
on analyzed output quantity, the theory of experimental 
design is applied [ 5 ] .  

The design of experiment is a procedure of selection 
of the number and conditions of realization of 
experiments that are necessary and sufficient for solution 
of a stated problem with required accuracy as well as the 
procedure of selection of a mathematical method of 
analysis of experiment results and a decision criterion 
[4]. The following sets are defined in this method: 

set of input quantities 

XC, {Xi: i = 1,2, ..., k), (15) 
where k is a number of input quantities; 

set of output quantities 

W, {W,: p = I ,  2, .._, m), (16) 
where in is a number of output quantities; 

set of constants 

C, {Cs:  s = 1, 2, ..., r}, (17) 
where r is a number of constants. 

A qualitative mathematical model of an investigated 
object is introduced in the following form: 

F(Xi,Xz, ..., Xi, Wi, W2, ..., W,)=O. (18) 

Then the investigated object is decomposed on m 
formal objects and each of them is described by only one 
output quantity. In presented method of load estimation 
only one output quantity (daily peak load) and three input 

quantities (daily energy consumption, number of 
customers, rated power of transformers) were 
determinate. This leads to the succeeding relation: 

FI(XI,  X2, X3, W I )  0. (19) 

The above decomposition is used to define the 
response function of the investigated object: 

WI = Fi(Xi, Xz. X3). 

W = bo + blXl  + blXl + ... + brXr ,  

(20)  

(21) 

This function is approximated by linear model: 

where bo, bl ,  bl, ._., bk are polynomial coefficients 

Unknown polynomial coefficients are calculated on 
the basis of the solution of the general regression 
equation [I]. 

Verification of the significance of polynomial 
coefficients is usually made by means of the t-Student test 
[ I ] .  In order to attain this it is necessary to calculate 
t statistics for each coefficient b, of polynomial (21). 

where S(bi) is a standard deviation of bi coefficient 

Verification of significance is performed by comparing 
the each statistic t(bJ to the assumed critical statistic t, for 
significance level a. 

It allows us to order investigated quantities in 
accordance with increasing values of their significance 
levels. Because values of statistics (significance level) are 
a quantitative measure of significance of their influence 
investigated output quantity it has a great importance in 
further merit analysis. 

The assumption of a given value of significance level a 
allows us to distinguish investigated input quantities as: 

significant, if t(bi) 2 t, ( 2 3 )  
insignificant, if t(bi) < t, (24) 

The value of h-level is the next factor, which has an 
effect on the accuracy of the method. This criterion 
expresses a fact that the fuzzy output of the model should 
include all of the data points to certain degree h making the 
model as specific as possible. A choice of the value of h 
influences widths of coefficient a, ofthe fuzzy parameters. 

On the basis equations (13) - (14) variation of width 
of spreads of fuzzy numbers is determined as: 

h a, =- 
I - h  

where a, is the spread ofthe fuzzy parameter for h equal 0. 

presented on Fig. 3 .  
Dependence of parameter a, on the value h is 
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Fig. 3. ' he  effect of value h on the width of fuzziness 

In case of the large value of h level the width of spread 
of fuzzy models was become excessive. On account of the 
big width of fuzzy intervals determined in the fuzzy 
regression method the use of this method can disable the 
proper estimation process. 

The right selection of the investigating object to build 
of the fuzzy regression model is an important factor in load 
estimation process. The use of data from substations 
belong to different classes can cause unsuitable of working 
out method to practical application. For that reason it is 
necessary to especially attentively compare all data 
characterizing of substations and to establish of their 
membership to individual class of objects. The number and 
type of customers supplied from substation, level of load 
of transformer, type of tariff of energy price can be use as 
helpful indexes of evaluation each object. 

Power of Number of T~~ ofcustomers 
transformers customers 

5. Numerical Example 

To verify the proposed method of peak load estimation 
and description the effect different factors on its accuracy 
the measurements of daily energy consumption Ad and daily 
peak load PIP at selected distribution substations in Bialystok 
Power Distribution Utility Co. were made in January. 
Investigating objects are substations with transformers with 
1YO.4 kV ratio of transformation and power ratio from 160 
to 400 kVA. The frequency of measurement was 15 
minutes. Data of substations and supplied customers are 
shown in table I. On the ground of measurements the 
fuzzy linear regression models (3) were determined. Each 
model was calculated for work days. To building model 
of daily peak load all substations were used except 
substation No. 191, this was a test object. For the general 
fuzzy model presented in form: 

PdP = laac, s , ]  + [a,,, a d A d  + [azo azrl.ST + [a3c, a3Jn. (26) 

where: Pdp - the daily 15-minutes peak power consumption, 
Ad - the daily energy consumption, 
ST - rated power of transformer in substation, 
n, - number of customers 

191 

Table I 
Data of substations and supplied customers 

200 municipal-living 
t commercial-semices 

160 kV.A 

112 

483 

853 

512 

1059 

45 municipal-living 

1 I 3  municipal-living 
+ commercial-services 

+ small hotel 

400 kV.A 

250 kV.A 

250 kV.A 40 commercial-services 

400 kV.A 205 municipal-living 

630kV.A 2 Bank and small 
factory 

the LP problem corresponding to the given data was 
formulated from (12) - (14). By solving this one, the following 
model was obtained 

P l d p =  [-18.166, 0.01 + [0.0945, O.O].Ad + 

+ L0.0196, 0.0487].ST + [0.028, O.O].n, 

I20 

I 

.$ 401 20 

0 4 : : : : : : : : : : : : : ; :  : I  

I 2 3 4 5 6 7 8 9 I O  I I  12 13  14 I 5  16 17 I 8  
Number of rneasurementS 

Fig. 4. Results of estimation of daily peak load for substation 
No. 191 on the basis model (27) PIdp =f(Ad, ST, n,) 

Because substation No. 1059 does not belong to the same 
class of the objects, it was eliminated from the model. The 
model (27) was improved and assumed following form: 

dp - [19.733, 0.01 + [0.0497, O.O].Ad + - 

(28) + [0.0038, 0.0217].ST + [0.011,0.068].n, 
On the basis of model (27) and (28) daily peak loads at the 

test substation No. 191 in February were estimated. The 
results are shown on Fig. 4 - 5 together with the 
corresponding measurement data. 

Taking advantage of consideration presented in 
section IV the significance of input quantities was 
investigated. On the basis of the theory of experimental 
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test 

20 
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Fig. 5 .  Results of estimation of daily peak load for substation 
No. 191 on the basis model (28) Plrdp =f(Ad, ST, n,) 

design (15) - (24) significance three input quantities was 
carried out. The daily energy consumption - Ad, rated 
power of transformer in substation - ST and number of 
customers - no was tested. Verification of significance 
was performed for significance level a = 0,OS. Results of 
significance test are shown in table 11. 

Table 11 
The results of significance test of input quantities 

Consequently above test fuzzy regression model with the 
most important quantity (Ad) was prepared. The following 
form was obtained: 

Pl'ldp = [18.90,4.5336] f [0.0529, 0.019].& (29) 

Fuzzy load model was verified on the basis of 
measurements in the substation No. 191 in February. The 
use only one, the most significant input quantity (daily 
energy consumption) does not make results of calculation 
worse (Fig. 6). All models (27 - 29) presented above 
were solved for value of h level equals 0. 

In numerical example the effect of value of h level on 
the width of spread of fuzzy model was compared. In test 
three values of h were used (h = 0, = 0.25 and = 0.5). The 
results of calculations for model (29) are shown on Fig. 7. 

0 Realvalue 

. . . . . . . Spread 

-center h e  

0 1  . . , . , , . , . .  
1 2 3 4 5 6 7 8 9 I Q  11  12 1 3  14 I S  16 17 18 

Number of measurements 

Fig. 6 .  Results of estimation ofdaily peak load for substation 
No. 191 on the basis model (29) Prr'dp =f(Ad) 

g 40 - Rea1 Val_ 

-Spread for h 4  
. . . . . . . Spread for h=O 25 
- - -_ Spreadfor h-O.5 

o.-~* . ,~ .~ , . : . , . , , . . . . 

20 ; 

I 2 3 4 5 6 7 8 9 10 I 1  12 13 14 I5 16 I1 18 
Numkr of measurements 

Fig. 7. Results of estimation of daily peak load for substation 
No. 191 on the basis model (29) for different h level 

6. Conclusions 

It is seen fiom the considerations and relationships 
described above that the fuzzy set approach to electrical load 
estimation puts a new quality into the system analysis in 
uncertain conditions. 

The proposed method allows ns to estimate daily peak 
power demand at distribution transformers during normal 
state conditions, on the hasis of different input 
information. Results of investigations made on the basis 
of experimental design show that the energy consumption 
is the most correlated factor with the peak load demand. 

The presented results (also in [S, 111) show that right 
selection of investigated objects and choice of value h 
have a large influence accuracy of proposed method. The 
spread of the fuzzy models depends on maximum and 
minimum value of a given data and value of h coefficient. 

The authors see usefulness of applying of fuzzy 
regression analysis to problem of load forecasting and 
load estimation in power distribution systems. The 
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presented method may be a useful tool supporting 
planning distribution engineers. 

The example is used here to illustrate the output from 
calculations where the fuzzy regression analysis is applied. 
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