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The Effects of Normalization
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L. M. Korunovi¢, Student Member, IEEE, and D. P. Stojanovi¢, Member, IEEE

Abstract-- This paper presents the results of parameter
identification of static load characteristics on the basis of large
number of field tests. The parameters of most frequently used,
polynomial and exponential load model are determined using two
different ways of normalization - normalization with voltage and
power values just before the voltage change, and normalization
with rated voltage and power values. Significant differences
between corresponding identified parameter values and
predicted power values are found depending on the way of
normalization. Better characteristics of normalization with rated
voltage and power values are emphasized. This normalization is
suggested for power system analyses because another way of
normalization causes large parameter deviations and big
mistakes in prediction of load values in the examined voltage
range, from 0.95 to 1.1p.u.

Index Terms-- Distribution system, Measurement based load
modelling

I. INTRODUCTION

INCE load parameters are input data for power system

analysis, the accuracy of the calculations are directly

dependent on load parameters. Therefore, the subject of
many papers is the influence of load parameters on power
system stability, e.g. [1] - [4], and load flow solution [5] - [7].
However, determination of valid load characteristics is very
difficult task since load composition changes during a day,
days of the week and seasons. Also, the characteristics of the
load, even of the same load class, can be different in different
regions [8], because these are dependent on many factors such
are economic, social, climatic etc. Therefore, it is suggestible
to identify the load parameters in the region of interest.

Load parameters can be determined using component-based
and measurement-based approach [9]. Since the load
composition at higher voltage levels is very difficult to obtain,
the approach based on measurements seems to be the better
one.

Many scientific papers deal with identification of the
parameters of load characteristics in real power systems. In
most of them the identification is performed on the basis of
field measurements obtained during normal operation of
power systems or during field tests. Great number of models
have been developed depending on load composition, the
purpose of load modelling and wonted accuracy [4], [10] -
[14].
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In last years, there are increasing research efforts to
determine valid load parameters. For example, in [15] are
identified load parameters of several load models on the basis
of large number of measurements during power system
disturbances. In this paper, the adequacy of using static load
models for transient stability analysis is examined for various
loading conditions. References [8] and [16] present the results
of load model parameter identification on the basis of over
hundred experiments in medium voltage network. The results
of parameter identification using data recorded during several
years and complex mathematic procedures are presented in
[17].

Very important issue of load modeling is the normalization
of load characteristics, since inappropriate normalization can
cause wrong, even absurd results. For example, in [12] it is
suggested to normalize reactive power with initial real power,
Py, instead of initial reactive power, Oy, to avoid problems in
the case where Q, is zero due to cancellation of the load
reactive consumption and reactive losses by shunt
capacitance.

Normalization of reactive power with apparent power, S, is
suggested in [18] where exponential dynamic load model is
used for load modeling. It is shown that normalization with Q,
that is close to zero yields very large deviation in identified
parameters S, and f,, i.e. unrealistic large negative and

positive values. Therefore this normalization is inappropriate.
The variability in the parameters is drastically reduced by
using initial apparent power for normalization. Unreliability of
exponential load model used for aggregate loads at high
voltage busses with power factor correcting devices is proven
in [19]. It is suggested to model real and apparent power
instead of real and reactive power, because variation of the
apparent power voltage exponent with voltage is quite small
compared to that of the reactive power voltage exponent.

However, there are two substantially different ways of
normalization of load characteristics that are almost equally
used in literature, but have not been mutually compared by
now. Also, their consequences on identified parameters and
predicted power values are not discussed in any of scientific
papers or books. These are normalization with initial voltage
and initial real and reactive (or apparent) power values (V;, P,
0y) used for example in [9], [12] and [13], and normalization
with rated voltage and rated real and reactive power values
(V. P, and Q,) applied in many papers such are [11], [14],
[20] and [21].

Therefore, the aim of this paper is to answer the questions
like the following ones: which one of these two ways of
normalization is more suitable for consideration of the load



under different operating conditions, is there any difference
between corresponding load model parameters obtained on the
basis of two ways of normalization and, if yes, what are their
consequences on load values? The answers are made on the
basis of the parameters of most frequently used static load
models obtained from large number of field tests.

II. MOST FREQUENTLY USED STATIC LOAD MODELS

Static load models describe real and reactive power
dependence on voltage and frequency. Many static load
models have been developed by now and most of them are
presented in [10]. Very frequently used static load models are
exponential and polynomial model and their variants [9] -
[14], [19] - [22]. In many cases, however, the frequency
dependence is neglected due to relatively narrow range of
frequency variation. Therefore, the most frequently used static
load models are polynomial
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Polynomial model (1)-(2) is also called Z/P model since it
consists of constant impedance (Z), constant current (/) and
constant power (P) load component. In this model P, and Q,
are real and reactive power at rated voltage V,. Parameters p;
and ¢; represent relative participation of constant impedance
load, p, and ¢, relative participation of constant current load
and p; and g¢; relative participation of constant power load in
total load.

Exponential model (3)-(4) is even more frequently used
than polynomial model, especially in power system stability
analyses. This model features parameters k,, and k, that
represent the derivatives of real and reactive power with
respect to voltage in the vicinity of V, [10].

There are alternative forms of previous models that are very
frequently used, too. These forms use initial real and reactive
power, Py and O, respectively, at initial voltage, V, ([9], [12],
[13]) instead of rated power and voltage values (P, O, and
Vo).

III. FIELD TESTS

Data for parameter identification were obtained from field
tests that comprehended manual changes of transformer turns
ratio that caused secondary voltage changes. During the tests
secondary voltage of transformer T 110/35kV in TS “Ni§ 13”
that supplies predominantly residential load varied in
relatively wide ranges, from 0.95 to 1.1p.u. Effective (rms)
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voltage values, real and reactive power were measured by
digital data acquisition device (Chauvin Arnoux C. A 8332).
The device was connected to existing current (CT) and

voltage transformers (VT) according to simplified
experimental schema from Fig. 1.
—
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Fig. 1. Simplified experimental schema.

Even 68 experiments of voltage changes were performed
during one working day, Saturday and Sunday, in the period
from 30™ September to 2™ October 2005, in three day periods
- morning, afternoon and night. The voltage changed up and
down for different rates. Therefore, the operation conditions
during the tests were quite different and the question arises
how to compare the results of all these experiments? Firstly, it
is necessary it normalize the measured data in one of
mentioned ways - with initial or rated voltage and power
values.

Considering the variability of operating conditions and
voltage changes, it is reasonable to select the normalization of
measured data with network rated voltage (and power values
that correspond to this voltage) because this voltage is
common to all operating conditions. In this way static load
characteristics, obtained from experiments with different
initial and different final voltage values, become mutually
comparable.

IV. THE EFFECTS OF NORMALIZATION

A. Deviation of Identified Load Model Parameters

This Subsection presents the results of the analysis
regarding the influence of normalization on identified load
model parameters.

This influence is illustrated on the example of two
experiments performed on Sunday when the load composition
can regard to be the same [16]. During these two experiments
secondary voltage of transformer T, changed for similar
absolute values. The first experiment caused the decrease of
voltage from 36.6 to 34.17kV, and the second one the voltage
increase from 34.33 to 37.2kV. Measured voltage and reactive
power values during these experiments and corresponding
polynomial fits, obtained by least square method [23], are
presented in Figs. 2a) and 2b), respectively. Polynomial fits
from these figures:

0(V)=163.3476-9.77914-V +0.1506 - > (5)

and



(6)

where V'is in kV and Q is in MV Ar, represent reactive power-
voltage dependences with very large correlation coefficients
[23], R>0.99.

Large correlation coefficients, R>0.9, are also obtained for
other 66 polynomial fits of power-voltage relationships during
experiments of voltage changes. Maximum deviations of
measured values from these fittings do not exceed 1% that
confirms high quality of these fits.

0(V)=139.1725-8.41907 -7 +0.13121-72,

7.5 8.0
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Fig. 2. Measured values and polynomial fit from the experiment of: voltage
decrease a) and voltage increase b).

The normalization of measured values from Figs 2a) and
2b) with rated voltage and power values imply dividing of
measured data with ¥V, =35kV and with Q, obtained from
polynomial fit (5) and (6) by substitution of V. Then, fitting
of these normalized values with polynomials, using least
square method, yields static characteristics:

0(V)=29.3647-61.5292-V +33.1651- V> %)

and

0(V)=126.5731-56.2628 -7 +30.6900- V2, (8)
for the experiments of voltage decrease and voltage increase,
respectively. In (7) and (8) Q and V are in p.u. Corresponding
parameters from these two characteristics differ from each
other for less than 10%.

On the other hand, the normalization of measured values
from Figs. 2a) and 2b) with initial voltage and power values
comprehends their dividing with V;=36.6kV  and
0~7.149MVAr for the experiment of voltage decrease and
dividing with V;=34.33kV and Q,~4.791MVAr for the
experiment of voltage increase. Polynomial fits of measured
values normalized in this ways, are:

0()=22.8473-50.0591- 7 +28.2148 - /2 ©)

and

0(V)=29.0482 - 60.3346 -V +32.2857 -1/ 2, (10)

for the experiment of voltage decrease and voltage increase,
respectively. In both static characteristics O and V are in p.u.
These characteristics describe power-voltage relationships
equally well as in the case of normalization with ¥V, and Q,,
since R>0.99. However, the differences between
corresponding parameters in polynomial models (9) and (10)
are much greater, up to 27%.

Besides the differences in polynomial model parameters,
the normalization with initial voltage and power values can
cause significant differences in parameter values of other
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models, and therefore big errors in power estimation. This is
presented on the example of another very frequently used
static load model - exponential one.

According to definitions of exponential load model
parameters [22], these are:

k,, =dP/dV], (11)

for real and
kg, =dQ/dv], (12)

for reactive power. Since polynomial model describes power-
voltage relationships of examined load very well, parameters
k,, and k,, can be obtained from polynomial characteristics,
using (11) and (12).

Thus, in the case when polynomial reactive power
characteristics are normalized with initial voltage and power
values, k,,=6.370 is obtained for the experiment of voltage
decrease and k,,=4.237 for the experiment of voltage increase.
Exponential characteristics with these parameters together
with normalized measured data and adequate polynomial fits
are presented in Figs. 3a) and 3b). The analysis of reactive
power values obtained using exponential model shows that
maximum deviations from measured data are 7.4% for the
experiment of voltage decrease and 11.6% for voltage
increase.
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Fig. 3. Measured data normalized with Vj and Q,, polynomial fit and
exponential model for: voltage decrease a), and voltage increase b).

Likewise, polynomial characteristics that are normalized
with ¥, and Q,, can be used for parameter determination of
exponential characteristics. In this case, from (7)

kg, =dQ/dU|,_ =4.801 and from (8) k, =5.117. These

parameters are much closer to each other than the parameters
obtained on the basis of normalization with initial voltage and
power values from the same experiments.

Furthermore, exponential characteristics with parameters
kqu=4.801 and k,,=5.117 yield smaller deviations of reactive
power from measured data that were in the case of exponential
characteristics obtained using normalization with initial
voltage and power values (see Fig. 4).
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Fig. 4. Measured data normalized with ¥, and Q,, polynomial fit and
exponential model for: voltage decrease a), and increase b).



The analysis of these deviations - errors in prediction of
power values shows that maximum errors are 3.6 and 6% for
the experiment of voltage decrease and voltage increase,
respectively. These errors are approximately two times smaller
than the errors obtained when normalization with ¥, and Q, is
used.

Since even 68 experiments were performed, the parameters
of exponential load model obtained from all experiments on
the basis of both ways of normalization are statistically
analysed. The overview of data regarding statistical analysis
of exponential model parameters of reactive and real power is
presented in Table I. It comprehends k,, and k,, mean values,
their standard deviations, minimum, maximum values and the
ranges of identified parameter values for both ways of
normalization.

According to data from Table I, in the case of normalization
with ¥, and @y minimum and maximum values of k,, are
2.726 and 7.016, respectively, i.e. the range of identified
values is even 4.291, that is somewhat less than k,, mean
value (4.983). In the case of normalization with ¥V, and Q, the
range of k,, is 2.085, that is approximately two times smaller
than previously mentioned range. Besides, standard deviation,
o, in the case of normalization with initial voltage and power
values is even 171.54% larger than that obtained using
normalization with rated voltage and power values. It means
that there is significant difference in parameter dissipation
between two ways of normalization.

Similar conclusions can be made for the parameter k.
When normalization with initial voltage and initial real power
values is used, k,, belongs to wider range (1.197+1.912) in
comparison with the values obtained on the basis of another
way of normalization (1.320+1.783). The range of k,, is
45.40% of the mean value when ¥V, and P, are used for
normalization, but significantly smaller, 29.87% of
corresponding mean value, when normalization with 7, and P,
is used.

TABLE1
MEAN VALUES, STANDARD DEVIATIONS, MINIMUM, MAXIMUM VALUES AND
THE RANGES OF kqv AND kpv FOR DIFFERENT NORMALIZATIONS

Para- Nonnah.zgnon Mean G Min | Max | Range
meter quantities
K Vs, Qo 4.983 1.040 | 2.726 | 7.016 4.291
o Ve On 4.880 | 0.383 | 3.680 | 5.765 2.085
k Vo, Py 1.577 | 0.138 | 1.197 | 1.912 0.716
o V.., P, 1.550 | 0.099 | 1.320 | 1.783 0.463

Further analysis of deviations of exponential model
parameters is made on the basis of histograms of k,, and &,
probabilities in Figs. 5 and 6, respectively, obtained using
normalization with initial voltage and power values, and
normalization with rated voltage and power values. Fig. 5a)
demonstrates very large dissipation of k,, values when V; and
0y are used for normalization, and Fig. 5b) notable smaller
range of this parameter obtained owing to normalization with
V, and Q,. Histogram of probability from Fig. Sb) can be
approximated with Gauss, normal distribution with very good
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correlation, R=0.973. On the basis of this distribution with
95.5% probability it can be written

kg = 1y, £207, =4908+0.584 . (13)

Center of probability, Mgy is almost equal to mean parameter

value from Table I obtained using corresponding way of
normalization.

Probability (%)
Probability (%)

9 6 b)
. i
3 4 5 6 7

Parameter qu Parameter kﬂ

Fig. 5. Probabilities of k,, obtained using normalization with: ¥, and Q) a),
and 7, and O, b).

Figs. 6a) and 6b) present histograms of k,, probabilities
obtained using normalization with V, and Py, and with V, and
P,, respectively. Approximation of these histograms with
Gauss distributions is possible with large correlation
coefficients, R=0.909 and R=0.943, for Figs. 6a) and 6b),
respectively. According to these Gauss distributions, with
95.5% probabilities it can be written

kpy =,ukpvi20'kpv =1.533+£0.173 (14)
in the case of normalization with V) and P,, and
kpv:,ukpviZO'kpvzl.547iO.153 (15)

in the case of normalization with ¥V, and P,. Centers of
probabilities from (14) and (15) differ from each other at
second decimal place, but the wvalues obtained using
normalization with ¥, and P, belong to the wider range.
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Fig. 6. Probabilities of k,, obtained using normalization with: V, and Q, a),
and V, and O, b).

B. Errors in Prediction of Power Values

As demonstrated in Subsection IV.A on the example of two
experiments - experiment of voltage decrease and voltage
increase, the exponential model obtained on the basis of
polynomial characteristic normalized with rated voltage and
power values yield smaller error in prediction of power
values. However, these errors depend on the range of the
voltage change - its initial and final value during the
experiment and the shape of power-voltage characteristic of



examined load.

Voltage changes during all performed experiments were of
similar absolute value (=0.75p.u.) but for different initial and
final values that belong to relatively wide range, from 0.95p.u.
to 1.1p.u. Therefore, here are presented results of statistical
analysis of maximum errors in prediction of power values
when exponential load model is used for modelling of the load
normalized with initial and with rated voltage and power
values.

Probabilities of maximum errors in prediction of reactive
power values when normalization with ¥V, and @O, and
normalization with ¥, and Q, are used are presented in Figs.
7a) and 7b), respectively. It is obvious that normalization with
initial voltage and power values yields errors that belong to
wider range (from 0.50% to 22.2%) in comparison with the
range (from 0.40% to 14.45%) when rated voltage and power
values are used. Furthermore, average value of maximum
errors as a consequence of normalization with ¥, and Q, is
6.45% and it is almost two times larger in comparison with the
average value of maximum errors obtained owing to the
normalization with ¥, and Q, that is 3.57%. Besides, the
values of the errors obtained with 95% cumulative probability
are below 15.86% and 8.46% for normalization with initial
and rated voltage and power values, respectively.

Similar conclusions regarding smaller errors in prediction
of power values and regarding the ranges of these errors for
two ways of normalization can be made for real power, too.
However, since real power characteristics of examined load
are almost linear [16], errors due to the modelling with
exponential characteristics are much smaller. Thus, average
value of maximum errors in prediction of power values, when
Vo and P, are used, is 0.81%, while in the case of
normalization with ¥V, and P, this error is only 0.43%.
Maximum value of all errors is also small and it does not
exceed 3.38% and 1.10% in the case of normalization with V),
and Pj,and with V, and P,, respectively.
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0 5 10 15 20 25 0 5 10 15 20 25
Maximum ervor (%) Maximum ervor (%)
Fig. 7. Probabilities of maximum errors in prediction of power values

obtained using normalization with: ¥ and Qy a), and ¥, and Q, b).

V. CONCLUSION

The paper discusses the effects of normalization of static
load characteristics on the basis of large number of
experiments of voltage changes from 0.95 to 1.l1p.u. in
medium voltage distribution network. The comparison of two
commonly used ways of normalization - with initial voltage
and power values and rated voltage and power values yields
some important and very useful conclusions.

In the case when static characteristics from different
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loading conditions should be mutually compared, the
normalization of measured data with rated voltage and
corresponding (rated) real and reactive power values is
suggested since network rated voltage is common to every
operation condition. Identified polynomial and exponential
load model parameters obtained on the basis of normalization
with rated voltage and power values belong to significantly
narrower ranges in comparison with corresponding parameters
obtained after the normalization with initial voltage and power
values. For example, the range of all identified parameter k,,
values of examined load is 2.085 in the case of the former
normalization, but even more than two times larger (4.291) in
the case of the latter. Errors in prediction of power values
obtained by the most frequently used static model in stability
analyses, exponential model, are smaller when normalization
with rated voltage and power values are used. It especially
concerns reactive power of examined load where average
value of maximum errors decrease from 6.45% to 3.57% for
normalization with initial and rated voltage and power values,
respectively.

Regarding the mentioned facts, the authors suggest to use
the normalization of static load characteristics with rated
voltage and power values as the better one.
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