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The fundamental frequency non-linear loa
Girierent tvpes of inductive loads, mainly tr
machine due to their non-linear \oltade curr
tric networks, of course, there are large—scde

nt characteristics. In e
arallel connected capacitive
and non-linear inductive loads. Corputer programs s'mulaunff this tvpe of

”O
"1

,,-

non-linearity, mostly use the constant ex ponem tvpe of the (2 charac-
teristics with proposed range of the constant exponem (e.g. o =2...6).
Generally, the Z type model is employed in several widely-used simulation
programs, resulting in a limited accuracy. This paper is based on a former
one [16], where a novel approach of getting a more accurate model nf {
saturation characteristics of single non- hnnar inductive loads was discu
introducing the voltage dependent exponent 8(u) and there was 0’1\ en i
alytical solution with first and second order regression for the
) — U characteristics. By the evaluation of the ma""nemaucal m
oratory measurements and on-site measurements of some measur
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@ — U static characteristics of the voltage dependent 5:(u) and ~(u) are
produced as a ‘new non-linear load characteristics’, for pure mducme and
combined inductive-capacitive non-linear load. first by graphical function,
later by analytic way.

In this publication the reactive power consumed by the non-linear load
is expressed in the next forms:

or

voltage and reactive power;

o constant {old typej exponent for the polvnom type
model
Bl snew voltage dependent exponent of single inductive
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haracteristics according to the [16]*;

~lu) new voltage dependent exponent of the combin«
loads {parallel conhectec mducme capacitive loads)
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The main objectives o

-~ to have non-linear load representation with sufficient fl 3
abling the modeling of most typical non-linear load voltage-current

characteristics regarding the voltage dependency,

*In the previcus publication the terms ‘polyncm’ and ‘moncnome’ were used for the
mathematical cxpressions where the base of the e \pon:ntxal function is voltage as the

1

variable and the e*{ponem is sometimes a constant (X" form) or sometimes the variable

itself. The ‘mononome’ is the special case of polynom by a single component.
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to show that pure inductive and combined non-linear load character-
istics should be represented with variable voltage dependent function,
to increase the accuracy of the computer simulation models,

to represent most of the effects of thp non-linear load elements,

to develop load model characteristics that should correspond to the
physical loads,

to have a load model with sufficient flexibility to allow several form
of representation in the computer simulation programs like EDS. In

o

order to have pl"& and controliable results, based on the objectives
listed above, t i restigations were developed:

N

t

The variations in the methods {mathematical model, tests in labora-

and on-site measurements) support:

the use of new and more accurate, advanced mode

the evaluation of the effect of the selectlon of on the S,(u} and
v{u) values, ‘

the evaluation and ¢ xpemscm of the accuracy of the different models,
the ‘feed-back’ between the physically tested m the different
fvpes of advanced mathematical analysis.

On the basis of the investigations and their conclusions, it is not possi-

ble to model such high {and non- lmoar) voltage aepmdum\ over the voltage
range of interest aurroundmc the nominal voltage with the most commonly
used constant type models. Therefore, a new proposed aporoach of power
relationship to voltage as ‘polynom type’ model was produced with voliage
dependent exponent of 3(u) and ~(u) instead of the constant exponent.

Most of the steps of this work are ready in an algorithm, and the

algorithm is realized and tested in computer programs.

The generally used polynom type of the non-linear models by constant

exponent has been assumed. The generally used equation for parallel non-
linear inductive load represeniation which is considered to be the generally
used polvnom type of the non-linear models by constant exponent is given
below:
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On the left hand side there are the components of the single load. On
the right hand side there is the ‘expected’ polynom (or mononome) type
for the equivalent models. In the general case, if a; # @2, there is no
accurate solution because the sum of two polynoms cannot be equal to a
third polynom (mononome) except at one operating point.

To solve this contradiction, there is an assumption to find the solution
by the help of the ‘voltage modulated’ or ‘voltage dependent’ exponent of
the polynom:

Qri(w) +Qra(u) = Qruo(U/Up)" ™. (3)

In these equaticns:

oy, Qg : constant exponent of each inductive load (a;, as > 2),

o : constant exponent of the combined inductive loads (a; > 2),
Qrin, Q2o reference reactive power of each inductive load,

QLo - reference reactive power of the total inductive load,
@Qri1.Qr-> :actual reactive power of each inductive load.

a general dsq-uﬂpuon that the components are explained as \ohaﬁe depen-
dent ex <ponents’ G;(u) and G2{u), documented in the previous publication
[16], and the total load can be expressed in a similar way. This proposed
new general form of parallel pure non-linear inductive load representation
is given below:

If the assumption that a;. a9 are constants is not correct, then there is
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r non-linear combined inductive-capaci-

Here are the same problems. First: if it were right that for the inductive
load @ > 2 and it were constant, then the subtraction of two polynoms could
not be produced as a third polvnom (mononome). Second: in general case
for the inductive loads o # constant. To solve these contradictions there is
an assumption to find the solution. similar to the previous L, + L» case [4],
in the proposed new general form:

Qr(u, 8(u)) = Qclu,a=2) = Q:(u, y(u)), (6)
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where: Q:qg : reference reactive power of the total combined load,
Qro, Qco:reference reactive power of nzle inductive or ca-
pacitive load,
Qr.Qc :actual value of single inductive or capacitive load,
Q: ractual value of equivalent combined load,
~ rexponent of the combined load.

3.1.1. Smaller Load with Greater Ezponent

The first inductive load (L1) power axponent o1 is set to oy = 6, and the
reactive power value is set to Qr1 = 0.5  (Jr2, the second inductive load
has power exponent o set to op = 2.

The result of the calculated combined inductive load characteristic
F¢{u) is shown in Table 2 and plotted in Fig. 1. The rl...r3 paremeters
are different variations of the reference voltages in Fq. {2).

3.1.2. Greater Load with Greater Ezponent
The first and second load exponents ¢; and ay are kept constant with

same values as in the previous part. The rsactive power of the second |
is set to (Jrz = 0.5+ Qr, (greater load has greater exponent).
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Table 2. 3,(u) of smaller load with greater exponent

| Urer p.u. ]
0.80

| Cases (r:)

! 1 2.73
{ 2 1.60 2.98
| 3.2

3 1.20

The results of the calculated combined inductive load characteristics
B:(u) are shown in Table 3 and plotted in Fig. 2.

Table 3. 8;(u) of greater load with greater exponent

92}

(7‘5) Uref p.u. ,13f
0.80 3.

1.00 4

1.20 4.
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From the results of the mathematical model of pure inductive load Figs. /

and 2, it is zeen thatl:
~ the ‘equivalent load’ 3:(u) exponent is not constant,
— the range of J:(u) depends on the parameters of the components (Q 1
and a;i.

- the change of U, causes some shiflting of 3

p/_:/““ o
; R = /,ﬂc/i/ /3,,/2,/_:
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0.75 0.85 0.85 1.05 1.15 1.25

Upas,

Fig. 1. 3. (u) characteristics of smaller load with greater exponent
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3.2. Combined Inductive-Capacitive Loads

r

It has been mentioned that the eguivalent (J — {7 static characteristics can-
not have constant exponent, due to the subtraction of the inductive and
capacitive reactive power components [4]. This was only a remark in this
publication that started the analysis of how a general method of the eval-
uation can be developed for non-linear loads. The combined load data is
generated by the analvtical equation (5), with assumed reference values of
(Jro = 20 kVar with constant « = 6 for all the cases and Qg = 15.0 kVar
for case 1. Qco = 25.0 kVar for case 2.

Due to the role of the compensation level on the calculation, it is needed
to introduce compensation ratio (KX'), which, in general, is a frequency and
voltage dependent variable expressed as follows:

. . Qclf,w .
Y= G 72)

Frequency dependent load is not considered in this study, so Eg. (7a) can
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be rewritten as

Ku) = ———Z% for general cases, like a > 2 as well. (7b)

It means that, in general, the compensation ratio (/) is not constant due
to different voltage functions of the inductive and capacitive components of
the power. In the linear network o = 2, disappears the role of the voltage
dependent reactive power in the inductive and capacitive components. Only
in this case K is constant and it can be expressed by the reference values of
power:
. Qco
{p= —.
QLo
Of course, for theoretical reasons, there is the possibility to define this ratio
for the non-linear cases, as well. In these cases Ky represents this ratio only
1 the reference poini. In other words it means that for non-linear network
itself the resonance depsnds on the voliage. This is a sii nga. point in
g. (5) because the right hand side of this equation is zero, ‘actual combined
Ioaa reactive power is zero’, the coefficient "reference reactive power of the
combined load’ Qi = Qo — Qg is zero, 100, and the searched exponent
’(?') is undefined. To find this critical voltage, these are the following steps
to ca ulaie it:

oo

(Te)

=50

the point of the resonance Eg. (5) gives zero and in consequence the
two componbnts are equal:

e nominal volt

wmpo“em o =906 E 0.97417;,
that is abom 3/c }‘ ge in the voltage makes singularity in this model. {On
this tvpe of netwo 2 6% decrease in the voltage makes the case of the

resonance!).

The previous facts result in the new approach of the ploblenu, 80
more attention has to be paid to the resonance and to the behavior of the
characteristics before and after the resonance. To avoid the discontinuity a
the resonance point, the calculation of v(u) characteristic must be divided

g
Ot

o+
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into two segments, the first one which is before the resonance zone and the
second one is after the resonance zone. The evaluation of the combined
load characteristic v{u) was made for these two cases, Qcp < Q1o and
Qco > Q1o

e nominal voltage in this case wa
nd the voitage at which the r
‘he resonance itself is not only
{ voltage, according tc
pacitive components, an

' . ~ 1
al model. reactive DOWET D1 case |

I

Fig. 3. Mathematic

c

From Fig. 3. the following remarks are drawn

a) In the point of resonance the total reactive power Q;{u) is zero, and
the voltage-at this point is called resonance voltage,

b) In the case of (¢ > 2 and U” > Ulesonance) Lhe total reactive power
@Q:(u) is positive (the case of ‘over the resonance voltave’} For the
mathematical analysis this is the ‘normal’ case and the unknown v{u)

xponent is expected in the ‘normal’ range {but not constant;.

¢) In the cases of (¢ > 2 and U < Uiesonance) the total reactive power
Q:(u) is negative (the case of ‘under the resonance voltage';. For
the mathematical analysis this is an ‘opposite’/‘unusual’ case: the
coefficients of the left hand side {Qro and Gep), ‘reference reacts
power of inductive and capacitive loads’ in Eg. (5} are positive. ti
coefficient of the right hand (Q:q) ‘reference reactive power of th
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combined load’ is negative and the unknown +(u) exponent is in an
‘unusual’ range (see the results later).

The method itself for the identification of the parameters for this tvpe
of the simulation needs some measured value of the total reactive @:(u) in
both voltage ranges {‘before’ and ‘after’ the resonance) and two segments of
the evaluations. It means that the free selection of the pairs of the reference
values (@ at Uy voltage) is done twice: a pair of them in the range ‘after
the resonance’ and another one in the range ‘before the resonance’.

The consequence of this method is the duplication of the implementa-
tion of the combined load simulation to the computer programs: simulations
before and ufter the resonance. The feature of this new method will be ex-

plained by studying and evaluating the next figures, edited for these cases.

It is necessary to declare that the feature of Lh1< method is due to the use
of usual polynome / exponent / power type of the mathematical model for
the non-linear loads. Results of the calculated ~v(u) are shown in F zg cIn
this diagra ] parameters are different variations iol_ ‘Lhe
declared 1 (5.

60.0 ¢
In Fig v characteristic resulted, the calcula

v aoated T the phure induerive
m, COIupmuu 1o the pure inductive

eristics are not continuous, there

- the range of the exponent is much greater, especially in the lower
voltage domain;

- there is a voltage domain where negative exponent is needed.
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3.2.2. Case 2 Qco > Qro

Compensa‘ion level at the nominal voltage in this case was set with value
of ’\»o = 125%. Qco = 1.25 % Qro. and the voltage at which the resonance
resulted is calculated (U = 1.057( ). Results of the calculated ~(u) are
shown in Fig. 5. In Figs. {, 5 the range of ~ (u) in both zones is decreasing,
as the voltage increases compared to the previous inductive cases.

1000 v\
820 A
rasongnce }@
RN
240 ¢ 4 : 1@»-\“ N &
o 1 : Crmeme
= \ . 2 it
N . . Ng ) 4
& AN T 5 § 98
05 = 095 b (15 .25
~140°7 T
s, TE Upa
!'3\ H h
. Vi 12080 p.u
-52.0¢ \ ; = 22092 pu.
L -~ 73=1.04 pu.
i %~ r4=1.08p.aL
o ¥ - 75=1.20 p.u.
-80.0*+ - disconfinuity

Fig. 5. v{u} of the combined load, case 2 (undercompensation)

From the evalu ""on of the mathematical model, for combined induciive-
capacitive load, it has been documented that:

— the ‘equivalent load’ v(u) e
— the position and the f m
[-nr, the chanoe of (,'mf cauge

- in the volta‘ge variation at the resonance volia
in the calculation of v(u) characteristics and
sign;

e there is a singula
here is a change of its

o
o
{

- the ~v(u) value in both zones has a decreasing tendency, this is due to
over- and under-compensation of the Comblned load characteristics.

3.2.3. Tendency and Conclusions for Combined Inductive-Capacitive Loads

There are very significant common tendercies and conclusions for these cases
(combined loads, 3.2.1 and 3.2.2}.

In chapter 3.1 the non-linearity, caused by the single or parallel pure
inductive loads was studied. For these cases the 5;(u) exponenis were not
constant but they had some positive (monotonous) slope in the range of 2...6.
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There are very important differences in the values and sign of the v(u)
exponents if they are compared in the combined (mduczzve-capacmae) cases
and the ‘normal cases’ (pure inductive loads).

1) For the combined loads there are the following main types of the ()
Xponents:

a) if the actual voltage is large (it is in the range greater than the
resonance) and the reference voltage in Fq. (5) is also in this large
range, then the v(u) exponents are positive numbers, in the range

of f....Za,

b} if the actual voltage is small { it is in the range smaller than
the resonance) and the reference voltage is in this small range.
then the v{u) exponents are negative numbers, in the range of
~5....— 35;

c¢) these large ranges of the voltage dependent v{u) exponent in a)
and b) are the consequence of the subtraction of the inductive
and capacitive reactive power components in £g. (3). By the

ure cases of parallel connacted inductive-capacitive components
of the mamemaucal model it can be stated that only a forced
value of the exponent in the equivalent load can compensate the
deficit in the Q:;p = Qro — Qco coeflicient. It is true for the
real combined loads, too. The range of the voltage dependent

poncn‘: ~(u) depends on the parameters of the components.

I
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ingulerity in the pomL of the resonance voltag
point divides i*lto two ‘sides’ the model;

3) It is not easy to find a ‘common model’ for the hole volia
there is a model by Eq. {5) and the right hand side form &
use:

4) Ior advanced computer simulations of the combiue

5 f i

analytical form:

by Component models by separation
to Qrlu) and Qg {ul component
madels to computer programs
These are significant new resuli
constant range and method for o

4., Analy

is of Laboratory Measurements

L(‘
n

Evaluation of the laboratory measurement was made first for two different
parallel connected inductive load components and then for load composed



of parallel inductive and capacitive components. The compensation

was changed by increasing the number of capacitors.

[.1. Pure Inductive Loads
i atod f (r\‘ } f 1 “Fad jmA +iva 1
Calculated 3;(u) characteristics of parallel connected inductive load
three cases of the evaluations by different reference voltage values ar
in Table / and plotted in Fig. 6.
Table ;. 3.(u) of the combined measured loads
307 > < 3.85
1343 > < 3.59
3.64 > < 3.87
45¢
4.0
2 sz
3T 9T
3
3.0}
2 5 . 2, L i L L L
'0.70 0.80 0.30 1.00 1.10

Up.

Fig. 6. 3.(u) of the measured pure inductive loads

4.2. Combined Inductive-Capacitive Load
£.2.1. Case I Qrog < Qro

In this case
Qco = 0.79

the compensation level at the nominal voltage was £g =
92 # (Jro, and the voltage at which the resonance resul

level

or the
ho»y n

8.2%,
ed is
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Upa.
Fig. 7. Measured reactive power

65.0 :
f = 7r1=075 pu.
: -~ r2=0.82 pu.
. . %~ 73=0.88 pu.
+7.0 : - 74=1.00 pu.

+75=125pu

= disconiinuity
29.0 1 1%\{3
a%\é

X
11.0F f
\ :
N ) )
__78?5 & 85 1 0.95 1.05 1.15 1.25
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the compensation level at the nominal voltage w

In this case ; T%
and the voltage at which the resonance resulted is ({7 = 1.050%). Calculated
1
site}

~(u) values are plotted in Fig. 9.
1?or the measured cases of the combined loads there are the same tendencies
as for the mathematical models: smoulm at the resonance voltage, large




= ri=075p.u.
<= r2=0.85 pu.
0r  +r3=100pu.
3= rd=1.08 pu.
30 ~ré=ll6pu
L <% r8=1.24 pou.
20 e gAsconiinully

resonance voltage.

On an actual network in the time there are large changes of inductive
and/or capacitive components in the loads. The results of both mathe-
matical and measured cases document that in the cases of the compensated
networks (combined non-linear inductive and capacitive loads), it is not right
to sirmulate by constant exponents the reactive part of the reduced power
on the nodes and the values of the exponents can exceed the values given
in the publications, both in magnitude and in sign, as well. (The negative
exponents are valid if there is an overcompensation).

<o i
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nalysis of On-site Measurements

In order to validate and test the novel method, analysis of gathered data
from fleld measurement was made for some measured loads. A voltage—
current load characteristic measurement at the Rékoskeresziur substation
was performed, with staged transformer tap-change on the 20 kV bus side
with step of about = 2%. Evaluation of the load characteristics of some
loads was made where the reference voltage was selected to be the first
point on the tap step. Results of v(u) calculation are shown in Teble 5 and
plotted in Fig.10.

Fig. 10 shows that the load characteristic values of the selected loads are
varying between 1.0 < v(u) < 9.0.
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Table 5. v(u) ranges of the measured loads

Load/tap steps | 1 2 3 4
IKARUSZ ~(u) | 3.29 | 4.63 | 4.52 | 4.63
PESTI wut ~(u) | 3.76 | 4.74 | 5.23 | 5.14
Godollé v(u) | 8.92 | 6.38 | 5.93 | 6.23
kaota*() 4.86 | 4.45 | 4.20 | 4.19
| Vegyimivek ~(u) | 1.66 | 1.39 | 1.75 | 2.86
10.0r TR
8 @ - Godollo
- Cinkola
8.0t - Vegymuvek
= s0f —e— "
™ 40
0.
wc ey a\La

the range of §; ds ~
and «:) and t f (¢ .
the G:(u) is less tban the larger «; exponent and greater thaﬂ the

smaller «; expone
QLo \‘dlue.

the compensation ratio increases to-100%, it results in sino‘ularity (res-
onance point) in the calculation of (u) parameters and also in changes
of its sign;

and it is closer to the exponent having larger
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— the large ranges of the voltage dependent vy(u) exponent are the con-
sequence of the subtraction in Eq {5} for a pure case of parallel con-
nected inductive-capacitive components of the mathematical model
and laboratory measurements:

~ the non-linear inductive and combined load characteristics cannot be
expressed as constant exponent but as a continuous, non-linear expo-
nent 3:(u) and ~v(u) functions ({see Figs. 1, 2, 6 and Figs. 3, /. 8 9,

o i
s
%

y rety

.
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=1

> point of view of resonance of the system, therefore
op an algorithm to calculate these unknowns based
'u‘; of wo combined load.

vailable programs use only
riation in an accura
wriation (111, So the constant exponent {power) for t .
valid any more. On the other hand, the Oropo\ed models will have s g nificant
effect on the study of system simulations, in this way the risk of voltage
overshoot in the load side and later voltage dlp in the bulk power system
can be accurately simulated. The apphcatmn of the proposed algorithms in
advanced network simulation programs like EDS can result in much better
and more influential model representation which can reflect to the essential
behavior of the loads.

i ~d how important it is to {no"' the values of (o,

o

r oo 3
ot reflect most of the load wvar
. :

(4

Summary

This paper introduces a general novel approach for modeling and simulation
of non-linear inductive and combined loads based on a former one {16]. The
proposed models are based on the generally used polynomial form of § — I/
static characteristics, but by the 5;{u) and v{u) voltage dependent exponents
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developed much more accurate load simulation can be obtained. By more
on-site measurements of combined loads on selected sites of the network,
calculation of voltage dependent load characteristics and the parameters of
the regressions can be implemented to a computer program like EDS.
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