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An overview of approaches for modelling uncertainmtyrarmonic
load-flow

Revision general de las metodologias para el mddela las incertidumbres en el
calculo del flujo de cargas arménicas

A. A. Romerd, H. C.

Abstract — Harmonic distortion is a growing problem in all
power systems (PS) around the world due to the ineasing use of
electronic power devices and nonlinear loads (NLL).Several
methods have been developed for the computationahalysis of
PS harmonic load-flow (HLF). These approaches allowaarmonic
distortion to be estimated at each PS bus when NLLgthe
harmonic sources) are distributed throughout a wha network.
Some widely accepted deterministic formulations areused in
HLF analysis; however, harmonic distortion in PS isa time-
varying phenomenon because both linear loads (LL)ral NLLs
change non-predictably all the time. Moreover, netwrk
configuration also varies and such considerations ake HLF
calculation a mathematical problem which must be ale to model
the uncertainty associated with input data. Some gpoaches
based on probability theory and others using fuzzysets and
possibility theories have been proposed for modelin such
uncertainty. This paper was thus aimed at providingan overview
regarding these approaches. The main HLF formulatias within
probabilistic and possibilistic frameworks have this been
introduced and some numerical comparisons have beenade to
clarify some concepts raised.

Index terms—fuzzy set, harmonic distortion, power system
harmonics, probability, statistical analysis, uncetainty.

Resumen—Debido a la creciente utilizacion de
dispositivos basados en electrénica de potencia g dtras cargas
de caracteristicas no lineales, es que la distorsi@rmonica en las
sefiales de tensi6on y de corriente es un problema @wa en
aumento en todos los sistemas de suministro de eg&r
eléctrica en el mundo. En este contexto, varios nogtos han sido
desarrollados para el célculo y andlisis computacial del flujo
de cargas armonicas en las redes eléctricas. Talesétodos
permiten estimar la distorsion armoénica en cada baa del
sistema eléctrico cuando las cargas no lineales,guson las
fuentes de armoénicos, se encuentran distribuidas ¢ada la red.
Entre de los métodos para calcular el flujo de cams armoénicas
existen algunas formulaciones deterministas que sorbien
conocidas y ampliamente aceptadas. Sin embargo, déstorsion
armonica en el sistema es variable en el tiempo mpre tanto las
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cargas lineales como las no lineales cambian de un:
manera no predecible, y ademés, la configuracion dela
red eléctrica también varia. Esta Ultima consideraén hace que
el calculodel flujo de cargas armoénicas seaun potema
matematico que debe ser capaz de incluir en el mdddo
las incertidumbres asociadas alos datos de entraddara
modelar tales incertidumbres se han propuesto en léteratura
algunas metodologias de calculo basadas en lateorde la
probabilidad, y otras basadas enlas teorias de losonjuntos
difusosy dela posibilidad. Por lo tanto, el objéto de este
articulo es el de ofrecer un panorama completo e Ireferente a
tales metodologias de calculo. En particular, las ripcipales
formulaciones probabilistas y posibilistas seran prsentadas.
Finalmente, algunas comparaciones numéricas  seran
desarrolladas en un sistema eléctrico estandar ca propoésito
de dar claridad a algunos de los conceptos aca desdlados.

Palabras claves— Conjuntos difusos, distorsion armonica,
armonicos en sistemas de potencia, probabilidad, aksis

estadisticos, incertidumbre

Harmonics exist due to nonlinear loads (NLLs), (IEEI
1992b). NLLs are increasing in all power systems (P

due to the widespread use of electronic devices; harmc

distortion in both voltage and current is thus growitgEE,

1993a).

Mathematical models and computational programmes hi:
been developed to study harmonics-related problems,
example, to evaluate the effect of connecting large NLLs
capacitor banks, to design harmonic filters, to investig:
causes and solutions for existing harmonic overload,
investigate compliance with standards, etc.

Figure 1 depicts the basic approaches to harmo
calculation; i.e. the second column refers to the approac
used for modelling system behaviour from an elect
(physical) point of view, whereas the third column refers
whether and how randomness and uncertainty are modellec

Time domain analysis is usually carried out usir
programmes for electromagnetic transient calculations, si
as EMTP, which resolve the system of differential and t
algebraic equations describing the dynamics of t
components (transformers, lines, reactors, capacitors, etc.)
the constraints imposed by Kirchoff's laws. The outputs
these programmes are given in voltage or current wavefor
harmonic components are computed by Fourier analysis ¢
period for such waveforms after they have reached ste
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state. engineering, meaning that novel possibility theory has be

found to be a useful alternative to probability theory inidgal
|
simulatior

Deterministic
harmonicloac-flow

Frequency Probabilistic
domair harmonicloac-flow

with this kind of uncertain information.
] Like models based on probability, those based

possibility rely on measurements quantifying uncertainty
likelihood, and allow calculating how these are propagat
Fuzzy harmonic] from the input parameters of a system into its outp
_ _ _ loac-flow (FHLF) Possibility theory can be suitably formulated in termsuatz§
Fig. 1. Different methodologies for harmonic powsystems analysis numbers (FN), hence taking advantage of many of 1
Due to the computational effort involved, time domaidevelopments in this area. In addition, models based
techniques are almost exclusively applied to studying smadissibility theory are usually simpler and computational
nonlinear circuits or specific electronic power devices. more efficient than their probabilistic counterparts.
Harmonics in large PSs are almost exclusively calculatedPossibility and fuzzy set theories are currently being us
using frequency domain analysis-based methods, knownaas investigated for HLF calculation, thus giving place to t
harmonic load-flow (HLF). An HLF generalises the methodsb-calledfuzzy harmonic load-flow (FHLF).
developed for AC power-flow, representing the harmonic This paper thus tries to provide an overview of bo
components through phasors associated with sinusoigadbabilistic and fuzzy methods and makes numeri
magnitude at harmonic frequencies (Herraiz et al, 2003).  comparisons to enhance clarity regarding the main differen
A DHLF calculation assumes that all the relevart such formulations.
parameters are known. It should be noted, however, that such
studies only provide a static image of a complex and varying. DETERMINISTIC HARMONIC LOAD FLOW (DHLF)

situation. In fact, both linear (LL) and NLLs are constantly complete review of the main approaches regardi

changing in a non-predictable way which makes harmomigy F is presented in reference (Herraiz et al, 2003); otl
distortion become a stochastic phenomenon. Taking tRis; articles concerning the subject describe frequency don
situation into account, and recognising the high cost i®eblvig4els for electric PS components (IEEE Publication, 19
in completely avoiding any risk associated with excessi)@ri”aga et al, 1995).

harmonic levels, IEC and IEEE standards regarding harmonico| F formulation can be classified according to th

distortion have been formulated on a probabilistic basfﬁrpothesis on which its models have been based. The

stating, for example, that certain levels of harmonic distortinain alternatives concern whether to consider the influence

should not be exceeded more than 5% of the time. the harmonics in the applied voltage on the current flowi
Different methodologies modelling the stochastic nature f?frough nonlinear devices and whether to consider harme

harmonic distortion, using probability theory, have begymponents in power balance equations, i.e. whether equs
developed, thus giving rise to probabilistic HLF (PHLF) (1) or (2) should be applied to express load pow
Probability theory is, in principle, the natural tool fOEonsumption.

modelling random behaviour. However, there are some issues

=v@ Oy
concerning its practical application to PS studies; i.e., S=v '(Ih )_h . (1)
probabilistic models assume that uncertain parameters can be s= Y vy (2)
described through probability distribution functions. h=13,5...

Nevertheless, there is a lack of information for determining According to the hypotheses, the following threeirma
these distributions or their parameters in many practical caségterministic ~ formulations may be stated: harmon
Information regarding LL and NLL level andpenetration (HP), iterative harmonic penetratioHR) and
characteristics in practice frequently comes from experggmplete HLF (CHLF). HP designates those methodetog
judgment. For example, an expert may describe a load ngglecting harmonic interaction and influence @ kfarmonic

saying that it could be between 80 MVA and 100MVA, 9gomponents on power balance.
MVA being the most “possible” value. Regarding the power On the other hand, IHP and CHLF refer to differel
factor, the expert might estimate it as being within a range, g@proaches for dealing with the nonlinear set afa¢iqns
from 0.87 to 0.9. She could estimate that between 70% &ft$ing when a harmonic interaction is modelledP lldnd
80% of total load is linear and 30%-40% of such percentagklLF formulations are clearly more accurate thangimpler
might be due to induction motors, and so on. Such irdtiom HP. However, comparisons reported in (Herraiz e28D3)
is generally incomplete, imprecise, contradictory, or deficieAd (Sainz,1995) have revealed that errors dugetinfluence
in some other way. of harmonics in (2) are usually negligible. Morenvgecause

In order to apply probabilistic methods, such uncertaifiey require precise knowledge about NLL charasties and
parameters have to be assigned probability distributiparameters, CHLF and IHP are mainly applied to iteta
functions having a certain mean, variance, etc. Clearly, teigdies where few NLLs are the dominant harmonicees.
can only be done quite arbitrarily.

Such difficulties also exist in many other areas of electric
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AN OVERVIEW OF APPROACHES FOR MODELLING UNCERTAINTY IN HARMONIC LOAD-FLOW

Experience has thus shown that the non-interactive HB.PROBABILISTIC HARMONIC LOAD FLOW (PHLF)
method is sufficient for ordinary harmonic studies and will e first contribution to probabilistic modelling of AC

therefore be set out below. power-flows was presented around the mid-1970s in(Allan

A. Harmonic penetration (HP) al, 1974). In this pioneering proposal, loads were conside

The HP method assumes that voltage distortion does Atindependent random variables and a DC model was
influence the harmonic content in the current flowing throudfr the PS. This first proposal has since then been larg
nonlinear devices and that power balance is not influencedBproved, but it was not until the mid-1980s that thetemas
harmonic components. Such assumptions led to a linear ma¥efe applied to HLF. A complete review of stochast
thus rendering a methodology, particularly simple from tfBodelling techniques for HLF is presented in (Baghzol

numerical point of view. 2002; Ribeiro, 2009). _
Due to the first assumption, NLLs connected at rjpdan Several probabilistic methodologies have been propo:
be modelled by means of expressions like: based on different probabilistic hypothesis, models a
() _ @) techniques, (Esposito et afi, 2001a; Esposito et al, 200iLb]
I - fh (V ’ I:’nl ’in ) (3)

addition to these probabilistic features, they also diffeh

where iV is the i harmonic component of the curreniunderlying electric model implemented to describe t
flowing through the NLLf, is a function depending on loadharmonic behaviour of the network. Both modelling areas -
characteristic,/” the power frequency component of th@ot independent, however, as the feasibility of sor
applied voltage, ané?,, andQq NLL power consumption. propabilistic approaches is conditional on the nature &
While Py, andQy are known data, the bus voltage at powelmplexity of the electrical model.

frequency is obtained through a conventional AC power-flow, three main PHLF approaches can be recognised in

which is the first step in the HP methodology. In thiﬁertinent literature:  analytic methods based on the |

conventional AC power-flow, LL and NLLs are modelled as r?lethod, analytic methods based on a linearization of the H
whole PQ loal neglecting power consumption due to the

. . . . and Monte Carlo simulations (MCS).
harmonic components (expression (1) is applied).
After the conventional AC load-flow is computed, eachA. Analytic methods based on the HP formulation
NLL is replaced by a current source connected from earth to)y has peen shown above that neglecting harmo

the bus, equal and opposite to that calculated using equafifBraction leads to a linear model where tife harmonic

(3). This leads to a linear circuit where each harmonic bgismponent of the voltage at nodean be written as
voltage order could be calculated by solving the circuit

n
equations  with the corresponding harmonic sources and vﬁh) :Zzgﬂ)iﬁh) 4)
impedance modelling the linear components, calculated at the k=1
corresponding harmonic frequency. where: zﬂ? is the harmonic transfer impedance betwe:

The HP methodology is illustrated in Fig. 2, wharé” is nodesj andk (self-impedance when= k), and i is theh®

i (h) .
the vector of harmonic node voltages of ortier Y*"the 3monic component of the current source that models
system bus admittance matrix evaluated at the frequency@i connected to nodk
the h" harmonic order with the NLLs replaced by current In PHLF, the injected currenti:‘k(h) are random phasors

sources; andM the vector of injected harmonic currents of , , _
1M which models the stochastic behavior of the NLLs
orderh. Entries of 1™ are zeros for buses without NLLs. ke '

Inoul Since the modulus and phase §f (or its real and

imaginary part) are usually random dependent veagakts
stochastic behavior is described by joint probgbitlensity

( Conventione+AC loac-flow ]

Calculation of injected harmonic current/at functions (JPDF)pL (1,6) of py ¢ (x,Y,) where |§< and
each harmonic frequency i i
iM=fndPp, .0 O, are the modulus and phase i , and X, andY, are its

: real and imaginar rts.
Solve node voltage equation eal and imaginary parts

for each harmonic order: Let VEE) = zgﬂ)ilﬁh) be theh™ harmonic component oﬁgh)
T 172 rn(h) due to the current(™ injected by nonlinear load at noéte
Since zi}) is a constant (nonrandom) phasor, the JPDF of

Fig. 2. Harmonic penetration method

modulus and phase &f](,t‘) can be easily obtained by properl

“In an AC power flow, the nodes are defined a&: Slack node, the
voltage and phase are known; PQ: the active arddivegpowers are known;
and, PV: the active power and the voltage magniaudeknown.

scaling and shifting that ot ™ according to the modulus anc

phase ofz{ .

20 REVISTA INGENIERIA E INVESTIGACION Vol.31 Suplemento No.2 (SICEL 2011), OCTUBRE DE 2011 (18-26)
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Once the JPDF of\(/j(L‘) have been obtained, the totafide:

harmonic bus voltage&j(h) can be written as the sum af

n
random phasorsgj(h) = Z\gf? .
k=1
At this point, and to keep numerical complexityse@able,
most of the proposals assume statistical

indepexed
amongst the random variablelkq;(h), clearly implying the
independence o&j({‘) \(/](2) \(/](2) . The JPDF of the real and

f (No) = (ty) (®)
By linearizing (7) aroundl, and considering (8), then:

N ONg +A AT, =N, +AT, )
with Ng :NO—Ay(‘ILb), A is the inverse of the Jacobiat
Iqwatrix of f(N) evaluated alN,, and A'\' :'h) —,u('fb) .

Equation (9) expresses each random element ofabn
N as a linear combination of the random elementshef
vector T,; hence, the mean and covariance P\ﬁbf can be

imaginary parts of\(/j(h) can thus be theoretically obtained byyritten as:

convoluting bi-variable functions; i.e.:

Pg %, 0¥ = Pg o (0y) OOpg (X)) (9)

(10)
(11)

#(N) =Ny
cov(N )=A cov Ti“b nT

wherep;ﬁv and p>&vk\$vk are de JPDF of the real and A further improvement for this methodology, calleHLF

imaginary part Of\(/j(h) and \(/J(E) respectively.

for percentile evaluation, (Esposito et al, 200Hunes a step
further by also calculating the third and fourthmemnts (skew

Such convolutions are usually avoided because #rey and kurtosis) of the probability distribution fuinets. This set

numerically very extensive. If a relatively largamber of
phasors have to be added and none of them is dotnihan
the central limit theorem can be applied.

The probability of the modulus of the harmonic agk is

obtained by integrating the JPDF‘&Jﬁh) :

P(|v§h)| >U):T2.[”rp|%/év (r,6)oroé
U o

where p&/év(r,e) is the\(/j(h) JPDF.

(6)

B. Analytic methods based on DHLP linearisation

An alternative analytical approach known as finstey
PHLF, (Esposito et al, 2001a) is essentially basadthe
linearisation of the system of real equations distaéd in
DHLF formulation (see section 2) around the exp¢teean)
values.

Although linearisation clearly implies a loss ofcaracy,
this approach allows modelling probabilistic depemuk
between random variables, which is not possibletha
previously described methodology.

The mean and variance of the magnitude for eaahndvic

node voltage are calculated from the DHLF system of

equations, and from the mean and covariance matatéhe
input variables. Let the DHLF system of equations
expressed in a compact form as:

f(N) =T, 7

where, N is the vector of random output variables, including

the magnitude of the harmonic node voltages fohatmonic

order, and'\'b is the input vector, which includes random and
deterministic variables, i.e. generator voltage mitage and

power frequency generated active power, active readtive
power of linear loads at the fundamental frequeany the
total active and apparent power of nonlinear loatts,

Let,u('}'b) be the vector of expected values for componerfeymulations and because it
d probabilistic dependence among them.

of '\' , andNg the solution of (7) with( Ty,) at the right han

of parameters is enough to completely charactetise
Pearson distributions which, according to some oressent
systems, seem to be the best fitting of the prdibabi
distribution functions for harmonic voltages in ithigher
percentiles.

C. Numerical analysis using the Monte Carlo simulation

MCS is a well-known technique which is widely used
many different areas. It consists of running adangmber of
DHLF simulations with different input variables whi are
randomly selected according to their probabiligligtribution
functions. The set of output variables so obtaiiseal sample
from which the probabilistic distribution of the wole
population can be estimated. Clearly, the confideat the
results increases with the number of simulationigue 3
shows the main steps in MCS.

[ Define input data JPDFE;1 }

[ Generate random input da@a

Run a deterministic harmon!c
loac-flow

Store output
variables

2]

b

‘ Evaluate statistics of outpu’ﬁ
variable:

end
Fig. 3. Main steps in the Monte Carlo simulatiortinoels

MCS methods are very flexible since any systemmatar
can be assumed to be a random variable with adeqt
is possible to consic

REVISTA INGENIERIA E INVESTIGACION Vol. 31 Suplemento No. 2 (SICEL 2011), OCTUBRE DE 2011 (18-26) 2 1



AN OVERVIEW OF APPROACHES FOR MODELLING UNCERTAINTY IN HARMONIC LOAD-FLOW

It is clear that any DHLF can be implemented, and seveakyt. Given a FN X defined onX and any number O

hypotheses can be advanced regarding dependence bet EP thea-cut of X . denotedX@ s the crisp set:
different sets of random variables. Both aspects stron@f’/ ' ’ ’ '

influence the computational effort which is, however, usually X (@ —{x|,u)2 ()= a} (13)
very high since a large number (thousands) of deterministig, thea-cut of a FN X is the crisp setX @ containing all
simulations are necessary for obtaining accurate resulis elements of universal si¥twhose membership degree
(Anders, 1989). in X are greater than or equal to the specified value. dhis
D. Final remarks regarding the PHLF concept is illustrated in Figure 4.

Analytical methods impose some constraints for providing 1
accurate results: random variables have to be independent, and 0T Hz ()
no highly dominant NLL should exist; these two condiion
are not always met in practical situations.

Linearization-based analytical methods do not impose
particular constraints and allow modelling random LLs. Brror a;
due to linearisation depend on the standard deviation of the 0 ?
input variables which must then be limited.

MCS are very flexible; in principle, methods based on them
could manage any kind of stochastic variables, and could be
associated with any physical model qf the harmonic beha}vi% 4. Fuzzy number representation
of a network (HP, IHP or CHLF). It is, however, recognised
that MCS are computationally very demanding. FNs and probability distributions play analogougesoin

It should be noted that whatever probabilistic method R§Ssibility and probability theories, respective(itlir et al,
applied, the accuracy of the results strongly depends on #9§¢5). The generic FN shown in Figure 4 introdutes
accuracy of the probability distribution functions assigreed otation used in the following sections.

the random input variables. This is typically one of thetmas Hong et al. FHLF approach (Hong et al, 2000jFHLF).
critical issues in HLF studies, especially regarding the In the DHLF case, thé&"™ harmonic bus voltages can by

composition of LLs and the nature and operating mode (%tained by solving the system of equations (sgarEi2):

ay -cut

a;-cut

1
X0 xap 0 @) 5O

medium and low power electronic devices. vy 0 = M) (14)
4. FUZZY HARMONIC LOAD FLOW . Alt'er.natively, and dropping superscrif) (for the sake of
Fuzzy set theory has begun to be applied in different aréHEp“C'ty’ (14) can be written as:
of electric engineering that involve complex input parameters G B|lV, _ lre
known with uncertainty. Even though HLF has this B G ITv. |7l (15)
m m

characteristic, research regarding application of fuzzy sets to -
this area is rather new. The first bibliographic reference on tigere, I, =Re(), l;,=Im() and similarly for V. and
subject was (Hong et al, 2000); more in-depth approachgs , G :Re(y) andB :|m(y),

substantially improving the former were published in(Romero FHLF assumes that both the LLs and the impedan
et al, 2008b; Romero et al, 2011). This section brieflygmiss modelling the PS are certain (crisp, non-fuzzy)apeeters

the main features of the F_HLF proposals analysed in 1%. matricesy, G andB are deterministic) while the injectec
current state of the art overview; however, to enhance clar Yirrents modelling the NLLs are uncertain and miedel

some basic aspects of fuzzy set and possibility theorlesesvwllt rough FNs, quantifying the uncertainty of its Irgmd

briefly set out. . . . .
imaginary part, thus making, andV;, uncertain.

A. Possibility measures and fuzzy numbers This situation is modelled by simply replacing thectors

A membership function maps elements of a given of crisp parameters,, and |,,, by FN vectors, which will be
universal setX, into real numbers in [0, 1]; thus, a A ~ | -
membership function can be denoted as follows: denoted ad . and Iy, and alsoV,e and Vi, by Vi, and

Hy X - [0,1] (12) \7im . Thus, (15) becomes the fuzzy system of equations:
The support of a FX within universal se is the crisp G -B \7 f
set that contains all the elemenxtof X that have non-zero Are = Are (16)
membership grades X, ie. Uz (X)>0. The core of X B G V. lim

within a universal seX is the crisp set characterised by A simple way to solve fuzzy equation systems isblying

complete and full membership of $ét i.e. Uy () =1. each system of interval equations corresponding it$o

One of the most important concepts of FN is thecephof (theoretically infinite)a-cuts.

22 REVISTA INGENIERIA E INVESTIGACION Vol.31 Suplemento No.2 (SICEL 2011), OCTUBRE DE 2011 (18-26)
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Designating X @ =[)_<(a),>z(a)} the vector of theg-cuts C- The possibilistic harmonic load flow (NFHLF)

. _ The analysis of Honegt al.,’'s FHLF approach presented ir
of components oK , whereX(® and X are the vectors of (Romero et al, 2008b) reveals the aforementionad/igacks,
the lower and upper limits of the intervals. Thusing this which were then addressed through research putlighe
notation, the interval equation associated with éheut of (Romero et al, 2008a; Romero et al, 2008b; Roméral,e
equation (16), becomes: 2011).

@ (@) @ (@) In those papers, a new FHLF (hereafter noted asLi¥Rb
G B [\—/re Vre ] _ [I—re Ire ] differ from that of Honget al.) has been founded on the
B G [\/(a) \_/-(a)] - [I-(”) I_-(a)] (17) proposed _possibilit_y theory. NFHLF religs_ on noq&n
Vim 1 Vim im programming techniques and allows for efficientlpdualling
uncertainties regarding input parameters (LL and_)Nhy
means of possibility distributions. Expression (leBn be
expressed as:

—im

In spite of its simplicity, different solutions cabe
conceived for the interval and fuzzy equations delpey on
the exact meaning given to the equal sign in tluetext. L
Some relevant kinds of solution sets were described h) _ h h
(Romero et al, 2008b), however here only the sisiple V( ) _[Y( )(P)J I( )(P) (20)
solution known as the ‘interval algebraic soluti\S) where, the diagonal elements of™ as well as the
(CSS in the fuzzy case, (Bukcley et al, 1991) is tme components of™ depend on the characteristics of the LL
applied in (Hong et al, 2000). and NLLs, described by a set of parameters orgdriisarray

The IAS for a system af interval equations can be foundP.
by solving a linear system ohZrisp equations providing the  From (20), the magnitude of each node voltage can
limits of the interval solution (Friedman et al, 9B). defined as a function of paramet&sd.e.:

Specifically, if: v = £ (p) (21)
YIV V=[] (18) -

is the set of interval equations, the IAS satisfresfollowing | ... () (p) = Zzi('_‘)(pﬂ(_h)(p) - 7z=Yy1

equation: ' f & ! ’

Ap —A, \_/_ - |__ When parameters iR are uncertain and described throug
A, A, |-V (19) their joint possibility distribution functions s (P), the
where, A, is the matrix of the positive entries ¥f (all its possibility distribution function of™ (g (™)) can be

negative entries replaced by zeros), ang is the matrix of ,ained. In particular the limits of eachcut of V™ can be
the negative entries of (all its positive entries replaced by, - 1ated by solving two optimisation problems:
zero), i.e., Y =Ap+Ap). (ha) _ o

This system of crisp equations can always be foated| \—/' - pg],l(g){ fi (P)}
regardless of whether the solution exists; if ieslmot exist, ~(ha) 22)
some of the intervals turn out to be impossible. (i >V;). VI = Prg%{ fi (P}

Reference (Friedman et al, 1998) suggests revertiage (ha) —(ha) o
improper intervals to get a meaningful result, edltweak Where, V""" andV,™™ are the lower and upper limits of the
solution’; however, such a result is not a solutionany ..t Of\yi(h) and P9 is the corresponding-cut of the joint
mathematical sense, and it can either over- or mestimate
real uncertainty in harmonic voltage.

Reference (Romero et al, 2008b) demonstrated hibaS

set is not exactly the desired result in the cantesing
analysed because, when the right-hand side intemvaldel (D) = mi { i i 5 }
inputs known to have uncertainties (e.g. harmonirents Hp (P) = ming o, (Pu).Mp, (Po)--—- M, (Pn, ) (23)
injected in different buses), all vectors on ttghtihand side and itsa-cuts p("’) are the rectangular domains:
are possible, and all the associated voltages finterest.
Moreover, even though LLs could have a major infleeson
the HLF, (Chang, 2003), uncertainties in their povwead
composition are not modelled and cannot be hanifietie
proposed formulation. Fuzzy real and imaginary pavt
harmonic voltages are obtained instead of the nuseful
fuzzy magnitudes.

possibility distribution associated to the fuzzygtos P.
When parameterp,, py, ..., Py are independent, the joint
possibility distribution functiorys, (P) is:
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-

buses 3 and 8 was due to these NLLs, then, it wasnaed

p](-a') < p_l. < p](_a) that power consumed by these NLLs varied by 5% ewoncg
- their crisp values reported in Table 1. From theseertain
(a) < p < I_g(a) parameters and from the mathematical expressions
P2 =rF=Fr2 modelling the nonlinear devices, (Arrillaga et #995), then,
the harmonic currents injected at buses 3 and 8ew
(24) computed.
(@) < P < pl) Moreover, triangular FNs have been used to moc
\—np Np Ny possibility distributions of real and imaginary cpoments of

harmonic currents, whereas Gaussian distributiameated at
two standard deviations have been chosen to mdukl
cut of |3k . probabilistic ones in the MCS. Table 2 shows pakstic and

As parametersp,, k=1...n,, have to completely defineProbabilistic distribution parameters. ,
Table |. Crisp Input parameters to model linear aod-linear loads

where p{® and p{” are the lower and upper limits of toe

admittance to ground and injected currents modglire LL
and NLLs, then a proper circuit for modelling tharionic 4 Input parameters for aggregate load modelling
behaviour of the loads was presented in refereRoeéro et
al, 2011). Moreover a set of fuzzy parameters fescdbing i | B, | Q. [ Kpi | Pfoi | Ko | Pfwi | Kui | Plas | Xri | Qpe
the available information regarding load magnituded
composition was selected and described in detal the 3 | 119| 0067 0 - 0 - 1| 08] 02 0825
relationship between the model and circuit pararseteere , |oa78 o | 07 | 09751 03| o0sd o | od o020
formulated.
5 |0.076/0.016 0.75 | 0.975] 0.25| 0.82 0 -- 0.4 0.010
5. COMPARATIVE ANALYSIS IN A 14- BUS TEST s | 013l o o = 0 = 1|l o8l o2 o0o0s7
SYSTEM

This section presents the results of numerical lsitins ° 02990106 0.7 | 0975 03] 08 0 o I I
aimed at showing some comparisons between mairopat® 10| 0.09| 0.057 0.7 | 095| 03| 085 0 ~| 02 00002
exposed in this paper. The following issues aratgdi out: 11| 0038 0018l 07 | 005l 03| ossl o 1 od oo
Specific load models, compatible with FHLF modelin ' i ' i i i i i
capability, have been implemented for this testathieve 12|0.0610.015 0.7 | 0975 03| 08| 0 ~| 02 0025
proper comparison. In effect, the frequency depeoeleof
; 3101350058 07 | 0975 03| 085 0 ~| 02 0025
impedances used to model LLs has been represen%e
according to the aggregate harmonic load modelepted in 14 |0.149 005| 04| 094/ 06| 08§ 0 -l 07 0027
(Romero et al, 2011). However, it was assumed ithadit
parameters defining the electric model of the buoealr load Table Il. Per unit 5th order harmonic currentsétgel into the PS
were crisp values (non-fuzzy) in all the simulagoshown. Parameters of | Parameters of triangular
Such input parameters are reported in Table 1. BUS| omponent Gaussian distribution FNs

While NFHLF results were harmonic voltage magnigide ! Mean | Sandard | ;6.0 | 6.0 | 760

(1) |deviation(g)| —1I i j

possibility distributions, FHLF output was the pbsiy of

. . I
these voltages’ real and imaginary components. dapare 3 . re.al 0.1750 0.026 01225 01780 02275
the results, possibilities of the voltage magnitidee been Imaginary |- 0.2254] 0.034 0.293) - 0.2250-0.157
P g g real 0.0199| 0.0005 | 0.0180 00199 0.0209

calculated from real and imaginary FHLF outputuasing 8 oo =T 605 0001 | 0027 -0025 -0023
possibilistic independency.
MCS were computed to obtain a benchmark for swtath. Results
comparison of the results obtained from each fuzzy Figure 5 shows the discrete probability densitycfions
methodology, i.e. the FHLF and the NFHLF. and membership functions of'®rder harmonic voltages, in
The tests were carried out on the IEEE 14-bus haicnopu, at buses 1, 3, 9 and 12, calculated through MG8&
test system. The one-line diagram of this PS aedntiain NFHLF, and FHLF. In particular, histograms fof" ®rder
parameters of the network are summarised in referetharmonic voltage were attained after L=10000 rancmts
(Chang, 1999). Generators, lines and transformave fbeen for MCS.
modelled according to the recommendation in (Ranhe@s). B. Discussion
Harmonic filters (all single-tuned) have been mtaklas
shunt impedances. Before making comparisons between the three H
Regarding the uncertain parameters for modelling-$\L solutions, considering uncertainties, it should dv&ted that
the 14-bus test system contained two harmonic seyrcevidence theory provides a link between possibitigory and
namely two six-pulse converters, one at bus 3 hadther at Probability theory. In fact, when information redarg some
bus 8. Moreover, considering that all power constionpat Phenomenon is given in both probabilistic and pulsiic
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terms, both descriptions should be consistent (Klir et abnsidering uncertainty in the analysis have beesciibed,
1995). Two main consistency conditions are that the weakiest, methods based on probability and on possibili

one can be expressed as follows: an event that is probable tdo exploit the capability of methodologies based «
some degree must be possible at least to the same degmedability theory, the random behaviour of eaabclsastic

Thus, input parameter has to be known and properly desdrin
pro(A)< pos@) (25) probabilistic terms. However, this is seldom thesecan

The strongest consistency condition requires that any evefactical situations, because available evidenceutalthe
with nonzero probability must be fully possible. behaviour of some input parameters (such as limeative,
pro(A)> 0= pos@ k= : (26) nonlinear and capacitive load composition) is satesed on

outcomes from a sufficiently long series of indegemt
random experiments correctly allowing probabilitgndity
functions to be characterised.

Considering the aforementioned, and from the resthie
following comparisons and conclusions were made.

From a qualitative comparison between possibilistic . .
probabilistic distributions plotted in Figure 5,dan be noted  Possibility theory, on the other hand, is ideal f
that plots 5(a) and plots 5(b) showed good agreetween formalising mgomplete information expressgd mmer of
results obtained with NFHLFand MCS in all PS buses.fUZzy propositions. In fact, the available inforinat for
Moreover, as expected, the possibilistic model ahe modelling uncertainty involved in input parametBnsHLF is

probabilistic MCS kept the coherence imposed oir thput Sommor_lly vague or fuzzy;_for instance, judgmentshsas,
variables regarding their output, i.8)..all probable values of € LL in bus 5 can be estimated at 10 MW, hatdis than

the harmonic voltages were also possible i@ndon-possible MW or higher than 12 MW; about 35% of it is..., "etc
values had zero probability. Similar statements are often the best that onentake about

However, by comparing plots 5(a) with those in 5g)ch NLLS as well. _ _
coherence was not achieved. In fact, several ptebatiues A Methodology for solving an FHLF where triangufes

of the 8" order harmonic voltage magnitude at buses 1, 9 afigdel harmonic injected currents has been propisgidong
12 were not possible in agreement with 5(c) plottesults. €t @l 2000). However, such fuzzy methodology hasies
Moreover, several possible values of Srder harmonic drawbacks, i.e., harmonic voltage over- and undémation
voltage magnitudes at bus 3 were not probable awrshin and inability for modelling uncertainties relateml ltLs. The
plot 5(a) for that bus. Briefly, results achieve means of latter represents a grave weakness because Liusaadly not

FHLF did not fulfil the two main consistency coridits stated el known, and affect the HLF.

above between probability and possibility functions A novel NFHLF, proposed in (Romero et al, 2008b)
Clearly, over- and under-estimating harmonic vaitadROmero et al, 2011), overcomes the drawbacks wet&n

uncertainty shown by the FHLF approach did not oaith he previous formulation. Its main characteristics that it is
NFHLF. This conclusion was also proven in (Romerale Pased on nonlinear programming techniques, thusdiamep
2008b). the harmonic voltage over- and under- estimatiorwkich

0.04 0.04 FHLF leads. It is capable of modelling uncertaimyooth LL

| and NLLs which are imprecisely known in real PSpdtmits
| 0.02
A

0.04 ;
i the translation of FNs describing uncertain daitee NLL
|
.0 0.09 : 0.13 0.
|
|

0.04
f

0.02

| |
0.02|! |
1 1 percentage, induction motors, or capacitive comgEos
lo.04 connected to a given bus, within the electric fupayameters
! used in NFHLF.
| A comparison between the approaches presentedhlasre
| been performed in the IEEE 14-bus PS. The testwesthdhat
|
|
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| l results obtained with MCS and the NFHLF had go
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6. CONCLUSIONS

An overview of the state of the art regarding HLF
calculation has been presented. Two main formulatifor
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