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Rezumat: In aceastd lucrare se prezintd aspectele teoretice ale
aplicarii diagnozei bazate pe model la diagnoza regimurilor
stationare de functionare ale retelelor electrice de distribufie.
Rezultatele ofera criterii de proiectare privind implementarea
metodologiei intr-un sistem expert care sa poata fi utilizat de
operatorii de sistem pentru luarea in timp real unor decizii optime.

Cuvinte cheie: diagnoza bazatd pe model, retele electrice de
distributie, diagnoza regimurilor stationare, indicatori fuzzy

1. Introducere

In ultima perioada, controlul functiondrii retelelor elec-
trice de distributie (RED) complexe a devenit o sarcind
dificila si din ce 1n ce mai complicata, datorita cresterii
consumului si datoritd necesitatii nivelului ridicat de sigu-
ranta §i calitate 1n furnizarea energiei electrice. De aceea,
implementarea sistemelor SCADA si cresterea puterii de
monitorizare a RED [6].

In aceasti situatie, dezvoltarea aplicatiilor inteligente
pe calculator devine din ce n ce mai stringenta. Astfel de
programe pot sd aiba un comportament asemanator cu cel al
specialistului uman, care poate face aprecieri in maniera fuzzy,
poate face judecati, poate invata si lua decizii justificabile.

Diagnoza sistemelor tehnice este identificarea compo-
nentelor neconforme care conduc la functionarea nedorita
a sistemului. Problema diagnozei apare atunci cand sunt ob-
servate unele simptome, adicd atunci cand comportarea siste-
mul este in contradictie cu comportarea dorita. Solutia proble-
mei diagnozei este determinarea multimii tintd minime a cau-
zelor care explica pe deplin toate simptomele observate [1-4].

La diagnoza bazatd pe model (MBD) [1] atentia trebuie
indreptata asupra relatiilor dintre componentele sistemului.
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1. Introduction

In last decades, the control of complex electrical
distribution networks (EDN) operation was a very hard
and complicated task, due to complexity caused by the
increasing consumption and the need of high-level security
and quality energy supply. Therefore, using SCADA and
the increasing computing capability, gives new possibilities
to control and monitor the EDN [6].

In this context, the development of intelligent computer
applications becomes more and more stringent. Such
computer applications may have a human likely behaviour
and can do appreciations in fuzzy manner, can do judge-
ments, can learn and make justifiable decisions.

The technical systems diagnosis is the task of identifying
non-conform components that cause the system not function
as is intended. The diagnosis problem arises when same
symptoms are observed, that is, when the system’s actual
behaviour is in contradiction with the expected behaviour.
The solution to the diagnosis problem is the determination
of the minimal target set of causes that fully explains all
the observed symptoms [1-4].

In Model Based Diagnosis (MBD) [1] the focus is on
the logical relations between system components. So, the
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Astfel ca, functionarea fiecarei componente si interconexi-
unile intre ele sunt reprezentate sub forma unui sistem logic
denumit descrierea sistemului (SD). Comportarea asteptata
a sistemului este o consecinta logica a SD. Aceasta Inseamna
cd existenta unei componente neconforme conduce la
inconsistenta dintre comportarea asteptatd si comportarea
observata a sistemului [7, 8].

Pe scurt, procesul de diagnoza incepe cu identificarea
simptomelor care reprezinta discrepantele dintre SD si
comportarea curentd. Fiecare simptom identifica un set de
cauze posibile ca si componente candidate. Diagnoza
minimala este cea mai micd mulfime de componente care
intersecteaza toate multimile candidate. Gésirea solutiei
de diagnoza presupune doud etape: mai intdi se genereaza
o multime de componente candidate dintre cele posibile si
apoi se determind mul{imea minima de componente.

Scopul acestei lucrari este implementarea metodologiei
de diagnoza intr-o aplicatie sistem expert care sd ofere
suport pentru deciziile 1n timp real ale operatorului de sistem.

2. MBD pentru diagnoza regimurilor stationare ale RED

In aceasta sectiune se prezinta implementarea MBD pentru
diagnoza regimurilor stationare ale RED [9]. Reteaua electrica
de distributie care urmeaza sa fie diagnosticata este descrisa
printr-un set de formule propozitionale. Pentru fiecare compo-
nentd X a RED este utilizata o variabild propozitionala care
indicad dacd acea componenta functio-neaza asa cum ar trebui
sau nu. Daca nu exista evidente cd RED nu functioneaza asa
cum ar trebui, putem presupune ca toate variabilele propo-
zitionale sunt adevarate. Altfel, unele dintre ele sunt false.

Pentru diagnoza regimurilor stationare ale RED, des-
crierea sistemului (SD) contine:

e parametrii sistemului descrisi de matricea de admitanta
nodala si valorile limita si optime ale marimilor electrice
pentru functionare normala,

¢ topologia retelei,

e relatiile bine cunoscute de calcul a circulatiilor de puteri,

e localizarea si zonele de influentd pentru regulatoarele
de putere activa si de tensiune,

e reguli fuzzy pentru determinarea indicatorilor fuzzy.
Multimea presupunerilor (ASS) contine propozitii de forma:

o Jesirea regulatorului de tensiune (TC)i este optimd, unde
i=1,...,T, T—numarul de TC.

e Jesirea regulatorului de putere activa (PC) j este optima,
unde j=1,...,P, P—numarul de PC.

Rezultatele obtinute din SDUASS sunt propozitii de forma:

e tensiunea nodului numarul k& este optimd, unde
k=1,...,N , N - numarul de noduri.

e puterea activa injectatd n nodul / este optimd, unde
l=1,...,G, G — numarul de generatoare.

e valoarea curentului de circulatie pe latura linie
electrica numarul m este optima sau admisibild, unde
m=1,...,L, L —numarul de linii electrice.

¢ puterea aparenta de circulatie pe transformatorul n este
optima sau admisibila, unde n=1,...,T, T — numarul
de transformatoare.

La inceputul procesului de diagnoza toate regulatoarele
sunt presupuse a fi optime.

Multimea observatiilor (OBS) contine propozitii de
forma:

operation of each component and the interconnections
between components, are represented as a logical system
called System Description (SD). The expected behaviour
of the system is a logical consequence of the SD. This means
that the existence of faulty components leads to inconsis-
tency between the observed and the expected behaviour of
the system [7, 8].

In summary, the diagnosis process starts with identifying
symptoms that represent discrepancies between the SD and
system actual behaviour. Each symptom identifies a set of
conflicting components as initial candidates. Minimal
diagnosis is the smallest set of components that intersects
all candidate sets. Finding the diagnosis solution means a
two step process: first a set of candidates is generated from
symptoms and secondly the minimal set of components is
determined.

The aim of this paper is the diagnosis methodology
implementation into an expert system application that can
support system operator on-line decisions.

2. MBD for EDN steady state operation diagnosis

In this section is presented the implementation of MBD
for EDN steady state operation diagnosis [9]. The EDN to
be diagnosed is described by a set of propositional formulas.
For each X component of the EDN, a propositional variable
is used to indicate if the component is working as it should.
If there is no evidence that the EDN is not working as it
should, we can assume that propositional variables are
true. Otherwise some of they are false.

For the EDN steady state operation diagnosis, the system
description (SD) content is the following:

e the system parameters described by nodal admittance
matrix and the limit and optimal electrical values for
normal operation;

¢ network topology;

¢ well known power flow computation expressions ;

¢ voltage and active power controllers localisation and
influence areas;

e fuzzy rules for fuzzy indexes determination.

The assumptions set (ASS ) uses this type of propositions:

e Output of voltage controller (TC) i is optimal, where
i=1,...,T, T—number of TC.

¢ Output of active power controller (PC) j is optimal,
where j=1,...,P, P —number of PC.

Obtained results from SD U ASS are proposition of
this form:

¢ Bus number k voltage is optimal, where k=1,...,N ,
N — number of system buses.

¢ Active power injected in bus number / is optimal, where
[=1,...,G, G — number of generators.

e The value for the flow current on line number m is
optimal or admissible, where m=1,...,L , L — number
of electrical lines.

e Apparent power flow for transformer number n is
optimal or admissible, where n=1,...,T, T — number
of transformers.

In the beginning process of the diagnose all controllers
are supposed to be optimal.

The observations set (OBS) have this form of proposi-
tions:
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¢ Tensiune nodului k este A.

e Puterea activa injectatd in nodul / este A.

e Puterea reactiva injectatd Tn nodul g este A.

e Curentul de circulatie pe linia m este A.

e Puterea aparentd de circulatie pe transformatorul n

este A, unde Ae {optim, admisibil, non admisibil }

Acest set de observatii este obtinut prin procesarea
marimilor oferite de SCADA.
Multimea tintd A, care este solutia de diagnozi in acord
cu MBD contine:
o lesirea regulatorului de tensiune i este NOT optima.
e Jesirea regulatorului de putere activa j este NOT optima.

3. Indicatori fuzzy utilizati la diagnoza regimurilor
stationare ale RED

Asa cum s-a prezentat mai sus, compararea la valorilor
curente ale marimilor electrice de interes pentru diagnoza
cu valori de referintd cvasi-optime ale tensiunilor nodale,
puterilor active injectate Tn noduri si a puterilor de circulatie
pe laturi este esentiala. Existd doud probleme:

e stabilirea regimurilor de baza si a valorilor cvasi-optime;
¢ determinarea indicatorilor fuzzy cu ajutorul marimilor
masurate $i a celor cvasi-optime.

Multimea valorilor cvasi-optime este necesara pentru apre-
cierea regimului curent. Aceasta implica optimizarea regimului
curent, ceea ce este inacceptabil pentru o diagnoza 1n timp real.
De aceea, valorile cvasi-optime vor fi preluate de la un regim de
referintd optimizat, denumit regim de baza. Aceasta presupune
identificarea si apoi optimizarea a doud regimuri de baza:

e regimul optimizat de baza cu sarcina ridicata (H) si
¢ regimul optimizat de baza cu sarcina scazuta (L).

Regimurile de baza sunt stabilite cu ajutorul curbei
zilnice de sarcina a RED corespunzatoare la doud situatii
diferite si in acord cu experienta operatorului de sistem.
Aceste regimuri sunt apoi optimizate cu un program adecvat
de optimizare. Se obtine in final doud seturi de valori cvasi-
optime dintre care se alege unul ca referintd pentru regimul
curent analizat. Regimul de baza ales este cel mai apropiat
ca si consum de regimul curent analizat.

Regimul analizat poate fi caracterizat de un set de
indicatori fuzzy [9, 9]:

¢ Indicatori fuzzy locali pentru fiecare marime electrica
consideratd la diagnoza: tensiunea nodald, puterile activa
si reactiva injectate, circulatiile de puteri pe laturi;

¢ Indicatori fuzzy globali calculati din indicatorii fuzzy
locali in acord cu regulile de Tnsumare fuzzy specifice

pentru fiecare marime electrica [9].

De exemplu, in figura 1 se prezintd metoda de calcul a
indicatorului fuzzy pentru tensiunea nodala [9].

Pentru puterile activa si reactiva injectate in noduri se folo-
sesc modele fuzzy similare cu 3 functii de apartenenta [9].

Notatiile din figura 1 sunt:

¢ O — multimea fuzzy pentru valorile optime:
O={(U,upU)IU € [U min,U max]}

¢ HA — multimea fuzzy pentru valorile admisibile superior:
HA={(U,uygs(U) U € [Uopt,U max]}

¢ LA — multimea fuzzy pentru valorile admisibile inferior:
LA={(U,u4U)IU € [U min,Uopt]}

Bus k voltage is A.

e Active power injected in bus [ is A.

¢ Reactive power injected in bus ¢ is A.

Tie line flow current number m is A.

e Apparent power flow for transformer n is A, where

Ae {optim, admisibil, non admisibil }
This set of observations is obtained by processing the
SCADA system outputs.
Hitting set A, which is the diagnosis solution according
to MBD contains:
¢ Output of voltage controller i is NOT optimal.
¢ Output of active power controller j is NOT optimal.

3. Fuzzy indexes used for EDN steady state operation
diagnosis

As it was stated above, the relative value assessment
of the current electrical quantities to the quasi-optimal set
of bus voltages, active power injections and apparent power
flows is essential. There are two problems:

e setting the basic regimes and the quasi-optimal values;

¢ determining the fuzzy indexes from measured and quasi-
optimal value sets.

The quasi-optimal value set is necessary for current
regime assessment. This implies a lot of time spent with
regime optimization, that is not acceptable for real time
diagnosis. That’s why, the authors introduced an original
method for quasi-optimal set quick determination. This
method implies t off-line identification and then the op-
timization of two optimal basic regimes named:

¢ high load optimal basic regime (L);

¢ low load optimal basic regime (H).

Basic regimes were established from daily load curve
of EDN corresponding to two different situations appointed
accordingly to the system operator experience. These
regimes are then off-line optimized with an adequate
optimization program. We obtain a quasi-optimal value
set for current analyzed regime. The base regime is then
chosen as the nearest one according to consumption from
the analyzed one.

The analyzed regime may be characterized by a set of
fuzzy indexes [5, 9]:

e local fuzzy indexes for each electrical quantity consid-
ered in diagnosis: bus voltage, active and reactive
power injection, branch apparent power flow;

¢ global fuzzy indexes computed from local indexes
according to fuzzy summation rules for each electrical
quantity [9];

For example, in Figure 1 is presented the bus voltage
fuzzy index method of computation [9].

For active and reactive power injection a similar fuzzy
model with three membership functions is used [9].

The notations in figure 1 are:

e O — fuzzy set for optimal values:

O={U,upWW)) U € [U min,U max]}

e HA — fuzzy set for high admissible values:

HA={(U,ugs (U))IU € [Uopt,U max]}
e LA — fuzzy set for low admissible values:
LA={(U,u;4oU)IU € [U min,Uopt]}
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Expresiile analitice ale functiilor de apartenentd prezen-
tate in figura 1 sunt:

Analytical expression of membership functions presented
in figure lare:

0 U <U min
1+ IZUPL 4 in <U < Uopt
Uopt —U min
Ho)= Uopt -U M
14— Uopt <U < U max
U max—Uopt
0 U <U min
1 U <U min
Uopt-U .
w0 ={1+—L"2 _ Umin<U < Uopt ©)
Uopt —U min
0 U > Uopt
0 U <Uopt
g @) = 142X b <U < U max 3)
U max—Uopt
1 U > U max
uu)
@) HA
) N
e N\ | UIkv]
0 i LN >
Umin Uopl Umax
S— S
Domain inf.not.adm. inf.adm. optima sup.adm. sup.not.adm.

Figura 1. Forma functiilor de apartenenta pentru indicatorul fuzzy pentru tensiunea nodalda
Figure 1. The shape of membership functions for bus voltage fuzzy index

In figura 1 se pot observa 5 domenii care corespund
calificativelor acordate tensiunii nodale:
e non admisibil inferior;
o admisibil inferior;
e optim;
¢ admisibil superior;
¢ non admisibil superior.
Pentru o valoare datd a tensiunii nodale se calculeaza
valorile functiilor de apartenentd (g (U), unde K € {LA,

O, HA} si se stabileste calificativul corespunzator.
in [9] este prezentata 1n detaliu metoda de calcul a
indicatorilor fuzzy pentru incarcarea liniilor electrice si a
transformatoarelor. Valorile de referintd pentru construirea
indicatorilor fuzzy sunt:
1. Modelul fuzzy pentru incarcarea liniile electrice utili-
zeazd pentru curentul de circulatie urmatoarele 4 referinte:
o fara sarcind,
® 0.5 L s
1.5 L,
e [ ,4m— curentul admisibil.

P

— nat
nat \/g . Un

liniei electrice, P,

adm

unde: [ este valoarea curentului natural al

— puterea naturald a liniei i U, — tensiunea

In figure 1 we can observe five domains that correspond
to the bus voltage qualifiers:
¢ inferior non-admissible;
¢ inferior admissible;
e optimal;
e superior admissible;
e superior non-admissible.
For a given bus voltage value the membership function
values Ug (U) are computed, where K € {LA, O, HA} and

is assigned the corresponding qualifier.

In [9] is presented in details the computational method
of fuzzy indexes for tie lines and transformers. The reference
values used to build the fuzzy indexes are:

1. The electrical line fuzzy model uses for the flow
current the following four reference values:

* no load;
e 0517,
e 151,
¢ admissible current — /4, .
P . .
where: 1 "al_ is the tie line’s natural current,

nat _TU”

— tie line’s natural power, U, — nominal voltage;

P

nat
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nominald;m /,,, — valoarea minima dintre: curentul limita
termic, curentii limita de stabilitate a tensiunii si de stabi-
litate staticd; procedand 1n aceastd manierd se considerd
implicit functionarea Tn regim cvasi-stationar.

2. Modelul fuzzy pentru transformatoarele de putere
utilizeaza 4 valori de referintd pentru puterea aparenta:

o fara sarcina;
puterea aparenta economicd de functionare:

1,4 — the minimum value determined from: thermal current
limit, steady state and voltage stability limit currents; working
in this manner, is taken implicitly into account the system
steady state operation.

2. Power transformer fuzzy model uses for apparent
power flow the following four reference values:

* no load;
economic apparent power:

S, =S, |Pren *+ ke -dren
Pin t ke qin

unde: S, — puterea nominala a transformatorului;

DPcun» 9cun — Pierderile nominale de putere activa
si reactiva in infasurari;

DPFen» 9Fen — pierderile nominale de putere activa

si reactiva in miezul magnetic;

k, — echivalentul puterii reactive pentru
pierderi.
e 095-S,;
e S,.

Figura 2 prezintd forma functiilor de apartenentd pentru
indicatorul fuzzy al Incércarii transformatoarelor de putere.

where: S, — transformer rated power;
DPcun» 9cun — Tated active and reactive winding
losses;
DFen» 9Fen — rated active and reactive core losses;
k, — the equivalent of reactive power for
losses.
e 095-5,;
e S,

[ ]
Figure 2 shows the membership function for trans-
former’s local fuzzy index determination.

ues) A
L O H
N 4 N\ |
i i {/ 1\ SIMVA
0 ' i /ol N\ [‘ ]
0 Se  095S, S,
Sk <>
Domain favorable optimal adm. not adm.

Figura 2. Forma functiei de apartenenta pentru indicatorul fuzzy al incarcarii transformatorului
Figure 2. The shape of apparent power flow membership function for power transformer

4. Determinarea cauzelor care induc regimul
non-optimal

Utilizand indicatorii fuzzy descrisi mai sus, se poate
stabili multimea marimilor electrice non-optimale. Rea-
lizarea diagnozei presupune identificarea cauzelor care
explicd multimea marimilor non-optimale. Aceasta implica
identificarea multimii minime a regulatoarelor de tensiune
si multimea minima a regulatoarelor de putere activa care
vor trebui sd fie reglate adecvat pentru a obtine valori cvasi-
optime ale indicatorilor fuzzy.

Multimea minimd a regulatoarelor de tensiune este
datd de multimea {intd minima calculatd pentru zonele de
control ale regulatoarelor de tensiune. Metoda de calcul a
multimii tintd minime este o metoda euristica de cautare
exhaustiva. Aceasta metoda are 3 pasi [9]:

1. Generarea unei solutii propuse: initial se identifica ten-
siunile nodale non-optime care sunt controlate de un singur
regulator. Aceste regulatoare vor apartine intotdeauna multimii
tintd minime i vor fi sterse din lista de cdutare a regulatoa-
relor de tensiune. Aceasta este prima solutie propusa.

2. Solutia propusa este testatd. Dacd este validatd atunci
este solutie finala, adica este multimea tinta minima.

4. The determination of the causes which determine
the non-optimal regime

Using the above described local fuzzy indexes, the non-
optimal quantity set can establish. Diagnosis achievement
implies the identification of the causes that explain the
non-optimal quantity set. This implies the identification of
the minimum voltage controller set and active power
controller set which have to be adequately controlled in
order to obtain all the local fuzzy voltage indexes as
quasi-optimal.

Voltage controller minimum set is determined by the
minimum hitting set computed on the voltage controller
zones. The method used to compute the minimum hitting
set is a heuristic exhaustive search method. This method
has three main steps [9]:

1. The proposed solution generation: initially, the non-
optimal bus voltages controlled by a single controller are
identified. These controllers always belong to minimum
hitting set and are deleted from the voltage controller search
list. That set is the first proposed solution.

2. The proposed solution is tested. If it is validated then
that is the final solution, i.e. the minimal hitting set.
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3. Daca solutia propusa nu este validatd, atunci se adauga
un regulator de tensiune din lista de regulatoare stergdndu-se
din lista de cautare. Se trece la pasul 2.

Procesul de cautare se opreste cand se determina o
multime de regulatoare care va fi verificata la pasul 2.

Multimea minima de regulatoare de putere activa se
determina similar cu cea a regulatoarelor de tensiune [9].

Dupa determinarea multimilor tinta, adicd multimile
de diagnozad, se calculeaza valorile de control astfel incét
valorile non-optime sd devind cvasi-optime.

Modificarea regulatoarelor de tensiune poate afecta
unele dintre tensiunile cu valori cvasi-optime. De aceea
este necesard o noud etapa de diagnoza. In cele mai multe
cazuri, pentru a gasi solutia cvasi-optima sunt suficiente
2-3 iteratii de diagnoza.

5. Concluzii

In aceasti lucrare sunt prezentate aspectele de implemen-
tare ale diagnozei bazate pe model pentru diagnoza regi-
murilor stationare de functionare ale retelelor electrice de
distributie. Sunt oferite modele utile pentru multimile
descrierea sistemului, a presupunerilor si cea a observatiilor
oferite de SCADA. De asemenea, sunt discutate detalii de
implementare a metodologiei. in lucrarea urmatoare, aceasti
metoda va fi utilizata pentru dezvoltare unui sistem expert
care sa ofere suport pentru deciziile in timp real ale opera-
torilor de sistem.
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3. If the proposed solution is not validated, the next
voltage controller from the controller list is added and
deleted from this search list. Then the program goes to
step 2.

The searching process is stopped when a set which
will be verified at step two is determined.

Active power controller minimum set is determined
similarly to voltage controller minimum set [9].

After determining the hitting sets, i.e. diagnosis set,
calculate the control values are computed and the non-
optimal values became quasi-optimal.

Modifying the controllers can affect also some optimal
bus voltage. Therefore, the start of the new diagnosis process
is necessary. In most cases, to find the quasi-optimal
solution, 2 or 3 diagnosis iterations are sufficient.

5. Conclusion

In this paper, the implementation aspects for a MBD
application used for an electrical distribution network
steady state operation diagnosis are presented. Useful
models for system description, assumptions and SCADA
provided observations are given. Also, details of diagnosis
methodology implementation are discussed. In future
works, this method will be used for the development of an
expert system application that can support system operator
real time decisions.
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