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Abstract— In restructured power systems, generation and
commercialization activities became market activiges, while
transmission and distribution activities continue & regulated
monopolies. As a result, the adequacy of transmissi network
should be evaluated independent of generation syste After
introducing the constrained fuzzy power flow (CFPF)as a
suitable tool to quantify the adequacy of transmigen network to
satisfy “reasonable demands for the transmission oélectricity”
(as stated, for instance, at European Directive 2@072/EC), the
aim is now showing how this approach can be used
conjunction with probabilistic criteria in security analysis. In
classical security analysis models of power systemare
considered the composite system (generation plusatrsmission).
The state of system components is usually modeled tlwi
probabilities and loads (and generation) are modete by crisp
numbers, probability distributions or fuzzy numbers. In the case
of CFPF the component’s failure of the transmissiometwork
have been investigated. In this framework, probabistic methods
are used for failures modeling of the transmissionsystem
components and possibility models are used to dealith
“reasonable demands”. The enhanced version of the G model
is applied to an illustrative case.

in

Keywords— Adequacy, constrained, fuzzy power flow,

repression, reasonable demands transmission, séyeri
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by different scenarios (congestion of a transmissiioe, loss
of the higher generation unit, system peak loagyasenting
the operating conditions. These conditions may ay mot be
severe. This severity depending on the criteridefined for
each scenario whether or not satisfied. In the amitg system,
the most popular deterministic criterion is thaesion (N-1),

wherein the system should be able to tolerate titege of any
component [4]. Deterministic models are characterizy their
easy implementation but also have important disaizeges.
For instance, these methods do not consider tHeapility of

occurrence of contingencies, generation or loadatrans in

the buses (uncertainty). This feature led to theeldpment of
techniques based on probabilities, consideringpthbabilistic

or stochastic nature of the composite system behaVhere
were thus carried out: techniques for reliabilityalysis [5];

probabilistic power flow [6]. This type of tools msiders
probabilistic models for: components failures, gatien and
load in the buses. Later and following the restming of the

electricity sector were also developed techniqoegvyaluation
of the composite system considering fuzzy setsy Tiawe also
been developed: the fuzzy power flow [7]; techngder

reliability analysis [8]. In this type of technicué is possible
to identify the coexistence of the two methodolsgi€&or

instance, in the case of evaluation of reliabil#tyusual to use
probabilistic models for the components and mobtaked on
fuzzy sets for the load and generation in the buNese that
there is also literature with fuzzy modeling of #t@mponents

consider the generation system. The assessmentheof {[91120].

transmission system integrating the generatioresys$tas been
described in the literature foromposite power system
evaluation or hulk power system evaluatiorThis type of
assessment, integrating the two systems, was duéheo
organization of the electrical sectors that tradislly were a
vertical structure where a single entity managedgéneration,
transmission (and distribution) systems. Accordingsome
references [1][2][3], the assessment of an eledtagstem, can
be structured in hierarchical levels (HL): HL1 (puztion
facilities); HL2 (transmission plus generation fdieis); HL3
(generation, transmission and distribution faejiln the case
of the composite system, the hierarchical levdleéa@onsidered
is the HL2.

The first techniques and criteria used in the plagprof
electrical systems are deterministic. In deterrtimisriteria
and for composite system, the system performaneeakiated

The composite system should be able to supply dad |
safely and more economically as possible. Thiscidpes led
to the development of another tool that allows dgldequacy
assessment, the optimal power flow (OPF) [11][T2is is an
optimization problem where the objective functiots be
minimizes are typically refer to economic issueshsas
production costs in generators, losses, load shgdéic. The
OPF has also a fuzzy version known as Fuzzy Optitoater
Flow (FOPF) [13].With the evolution of the elecitycsector
has given the separation of production, transmissamd
distribution activities. With the production activisubject to
competition and the transport activity being a naolg, came
the need to assess the adequacy of transmissidensys
individually. This "new" context suggests the ci@at of
independent hierarchical levels for the transmissiand
distribution systems: HL2 'and HL3', respectiveln the



situation of European networks, in agreement wilie t
Directive 2009/72/EC, each Transmission System &iper
(TSO) should ensure “long term ability of the syst® satisfy
reasonable demands for the transmission of elagtridhis
means that the TSO should ensure a minimum lewt g
regulators) of adequacy for the transmission ndtwdro
evaluate this adequacy the TSO may have to dehlavients
like microgeneration, electric vehicles penetratiofat
distribution levels) [14], where there is no ddgek of data or
that simply cannot be described by probability ribstions.
Thus it is usual to have probabilistc models fdre t
components (where there is full knowledge) and ¢an

|AP|<P,, )

where A is the sensitivity matrix of the DC mod#&,the
vector ofP;, andP,y is the vector of the branch limits.

This new formulation allows the identification dfusations of
repression of the injected fuzzy power (intendgddtions —
“reasonable demands”) in each bus. This means tthat
intended injections cannot be satisfied causinglpros that
we define as repressions. These repressions oagur i
generation or load requests and lead naturally he t

considered fuzzy models for other variables (gemeraand
load). One of the proposed models to address tbquady of
transmission network (exclusively) and dealing witizzy
uncertainty was the Symmetric / Constrained Fuzawe?
Flow (SFPF / CFPF) [15] [16] [17]. Also, the SFPEFPF
models are appropriate to quantify the adequacy
transmission network to fulfill “reasonable demarids the
transmission of electricity.

In this paper,
considering probabilistic data for the componenfs tiee
transmission system (HL2' perspective) and loadsd (a
generation) modeled by fuzzy numbers. The remaintiénis
paper is organized as follows: section Il presentsview of
the SFPF/CFPF approaches; section Ill explains GR@F
integration in probabilistic security analysis; @t IV
provides an illustrative case considering a statasmeration
method; the conclusions (section VI) complete thegp.

II. SFPF/CFPF

A. Formulation

The SFPF model is a linear programming problem foat
eacha-level and for all possible values of the extenalables
(degree of membership «), calculates the maximum and
minimum values of the state variables. In SFPFslaok bus
is demarcated and the “reasonable demands” asl digt¢the
European Directive 2009/72/EC (fuzzy data injectjorare
considered for all the buses. In this way that reeat all the
buses are symmetrical) [15][16]. The formulation tbfe
problem is:

max/min  Z(a)= f(R,P,...)
st: POP(a) all buses (1)
Y=o

where Isi(a) is thea-level interval of the nodal injected
powerlsi.

The SFPF may be extended in order to consideretttenical
constraints related to voltage limits on buses poder flow
limits on the branches (CFPF). In this case, thditimthal

constraints presented in (2) are added to the gnoluffered
in (1).

we propose the use of SFPF/CFPK

restraining of the functioning of the electricity arket).
Whenever there is a repression means that thexgpisblem
of adequacy of the transmission network.

B. System adequacy indices
ofhe adequacy of the transmission network to “satisf

reasonable demands for transmission of electricdgh be
“measured” using the subsequent indexes [17]:

Individual Severity of Repression (ISR) — this irde
denotes the repressed fuzzy power injection at &ash

(expressed in MW). This index corresponds to thée/ac
power demand that cannot be supplied in each uhakiVi

bus.

individual active fuzzy injections that cannot behig@ved
(expressed in MW). This index returns the totalespion
in the network due to technical limitations.

Fig. 1 [17] offers an example of ISR for a genéis. The area
X in the figure corresponds to the severity of esgion (10.3
MW, 100 MVA base).

1,
0.8 -
S 0.6
()]
8
g 041

0.2 4

0
-1.0 -0.7 -04 -0.1 0.2
—P9  ——P9 PU

Fig. 1. Repressed demand in a generic bus

lll.  CFPFINTEGRATIONIN PROBABILISTIC

SECURITYANALYSIS

A. Data

In classical security analysis considering prolstil
criteria is used composite system evaluation. s&em states
including the elements of generation system (geoesaand
elements of the transmission system (lines, tram&os) are
considered here. In this situation, each systete s be set
by (3) where p values are related to componentshef

Global Severity of Repression (GSR) - sum of the



transmission system and n-p are related to the rgéoe . V GS
system components. V(E(GSR) :% (11)
X =[xl Xg v X X an (3)

IV. |LLUSTRATIVE EXAMPLE
Applying the Method of Monte Carlo, MMC (with CFRF) A Test system

would be randomly chosen only states on the trassom . .

. The IEEE 14 bus/20 branch test system, depictédgn?2,
sys_tgzm S.ﬁ bthat_ th_?_ setl of Ztatez ﬁ .Where the SYST®Y g ;5ed to illustrate how CFPF can be used in catijon with
reside, will be significantly reduced (4): probabilistic criteria in security analysis. In ghillustrative

case, the transmission system adequacy is analgieg GSR

X'=|xy .. X, (4)  index.
THREE  WINDING
For each sampled state x’ can be obtained a fumigxi(the © covenarons TR e
global repression Gr) and a deterministic index (theSB). © syaironous s 5
The GR index can be calculated for each bus oh#te/ork ’

using deconvolution of fuzzy numbers which is defirby the
extension principle [18]. The GSR index, as merdtn
(previous section) can be calculated from the st@iall@areas
related to the repression situations on each kniegiating
CFPF with probabilistic criteria (wherein each stat which
the system resides have a certain probability), cameget the
expected membership function for GR and the expeG@R.
For small systems, the expected valuesgfand GSR can
be given respectively by (5) and (6) whefgx ) is the

pI’ObabI|Ity of the stateof the SyStem. AEP 14 BUS TEST SYSTEM BUS CODE D! AGRAY
~ p -~
E(G R) = Z R(x}). p(X,) (5) Fig.2. IEEE 14 bus reliability test system
izlp The system data can be found in [19], in which dntive
E(GSI%= ZGSF{X' ).p(x.) ©) power values will be assumed as the central vabfethe
i) i

trapezoidal fuzzy numbers. The outstanding charatite
points of such numbers of the central values appased as
showed at Table I.

i=p+l

For large scale systems MMC can be used to sarhple t

states. In this case, the expressions (5) and i(6¢lvange, to TABLE I.  CHARACTERISTICPOINTSOFFUZZY DATA
(7) and (8), respectively.

N 1& - Buses Active generation
E[GRJ:Z R(X,) (7) Al 0.0 0.8 12 20
N '=1N Active load
E(GS@=%ZGSRX\) ®) All 0.1 0.5 15 25
i=1
where N is tlhe size of the sample. The largea=0 intervals are used to enhance the repression

situations. The IEEE 14 bus test system [19] daggpresent
P : : branch limits. Hence, reasonable values for thomas| were
Considering for instance the GSR index, the corameg of : '
MMC [1] is analyzed by monitoring the uncertainty established (Table_ll). to be used thru the CFPFalmeal
coefficient provided by (9). E(GSR) denotes the rentr system, .the transmission operator wo.uld presenvahges of
estimate of expected GSR value. V(GSR) (11) is théUCh limits. A power base of 100MVA is used.
correspondent variance. The same analysis can be fiw

GR index TABLE Il BRANCHLIMITS

End Limit End Limit End Limit

A Buses (p.u.) buses  (p.u.) buses  (p.u.)
> _V(E(GSR) 9 1-2 2.50 4-7 0.70 7-9 0.80
B = W’ 9) 1-5 1.80 4-9 0.35 9-10 0.25
2-3 1.10 5-6 0.90 9-14 0.20
2-4 0.90 6-11 0.25 10-11 0.20
R 1 R 2 2-5 0.90 6-12 0.25 12-13 0.06
— _ 10 3-4 0.50 6-13 0.45 13-14 0.15]

V(SR =1 _1Z(GSF{Xi) E(Gsaj (10) - 130 5 050




B. State Selection C. CFPF — base case

Of the several existent techniques for states sete(where is The CFPF was applied to the 14 bus test system
included the MMC [2]) we will use for evaluate tl&SR of corresponding this simulation to the base case (BGlving
the transmission system, tlstates enumeration methoth  the optimization problem of (1) and (2)), supposthg data
this method, the probabilistic indexes are estichée a set of present on Tables | and Il. The results (Table Mws the
states of the system using the expected value itiefinas  existence of three situations of repression, whallow
detailed in (6). recognizing the buses where the specified powexciigns

In the sates enumeration method, the set of entetera (Pi) are not feasible. This means that the trarsiorisnetwork
states is defined according to the following ciétea) order of is not completely adequate regarding the reason&igjeests
contingency: enumeration of all contingencies iniclvhthe  of generation (busl, Fig.3) and load (buses 3 ahd-. 4).
number of components out of service is less thaggoal to a At results, Pvalues are the “reasonable demands” (specified
maximum specified order; b) minimum value for the possibility distributions - intended injections)rfeach bus
probability of a state: despise all states withdowrobability including the reference bus and Yalues are the possibility
than a specified value; c) a combination of critgd) and (b). distributions obtained with CFPF (1) (2). Figurshbws the
Improvements of these methods consider: sort cpeticies  worst situation of inadequacy, which occurs onlithe 3 and
according to their severity, classification of etatin  corresponds to an ISR of 30.3 MWonsidering that the GSR
descending order of probability and grouping ofniital index has the value of 43.3 MW, we can conclude tha
components [20]. repression at bus 3 represents a serious locatisitu of

The state enumeration is a direct extension of Nké  inadequacy.
criteria used in many companies of the electrieata. In this

method it is possible to incorporate the user d@gpee in the

selection of contingency states [21]. To take aangple, in 0.8 1

Portugal, the TSO uses in its planning studiesfétiewing 506 1

topological configurations: i) Criterion N (all mwabrk @

elements in service); ii) N-1 criterion (failure afy element £0-4 1

of the transmission network): line, transformerpaeitor 0.2 1

bank, etc; iii) N-2 criteria (simultaneous failuref two

elements of the transmission network). This comtimay 0 0o 1 5 3 a4 s
arrangement (N-2) is not applied to the entire oektwand

evaluates only the most severe situations. ——P1 ==—P1" pu

In our case study we will use these criteria coeréid) the
data (supposing available from experts) accordnd dbles

Fig.3. Repression of generation at node 1

Il and IV. 11 19
0.8 4 0.8 4
TABLE Ill.  OuUT OF SERVICE PROBABILITIES
0.6 - 506
Individual out of service / 2
i ©0.4 - S0.4 -
Type of branch probability i g
0.2 4 0.2 4
Lines 0.03
0 —h—h 0 T T T ,
Substations 0.01 -25-20-15-1.0-050.0 -04 -03 -02 -01 0.0
—P3 e——pP3 p.u. ———P14 e—P14' p.U.
TABLE IV. CRITERIAS
Criteria Branches Fig.4. Load repression at nodes 3 and 14
N all
TABLE V. SEVERITY OFREPRESSION
N-1 all
Bus ISR (pu)
N-2 1-2;7-9 1 0.129
3 0.303
N-2 1-2; 4-9 14 0.002
N-2 2.3 6-13 GSR (p.u.) 0.433

D. System security — simulation
Now we will consider the states and their respectiv

probability as enunciated at Tables Ill and IV. Tsiates



enumeration according to Table Il leads us to iw@Ers24
states (12) for the transmission network:

X'=[X, .. X, (12)

For each state, the respective probability of aenge and
the ISR is calculated using the CFPF (1) (2). Aatest
enumeration is considered, the expected GSR isnglotdrom
(6). The expected global severity of repression ba& 49.73
MW.

TABLE VI. EXPECTEDGSR(PU)
State | Outof | GSR (x') . E[GSR (x'i)]

(x") service (pu) px) (pu)
1 | - 0.4332 0.5781 0.2505
2 1-2 2.5324 0.0179 0.0453
3 1-5 1.3085 0.0179 0.0234
4 2-3 1.9474 0.0179 0.0348
5 2-4 0.4332 0.0179 0.0077
6 2-5 0.4328 0.0179 0.0077
7 3-4 0.9146 0.0179 0.0164
8 4-5 0.6624 0.0179 0.0118
9 4-7 0.4440 0.0058 0.0026
10 4-9 0.4332 0.0058 0.0025
11 5-6 0.8157 0.0058 0.0048
12 6-11 0.4362 0.0179 0.0078
13 6-12 0.4974 0.0179 0.0089
14 6-13 0.6203 0.0179 0.0111
15 7-8 0.4332 0.0179 0.0077
16 7-9 0.4440 0.0179 0.0079
17 9-10 0.4357 0.0179 0.0078
18 9-14 0.5785 0.0179 0.0103
19 10-11 0.4339 0.0179 0.0078
20 12-13 0.4333 0.0179 0.0077
21 13-14 0.5309 0.0179 0.0095
22 1-2,7-9 2.5421 0.0006 0.0014
23 1-2,4-9 2.9283 0.0002 0.0005
24 2-3,6-13| 2.2277 0.0006 0.0012

E (GSR) 0.4973

An interesting point is that besides this globali¢ator
E(GSR) from the network on the reasonable requests,can
also obtain a local indicator for the buses. At thstimation
might call individual expected severity of repressiE(ISR).
For each bugwith repression, the expected ISR will be (13):

E(SR)= 3 ISR, ). p(x,)

i=p+l

(13)

The results expected for the IRS are illustrateHign5. As can
be seen the bus that most contributes to the eegheBSER is
bus 3 with an expected ISR of 0.3057 pu. FiguruStiates
the type of results that can be obtained for tfextad power in
situations of contingency. Pi and Pi 'have the ususaning

and Pi', i outage represent the fuzzy number wigen
considered the contingency of branch i-j. As carséen there
is further suppression in the last case.
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Fig.5. Expected ISR (pu)
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Fig.6. Load repression at node 14

V. CONCLUSIONS

In this paper, the CFPF model is used considering

probabilistic data for failures of the componentd o
transmission system. In the selection of the stdtes states
enumeration method is used since this method idrectd
extension of the N-1 criterion used in many TSOsthe
electricity sector. As expected, the severity opression
increases with the order of contingency. The regioes
severity indices were detailed in order to asskssekpected
adequacy of the system globally and individuallygés). In
the CFPF focus, this is an innovative feature siioeey and
probabilistic models are combined together. Theppsed
method can be helpful to fulfill the needs of tmnaission
operators regarding planning activities.
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