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Abstract: Operational reliability of power systems is onedependence that modern societies and their
of the most important concerns that engineers vaven  economies have on power reliability. Many methods
planning a secure and economical electrical powepave been proposed to assess of power system
system. This paper presents a probabilistic pou@w f ra|igpjlity, including the fault tree analysis appch
analysis, based on the Monte Carlo simulation me:tho %1’ the graph-theoretical (topological) network

0

support an overload safe power system designed . .
tolgpate demand uncertair?ty andy fluctuatio%s alysis method [7], and sequence operation theory-

transmission parameters. Generation and transmissig?@S€d approaches [8]. These methods aim to identify
capacities in the power system can be estimatethen MOst critical system elements with respect to fasu
basis of operational risks and system installatmmsts. and attacks. In addition, a risk analysis of uneeksi
The proposed approach will be very useful for thstates of power systems has been presented; a level
rational planning of secure power distribution syss. 1 probabilistic risk assessment method was proposed
o ) ) to estimate blackout risks in power systems [9].
Key words: Probabilistic security analysis, Overload Qptimization algorithms are also used, to improve
probability analysis, Risk-Cost efficient power teys the reliability of power systems. A genetic algonit
planning was used to search for the optimal transmissian lin
assignment to the power transmission network so
that network reliability is maximized [10]. For
anning applications, an analytical probabilistic
odel for reliability evaluations of competitive

1. Introduction I
Operational reliability of power systems is of?
great importance in avoiding system failures, WhicglI

may result in severe outages. The traditiona ectricity markets was proposed [11].
y resut . ges. Probabilistic or stochastic load flow methods are
deterministic security analysis methods havg

limitations in their use of system reliabilit ommonly used to adjust and model the random
y : Y nature of the operational load and generation data
assessments, because they do not consider Stcchétﬁl In [12], Pereira et al. proposed a methodoltmy

factors affecting normal operation modes [1-3].8As rocess uncertainty in electrical power systems by
result, the unpredictable conditions of a comple%)Sing the interval non-linear system. Because of
power system — such as fluctuation of loads, tr‘éq '

random failure of generator units, the random failu
of transmission and distribution components, agei
of power components, indefinite external factor
and so on — can easily make the results

deterministic system security analysis inconsiste
That is why probabilistic power flow analyses tha
consider stochastic models and uncertainty in gyst

ectric system data are uncertain; the proposed

method can be considered an effective means in
wer flow analysis under uncertainty. In [13],
thor’'s purpose is to extend the probabilistic @ow
w to the three-phase field to take into accoaiht

e uncertainties in any unbalanced power system.
The Monte Carlo simulation method is a well-

, nown technique, which yields consistent solutions

parameters are more relevant for assessing ¥ stochastic load flow problems. This method

operational reliability of a system [1]. _— .mainly utilizes repeated trials of a deterministiad
Power systems contain uncertainties "ﬂgw technique to determine probability distriburtg

parameters of system components, as well ’;ﬁ nodal powers, line flows, and losses. In the

operating conditions. This causes power syste t?erature, the Monte Carlo simulation method was

ﬁga%iliiet(wrl]se ntothge’ re(zalt Igr?stjett%rrﬁic:ﬂ;?ic eé:ff[ sed in many engineering applications, owing to its
p y rely astraightforward applicability to complex phenomena,

Power flow studies have a substantial role in thg, s controllable accuracy in results. [14-16].
analysis and design of power systems [4]. To talWith recent developments in  computing

Inr%)bz(t:)(i:l?sq[irg:t l:ggﬁma'&g'ssh'gcgrgggﬁ’ ﬂg\évderssiﬁ:tee t echnologies and intelligent methods, Monte Carlo
P d fmulation can be performed with satisfying

early 1970s [5], where uncertainty in demand Wafccuracy in a reasonable computation time [17-20].

firs&ccl)_n%i_(lj_fredfin a stang_a{qbpq[yver ﬂov‘{ problem. In [21], Stefopoulos et al. proposed a method, twhic
: eliabriity of power distribution SySems IS afs “haged on single phase power flow and non-
increasingly pressing concern due to the strong



conforming load model, for probabilistic powenynere Y. =-v. andY. = " The parameter
flow. The method was certified via Monte Carlo i =Y ! Zy“ ' P

simulations for each random sample in that study. Y; represents elements ol matrix. The
Several other methods have been proposed sch sch ;

deterministic load flow analysis: G%ugs-Sidelfl,%rameterSR. and Q .denote, respectwely,
Newton-Raphson, Fast Decoupled Load Flowscheduled active and reactive powers at the node
Particle Swarm Optimization, Modified ParticleThe parameterk represents iteration steps. The
Swarm Optimization [22]. We applied Gauss-Sideterative calculation process of voltages continues
method in the load flow analyses of Monte-Carlaintil the real and imaginary part of the node vgdts
simulation because of its simplicity and minimaln subsequent iteration are less than a specified e
computer storage requirements. However, it is sloknit.

in computation time [22]. Newton-Raphson method The active and reactive power of nodes are

should be preferred for large systems [22]. calculated by the following formulas,
Probabilistic steady-state security assessment of
an electric power system is very useful, not only i
the planning, but also in operation and control of PED = RelVMV WY + ZY'V'(k) j#i
. . i i i ii ijv] ’
electric power systems. In the literature, 2%

performance indices were defined to assess the 2)
impact of contingencies on power system security
23]. These indices, obtained via Monte Carlo (k+1) _ (K g *(K) C1EEY,
£:im]ulations, were used to evaluate the influence of Q - Im{\/i Vi Y + ZYUVJ’ } J#1
overloads, voltage limit violations, and voltage
stability problems in a power distribution network. (3)
This paper presents a probabilistic load flow o
analysis method for use in capacity planning of After obtaining all node voltagesv(,) of the
power systems, for a cost-effective, overload safgower system, bus currents are calculated
power system design. Authors employ an overloa(g” =Y V
probability analysis method based on the Monteg’ Pus ~ busibus’
Carlo simulation. In this method, a deterministi —_— :
power flow analysis scheme, based on a Gau?s-z' Probabilistic overload safety analysis based
Seidel numerical solution method, is used in théh MonteCarlosmulation .
Monte Carlo simulation framework. After estimating_ | € Monte Carlo simulation method provides a
capacity-exceeding probabilities of power systerfomprehensive tool for analysis of very complex

components, these probabilities are then usedrfor gochastic factors. The Monte Carlo simulation
overall overload safety assessment of the powglethod was adopted for probabilistic power flow

system. Afterward, on the bases of these saf alysis due to its advantage of straightforward

assessments, a risk-cost analysis can be condudtgiciples, uncomplicated realization of complex

for cost-efficient capacity planning of the poweP/obléms in computer-aided analyses, insensitivity
system components. to the dimension of problems, and strong

adaptability to any kind of scientific problem [1].
2 Method In the Monte Carlo simulation of power systems,

2.1 Deterministic modeling and power flow the states of stochastic components are sampled
ahalysisof power systems randomly according to their stochastic models. A

Power flow analyses are important for powe?tate of the power system is represented by a wecto
system planning and operation. Deterministic poweK = (X;,X;,X3,,,X,,) Where X is the state of the
flow analysis methods were effectively employed iif" component. The set of all possible states,
the steady-state analysis of a complex powebntaining all combinations of component states, ar
network modeled by the bus admittance matrifenoted bys, . Let F,(X)denote the overload test
(Yous) [24]. In our study, the power flow equationsynction of i component, which indicates whether

written according toY, . were numerically solved or not the state of component exceeds its upper

b . .
by applying a Gauss-SueideI method [24]. The Gaudound of capacity. It can be analytically expressed
Seidel solution of node voltages in ‘an iterativ@S:

scheme was given as,

i=1,j#i

1 y>g,

0 vy =g, @

(1) 1 Psch _ jQ'SCh “© Fi (X) :{
V. == % - Y.V! 1
i Yii Vi (K) ; ijvij ( )

Where ¢, denotes a safe operation capacity and
represents the output of a deterministic system
modelf (X) . The outputsy, are obtained from the



Gauss-Seidel power flow solution of the power R= Z B.S, (i) (8)
system modeled by ¥, matrix in this study. For a T

given N number of random samplings Xf, the : , : :
probability of componenti being in an unsafe In practice, financial factors are very important

operation is expressed depending on an expecf@ying the planning phase of power systems. The
_ capacity allocations of system components should be
value of F, as follows:

determined by considering both capacity risk and
capacity cost, since a risk reduction causes an

-1 additional system installation cost. One can expres
b ==> F(X). (5) capacity allocation of the system componénas
N follows,

According to the Kolmogorov Strong Law of Large _
c =E(y,)+ Bo(y, 9
Numbers, if F is a sequence of independent and ' (%) + A (y'), ©

identically distributed random variables and it
numeral expectation exists [1]: Where operator E(.) and o(.) represent the

expected value and the standard deviatiory,oin

: 13 _ _ the Monte Carlo simulation. The parametgr is a
P[“meﬁzFi(X)‘ pij‘l' (6) capacity enlargement factor and it is used for
k=L adjusting the capacity-exceeding risks of a

Equation (6) tells us that the calculated probghili COmponent by increasing the capacity allocation,
value (p;) converges to a real probability value Let us denote a cost function of capaoctty for
(p;) when N — o by the Monte Carlo simulation the component by¢ (C;). The ¢ function may be

method. Here, convergence err@®)(is written as a linear or nonlinear function of. depending on

[11, economical and geographical factors. In this
manner, total installation cost of a system can be

e = g ’ 7) expressed as,
P,
Where o is the standard deviation Bf. The @ ZZW(Ci)' (10)
simulation is completed when the convergence error .
falls below a predefined error threshold)( The For a rational secure system plan, impacts of

basic steps of the Monte Carlo simulation of pow

system are demonstrated in Figure 1 (a). . . .
. . Y : overall capacity-exceeding risk factét should be
A severity function §, (i) ) is used to specify the ey a1yated together and the cheapest risk should be
degree of abnormality in system functionality. Irfound for a cost efficient power system risk plam.
other words, S,(i) assigns a severity degreethis manner, a minimum of the risk-cost product
between zero and one for the overloading of systeffR¢; ) in a given range of 8, B..) should be

outputy,. The condition ofS, (i) =0 implies that found:

there is no negative effect of capacity exceedyng
in the normal operation of the power system. The
conditon of S, (i) =1 indicates a maximum

severity degree that implies a completely undesirésh algorithm for the overload-safe power system
system status. Overall capacity-exceeding rigkesign, using the Monte Carlo simulation, is
factors of the system can be written as the sum jfesented in Figure 1(b). In the following sectian,
overload risks of each component as follows, example analysis is illustrated on a test system.

e'c,rapacity increments on the system cagt)(and the

min {R¢}. (11)
/BD(/Bmin ’ﬂmax)



Parameter setting Parameter setting
. NZO, Ci"g ) ﬁmin'ﬁmax’Alg’g
A \ 2
Random samr;gng of Calculate capacities
system state ,
y (C. ) via Eq. (9)
y
. . *
Obtain y; via Monte-Carlo
deterministic model simulation of power 1
of system f (X) 4 system ( Fig. 1(a))
L 2 y
Calculate F,(X) via Calculate Rvia Eq.
Eq. (4) (8) and @ via Eq.
¥ (10)
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Calculate € via Eq.
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Figure 1. (a) Basic steps of the Monte Carlo simulation [b) An algorithm for Monte Carlo simulations fdnet
overload safety analysis of power distribution eyss

etc.), and structural factors (nonlinearity in powe
3. A power system planning example components, ageing). Table 1 lists stochastic
Figure 2 shows the electrical schema of the tesbmponents and their parameters. For the random
system used for the illustration of a safety plasamplings of power system parameters, we used
against overloading of transmission and generatiomiformly distributed pseudo-random numbers
components. In this power system, active argknerated by the Matlab program. Table 2 lists

reactive powers of Bus 2H,,,Q,,.) and Bus 3 severity degrees §,), assigned for defining

P... . and line admittances , negative effects of capacity exceeding the power
(Pecna: Quenc) MEIME system’s normal regime. Our objective in this

andy,,), are stochastic parameters of the systemxample is to investigate overload risks for vasiou

Active and reactive power requirement in Bus 1 anslanned generation capacitiesP,(,,Q,..,) and
Bus 2 were assumed to have a deviation of 60% Qfnsmission current capacities
its average value for active power and a deviati | |

40% of its average value for reactive power in orde ' 12max’ ' 13max’ 23max) -

to model fluctuations in consumers demand. Line

admittances were assumed to have a 10% deviation

from the nominal value of line resistance, and ®15

deviation from the nominal value of line reactance,

due to changes in possible external factors

(temperature, humidity, dust, mechanical vibratjons
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Figure 2. Example of power system in probabilistic overlsafety analysis.

Table 1. List of stochastic parameters of the power systhawn in Figure 1

Nominal Values (pu) Deviation
Poch2+ Qscn -1-1 60%, 40%
Pecnas Qsens -2,2 60%, 40%
Yo, Yiar Yoz 10+30j, 10+20j, 50+50j 10%+(15%)j

Table 2. List of severity degreesS, (i) ) assigned for negative effects of exceeding capaci

Overloading Impacts on Power Distribution S,
P>P,., Effects on whole power system due to halt of 1.0
generator
Q >0 Effects on whole power system due to halt of 1.0
1 max
generator
.. > Directly affects power at Bus 2, however line 23 0.5
12 12max

supports Bus 2.

> | Directly affects power at Bus 3, however line 23 0.5

l 13 13max
supports Bus 3.

> | Does not seriously affect any bus, however it tssul 0.2

I 23 23max . .
in the loss of the backup line.




Figure 3(a) illustrates the convergence of active
power capacity exceeding the probability of Bus 1

for #=1.0. It converges to the probability of 0.19 a, p(R>P.,)
with the convergence erroe] of 0.025 after 40,000
random samplings. Decreasing of convergence error 08 0.2
with number of random samplings is illustrated in '
Figure 3(b). While convergence error sharply 06 0.15
decreases around 3,000 random samplings, it
asymptotically approximates to levels of 0.025 0.4 01
throughout 40,000 samplings. The 40,000 random 0 5000 10000
samplings provided an adequate accuracy in the 0.
probabilistic estimations. Figure 3(c) illustratas U
histogram of active power at Bus 1. In this figure, B ‘ ‘ ‘
the scanned area on the left hand side of Byg 0 1 N 2 3 .
line shows the number of tests exceeding maximum x 10
capacity allocated. This histogram reveals that b
roughly 8,000 out of 40,000 random tests resulted i 0.6
the active power capacity overloading during the '
simulation forP, ,, = 394.
For an illustration of safe capacity planning, the 04
risk-cost (R,¢;) analysis was conducted i(0,2) o
range of the capacity enlargement facfdrwith an ' \
increment of 0.1 via the Monte Carlo simulation
method. Figure 4(a) reveals alterations in the 0
overload probabilities ) during the increment ‘
of . Effects of increases if8 on the parameters of 0 1 N2 3 .
x 10

R and ¢; are demonstrated in Figure 4(b) and (c),

respectively. In addition, Table 3 lists some

. . Histogram of P
important system parameters calculated during the C 7000 g :

simulations. These parameters provide data that is gy E(Pl)—; = Pinax
useful in power system capacity planning. An T
affordable overload risk of power components is 5000 I
determined according to the risk-cost assessment of .
the system. According to this table, the best-risk =
cost product is obtained B =509, 3000 :
whenf3 =1.8. 2000 E

Figure 4(d) shows numbers of random samplings 1000 .
(N) in the Monte Carlo simulation to have a .
convergence errore() lower than 0.05 £ < 005). % 2 3 6
As the capacity-exceeding probability decreases, it R

requires more random samplings to retain this .
convergence error level. It is because of this thhtgure 3. (a) Convergence of active power overload
there is a need for more tests (random sampling) geobability (’|5(|I>l > Pmax)) of Bus 1 in Monte Carlo
approximate lower probability values in the Monte _
Carlo simulations. simulation (8=10,P,,, = 394). (b) Convergence
A In tgis fpOV\{er sygtem _desi]gnh e\;<vasn(1:pclzeerror (€) characteristics. (c) Histogram of Bus 1 active
authors used a fractionated version of the - — -
bus test system for illustrative proposes to avof%ower (E(R) =313, 0(R) = 081).
unnecessarily complicating analysis result for the
benefit of readers. The method can be applied to
more complex, large-scale systems, at the expdnse o
larger computational complexity and therefore more
computational time requirements.



probabilities (5 ), overall overload risk factorR ), and installation coste; ) for the various values ofs

Table 3. List of allocated capacitiesR,, ., Qax | ) in per unit (pu), their calculated overload

max ' 12max’ " 13max’ ' 23max

ﬁ Pmaxl Qmaxl I12 | |13 | |23| R ﬂ' Rﬂ'
E(Pl > Pmax) E(Ql >Qma>) 5(| 12 >| 12na>> 5('13 > l 13na>) 5(| 23 > I 23’na><)

0.3 3.38/0.44 2.83/0.44 2.41/0.42 1.98/0.44 1.04/0.44 141 29.56 41.85
0.6 3.62/0.33 2.96/0.32 2.50/0.30 2.07/0.31 1.14/0.32 1.04 31.20 3253
09 3.86/0.24 3.10/0.23 2.61/0.22 2.16/0.22 1.23/0.23 0.75 3293 2484
1.2 4.12/0.16 3.25/0.15 2.72/0.15 2.26/0.15 1.33/0.15 0.50 34.77 17.52
15 4.36 /0.09 3.39/0.08 2.82/0.08 2.35/0.08 1.42/0.08 0.28 36.5 10.27
1.8 4.60/0.04 3.53/0.03 2.93/0.04 2.44/0.04 1.52/0.04 0.13 38.21 5.09

1.4
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Figure 4. (a) Overload probabilities versus capacity enlarget factor plots fof3 [1 (0,2). (b) Overall capacity risk
factor (R) versus capacity enlargement factor. (c) Systesh @ ) versus capacity enlargement factor. (d) Number of

random sampling N ) which have a convergence err@)(lower than 0.05 £ = 005).
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