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Possibilistic-Scenario Model for DG Impact
Assessment on Distribution Networks In an
Uncertain Environment

Alireza Soroudi

Abstract—The Distribution Network Operators (DNOs) are S}?f Forecasted demand value in busat the
responsible for securing a diverse and viable energy supply beginning of the evaluation horizon
for their customers so the technic_al and economical impacts Vinaz, Vinin  Maximum and minimum operation limits of
of distributed generation (DG) units are of great concerns. sy T
Traditionally, the DNOs try to maximize the technical perfor- N - V0|tage_ . .
mance of the distribution network but it is evident that the Tet, Q' Netactive and reactive power injected to bus
first step in optimizing a quantity is being able to calculate it. 1, in yeart and states
The DG investment/operation which is performed by Distributed N, Number of buses in the network
Generation Qperators/Owners (_DGOs) (u_nd_er un_bundling rules) T Probability of wind speed in state
has made this ;ask more compl[cated. This is malnly because the PDF Probability D itv Euncti
DNO is facedwith the uncertainties related to the decisions of DG robabiiity e”S'Y unc |_0n
investors/operators where some of them can be probabilistically ~ Vrated Rated speed of wind turbine
modeled while the others are possibilistically treated. This paper — wp, Ratio of wind turbine’s generated power to
proposes a hybrid possibiIistic-probabilistic DG' impact assess- its rated capacity in state s
ment tool which takes into account the uncertaintiesassociated VRie Risk of over/under voltage in bus i, year t
with investment and operation of renewable and conventional B
DG units on distribution networks. This tool would be useful for and state s ) .
DNOs to deal with the uncertainties which some of them can ¢ Scale factor of Rayleigh PDF of wind speed
be modeled probabilistically and some of them are described dg Set of conventional non-renewable DG units
possibilistically. The proposed method has been tested on a 4 Set of wind turbine units
test systemand also a large scale real distribution network to 0, Set of all states
demonstrate its strength and flexibility. V1s)V2s Starting and ending points of the wind
Index Terms—Distributed generation, Fuzzy sets, Stochastic speed’s interval defined in state
approximation, Uncertainty, Risk analysis, Wind energy. S-,Z[jﬁ Thermal limit of the substation
It .. Thermal limit of ¢! feeder
- NOMENCLATURE D, Uncertainty factor of demand values
Ph,QP, Active and reactive power demand in bils 4, ; , \oltage angle in bus, in yeart and states
o and yeart f/q;,m \oltage magnitude in bug, in yeart and
Sﬁ?d Apparent power imported from grid in year states
. } t and states Vs Wind speed in state
Pi‘ff)éw, f)i{;“ Active and reactive fuzzy power generated
by each conventional DG/wind turbine unit | INTRODUCTION
. in busi in states and yeart ’
Sﬁis Apparent power of non-renewable DG units ISTRIBUTED generation (DG) is an electric power
Loss Crisp value of total active losses in the dis source directly connected to the distribution network
~ tribution network [1]. Several technical, economical and environmental rea-
Ipy s Current magnitude of'" feeder in yeat and sons motivate increasing the share of DG units in elegyricit
states generation such as: deregulation of power system, progress
VS, Vot Cut-in and cut-out speed of wind turbine  in DG technologies, reliability improvement [2] and the
Sﬂ Demand in bug and yeart environmental issues [3]. The DG units may improve the
€D Demand growth rate technical performance of the distribution networks if treeg
T Evaluation horizon installed in an appropriate size and place [1]. Active loss
52‘2/“’ Fuzzy installed capacity of DG units in busreduction and voltage profile improvement have always been
i and yeart of the important goals of DNOs. Obviously, the first step
Oapfg/ “f " Forecasted installed capacity of DG units ins calculating these quantities and the next one would be
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[5]. However the uncertainties associated with investment and



operation of DG units make the calculation of these quastitithe fact that the occurrence of each uncertain parameter
more complicated [6]. It is mainly due to the different natof is possible, (for each degree of belief, or membership
the uncertainties associated with each of the aforemesdiorfunction value) in a given set of boundSuppose that the
data. Some of these data are described using a Probabiitynultivariate objective functiony = f(X) is given where
Density Function (PDF) since the historical data of them i&¥ is an uncertain variable described using a membership
available (e.g., wind speed or solar radiation in the regidanction. In possibilistic evaluation frameworks, for bac
under study). On the other hand, there is no statistical datacertain valueA, a membership functiony 4 (), is defined
available about some of them. In this case, the data a®the membership degree @fach elementy, of universe
described possibilistically using a fuzzy membership .(e.@f discourse, U, to A. Different types of membership
operating schedule of gas turbine&)powerful tool is needed functions can be used for describing the uncertain values.
for DNOs in order to model the uncertainties associatédere, fuzzy trapezoidal numbers (FTN) with a notation
with the intermittent power generations of wind turbinesd = (@min, @L, U, amax) @re used as shown in Fig.1.
investment/operating decisions of DGOs and also the éectr
load. The motivation of this study is to provide such atool. | 1) a-cut Method: In engineering problems, the evaluation
recent years, many approaches have been proposed for adgifva certain quantity is usually in form of a multivariate
loss minimization and voltage profile improvement using D@inction like, y = f(x1,...,z,), if Z; is uncertain theny
units. The literature suggests a wide range of models awduld become uncertain = f(i1,...,7,). It is of interest
methods. Many methods try to minimize the active loss lthat if the membership functions of uncertain input varsbl
finding the appropriate location and size of DG units. In ¢heg; are in hand, what would be the membership functior.of
models it is assumed that the DNO is allowed to perform DQ'he a-cut method [14] can be used to calculate it as follows:
investment in distribution network under its territory [Th  For a given fuzzy seti, defined on universe of discourdé,
[8], [9], a powerful probabilistic method is proposed to Hen the crisp setd® is defined as all elements &f which have
the uncertainties of electric load and intermittent getienaof membership degree td, not less thany, as described in (1).
renewable energy resources. In [8], the optimal locatiom of
predetermined number of wind turbines is determined inorde A*={z €U | pa(z) > a} 1)
to minimize the active losses. In [9], a methodology is pro- A% = (A~ A7)
posed for optimally allocating (regarding loss minimipati ) . ) .
different types of renewable DG units including wind powet the a-cut of each input variable;?*, is calculated using (1),
photovoltaic, solar thermal systems, biomass, and varioilgn thea-cut of y, y* is calculated as follows:
forms of hydraulic power. In [10], a possibilistic method sva @ — (y*, 7% )
proposed to handle the uncertainties of electrical loadsesn o ’ N
ergy prices considering different objective functionslisost, = min f(X*)
technical and economical risks. The unbundling rules in lib “ = max f(X%)
eralized markets prevents the DNOs of direct DG investment X*=[28,...,2% € (Xa,ya)
and determination of the location and size of DG units [5]. In
[11], a method was proposed to consider the possibilistit alt €ach a-cut, one maximization is done for obtaining the
probabilistic uncertainties simultaneously. This mettoodn- upper bound ofy®, i.e. 7%, and one minimization will be
pletely considers the unbundling rules. However, due to udene for obtaining the lower bound gf, i.e. y°.
of the Monte Carlo Simulation for modeling the probabitisti 2) Defuzzification: The defuzzification is a mathematical
section, the computational burden was so high. In this papprocess for translating a fuzzy number into a crisp one [14].
a powerful tool for quantifying the impact of DG units onln this paper, the centroid method [15] is used. The defietifi
active loss and voltage profile is proposed which considess tvalue of a given fuzzy number,, is calculated as follows:
unbundling rules. The investment/operating decisions@{3
are modeled possibilistically while the wind power genierat
) L . [pa(z).x dx
and electric loads are probabilistically treated. Af = (3)
This paper is set out as follows: section Il describes the un- J pa(z) dx
certainty modeling proposed in this paper, section Il pres
problem formulation, Simulation results are presentedeit+ s
tion IV and finally, section V summarizes the findings of thi
work. Supposethat a multivariate objective functiony = f(Z2)
is given where Z is an uncertain vector described by a PDF.
Il. UNCERTAINTY MODELING There are several methods available to deal with this type of
uncertainties like Monte Carlo simulation technique [18};
brid Cumulant and Gram-Charlier expansion theory [17]nPoi
The concept of possibilistic uncertainty modeling wagstimate Method (PEM) [18] and Latin Hypercube Sampling
first introduced by Zadeh [12]. In this method, the uncertaiHS) combined with Cholesky decomposition method (LHS-
parameter is described using linguistic categories whakeh CD) [19]. In this paper, a scenario based approach is used to
fuzzy boundaries [13]. The term “possibilistic’ comes fronmodel the probabilistic uncertainties. In this method joas

QIR <

g. Probabilistic uncertainty modeling

A. Possibilistic uncertainty modeling



B. Uncertainty modeling

The uncertainties of electrical loads, power generation of
renewable and conventional DG units and investment dexssio
of DGOs are modeled in this section, as follows:

1) Electric load: Various methods have been proposed in
the literature for modeling the uncertainties of load faiss.
These models are even probabilistic (like [21] which assume
that a PDF is available for load values or [9] which describes
redicted Valu“;‘":m the load values in discrete values with priory known proba-

bilities) or possibilistic (like [1], [22]-[24]). Here, iassumed
that no statistical data of load values is available. Thetgte
load is modeled using a FTN (see Fig.1l) as proposed in
[24]. Assuming a predicted value of Ioaﬂff, and a demand
growth rate ofep, the demand in bug, in yeart can be

scenarios are generated using the PDF of each uncert%%cmated as D D

variable, Z,, and the value of; is calculated as follows: gft = (1= Dy,1— 7“, 1+ 7“, 1+D,) (6)

y= > 7 x f(Z) (4) xS x (1+ep)’
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Fig. 1. Fuzzy Trapezoidal Number

where D,, is the uncertainty factor of demand (and varied
where ; is the probability of states, €2, is the set of all phetween zero and one}), is the apparent demand in bus
considered states for describing the uncertain paranieter and yeart. ’

2) Wind speed and wind turbine power generatiofhe
generation schedule of a wind turbinginly depends on the
o o ~_wind speed in the siteThe variation of wind turbine power

In realistic problems, the DNO has a multivariate objectivgeneration is an uncertain parameter which is consistetht wi
function, y = f(X,Z), where the possibilistic uncertainpisiorical data records of wind speed and probabilisgcall
parameters are represented by vecforand probabilistic ogeled [8], [25].In this paper, the variation of wind speed,
uncertain values are given by vectar. To deal with such s modeled using a Rayleigh PDF [8]. The power-curve of

cases, these variables are decomposed into two groups gRfind turbine relates the wind speed and the output of a wind
are dealt with separately as explained in the following stepyrpine.

C. Mixed Probabilistic-possibilistic uncertainty modwdi

o Step.1l: Generate the scenario set describing the behavior PDF(v) = (2l) emp[_(ﬁ)‘z] (7)
of Z,i.e.Q c? ¢
« Step.2 : Calculat¢g®) and (y*) as follows: The generated power of the wind turbine is determined using
- its characteristics as follows:
" =min Z o X f(Zs, X) ©) 0 if v<wf, orv>uv,
sEN € .
. Piw(v) = cv — c Piwr if Uicn < v < Upated (8)
7% = ma o X f(Zg, X Vatea™Vin b
Y ' XSEZQ, e xS ) Py else
X% e (XX Where, P, is the rated power of wind turbine installed in bus
) . i. The speed-power curve of a typical wind turbine is depicted
o Step.3 : Calculate the crisp value of y using (3) in Fig. 2.

IIl. PROBLEM FORMULATION

The calculation of technical indices at presence of differe
uncertainties is formulated in this section. The assumptio
and technical constraints are described as follows:

A. Assumptions
The following assumptions are employed in problem for-

c

Generated power of wind turbine (P") in kW

mulation: Yin Ve Vour
! wind speed (v) in (m/s)
o Connection of a DG unit to a bus is modeled as a negative
PQ load with aconstantpower factor [20]' Fig. 2. The idealized power curve of a wind turbine

« The DNOs are not authorized to invest in DG units and

the decisions of DGOs regarding the operation/investmentysing the technique described in [8], the PDF of wind speed
of these units can only be forecasted. is divided into several states. In each state, the prolyluifi



falling into this state is calculated as follows: C. Constraints

va.s 9y v 1) Power flow constraintsThe power flow equations that
T = / (Cj) el‘p[—(g)z]dv (9) should be satisfied for each state are:
V1,5 ~ ~ ~ w
L Va oL Pl =-PR+ > P (13)
s = 2 dg/w
Ane A ~dg/w
wherev, 5, v s are the starting and ending points of the wind i,t,ts = - i[,)t + Z Qi%
speed’s interval defined in staterespectively. The generated dg/w
powe;o(fB\/)vind turbine in stateis calculated using the obtained Erff,ts = Vit Z YiiVit.sc08(8it.s — 016 — 0ij)
vs an . N N . . .
“ net __ .
3) Operating/Investment decisions of DGOB liberal- it = Vits Z YijVi,ssi(0it,s = 0jt,s — 0ij)
!zed electricity m_arkets, the_: DGO. decides abo_ut the DS\;/herePiDt, )P, are the active and reactive power demand in
investment/operation according to its own benefits (not the X ’

. ; pnet net i
requirements of the DNO). If these decisions do not violtauatbUSZ and yeart, respectively.l; i, Q7 are the net active

technical constraints of the network, the DNO can not chan?gd reactive power injected to busin yeart and states,

; pdg/w Adg/w ; ;
them. The DNO needs a model to handle the uncertair;_gs‘p(':'c'['veIy'Pivt7S Wi, Are the active and reactive fuzzy

associated with the decisions of DGOs. The problem is t wer generated by each conventional DG/wind turbine unit
In busi, in states and yeart, respectively.

the behaviors of DGOs regarding the operation/investmént 8 o .

DG units can not be modeled using conventional probafailisti 2) Voltage profile: The voltage magn_|tud§ .Of each bus
tools. This is mainly because there is no PDF of statistiatd d should be kept between the safe operation limits.

available about the decisions of DGOs. If the DG technology Vinin < Viits < Vinax (14)

is wind turbine then the generated power of each wind turbine . .
dependsmainly on the weather conditiofor control aspects where .Vmi“. and Vinay: are the minimum and maximum safe
that may influence the wind generation) and if it is a conveffPerating limits of voltage, respectively.

tional DG technology like gas turbine then the DGO decides

about its operating schedule. In this paper, it is assumad t 3) Thermal limit of feeders and substatioffo maintain

e security of the feeders and substations, the flow of cur-

the operation of wind turbines are only affected by weath X .
condition (wind speed) and a fuzzy method is proposed fifn/ENergy passing through them should be kept below their
ermal limit, 1£, /5974 as follows:

describing the DG investment (for both renewable and noh- ' “max’ M maz?
renewable DGs) and operation schedule (just for convealtion jgvt’s < _rfnax (15)
controllable non-renewable DGs) of DGOs as follows: Gorid ~ ggrid
Fuzzy installed capacity In this paper, the installed capac- b = Tmaz
ity of non-renewable DG units/wind turbines are modeled agherel, ; . is the fuzzy current magnitude of feedein state
a FTN, namely@dg/“’, as follows: s and yeat; Sg;‘id is the fuzzy apparent power passing through
B substation’s transformer in stateand yeart.
Ea = (Gt o G Gy x Caply™ T (10)
da.f w.f _ D. Evaluation Indices
where C'ap;,*, Cap, ;° denote the predicted value of non- 1) Active loss: The reduction of active losses in electric

renewable/wind DG capacity to be installed in buend year power distribution networks can be regarded as a source of

t fenergy [26] and it can also be translated into the avoided

costs. When the DNO is aware of the impact of DG units
in loss reduction, this deviation can be allocated to them as
. an economic signal [27]. The total active loss in the network
N%S < Zgég/ (11) is the sum of all active |nJect|on_powgr mto the .network

P b (the loads are regarded as negative injections). Since some

of these values are described as a fuzzy number (like load
Although the capacity of installed DG in a given b.qu is Vvalues and injection of non-renewable DG technologies) and
uncertain but the DG generatioﬁ’_g—‘gh, can not exceed the some of them are StOChaStica”y modeled (llke wind turbine
installed capacity of DG unit in eacf-cut. The active power Power generation) then the active loss would become a mixed
of wind turbines depends on both wind speed and also tHBcertain parametett is calculatel as follows:

Fuzzy DG generationtn this paper, the apparent power o
non-renewable DG units are modeled as a FTN, narﬁgj}g,
as follows:

investment decision of DGOs as described below: ) T N, }
. Loss=» Y > m x P/ x8760 (16)
By =) &8 x PP (vs) (12) ==l s,
i1 Loss = (loss)*
wps = Pz;(fs) The (16) is explained as follows: The ., 7sx calculates

the expected value of fuzzy numbé}’}f’g and then this value



will be added over all buses to obtain the fuzzy active loss fegion is assumed to &07m/s. The other characteristics of
yeart. The Loss will be obtained by summing up this valuewind turbine are given in Table | [8]The weighting factors
over the evaluation horizoff’. The crisp value ofLoss is wi,ws are assumed to be 0.3 and 0.7, respectively. These
obtained using the “*” operator as described in (3). values can be changed based on the requirements of the DNO.
2) Technical risk : The possibility of occurrence of For example, if the DNO is willing to focus on the severity
under/over-voltage in load nodes is assumed as techngtal riof the technical risks, the value af; should be increased in
The technical voltage risk in nodieand yeart, is calculated respect to the values afs, and vice versa. It is described

as follows [10]: using the Fig.4.
Ay + Az
VRt s = ——""+ 17
where A;_,; are depicted in Fig.3. The average value of 1 importance of Severty of

Technical risk

W1+WZ:1 Selected set
of weights

Importance of Averge |
Technical risk

Wl(Sevevin of texhnical risk)

I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
W2 (Average Technical risk)

> Fig. 4. The set of weight values and their meaning

The demand growth rate,p, is 2% for both casesThe
Fig. 3. Technical risk of over/under voltage in biis time resolution for DG investment is assumed to be one year.

_Using the technique described in section 11I-B2, 12 states a
VR, over all buses of the network and states, can provide

some information about the overall voltage condition inryea TABLE |
t. Additionally, the severity of over/under voltage should b THE TECHNICAL CHARACTERISTICS OF WIND TURBINES
also taken into account. To do this, an index narfiedsk is e T vrared | 0C, | PP
proposed in this paper as follows: mis) | (mis) | (mis) | (W)
4 14 25 05
Trisk = wy X m?ix(z s X VR o)+ (18)
1,t
. NQS determined for each wind turbine which are given in Table II.
b
VR',,t,s
“’QXZZZ”SXT;N TABLE Il

t=11i=1 Q; b WIND TURBINE STATES
where T’ i; the evaluation horizon andv, is the n_umt_>er States Qs) | wps (%) | 7
of buses in the networkw; and w, are the weighting 1 0 0.2059
factors specified by DNO. The importance of severity of g 155 8-‘1)515‘2%
techr_nical risk is specifit_ed_byul which i_s multiplied_into_ 4 20 0.1037
the first term because it finds the maximum technical risk 5 35 0.1122
in the network over the evaluation horizdh On the other S ;‘g 8-83%
hand, the average technical risk is found by the second 8 65 0.0501
term, S, SN D, Ts X ‘;’i&b The w, specifies the 9 75 0.0451
importance of average technical risk over the network durin 1(1) gg 8-8228
the evaluation horizon. 12 100 | 00784

IV. SIMULATION RESULTS The proposed methodology is applied to two distribution

The proposed algorithm was implemented in General A$ystems to demonstrate its abilities. The first case is ad@-no
gebraic Modeling System (GAMS) [28] environment. Thelistribution test system and the second one is a large sealle r
successful application of this software have been repdrted201-node distribution network. The evaluation horiz@h,is
the literature of power system optimization problems [29]jo assumed to be 10 years. The uncertainty factor of demand,
DG technology options, namely, Wind Turbine (WT) and Ga®,, is assumed to b&% in both cases [23]V,,a. and V,;»
Turbine (GT) are considered here. The mean wind speed in #re considered to be 1.05 and 0.95 Pu, respectively [10].



A. Case I: 9-node test distribution network The simulation result shows that the power injection by
E)G units (with the specified size) reduces both active loss
raimd technical riskHowever the magnitude of this reduction
highly depends on where and when this DG will be connected
to the network.As the installation year gets closer to the
beginning of the evaluation horizon, the technical risk sl
active losses are more reduced. Another aspect is thedacati
of this unit. It can be concluded from Fig.6 that bus no 3
is the best location for loss reduction because regardless o
the installation year, it shows more reduction in activeslos
compared to other nodes of the network. From technical point
of view, bus no 5 has lower technical risk compared to other

This case is a 11-kV, 9-bus distribution network which i
shown in Fig.5. This network is fed through one substatiah a

. otntie nodes as shown in Fig.These results are obtained by solving
B v subssion the load flow equations and may vary with the topology of the
o tospom network and its components.

Fig. 5. Distribution test system

has 8 aggregated load points. The technical characteristic
the network can be found in [10]. The predicted values of DG
capacities are given in Table IIl. The technical risk of tieeg
network when no DG unit (neither non-renewable nor wind
turbines) exists in the network is 0.640 and the crisp value
of active loss is 175296.84 MWh. Three different scenarios
were created and assessed to demonstrate the proposed valt
namely:

Scen 1. Non-renewable DG units
Scen 2. Renewable wind turbines
Scen 3. Mixed non-renewable and renewable DG units w s . w w i ; ; j

5 6
1) Scen 1. Non-renewable DG unitsIn this scenario, vear of installation
no wind turbine is considered in the assessment. With this o S -
assumption, there is no stochastic variable in the modés. Itgg. iz.stal;;r;;r:/anatlon of technical risk with variation in r@@nd year of
assumed that just one GT with the size of 5 MVA is installed

in the network.This DG is installed in bus and yeart. The

Trisk

- ¥ =-bus9

. ) o : . The penetration level of DG units also changes the technical
installation bus,i, is changed from 2 to 9. The installation, jices In this study, it is assumed that the size of each DG
yeart is also changed from 1 G’ to analyze the impact i is 0.5 MVA. To analyze the impact of DG penetration
of this decision on active losses and technical risks. INGFigie\e| the number of installed DG unit in each bus is varied an
and Fig.7 the variations of crisp active loss versus the @@any,q technjcal risk and active loss are calculated. The tiaria

in in§t.allati0n year is depicted. Each graph corresponds Gyt tochnjcal risk and active loss are depicted in Fig. 8 amd Fi
specific node in the network. 9, respectively.

Crisp Loss (MWh)

2 3 4 5 6 7 8 9 10
1.475 L L L L L L L L | Number of installed DG units
T 2 3 4 5 6 7 8 9 10

Year of installation

Fig. 8. The variation of technical risk with variation in nuerhof installed

Fig. 6. The variation of crisp active loss with variation inde and year of DG

DG installation



risk highly depends on the topology of the network under
study, size of DG units and operation strategy of DGOs. The

Xbus=4 Y bus=5

—6— Both X,Y
Q : - © = Xbus
\ +=0="Y bus

0.63

Crisp loss MWh

0.62

0.611

0.6

Technical risk

Number of installed DG units

Fig. 9. The variation of crisp loss with variation in numberingtalled DG

It is important to recognize the impact of DG penetration 12 3 4 s Déca:acnfin 3W 10 11 12 13 14 15
and also the order in which the DG units will be connected to
the d|sFr|but|on network, on the teChn.lcal risks. To do (e Fig. 10. The comparison between the technical risk due torasfl®G
DG units on various sizes and locations are connected to &nection in bus 4,5
network. First, it is assumed that one DG unit is connected to
bus “X” and then it is connected to the bus “Y” and finallytechnical risk would happen in under/over voltage in thisigt
two DG units (with the same sizes) are connected to bus “X'he network is exposed to the under voltage condition when
and “Y” simultaneously. In each case, the technical risleind no DG is installed in the network. The power injection by DG
is calculated. For the given 9-node netwoskg 7 x 15 = 840  units helps the network to improve its voltage conditionttwi
simulation analysis are performed to explore all comborati increasing the capacity of DG units from a specific valuegher
of buses and DG sizes (it is assumed all buses of the netwOrkiW) the under voltage problem would change into the over
are candidate for DG installation except the slack node amdltage problem as it is depicted in Fig.10.
the second DG will be installed in a bus other than the first 2) Scen 2. Renewable DG units (wind turbine)n this
bus). scenario, just wind turbine is considered in the assessment

In most cases, when both of the DG units are connectélthe size of wind turbine is assume to be 5 MVA and just one

the technical risk is lower than the single DG case. In soménd turbine is installed in the network. In Fig.11 and FR.1
cases, as depicted in Fig.10, installing the second DG midne variation of crisp active loss and technical risk versus
increase the technical risk. In Fig.10 there are three grapthe installation year is depicted. Each graph correspoads t
labeled with X, Y and XY are depicted. All of these grapha specific node in the network.

shows the technical risk throughout the network but each of
them shows something special.

« The graph X shows the technical risk when just one DG
is installed in bus 4,

« The graph Y shows the technical risk when just one DG
is installed in bus 5,

o The graph XY shows the technical risk when both DGs
are installed in the network one in bus 4, and the other
one in bus 5.

The technical risk in case of single DG (just in bus “X" or
“Y”) has a decreasing pattern when the DG size is less than
14MW. In case of two DG units (both of them are installed,
one in bus “X” and the other one in bus “Y”), the technical
risk decreases until DG capacity reaches to 9 MW. After the vz 3 4 s 6 7T 8 3

9MW threshold, the technical risk will increase. Comparing

the values of technical risk between these three casesnit ea oo iation of cri ive | ith variationrinde and

be concluded from Fig. 10 that if the first bus is bus #4, thq;f!ig\,'\,ind' turbi,?eviﬁ;[?a',gﬁi;’n crisp active foss Wilh variafiontipde and year
connecting another DG in bus 5 will decrease the technical

risk. It is true until the size of the second DG (in bus #5) Fig. 11 shows that WT installation in node 3 leads to
is below the 11 MW. On the other hand, if there exists more active loss reduction compared to all other buses of
DG unit in bus “Y”, installing a second DG in bus “X” will the network. Fig. 12 states that node 5 is the best location
decrease the technical risk until the capacity of the secofad technical risk reduction in the network since it has the
DG is below the 10 MW. The increase/decrease of technidahst Trisk compared to all other buses of the network. The

Crisp Loss MWh




Trisk

Crisp loss MWh

Year of installtion

Fig. 12. The variation of technical risk with variation ind®and year of
wind turbine installation

5
number of installed wind turbines

penetration level of DG units also changes the technical

'nd|(_3es- In this study, it is assumed that the size pf eachnl_vvmig_ 14. The variation of crisp loss with variation in numbdrinstalled
turbine is 0.5 MVA. To analyze the impact of wind turbinenT

penetration level, the number of installed wind turbine acle

bus is varied and the technical risk and active loss are given . ) . )
in Fig. 13 and Fig. 14, respectively. wind turbines and the fuzzy variables include the genematio

of dispatchable DG units (non-renewable ones). The teahnic
risk is 0.518 and active loss is equal to 130134.4962 MWh.

TABLE Il

PREDICTED VALUES OF CAPACITIES TO BE INSTALLED INCASE-|

DG tech | bus | No of installed | year | Cap | ¢%9/ | ¢d9/ [ o/ | ¢holw

WTy 5 8 2 0.5 0.3 0.9 1.05 11

WTs 8 1 3 0.5 0.7 0.8 1 1.15

WT3 3 2 4 0.5 0.1 0.6 11 1.2

GTy 2 3 1 0.5 0 0.9 1.05 11

3 GTy 9 1 5 0.2 0 0 1 1.15
= GT 5 4 3 | 04| 01 0.6 1.1 1.2

The variation ofzﬂg ms X VR; 4 iS given in Table. V.
Four buses are exposed to technical risks namely 3,5,7, and
9. The calculated technical risk (as indicated in Table. 1V)
increases as the time goes on. This means that with the
increase of load in each bus, the technical risk increades. T

Number of installed wind turbine trend in technical risk of bus 3 shows a decrease in year
t = 4. This is because of DG investment in ygae 4 with
Fig. 13. The variation of technical risk with variation inmber of installed the capacity of 1 MW (approximately) in this bus. The worst
wT condition of technical risk belongs to bus 7. In this bus, the
) ) o technical risk starts from 0.703 and rapidly reaches to 1 in

The graphs of Fig.13, show that if the objective is 10S5or 3. The next critical risk is related to bus 5 which will

reduction then the best location for wind turbines would B, 1009 in risk in year 7. The provided data can be used by

bus 3. From the technical point of view (according to Fig,14hN0 to find out which point of the network and when needs
the best location for wind turbines is bus 5. to be reinforced.

3) Scen 3. Mixed non-renewable and renewable DG units :
In this scenario, both non-renewable and wind turbine waris o
present in the networkThe wind turbines are available in 0.58- Case II: A real 201-node distribution network
MW modules and are assumed to be installed in three locationd'he proposed methodology is applied to a large 201-node 10
in the network. The prediction of DNO indicates that the win#V distribution system which is shown in Fig.15. The teclahic
turbines are to be installed in bus 5, 8 and 3. The capacity ddita of this network can be found in [30]. The DG locations
wind turbines are 4, 0.5 and 1 MW, respectivéliae location and capacities are described in Table. V. The technical risk
and year of installation of both gas and wind turbines aremivof the network is 0.6367 and the crisp value of active loss
in Table. lll. The problem consists of both stochastic arekju is 189477 MWh. The variation of average, maximum and
variables. The stochastic variables include the generasfo minimum value of the technical risk throughout the network




TABLE IV
THE EXPECTED VALUE OFV R; ; s OVER THE STATES IN SCENARICG3 OF

cAsEl 1 T e R R,
= = = Maximum Risk o g
I Bus . bt
i 3 5 7 9
1 [ 0.603| 0541 | 0.703 | 0.179
2 || 0.642 | 0.199 | 0.922 | 0.210
3 || 0682| 0376| 1 0.117 x
4 || 0448 | 0551 | 1 0.149 <
5 || 0.484 | 0.724| 1 0.182 £
6 || 0520 | 0.894 | 1 0.214 8
7 || 0557 | 1 1 0.248
8 || 0594 | 1 1 0.281
9 || 0631 1 1 0.315
10| 0.668| 1 1 0.350
oali ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
20 40 60 80 100 120 140 160 180 200
Bus number
56 124 127 126 " 1751 Fig. 16. The variation of the technical risk throughout trework in case
180 i 179 ”
o - TABLE V
1591 PREDICTED VALUES OF CAPACITIES TO BE INSTALLED IN CASHI
128 ] 1B e 164
o N . DG tech | bus | number of installed unity year
WTy 93 8 1
162
o) TN WT, | 128 4 1
160 WT3 158 6 1
195 197 1“153 GTl 32 i 1
P o R GT 69 4 1
60 31 36 4145 | 49 200 102 189 GTs 83 6 1
51 55 26 30 20
19 % o 111114
59
50\53 23 23 33 “ 104 108 s . : .
. 107 w2 of this procedure can be found in [32n this paper, for
52 25 29 38 . g . . .
57 * avoiding the complexity of the calculations, the impact of
B EZTE N / 20t unbalanced phases/loads in distribution network load flow
s o1 | 130 equations is neglected. However if an unbalanced multgphas
& S e e load-flow algorithm is needed with the capability to model
) ek all components and network features, the proposed algorith
6 5 1 . .
.| " ’ can be extended using the methods proposed in [33], [34].
EEEIR R SR The application of the proposed method can be defined as

92 85 90

minimizing the evaluated indices. This can be done using
the reinforcement strategies, capacitor installatiostritiution
network reconfiguration and etc. Knowing the impacts of
DGO’s decisions on technical performance of the distrdouti
networks can help the regulators as an economic signals
to reward/penalize their actions [35]. In several parts of a
constrained network there can be substantial benefit from DG
operation (such as reducing the technical risks, activeeks

is depicted in Fig. 16. The minimum average risk is in buseeds for network reinforcement) and agreements reached
201 with the average risk of 0.3257 and the worst risk occutfsat make operation more aligned with DNO needs. In this
in bus 146 with the average risk of 0.9526 over the evaluati@ase, a win-win strategy may be defined as provision of

Fig. 15. The geographical view of the real 201-bus distidsunetwork in
case Il

horizon. some incentives for DG developers in some buses of the
The yearly variation ofV’ R; ; s over some selected busesetwork by DNO. The benefit sharing, cost causation-based
are described in Table VI. distribution tariff [36], efficient nodal pricing for effiehcy

If the number of scenarios (states) are too high that tlemhancing DG [37] and locational marginal pricing methods
computational burden becomes a matter of concern, the scan be used to achieve this goal. Another application of the
nario reduction method can be used. The purpose of scengmioposed method for DNO would be evaluating the DGO’s
reduction is selection of a sef)s, with the cardinality of proposal for new DG connection and analyzing its impact on
Ngq., from the original setf); [31]. This procedure should the technical performance of the network. It may influence
be done in a way that makes a trade off between the Idbg DG connection permission that can be granted by DNO to
of data and decreasing the computational burden. The slet&®GO.
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TABLE VI

THE EXPECTED VALUE OFV R, ; s OVER THE SCENARIOS IN CASH| « The proppsed inde>_< for teChnicall risk not only _S.hOWS
the severity of the risk but also gives the probability of

I Bus occurrence for this event. The DNO can be also alarmed

T || 201 | 180 | 158 | 105 | 52 | 186 | 166 | 174 | 150 | 128 . ; . . .

T [[ 0154 | 0.211] 0.209 | 0.354 | 0.446 | 0.466 | 0527 | 0.587 | 0.681 | 0.756 about the time and location of starting the technical risk

: o oa S B 810 0% 05 B8 5% 8| during the evaluation horizon. Knowing this information

4 || 0267 | 0.325 | 0.415 | 0.450 | 0527 | 0.586 | 0.648 | 0.709 | 0.805 | 0.911 i

5 || 0.305 | 0.363 | 0.454 | 0.483 | 0.555 | 0.626 | 0.689 | 0.750 | 0.847 | 0.953 can he]p the ,D,NO. tO- make the proper remedial or

6 || 0.344 | 0.402 | 0.494 | 0.515 | 0.584 | 0.667 | 0.730 | 0.792 | 0.889 | 0.994 preventive decision in time.

7 || 0.383 | 0.442 | 0.533 | 0.549 | 0.612 | 0.708 | 0.771 | 0.833 | 0.931 | 1.000 . .

8 || 0.422| 0.481| 0.573 | 0.582 | 0.641 | 0.749 | 0.812 | 0.875 | 0.973 | 1.000 « Comparing the proposed approach with fuzzy-Monte

9 || 0.461 | 0.521 | 0.614 | 0.616 | 0.670 | 0.790 | 0.854 | 0.917 | 1.000 | 1.000 . .

10 || 0.501 | 0.561 | 0.654 | 0.650 | 0.699 | 0.831 | 0.896 | 0.959 | 1.000 | 1.000 Carlo approach shows that it can give an accurate result

with much less computational burden. The computational

capability of the proposed methodology enables it to be
C. Comparing the proposed method with Fuzzy-Monte Carlo applicable even on large scale distribution networks.
approach

In this section, a comparison between the proposed method V. CONCLUSION

and a Fuzzy-Monte Carlo approach [11] has been made. BotiThis paper presents a hybrid possibilistic-probabilisticl

of these methods deal with the problems with mixed typgs assess the impact of DG units on technical performance
of uncertainties (stochastic and fuzzy). The scenario@r of distribution network. The uncertainty of electric loads
used for handling the stochastic uncertainties tries toamree DG operation/investments are taken into account. The for-
the computational burden associated with the Monte Camgulated problem was formulated under GAMS environment.
approach. The main concerns are the number of optimizationse proposed method can help the DNOs to evaluate the
needed for calculating the indicated indices (which dlyecttechnical performance of the distribution network when the
determines the simulation time) and the accuracy of thestallation/operation decisions related to DG units agden
proposed method compared to the exact method (Fuzzypy non-DNO entities (like private investors). These dexisi
Monte Carlo Simulation (FMCS) [11]). The results are give@re highly uncertain and the DNOs should be equipped with
in Table VIl which gives the values obtained by the proposgsbwerful tools to handle them and be able to operate their
method and FMCS, the absolute error, number of optimizatigtworks in an economic, efficient and coordinated manner
needed for each index, in each case and method and ﬁncﬂu}providing h|gh qua“ty service to consumers. A|th0ugb th
the simulation times. For example in case Il of FMCS, thevaluated indices are considered to be the total activeedoss
number of optimizations needed for calculating the tednicand technical risk of voltage limit violation but the genléya

risk is equal to2 * 200 * 3000 * 2 = 2400000. This is of the proposed framework enables the DNO to extend it to
because two alpha-cuts, 200 buses (all buses except slakk ibnsider other evaluation indicesd other risks like over-
3000 Monte Carlo Simulations are considered which will b@admg the feeders/substatiomhis novel tool is app“ed to
multiplied by two (one for obtaining the maximum value an@yo distribution networks and its flexibility is demonsedt
one for the minimum value as explained in (5)). This is whilghrough different scenarios.

the number of optimizations needed for the proposed method

in the same case, is 400. It is evident from the Table VII ACKNOWLEDGMENT

that the computational burden (run time) is highly decrdase

while the accuracy is maintained within the acceptable dou The author would like to thank the anonymous reviewers
(the absolute error is below the 3%). Comparing the CP ho have basically improved the quality of this work with

) ) their insightful comments.
time needed for case | and Il, shows that the algorithm is 9

applicable in both small and large scale distribution nekso
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