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A Probabllistic Modeling of Photo Voltaic Modules
and Wind Power Generation Impact on Distribution
Networks

Alireza Soroudi*, Morteza Aien, Mehdi Ehsan
Department of Electrical Engineering, Sharif University of Techngldghran, Iran

Abstract—The rapid growth in use of renewable intermittent reduction [4], distribution system service restoratio {Blia-
energy resources (|Ike wind turbines and solar pgnels) in distri- bility improvement IE]! [7] and incrementing the load batan
bution networks has increased the need for having an accurate factor of radial distribution network<[8] have been highly

and efficient method of handling the uncertainties associated to di d in the literat | ¢ th duaio
these technologies. In this paperthe unsymmetrical two point ISCussed In tne fliterature. In recent years, the pro

estimate method (US2PEM) is used to handle the uncertainties Cl€an energy (renewable ones) by small power producers is
of renewable energy resources. The uncertainty of intermittent encouraged[]9]. The power produced by these technologies
generation of wind turbine, photo voltaic cells and also electric may be used in the market, in addition to being consumed
loads, as input variables, are taken into account. The variation of locally [10]. The problem is thathe generated power o-

active losses and imported power fronthe main grid are defined . . - .
as output variables. The U2PEM is compared to Symmetrical newable energy resources like wind turbines and photoigolta

two point estimate method (S2PEM), Gram Charlier and Latin  Cells are exposed to uncertainties. The probabilistic ouh
Hypercube Sampling (LHS) where Monte Carlo Simulation are widely used in power system operations and planning to
(MCS) is used as a basis for comparison. The validity of the deal with a variety of uncertainties|[7]. The probabiligtmver
proposed method is examined by applying it on a standard radial {4, (PPF) jsa tool which handles the uncertainties associated
9-node distribution network and a realistic 574-node distribution L ..
network. with input data of traditional power flow problem. A great
_ ) ) _ deal of attention has beepaid to the PPF problem in the
I ndex Terms—Monte Carlo simulation, PV cells, wind turbine, jitarature. The PPF was first introduced in 19761 [11].1 [12]
active losses, point estimate method. . . . .
a convolution based technique wagppliedto consider the
interdependent demands. [n[13], a linearized set of loaal-fl
. INTRODUCTION equations were introduced to reduce the complexity of the
problem. In [14], a combined Monte Carlo simulation tech-
nigue and linearized power flow equations wamployed A
The penetratiorevel of Distributed generation (DG)nits  Cumulant based method was proposed in [15] to deal with PPF
is increasing on power distribution networks across thedvor problem. An enhancement to the traditional Cumulant method
In deregulated power systenthe Distribution Network Op- was implemented in[[16], named Limit corrected Cumulant
erators (DNG) are responsible for maintaining the reliabilitymethod (LCCM) which specifically addressed errors in the
and efficiency of distribution networks. They usuallytis by existing Cumulant method. This method produces multiple
performing investment in network components amblying probability density functions (PDFs) and finds the final PDF
some active loss reduction policies. The role of Distridutecombining the obtained PDFs. A hybrid Cumulant and Gram-
Generation (DG) units in decreasing the operating and thvegharlier expansion theory was introduced [inl[17] to reduce
ment costs is crucial. The DNOs need some tools to investiggie computational time while maintaining a high degree of
the impact of DG units specially those intermittent oneg likaccuracy. In[[I8], an efficient Point Estimate Method (PEM)
wind turbines and photo voltaic modules. The motivation afas proposed to handle the uncertainties of bus injectinds a
this study is to providesucha tool for DNOs in order to |ine parameters. Four different versions of PEM were tried
model the uncertainties of intermittent power generatiohs and tested in[[19]. In[[20], a Monte-Carlo simulation based
wind turbines, photo voltaic cells and also electric loatli®a. method was applied to the nonlinear three-phase load flow
It should not only reduce the computational burden but als@uations of distribution networks including wind farms. A
maintain the accuracy of computatipnocedure Latin Hypercube sampling (LHS) combined with Cholesky
decomposition method (LHS-CD) was proposed [inl [21] or
state space prunind [22] to reduce the computational burden
of MCS. In [23], Cornish-Fisher expansion series were used
The benefits of DG units like active loss reduction [llg obtain the cumulative distribution function (CDF) of the
[2], reducing the energy costs in the short tefth [3], emissigyytput variables. In[[24], a model based on 2PEM was used
to take into accounthe correlated wind power resources and
load values

A. Motivation and problem description

B. Literature review
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C. Contributions B. Uncertainty modeling

The contributions of this paper are two fold: In this study the uncertain parameters are electric load in
1) To reduce the computational burden while keeping tf§&ch bus and also trgeneratedpower of wind turbines and
precision. PV cell modules. The uncertainty modeling of each parameter
2) To analyze the impact of PV modules and wind turbind§ described as follows: _ _
in the network, simultaneously. 1) Electric load modeling:The electric load of each bus is
modeled as a normal PDF:
o 1 (SP — uP)?
D. Paper organization PDF SiD = exp[—— t 5
(87) = s et ] ©)

The problem formulation is described in Sectidn Il. Section
MM presents the method used for modeling and dealing withhere SP is the apparent power demand in busnd p2”,
uncertainties. The described model is applied on two distfic”)? are the mean and variance of demand in hugspec-
bution networks and the simulation results are presented dively.
discussed in Sectidn ]V. Finally, conclusions anatlined in 2) Wind Turbine generation pattern modelinghe gener-
Section V. ated powerof a wind turbine highly depends on the wind

speed in the site. There are various methods to model wind
Il. PROBLEM EORMULATION behavior like t?me—series model [25], dgta mining algqrith
[26] or clustering approach_[27]. In this papehe variation

The assumptions used in problem formulation, constrairds yind speed, i.ev, is modeled as a Weibull PDF and its
and the uncertainty modeling are explained as follows:  characteristic function which relates the wind speed ard th

output of a wind turbine.

A. Constraints k. v v
. : PDF(v) = (=)()* " exp[—(~)"] (6)
1) Power flow equationsThe power flow equations to be c ¢ c
satisfied are: wherek and ¢ are the shape and scale factor of the Weibull
PDF of wind speed, respectively [28].

net __ D w/pv
P =P+ B @ The generated power of the wind turbine is determined using
Qret = —QP + Q" its speed -power curvas follows:
Nb i c C
PinEt = V; ZY;]'V}'COS((% — 6j — 9”) 0 . if v < Vin orv = Vout
j=1 PV = =P if v, <v < Vrated 7

ﬁn,tcd,_vfn
Ny PP else
QFt = Vi Y Yy Visin(d; — 6; — 0,;) o . o .
= Where, P!, is the rated power of wind turbine installed in bus

i, P} is the generated power of wind turbine in bisv$

out

where P*¢t Q"¢ are the net injected active and reactivgs the cutout speedp¢, is the cut-in speed and,q;.q is the

power to bus/, respectively. The?”/**, Q\"/*" are the active rated speed of the wind turbine. The speed-power curve of a
and reactive power of wind turbine/PV cells in bus typical wind turbine is depicted in Fi@] 1.

2) Voltage limits: The voltage magnitude of each bus, i.e.
V; should be kept between the operating limits, as follows:

Vmin S V; S V;naz (2)

Yin kW

W
it

Generated power of wind turbine (P,

where V,,,;, and V,,., are the minimum and maximum
operating limits.

3) Feeders and substation capacity limiffo maintain
the security of the feeders and substation, the flow of ct
rent/energy passinthroughthem should be kept below the
feeders/substation capacity limit as follows:

I, <1, 3

where I, is the current passing through feedemand I, is
the maximum allowable current in feedér For substation
capacity constraint, the same philosophy holds, as follows

: cut :
f Y ated out -

Wind speed (v) in (m/s)

91 < 3, @

S97id s the ‘apparent power passing through substation traf&- 1. The idealized power curve of a wind turbine
former. TheS,, is the capacity osubstationransformer.



3) Photo voltaic cell generation pattern modelingThe Step.5 Analyze the results using histograms, summarysstati
generated power of a photo voltaic module depends on three  tics, confidence intervals and so on

parameters namely, solar irradiance, ambient temperatire The Monte Carlo method is usually used for validation of

the site and f|na”y the characteristics of the module itseﬁ]e proposed methods in the literature for So|ving the PPF.
The solar irradiance is modeled using a Beta PDF described

as follows: , i
B. Two point estimate method
The symmetrical two point estimate method (S2PEM)
PDF(s) = (®) which has the symmetrical location of two sampling pqiigs

% x 5271 x (1 —5)f~1 if 0 <s<1,0<a,B described in the following steps [19]:
0 else Step.1 Determine the number of uncertain variabtes,

_ o Step.2 SetE(Y) =0,E(Y?) =0
where s is solar irradiancésWW/m?; o, 3 are parameters of Step.3 Setk = 1

the Betaprobability distribution function; Step.4 Determine the location of concentratmints ¢, ; and
their probabilities, i.ePy ;, as follows:
PPY(s) =N x FF x V(s) x I(s) (9) €hi = (—=1)*D/n (11)
pp Yurp X Iupp 1.
VOC X Isc Pk;i = % |:112 (12)

V(s) = Voe — Ky X Ty

1(s) = 84 X [Ise + K; (T, — 25)]
Nor — 20 Thi = foy + €ki X O, (13)

0.8 i=1,2

where T, is the cell temperaturén C°; T4 is the ambient
temperaturén C°; K, K; are voltage and current temperature
coefficient V/C°, A/C°, respectively;Nor is the nominal
operating temperature of PV cell @i°; F'F is the fill factor;

Step.5 Determine the concentration poinjs;, as follows:
T.=T4+ s, X

Where, 1, ando,, are the mean and standard devi-
ation of xy, respectively.
Step.6 Run the deterministic power flow for boih ;, as

. - i . S follows:
I, is the short circuit current id; V. is the open circuit
voltage inV; Iy pp and Vi pp are the current/voltage at X = [21,%2, ooy Thiy oy T (14)
maximum power point ifd, V; finally, s, is the average solar i=1.2

irradiance [[2].
Step.7 Calculaté?(Y') and E(Y?) using:

n 2
E(Y) 2SS Poih(@r, 02, o @iy 2a) (15)
k=1 1i=1
n 2

C. Output variables

In this papeytwo variablesareof interest namely, Purchased
active power from main grid, i.eP9"’¢ and active power

losses, i.eP!ss. The total active losss calculated as follows: E(YQ) o P, ihz(l’l B2y ey Thois ooy )
Ny k=11=1
loss __ net ..
Pt = Zg (10) Step.8 Calculate the mean and standard deviation as follows
=1
where N, is the number of all buses in the network. py = E(Y) (16)

oy = /E(Y?) = E2(Y)

l1l. UNCERTAINTY HANDLING METHOD In unsymmetrical two point estimate method (US2PEMg

A. Monte Carlo method location of each sampling point determinedas follows:
The Monte Carlo method is a technique that uses ran- \2
dom numbers and their probability density function to solve hi= k3 (1) [0+ k,3 17)
problems. This method is often used when the model is ’ 2 2
complex, nonlinear, or involves many uncertain parameters P = (71)1'6""3‘1' (18)
A simulation can typically involve over 10000 evaluatiorfs o "k
the model, a task which is computationally expensive. Monte Y
Carlo method can be summarized as below: G =24/n+ 2’
Step.1 Create a parametric modél= h(xq,z2, ..., ) Ms ()
Step.2 Generate a set of random inputs using their PDF Ak3 = e
Xt = (28,28, ...,2%) T
Step.3 Evaluate the model and calculate YHe where Ms(zx),A\i,3 are the third moment and skewness of

Step.4 Repeat steps 2 and 3 foe 1 to N variablexy, respectively.



IV. APPLICATION STUDY

Two case studies have beanalyzedn this section: the first
one is a radial 9-bus distribution network and the secumeis
a realistic 574-node distribution network. The resultsaoizd
by the S2PEM and US2PEM are compared with different
methods namely, Monte Carlo, Latin Hypercube sampling
(LHS) [21] and Gram Charlier method [17]. The technical
characteristics of wind turbines and PV modules are desdrib
in Tablel] andl, respectively [2]. The Weibull parametefs I VY Subsiaion
the wind speed in each wind farm for casaréassumed to b_e Fig. 3. The 9-bus distribution network of Case-|
¢ =878, k = 1.75. The Beta parameters of solar radiation

Distribution Line @ Load Point

are assumed to be = 6.38,3 = 3.43. In this study, for TABLE IlI

modeling the uncertainty of wind turbine, 10000 wind saraple THE INSTALLED DGS IN CASE-|
are generated usingl(6) theney arepassed througlspeed- Bus T No of PV modules| No of WT
power curve of the wind turbineas depicted in Figlll. The 3 0 1
output of the wind turbine is shown in Hig.2 and used for 9 500 1

representing thgeneratedvind power.

In Table[I, the number of DG resources and their instal-
lation buses arspecified The results obtained for this case,
include the mean and standard deviation values of actigetos
1 and imported power grid, absolute values of errors and also
the running time as presented in Tablg IV.

The PDF of active power losses and imported power from
the main grid aredepictedin Fig[3 and Fid.}4, respectively.

0 5 10 15 20 25 30 35
Wind speed (m/s)

2000

1500 : 1

1000

500

o [posm T
0 0.1 0.2 0.3 0.4 0.5
Active power of wind turbine (MW)

Fig. 2. The histogram of wind speed and power out put of a 0.5 Wi
turbine

Probability Density Function

TABLE |
THE TECHNICAL CHARACTERISTICS OF WIND TURBINES
36
’U'ﬁn Urated Ugut Pil,ur
(m/s) | (m/s) | (m/s) | (MW)
3 13 25 0.5 Fig. 4. Probability density function of imported power from imarid in
Case-l
TABLE I

THE TECHNICAL CHARACTERISTICS OFPV MODULES

B. Case II: A realistic 574-bus urban French network
Isc Voe Ivipp | VPP K K; Nor

A | o) (A) v (mv/'”CO) (mA/cey | (C®) The se_conq case i.s a 20-kV, 574-node distribution system,
532 | 21.98| 4.76 17.32 14.40 1.22 73 depicted in Fid.B, which is extracted from a real French nrba
network. This system has 573 sections with total length of
52.188 km, and 180 load points. This network is fed through
one substation. These data have been extracted from reports
A. Case-l: A 9-bus test network of Electricit: de France (EDF)[29] where more details can be
This case is a radial 9-bus distribution network and itslsingfound in [30].
line diagram is presented in Hiyi[3 [4]. This netwislassumed  Thespeeedpower characteristics of the wind turbines in case
to have two wind turbines which their data have been givéhare the same as case | and In Table V, the number of DG
in Table[I. resources and their installation bus are provided.




TABLE IV
COMPARISON OF RESULTS INCASE-| (THE VALUES ARE IN MW)

Method Hioss 67‘7‘(%) Oloss err(%) KUPgrid 67'7‘(%) OPgrid 67‘7‘(%) Time (S)
MCS 0.8764 | 0.0000 | 0.0205| 0.0000 | 33.5080| 0.0000 | 0.3705 | 0.0000 946.25
S2PEM 0.8415| 3.9788 | 0.0211 | 3.1247 | 34.4988| 2.9570 | 0.3841 | 3.6787 0.1400
LHS 0.8450 | 3.5809 | 0.0211| 2.8122 | 34.3997| 2.6613 | 0.3828 | 3.3108 | 143.3817
4th order | 0.8482 | 3.2228 | 0.0210 | 2.5310 | 34.3106| 2.3952 | 0.3815 | 2.9797 7.3361
Gram Charlier | 5th order | 0.8510 | 2.9005 | 0.0200 | 2.2779 | 34.2303| 2.1557 | 0.3606 | 2.6818 8.3152
6th order | 0.8993 | 2.6105 | 0.0209 | 2.0501 | 32.8579| 1.9401 | 0.3616 | 2.4136 9.1634
7th order | 0.8558 | 2.3494 | 0.0209 | 1.8451 | 34.0931| 1.7461 | 0.3625 | 2.1722 9.8642
US2PEM 0.8579 | 2.1145 | 0.0208 | 1.6606 | 32.9814| 1.5715 | 0.3777 | 1.9550 0.1720
TABLE VI

COMPARISON OF RESULTS INCASE-I| (THE VALUES ARE IN MW)

Method Hioss 67‘7‘(%) Oloss 67‘7‘(%) HPgrid 61”1”(%) OPgrid 67’7‘(%) Time (s)
MCS 0.2565 | 0.0000 | 0.0811| 0.0000 | 8.0918 | 0.0000 | 0.2483 | 0.0000 | 1264.3480
S2PEM 0.2691 | 4.9082 | 0.0840 | 3.5671 | 7.8688 | -2.7559 | 0.2400 | 3.3413 16.4800
LHS 0.2470 | 3.7226 | 0.0791 | 2.4129 | 8.3047 | 2.6315 | 0.2561 | 3.1350 | 650.2130
4th order | 0.2646 | 3.1578 | 0.0828 | 2.0959 | 7.8988 | 2.3852 | 0.2415 | 2.7285 79.6498
Gram Charlier| 5th order | 0.2618 | 2.0469 | 0.0795| 1.9356 | 8.2640 | 2.1279 | 0.2541 | 2.3284 81.3450
6th order | 0.2607 | 1.6454 | 0.0823 | 1.4744 | 8.2479 | 1.9292 | 0.2431 | 2.1105 83.8510
7th order | 0.2527 | 1.4714 | 0.0798 | 1.6296 | 7.9554 | 1.6852 | 0.2531 | 1.9205 90.1354
US2PEM 0.2591| 1.0298 | 0.0822 | 1.2948 | 8.2106 | 1.4679 | 0.2525 | 1.6951 21.3450

PR R PN
N A o ® O
T T T T T

Probability Density Function
N
o
.

0.78 0.8

Fig. 5. Probability density function of active losses in &4s

082 0.84 086 0.88 09
Active loss (MW)

TABLE V

0.92 0.94 0.96

THE INSTALLED DGS IN CASE-II

Bus | No of PV modules| No of WT
15 300 0
283 100 2
344 0 1
495 200 7
426 0 2
163 0 1

Fig. 6. Realistic 574-node distribution network

V. CONCLUSION

In this paper, the uncertainty handling of wind turbines, PV
modules and electric load values is studied. Three difteren
PDFs are used to describe the behaviors of aforementioned
uncertainties. A Weibull, Beta and normal PDFs are chosen
for modeling the uncertainties of wind speed, solar radiati

The results obtained for this case includes the mean amad electric load, respectively. An unsymmetrical two poin
standard deviation values of active losses and importecepovestimate method (U2PEM) is applied to handle the uncertain-
grid, absolute values of errors and also the runningdifmeve ties of the mentioned variables. The Monte Carlo simulaigon
been all presented in TablelVI. The PDF of imported powesed for obtaining an accurate result as a basis for congparis
from main grid is depicted in Figl.7.

The simulation results showed that the values obtained &y th
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Fig. 7. Probability density function of imported power from imarid in
Case-ll

U2PEM are more accurate than other methods and also a g@ﬁt

reduction in computational burden was observed.
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