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Abstract

This paper shows an example of a stochastic approach to study the impact of distributed generation (DG) on the network
congraints (congestions) in power systems. We assume the DG unitsto be cusomer-owned, so that they can be connected to
or disconnected from the power system by their owners a random. Therefore, the DG units generate power in a stochastic
way. Theload in the system shows arandom behavior too, and the probakility digtribution of the aggregated generated power
and load demand of the digtribution system are cdculated using Monte Carlo Smulation (MCS).The network congraints
(congedtions) are evauated based on the probability digtributions of the power flows thet result from the smulations. The
method that is applied in this paper, shows that looking at the network condraints with a sochadtic approach gives a more
complete picture of the network than gpplying a deterministic method, especidly when non-dispatchable DG units play a
dominant role.

Keywords power system, didributed generation, power flows, network congestions, stochastic approach, Monte Carlo
smulation

Abstrak

Makalah ini menunjukkan sebuah contoh pendekatan stokastik untuk mempelajari pengaruh dari pembangkit listrik tersebar
(PLT) terhadap konjesti pada jaringan tenaga listrik. Dalam makalah ini diasumsikan bahwa setiap unit PLT dimiliki oleh
pemilik independen, sehingga setiap PLT dapat disambung ke atau dilepas dari jaringan listrik oleh pemiliknya secara acak.
Sebagai hasilnya, secara keseluruhan PLT tersebut membangkitkan tenaga listrik secara stokastik. Beban dalam jaringan
listrik juga memiliki sifat acak. Distribusi peluang dari gabungan pembangkitan dan beban di dalam jaringan distribusi
dikalkulasikan dengan menggunakan Simulasi Monte Carlo. Konjesti jaringan dievaluasi dengan berdasarkan pada
distribusi peluang dari alivan daya yang dihasilkan melalui simulasi. Metoda yang diterapkan pada makalah ini
menunjukkan bahwa pendekatan stokastik memberikan gambaran konjesti jaringan yang lebih lengkap daripada
pendekatan deterministik, terutama ketika unit-unit PLT yang dominant digunakan tidak dikendalikan secara terpusat.

Katakund: system tenaga listrik, pembangkit listrik tersebar, aliran daya, konjesti jaringan, pendekatan stokastik, simulasi

Monte Carlo.

List of Abbreviations the customers/load centers). In this‘traditiond’ way, a

power sysem condds of three pats, namey:
DES  Digribution Energy System generation, transmission, and distribution. The gene-
DG  Distributed Generation ration system converts mechanical power (that results
DLF  Deterministic Load Flow from the conversion of primary energy sources, such
MCS  Monte Carlo Smulation as. hydro power, cod, gas, etc.) into dectrica power,

the transmisson system trangports the edectricd
Introduction power over long distances to the load centres, and the

digribution system didtributes the eectrica power to
Power Balance Problem in Power Systems the customers/loads. Fig. 1 shows a schemdtic repre-
A power system is designed to supply electrica :Sl::ino[nq of this primary sructure of the power

power to the customers. Up to now, eectrica power
is generated by means of large synchronous _ _
generdors located in power plants thet are mainly /" Power systems, power production must be in

congtructed & remotesites (relatively far avay from  Palance with the consumption (plus losses that occur
in the network) at any time. Thisis due to the fact that

Note: Discussion is expected before December, 1% 2006. The electrical energy cennot be stored in Iage quantltles

proper discussion will be published in Electrical Engineering (yet).
Journal volume 7, number 1, March 2007.
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Fig.1. A Schematic representetion of the primary
dructure of apower system [6]

"Traditional’ Vertically-Operated and ’'Future
Horizontally-Operated Power Sysems

Traditiondly, the power system is operated accor-
dingly to the schematic displayed in fig. 1. Nowadays,
a lot of (rdativdy) smdl-scde generaors are
connected to the didribution network, close to the
load centers. This trend is driven by many factors
eypecidly the environmentad one These smadl
generators are indicated as Didributed Generation

(DG) [4], [3].

When the number of DG units in the power sysem
increases to a large extent, the power system can
transform from the conventiond ’vertically-operated
power sysem’ towards a future ’horizontaly-
operated power sysem’ [8]. In fig. 2, the traditiond
"verticdly operated power sysem’ (upper graph) is
compared with a ’'horizontdly operated power
sysem’ (lower graph). Note that the term ’ centraized
generators in fig. 2 corresponds to the term * Power
generation’ in fig. 1, the term ’trangmisson network’
corresponds to the term ’ Power transmission’, and the
term ’loads or 'loads and digributed generators
correspond to the term 'Power didribution’. In the
new 'horizonta’ power sysem the didribution
networks become 'active’: the power is not only
consumed but adso generated in the didribution

networks, and the direction of power flows in the
network isnot fixed any more[8g].

Centralized generators

Transmission network

Ov Ov Ov Ov

Fig.2. The traditiond 'verticaly operated power
sysem (upper graph) and the 'horizontdly
operated' power system (lower graph)

Load Flow Computations of Digributed
Energy Sysems(DES)

TheL oad Flow Computation

One of the most common studies in power systemsis
the load flow (or power flow') cdculaion. This
computation gives indght in the date of a power
sysem for a goecific deady-date sStuation, as it
computes, amongst others, the voltage a each bus
(magnitude and phase angle) and the power flow (red
and reective) in each line [2]. The load flow
computetion enables us to analyze the (seady-dete)
performance of the power sysem under various
operating conditions.

The L oad Flow Computation

Theload flow computation is the determination of the
voltage (magnitude and phase angle) a each bus of
the power sysem under specified conditions of

1 Note that in this paper both the terms ‘load flow and ‘power
flow’ are used asthey refer to the same computation
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operation (i.e. soecified power consumption of the
loads and power production & each generator). In
mathematica terms, the load flow problem is nothing
more than a system congsting of as many non-linear
equations asthere are parameters to be determined.

Solving the load flow problem garts from abtaining
the data in form of the single-line diagram of power
systems, where the transmission lines — represented
by the equivaent circuits and the numerica vauesfor
the series impedance Z and the tota line-charging
admittance Y — are used to determine al dements of
the NxN bus admittance matrix of a sysem (with N
buses), with the typica element Y;; of thismatrix is:

Y - ‘Yu ‘ £6;

ij
=[,|cos6, + j|¥,|sing,
=G, + jB,

@

where Y; is the admittance e ement between bus i and
j, which is a complex number represented in polar
coordinates via magnitude |Y; | and angle ; and in
catesan ones by G; and B; where G; , B; are the
conductance and susceptance of the eement Y. The
voltage V at atypicd busi of the sysemisgiven as

v =l
=|V|(coss, + jsing) @

and the current injected into the network at busi in
termsof thedements ¥;, of Y, isgivenas.

1, =YV +Y,V,+...+ Y,V

l N
=217, ®
n=1

Furthermore, according to this representation, the load
flow equations can be obtained as.

P=lV[G,+ ﬁ vy,

n=Ln#i

O, = B,+ 3 |71, |cos(6,+6,-5) ©

n=1,n#i

cos(0, +5,-5) (@

where P, O, ae the active and reactive power
injections a node i, G;, B; are the conductance and
susceptance of the dement Y;, of the admittance
matrix and || and & are the voltage magnitude and
angle & node i. Usng eg. 4 and eg. 5, the caculated
vauesfor the net redl power P; and reective power Q;
entering the network at typical bus i are provided.
Denoting P,; as the scheduled power being generated
a busi and P, asthe scheduled power demand of the
load a bus i, the P, as the net scheduled power
being injected in the network a bus: is defined as.

Pi ,sch
Furthermore, denoting the caculated vaue of P; by
P, 1€ads to the definition of mismatch AP; and AQ;
&

AP[ =P,sch _P

i i,cale

=P,-P, ©)

=(Py=Pu) =P ™
AQ, = Qi,sch - Qi,cazc
= (Qgi -0, ) = O cate G

Thus, mismatches occur when caculated vaues of P;
{:ﬂd Qi, |e. Pi,calc a.\d Qi,calc do not COIﬂCIde W|th the
scheduled vaues P, and Q,,. Furthermore, if the
cdculaed vaues P; ;. and Q; ... match the scheduled
vaues P, and Q. pefectly, the mismatchesAP;
and AQ; are becoming zero and the powerbadance
equations can be written as:

8i =FE—F
=R-(P,~Fy)
=0

gl =0,-0
=0, _(Qgi _Qdi)
=0

©)

(10

Each bus of a power network has two above
equations. Thus, the power flow problem is actudly
to solve eg. 4 and eg. 5, for vaues of the unknown
bus voltages that cause eg. 10 and eg. 11 to be
numericaly satisfied a each bus. If there is no
scheduled vaue P, for bus i, the mismatch P, = P,
— P, CANNOt be defined and there is no requirement
to sisfy the corresponding eg.10 in the course of
solving the power-flow problem. Similarly, if thereis
no scheduled vaue Q; ., for bus i, the mismatch O, =
Qi Oicate CaNOt be defined and there is no
requirement to satisfy the corresponding eg. 11 in the
course of solving the power-flow problem. Since eech
busi in a power sysem may be associated with four
potentidly unknown quantities, namdy:. P, O,
valtage angle &, and voltage magnitude |V, and with
a mog, tha there are two equations like eg. 10 and
eg. 11 available for each node. Thus it is practicd in
power flow study, to identify three types of busesin
the network where a each bus i, two of the four
quantities P, O, &, ad |V] are specified and the
remaining two are caculaed. These three types of
busesare:

1. Load buses, where the quantities of P; and Q; are

specified.
2. Voltage-controlled buses, where the quantities of
P, and |V}] are specified.
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3. Slack bus, where the quantities of o and |V}| are
specified.

Note that the unscheduled busvoltage magnitudes
and angles in the input data of the power-flow study
are cdled date variables or dependent variables snce
their values, which describe the gate of the systems,
depend on the quantities specified a al buses. Hence,
the power-flow problem isto determine values for dl
date variables by solving an equa number of power-
flow equations based on the input data specifications,
and because the functions P; and Q; are nonlinear
functions of the state variables i and |V}|, power-flow
cdculations employsiterative techniques.

The Newton-Rhapson Power Flow Solution

In this study the Newton Rhapson method (which is

included as atool within the PSSE software [3] that

is used during the smulaion) is arbitrarily chosen to

compute the power flow of the sysem, whose

dgorithm can beligted asthefollowing [2]:

1. Make an initid guess for the unknown voltages:
Vi, &9

2. Compute the loadflow equations as eg. (4) and eg,
(5) toobtain P, i,calc(O) and Qi,calc(O)

3. Compute the power mismeatches as

AB = R ,specified - R ,computed (ll)
AQi = Qi,speciﬁed _Qi ,computed (12)
4, ComputetheJacobimterrmof
OB . OB ‘ ‘ .
0o, a6 a\v\ o]
: Ju : : Ji :
13
o . 5P Bl [T a3
3| 9% : a\V\ Mo,
20, . 8Qz \ v ) 9
a5, a\Vz\ oy
Coy, i3,
0Oy . 00y | ‘an A 00,
| 25, 2s,|" oy ol |

Note tha AP; and AQ; of the dack bus is
undefined when P; and Q, are not schedule, since
the dack bus serves as reference for the angles of
dl other bus voltages, thus dl terms involving &
and AlV;| are omitted from the equations because
those corrections are both zero at the dack bus.

5. Solvethe corrections from the following system:

6. Add the correctionsto the previousvaue:
s =" 4 As, (15)

v " A (16)

7. Usethenew vaues 6 and |V|* as starting values
for iterdtion 2 and continue until the absolute
vaues of the corrections smaller than a predefined
vaue e

n+1)

Stochagtic DES

In the traditiona 'verticdly-operated’ power system
there are only a’smadl’ number of large centralized
generatorsthat are’ digpatchable : controllable to meet
the (predicted) demand. In the future 'horizontally—
operated’ power system, the DG units in the ‘active
digribution networks, (cdled Didributed Energy
Systems (DES) in this paper; see fig. 2: "Loads and
Digributed Generation’), are badscdly 'non-dispat-
chable'. This non-digpatchable behavior results from
the fact that certain DG units generate power from
primary energy sources with inherently stochagtic
Characterigtics, such as wind- and solar energy. But
even when DG units are in essence ‘deterministic’,
they can be customer-owned, and the owners can
decide whether the units are running or not. In both
cases the DG possesses a dochadtic generation
characteridtic, and the modeling of the system needs
to be adjugted to incorporae the stochagtic behavior
of DES for accurate load flow cdculaions. In this
paper, DES with cusomer-owned generators are
considered. The power flow solution of asystem with
this stochadic DG is computed by including the
sochagtic behavior of the parameters of the pecified
active (P,,.,) and reective (Q;.) power of each bus i
representing DES in a power system. With DG is
implemented in every load bus and moddled as a
negative load, in this dructure, each load bus (i.e.
digtribution network) contains both consumption and
generation (modelled as negative consumption) in the
deady-date dmulation. Therefore, seen from the
transmisson leve, each didribution energy system
(DES) can be represented as an aggregated load in
pardld with aggregated generation, following:

Npg

L
PDES(i) =ZP” Z Dok
=

with Npgs is the number of DES, L; is the number of

N 17

AS, AP, loads in DES i and Npg; is the number of DG
: : implemented in DES i. The Ppgy; vaue is then
AS AP (14) goplied as P, in the Newton Rhapson dgorithm
J A|V‘Z| =120, described in earlier subsection, where considering that
: : both the first and second terms of eq. 17 possess
A h,v || Lao, stochastic behavior, the Ppss;) and the corresponding

: ST P, isaso gochadtic inits characteridtic.
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Resear ch Approach
Tes Systems

In this paper, a stochastic gpproach is gpplied in the
load flow sudy of ’horizontaly-operaed power
sysgemswith DG in order to investigate the impact of
the dochadtic behavior of DES on the network
condraints (congestions). In other words: we try to
find out whether the DES due to their stochadtic
behavior cause overloads in the power sysem. To
illugtrate the method, the smple 5-bus, 7-branch, test
system (Hae network) [1] is used for the Smulations.
Fg. 3 shows the sngle line diagram of this system
and table 1 specifies the scheduled (centrdized)
generation, theload, and the network parameters.

North

South

Fig. 3the 5-bus 7-branch test system [1]

Table 1. Test sysem data[1]

High Load
cG (15% of tod pg |
time) wits |58 L, Yuf2
gPs Qw R Q pq  (10°pu) (10°pu)
2 |MW) (Mva) (MW) (Mvar)
1 |SACK - - |12 296 3
20 2 2 10 13 824 25
3 |- - 45 15 45 |23 6418 2
4 0 5 40 |24 6418 3
5 0 10 6 |25 4412 15
34 143 i
45 824 25

Smulation Scenario

To generate the samples that represent the vaues of

the load of each DES (P,;), usng MCS, the following

generd assumptions are made:

¢ theconsumptionineach DES (PL) ismodded asa
2-gate, high and low, load, where the high load is
defined as the nomind power presented in table 1
and the low load date is consdered to be 50% of
the high load Sate

e each load leve corresponds to a different time
period of consumption (time-frame), with the low-
load gate covering 85% of the total time, regarded
asatwo-levd timeframesandysis[9], and

e eaxh load a DES is following a normd
digribution, where the mean vaues u ae the
nomind 2-state load, and the standard deviations
o equa 2% and 20% respectively for high and
low loads.

Note that the MATLAB sub-routine command of Rn
= normrmd(MU,SSGMA) that generates norma
random numbers Rn with mean MU, i.e u which is
equd to either one of the nomind 2-date load,
gstandard deviation SIGMA, i.e. o which is equd to
ether 2% and 20% respectively for high and low
loads, is bascaly used to generate the MCS random
samples (10,000 samples are used in the MCSin this
paper) of the active (Pr;) and reactive (Q;;) power
demands at every load bus i, and the MATLAB
command of Rb = binornd(Nb,pb) that generates
random numbers from the binomid distribution with
parameters specified by Nb, i.e. the maximad vaue of
the random sample, Pb, i.e. p which is the probability
of the DG unit for being turned on, isbasically used to
generate the MCS random samples (10,000 samples)
of the active power output (Ppg;) a

every load busi.

Fg. 4 shows the didribution of MCS generaed
samples (10,000 samples) representing the low and
highloadsat bus2, 3,4and 5.

'S
(=]
o

w

o

o
T

Number of Samples
—_ N
o o
o o
:

(=]

o

Active (Consumed) Power [MW]

Fig.4. MCS generaed samples representing the
loads at each load bus

Furthermore, to generate the samples representing the

vaues of the aggregate DG a each DES (Ppg;), using

MCS, some generd assumptions are firsly defined as

thet:

o the DG units are customer-owned and randomly
connected to and disconnected from the power
system (based on the customers desires) [7], and

e the DG unit's output power remains condtant, &
the nomind value, when connected to the power
sysem.

Furthermore, more detail assumptions are defined as

that:

e the totd (aggregated) customer-owned DG is
dochedticdly caculated as a binomid didribution
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where each DG unit within the DS is connected to
the system with a probability p that equas 0.8,

e the DG units supply only active power (1 MW
nomina power each) and no reactive power, and

o thetotd nomind DG power in eech DS equasthe
respective high load date, so that 45, 40, and 60
DG units are connected in DES 3, 4 and 5
respectively (seetable 1).

Fg. 5 shows the didribution of MCS generated
samples (10,000 samples) representing the aggregete
DG power generation at bus 3, 4 and 5.

i .
3 1500+ ~
5
@ 1000+ i [
o i' ‘\ H \
g i “ / \
L i 1
£ VAR
=4 ,! \\
0 L 1 2 L L h 1
0 10 20 30 40 50 60 70
Active (Generated) Power [MW]

Fig. 5. MCS generated samples representing the DG
power generation at each DS (load bus)

The flowchart of the complete computation is shown

infig. 6

Set steady state parameters for load flow
program of the test system (See table 1)

v

> For 10,000 samples

v

Generate MCS random sample for load data at each load
bus using normal distribution function

v

Generate MCS random sample for DG generation data at
each load bus using binomial distribution function

v

Subtract MCS sample for DG generation data from MCS
sample for load data at each load bus to create MCS
sample for the aggregate data at each distribution system
(See equation (1))

v

‘ Run load flow computation ‘

v

‘ Record load flow computation results of each sample ‘

;

Perform statistical analysis on the load flow results and the
output distribution

v

Check any violation on the test system
(on the setting parameters)

Fig. 6. Computation to invesigate the impact of
stochastic DG on network congraints

Smulation Results

Fg. 7 shows the digribution of samples representing
the DS as seen from the trangmisson system for the
deady dae andyss when each of the MCS
generated samples representing load and DG
generation fig. 4 and fig. 5 are gpplied to eg. (17). Itis
evident from fig. 7, tha in some cases each DS
supplies podtive active power to the trangmisson
system. This occurs when the tota aggregete power
of the DG units exceedsthe load.

S
o
o

w
(=]
o

=

o

o
T

Number of Samples
N
o
o

0 dmne?” Sl I & ) -
50 -40 -30 -20 -10 0 10 20 30
Active (Consumed) Power [MW]

Fig. 7. Thenet active power consumption of the DS

In fig. 8, the negdive active (generated) power (i.e.
consumed by the dack bus) means that more power is
generated within the system than demanded by the
loads (84.6% of the samples/cases). The postive
active (generated) power (i.e. ddivered by the dack
bus) means that more power is demanded within the
system than is generaied by the DG and centrdized
generaion (154% of the samplesicases). The
traditiond verticdly operaed power sydem is
desgned for uni-directiond power flows In the
horizontally operated power sysem that we study in
this paper the probability of having a bi-directiona
power flow ishigh (84.6%).

600
0
Q2
o
£ 400-
9]
s
2200 1
[S /\
=]
z
0 L L . L
-120  -100  -80 -60 -40 20 0 20 40
Active (Generated) Power [MW/]

Fig. 8. The power ddivery from the dack bus to the
sysem

We can compare the maximum (29.8 MW) and
minimum (-100.6MW) power exchange between
dack bus and system (see fig. 8) with the maximum
and minimum vaues that result from a determinigtic
load flow cdculation, which are respectively 11.5
MW (when dl DG units are connected to test system
and the load gatusis high) and -97 MW (when 100%
of dl DG units are connected to the test system and
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the load datus is low). It is evident that conddering
only the results from the determinigtic load flow
computation may lead to a mideading concluson on
the system performance.

Fg. 9 and fig. 10 display the Satigtica distributions of
the active and complex power flows respectively in
each line of the test sysem. As acomparison, in table
2 the active and complex power flows in each linein
the base cae of the tet system (with no DG
implemented) are given.

B

&

Murmber of Samplos

Acthea Powsar AN]

Fg. 9. The gatidticd digribution of the active power
flow (inMW) ineachline.

500

.!

J-

§

o

5

= 0

; JH

;u:a h
£ B} 100 120 140 qEd
Compkx Power W]

Fg. 10. The datigticd didribution of the complex
power flow (inMVA) ineachline.

Table2. Active and complex power flows in every
line in the base test system (with no DG
implemented).

Activepower (MW) flow é line

12 13 23 24 25 34 45
HighLoad {893 245 547 66 168 17 29
Lowlod |277 135 276 28 1565 81 6.2
Complex power (MVA) flow & line

12 13 23 24 25 34 45
HighLoad |1160 450 246 278 549 196 66
LowlLod [974 235 164 169 277 102 30

Fig. 5 MCS generated samples representing the DG
power generation at each DS (load bus)

When we compare the active power flow on line 1-2
(between dack bus and system), the maximum base-
case vaue (high load: 89.3 MW) is not exceeded in
the case of the horizontally operated system; the
digribution labded 1-2 in fig. 9 is wel bdow this
vaue. However, if we compare the complex power
flow on line 1-2 (between dack bus and system), the
maximum base-case vaue (high load: 116 MW) is

Jurusan Teknik Elektro, Fakultas Teknologi Industri —

exceaded in dmog 85% of the Smulationsin the case
of the horizontaly operaed sysem (see the
digribution labeled 1-2 in fig. 10). Therefore the
resultsindicate that in the Sudied test systlem potentid
congestions can occur when the system is going to be
operated ’ horizontaly'.

Conclusons

In this pgper an example of utilizing Stochadtic
gpproach to study a problem within power system
fidd is presented, where the case of invetigating the
impact of implementing digtributed generation (DG)
on the network congtraints (congestions) is performed
by including the stochastic behavior of the DG.

The reaults show that incuding the <stochadtic
behavior of the DG give a more complete and
detailed view of the possble congedtions in the
sydem than by udng deeminigic load flow
computetions only.
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