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Abstract

For real time operation, control and security assessmemiwér system, traditional load flow
cannot be used because it operates with fixed load param&tersonsequences of variation in
injected power at the buses due to variation in load and génarcannot be accounted.

In this work, a probabilistic load flow method has been preploshich takes into account the
load variation at the buses. The variations in load, resyltus voltages and angles and in-
jected power are represented by normal distribution ancretis distribution. Linearized load
flow equation was used in a modified manner by generating ranvédues from the PDF of in-
jected active and reactive power at the buses to obtain titera values of bus voltage and its
angle. The method was applied on IEEE 14-Bus, IEEE 30-BusEEH 57-Bus systems. For
IEEE 14-Bus system, two cases have been studied. In thedsst the loads are considered as
continuous with normal distribution and in second casedhd has been considered discrete
at 9th bus while continuous at other buses. The probabiliséd flow was analysed consid-
ering varying active andor reactive load components and the performance has bebrseta
through distribution function PDF and CDF for bus voltagel amgles having minimum and
maximum deviation.
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Chapter 1

Introduction

1.1 Overview

For planning and assessment of operation of power systendaityabasis, deterministic load
flow is used. In this, the voltage and its angle at the busespamctr flows are calculated
without considering any change in load demand, power génarand network configuration.
Nowadays, renewable energy sources have lead to increméme ipower generation uncer-
tainty. Deterministic load flow doesn’t take into accountla¢se uncertainties.

Probabilistic or stochastic load flow is a suitable methadaddressing the problems of un-
certainties while planning and assessment of operatiorowep system. In this method, the
probability of bus bar voltage violating the operationahswaints, the probability of line flows

exceeding the thermal rating of the lines and probabilityasictive power injections being

in between two limits can be obtained. These are importanaggsessment of system per-
formance. In probabilistic load flow, probability densiyynictions for all the state variables
and output network variables are evaluated for obtainihthal possible ranges of load flow
resultsp].

Traditionally, in system planning the worst operating dtinds are identified first and then
corrective measures are taken to ensure safety. For timgentional load flow is applied which
for each solution assumes nodal voltage, power generatidc@nfiguration of the network to
be constant which is rarely the case in practical conditionBough this type of load flow
gives accurate results with these assumptions, if any oféhelitions change, it fails to give
accurate results. The generating units, transformers lfamdverhead lines are subjected to
forced outages. The nodal loads can’t be predicted acdyrdteus many operating conditions
can be studied giving equal weightage to each conditione®as past experience, events are
required to be identified and probability of occurrence esthevents are calculated. Statistical
parameters are used to represent past performance and fittfiormance can be predicted
using probabilistic techniques. In this method, load flowa@pns are linearized about an
expected value. Then basic input variables are transforimtedoutput probability density
functions using convolution process. Deterministic loag/fluses nonlinear equations whereas
in probabilistic load flow either linear or quadratic appro&tions of these nonlinear equations
at an expected value of input variables are ugd [



1.2 Literature Review

The literature review gives a detailed survey on the varipgroach adopted by different
authors for applying probabilistic load flow technique farious applications.

Hu and Wang 3] proposed a probabilistic load flow method in which uncettias in power
injection at the nodes and random branch outages were evadidSimulation of branch out-
ages were carried out by injecting fictitious power at theasoof the branch. For each kind of
disturbance, variation in the angle was calculated and wagared with a defined threshold
angle. Based on the comparison, variation in the desiredbrarvariables were calculated us-
ing linear equations and conventional load flow. Cumulahteese variables were calculated
and converted into moments. Finally, PDF and CDF of the béegawere calculated. The
method was found to be effective and results were compavatileMonte Carlo simulation
results. The calculation speed was much faster than MCSadeth

Dong et al. #i] worked on a.c. probabilistic load flow analysis. Load flattan, unit outages
and random branch outages were considered. The method pisdaip analyze static state
security of power system. Cumulants and Gram-CharliereSezxpansion method were used
for calculation of probability distribution of line flows dmodal voltages. The results obtained
were compared by Monte Carlo Simulation results. The resudtre found to be accurate and
calculation speed was found to be high .

Lu et al. ] proposed a probabilistic load flow method in which contimgyein the transmis-
sion network was considered. Each network configurationceasidered as a separate case
and probability density function of power flow for each cas@ be computed by applying
conditional probability for that configuration. Finallygtal probability theorem was applied
considering all the mutually exclusive events. i.e. all tieéwork configurations which have
resulted due to contingencies .

Hatziargyriou et al. §] proposed a probabilistic model to take into account vemmatn the
velocity when operating wind turbines. Probabilistic mitidg of loads, active power and
reactive power absorbed by wind turbines was done. Thetedfegind energy penetration in
distribution network was assessed.

Su [1] proposed a probabilistic load flow method which was based point estimate method.
Statistical moments were calculated for load flow solutigstribution. Using the moments,
probability density function was determined. The resulésevcomparable with Monte Carlo
Simulation results.

Villanueva et al. T] used probabilistic load flow method in which uncertainiiegpower in-
jection were studied. Probability density function of powgected by wind turbine into the
network was calculated. Then DC power flow method was used.



Aien et al. B] worked on probabilistic optimal load flow method for coatdd hybrid Wind-
Photovoltaic power systems. Modified two point estimatehoét(2 PEM) was developed
since the original 2 PEM method can’t handle correlated datevariables. The method was
found to be effective.

Siano and Mokryaniq] studied effect of integration of wind turbines with the tdilsution
systems. Monte Carlo simulation method and market-basgohalppower flow were used in
the analysis. Variation in the wind power and load demancwardelled by MCS method and
market-based OPF was used to maximize social welfare .

Fan et al. 10] proposed a PLF algorithm in which uncertainty in photoamltgeneration and
load demand was considered. Cumulant method was used. thintgin economic dispatch
was analysed. Optimization of expected value of total ca@s achieved in which probability
of overload was used as a constraint .

Sexauer and MohaghegHi]] worked on a PLF method to study the effect of uncertainty in
renewable energy generation on voltage quality in distidibousystem. Load, wind speed and
solar irradiation were modelled statistically.

Gupta fL2) worked on a Probabilistic load flow method in which uncenrtis in power injec-
tion were considered. Deterministic load flow was run at tkgeeted value of the injected
power and expected value of voltage, active and reactiveepand power loss was calculated.
Finally, probability density functions for all these desirvariables were calculated. The PDF
of reactive power at the generator buses was important éaslsessment of the capability of
maintaining the desired voltage levels.

Hatziargyriou et al. 13] applied PLF techniques to check the limit violation of \ages when
wind power penetrates into the system. The main objectitieeofvork was to find the positions
at which reactive compensation was required so that thetreomis are not violated. The
method of linearized load flow equations was used for PLF tdaton.

Usaola [L4] proposed a PLF method based on cumulants and Cornishrleispansion. Wind
power injecton was taken into consideration. Since the Pijerted power was non-gaussian
in this case,the method was found to be more effective tham&Zharlier series expansion
method .

Ruiz-Rodriguez et al.15] performed PLF by analytical technique in which combinataf
cumulant and Cornish-Fisher expansion was used. Prosi@bifnodelling of Photovoltaic
distributed generation and load was performed. Bettedteestere obtained as compared to
MCS method. Convergence was achieved in small number atibers .

Williams and Crawford 16] used Maximum entropy method and Gram-Charlier expansion
for obtaining PDFs for voltage and its angle and PDF for thegydlow.This work included
application of moments, cumulants. Linearized load flowagquns were used for genertaing



random variables for desired parameters. When the resels @gompared with that of MCS
results,the maximum entropy method was found to be moreaiecand effective .

Bracale et al. 17] performed PLF analysis of three phase unbalanced disimibsystem by
point estimate schemes. |IEEE-34 bus system was used for. stuthodified 2m+1 Hong’s
point estimate scheme was used in which moments of randoiables were calculated and
finally PDF was obtained. In this work, presence of wind wassatered. The system con-
figuration changes with variation in wind speed. Thus, dudifferent wind speeds, different
configurations are obtained and discrete distribution camnised to represent these different
system configurations.The results obtained from pointregt scheme were comparable with
MCS results .

Kong et al. L8] used Stratified Latin Hypercube sampling PLF method toysthé variation
in electric vehicle charging. The traffic pattern changeb wme so does the penetration level
of electric vehicle. Kernel density function was used torespnt the distribution of charging
electrical vehicle load.

Valverde et al. 19] worked on non-Gaussian correlated variables. Generiadlgd are either
aggregate loads or generations like wind or solar. Gaussigture distribution was used to
model non-Gaussian variables. Gaussian component cotitmmaethod was used to find
PDFs of line power flows .

Ruiz-Rodriguez et al.Z0] used probabilistic radial load flow for studying the effect distri-
bution system which is integrated with Biomass energy systeThe load and heat value or
calorific value of biomass were considered as random vasabBoth these quantities were
considered normally distributed. Cornish-Fisher expamsvas used to find quantiles of ran-
dom variable. With this method, it was possible to check & Holtages at the buses didn'’t
violate their specified limits. A discrete PSO technique wsesd to find the best positions in
the system where these Biomass energy sources could bectemne

Wu et al. R1] used Polynomial Chaos method for PLF analysis. The adgantathis method
is that non linearity of load flow equations is preserved. PhE equations are transformed into
deterministic equations. Combination of generalized RPofgial Chaos and Galerkin method
were used for the analysis.

Nimpitiwan and Chaiyabui?2] applied MCS method to check the voltage at the buses through
their CDFs. The performance of different voltage contral asactive power control schemes
were discussed. Variation in load, OLTC transformersaetre considered as a source of un-
certainty .

Cui and Franchettid3] proposed a Quasi-Monte technique for PLF analysis of tatisaribu-
tion network. This method is suitable for high dimensionlpeons and takes lesser time than
MCS method. When in distribution network, there is larggarace in load or generation, this



method has been found to be effective.

Wang et al. 24] used Gaussian Mixture model to find joint PDF of active powiére injected
power was considered as non-Gaussian. Linearized load fjoatiens and sufficent sample
of random variable which represents injected power at tisedwere used.

Ahmed et al. 5] used MCS method to study the variation in voltage and povesvdlin a
radial distribution network. Forward/Backward Sweet noeklvas used for performing deter-
ministic load flow. In this type of deterministic load flow,cédbian matrix is not required to
be constructed. Thus, this method saves time and has gowdrgence than Newton Raphson
method.

Melhorn et al. R6] proposed a PLF method for analysis of variable charginglud+n elec-
tric vehicles and household load demand. Correlation cdetiero quantities was taken into
account. Reactive power support was provided for redudiagobltage violations.

Pan et al. 27] used NR method and MCS method for analysis of islanded miaaonsid-
ering Droop controlled DGs.Both Photovoltaic system anddiaturbine were included. In an
islanded microgrid, frequency is a variable. Accordingdad, the power output is changed
by droop control. The buses connected with wind power soweare considered as PQ buses.
Loads were considered to be normally distributed. In the M@&$hod,the deterministic load
flow was run 10,000 times.

Wan et al. P8 used PLF analysis in a market based power system. CumutahGaam
charlier series expansion method were used in the analisket factors such as bidding
and dispatch process in a deregulated environment add tontextainties. In a competitive
market, scheduling of generators is not done as in case oiategl environment. Generation is
dependent on different dispatch strategies of differentganies in a competitive environment.
A considerable amount of effect of market factors on PLFItesuere found from study.

Ciapessoni et al2[9] proposed analytical method for multiterminal HYDC netWwartegration
of offshore wind power sources with AC onshore power systanmearized load flow equations
and cumulant method were used in the study.

Yuan et al. BO] applied cumulants and Gram-Charlier series expansiohoadb study a power
system integrated with wind power. This method gave be#sults than the MCS method.
Load was considered as deterministic while velocity of wivets considered as probabilistic.
Weibull distribution function was used to model variablend/ispeed.

Xu and Yan B1] used LHS method with MLR for PLF analysis of correlated shies. The
results were better than achieved by applying genetic éhgorand NORTA technique. The
time consumption also reduced.



Wang et al. 2] worked on integration of ADS with REs in which the correltencertainties
were studied using Copula function. DDC technique was usedhie PLF analysis. The
uncertainties are introduced in the ADS due to REs. PDFf@chsting error in case of load
and wind power was calculated.

Prusty and Jena@p] proposed a hybrid PLF method, in which probabilistic mdéidglof load,
photovoltaic power and uncertain ambient temperature wageeed. Sensitivity matrix was
used in the PLF analysis which was obtained from the Jacaobéarix by applying NR method.
The results were compared with those obtained from analytiethods and MCS method and
was found to be comparable.

1.3 Need and Scope of Work

The importance of probabilistic load flow lies in identifgithe possible variations in the sys-
tem due to various factors so that the performance of theesyst not compromised. All
the loads connected at the consumer work under specifiedticorsdko give their best perfor-
mance. Any change in these conditions can affect their pgdoce. Thus to take preventive
measures, it is very important to study the possible causesiation and how these can affect
the system parameters.

Many PLF techniques have been proposed to study theseigasatWith these techniques
not only variation of load but variation in generation canat&o be studied. The emergence
of integrated hybrid energy systems which include difféetgpe of energy resources like the
renewables can be easily studied by PLF analysis as deistimload flow can’t perform under
variable conditions.

The PLF techniques use pure statistical and probabilityrtiggies for analysis. Many statistical
techniques have been applied by the researchers to findrzkateurate results and many more
techniques will be used in future to achieve better results.

1.4 Obijective of the Work

The main objective of this work is to study the effect of véida in load on the bus voltage
and its angle. To apply probabilistic load flow using linead load flow equations to study
the maximum and minimum variation of bus voltage and angieutjh standard deviation and
PDF and CDF curves which is important for the system planning



1.5 Organization of Dissertation

The work can be summarized in following five chapters.

» Chapter 1 discusses overview of the problem, literature review, ctbje of work and
organization of thesis.

» Chapter 2 discusses NR method, probability density and distribuimictions, cumula-
tive density function, PLF methods, applications of pralstic load flow.

» Chapter 3 describes methodology adopted to implement probabilmtveer flow.
» chapter 4 summarizes the results and discussions.

 chapter 5summarizes conclusion and future scope of the work.



Chapter 2

Probabilistic Power Flow Analysis

2.1 Deterministic Load Flow

For operation and control of power system in steady statditions, deterministic load flow
analysis is used. In this analysis, parameters such agyeoltairrent, injected active and re-
active power, line power flows are obtained. The system $oeaa be calculated and can be
minimized by taking suitable measures.

Conventional load flow uses non linear equations. It can lpgamented using different meth-
ods such as Gauss-Seidel method, Newton Raphson methoolided and Fast Decoupled
load flow methods. In all these methods, the specified valtiesltage,angle, injected active
and reactive power are constant. Thus, variation in ingeptaver at the buses is not consid-
ered.

The results obtained from deterministic load flow are afed:
1. Voltage magnitude at the buses.

2. Phase angle of voltage.

w

. Injected Real or active power.

IN

. Injected Reactive power.

5. Power flow through the lines.

Types of Buses

The buses in a power system can be classified into followitegoaies.
1. Slack bus or Swing bus.
2. PV bus or Generator bus.

3. PQ bus or Load bus.



» Slack bus is the reference bus. In this bus, magnitude ddgeland phase angle are
specified. This bus takes into account the losses in a powseeray

* PV bus is called voltage controlled bus for which real pg®gand voltage(V) are spec-
ified. Reactive power(Q) and phase angle are to be determined

* PQ bus is called load bus at which active power(P) and reapbwer(Q) are specified.
\Voltage and angle are to be determined.

2.2 Newton Raphson Method

Newton Raphson method is the most accurate method. Eveghhbis time consuming but
convergence is guaranteed.

The power flow equations can be repesented as following.

The injected active power is computed through followingagaun.

nb
Py = ViVi[Gircos(8; — 0i) + Bixsin(0; — dy)] (2.1)
k=1
fori = 2,3, ....nb, where nb is the number of buses.
The injected reactive power of PQ buses is computed throoiggwing equation.
nb

Qi =Y ViVi[Gasin(6; — 6x) — Bixcos(5; — 0] (2.2)

k=1

fori =nv + 1,nv + 2, .....nb., where nv represents number of PV buses.

The following equation is used to update voltage and angle.

H N||A AP
0 = (2.3)
J L| [AV AQ
where Jacobian matrix is J.
H N
J:[ ] 2.4
J L

The Jacobian matrix elements can be computed by followingigons.



when: = k

H; = —Q; — B;V? (2.5)

Ny = P+ GuV?? (2.6)

Ji = P, — Gy V;? (2.7)

Li=Q; — BV (2.8)

Wheni # k

Hy = ViVi[Girgsin(d; — 6x) — Bixcos(0; — O] (2.9)

N, = ViVi|Gircos(0; — 0x,) + Bixsin(d; — )] (2.10)

Ji. = ViVi|=Gircos(6; — 0y) — Bysin(d; — oy)] (2.112)

Lix = ViVi[Gasin(d; — 0x) — Bircos(d; — )] (2.12)

The algorithm for NR method is as follows.

Step 1 Read the data for specified bus data including voltage, aagtese,reactive power at
the buses and line data including branch admittances, tapgsef tap changing trans-
formers, tolerance in convergence.

Step 2 Form the Y bus with the help of bus data and line data.
Step 3 Set iteration count as zero.
Step 4 Compute injected active and reactive power at the buseg tlsgnoad flow equations.

Step 5 Compute the mismatch in active power by the following exgpi@s

AP = Pspecified — Pcalculated. (2.13)
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Step 6 Compute the mismatch in reactive power at the buses by tlmviolg expression.

AQ = Qspeci fied — Qcalculated. (2.14)

Step 7 If the absolute value of the active and reactive power mismetless than a tolerance
value then directly calculate the slack bus active and reagiower and end the load
flow. Otherwise, proceed to following steps.

Step 8 Compute the Jacobian matrix elements and hence the Jacuohtar.
Step 9 With the help of Jacobian matrix calculate the update inagdtand angle.

Step 10 Update the angle of all the buses except the slack bus bynfiigprelation.
0; = 0; + Ad; fori = 2,3, ....nb, where nb is the number of buses.

Step 11 Update the voltage of the PQ buses by following relation.
v; = v; + Av; fori = nv + 1, nv + 2, .....nb., where nv is the number of PV buses.

Step 12 For the PQ buses,check the limits of voltage.

1. If V; is less than or equal tg,,;,, then set; asV;=V,,.;.

2. If V; is greater than or equal 14,,.. then set/; asV;=V,,,..
Step 13 For PV buses, check the limits of Reactive power.

1. If Q; is less than or equal tQ,,.;,, then set); asQ,;=Q,..in

2. If Q, is greater than or equal 19, then set); asQ,;=Q,,.qx

Step 14 If the reactive power limits are violated,convert PV bus pemarily into PQ bus and
update the voltage.

Step 15 Again start a new iteration.

Step 16 Load flow program will run until the mismatch of active and atze power is less
than the convergence value.

Step 17 Once the convergence is achieved,the slack bus active antiveepower are calcu-
lated.

2.3 Probability and Statistical Background

Random Variable

Whenever a random experiment is carried out, for each owd@neal number can be associ-
ated. Hence, from this experiment we get a set of variablésdoandom variables. Depending
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on the number of values, random variable can be classifiedliatrete and continuous random
variables. When the number of values are finite and countttsa it is called discrete random
variable otherwise it is called continuous random variable

A random variable can also be defined as a real valued functiaiich domain is taken as
the sample space of the random experiment.

Mathematical expectation or mean

If x1,29,......x,, @are random variables, then the mean or expectation can Inel foy simply
taking arithmetic average of these random variables.

Mean = =2 (2.15)

Variance

If z1,29,......;t, @re random variables, then variance can be found by thewmlip expres-

(zi — xeXp)Q

Variance = =X (2.16)
n

Standard deviation

If z1,29,......, @are random variables, then Standard deviation can be foyniebfollowing
expression.

o = Vv Variance (2.17)

whereo is the standard deviation of the random variable with ressizethe mean or expected
value.

Probability Distribution Function

The probability distribution function is defined for dist¥evariables.It can be defined by f(x)
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which can be expressed as:
P(X =x) = f(x) (2.18)

where x is a random variable.

Each value of random variable has a probability of occuresseciated with it. The sum of
the respective probability of occurences of all the vagal$ one.

Mean of Discrete distribution

If a discrete random variable is given which can take valueb ssry,z,,...... n. Thentheirre-
spective probabilities can be expresseggs;,ps,.....p,. The mean of the discrete distribution
is the sum o, x; where i varies from 1,2,3,....,n.

Mean = Zpi:cl- (2.19)

i=1

Mean is also called as expected value of the random variadlea@n be represented by E(X).
This mean is same as obtained from probability distribution

Examples of discrete distribution
The examples of discrete distribution are:
1. Binomial distribution
2. Poisson distribution
3. Uniform discrete distribution
4. Hypergeometric distribution
5. Geometric distribution
6. Multinomial distribution
7. Negative binomial distribution

» Binomial Distributiort In this distribution, random experiment is carried out enidlen-
tical conditions repeatedly. The experiment has two ougirhese are success and
failure. This type of distribution can be applied when numiferials are finite and inde-
pendent of each other. Success and failure should haveacdmsbbability in all trials.

If p is the probability of success, q is the probability ofiéa and n is number of trials
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then the mean and variance can be found as:

mean = np (2.20)

variance = npq (2.21)
Standarddeviation = vvariance (2.22)
Standarddeviation = /npq (2.23)

* Poisson Distribution This distribution can be used if number of trials is infinibe each
trial, the probability of success tends to zero. It finds egaplon when the events occur
randomly in time and space and probability that the evertagitur is very small. The
distribution function f(x) can be represented as follows.

Ae A

z!

f(x) xr=0,1,2... (2.24)

where) is a constant and is a positive quantity.

Probability Density Function

Arandom variable is defined as continuous if it can take ahyevaetween specified limits. The
probability density function is defined for continuous ales. With help of PDF, probability
of finding a random variable in a particular range can be abtai

The probability of finding a variable quantity in a particutange can be found by applying
definite integral of the PDF over the specified limits. Thiswdogive the area bounded by the
probability density curve between the limits. Hence, thgnitaide of this area would be the
required probability. This can be described by followingession.

/b f(x)dx =P (2.25)

where P is the probability of finding the random variable wtlmits a and b.

PDF is a function of continuous variable. It has followingperties.
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1. Itis always non negative,i.e
fl@)=>0 (2.26)

2. The area under the PDF curve when definite integral od PBjilsed over infinite limits
for all real values is one that is

+o00
flx)dx =1 (2.27)

—00

Mathematical expectation of a continuous variable

The mathematical expectation of a continuous random Marizn be found by the integral of
the product of random variable and PDF over infinite Iimitaiﬁlsff;o xf(z)dz where x is the
random variable and f(x) is the PDF of the continuous distidn function.

Examples of continuous distribution
Some examples of continuous distribution are as follows.
1. Normal distribution
2. Beta distribution
3. Gamma distribution
4. Kernel distribution
5. Weibull distribution
6. Rayleigh distribution
7. Uniform continuous distribution
8. Exponential distribution
9. Chi-Square distribution
10. Lognormal distribution

* Normal Distributionr De Moivre discovered normal distribution. It finds apptica
when variables are continuous.It can be considered asrgndase of Binomial dis-
tribution.
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The expression for PDF is given below.

1 e
et (2.28)

fz) =

oV 2T

wherey is the mean or expected valueis the standard deviation and f(x) represents the
PDF.

It has following properties.
1. Number of trials is infinite.
2. Probability of success and failure are not very small.
3. The PDF curve is bell shaped and is symmetric about the wighie distribution.
4. The maximum value of the PDF curve occurs at the mean value.

5. The probability density function and its curve depend @amand standard devia-
tion of the distribution.

» Beta Distribution It is a type of continuous distribution which is defined fofi@ite
range.

It's PDF can be defined as following.

[(a+ 5)

= ffaﬁffﬁﬁxafl(l__aﬁﬁ_l’ for z €0,1] (2.29)

f(z) =0, for x¢]0,1] (2.30)

Here x is a the random variable of Beta distributiorand are the shape parameters of
the distribution. Bothy andj are positive.

The meany) and variancef?) of the distribution can be expressed as follows.

(6%
h= (2.31)
o2 = ap (2.32)

(a+B)(a+F+1)

Beta Distribution is used to represent PDF of solar radaitioprobabilistic modelling
of Photovoltaic integrated systems.
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» Weibull distribution It can be defined by following expression.

flz) = ?(%)B_le( )ﬁ, for x>0 (2.33)

&8

where) is scale parameter amds shape parameter. Both of these parameters are positive
guantities. f(x) is PDF and x is random variable of Weibu#itdbution. When the value
of shape parametétis 2 then Weibull distribution becomes Rayleigh distributi

Weibull distribution finds application in probabilistic rdelling of wind velocity in wind
power integrated systems.

» Gamma distributionThe density function f(x) of Gamma distribution can be defims

follows. .
flx) = v’ ,  for x>0 (2.34)

BT (a)
f(z) =0, for x<0 (2.35)

whereT'(a) represents Gamma function. The meaand variances? are defined as
follows.

uw=ap (2.36)

o? =af? (2.37)

Cumulative Density Function

CDF signifies the probability of a random variable being I#sn a specified value. The
magnitude of CDF can vary between 0 and 1 since it is a prababilhe expression below
shows how CDF can be calculated.

/X f(z)de = CDF (2.38)

The above equation gives value of CDF which is probabiligt tandom variable x is less than
X.

17



2.4 Introduction to Probabilistic Load Flow

In system planning, it is highly important to assess possiariations in the system and their
effect. Earlier, deterministic load flow used to be applieddperation and planning but since
variation occurs in load and nowadays REs are being integjiatthe grid because of which
power injected at the buses is variable, conventional laadif§ not an effective method as due
to this variation, variation occurs in voltage, angle, te@cand active power flows, etc.

To address this issue, Borkowska first invented Probaibilisad flow. This method gener-
ally involves use of PDF of variable inputs to find the PDF of thesired output variables.
The density function helps to determine the probable loatlage , branch flows. It helps in
load forecasting, in choosing the capacity of lines whilsigieing of new transmission lines
[34].

The uncertainties in a network can be due to load variatienegator outages, branch outages
and integration of REs. The generator outages and loadtieeriean be dealt with by consid-
ering variation in injected power at the buses. When a branthge takes place, the power
network configuration changes. For using linear equatiamsilation of each line outage is
carried out. Fictitious powers are injected at both the esfdbe line. The system state can
be considered equivalent to that after the line outage wheach end of the line, the injected
powers are equivalent to powers leaving from that end .Timellsition of random branch out-
age can be done by two random power injections with norméilibligion at each branch end.
Hence, the linear equations can be used. Similarly, sinomaif multiple branch can be done

[3].

When uncertainties in load, generation and line outagesarsidered together, the bus volt-
ages may violate lower limit and due to branch outages, thartal rating of the lines may get
violated. Hence, we can identify the buses and lines whietwarak.

2.4.1 Types of Distributions Used in PLF

The probability distribution functions which can be used &pplication in PLF depend on
type of variation in the random values of the quantities. Tdals and generation may vary
differently.

The following are the types of load variatioh?).

1. Normally distributed and continuou$enerally in practical cases, when time interval
considered is short, we find continuous loads, which can peesented by normal dis-
tribution PDF.
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2. Discrete- The discrete data for loads can be represented by disdbdteThe data can
be obtained from substation data for either months or yebrghis case, the PDF is
obtained from the load duration curve. To find PDF of stateatdes,Gram -Charlier
expansion series is used. To find CDF, Cornish-Fisher expassries is used.

3. Normal and DiscreteWhen mixed loads are considered ,then both normal andatigscr
distribution are considered. In case of unavailabilityte toad data, normal distribution
is assumed.

The possible distribution functions for representing aoin in generation can be discrete,
Weibull distribution in case of wind power, Beta distrilariin case of photovoltaic power
modelling. Whereas normal distribution can be used to sateddranch outages.

2.4.2 PLF Methods

Probabilistic load flow methods can be classified into thegegories. These are Monte Carlo
Simulation, analytical method and approximate meth@8k [

* MCS methodIt uses a set of random numbers to evaluate a deterministitemin this
method, a set of values are first taken from the probabilitysitg function of random
variables and then simulation is carried out. Next, the saroeedure is carried out with
different set of values from the PDF. Hence, repeated sitiounlsiare carried out in the
same manner to get the output. Many trials are required ®sitlmulation procedure to
converge. More is the number of simulations, more is the raogu Thus, it is a time
consuming technique.

In PLF analysis, to implement MCS method, for each simuhgtibe deterministic load
flow is run with a set of random numbers generated for injeatéile and reactive power.
These random numbers can be obtained from their PDF. Thiioutput we get ran-
dom variables for the desired quantities such as voltageaagte,etc. Thus, standard
deviation of these random variables from the expected sata® be obtained. Thus,
PDF and CDF can be obtained. Generally in PLF analysis by ME®aal, 1000 simu-
lations are run for accuracy.

» Analytical methodIn this method, linearized equations are applied. It isereffective
and less time consuming than Monte Carlo simulation tealmigin these methods,
generally the expected values of desired output varialéedetermined by deterministic
load flow. Then using linearized load flow equations, the camdariables and PDF of
the desired variables are obtained.For this, determiricad flow uses expected values of
the injected power and in probabilistic load flow, the disition function of the injected
power is used to generate random variables.
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» Approximate methodS hese are unscented transformation method, Cornisleiest
pansion technique, Point estimate methods. In these m&theterministic routines are
used. These methods are not capable of providing higher mismgo, it is difficult to
obtain PDF of the output random variables. These methodsairguitable for complex
systems such as systems in which random variables areatedel

2.4.2.1 Examples of PLF Techniques

Some examples of PLF techniques are listed below.
* MCS method
* Linearized power flow equations
» Point estimate method
» Cumulant method and Gram-Charlier series expansion rdetho
» Cornish-Fisher expansion method
« Stratified Latin Hypercube Sampling method

* Polynomial Chaos method

2.4.2.2 Discussion on some PLF Methods

* Cumulant & Gram-Charlier series expansion methaal this method, the variations in
the desired output variables are calculated which can leeredat through linearized load
flow equations or any other suitable method. Then the cunsibe calculated from the
moments. Thus, from cumulants the coefficients of Gram-i&naxpansion is calcu-
lated and the PDF and CDF of the desired random variablesecabthined.

If s represents moments of order s ahdrepresents central moments of order s, then
these can be calculated by following relations.

+oo
s = /a:sf(:c)d:c (2.39)
+oo
Bs = / (x — o)’ f(z)dx (2.40)

—00

where f(x) represents PDF and x represents random variable.
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The moment generating functiar(t)can be calculate as

+oo

o(t) = /et:”f(:c)d:c (2.41)

— 00

Hence, to obtain cumulants logarithmeft) is expanded using Maclaurin’s series
- 7
logp(t) =) gt +0(t%) (2.42)
s=1

Here~, represents cumulants of order s.

The Gram-Charlier expansion is described by following ¢igua.

F(&) = co®(&) + a1®'(€) + 2@ (). (2.43)

F(€) = cop(€) + 19 (€) + 20" (€) + ... (2.44)

whereF’(¢) andf () are the PDF and CDF respectively of the normalized outplie vk
which are expanded by the above equations consisting oflatdmormal distribution
and its derivativesd?(¢) andy(&) are the PDF and CDF of standard normal distribution.

The coefficients in the expansion are calculated from cemoanents P8|&[ 30].

» Cornish-Fisher expansion methotlhrough this method, approximate quantile of CDF
in terms of quantile of the Normal distribution and cumugant CDF is obtained. It
works better for non-Gaussian PDF than Gram-Charlier sexgpansion even though
they are related to each othéd.

» Point Estimate methodd/Vith the help of these methods, statistical moments can be
calculated for a random variable which can be a function thiegione or many random
variables. The value of this random variable can be caledlah the sampled points of
these random variables. This method can be categorized @2i2#1, km+12™ Point
estimate method$p).

2.4.3 Applications of Probabilistic Load Flow

Probabilistic or stochastic load flow has diverse apploregi

* In network security and expansion.
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* It can be used to calculate reactive power requirementrnieigeor buses so as to reduce
voltage sags.

* It helps to find increment in the active power demand withatan in the loads.

* In case of distributed generation where renewable energsces are used, variation in
the power generated can be studied.

* In case of line contingencies or branch outages, PLF mdikgas to find the impact on
power flow and voltage at the buses.

» For studying the impact of variation in the wind speed in dvfiarms on the optimal
power flow.

» Assessment of voltage fluctuation for preventing oveagstrisk.

» Assessment of fluctuation in power flow to limit overloadprgbability of transmission
lines considering output variation of the generators.

» Probabilistic harmonic power flow helps to analyse the arilte of uncertain harmonic
current injected into the grid which are generated by DGsgrated with the grid and
can affect the power quality and power system operation.

» Impact of DGs on voltage quality (voltage limits, voltageKer and voltage imbalance)
of feeders.

» To study the uncertain characteristics of plug-in EV (HEiecvehicle) charging loads
integrated with the distributed networks.

» Analysis of transmission line temperature violation du@dower fluctuations.

2.4.4 Typical Applications of Probabilistic load flow

» Application of PLF when wind power is integrated with thetegs Wind speed is depen-
dent on wind speed variation. The wind speed variation carepeesented by Weibull
distribution function and Rayleigh distribution functidine power generated by the wind
turbine can be represented by a weibull distribution fuorctwhose parameters are func-
tion of the parameters of the wind speed PDF. Thus, the vamiat injected power at the
buses where wind turbine has been connected can be studegaphyng suitable PLF
method [].

* When photovoltaic source is integrated with the systknthis case, the variation in
light intensity can be represented by Beta distributiomiksirly the output photovoltaic
power injected at the buses can be represented by the Batbwdisn. Thus effect of
variation in radiation intensity on the injected power candtudied 86].The peak of

22



the injected power is mainly in the day time.The radiaticemsity varies all throughout
the day and also varies with environmental conditions. [@uknis variation, the active
power balance is effected. To prevent this, automatic geioer control and generation
dispatch strategies can be uséf]|[

Variation in load The variation in load demand leads to the variation in thected
power at the buses. The factors responsible for the vamiaie changing customer
demands, environmental conditions,type of electricaliappes, temperature. Time of
the day also influences the load demand. The load variatiobeatudied from the load
duration curve. The suitable distribution functions foadomodelling are normal and
discrete. Accordingly, the loads can be represented by tespective PDFs and CDFs
[10].

Temperature variation due to power fluctuatioWhen there is variation in power in-
jected into the system, the temperature varies and maytgitsiarmal limits. Probabilis-
tic model of line temperature due to fluctuation in power carobtained by the MCS
method B7].

When Hybrid electric vehicles are connected to the GAdlug-in hybrid electric ve-
hicle consists of a battery which charges itself from an relesource. The charging
demand,time duration of charging ,different voltage andest levels lead to uncertainty
in the system. Thus power demand of these hybrid vehicleseaapresented by PDFs
and corresponding CDF8§].

In estimating voltage unbalance in a distribution netwotkmagnitude of voltages
are different or 120 degree phase shift is not maintainedngntive three phases, then
this condition can be described as voltage unbalance. Timewmks of this unbalance
are reduced efficiency and lifetime of the equipments, aatihg of devices and losses.
Nowadays different types of loads like single phase andphate load and storage make
the unbalance more unpredictable. Distributed generatroimtegrating single phase
REs can either reduce or increase the unbalance. Hybridri€leehicles are single
phase loads which lead to unequal distribution of load persph The MCS method
can be used for PLF analysis. The N-R method can be used tm @&xgected values
of phase voltages. Random variation in power factor can leel s model the load
unbalance probabilistically. The power factor variati@n de represented by normal
distribution. This variation can be achieved by either wagyactive power or reactive
power.Hence random values of power factors can be geneusaiad their respective
distribution function. For different power factor combiiwes, load flow is run. Large
number of simulations by MCS method ensures accurate s§39)lt

In railway traction systemsThe PLF techniques can be used for analysis of variation in
power demand in electric railway traction systems. In thestems, the load demand
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varies with time, position and operating mode of the locameotTechniques like MCS

method can be used for studying the variation in load.Thetran in train position can

be represented by their PDFs. From the PLF analysis, PDF eabtained for power

demand, voltage, losses and line flows. Hence we can obtabaple values of these
guantities from their PDFs and corresponding CDA3. [

In system which is integrated with Biomass energy systkmtisis case the load and heat
value or calorific value of biomass can be considered as ran@wiables with normal
distribution. Cornish-Fisher expansion can be used to firmhtjles of random variable.
With this method, it is possible to check if the voltages atlhses violate their specified
limits. [20].
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Chapter 3

Development of Probabilistic Load Flow Solution
Method

3.1 Load Flow Equation

The basic load flow equation can be described as:

Y = f(X) (3.2)

Here Y is input random vector of injected real and reactivegrdanjections. X is state random
vector of voltage and angle.

where random vectdr” can be represented as,

P
Y = (3.2)
Q
and random vectaok is represented as,
v
X = 3.3
5 (3.3)
The load flow equation can also be represented by following&ons.
nb
k=1
fori = 2,3, ....nb, where nb is the number of buses.
nb
Qi == Z ‘/ka [szSZTL((SZ — 5k) — BikCOS((SZ‘ — 519)] (35)
k=1

fori = nv + 1,nv + 2,.....nb., where i represents the PQ bus and nv is the number of PV
buses.
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3.2 Linearization of Load Flow Equation

When load flow equation is linearized, the vector X is linead about the vectaX, which is
the vector of expected bus voltage and angle. Random vecisliivearized with respect to
Yy which is vector of expected injected active and reactivegroMatrix S which is inverse of
Jacobian matrix which is calculated with the expected abfesoltage and its angle obtained
from deterministic load flow3] and [41]. The linearization can be explained through following
deduction.

The solution of deterministic load flow can be expressed Bgang equation.

Yo = f(Xo) (3.6)

where vecton|, can be represented as,

P,
Yo=| "
Qo]
and vectorX is represented as,
-
Xo=|"
9o |

The linearization of load flow equation represented by eqnd8.1] is described below.

Linearization of load flow equations is implemented with [Bayseries. Taylor series can be
represented by following equation.

Fat Ax) = f(@) + f (2)(Az) + L ;;”)(Ag;)%f 3<!x)(m)3+ ....... +fnT(!‘C)(Ax)" 3.7)

wheref'(z) = £

Letx = 2o + Az, then from taylor series,neglecting higher order terms fttiowing expres-
sion can be obtained.

fzo+ Az) = f(x) + [ (z)(Ax) (3.8)

or

F(&) = Flao) + (o) () 39)

Now, let there are be two functiornfs(x1, z2) and fo(xq, 22)
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Thus using Taylor series, following equations can be writte

0 0
Filenas) = filer, :0) + [a—:ﬁ\mo(ml) T a—gumo(m)} (3.10)
0 0
Flon,2) = o’ 02%) + 52 o (B00) + 2 Ba)] (3.41)
f1(1’17372) _ f1(5610,l’20) i g—ﬁ\x:mlo g—ﬁ;\x:mo Aﬂh (3 12)
f2(x17 x?) fZ(xlou ZUQO) g_ﬁ‘x:l‘lo g_ﬁ‘xixgo A'TQ

Letz; = Vandzy, =46
then,

fiz1,22) = P(V,6)
fo(@1,22) = Q(V,0)

P(V,6) P(V?,8°) Elvevo Lo | |AV

_ 3.13
Qv,)| ~ Q0] | Llive Ry |20 (.49
AP = P(V,8) — P(V°, 6% (3.14)
AQ = Q(V,6) = Q(V", %) (3.15)
AP AV

ro| = [J] N (3.16)

AP
AY =Y -¥o= | (3.17)

AV
AX=X-Xo= [ (3.18)
[Y _ YO] - [J} [X _ XO] (3.19)
[AY] — M [AX] (3.20)
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[AX] — [J] B [AY} (3.21)

[J} - can be repesented l{)ﬂ] :

The matrix S is inverse of Jacobian matrix calculated at shpeeted values of voltage and
angle and is expressed@g-) |7

m:xo]

[X - XO] - [s} [AY} (3.22)
[X] - [Xo} + [S} [AY] (3.23)

3.3 Algorithm for Probabilistic Load Flow

For applying PLF, the specified values of injected power athihses are considered as their
expected values. The loads are assumed to have eitherwaumsior discrete distribution.

At first, deterministic load flow is run to obtain the expectedlies of voltage and its angle at
the buses. Following which, PLF analysis is applied. Foedtgd active and reactive power
using their expected values and standard deviation, nadisibution PDF is obtained. The
standard deviation of injected power is same as assumedtiédoads. Thus, PDF helps to
generate random values which are used to form random vetiojeoted power. Thereatfter,
the inverse of Jacobian matrix at the expected values odigeland its angle is calculated. The
vector of expected values of voltage and angle can be fornoed the results of deterministic
load flow.

Hence, by applying linearized load flow equations, randowstoreof voltage and its angle is

obtained. This process can be repeated with different sahdbm values of injected active and
reactive power. Thus, as per requirement, samples of ravaunes for voltage and its angle
can be obtained. These random values can be used for caloutdtvariance and standard

deviation with respect to the expected values for voltagkaand its angle at the buses. Finally
assuming normal distribution, PDF is obtained for voltagd angle using expected values
and standard deviation. PDF and CDF curves are plotted ®btises at which loads are
continuous. For buses with discrete loads, discrete vétuesltage and its angle are obtained
from PLF analysis and are represented by bar graphs.

The algorithm has been described below.

Step 1 Read the system data including bus data and line data.
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Step 2 Consider the specified values of injected active and reagtower as their expected
values.

Step 3 At the expected values of injected active and reactive pawerdeterministic load flow
by applying NR method.

Step4 From the deterministic load flow, expected values of voltage its angle are obtained.
Using these values, form the vects .

Step5 Form the vectolr; by the expected values of injected active power and reaptveer.

Step6 Form the S matrix by taking inverse of the jacobian matrixcoklted at the expected
values of voltage and angle obtained from the determinisaid flow.

Step7 To obtain random vector Y, form the PDF of injected active egattive power using the
expected values and standard deviation which can be takem geercent of the loads.
For this, Normal distribution is assumed as loads are ndyrdatributed.

Step8 Generate random variables for injected active and reaptiveer using Normal distri-
bution PDF to form vector Y.

Step9 Hence, using linearized load flow equation, obtain randootoreX.
Step10 The random values of voltage and angle are obtained fronow&ct

Stepll1 Repeat from Step 8 to Step 10 as many times as required toagemequisite number
of random values.

Step12 Now for both voltage and its angle, variance and standardiatier of the random
variables are calculated with respect to their respectipeeed values.

Stepl13 For buses with continuous loads, using the expected vaheestandard deviation and
assuming normal distribution, plot the PDF and CDF curves.

Step14 For buses with discrete loads, plot the bar graphs for buageland its angle.
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The flowchart describing methodology has been shown3Hig

Y

Read Bus data and
Line data

Y

Consider specified values of injected P and () as their
expected values

|

Run Deterministic load flow using NR method at the
expected values of injected P and () and obtain X,

¥

Obtain vector Yy, matrix 8, random vector Y and
apply linear equations to obtain random vector X

Y

Obtain random values of voltage and its angle from vector X

Y

Calculate variance and standard deviation of voltage and its
angle for the buses with respect to their expected values

Y

Plot PDF and CDF curves of voltage and angle for buses with
continuous loads assuming Normal distribution and bar
graph in case of discrete loads

Y

l Stop )

Figure 3.1: Flowchart of methodology

30



Chapter 4

Results and Discussions

The proposed probabilistic method was applied to 3 teseryst At first the expected values of
voltage and angle were calculated by NR method (Deterngrigd flow).Standard deviation
of the desired variables was obtained with respect to egdedlues using Probabilistic load
flow.The PLF method applied was based on analytical methathich linearized load flow
equations were used. Hence, the PDF and CDF curves weredldihe method was applied
on following 3 test systems.

* 14-Bus System
* 30-Bus System
* 57-Bus System

The method was applied in two ways.At first the, for all threst tsystems, the loads were
considered to be continuous and normally distributed. boséd case,for 14 bus system,the
load at the buses either had discrete or continuous distsibuThe deterministic load flow
analysis and PLF analysis were carried out under MATLAB emunent.

4.1 When loads are continuous

4.1.1 |EEE 14-Bus system

Matpower case-14 test system data was used for PLF andlydfss system, there were four
generator buses and nine load buses and one slack bus. Amth®ol®, reactive load was
connected. There are 20 line branches. In three of the ltapsgchanging transformers are
connected (refer to Tabk.1.1 and TableA.1.2).
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The standard IEEE 14-Bus system has been shown in the figiow &g 4.1).

(G) GENERATORS

YNCHRONOUS 12
©§0‘.\{I’EMATORS

Figure 4.1: IEEE 14-Bus System

At first deterministic load flow was run by using NR method tdai expected values of
voltage and angle. The specified values of injected actider@active power at the buses was
considered as their expected values.

Table 4.1: Deterministic load flow results for 14-bus systeith continuous loads

Bus no.| Voltage(p.u.)| angle(radians) Injected P(MW)| Injected Q(MVAI)
1 1.0600 0 232.4014 -16.4453
2 1.0450 -0.0870 18.3000 31.1949
3 1.0100 -0.2221 -94.2000 6.2831
4 1.0173 -0.1799 -47.8000 3.9000
5 1.0193 -0.1531 -7.6000 -1.6000
6 1.0700 -0.2485 -11.2000 6.1279
7 1.0604 -0.2330 0.0000 0.0000
8 1.0900 -0.2330 0 18.3226
9 1.0537 -0.2605 -29.5000 2.4000
10 1.0491 -0.2634 -9.0000 -5.8000
11 1.0560 -0.2582 -3.5000 -1.8000
12 1.0550 -0.2634 -6.1000 -1.6000
13 1.0501 -0.2648 -13.5000 -5.8000
14 1.0341 -0.2799 -14.9000 -5.0000
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After obtaining expected values of voltage and angle,thE &halysis using linear equations
was applied. Loads were considered continuous having rafistabution. About 10 percent
standard deviation was considered in both active and veggtiwer of loads.

At first, the normal PDF of injected active power and reacpeger was obtained by using

their expected values and standard deviation. From the RD&pm values were generated for
injected active and reactive power so that their randomovestformed. Now, expected vector

of injected active and reactive power is formed from thegafied values. Then, the inverse
of Jacobian matrix was calculated at the expected valuesltdge and angle. Thus using
linearized equations of power flow, random vector of voltagd angle was obtained.Hence,
standard deviation of voltage and its angle was calculd&e#.was run for 400 random values
of bus voltage and angle. Following were the results obthine

Table4.2and Table4.3show the results obtained from PLF analysis.

Table 4.2: PLF Results for voltage for 14-bus system withiiomous loads

Bus no.| Expected value(p.u.) Standard deviation
4 1.0173 0.0055
5 1.0193 0.0162
7 1.0604 0.0092
9 1.0537 0.0075
10 1.0491 0.0099
11 1.0560 0.0105
12 1.0550 0.0105
13 1.0501 0.0114
14 1.0341 0.0112

Table 4.3: PLF Results for angle for 14-bus system with caatus loads

Bus no.| Expected value(radians)Standard deviation
2 -0.0870 0.0105
3 -0.2221 0.0104
4 -0.1799 0.0106
5 -0.1531 0.0117
6 -0.2485 0.0010
7 -0.2330 0.0009
8 -0.2330 0.0007
9 -0.2605 0.0010
10 -0.2634 0.0011
11 -0.2582 0.0007
12 -0.2634 0.0006
13 -0.2648 0.0009
14 -0.2799 0.0018
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From the results of PLF analysis, it is observed that for bm$ nthe standard deviation in
voltage was maximum and it was minimum for bus no.4. The stahdeviation in bus volt-
age angle was maximum for bus no.5 and was found minimum femioul2.Based on the
results obtained from the PLF analysis, the PDF and CDF suaxe shown for the buses with
maximum and minimum standard deviation in bus voltage arsdvbliage angle.
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Figure 4.2: PDF and CDF curves of voltage for buses with marimand minimum deviation
for 14-bus system with continuous loads

From the curves (Figt.2), it can be observed that for bus no.5, the PDF has higheseval
approximately 24 at the expected value of its voltage whsch©193 p.u.. The PDF and CDF
has a non zero value within the range 0.96 p.u. to 1.08 p.ncéjeéhe bus voltage will take up

random values in this range. The voltage magnitude is miadylio take up values around its

expected value. As the random values either increase oea@seifrom expected value that is
1.0193 p.u.,the probability of occurence of these valuesadses.

For bus no.4, the PDF has highest value approximately 72atxpected value of its voltage
which is 1.0173 p.u.. The PDF and CDF has a non zero valuemwttid range 0.99 p.u. to
1.04 p.u..Hence, the bus voltage will take up random valudédsimthis range. The voltage
magnitude is most likely to take up values around its exgketdue. As the random values
either increase or decrease from expected value that i3 @1.,the probability of occurence
of these values decreases.

Thus,the PDF value for bus no.4 is higher than that for bu$ramd range of random values is
short in bus no.4 compared to bus no.5. This shows standaraktide in voltage for bus no.4
is lesser and more random values are likely to be aroundpisat&d value as compared to bus
no.5.
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Figure 4.3: PDF and CDF curves of angle for buses with maxirmochminimum deviation
for 14-bus system with continuous loads

From the curves(Figt.3), it can be observed that for bus no.5, the PDF has higheseval
approximately 34 at the expected value of its angle whicl®i$531 radians. The PDF and
CDF has a non zero value within the range -0.18 radians t8 +@dians. Hence, the angle will

take up random values within this range. The angle is moshfito take up values around its

expected value. As the random values either increase oea@seifrom expected value that is
-0.1531 radians,the probability of occurence of theseesmtiecreases.

For bus no.12, the PDF has highest value around 680 at thetexipealue of its angle which
is -0.2634 radians. The PDF and CDF has a non zero value wvifthirange -0.266 radians to
-0.261 radians. Hence, the angle will take up random valu#smthis range. The angle is
most likely to take up values around its expected value. Agd@imdom values either increase
or decrease from expected value that is -0.2634 radiangtimbility of occurence of these
values decreases.

Thus, PDF of bus no.12 is very high as compared to bus no.5, &is range of random values
of angles is short in case of bus no.12. Hence, it shows, #melatd deviation in angle is less
in case of bus no.12 and more number of random values arg liékdle around its expected
value as compared to bus no.5.
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4.1.2 |EEE 30-Bus system

The standard IEEE 30-Bus system has been shown in the figiow &g 4.4).

xl—

29

30

Figure 4.4: IEEE 30-Bus System

For the PLF analysis, the data was taken from Matpower c@sdfBthis system, there are
1 slack bus,5 generator buses, 24 load buses. There areeddréinches.Reactive loads were
connected at bus no.5 and 24. (refer to Téh2 1 and TableA.2.2).

At first deterministic load flow was run by using NR method tdai expected values of
voltage and angle.After obtaining expected values of geltand angle from deterministic load
flow, the PLF analysis was carried out to obtain standardatievi of these quantities with
respect to their expected values. In this case also, abquert@nt standard deviation in active
and reactive power of loads at the buses was consideredibbigin considered for the loads
was Normal. The PDF of injected power was used to generatioranvalues for injected active
and reactive power.Now, expected vector of injected aetnekreactive power is formed from
their specified values. The inverse of Jacobian matrix whsilzded at the expected values of
voltage and angle. Thus using linearized equations of pdieer random vector of voltage
and angle was obtained.Hence, standard deviation of vwhlag angle was calculated. PLF
was run for 400 random values of bus voltage and angle.
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Table 4.4: Deterministic load flow results for 30-bus system

Bus no.| Voltage(p.u.)| angle(radians) Injected P(MW)| Injected Q(MVAI)
1 1.0000 0 25.9738 -0.9989
2 1.0000 -0.0073 39.2700 19.2938
3 0.9831 -0.0266 -2.4000 -1.2000
4 0.9801 -0.0313 -7.6000 -1.6000
5 0.9824 -0.0325 0 0.1900
6 0.9732 -0.0396 0 0
7 0.9674 -0.0463 -22.8000 -10.9000
8 0.9606 -0.0476 -30.0000 -30.0000
9 0.9805 -0.0523 0 0
10 0.9844 -0.0589 -5.8000 -2.0000
11 0.9805 -0.0523 0 0
12 0.9855 -0.0268 -11.2000 -7.5000
13 1.0000 0.0258 37.0000 11.3527
14 0.9767 -0.0403 -6.2000 -1.6000
15 0.9802 -0.0403 -8.2000 -2.5000
16 0.9774 -0.0462 -3.5000 -1.8000
17 0.9769 -0.0592 -9.0000 -5.8000
18 0.9684 -0.0607 -3.2000 -0.9000
19 0.9653 -0.0691 -9.5000 -3.4000
20 0.9692 -0.0676 -2.2000 -0.7000
21 0.9934 -0.0609 -17.5000 -11.2000
22 1.0000 -0.0592 21.5900 39.5689
23 1.0000 -0.0277 16.0000 6.3505
24 0.9886 -0.0459 -8.7000 -6.6600
25 0.9902 -0.0295 0 0
26 0.9722 -0.0373 -3.5000 -2.3000
27 1.0000 -0.0145 26.9100 10.5400
28 0.9747 -0.0395 0 0
29 0.9796 -0.0371 -2.4000 -0.9000
30 0.9679 -0.0531 -10.6000 -1.9000

Table4.5and Table4.6 show the results obtained from PLF analysis.
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Table 4.5: PLF Results for voltage for 30-bus system

Bus no.| Expected value(p.u.) Standard deviation
3 0.9831 0.0027
4 0.9801 0.0038
5 0.9824 0.0046
6 0.9732 0.0045
7 0.9674 0.0054
8 0.9606 0.0057
9 0.9805 0.0063
10 0.9844 0.0069
11 0.9805 0.0079
12 0.9855 0.0069
14 0.9767 0.0073
15 0.9802 0.0073
16 0.9774 0.0078
17 0.9769 0.0079
18 0.9684 0.0076
19 0.9653 0.0080
20 0.9692 0.0084
21 0.9934 0.0086
24 0.9886 0.0084
25 0.9902 0.0085
26 0.9722 0.0084
28 0.9747 0.0082
29 0.9796 0.0084
30 0.9679 0.0083
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Table 4.6: PLF Results for angle for 30-bus system

Bus no.| Expected value(radiang)Standard deviation
2 -0.0073 0.0086
3 -0.0266 0.0083
4 -0.0313 0.0058
5 -0.0325 0.0099
6 -0.0396 0.0117
7 -0.0463 0.0009
8 -0.0476 0.0011
9 -0.0523 0.0011
10 -0.0589 0.0016
11 -0.0523 0.0019
12 -0.0268 0.0027
13 0.0258 0.0008
14 -0.0403 0.0005
15 -0.0403 0.0008
16 -0.0462 0.0006
17 -0.0592 0.0009
18 -0.0607 0.0006
19 -0.0691 0.0007
20 -0.0676 0.0009
21 -0.0609 0.0010
22 -0.0592 0.0013
23 -0.0277 0.0011
24 -0.0459 0.0003
25 -0.0295 0.0008
26 -0.0373 0.0006
27 -0.0145 0.0019
28 -0.0395 0.0017
29 -0.0371 0.0015
30 -0.0531 0.0028

From the results of PLF analysis, it is observed that stahdaviation in voltage is maximum
for bus no.21 and is minimum for bus no.3. The standard dewiah angle was maximum
for bus no. 6 and was minimum for bus no.24. The PDF and CDFesuior the buses with
maximum and minimum standard deviation in voltage and itgeaare shown.

39



150 T T T T T 1

bus no.21
bus no.3 0.9

bus no.21
bus no.3 |

N

o

=]
e
B

o
=
T

o
~
T T

Probability density function
Cumulative density function
o
2

o
=)
o
w
T

. . . . . . . . .
0.94 0.96 0.98 1 1.02 1.04 1.06 0.94 0.96 0.98 1 1.02 1.04 1.06
voltage in p.u. voltage in p.u.

(a) PDF curves of voltage for bus no. 21 and 3 (b) CDF curves of voltage for bus no. 21 and 3

Figure 4.5: PDF and CDF curves of voltage for buses with marirand minimum deviation
for 30-bus system

From the curves (Fig.5), it can be observed that for bus no.21, the PDF has highast va
approximately 47 at the expected value of its voltage whsdh 9934 p.u.. The PDF and CDF
has a non zero value within the range 0.96 p.u. to 1.02 p.ncéjehe bus voltage will take up

random values in this range. The voltage magnitude is miadylto take up values around its

expected value. As the random values either increase oeaseifrom expected value that is
0.9934 p.u.,the probability of occurence of these valuesadeses.

For bus no.3, the PDF has highest value approximately 14%axpected value of its voltage
which is 0.9831 p.u.. The PDF and CDF has a non zero valuemitt@ range 0.974 p.u.
to 0.993 p.u..Hence, the bus voltage will take up randomesln this range. The voltage
magnitude is most likely to take up values around its expketdue. As the random values
either increase or decrease from expected value that i8D28.,the probability of occurence
of these values decreases.

Thus,the PDF value for bus no.3 is higher than that for bulnand range of random values
is short in bus no.3 compared to bus no.21. This shows stdm#siation in voltage for bus
no.3 is lesser and more random values are likely to be ardarekpected value as compared
to bus no.21.
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Figure 4.6: PDF and CDF curves of angle for buses with maxirmochminimum deviation
for 30-bus system

From the curves (Figh.6), it can be observed that for bus no.6, the PDF has higheseval
approximately 34 at the expected value of its angle whicl®i8396 radians. The PDF and
CDF has a non zero value within the range -0.07 radians td +@dians. Hence, the angle will

take up random values within this range. The angle is moshfito take up values around its

expected value. As the random values either increase oea@seifrom expected value that is
-0.0396 radians,the probability of occurence of theseesmtiecreases.

For bus no.24, the PDF has highest value approximately 1@ @xpected value of its angle
which is -0.0459 radians. The PDF and CDF has a non zero vathewhe range -0.047
radians to -0.0449 radians. Hence, the angle will take ugaarvalues within this range. The
angle is most likely to take up values around its expectedevafs the random values either
increase or decrease from expected value that is -0.04%nsthe probability of occurence
of these values decreases.

Thus,the PDF value for bus no.24 is higher than that for bug aed range of random values is
short in bus no.24 compared to bus no.6. This shows stanéardtidn in angle for bus no.24
is lesser and more random values are likely to be aroundisat&d value as compared to bus
no.6.
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4.1.3 |EEE 57- Bus system

The standard IEEE 57-Bus system has been showr4(Fg

Ls

4
45
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I 19 mm

Figure 4.7: IEEE 57-Bus System

Matpower case-57 was used for analysis. There are 6 genbretes, 1 slack bus and 50 load
buses in the system. There are 80 line branches in the syReacttive loads were connected
at bus no.18,25 and 53. Tap changing transformers were ctathim 15 line branches (refer
to TableA.3.1and TableA.3.2). .

At first deterministic load flow was run by using NR method tdamh expected values of
voltage and angle.The expected values obtained were udbd RLF analysis to obtain the
distribution of voltage and angle. Both active and readtiaels were considered to be normally
distributed with standard deviation of about 10 percent PBF of injected power was used to
generate random values for injected active and reactivepdiius using linearized equations
of power flow, random vector of voltage and angle was obtaiRédr was run for 400 random
values of bus voltage and angle. The following were the tesidtained.
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Table 4.7: Deterministic load flow results for 57-bus system

Bus no.| Voltage(p.u.)] angle(radians) Injected P(MW)| Injected Q(MVAr)
1 1.0400 0 423.6455 111.8218
2 1.0100 -0.0207 -3.0000 -88.7553
3 0.9850 -0.1045 -1.0000 -21.9521
4 0.9808 -0.1281 0 0
5 0.9765 -0.1492 -13.0000 -4.0000
6 0.9800 -0.1514 -75.0000 -1.2374
7 0.9843 -0.1327 0 0
8 1.0050 -0.0782 300.0000 39.9391
9 0.9800 -0.1673 -121.0000 -23.9248
10 0.9863 -0.1998 -5.0000 -2.0000
11 0.9740 -0.1779 0 0
12 1.0150 -0.1827 -67.0000 104.5693
13 0.9789 -0.1711 -18.0000 -2.3000
14 0.9702 -0.1632 -10.5000 -5.3000
15 0.9881 -0.1255 -22.0000 -5.0000
16 1.0134 -0.1546 -43.0000 -3.0000
17 1.0175 -0.0942 -42.0000 -8.0000
18 1.0006 -0.2047 -27.2000 0.2000
19 0.9702 -0.2309 -3.3000 -0.6000
20 0.9639 -0.2347 -2.3000 -1.0000
21 1.0087 -0.2257 0 0
22 1.0099 -0.2247 0 0
23 1.0085 -0.2259 -6.3000 -2.1000
24 0.9998 -0.2322 0 0
25 0.9840 -0.3173 -6.3000 2.7000
26 0.9593 -0.2268 0 0
27 0.9819 -0.2010 -9.3000 -0.5000
28 0.9970 -0.1830 -4.6000 -2.3000
29 1.0105 -0.1706 -17.0000 -2.6000
30 0.9641 -0.3268 -3.6000 -1.8000
31 0.9372 -0.3382 -5.8000 -2.9000
32 0.9507 -0.3229 -1.6000 -0.8000
33 0.9484 -0.3236 -3.8000 -1.9000
34 0.9595 -0.2470 0 0
35 0.9665 -0.2427 -6.0000 -3.0000
36 0.9761 -0.2380 0 0
37 0.9851 -0.2347 0 0
38 1.0130 -0.2223 -14.0000 -7
39 0.9830 -0.2355 0 0
40 0.9730 -0.2384 0 0
41 0.9963 -0.2457 -6.3000 -3.0000
42 0.9666 -0.2711 -7.1000 -4.4000
43 1.0096 -0.1982 -2.0000 -1.0000
44 1.0169 -0.2069 -12.0000 -1.8000
45 1.0361 -0.1618 0 0
46 1.0599 -0.1940 0 0.0001
47 1.0334 -0.2184 -29.7000 -11.6000
48 1.0275 -0.2201 0 0
49 1.0363 -0.2258 -18.0000 -8.5000
50 1.0234 -0.2341 -21.0000 -10.5000
51 1.0523 -0.2187 -18.0000 -5.3000
52 0.9811 -0.2010 -4.9000 -2.2000
53 0.9719 -0.2143 -20.0000 -3.7000
54 0.9969 -0.2046 -4.1000 -1.4000
55 1.0310 -0.1885 -6.8000 -3.4000
56 0.9685 -0.2804 -7.6000 -2.2000
57 0.9650 -0.2895 -6.7000 -2.0000
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Table4.8and Table4.9show the results obtained from PLF analysis.

Table 4.8: PLF Results for voltage for 57-bus system

Bus no.| Expected value(p.u.) Standard deviation
4 0.9808 0.0030
5 0.9765 0.0124
7 0.9843 0.0154
10 0.9863 0.0201
11 0.9740 0.0224
13 0.9789 0.0247
14 0.9702 0.0268
15 0.9881 0.0254
16 1.0134 0.0254
17 1.0175 0.0227
18 1.0006 0.0276
19 0.9702 0.0209
20 0.9639 0.0178
21 1.0087 0.0134
22 1.0099 0.0200
23 1.0085 0.0106
24 0.9998 0.0175
25 0.9840 0.0179
26 0.9593 0.0181
27 0.9819 0.0189
28 0.9970 0.0191
29 1.0105 0.0192
30 0.9641 0.0209
31 0.9372 0.0214
32 0.9507 0.0212
33 0.9484 0.0233
34 0.9595 0.0240
35 0.9665 0.0245
36 0.9761 0.0215
37 0.9851 0.0216
38 1.0130 0.0208
39 0.9830 0.0208
40 0.9730 0.0195
41 0.9963 0.0194
42 0.9666 0.0194
43 1.0096 0.0193
a4 1.0169 0.0189
45 1.0361 0.0194
46 1.0599 0.0195
a7 1.0334 0.0223
48 1.0275 0.0220
49 1.0363 0.0226
50 1.0234 0.0178
51 1.0523 0.0152
52 0.9811 0.0184
53 0.9719 0.0190
54 0.9969 0.0191
55 1.0310 0.0204
56 0.9685 0.0224
57 0.9650 0.0249
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Table 4.9: PLF Results for angle for 57-bus system

Bus no.| Expected value(radians)Standard deviation
2 -0.0207 0.0250
3 -0.1045 0.0255
4 -0.1281 0.0253
5 -0.1492 0.0254
6 -0.1514 0.0216
7 -0.1327 0.0214
8 -0.0782 0.0003
9 -0.1673 0.0004
10 -0.1998 0.0004
11 -0.1779 0.0007
12 -0.1827 0.0005
13 -0.1711 0.0006
14 -0.1632 0.0009
15 -0.1255 0.0006
16 -0.1546 0.0012
17 -0.0942 0.0015
18 -0.2047 0.0010
19 -0.2309 0.0015
20 -0.2347 0.0018
21 -0.2257 0.0017
22 -0.2247 0.0017
23 -0.2259 0.0017
24 -0.2322 0.0022
25 -0.3173 0.0041
26 -0.2268 0.0021
27 -0.2010 0.0015
28 -0.1830 0.0010
29 -0.1706 0.0008
30 -0.3268 0.0047
31 -0.3382 0.0059
32 -0.3229 0.0046
33 -0.3236 0.0047
34 -0.2470 0.0029
35 -0.2427 0.0027
36 -0.2380 0.0024
37 -0.2347 0.0022
38 -0.2223 0.0017
39 -0.2355 0.0022
40 -0.2384 0.0024
41 -0.2457 0.0018
42 -0.2711 0.0031
43 -0.1982 0.0008
44 -0.2069 0.0014
45 -0.1618 0.0007
46 -0.1940 0.0012
47 -0.2184 0.0019
48 -0.2201 0.0017
49 -0.2258 0.0016
50 -0.2341 0.0023
51 -0.2187 0.0012
52 -0.2010 0.0028
53 -0.2143 0.0038
54 -0.2046 0.0021
55 -0.1885 0.0005
56 -0.2804 0.0029
57 -0.2895 0.0032
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From the results of PLF analysis, it is observed that stahdeviation in voltage was maximum
for bus n0.18 and was minimum in bus no.4. The standard deniat angle was maximum

for bus no.3 and was minimum for bus no.8. The PDF and CDF swaxeshown for the buses
with maximum and minimum standard deviation in angle andags.
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Figure 4.8: PDF and CDF curves of voltage for buses with marimand minimum deviation
for 57-bus system

From the curves (Fig.8), it can be observed that for bus no.18, the PDF has highbkst 14
at the expected value of its voltage which is 1.0006 p.u.. FB& and CDF has a non zero
value within the range 0.9 p.u. to 1.1 p.u..Hence, the busgelwill take up random values in
this range. The voltage magnitude is most likely to take upasaround its expected value.
As the random values either increase or decrease from @deatue that is 1.0006 p.u.,the
probability of occurence of these values decreases.

For bus no.4, the PDF has highest value 130 at the expecteel ofits voltage which is 0.9808
p.u.. The PDF and CDF has a non zero value within the ranggoOu970 0.993 p.u..Hence, the
bus voltage will take up random values in this range. Theagatmagnitude is most likely to
take up values around its expected value. As the randomsyaltreer increase or decrease from
expected value that is 0.9808 p.u.,the probability of oecoe of these values decreases.

Thus,the PDF value for bus no.4 is higher than that for bus&and range of random values
is short in bus no.4 compared to bus no.18. This shows stdmi#siation in voltage for bus
no.4 is lesser and more random values are likely to be ardarekpected value as compared
to bus no.18.
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Figure 4.9: PDF and CDF curves of angle for buses with maxirmochminimum deviation
for 57-bus system

From the curves (Figt.9), it can be observed that for bus no.3, the PDF has higheseval
approximately 15.9 at the expected value of its angle wiscl0.i1045 radians. The PDF and
CDF has a non zero value within the range -0.15 radians t& +@dians. Hence, the angle will

take up random values within this range. The angle is moshfito take up values around its

expected value. As the random values either increase oea@seifrom expected value that is
-0.1045 radians, the probability of occurence of theseestlecreases.

For bus no.8, the PDF has highest value approximately 138 axpected value of its angle
which is -0.0782 radians. The PDF and CDF has a non zero vathenwhe range -0.0793
radians to -0.0773 radians. Hence, the angle will take ugaervalues within this range. The
angle is most likely to take up values around its expectedevafs the random values either
increase or decrease from expected value that is -0.07&nhsathe probability of occurence
of these values decreases.

Thus,the PDF value for bus no.8 is higher than that for bu3 and range of random values is
short in bus no.8 compared to bus no.3. This shows standaiatida in angle for bus no.8 is
lesser and more random values are likely to be around itsceegp@alue as compared to bus
no.3.
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4.2 When loads are continuous and discrete

4.2.1 |EEE 14-Bus system

IEEE 14 bus system data was taken.In this system, the lohe &th bus was considered with
discrete distribution while load at all other buses havenlmmmsidered as normally distributed.
(refer to TableA.4.1, TableA.4.2andA.4.3).

4.2.1.1 \Variation in both active and reactive power of loads

In this case, variation in both active and reactive loads easidered.The data has been re-
ferred in the appendix. At first deterministic load flow was fallowing NR method to obtain
expected values of voltage and its angle at the buses. Hobjowere the results obtained.

Table 4.10: Deterministic load flow results for 14-bus systth continuous and discrete
loads with varying active and reactive power

Bus no.| Voltage(p.u.)| angle(radians) Injected P(MW)| Injected Q(MVAr)
1 1.0600 0 232.4014 -16.4453
2 1.0450 -0.0870 18.3000 31.1949
3 1.0100 -0.2221 -94.2000 6.2831
4 1.0173 -0.1799 -47.8000 3.9000
5 1.0193 -0.1531 -7.6000 -1.6000
6 1.0700 -0.2485 -11.2000 6.1279
7 1.0604 -0.2330 0.0000 0.0000
8 1.0900 -0.2330 0 18.3226
9 1.0537 -0.2605 -29.5000 2.4000
10 1.0491 -0.2634 -9.0000 -5.8000
11 1.0560 -0.2582 -3.5000 -1.8000
12 1.0550 -0.2634 -6.1000 -1.6000
13 1.0501 -0.2648 -13.5000 -5.8000
14 1.0341 -0.2799 -14.9000 -5.0000

Hence, PLF analysis was applied through linearized load éiguations to study the variation
in voltage and angle due to variation in load. Ta#ldé1l and Table4.12 show the results
obtained from PLF analysis.
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Table 4.11: PLF Results for voltage for 14-bus system withtiooious and discrete loads with
varying active and reactive power

Bus no.| Expected value(p.u.) standard deviation
4 1.0173 0.0181
5 1.0193 0.0353
7 1.0604 0.0346
9 1.0537 0.0334
10 1.0491 0.0786
11 1.0560 0.0620
12 1.0550 0.0620
13 1.0501 0.0764
14 1.0341 0.0826

Table 4.12: PLF Results for angle for 14-bus system withioaous and discrete loads with
varying active and reactive power

Bus no.| Expected value(radiang)standard deviation
2 -0.0870 0.0937
3 -0.2221 0.0857
4 -0.1799 0.0781
5 -0.1531 0.0884
6 -0.2485 0.0073
7 -0.2330 0.0067
8 -0.2330 0.0126
9 -0.2605 0.0245
10 -0.2634 0.0267
11 -0.2582 0.0217
12 -0.2634 0.0273
13 -0.2648 0.0164
14 -0.2799 0.0383

From the results of PLF analysis, it is observed that stahdaviation in voltage is maximum
for bus no.14 and is minimum for bus no.4. The standard dewiah angle was maximum
for bus no. 2 and was minimum for bus no.7. The PDF and CDF suimethe buses with

maximum and minimum standard deviation in voltage and itgeaare shown.
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Figure 4.10: PDF and CDF curves of voltage for buses with maxrn and minimum deviation
for 14-bus system with continuous and discrete loads withing active & reactive power

From the curves (Fig¢.10), it can be observed that for bus no.14, the PDF has highast va
4.9 at the expected value of its voltage which is 1.0341 gle PDF and CDF have non zero
value within the range 0.8 p.u. to 1.3 p.u..Hence, the busgelwill take up random values in
this range. The voltage magnitude is most likely to take upasaround its expected value.
As the random values either increase or decrease from @dpeatue that is 1.0341 p.u.,the
probability of occurence of these values decreases.

For bus no.4, the PDF has highest value 23 at the expecteel ofits voltage which is 1.0173
p.u.. The PDF and CDF has a non zero value within the range@w@6to 1.08 p.u..Hence,
the bus voltage will take up random values in this range. Tdl@age magnitude is most likely
to take up values around its expected value. As the randonesaither increase or decrease
from expected value that is 1.0173 p.u.,the probabilitycfusence of these values decreases.
Thus,the PDF value for bus no.4 is higher than that for bus4hand range of random values
is short in bus no.4 compared to bus no.14. This shows stdmt#siation in voltage for bus
no.4 is lesser and more random values are likely to be ardarekpected value as compared
to bus no.14.
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Figure 4.11: PDF and CDF curves of angle for buses with masiraod minimum deviation
for 14-bus system with continuous and discrete loads withing active & reactive power

From the curves (Fig.11), it can be observed that for bus no.2, the PDF has highesé val
approximately 4.3 at the expected value of its angle whicl®.@8870 radians. The PDF and
CDF has a non zero value within the range -0.3 radians to @diama. Hence, the angle will
take up random values within this range. The angle is moshfito take up values around its
expected value. As the random values either increase oea@seifrom expected value that is
-0.0870 radians,the probability of occurence of theseesmtiecreases.

For bus no.7, the PDF has highest value approximately 5%agxpected value of its angle
which is -0.2330 radians. The PDF and CDF has a non zero vaillnwhe range -0.26
radians to -0.21 radians. Hence, the angle will take up nandalues within this range. The
angle is most likely to take up values around its expectedevafs the random values either
increase or decrease from expected value that is -0.23%nhsthe probability of occurence
of these values decreases.

Thus,the PDF value for bus no.7 is higher than that for bu2 aond range of random values is
short in bus no.7 compared to bus no.2. This shows standaiatida in angle for bus no.7 is
lesser and more random values are likely to be around itsceegp@alue as compared to bus
no.2.

The load at 9th bus had discrete distribution. Hence, thegkbawh plots are shown for bus
voltage and its angle (Fig.12.
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Figure 4.12: Bargraph plot of bus voltage and its angle fartm 9 for 14-bus system with
continuous and discrete loads with varying active & reacpewer

The empirical CDF plot for voltage and angle for 9th bus a@sh(Fig4.13.
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Figure 4.13: Empirical CDF plot of bus voltage and its angleldfus no.9 for 14-bus system
with continuous and discrete loads with varying active &cteg power

The bar graphs show one bar for each discrete random valudtafje and angle respectively.

The empirical CDF plots show the cumulative distributiondtion for the discrete voltage and
angle.

The results obtained in the above analysis were comparée tesults in42] which are shown
below. This PLF analysis was carried out using three diffetgpes of formulations in which
linearized load flow equations were used. Thus standardtens were obtained from the 3
formulations are represented by , 02, 03 .
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Table 4.13: PLF Results for voltage

Bus no. ol o2 o3
4 0.0009| 0.0020| 0.0009
5 0.0005| 0.0016| 0.0005
7 0.0025| 0.0029| 0.0027
9 0.0050| 0.0052| 0.0052
10 0.0042| 0.0044| 0.0044
11 0.0022| 0.0023| 0.0023
12 0.0005| 0.0007| 0.0005
13 0.0010| 0.0012| 0.0010
14 0.0033| 0.0037| 0.0034

Table 4.14: PLF Results for angle

Bus no.| ol o2 o3
2 0.44| 0.44| 0.41

3 0.99| 1.00| 0.92

4 0.71| 0.69| 0.66

5 0.59| 0.58]| 0.56

6 0.84| 0.85| 0.84

7

8

9

0.99| 0.98| 0.96
0.99| 0.98| 0.96
1.17| 1.15| 1.16
10 1.11)1.10| 1.10
11 0.98| 0.97| 0.97
12 0.87| 0.88| 0.88
13 0.91|0.91| 0.90
14 1.08| 1.06| 1.06

It is observed that in these results (refer to Tabl&3 and Table4.14) in case of voltage,
maximum standard deviation was in 9th bus and was minimun2ih fus. In case of angle,
the maximum, standard deviation was observed in 9th bus amdm standard deviation was
observed in bus no.2. For all the buses, standard deviatieoltage is less and it is more in
case of angle when compared to the results which had beeimetbia the present work(refer
to Table4.11and Table4.12).
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4.2.1.2 Variation in only active power of the continuous lods and in both active and
reactive power of discrete load

In this case, variation in only active power of the loads wassidered for buses with con-
tinuous loads. The data has been referred in the appendtkisialata, standard deviation of
injected reactive power was considered to be zero. At firgrdenistic load flow was run fol-
lowing NR method to obtain expected values of voltage andritge at the buses.Hence, PLF
analysis was applied through linearized load flow equattorstudy the variation in voltage
and angle due to variation in active power requirement ofl.loBollowing were the results
obtained.

Table 4.15: Deterministic load flow results for 14-bus systeith continuous and discrete
loads with varying active power of continuous loads

Bus no.| Voltage(p.u.)| angle(radians) Injected P(MW)| Injected Q(MVAI)
1 1.0600 0 232.4014 -16.4453
2 1.0450 -0.0870 18.3000 31.1949
3 1.0100 -0.2221 -94.2000 6.2831
4 1.0173 -0.1799 -47.8000 3.9000
5 1.0193 -0.1531 -7.6000 -1.6000
6 1.0700 -0.2485 -11.2000 6.1279
7 1.0604 -0.2330 0.0000 0.0000
8 1.0900 -0.2330 0 18.3226
9 1.0537 -0.2605 -29.5000 2.4000
10 1.0491 -0.2634 -9.0000 -5.8000
11 1.0560 -0.2582 -3.5000 -1.8000
12 1.0550 -0.2634 -6.1000 -1.6000
13 1.0501 -0.2648 -13.5000 -5.8000
14 1.0341 -0.2799 -14.9000 -5.0000

Table 4.16: PLF Results for voltage for 14-bus system withtionious and discrete loads with
varying active power of continuous loads

Bus no.| Expected value(p.u.) Standard deviatiomn
4 1.0173 0.0180
5 1.0193 0.0351
7 1.0604 0.0347
9 1.0537 0.0333
10 1.0491 0.0775
11 1.0560 0.0623
12 1.0550 0.0623
13 1.0501 0.0766
14 1.0341 0.0826
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Table 4.17: PLF Results for angle for 14-bus system withiooous and discrete loads with
varying active power of continuous loads

Bus no.| Expected value(radiang)Standard deviation
2 -0.0870 0.0927
3 -0.2221 0.0923
4 -0.1799 0.0822
5 -0.1531 0.0942
6 -0.2485 0.0058
7 -0.2330 0.0061
8 -0.2330 0.0091
9 -0.2605 0.0179
10 -0.2634 0.0157
11 -0.2582 0.0114
12 -0.2634 0.0112
13 -0.2648 0.0052
14 -0.2799 0.0152

From the results of PLF analysis, it is observed that stahdaviation in voltage is maximum
for bus no.14 and is minimum for bus no.4. The standard dewan angle was maximum
for bus no. 5 and was minimum for bus no.13. The PDF and CDFesuiar the buses with
maximum and minimum standard deviation in voltage and itgeaare shown.

PDF and CDF curves of voltage for bus no.14 are shown.
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Figure 4.14: PDF and CDF curves of voltage for buses with marn and minimum deviation
for 14-bus system with continuous and discrete loads withing active of continuous loads

From the curves (Fig.14), it can be observed that for bus no.14, the PDF has high&st va
4.8 at the expected value of its voltage which is 1.0341 glee PDF and CDF have non zero
value within the range 0.8 p.u. to 1.3 p.u..Hence, the busgelwill take up random values in
this range. The voltage magnitude is most likely to take Upesaround its expected value.
As the random values either increase or decrease from @dpeatue that is 1.0341 p.u.,the
probability of occurence of these values decreases.
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For bus no.4, the PDF has highest value 23 at the expecteel ohits voltage which is 1.0173
p.u.. The PDF and CDF have non zero value within the range 195to 1.08 p.u..Hence,
the bus voltage will take up random values in this range. Tdiage magnitude is most likely
to take up values around its expected value. As the randonesaither increase or decrease
from expected value that is 1.0173 p.u.,the probabilityatfusence of these values decreases.
Thus,the PDF value for bus no.4 is higher than that for bussand range of random values
is short in bus no.4 compared to bus no.14. This shows stdr#siation in voltage for bus
no.4 is lesser and more random values are likely to be ardarekpected value as compared
to bus no.14.
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Figure 4.15: PDF and CDF curves of angle for buses with maxirand minimum deviation
for 14-bus system with continuous and discrete loads withing active power of continuous
loads

From the curves (Fig.15), it can be observed that for bus no.5, the PDF has higheseéval
approximately 4.3 at the expected value of its angle whicl®.i$531 radians. The PDF and
CDF has a non zero value within the range -0.4 radians to diama. Hence, the angle will
take up random values within this range. The angle is moshfito take up values around its
expected value. As the random values either increase oeaseifrom expected value that is
-0.1531 radians,the probability of occurence of theseesmtiecreases.

For bus no.13, the PDF has highest value approximately #@adxpected value of its angle
which is -0.2648 radians. The PDF and CDF has a non zero vathewthe range -0.285
radians to -0.245 radians. Hence, the angle will take uparmealues within this range. The
angle is most likely to take up values around its expectedevafs the random values either
increase or decrease from expected value that is -0.264&hsathe probability of occurence
of these values decreases. Thus,the PDF value for bus mohi@her than that for bus no.5
and range of random values is short in bus no.13 comparedstodb. This shows standard
deviation in angle for bus no.13 is lesser and more randonegadre likely to be around its
expected value as compared to bus no.5.

56



The load at 9th bus had discrete distribution. Hence, thegkbawh plots are shown for bus
voltage and its angle (Fig.16).
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(a) Bar graph plot for voltage at bus no.9 (b) Bar graph plot for angle at bus no.9

Figure 4.16: Bargraph plot of bus voltage and its angle fartm 9 for 14-bus system with
continuous and discrete loads with varying active poweroaotiouous loads

The empirical CDF plot for voltage and angle for 9th bus a@sh(Fig4.17).

Empirical CDF Empirical CDF

[N

<}
©

o

©

o
©

o

©

o
~

°

3

4
)
o
)
T

Empirical CDF
o o
~ -
Empirical CDF
o
ol

o
IS
T

o
w

o

w

o
N

I

N

o
=

o

[

1.04 1.06 1.08 11 112 1.14 -0.285 -0.28 -0.275 -0.27 -0.265 -0.26
voltage in p.u. angle in radians

(a) Empirical CDF plot for voltage at bus no.9 (b) Empirical CDF plot for angle at bus no.9

Figure 4.17: Empirical CDF plot of bus voltage and its angleldfus no.9 for 14-bus system
with continuous and discrete loads with varying active pogfeontinuous loads

The bar graphs show one bar for each discrete random valugtafje and angle respectively.
The empirical CDF plots show the cumulative distributiondtion for the discrete voltage and
angle.
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4.2.1.3 \Variation in only reactive power of continuous load and in both active and re-
active power of discrete load

In this case, variation in only reactive power of the loads wansidered for buses with con-
tinuous loads. The data has been referred in the appendtkisinlata, standard deviation of
injected reactive power was considered to be zero. At firgrdenistic load flow was run fol-

lowing NR method to obtain expected values of voltage andritfle at the buses. Following

were the results obtained.

Table 4.18: Deterministic load flow results for 14-bus systth continuous and discrete
loads with varying reactive power of continuous loads

Bus no.| Voltage(p.u.)| angle(radians) Injected P(MW)| Injected Q(MVAr)
1 1.0600 0 232.4014 -16.4453
2 1.0450 -0.0870 18.3000 31.1949
3 1.0100 -0.2221 -94.2000 6.2831
4 1.0173 -0.1799 -47.8000 3.9000
5 1.0193 -0.1531 -7.6000 -1.6000
6 1.0700 -0.2485 -11.2000 6.1279
7 1.0604 -0.2330 0.0000 0.0000
8 1.0900 -0.2330 0 18.3226
9 1.0537 -0.2605 -29.5000 2.4000
10 1.0491 -0.2634 -9.0000 -5.8000
11 1.0560 -0.2582 -3.5000 -1.8000
12 1.0550 -0.2634 -6.1000 -1.6000
13 1.0501 -0.2648 -13.5000 -5.8000
14 1.0341 -0.2799 -14.9000 -5.0000

Hence, PLF analysis was applied through linearized load éiguations to study the variation

in voltage and angle due to variation in reactive power neguent of load.

Table 4.19: PLF Results for voltage for 14-bus system withtiooious and discrete loads with
varying reactive power of continuous loads

Bus no.| Expected value(p.u.) Standard deviation
4 1.0173 0.0040
5 1.0193 0.0068
7 1.0604 0.0087
9 1.0537 0.0075
10 1.0491 0.0131
11 1.0560 0.0172
12 1.0550 0.0172
13 1.0501 0.0215
14 1.0341 0.0204
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Table 4.20: PLF Results for angle for 14-bus system withiooous and discrete loads with
varying reactive power of continuous loads

Bus no.| Expected value(radiang)Standard deviation
2 -0.0870 0.0176
3 -0.2221 0.0196
4 -0.1799 0.0155
5 -0.1531 0.0224
6 -0.2485 0.0061
7 -0.2330 0.0037
8 -0.2330 0.0090
9 -0.2605 0.0170
10 -0.2634 0.0150
11 -0.2582 0.0153
12 -0.2634 0.0136
13 -0.2648 0.0063
14 -0.2799 0.0162

From the results of PLF analysis, it is observed that stahdaviation in voltage is maximum
for bus no.13 and is minimum for bus no.4. The standard dewiah angle was maximum
for bus no. 5 and was minimum for bus no.7. The PDF and CDF euimethe buses with
maximum and minimum standard deviation in voltage and itgeaare shown.

PDF and CDF curves of voltage for bus no.13 are shown.
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Figure 4.18: PDF and CDF curves of voltage for buses with mari and minimum
deviation for 14-bus system with continuous and discregedowith varying reactive power of
continuous loads

From the curves (Fig¢.18), it can be observed that for bus no.13, the PDF has highast va
19 at the expected value of its voltage which is 1.0501 p.hhe FDF and CDF have non zero
value within the range 0.97 p.u. to 1.13 p.u..Hence, the bltage will take up random values
in this range. The voltage magnitude is most likely to takealpes around its expected value.
As the random values either increase or decrease from edpeatue that is 1.0501 p.u.,the
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probability of occurence of these values decreases.

For bus no.4, the PDF has highest value 100 at the expecteel ofits voltage which is 1.0173
p.u.. The PDF and CDF have non zero value within the range.1tp.11.035 p.u..Hence, the
bus voltage will take up random values in this range. Theag@tmagnitude is most likely
to take up values around its expected value. As the randonesaither increase or decrease
from expected value that is 1.0173 p.u.,the probabilityefusence of these values decreases.
Thus,the PDF value for bus no.4 is higher than that for bus3and range of random values
is short in bus no.4 compared to bus no.13. This shows stdr#siation in voltage for bus
no.4 is lesser and more random values are likely to be ardarekpected value as compared
to bus no.13.
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Figure 4.19: PDF and CDF curves of angle for buses with mamirand minimum deviation
for 14-bus system with continuous and discrete loads withing reactive power of
continuous loads

From the curves (Fig.19), it can be observed that for bus no.5, the PDF has higheseéval
approximately 17.9 at the expected value of its angle wtsci®i1531 radians. The PDF and
CDF has a non zero value within the range -0.23 radians t@ +@dians. Hence, the angle will

take up random values within this range. The angle is moshfito take up values around its

expected value. As the random values either increase oeaseifrom expected value that is
-0.1531 radians,the probability of occurence of theseesmtiecreases.

For bus no.7, the PDF has highest value approximately 1lieatxpected value of its angle
which is -0.2330 radians. The PDF and CDF has a non zero valhimthe range -0.24 radians
to -0.07 radians. Hence, the angle will take up random vali#sn this range. The angle is
most likely to take up values around its expected value. Agd@imdom values either increase
or decrease from expected value that is -0.2330 radiangtimbility of occurence of these
values decreases. Thus,the PDF value for bus no.7 is higaerthat for bus no.5 and range
of random values is short in bus no.7 compared to bus no.s siuws standard deviation in
angle for bus no.7 is lesser and more random values are liddg around its expected value
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as compared to bus no.5.

The load at 9th bus had discrete distribution. Hence, Heheehar graph plots are shown for
bus voltage and its angle (Fiy20.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 -0.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0
voltage in p.u. angle in radians

(a) Bar graph plot for voltage at bus no.9 (b) Bar graph plot for angle at bus no.9

Figure 4.20: Bargraph plot of bus voltage and its angle farim9 for 14-bus system with
continuous and discrete loads with varying reactive poweoatinuous loads

The empirical CDF plot for voltage and angle for 9th bus a@sh(Fig4.21).
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Figure 4.21: Empirical CDF plot of bus voltage and its angleldfus no.9 for 14-bus system
with continuous and discrete loads with varying reactiverg@oof continuous loads

The bar graphs show one bar for each discrete random valudtafje and angle respectively.
The empirical CDF plots show the cumulative distributiondtion for the discrete voltage and
angle.
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Chapter 5

Conclusions and Future scope

5.1 Conclusions

It can be concluded that if there is variation in the injectéetive and reactive power at the
buses,then it results into the variation in the bus voltagkits angle. The Probability density
function obtained from the standard deviation with respedhe expected value shows this
variation in the bus voltage and its angle. The buses for e PDF value as observed from
the PDF curves at the expected values of the voltage andgdte aras very less compared to
other buses, indicated that variation was maximum at that Bhe PDF and CDF curves can
be used to check the probability of bus voltage and its angkny specified range. Hence,
most probable range of bus voltage and its angle can be foundTdhus, measures can be
taken to check this variation so that equipments connedtéliedoad end are least affected.
Reactive power compensation can be provided at the busashigh voltage variation for
voltage correction.

From the results the following can be concluded.

1. In 14-bus system when loads had continuous distributi@ximum variation in voltage
was found in 5th bus. The variation in bus voltage angle wss alaximum in case of
5th bus.

2. In 30-bus system loads had continuous distribution atian in voltage was maximum
for bus no.21 and variation in angle was maximum for bus no.6.

3. In 57-bus system loads had continuous distribution, #reation of voltage was maxi-
mum for bus no.18 and variation of bus voltage angle was maxirior bus no.3.

4. In 14-bus system, when load at one bus had discrete distniband at other buses had
continuous distribution,following are the conclusionstfiree cases.

(a) When variation in both active and reactive power of loas wonsidered, varia-
tion in voltage was maximum for bus no.14 and variation in\mitage angle was
maximum in case of bus no.2.

(b) When variation was considered in only active power fartswous loads and both
active and reactive power for discrete loads, variationoltage was maximum for
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bus no.14 having same magnitude of standard deviation assircéise and varia-
tion in bus voltage angle was maximum for bus no.5 with maglatof standard
deviation slightly higher than in first case where it was maxin for bus no.2

(c) When variation was considered in only reactive powerdantinuous loads and
both active and reactive power for discrete load, variatioroltage was maximum
for bus no.13 with magnitude of standard deviation lessan th above two cases
where it was maximum for 14th bus. Variation in bus voltagglamvas maximum
for bus no.5 but the magnitude of standard deviation wagtabsn the first two
cases.

5.2 Scope for Future Work

In future the following work is possible.

1. The results obtained from linearized model can be condpaith Monte Carlo Simula-
tion method.

2. The probabilistic load flow analysis can be extended togeasystem having FACTS
devices.

3. Some of the buses can be connected to renewable souraesrgy ke wind and solar.
Thus, variation in bus voltage and its angle can be studiddrenewable energy system.
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Appendix

The bus types which have been used in the data for differenspstems are represented as

following.

1. Type 1is the slack bus.

2. Type 2 is the PV bus or generator bus.

3. Type 3is the PQ bus or load bus.

A.1 |EEE 14-Bus system data for continuous loads
Table A.1.1: Bus data for IEEE 14-bus system
Bus no.| Type | Voltage(p.u.)| Angle(radians) Injec.P(MW) | Injec. Q(MVAR)

1 1 1.06 0 0 0
2 2 1.045 0 18.3 -12.70
3 2 1.010 0 -94.20 -19
4 3 1 0 -47.80 3.90
5 3 1 0 -7.60 -1.60
6 2 1.070 0 -11.20 -7.50
7 3 1 0 0 0
8 2 1.090 0 0 0
9 3 1 0 -29.5 2.4
10 3 1 0 -9.00 -5.80
11 3 1 0 -3.50 -1.80
12 3 1 0 -6.10 -1.60
13 3 1 0 -13.50 -5.80
14 3 1 0 -14.90 -5

68




Table A.1.2: Line data for IEEE 14-bus system

From bus| To bus| R(p.u.) | X(p.u.) | B(p.u.) | tap setting
1 2 0.01938| 0.05917| 0.0528 1
1 5 0.05403| 0.22304| 0.0492 1
2 3 0.04699| 0.19797| 0.0438 1
2 4 0.05811| 0.17632| 0.034 1
2 5 0.05695| 0.17388| 0.0346 1
3 4 0.06701| 0.17103| 0.0128 1
4 5 0.01335| 0.04211| O 1
4 7 0 0.20912| O 0.978
4 9 0 0.55618| O 0.969
5 6 0 0.25202| O 0.932
6 11 | 0.09498| 0.19890| O 1
6 12 | 0.12291] 0.25581| O 1
6 13 | 0.06615| 0.13027 O 1
7 8 0 0.17615] O 1
7 9 0 0.11001] O 1
9 10 | 0.03181| 0.08450, O 1
9 14 | 0.12711| 0.27038] O 1
10 11 | 0.08205| 0.19207 O 1
12 13 | 0.22092| 0.19988| O 1
13 14 | 0.17093| 0.34802| O 1
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A.2 |EEE 30-Bus system data for continuous loads
Table A.2.1: Bus data for IEEE 30-bus system

Bus | Type | Voltage | Angle P gen. Pload Qgen Qload G B
no. (p.u.) (radians)| (MW) (MW) (MVAR) | (MVAR)

1 1 1 0 23.54 0 0 0 0 0
2 2 1 0 60.97 21.7 0 12.7 0 0
3 3 1 0 0 2.4 0 1.2 0 0
4 3 1 0 0 7.6 0 1.6 0 0
5 3 1 0 0 0 0 0 0 0.19
6 3 1 0 0 0 0 0 0 0
7 3 1 0 0 22.8 0 10.9 0 0
8 3 1 0 0 30 0 30 0 0
9 3 1 0 0 0 0 0 0 0
10 3 1 0 0 5.8 0 2 0 0
11 3 1 0 0 0 0 0 0 0
12 3 1 0 0 11.2 0 7.5 0 0
13 2 1 0 37 0 0 0 0 0
14 3 1 0 0 6.2 0 1.6 0 0
15 3 1 0 0 8.2 0 2.5 0 0
16 3 1 0 0 3.5 0 1.8 0 0
17 3 1 0 0 9 0 5.8 0 0
18 3 1 0 0 3.2 0 0.9 0 0
19 3 1 0 0 9.5 0 3.4 0 0
20 3 1 0 0 2.2 0 0.7 0 0
21 3 1 0 0 175 0 11.2 0 0
22 2 1 0 21.59 0 0 0 0 0
23 2 1 0 19.2 3.2 0 1.6 0 0
24 3 1 0 0 8.7 0 6.7 0 0.04
25 3 1 0 0 0 0 0 0 0
26 3 1 0 0 3.5 0 2.3 0 0
27 2 1 0 26.91 0 0 0 0 0
28 3 1 0 0 0 0 0 0 0
29 3 1 0 0 2.4 0 0.9 0 0
30 3 1 0 0 10.6 0 1.9 0 0
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Table A.2.2: Line data for IEEE 30-bus system for continuloasis

From bus| To bus| R(p.u.)| X(p.u.) | B(p.u.) | tap setting
1 2 0.02 0.06 0.03 1
1 3 0.05 0.19 0.02 1
2 4 0.06 0.17 0.02 1
3 4 0.01 0.04 0 1
2 5 0.05 0.2 0.02 1
2 6 0.06 0.18 0.02 1
4 6 0.01 0.04 0 1
5 7 0.05 0.12 0.01 1
6 7 0.03 0.08 0.01 1
6 8 0.01 0.04 0 1
6 9 0 0.21 0 1
6 10 0 0.56 0 1
9 11 0 0.21 0 1
9 10 0 0.11 0 1
4 12 0 0.26 0 1
12 13 0 0.14 0 1
12 14 0.12 0.26 0 1
12 15 0.07 0.13 0 1
12 16 0.09 0.2 0 1
14 15 0.22 0.2 0 1
16 17 0.08 0.19 0 1
15 18 0.11 0.22 0 1
18 19 0.06 0.13 0 1
19 20 0.03 0.07 0 1
10 20 0.09 0.21 0 1
10 17 0.03 0.08 0 1
10 21 0.03 0.07 0 1
10 22 0.07 0.15 0 1
21 22 0.01 0.02 0 1
15 23 0.1 0.2 0 1
22 24 0.12 0.18 0 1
23 24 0.13 0.27 0 1
24 25 0.19 0.33 0 1
25 26 0.25 0.38 0 1
25 27 0.11 0.21 0 1
28 27 0 0.4 0 1
27 29 0.22 0.42 0 1
27 30 0.32 0.6 0 1
29 30 0.24 0.45 0 1
8 28 0.06 0.2 0.02 1
6 28 0.02 0.06 0.01 1
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A.3 |EEE 57-Bus system data for continuous loads
Table A.3.1: Bus data for IEEE 57-bus system for continuoasl$

Bus | Type | Voltage | Angle P gen. Pload Qgen Qload G B
no. (p.u.) (radians)| (MW) (MW) (MVAR) | (MVAR)

1 1 1.04 0 0 55 0 17 0 0
2 2 1.01 0 0 3 0 88 0 0
3 2 0.985 0 40 41 0 21 0 0
4 3 1 0 0 0 0 0 0 0
5 3 1 0 0 13 0 4 0 0
6 2 0.98 0 0 75 0 2 0 0
7 3 1 0 0 0 0 0 0 0
8 2 1.005 0 450 150 0 22 0 0
9 2 0.98 0 0 121 0 26 0 0
10 3 1 0 0 5 0 2 0 0
11 3 1 0 0 0 0 0 0 0
12 2 1.015 0 310 377 0 24 0 0
13 3 1 0 0 18 0 2.3 0 0
14 3 1 0 0 10.5 0 5.3 0 0
15 3 1 0 0 22 0 5 0 0
16 3 1 0 0 43 0 3 0 0
17 3 1 0 0 42 0 8 0 0
18 3 1 0 0 27.2 0 9.8 0 10
19 3 1 0 0 3.3 0 0.6 0 0
20 3 1 0 0 2.3 0 1 0 0
21 3 1 0 0 0 0 0 0 0
22 3 1 0 0 0 0 0 0 0
23 3 1 0 0 6.3 0 2.1 0 0
24 3 1 0 0 0 0 0 0 0
25 3 1 0 0 6.3 0 3.2 0 5.9
26 3 1 0 0 0 0 0 0 0
27 3 1 0 0 9.3 0 0.5 0 0
28 3 1 0 0 4.6 0 2.3 0 0
29 3 1 0 0 17 0 2.6 0 0
30 3 1 0 0 3.6 0 1.8 0 0
31 3 1 0 0 5.8 0 2.9 0 0
32 3 1 0 0 1.6 0 0.8 0 0
33 3 1 0 0 3.8 0 1.9 0 0
34 3 1 0 0 0 0 0 0 0
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Table A.3.2: Line data for IEEE 57-bus system for continuloasis

From bus| To bus| R(p.u.)| X(p.u.) | B(p.u.) | tap setting
1 2 0.0083| 0.028 | 0.129 1
2 3 0.0298| 0.085 | 0.0818 1
3 4 0.0112| 0.0366| 0.038 1
4 5 0.0625| 0.132 | 0.0258 1
4 6 0.043 | 0.148 | 0.0348 1
6 7 0.02 | 0.102 | 0.0276 1
6 8 0.0339| 0.173 | 0.047 1
8 9 0.0099| 0.0505| 0.0548 1
9 10 | 0.0369| 0.1679| 0.044 1
9 11 | 0.0258| 0.0848| 0.0218 1
9 12 | 0.0648| 0.295 | 0.0772 1
9 13 | 0.0481| 0.158 | 0.0406 1
13 14 | 0.0132| 0.0434| 0.011 1
13 15 | 0.0269| 0.0869| 0.023 1
1 15 | 0.0178| 0.091 | 0.0988 1
1 16 | 0.0454| 0.206 | 0.0546 1
1 17 | 0.0238| 0.108 | 0.0286 1
3 15 | 0.0162| 0.053 | 0.0544 1
4 18 0 0.555 0 0.97
4 18 0 0.43 0 0.978
5 6 0.0302| 0.0641| 0.0124 1
7 8 0.0139| 0.0712| 0.0194 1
10 12 | 0.0277| 0.1262| 0.0328 1
11 13 | 0.0223| 0.0732| 0.0188 1
12 13 | 0.0178| 0.058 | 0.0604 1
12 16 0.018 | 0.0813| 0.0216 1
12 17 | 0.0397| 0.179 | 0.0476 1
4 15 | 0.0171| 0.0547| 0.0148 1
18 19 0.461 | 0.685 0 1
19 20 0.283 | 0.434 0 1
21 20 0 0.7767 0 1.043
21 22 | 0.0736| 0.117 0 1
22 23 | 0.0099| 0.0152 0 1
23 24 0.166 | 0.256 | 0.0084 1
24 25 0 1.182 0 1
24 25 0 1.23 0 1
24 26 0 0.0473 0 1.043
26 27 0.165 | 0.254 0 1
27 28 | 0.0618| 0.0954 0 1
28 29 | 0.0418| 0.0587 0 1
7 29 0 0.0648 0 0.967
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From bus| To bus| R(p.u.)| X(p.u.) | B(p.u.) | tap setting
25 30 0.135 | 0.202 0 1
30 31 0.326 | 0.497 0 1
31 32 0.507 | 0.755 0 1
32 33 | 0.0392| 0.036 0 1
34 32 0 0.953 0 0.975
34 35 0.052 | 0.078 | 0.0032 1
35 36 0.043 | 0.0537| 0.0016 1
36 37 0.029 | 0.0366 0 1
37 38 | 0.0651| 0.1009| 0.002 1
37 39 | 0.0239| 0.0379 0 1
36 40 0.03 | 0.0466 0 1
22 38 | 0.0192| 0.0295 0 1
11 41 0 0.749 0 0.955
41 42 0.207 | 0.352 0 1
41 43 0 0.412 0 1
38 44 | 0.0289| 0.0585| 0.002 1
15 45 0 0.1042 0 0.955
14 46 0 0.0735 0 0.9
46 47 0.023 | 0.068 | 0.0032 1
47 48 | 0.0182| 0.0233 0 1
48 49 | 0.0834| 0.129 | 0.0048 1
49 50 | 0.0801| 0.128 0 1
50 51 | 0.1386| 0.22 0 1
10 51 0 0.0712 0 0.93
13 49 0 0.191 0 0.895
29 52 0.1442| 0.187 0 1
52 53 | 0.0762| 0.0984 0 1
53 54 | 0.1878| 0.232 0 1
54 55 | 0.1732| 0.2265 0 1
11 43 0 0.153 0 0.958
44 45 0.0624| 0.1242| 0.004 1
40 56 0 1.195 0 0.958
56 41 0.553 | 0.549 0 1
56 42 | 0.2125| 0.354 0 1
39 57 0 1.355 0 0.98
57 56 0.174 | 0.26 0 1
38 49 0.115 | 0.177 | 0.003 1
38 48 | 0.0312| 0.0482 0 1
9 55 0 0.1205 0 0.94
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A4

The following data for IEEE-14 bus was taken frod2].

Table A.4.1: Bus data for IEEE 14-bus system

IEEE 14-Bus system data for continuous & discrete loads

Bus no.| Type | Voltage(p.u.)| Angle(radians) Injec.P(MW) | P() | Injec.Q(MVAR) | Q(o)
1 1 1.06 0 0 0 0 0
2 2 1.045 0 18.3 9 -12.70 9.2
3 2 1.010 0 -94.20 10 -19 10.5
4 3 1 0 -47.80 11 3.90 9.7
5 3 1 0 -7.60 5 -1.60 5
6 2 1.070 0 -11.20 6 -7.50 6.3
7 3 1 0 0 0 0 0
8 2 1.090 0 0 0 0 0
9 3 1 0 -29.5 7.74 2.4 19.5
10 3 1 0 -9.00 10 -5.80 10
11 3 1 0 -3.50 9.50 -1.80 9.5
12 3 1 0 -6.10 7.60 -1.60 8.6
13 3 1 0 -13.50 10.50 -5.80 9.5
14 3 1 0 -14.90 8.60 -5 8.6

Bus data for 9th bus which is connected to discrete load has Bhown in the table be-
low which contains discrete data for injected active andtrea power. It is a load bus(PQ
bus),hence the voltage was assumed to be 1 p.u. for applyatyflow and bus angle was
assumed to be 0O radian.

Table A.4.2: Bus data of 9th bus for IEEE 14-bus system

Injec.P(MW) | Injec.Q(MVAR)
-13.4 -7.5
-19.6 -11.0
-30.2 -17.0
-34.8 -19.6
-37.3 -21.0
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Table A.4.3: Line data for IEEE 14-bus system

From bus| To bus| R(p.u.) | X(p.u.) | B(p.u.) | tap setting
1 2 0.01938| 0.05917| 0.0528 1
1 5 0.05403| 0.22304| 0.0492 1
2 3 0.04699| 0.19797| 0.0438 1
2 4 0.05811| 0.17632| 0.034 1
2 5 0.05695| 0.17388| 0.0346 1
3 4 0.06701| 0.17103| 0.0128 1
4 5 0.01335| 0.04211| O 1
4 7 0 0.20912| O 0.978
4 9 0 0.55618| O 0.969
5 6 0 0.25202| O 0.932
6 11 | 0.09498| 0.19890| O 1
6 12 | 0.12291] 0.25581| O 1
6 13 | 0.06615| 0.13027 O 1
7 8 0 0.17615] O 1
7 9 0 0.11001] O 1
9 10 | 0.03181| 0.08450, O 1
9 14 | 0.12711| 0.27038] O 1
10 11 | 0.08205| 0.19207 O 1
12 13 | 0.22092| 0.19988| O 1
13 14 | 0.17093| 0.34802| O 1
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