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ABSTRACT

PERFORMANCE IMPROVEMENT FOR SITUATIONAL AWARENESS
AND RESTORATION OF DISTRIBUTION SYSTEMS

Yilmaz, Ugur Can
Master of Science, Electrical and Electronic Engineering
Supervisor: Assoc. Prof. Murat Gol

June 2021, 84 pages

Electricity has a crucial role in modern life, and its absence may cause catastrophic
complications. Restoration of distribution systems requires an efficient decision
support mechanism as well as an accurate real-time operation. Considering the
utmost importance of fast restoration of the distribution system to provide
uninterrupted electricity, a decision support mechanism is required to employ an
efficient analysis of the system. Therefore, it is crucial to analyze the system in a fast
manner. This thesis presents a computationally efficient partitioning method using a
novel numeric algorithm to detect the ring structure in order to conduct the required
analyses in a fast manner. Moreover, to improve the situational awareness during the
restoration, a situational awareness tool is developed. The tool uses received
measurements from the energized sections to estimate the observable states and to
update unreliable load/generation forecasts/profiles. The proposed tool employs
three-phase Least Absolute Values (LAV) estimator with a linearized measurement
function to improve the computational performance without loss of accuracy
significantly. Finally, the proposed situational awareness tool uses an efficient power
flow formulation based on the well-known forward/backward sweep algorithm to

detect any infeasible restoration strategy.



Keywords: Distribution System Restoration, Three-Phase State Estimation,
Situational Awareness Tool, Forward/Backward Power Flow, Detection of Ring

Structure
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0z

DAGITIM SEBEKESININ AYAGA KALDIRILMASI VE DURUMSAL
FARKINDALIK ARACLARININ PERFORMANSININ GELISTIRILMESI

Yilmaz, Ugur Can
Yiksek Lisans, Elektrik ve Elektronik Miithendisligi
Tez Yoneticisi: Dog. Dr. Murat Gol

Haziran 2021, 84 sayfa

Elektrik modern yasam i¢in hayati bir ihtiya¢ olmakla birlikte yoklugunda biiyiik
zorluklarla karsilagilabilinmektedir. Bir dagitim sebekesinin ayaga kaldirilabilmesi
icin hizli calisan bir karar destek mekanizmasi ile birlikte hata pay1 diisiik gercek
zamanlt operasyon gerekmektedir. Dagitim sebekesinin hizli sekilde ayaga
kaldirilmast elektrik kesintisi siiresini en aza indirmek icin biiyilk 6nem teskil
etmektedir. Bu sebeple karar destek mekanizmasinda kullanilan sistem analizinin
hizli olmasi da kritik 6neme sahiptir. Bu tez ¢alismasinda, 6zgiin ve sayisal halka
yap1 algilama algoritmasi kullanilarak sebekenin boliinmesi ile bahsedilen analizler
hizlandirilmigtir. Dahasi, ayaga kaldirma iglemi boyunca durumsal farkindaligi
arttirmak icin sistemi gergek zamanli olarak izleyen bir ara¢ gelistirilmistir. Bu aragta
sahadaki enerjilendirilmis kisimdan gelen ol¢limleri isleyerek en olasi sistem
degiskenlerini kestiren ve ayrica giivenilirligi diisiik olan yik ve tiiketim
tahminlerini de guncelleyen bir durum kestirim algoritmas: bulunmaktadir. En
Kiiciik Mutlak Degerler metoduyla gelistirilen durum kestirim algoritmasi 6l¢iim
fonksiyonlariin lineerizasyonu ile hizlandirilmistir. Son olarak, bahsedilen gercek
zamanli izleme araci verimli bir yiik akis analizi kullanarak uygulanmasi miimkiin

olmayan ayaga kaldirma stratejilerini belirlemektedir.
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Anahtar Kelimeler: Dagitim Sebekesi Ayaga Kaldirma, Ug Faz Durum Kestirimi,
Durumsal Farkindalik Araglari, ileri Geri Yiik Akis1 Analizi, Halka Yap1 Algilama
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CHAPTER 1

INTRODUCTION

Electricity has a crucial role in modern life, and its absence may cause catastrophic
complications. The main objective of the power distribution system operators is to
provide uninterrupted and stable electricity to its customers. Although power
distribution networks are designed and maintained to prevent interruption in the
electricity service, partial or full blackouts are unavoidable considering
extraordinary situations, e.g., disasters, faults, etc. When the electricity supply is
interrupted by an unexpected cause, it is imperative to restore the power distribution
network in a fast manner. A restoration problem can be formulated as a multi-
objective, multi-stage, combinatorial, nonlinear, and constrained optimization

problem [1].

Although there are comprehensive studies in the transmission system restoration,
restoration of the distribution systems has some research gaps. To better understand
the difference in the transmission and distribution system restorations, the
divergence in the characteristic of those systems should be investigated. Distribution
systems differ from transmission networks due to the lack of measurements, the
number of buses, unbalanced loads and structure, lack of transposition, and high R/X
ratio. The size of the system in the distribution networks may be thousands of buses
which makes the system analysis computationally expensive. In addition to that, the
situational awareness for the distribution system requires a tool that is capable of
processing three-phase measurements considering the unbalanced variables, being
robust against bad (biased) data considering the lack of measurements, preventing
the ill-conditioning considering high R/X ratio in the flow analysis. To address the
given complications, this thesis proposes an efficient partitioning method and an



improved situational awareness tool to be utilized in the distribution system
restoration. The overall restoration procedure is shown in the flow chart given in
Figure 1.1. The contribution of this work is presented in two modules which are
shown in green in the flow chart. The first module, partitioning of distribution system
topology, is developed to improve the computational performance of the restoration
process. The second module, the situational awareness tool, is developed to monitor
the system in real-time using field measurements and to conduct a feasibility analysis
for the given restoration strategies using the available generation and load

forecasts/profiles.

Update Restoration

Strategy
NO
(~ system | Partitioning Restoration Real-Time Suational YES End
'\\ Topology / Method Decision Process Operation Tool

i Field
N Measurement /

Figure 1.1. The flow chart of the restoration procedure.

Although the synthesis of the restoration strategy is out of the scope of this thesis,
the factor causing the computational complexity should be highlighted to understand
the proposed method better. The restoration strategy of a fully radial structure is
straightforward such that buses are tried to be energized in a sequential order starting
from the source side. However, when ring structures are considered, there are more
than one restoration path to energize the buses. Thus, by partitioning the system into
ring and radial structured buses, the restoration strategy can be developed separately.
Therefore, a novel partitioning algorithm is proposed in this thesis to improve the

performance of the restoration process.



The situational awareness tool for the distribution system during the restoration is
the second module of the proposed methodology. The distribution system is not fully
observable due to the lack of measurements, hence unreliable forecasts and profiles
have to be utilized to maintain system observability. The reliable real-time three-
phase measurements gathered from the energized part of the field and unreliable
forecasts/profiles of the un-energized part should be both processed to execute power
analysis methods so that the electrical constraints can be included in the restoration

optimization problem.

In this thesis, the research gaps related to the inclusion of the electrical constraints
and the computational performance are addressed. A novel numeric analysis to detect
ring and radial structures is proposed to improve the computational time of the
restoration by partitioning the system. Furthermore, a situational awareness tool is
developed to improve the situational awareness. This tool utilizes a state estimator
to process the real-time measurements gathered from the energized section of the
field and to estimate the most likely system states, i.e., bus voltage magnitudes and
phase angles. An efficient power flow method is also employed to analyze the whole

system using load and generation forecasts/profiles.

1.1 Problem Definition

While the restoration methodology of the transmission networks has been
comprehensively studied by various researchers [2]-[4], there are still some research
gaps to be addressed in the distribution system restoration considering the lack of
proper monitoring, the number of buses with domain-specific topology, and the
tendency of unbalanced operation of distribution networks [5]-[7].

In this thesis, a generic performance improvement of the restoration and situational
awareness for the distribution system is the main focus; in addition, situational
awareness for the distribution system exposed to a disaster is also considered. After

a disaster, the unbalanced operation may be significantly noticeable compared to the



normal operation. The restoration of a distribution system is studied by various
researchers [8]-[10]. Even the restoration of undamaged networks requires
systematic policy, restoration of the power networks exposed to a disaster may be
challenging. Ref. [8] propose a restoration method to guide the field crew however,
electrical constraints are not included in the problem formulation. In [9], a
probabilistic approach to the restoration procedure is proposed. [10] enriches [9] by
including electrical constraints using power flow. The given methods are offline
methods such that the restoration action set is determined once, and it is not updated

with the real-time measurements gathered from the energized sections.

The restoration strategy of a fully radial structure is straightforward such that buses
are tried to be energized in a sequential order starting from the source side. However,
when ring structures are considered, there are more than one restoration path to
energize all buses. The combinatorial nature of the problem is caused by the
numerous 0-1 variables corresponding to the switching devices. In addition, the
majority of a distribution network infrastructure is radial structured. If the restoration
strategy for the radial structured and ring structured parts of the system are developed
separately, the computational performance would be improved significantly.
Therefore, an efficient method to detect ring and radial structured sections should be
utilized in the restoration process.

Consider three different configurations of the distribution system topology given in
Figure 1.2. While the topology given in Figure 1.2a shows a radial structure with
connection to the transmission network, Figure 1.2b and Figure 1.2c shows ring
structured configurations. In Figure 1.2b, intuitively ring structured branches can be
observed while in Figure 1.2c the corresponding branches constitute a ring structure
since transmission network connection is assumed to be an infinite source. In the
partition algorithm, it is important to detect both ring structures given in Figure 1.2b

and Figure 1.2c.
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Figure 1.2. Various configuration of the distribution system topology

Conventionally, graph theoretic methods have been widely utilized to identify the
topology of a power system [11]. However, as the size of the power systems
increases, those studies lose the feasibility to analyze the system in a reasonable time.
With the developments in renewable sources and electrical vehicles, real-time
monitoring and control of the distribution system became essential in recent years.
Thereby, there are various studies on topology analysis of distribution systems [12]-
[14]. Considering the size of the distribution network can be up to thousands of
buses, the given graph based methods are not capable of analyzing the system in a
reasonable time. While [15] proposes reduced computational complexity of the
topology identification, they have been employed in small-sized systems, and the
performance of the proposed method on a real-sized distribution system is not given.

Once the restoration strategy is obtained, the real-time operation takes place to
energize the buses. During the real-time operation, real-time monitoring of the
system is critical to observe the system states, i.e., bus voltage magnitudes and phase
angles. The bus voltage magnitude limitations and power flow limitations should be

satisfied in the distribution system. Bus voltage magnitudes should be in the limits



of 0.95-1.05 pu, and power flows should be lower than the maximum power flow

capacity of the corresponding line.

In the energized sections of the system, three-phase reliable measurements are
obtained by SCADA devices. On the other hand, distribution systems suffer from
the lack of measurements. To maintain full system observability, pseudo injection
measurements are inserted using load and generation forecasts/profiles. Unlike real-
time measurements, forecasts and profiles are unreliable, and they can be even more
biased in the distribution systems exposed to an unexpected situation. Considering
the available measurements, the situational awareness tool using both power flow
analysis and state estimation method is required to properly monitor the distribution

system during restoration.

State estimation tool is essential to process the real-time measurements gathered
from the energized section of the field. Since the pseudo measurements are also
utilized, the estimator is supposed to be robust against bad data. Furthermore, the
computational time of the estimation should be considered. As the branches
energized step by step, the state estimation algorithm can be executed for the
energized parts of the system to find system states, i.e., bus voltage magnitudes and

bus voltage phase angles.

In the transmission networks, the positive sequence model of the system can be
employed in the state estimation algorithm thanks to balanced load and structure
profiles. Besides the fact that the normal operation of the distribution system may
suffer from lack of transposition, unbalanced loads, and high R/X ratio [16], [17],
unbalanced operation tends to be more obvious in a collapsed distribution network.
Thereby, the three-phase state system model is essential to obtain accurate results
[18]-[20].

Lastly, using the state estimation method, the violation of electrical constraints in the
energized part of the system can be detected. However, it is also important to predict
and foresee the possible violations that can occur if the restoration strategy is realized

in the field. This approach prevents the application of an infeasible action set. During



the restoration, power flow analysis can be conducted for the whole system using
pseudo injection measurements. Considering the size of the distribution systems, the
power flow analysis should be efficient. As some of the buses are energized, pseudo
injection measurements can be replaced with the injection measurement values
estimated by the state estimation tool. Thus, it can be said that the reliability of the
power flow analysis improves as the size of the energized section increases. To sum
up, the power flow analysis and state estimation tool can be utilized together to detect
both operational violations and predicted possible violations in the distribution

system during restoration.

1.2 Scope and Contribution of the Thesis

In this thesis, topology, power flow, and state estimation analyses of the distribution
network are studied to be employed in an online decision support mechanism to
restore the network. While topology analysis aims to improve the computational time
performance of the restoration, power flow and state estimation tools are developed
to inspect the electrical constraints during the restoration and modify the restoration

strategy if required.

The restoration of the distribution network is studied in a multidisciplinary project
funded by Scientific and Technological Research Council of Turkey under grant
number TUBITAK 118E183 where the scope of this thesis is to develop an efficient
numeric algorithm to detect the ring structure to improve the computational
performance of the restoration and to implement power flow, state estimation
algorithms to consider electrical constraints throughout the restoration process. The
restoration strategy is obtained using Markov Decision Process (MDP). The
Detection of Ring Structure (DRS) method is employed in the partitioning method
whereas power flow and state estimation algorithms are utilized in the situational
awareness tool. Once the action sequence is obtained by MDP, the branches are
energized step by step according to the proposed action sequence. The feasibility of

each action set is validated using the power flow results, and state estimation is



utilized in the energized part to find system states, i.e., bus voltage magnitudes and
phase angles using real-time measurements. The pseudo injection measurements of
the energized part are updated using the results of state estimation. It is aimed to
detect any possible violation of electrical constraints by running power flow at each
step. On the other hand, state estimation results yield any violation of electrical
constraints in the energized part. In the following sub-sections, the detailed literature

survey and the scope of the proposed methods are presented.

1.2.1 Detection of Ring Structure

To improve the computational performance of the restoration process, the ring and
radial structured buses are required to be detected. In this thesis, a novel numeric
DRS method is presented. The proposed method aims to detect ring and radial
structured buses in an efficient manner. Note that while the DRS stands for the
classification of the buses into two main groups, namely ring structured and radial
structured buses; Identification of Ring Structure (IRS) yields each independent ring
structure and its elements. The performance of the proposed DRS method is further
improved with a pre-process named strategical ordering. Furthermore, besides the
restoration application, the proposed DRS method can also be employed in the IRS.
Instead of utilizing graph based methods for the whole distribution system, only ring
structured buses can be analyzed with graph theoretic methods to reduce the
computational time significantly.

The effect of the proposed DRS method in the restoration of sample systems is given
in Chapter 5 as well as the computational performance results of the IRS method
with/without DRS.

122 Distribution System Power Flow

The outcome of the restoration strategy is a set of actions that reveals the sequence

and path of the buses to be energized. Once the restoration actions are obtained, they



require a feasibility check before the real-time operation takes place. Therefore, an
efficient power flow analysis should be employed in the situational awareness tool
during the restoration. The power flow analysis uses load and generation
profiles/forecasts. Considering the load and generation profiles/forecasts are
obtained for the single-phase equivalent model, power flow analysis is also

developed for the single-phase equivalent model of the distribution network.

There are various power flow analysis methods in the literature, namely Newton-
Raphson (NR), Gauss-Seidel (GS), fast decoupled load flow (FDLF) [16], [21]. GS
method is the most uncomplicated and authentic method whereas construction of
Jacobian matrix at each iteration in the NR method causes computational burden.
The convergence of the GS method is completely linear; however, the system size
and the computational time are proportional to each other that is the increasing
system size causes a poor convergence rate whereas the NR method has a
convergence of quadratic type [22]. The distribution system falls in the category of
ill-conditioned power systems due to the following features for the given flow
analysis methods, and both NR and GS methods have convergence issues due to the

ill-conditioned system [23].

e Radial or weakly meshed networks
e High R/Xratio
e Unbalanced operation

On the other hand, the forward-backward power flow (FBPF) is developed by
W.H.Kersting [24] and R.Berg [25] to be utilized in the radial distribution systems.
The approach, known as the modified Ladder iterative technique, involves forward
and backward sweeps through the network using Kirchoff’s voltage and current laws.
Moreover, J.H Teng [26] proposed the direct method (BIBC/BCBV matrix method)
to improve the computational performance of FBPF where the methodology is the
same; however, the data storage method is modified. Bus Injection to Branch Current
(BIBC) and Branch Current to Bus Voltage (BCBV) matrices are utilized in the
method where the flow analysis can be conducted without using the NR methods.



Among those methods, FBPF using BIBC/BCBV matrix method is employed in the
situational awareness tool considering the radial structure and high R/X ratio of the

distribution networks [27].

Furthermore, under the assumption that DERs do not control the voltage, in other
words, they operate with a constant power factor, DERs can be modeled as negative
power demand loads. On the other hand, if a DER is the only source of an island
operating part, it is expected to control the voltage.

1.2.3 Distribution System State Estimation

Once the restoration strategy is determined, the real-time operation takes place. The
buses are energized according to the restoration action set. The energized section of
the system requires a situational awareness tool that is capable of analyzing
unbalanced measurements. Thereby, in this thesis, a three-phase Least Absolute

Values (LAV) based state estimator is developed.

The transmission network is known to have a balanced structure and loading whereas
it is not guaranteed in the distribution system due to unbalanced loads, lack of
transposition, and unbalanced structure [28]. Moreover, the proposed situational
awareness tool is expected to be employed in the restoration of a distribution system
exposed to a disaster. Therefore, the proposed estimator is required to be
implemented using the three-phase model of the system to monitor the system

accurately [29].

Weighted Least Squares (WLS) is the most common method to be utilized in the
transmission state estimation. However, it is vulnerable to bad data and it requires
additional bad data detection and identification otherwise, the bad data can bias the
estimator result significantly [30]. Considering the lack of observability of the
distribution networks, pseudo injection measurements are commonly utilized to
maintain full system observability. Thus, a robust estimator against bad data is

essential to obtain accurate results considering there are unreliable pseudo injection

10



measurements in the system. LAV based state estimator automatically rejects bad

data since it uses the minimum number of measurements which minimizes the error.

1.24

Contribution of the Thesis

The contributions of this thesis are listed as follows.

13

An efficient and novel numeric DRS method to improve the computational
performance of the restoration process is proposed. Moreover, a pre-process,
namely strategical ordering, is proposed to further improve the computational
performance of the detection algorithm.

An efficient FBPF algorithm is implemented to obtain any possible violation
of the given restoration path.

LAV based three-phase state estimation algorithm is implemented to obtain
system states of the distribution network. Using the obtained system states,
any violation of electrical constraints can be detected in the restored
distribution network.

The performance of the state estimation is improved by partial linearization

of the measurement functions.

Thesis Outline

In this thesis, the work is presented in six chapters. The structure of the thesis is given

as follows.

The first chapter is the introduction where the problem is defined, and the scope of

this thesis is explained. Moreover, the literature review of the related works is

provided, and the contributions of this study are itemized. To sum up, the research

gap in the literature and how to address the gap are revealed in this chapter.

The second chapter yields background information. Since this study employs a state

estimator, the methodology of LAV based single-phase state estimation method is

11



summarized in this chapter. Similarly, the theoretic background of the Cholesky
factorization is given in the second chapter since its modified version is employed in

the proposed DRS method.

The proposed DRS algorithm and situational awareness tool are given in Chapters 3
and 4, respectively. In Chapter 3, the methodology of the proposed DRS method is
explained, and additional usage of the method in the IRS is given. In Chapter 4, the
developed power flow analysis and state estimation method to be utilized in
situational awareness are explained. The methodology of the forward/backward
power flow analysis and LAV based three-phase state estimation are given in this
chapter. The details of the estimation method selection are also summarized in one

sub-section.

Chapter 5 includes the validation of the proposed methods. In the chapter, various

test cases are included to compare the numeric results.

In the conclusion which is the last chapter, the aim and success of this work are
summarized. Also, future work to improve situational awareness further in the

distribution network restoration is indicated.
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CHAPTER 2

BACKGROUND INFORMATION

In Introduction Chapter, the restoration of the power system concept is presented.
The main challenges of a restoration process are highlighted, then, the proposed
methods to address those challenges are provided. While defining the problem, the
literature survey is conducted to reveal the current status of power system restoration
studies. Moreover, the literature review on detection of ring structures, distribution
system power flow analysis, and state estimation are also included. The first chapter

is concluded with the contribution of this thesis.

This chapter introduces the technical background of the proposed algorithms to
provide the audience a better understanding. The situational awareness tool requires
a robust and efficient state estimator. The basic concept of state estimation in a power
system is given in this chapter. In the following chapters, the estimator is
computationally improved, and the three-phase model is utilized. The mathematical
background of the estimation measurement function and LAV based optimization
problem are explained in Chapter 2.1. Furthermore, in the proposed DRS method, a
modified Cholesky factorization, namely incomplete Cholesky factorization is
utilized. Thus, the basic concept of the Cholesky factorization is presented in Chapter
2.2 so that the usage of incomplete Cholesky factorization in the DRS method can

be followed easily.

2.1 Least Absolute Values Estimation

State estimation in the power system is firstly proposed by Fred Schweppe [31]-
[33]. The utilization of state estimation improved the capabilities of the SCADA,

subsequently, Energy Management System (EMS) concept is revealed thanks to

13



online state estimation. Although recent studies cover dynamic estimators, the scope

of this thesis is limited to static estimators which operate for a given time instant.

There are various state estimation methods in the literature depending on the
optimization objective. In this study, LAV based states estimation method is
preferred, the details of the selection of this method will be investigated in the
following chapters.

LAV estimator obtains the system states namely, the magnitude of bus voltage and
phase angle of bus voltages by utilizing real-time measurements. The measurements
can be collected by either SCADA or PMU. PMU measurements are not taken into
account in this study since the portion of PMU measurements is significantly low
compared to SCADA measurements. SCADA measurements can be active and
reactive power injection measurements, power flow measurements, and voltage

magnitude measurements.

The basic operation of the transmission system state estimation is designed under
certain assumptions [30]. The power system is assumed to be balanced, and it
operates in steady state. Using the assumption, all system components and system

states are modeled using the positive sequence model of the system. Furthermore,

measurement errors are assumed to be independent, i.e., E{e;e;} = 0.

The measurement model for the estimator is given in equation 2.1.

Z hy (1, X2, -, Xn) “1
;= ZZ — hz(xl, X:Z; ---lx‘l’l) + 8:2 = h(X) + e (21)
Zm hm (xb X2y ey Xn) em

where, h;(x) is the non-linear function relating measurement i to the state vector x,
z is the set of measurements, e is the vector of measurement errors, and x is the
vector of system states. The size of z vector is (mx1) where m is the number of

measurements and the size of x vector is (nx1) where n is the number of states.
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The objective function of the LAV based estimation is given in equation 2.2.

m
minimize eril
p (2.2)
subjectto z; = h;(x) +1;, 1<i<m

where, 7; is the residual of i measurement corresponding to the difference between
the real value of the measurement and the estimated value of the measurement, i.e.,
r; = z; — h(X;). If x° is assumed to be the initial solution, first-order approximation
of h; (x®) around x° can be solved using a set of linear programming (LP) problems.

Thus, the objective function is reorganized for the LP solution as shown in equation
2.3.

m
minimize Z(u{‘ + vlk)
i=1

(2.3)
subjectto H - Ax, —H - Ax, +u—v =Az

Ax,, Ax,,u,v =0
where,
Ax = Ax, — Ax,,

kvl =z—h(x") —HX") - Ax = AzF — H(x*) - Ax*, and it is equal to the

measurement residual at the kt" iteration.

u

Furthermore, the problem can be written as a standard LP problem as shown in
equation 2.4.
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minimize cT-Y
subjectto A-Y =b (2.4)
Y >0

where,

¢’ =[0,,0,, 1, 1],

0,, : a zero vector of order n,

1,, : a vector of order m, where all the entries are 1,
b =Az,

YT = [AxT, AxT,uT, vT],

A =[H,—H,I,, —1I,],

I, + an identity matrix of order m.

To solve equation 2.4, a simplex based optimization algorithm is utilized. When |Ax|
becomes less than a predefined threshold value, the algorithm is said to be
converged. To derive the measurement Jacobian matrix, H, firstly the measurement
function, h(x*), should be obtained for each measurement type. The relation of the

measurements with respect to the states is given in equations 2.5-2.8.

JeN;
JeN;

Py = Vi* +(gsi + i) = Vi*V; - (gij - cos(8;) + by - sin(6;))  (2.7)

Qij = —Vi® - (bsi + byj) = Vi - V; - (gij * sin(;) — by - cos(6;))  (2.8)

16



where,

V;, 6; : the voltage magnitude and phase angle at bus i ,

Gij ZBi—HJ-,

Gij +JjBj; : ijt" element of the complex bus admittance matrix,
gij + jbi; : the admittance of the series branch connecting buses i and j,

Jsi + jbs; : the admittance of the shunt branch connected to bus i,

N; : the set of buses that are directly connected to bus i.

The measurement Jacobian matrix, H, is formed using the derivatives of the

measurement functions with respect to the system states. The structure of H matrix

IS given in equation 2.9.

[ GPinj (?Pinj )
20 av
aPflow anlow
a0 av
o= 0Qin;  0Qinj

a0 av
anlow anlow
a0 av
WVnag
0
av

(2.9)

The rows of the H matrix represent measurements whereas the columns represent

the system states. The formulations of the derivates are given as following.
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e Elements corresponding to real power injection measurements:

aPi zN . 2
% = Vi V](—GUSlnel] + BijCOSGij) - Vi Bii
i -
Jj=1

ok _ V.V;(Gijsin®;; — Byjcos8;;)
gp; VYT TUEERTY (2.10)

N
d0p;
v = z Vj(Gijcosti; + Byjsinby;) + Vil
i -
j=1

dP; ]
a_]/}- = Vi(GijCOSQij + Bijsmaij)

e Elements corresponding to reactive power injection measurements:

N
90 .
36, = Z V;Vj(Gijcosby; + Bijsinby;) — Vi Gy
A ]=1
2Q;
i V. (=G,icos8;: — Byisind:;

N
a .
a‘Q/l = E Vi V}'(Gl’jCOSHL'j + BijCOSBi]‘) - ViBii
i c
j=1

d0; .
a_V-l = ViVj(—GijCOSeij — Bijsmeij)
]

e Elements corresponding to real power flow measurements:

-_— = ViVj(gijSlnGij — bijCOSeij)
98,
a_el'] = —ViVj(gijSLnGij - bijCOSeij)
aVl,J = —V;(gijcos6;j + byjsinby;) + 2(gij + gsi)Vi
L
aP,;
aVl] = _Vi(gijcosgij + bUsmgl])

]
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e Elements corresponding to reactive power flow measurements:

a L.
00y = —V;V;(gijcos8;j + b;;sinb;;)
26,

a L.

0 (2.13)
d00Q;; . |
GVLJ = —Vi(gijsini; — bijcost;;) — 2Vi(by; + by)

l

d00Q;; .

—U = —Vi(gl’jSlneij - bijcoseij)

7,

e Elements corresponding to voltage magnitude measurements:

vy _ Vi _ Vi Vi )14
av, ~ v, a6, 96; (214)

2.2  Cholesky Factorization

The Cholesky factorization is a particular form of factorization. It is utilized to
decompose a symmetrical and positive definite matrix into the product of a lower
triangular matrix and its conjugate transpose [34]. If A is positive definite nx n

matrix, it can be decomposed as shown in equation 2.15.

Jd; 0 1 0 al

_[dy a7 _ r| |Wdi —
A= [ ]— aq 0 B{—al*al [d,| (2.15)
0

— I,
Vdy " d Iy
where;
A = Ll - A1 " Lrll-'
1 0
A = [o B,
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Following the same procedure, 4, can be also decomposed into A; = L, x A, = L}
and at the n‘" step, A, will be equal to L, =I*L%. Thus, A matrix can be
decomposed into a lower triangular matrix and its transpose as shown in equation
2.16.

A=L; Ly .ly-1-L% . L0 LT =L-LT (2.16)

The basic algorithm to obtain the upper triangular matrix is given in Algorithm 1

where n is the column number of A matrix.

Algorithm 1 Cholesky Decomposition

1: forj=1:n

2: fori=1:(j—1)

3 Rij = (Aij — 2k Rui " Ryj ) /Rui
4: end

i Y
5 Ry =(4; - Xl RY)

6: end

The resultant matrix, R, is the upper triangular matrix. Thus, the original matrix A

can be obtained using equation 2.17.

A=R"-R (2.17)
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CHAPTER 3

PARTITIONING OF THE DISTRIBUTION SYSTEM TOPOLOGY

In Chapter 2, the theoretical background of the proposed methods is provided. Apart
from the concept of state estimation in power systems, the algorithm of Cholesky
factorization is presented in the chapter. In the third chapter of this thesis, a novel
method to partition the distribution system is given where the partitioning is
accomplished by detecting the ring and radial structures using incomplete Cholesky

decomposition.

Restoration of a distribution system requires an efficient decision support
mechanism and an accurate real-time operation. The proposed efficient partition
method improves the computational performance of the decision making procedure

of restoration.

Incomplete
Cholesky Factorization
of Gg, matrix

Strategical
Ordering of
H matrix

System
Connectivity Data
(CDF)

Form H
matrix

Ring Structured
Buses
5 Radial Structured
Unify

Figure 3.1. Flow diagram of the DRS method.

The proposed method detects the radial structures in two steps. While strategical
ordering detects the radial structures incident to a leaf node, the result of the
factorization yields the remaining radial structures. In the flow chart given in Figure
3.1, (*) corresponds to the radial structure incident to a leaf node while (**)

represents the radial structures whose both ends are incident to either a ring structure
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or transmission network. A leaf node can be defined as a bus connected with only
one branch. The details of those 2 types of radial structures are given in Chapter
3.1.1.

While the restoration strategy for a fully radial structure is straightforward such that
the buses are energized in a sequential order starting from the source side, the
possible restoration actions increase exponentially in the meshed structure due to the
combinatorial possibilities of the restoration path. In other words, while there is only
one restoration path for a fully radial structure, each ring structure contributes a
combinatorial possibility. Therefore, the radial structured part which is the majority
of the system can be processed separately in restoration decision making by
partitioning the system into ring and radial structured parts using the proposed
numeric DRS algorithm. To do so, as shown in Figure 3.1, firstly a Jacobian matrix
is formed where measurements are power injections of the buses and states are the
line flows. Then, a pre-process, namely strategical ordering is employed to detect the
leaf branches with no connection to the transmission network. The remaining radial
structures are obtained by analyzing linear dependency of the Jacobian matrix where
computationally fast incomplete Cholesky method is employed to conduct the
analysis. Finally, ring structured branches are detected by decomposing the Jacobian
matrix, and radial structured branches are detected by unifying the results of
factorization and strategical ordering. The details of the proposed method are

explained in the following sub-sections in detail.

3.1  Detection of Ring Structure

To detect the ring structures in a power network, there are numerous methods where
graph based methods are employed recurrently [35]-[37]. As the size of the
distribution systems increases, the utilization of those methods becomes infeasible
to analyze the system in a reasonable time. Thus, a novel numerical method is
proposed in this study to address the computational challenge. The proposed method

includes a pre-process, namely strategical ordering, to further improve the
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computational performance. Note that the aim of this numeric method is neither to
obtain the number of the rings nor the bus list of each ring structure. The aim is to
divide the buses into two categories, radial structured buses and ring structured
buses.

The numeric method is developed based on the state estimation concept. Consider a
distribution system with no interruption, such that all customers receive power.
Assume that all the lines are energized, i.e., there are no open lines, and all tie-lines
are closed. Provided that each bus has an injection measurement, the relation
between injection measurements and line flows can be formulated as shown in

equation 3.1.
z =H-x+e (3.1)

2=H N H -z (3.2)

where,

Z : measurement vector (n X 1),

x : system true state vector (b X 1), where the states are the line flows,
e : measurement error vector (n X 1),

X : estimated system states vector (b X 1),

H : Jacobian matrix (n X b),

n : number of buses,

b : number of branches.

Unique calculation of the line flow in equation 3.2 implies that the status of that line
can be known uniquely. Using this information, the gain matrix, Gs,s = (H" - H) is

investigated to reveal the uniquely identifiable branch status.
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If there is a virtual power injection measurement at each bus and there is no line flow
measurement as mentioned, the branches corresponding to the linearly dependent
rows of the G, matrix constitute a ring structure. In a fully radial system, it is
expected to identify all the branch status uniquely since all rows of the G,,; matrix

are linearly independent.

To obtain linearly dependent rows of Gg,,; matrix, row reduced echelon form of the
matrix can be calculated. However, considering the size of the gain matrix due to the
great number of buses in the distribution system, this process can be inefficient to be
utilized in the real-time application. Instead of the row reduced echelon form,
detection of linearly dependent/independent rows of G, matrix is accomplished by
a novel numeric method to reduce the computational time significantly. Moreover,
strategical ordering is utilized to pre-process the G,,s matrix to improve the

performance further.

(@) (b)

Figure 3.2. Sample Systems in (a) Radial and (b) Ring Structured Topology.

To better illustrate the relation between linearly dependent rows of G;,,; matrix and

branches that are constituting a ring structure, two sample systems are given in
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Figure 3.2. In Figure 3.2a, a three bus fully radial system is shown where the injection
measurement at the leaf node is equal to the power flow measurement incident to the
node. The corresponding Jacobian matrix, H,,4, IS given in equation 3.3. Thus, the

rows of G,,q Matrix is expected to be linearly independent where G,qq = (H'yq
Hrad)-

The row reduced echelon form of the G,.,4 matrix yields identity matrix as expected.
On the other hand, row reduced echelon form of the G,,,, = (HrTing * Hying) proves
that the rows of G,.;,,, are linearly dependent where H,..,,; corresponds to the system

given in Figure 3.2b.

1 0 1 0 1
Hygq = [—1 1|, Hying = [—1 1 0] (3.3)
0 -1 0 -1 -1
1 0
rref (Graa) = [0 1 (3.4)
1 0 1
rref(Gn-ng) = [O 1 1] (3.5)
0 0 O
311 Strategical Ordering

The main aim of developing a novel DRS method is to reduce computational burden
as the proposed method is utilized in a real-time application. Thus, a pre-process
namely, strategical ordering, is proposed in this study to further reduce the

computational time.

Using strategical ordering, the radial structures containing a leaf node are detected

with a computationally cheap matrix re-ordering operation. However, after those
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radial structures are detected, there are still radial structures whose both ends are
incident to either a ring structure or transmission network. Thereby, incomplete
Cholesky is employed to detect the remaining radial structures after strategical
ordering is executed. To better illustrate the difference between those two types of
radial structures, Figure 3.3 can be investigated. If the switch connected to Bus 8 is
assumed to be closed, Branches 5 and 6 constitute a radial structure containing a leaf
node (Bus 6), and this structure is expected to be detected using strategical ordering.
On the other hand, Branches 4 and 7 constitute a radial structure whose both ends
are connected to a ring structure, and this time incomplete Cholesky factorization

will be employed to detect those branches.

Strategical ordering is performed while forming the corresponding Jacobian matrix
of the system. The rows of H matrix represent the bus injection measurements
whereas the columns represent the flow measurements. Then, the rows representing
the power injection measurements of the leaf buses have only one non-zero value in
the corresponding rows while all the other rows contain more than one non-zero
value. If one re-order the rows and columns of the H matrix, H matrix can be
partitioned into four sub-matrices as shown in equation 3.6. The buses represented
by the identity matrix correspond to the leaf nodes whose rows contain only one non-

Zero term.
1 0
H = [Y Hen] (3.6)

To further simplify the process, non-zero elements of Y sub-matrix can be replaced
by zeros trivially since Y matrix is a linear combination of the identity matrix. Once
Y sub-matrix is replaced with zero matrix, there may be some rows with only one
non-zero value in the H,,, sub-matrix. If H,,, is re-ordered, some of the buses can be

represented inside the identity matrix. This iterative process is repeated until there is
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no row containing only one non-zero term in the H,, sub-matrix. This process
ensures that the branches incident to the leaf nodes will not be further analyzed. Note
that this pre-process is not a trace algorithm rather it is simply re-ordering of H

matrix.

Consider the system given in Figure 3.3 where all the lines are closed, and all the
buses are energized. Assuming there is a virtual power injection measurement at each
bus, the strategical ordering can be utilized in the given sample system. The power

equations for the given system are given in equations 3.7-3.11.

@ : Virtual Power Injection Measurement

Py = Py — Py (3.7)
Py =Py + P3; — Py (3.8)
P3 = Py3 — P33 (3.9
Py = =Py, — Py3 (3.10)
Ps = Pis (3.11)

27



In equation 3.13, the H matrix is formed for the virtual power injection measurement
at Bus-1 where the states are line flows and measurements are the virtual power

injection measurements. The state vector is also given in equation 3.12.

x=[Ps1 Psz Py, Pz Pis] (3.12)

P21 P4-3 P4-2 P32 P15
H= p |1 0 0 0 -1 (3.13)

The P,, P;, P, measurements are also included in the H matrix, respectively in
equations 3.14, 3.15, 3.16.

P21 P43 P4-2 P32 P15

P 1 0 0 0 -1 (3.14)
P, -1 0 1 1 0

P21 P43 P4-2 P32 P15

b1 0 0 o0 -1

= b1 0 1 1 0 (3.15)
O 1 0 -1 o0
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P21 P43 P4-2 P32 P15
b1 0 0 o0 -1
P,|-1 0 1 1 0 (3.16)

Finally, when Ps is included in the H matrix, the corresponding row of the P
measurement has only one non-zero term since the power flow of the leaf bus is

equal to the power injection measurement.

0

H= p |0 1 0 -1 o0 (3.17)
0
1

As the strategical ordering proposes, the matrix should be re-ordered to obtain the
structure given in equation 3.6. The ordering of the state vector is modified as shown
in equation 3.18, and the corresponding rows of P; and Ps are replaced. Then, the re-
ordered H matrix is shown in equation 3.19 where the size of the identity matrix is
(1 x 1), and the Y sub-matrix is highlighted. Since Y matrix is a linear combination
of the identity matrix, non-zero elements of Y sub-matrix can be replaced by zeros

trivially.

x= [Pis Piz Py P3z Ppi] (3.18)
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P15 P43 P42 P32 P21
P,/1|0 0 0 0
O[O0 1 1 -1

H= p 0|1 0 -1 0 (3.19)

The result of the first iteration of re-ordering yields another row with only one non-
zero value considering Y sub-matrix is replaced with a zero matrix. The row
corresponding to the P; measurement is now replaced with the row of P,, and
P, line flow is replaced with P,5. As a result, the matrix shown in equation 3.20 is
obtained where the identity matrix is (2 x 2). Although the Y sub-matrix is replaced
with a zero matrix, there is no row containing only one non-zero term in the
remaining part. The result of the strategical ordering for the 5 bus sample system
yields branches between Bus 1-5 and Bus 1-2 form a radial structure containing a
leaf node.

P15 P21 P4-2 P32 P4-3

P11 0[]0 0 o0
PR|lO 1]0 0 0

(3.20)
H= p 10 0|0 -1 1
PO 0 ]-1 0 -1
P10 1|1 1 0

The branches represented by the identity matrix are said to be radial since the

corresponding sub-matrix in the G, matrix is also an identity matrix that is linearly

independent trivially as shown in equation 3.21. Only G,, = (HL, - H,,) will be
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investigated to obtain linearly dependent rows corresponding to the branches that are

constituting ring structure.

1 0 1 0 1 0
— T . — . —
Goys = H™ - H = [o Hzn] [0 Hen]‘ [0 HZn-Hen] (3.21)

Although row reduced echelon form of G,,, yields linear dependency of the rows,
incomplete Cholesky factorization will be utilized considering computational

performance. The comparison of those two methods is presented in Chapter 5.

3.12 Incomplete Cholesky Factorization

In Chapter 2.2, the methodology of Cholesky factorization is explained. If a matrix
is singular, i.e., not full ranked, the Cholesky method fails to converge. In the
proposed DRS method, it is expected to have singular G,,, matrix if there is at least
one ring structure in the system. Therefore, the incomplete Cholesky method is

utilized to obtain linearly dependent/independent rows of G.,, matrix.

As mentioned earlier, the branches represented inside the identity matrix are already
marked as radial. Thus, only G.,, will be investigated, where the relation between
power injection measurements and line flows is given in equation 3.22. Moreover,
the line flows, and hence switch status of the branches can be estimated as given in

equation 3.24.

Zen = Hen * Xen + €en (3.22)
(H" “H) * e, = Hipn * Zen (3.23)
Gen " Xen = ten (3.24)
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Assume that z.,, is a vector of zeros. If the G,,, is non-singular, such that all branch
status can be identified uniquely, the state vector, x,,, will also be a vector of zeros
trivially. If G,, is singular, i.e., the status of some branches is not uniquely
identifiable, then one will encounter zero-pivots during the Cholesky factorization
of G.,. The presence of those zero-pivots disables factorization. As stated by the
incomplete Cholesky factorization, when a zero pivot encountered, it will be
replaced by 1, and the corresponding entry of t,,, vector will be assigned an integer
number in increasing order and starting at 1 [30]. At the end of the incomplete
Cholesky factorization, an updated non-singular gain matrix, G.,, and the updated
ton Will be obtained. Equation 3.24 will be solved using G;,, and t;,,. In the end, the
non-zero entries of x,, reveals the branches whose status cannot be identified
uniquely, and hence constitutes a ring in the topology. Algorithm 2 presents the

proposed algorithm.

Note that, at this stage, the proposed method aims to determine the branches that
form a ring. Those rings are not identified, and identification of each ring is out of
the scope of the restoration process. However, the contribution of the proposed DRS

method in the IRS is given in Chapter 3.2 as a side contribution of this work.
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Algorithm 2 Detection of Ring Structure

Form H matrix and obtain H,,, by re-ordering
Gen = Hen * Hen
te, = zeros(#states)
pivots, G}, = incomplete. cholesky(G,,,)
counter = 1
for each pivot do
if pivot.value == 0 then

t.,(pivot .index) = counter

counter = counter +1

[EEN
e

end

[EEN
=

end

[EEN
N

: X = inv(Gep) * ton

[EEN
w

. ring structured branches = corresponding non-zero entries of X

[EEN
N

. radial structured branches = corresponding zero entries of X

3.13 Application on Three Bus Sample System

To better illustrate the methodology, the proposed method is employed at a sample
system shown in Figure 3.4. The branches and buses are shown in red and black
numbers, respectively. Bus 1 is connected to the transmission network and, Bus 8 is

connected to the transmission network via a switch.
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When the switch is open, branches 1,2,3 constitute a ring structure, and branches
8,9,10 constitute another ring structure. If the switch is closed, branches
1,2,3,4,7,8,9,10 are revealed as ring operating branches assuming transmission

connections are infinite sources.

Case 1: When the switch is open, the Jacobian matrix, H, corresponding to the
current system is given in equation 3.25. As explained in Section 3.1.1, before
employing incomplete Cholesky decomposition, strategical ordering is utilized.
According to the strategical ordering, row 6 which contains only one non-zero term
is replaced by row 1 and column 6 is replaced by column 1. As mentioned earlier,
non-zero term at H'(5,1) can be replaced with zero as it is a linear combination of
the first row. Thus, row 5 now has only one non-zero term which can be moved to
the identity matrix by re-ordering again. In this way, H’’ matrix given in equation
3.27 is obtained which is composed of 1 (2 x 2), 0(7 x 2), 0(2 X 7), H,p, (7 X 8)

sub-matrices. H,,, (7 x 8) sub-matrix is highlighted in a green rectangular shape in

equation 3.27.

DRODEED®E® M

111|101 {ojo(of{0j0(0f0

2|1 |-t(ofojofofo)jo(0f0

b I e A I A I I I O

g(0j0|of(1|-1)jQf-1|{0)0|0 (3.25)
H= |of(of(0(0|t|-1|0|0)0]0

gl|o|jo(ofojO(1|{0)O(0O|f0

TIo|ofojo)jojoft]-1)0(-1

glo|0(0f{0)0(0Of{0]0Q]|-1]"1

gl|o|jo(of{ojofof0o)t(1|0O
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H'=5|4]0]o|o|+1|o|o|o]olo
1lolol-i|olo[-|o]o|o]o0
7[ololololofo|1]-1]0]-
glofolololo|olo]o|-1]1
slolofololofolol1]1]0
BIGISININIOINIOIOLNT]
s[1]ololofolo]ololo]o
s(o|1/o/ojolo|ololo]o
s(olof1]-i]1]o]oo]o]o
alo[A]ol1]ofol-1]olo]o

H'= 2 olojolo|4|1]|o0lo]o]o (3.27)
1[olof= ool ]ololo]o
7(olololofolo]1-1]0]-
glolofofo|olo]o|o|-1]1
ololofolofolo|o|1]1]0

The strategical ordering trivially reveals that branches 5 and 6 are radial structures
with no transmission network connections. The remaining components form
Gon(8x8)=HI (8x7) H,,(7%8). Incomplete Cholesky factorization
explained in Chapter 3.1.2 now can be employed to decompose G.,,. L', is obtained
by factorizing G,,, where zero pivots are changed to 1, and t’,,, vector is modified as

shown in equation 3.28-3.29.
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1414 0 | O | O | O]|]O]|]O]O
£0.707[1.225| 0 0 0 0 0 0
0.707}-0.408/|1.155| 0 0 0 0 0
v _  |o707|0.408}1.155| 1 0 0 0 0
Len = 0 fosefo2se| 0 (118 0 | 0 | O (3.28)
0 0 0 0 |oses|1.0e5| 0 0
0 0 0 0 0 |oe1z|108]| O
0 0 0 0 |oses0.183]|-1.08| 1
ten= [0]oJo]1]oJo]o]2 (3.29)

Solving equation 3.24 by means of the incomplete Cholesky factorization will yield
the X, = inv(G;,) - ton. As shown in equation 3.30, the values correspond to
Branches 4 and 7 are zero, all other values are non-zero. Branches 5 and 6 are already
marked as radial in the strategical ordering process, and as a result, all the radial
branches are detected. For the given system, the numeric approach may not be
advantageous over graph based search algorithms however, the proposed method
provides significant improvement of computational performance for the real-life
systems with thousands of buses. The result and comparison of the proposed method

are discussed in Chapter 5.

(3.30)

POWOOVO®®

Xen =

Case 2: When the switch connected to Bus 8 is closed in Figure 3.4, Bus 1 and Bus
8 are assumed to be connected to an infinite feeder. In this configuration, only

Branches 5 and 6 are found to be radial. Those branches are detected and removed
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in the strategical ordering. The resultant x.,, is full of non-zero values in this case

since all the remaining branches constitute a ring.

3.2 Identification of Ring Structure

The proposed DRS method classifies all the buses under two main groups, namely
radial structured buses and ring structured buses. In this sub-section, the effect of the
proposed DRS method on the identification of the ring structure, IRS, is given. IRS
is the process where each ring structure is detected, and the buses forming each ring

structure are identified.

Although distribution systems operate in radial structure, there might be ring
structured operating buses in practical applications. With the recent developments in
renewable resources, the real-time monitoring of the distribution system, hence,
identification of the system topology gains significant importance. IRS is a key tool

for observability and identifiability analysis of distribution systems.

Minimum Cycle
Basis
Algorithm

Ring Structured
Buses

Independent
Ring Structures

Figure 3.5. Flow diagram of IRS method.

A minimum cycle basis (MCB) algorithm can be used to identify the ring structures
in a system as shown in Figure 3.5. MCB is a graph based method that is
computationally expensive, and not feasible to be utilized in large distribution
systems. Although there are applications that are utilized in the distribution systems
with tens of buses, studies based on partitioning of the distribution system with
thousands of buses are not present in the literature [13], [35]-[37]. Furthermore, the

majority of the buses in a distribution system are radial operating buses. Thus, the
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computational performance of the IRS can be significantly improved by utilizing the
MCB algorithm to only the ring structured buses where the radial structured buses
are eliminated using the proposed DRS method. In other words, instead of utilizing
the MCB algorithm to the whole distribution system, it is applied to the ring
structured buses which are detected by the proposed DRS method. Since the number

of ring structured buses is limited, the computational time is reduced significantly.

The improvement in the performance of IRS is given in Chapter 5.

3.3  Chapter Summary

In this chapter, the detection of ring structure is explained in detail. The aim of the
proposed method and its contribution to the distribution system restoration are
presented at the beginning of the chapter. Then, the algorithm of the proposed novel
partitioning method is provided in Chapter 3.1. The details of strategical ordering,
incomplete Cholesky method, and application on a sample system are also given in
this chapter. Lastly, although it is not utilized in the proposed methods, the effect of
the DRS method in the IRS is given as a side contribution of this thesis. In other
words, IRS is not required in the proposed methods, however, identifying the ring
structures is required in some applications where it is significantly improved with

the proposed DRS method.
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CHAPTER 4

SITUATIONAL AWARENESS FOR DISTRIBUTION SYSTEM
RESTORATION

In Chapter 3, the proposed partitioning algorithm is presented. The restoration
strategy can be developed for ring and radial structured parts separately using the
given novel partition method. The proposed method given in Chapter 3 improves the
computational time of the decision support mechanism significantly. In this chapter,
the improvement in the situational awareness is provided. In Chapter 4 of this thesis,
LAV based state estimator and FBPF analysis which are employed in the situational

awareness tool are presented.

The situational awareness tool is developed to be utilized in the distribution system
restoration. The reason for using those two tools together can be explained using the
flow chart given in Figure 4.1. As seen in the figure, once the restoration strategy is
determined, the buses are energized according to the restoration action set in real-
time operation. The real-time measurements are gathered from the field, and the
developed three-phase estimator estimates the system states. Then, FBPF analysis is
executed for the whole system to detect any predicted possible violation. Note that
initial power injection measurements are load and generation forecasts/profiles
which are unreliable. The unreliable power injection measurements are updated for
the energized part using state estimation results to improve the accuracy of the
injection measurements. Unless there is a violation of electrical constraints in the
energized section or a predicted possible violation in the un-energized section, the
next action is realized. If there is a violation, firstly electrical constraints are flexed
such that the permissible voltage magnitude limits are extended to 0.9 pu and 1.1 pu
instead of original limits of 0.95 pu and 1.05 pu. If the obtained voltage magnitude

values are still out of the limits, the given action set is marked as infeasible, and an
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updated restoration strategy is synthesized considering the infeasible actions. When

all the actions in the action set are realized, the restoration is said to be completed.

The state estimation tool makes the situational awareness capable of processing real-
time measurements and updating biased power injection measurements whereas the
developed power flow algorithm analyzes the system states of the buses to be
energized according to the action set in a fast manner.

4.1 Forward/Backward Power Flow

The power flow analysis aims to detect any possible violation of electrical constraints
in the distribution system during the restoration. This analysis uses load and
generation forecasts/profiles of the buses to be energized. If an action set causes the
violation of electrical constraints, firstly the constraints are flexed, and if the

violation continues, the action set is marked as infeasible.

Among all the power flow analysis methods, FBPF is the most suitable method to be
utilized in the situational awareness tool considering the radial structure and high
R/X ratio [17]-[19].

Forward Backward Power Flow (FBPF) algorithm sets the initial values of the bus
voltage magnitudes as 1pu and bus voltage phase angles as 0°. The algorithm is an
iterative process where two consecutive steps, namely backward sweep and forward
sweep are executed in each iteration. In the backward sweep, the current flows are
calculated using complex power injections and bus voltage vectors. Then, in the
forward sweep, the voltage vector of each bus is updated using impedance values
and current flows of the lines. While current flows are calculated starting from the
leaf buses toward the slack bus in the backward sweep, voltage vectors of the buses

are updated in the forward sweep from the slack bus to leaf buses.

The current injections of the buses are calculated using equation 4.1. The lower case

k denotes the number of iteration throughout the FBPF algorithm.
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Sbus *
Tpusli] = ( ) 4.1
bus Vbus [k] ( )
where,
Shus : complex power injections of the buses (n x 1)
Vipuslk] : bus voltage vectors of the buses at iteration k (n x 1)

I,us[k] @ current injections of the buses at iteration k (n x 1)
n . number of the buses

In the forward sweep of the algorithm, branch current flow vector, I, nch, 1S
required. To calculate Ip,-qncn, BUs Injection to Bus Current (BIBC) matrix should
be formed. BIBC matrix will be formed once for the given topology, will not be
updated at each iteration. The most straightforward method to obtain the BIBC
matrix is using the bus branch incidence matrix, A. While the rows of A represent
the branch flows, each column corresponds to a bus. The inverse transpose of A
matrix yields the BIBC matrix if the column corresponds to the slack bus is removed.
Thus, the relation between bus current injections and branch current flows can be

seen in equation 4.2.

Ipranch = BIBC * Iy (4.2)

Once the branch current flows are calculated, the backward sweep is completed, and
the forward sweep starts. The bus voltages are updated in the forward sweep using
impedance values and I,.4,,cn, VecCtor as shown in equation 4.3. The impedance

values of the lines are represented inside a diagonal matrix, namely Zg;q -
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Vbus [k + 1] = Vbus [k] - Zdiag * Ibranch[k] (43)

Once the error is smaller than the predefined tolerance value, the algorithm is said to

be converged. The error value is computed as max|Vy,s[k + 1] — Vpuslk]|. The

overall FBPF algorithm is given in Algorithm 3.

Algorithm 3 FBPF BIBC Matrix Method

: Form system connectivity matrix and calculate BIBC

: Form diagonal impedance matrix, Z 444

. determine flat start values, V,5[0]

k=0, error =100

1
2
3
4. determine predefined tolerance value, €
6
7

8:

9:

10:
11:

12:
15:

while max|error| > €

end

Ibus[k] = (%) i

Iyrancnlk] = BIBC x Ipy4[k]

Viuslk + 1] = Vipyslk] — Zgiag * Iprancnlk]
error = Vy,ilk + 1] — Vpulk]

k=k+1

16: bus voltage vector = Vp,,s[k + 1]

The FBPF algorithm is employed in a six-bus sample system to illustrate the method.

The sample system is given in Figure 4.2 where buses are indicated in black, and

branches are shown in red.
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Figure 4.2. Six-bus sample system

The construction of the BIBC matrix is given in equations 4.4-4.6. As explained
earlier, the bus branch incidence matrix, A4, is utilized to obtain the BIBC matrix. The
A matrix for the given sample system is shown in equation 4.4. A" matrix is obtained
by removing the column representing the slack bus. BIBC' matrix can be obtained
by taking the inverse of A" as shown in equation 4.5. Finally, BIBC matrix is

finalized by inserting a zero column to represent the slack bus.

-1 1 0 O 0 0

-1 0 1 0 0 0
A=l 00 -11 00 (4.4)

-1 0 0 O 1 0

0 0 0 0 -1 1
BIBC' = inv(A'T) (4.5)

0 1.0 0 0 O

0 01 1 0O
BIBC={0 0 0 1 0 0 (4.6)

0 0 00 1 1

0 0 0 0 0 1

Zgiag Matrix is formed by inserting the impedance value of " branch to the
Zgiag(i,1). Once the BIBC and Z;,, matrices are obtained, the iterative procedure

starts with flat start values of the bus voltages. In the backward sweep, the current
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injection vector at iteration k is obtained using equation 4.7. I,,oncn VECtOr is

calculated using BIBC in equation 4.8.

[ Sbus,l i
Vbus[k]l
Sbus,z

Iyuslklexs = |Vy, [k, (4.7)

Sbus,6
-Vbus [k]6—

Ibranch[k] = BIBC * Ibus[k] (4.8)

The forward sweep is executed by updating the voltage vector of each bus as shown

in equation 4.9.

Vbus [k + 1]1 Vbus [k]l

7 0
Vbus[k+1]2 — Vbus[k]z _ '1 . :

* Ibranch [k] (49)

. . O e Z
Vbus [k + 1]6 Vbus [k]6 >

where Z; is the impedance value of branch 1 shown in Figure 4.2.

4.2  State Estimation for Distribution System

There are various power system state estimation methods in the literature [30]. State
estimation is mostly utilized in the transmission system where the system is fully
observable.

Redundant measurement devices and SCADA system make the transmission
network observable whereas the distribution system suffers from the lack of
measurement. However, with the popularization of new technologies such as

renewable resources and electrical vehicles, the necessity of real-time monitoring at
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the distribution level became comprehensible. Therefore, the number of
measurements in the distribution network is increased in the recent decade which

makes state estimation application feasible in the distribution networks.

Transmission system state estimation employs the positive sequence model of the
system considering balanced structure and load profile. On the other hand, even in
the normal operation, distribution systems may be unbalanced due to lack of
transposition, unbalanced loads, and high R/X ratio [28]. Moreover, the developed
estimator is expected to be employed in the post-disaster distribution systems where
unbalanced conditions are effective on the solution. Therefore, in this study, the
three-phase model of the distribution system is required for the sake of estimation

accuracy [29].

WLS is the most common solution method to be utilized in the transmission system
state estimation thanks to its computational performance [38]. However, the WLS
method is vulnerable against bad data, thus bad data analysis is required, and can be
utilized if measurement redundancy is high enough. In the distribution system,
pseudo measurements are placed to ensure system observability. The limited number
of measurements and inaccuracy of the pseudo measurements make the WLS method
vulnerable against bad data in the distribution system. Especially, after a disaster, the
accuracy of the pseudo measurements is highly unreliable. The use of LAV
estimation, on the other hand, provides an automatic rejection of the bad data or
inaccurate pseudo measurement. The LAV estimator aims to obtain a set of

measurements minimizing the least absolute values of the measurement residuals.

As a result, LAV based method using the three-phase model is selected as an
estimation method. Furthermore, the performance of the LAV estimator is improved
by partially linearizing the measurement function. Comparison of computational
performances of LAV and WLS estimators is given the Chapter 5 with a detailed
discussion to justify the proposed selection. Also, the impact of partial linearization
in the LAV estimation is validated in Chapter 5 with computational performance

results.
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4.3 The Three-Phase LAV State Estimation

In this subsection, the proposed three-phase LAV estimation will be explained. The
states of the proposed estimation are three-phase bus voltage magnitudes and three-
phase bus voltage phase angles. Moreover, available real-time measurements in the
distribution network are three-phase bus voltage magnitudes, three-phase
real/reactive power injection measurements and three-phase current magnitude
measurements. The basic assumptions providing the mathematical model

construction are given in the background section.

The measurement model for the estimator is given in equation 4.10.

hy(xq, %2, ., Xp)
o0, Xa,w0Xn) | 4o = pa) + e (4.10)
ho (%1, X5, oo, X0)

where;

hi;(x) :the function relating measurement i to the state vector x,

z : the set of measurement
e : the measurement error vector
X . the system states vector where the states are three-phase bus voltage

magnitudes and phase angles

In three-phase configuration;

b

T
a b c a b c a c
- Zm Zm Zm ]

z=[21 z{ Z{ ... Z

_ 3ph 3ph 3ph 3ph 3ph 3ph T
x =67 0,7 .. 6P VP Pt L P
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where,
m : number of measurements per phase

n : number of buses

AL I A e

l

o7 =[ o¢ o of |

i
z} : the measured value of i*"* measurement for ph-I
V! - bus voltage magnitude at bus-i for phase-1

6! : bus voltage angle at bus-i for phase-1

Note that number of total measurements is 3m considering m is the number of
measurements per phase. Similarly, the number of states is 6n where 3n of the states
are three-phase bus voltage magnitudes and 3n of the states are three-phase bus

voltage phase angles assuming all bus voltages and angles are states.

The objective function of the LAV based estimation is given in equation 4.11.

3m
minimize eril
£ (4.12)
subjectto z; = h;(x) +1;, 1<i<3m

where, 7; is the residual of i*"* measurement corresponding to the difference between
the real value of the measurement and the estimated value of the measurement, i.e.,
r; = z; — h(&;). Using the first-order approximation of h;(x°) around of x°, the
problem can be rewritten as linear programming (LP) problem. The problem is given
as a standard LP problem in equation 4.12.
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() = D (uk +vf) (4.12)
i=1

where;
uk — vk = z— h(x*) = H(x¥) - Ax = Az¥ — H(x¥) - Ax¥

In equation 4.12, (u* + v*) term corresponds to the measurement residual vector at
iteration k. Dropping the superscript k for the simplicity of the notation, the problem

can be formulated as shown in equation 4.13.

3m
minimize Z(ui +v;)

=1 (4.13)
subjectto H-Ax, —H - -Ax,+u—v=Az

Axy, Ax,,u,v =0

where;
Ax = Ax, — Ax,

Lastly, the LP problem can be written in the compact form as given in equation 4.14.

minimize c¢T-Y
subjectto A-Y =b (4.14)
Y =20

where,

" = [0gn, O6ns 13ms 13ml,

O¢n : @ zero vector of order 6n,

15,, : a vector of order 3m, where all the entries are 1,

b= Az
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YT = [AxI, AxT,uT,vT],
A = [ H, —H, I3mJ _I3m]1
I, + an identity matrix of order 3m.

The determination of the initial values of the states requires additional effort due to
current flow measurements. The initial values of the states are conventionally
selected as flat start values, i.e., V = 1 pu and 6 = 0°. However, flat start values
make the current magnitude calculation undefined due to zero value in the
denominator. Therefore, manipulated flat start values are utilized to initialize the

state vector where 6 values are randomly assigned between —0.01° and 0.01°.

At each iteration, measurement values are estimated using the current state vector.
Similarly, H matrix is formed in each iteration using the current state vector. Then,
the LP problem given in equation 4.14 is solved to obtain Ax. As a result of the LP
problem solution, Ax is obtained as shown in equation 4.15, and the states are

updated as shown in equation 4.16.

T
Ax = [A6P" A03P" ... AGFP" AV AVPM L ApPM ] (4.15)

x*t1 = xk 4+ Axk (4.16)

The iterative procedure is converged if max|Ax*| < e where € is the predefined

error threshold value.

To derive the measurement Jacobian matrix, H, firstly the measurement function,
h(x*), should be obtained for each measurement type. The relation of the

measurements with respect to the states is given in equations 4.17-4.19.
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=1 jeN; (417)

Q" = VP« Z z vt x (G sin(6,”"~6;')
L by (4.18)

3
[.Ph — Z[Viph(coseil +jsin9il) - Viph(coseil + jsing;")]
(4.19)

where,

G; jph'l . the corresponding element of conductance matrix for bus-i phase-ph

and bus-j phase-1

B; j”h'l : the corresponding element of susceptance matrix for bus-i phase-ph and

bus-j phase-1

p;Ph : real power injection measurement at bus-i for phase-ph
Q" : reactive power injection measurement at bus-i for phase-ph
I; jph : magnitude of current flow between bus-i and bus-j for phase--ph

Conductance matrix (G ) and susceptance matrix (B) are obtained by forming the bus
admittance matrix (Y;,s). To be able to form Y, matrix, three-phase impedance

matrix of the lines should be obtained.

In a two-bus system, the structure of the three-phase bus impedance matrix (Z) is
shown in equation 4.20. In the equation, elements of the matrix model the self-
impedance and mutual impedance values between bus-i and bus-j. Furthermore, Y«

for the two bus system is formed using the inverse of Z matrix in equation 4.21.
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zaa Zab zac
Zjj = |zba zbb zbc (4.20)
an Zcb ch
Zij_l _Zij_l
Vous = [_ g (4.21)
U 3x3 U 3x3

Z;; - impedance matrix corresponding to the line between bus-i and bus-j

Z%  :self-impedance value of the line between bus-i and bus-j for phase-a
Zb* : mutual-impedance value of the line between bus-i and bus-j for phase-a
and phase-b

Yyus : busadmittance matrix

The impedance information in this work is provided as a sequence impedance matrix

(Zo12). Zy1, represents the impedance values of positive, negative, and zero

sequences while the state estimation is designed to process the phase impedance

matrix (Z). To transform the sequence matrix into the phase impedance matrix, a

simple matrix multiplication shown in equation 4.22 is used. Thus, for each cable

type, firstly Z,,, is obtained, and then it is transformed into Z.

Z = AS '2012 A;l (422)
where;
1 1 1 1 1 1 1
A, = |1 ai a5, A '=Z-|1 a5 ai
1 a; a? 3 11 a? a,
a, = 1.02120°

As shown in equation 4.21, the size of the Y}, will be (n x 3) X (n x 3). The

structure of Y;,,; for a n bus system is given in equation 4.23.
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VA Y VY . VS YE V)
Y1b1a Y1b1b Y1b1c Ylbna 1/'117157 Y1bnc
ZERND £5 D 7 SR Z D £
Yyus = o P (4.23)
ST 45 (D 4+ SN (i A A4
4 &7 & SRR AU G £
RATED A A A4S I S5 67

Knowing Yy, = (G +j B), G and B matrices can be obtained once the three-phase
Yyus 1S formed. By substituting conductance, susceptance and state values into the
equations 4.17 - 4.19, the non-linear relation, h(.), between states and measurements

can be calculated.

To solve the state estimation problem, the Jacobian matrix, H, is also required. H
matrix includes derivate of h(.) with respect to each state variable. While the
columns of the H matrix represent the states to be estimated, each row of the H
matrix corresponds to a measurement. Thus, the size of the H matrix is

(3 x m) x (6 x n). The structure of the H matrix is given in equation 4.24.

opPh  opPh apPh  gpPM gpPt 9pPM)
90,4 90 00 ovA av®  avS
9Q"" 9@ aQ" Q™ aQ" aQ"
0,4 90,5 00 ovA av®  oavS
aLP™ a1t AL arPh  arPh  aLrt
L 09,4 06,5 98, ovA oavE  avc ]

(4.24)

The formulations of the elements of the H matrix are given in equations A.1- A.4 in
Appendix A. The input files of the estimator are Common Format Data (CDF) file
which contains the system connectivity information, and the measurement file which
includes the measurement types and values. The input values are processed, and all
the values are converted into pu units. In Appendix B, a sample system and its input

files are given. In Figure B.1, the sample 3-bus system is given. While Figure B.2
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shows the CDF file of the corresponding system, Figure B.3 shows the measurement

file for the given system. The overall algorithm of the three-phase state estimation is

given in Algorithm 4.

Algorithm 4 Three-Phase LAV Estimation

1: Form Y, matrix and z vector using input files

2. determine manipulated flat start values, x°

3. determine predefined threshold value, €

4: k=0, Ax° = 100

5:

10:
11:
12:
13:
14:
15:

6
7
8:
9

while max|Ax*| > €

Restimatea = h(xk)
H = form. Hmatrix(x*)

=1

a

06n' O6n: 13m' 13m]
= [H' —H, I3, _I3m]

= Z — Nestimated

~ T

= [O6n+3m 06n+3m]
Ax* = simplex.solver(c,A,b,Y)
xk*t = xk 4+ Ax*

k=k+1

16: estimated states = xk+1

43.1

Performance Improvement of The Estimator

Although the LAV estimator is known to be robust, its computational time is greater

compared to the WLS estimator [30]. The selection of the estimator is discussed in

Chapter 4.2 in detail. Considering the estimator will be executed multiple times,
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improving computational time is significant. To reduce the computational time of

the LAV estimator, the measurement function is simplified using valid assumptions.

Fully linearization of the measurement functions is possible by inserting a significant

number of new states which do not reduce the computational time [39], [40].

Using the domain-specific advantage of the distribution system, the given
measurement formulations are partially linearized to obtain better computational
performance. The bus voltage phase angle difference between incident buses is small
enough. Thus small-angle approximation can be utilized as shown in equations 4.25
—4.30. The validation of this simplification is given in Chapter 5.

sin(0} — 0)) = 6} — 6’ (4.25)
cos(8y —0) =1 (4.26)
. ; 2T . ;2T 2T
sin(0}, — 6}) = cos (?) . (9}4 -0+ ?> + sin (? (4.27)
. ; 21 2T . ;2T
cos(eﬁl - GJB) = cos <?) — sin (?) . (9}4 — GJB + ?) (4.28)
(6l — o)) = 2 oi _ g 2T . (2T
sm(A— C)—cos 3 ) (Ba— c+? —sin E} (4.29)
. ; 21 2T . . 2T
cos(8} — 0L.) = cos (?> + sin (?) : (6;, - 0.+ ?> (4.30)

By substituting the simplified terms in the measurement functions, the updated
measurement functions can be obtained. In equations 4.31-4.32, only the updated
measurement functions for phase-A are given for simplicity, however, the

philosophy for phase B and C are the same.
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B = U3 Ve M 4 B0 +
S 57 G (cos (25) = sin (%) (64 - o) + )+
By (cos (2) (04 - 0f +2) (D)) + Zyen 1 (430
(G (cos () + sin (22) - (8 = 8% +25)) + 51, cos (2).
(05 -0t +7) —sin (3))

(672 (cos () (05 = 0 +27) - sin () - 3 (cos () -
sin(5): (0 =05 +3) )+ Bew (05 (2)
(64 02+ 5) = sin (5)) = 3 (cos (5) +in (5).

(04 - 01 +2)))

The simplification in the measurement functions affects the accuracy of the
estimation while reducing the computational time. The effect of this simplification
is discussed in Chapter 5. It is revealed that while the improvement in the
computational time is significant, the accuracy of the estimator with the simplified

formulation is comparable with the original LAV estimator.

4.4  Chapter Summary

In this chapter, situational awareness for the distribution system restoration is given.
The mechanism of the situational awareness tool is explained using the flow chart
given in Figure 4.1. As mentioned, both FBPF analysis and state estimator are
essential in the restoration process. The details of the FBPF algorithm are presented
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in the first sub-chapter of this chapter. Since the selection of estimator is critical, the
reasoning behind the LAV based estimation is discussed in Chapter 4.2. Although
the basic concept of state estimation in power systems is given in background
information, the developed state estimator is three-phase and computationally
improved. While the mathematical basis of the estimator is revealed in Chapter 4.3,
the partially linearized measurement function to improve the computational

performance is given in Chapter 4.3.1.

To sum up, the combination of state estimator and FBPF analysis is the proposed
method to provide the situational awareness during the restoration of a distribution
system. While state estimation is capable of processing three-phase real-time
measurements to estimate the states of the energized part of the system, FBPF

analysis conducts a feasibility analysis for the given restoration actions.
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CHAPTER 5

VALIDATION OF THE METHOD & TEST RESULTS

In Chapter 4, the proposed situational awareness tool is presented. The overall
mechanism is developed to monitor the power distribution system in real-time and
detect any infeasible action set causing the violation of electrical constraints during
the restoration. In Chapter 4, it is aimed to develop the structure given in Figure 4.1
in an efficient and accurate manner. The computational performance of the state
estimator is improved without the loss of accuracy significantly by the partially
linearized measurement function. Furthermore, the results of the estimator are used
to update the unreliable forecasts and profiles for the energized part of the system to
improve the accuracy of the power flow analysis. Initially, if there is a violation of
electrical constraints, the permissible limits of the voltage magnitude and power flow
magnitudes are flexed. If the violation continues, the given restoration strategy,
action set, is marked as infeasible. In that case, a new restoration strategy is requested
to be able to continue real-time operation in the field.

In this chapter, all of the proposed methods are validated with proper test cases.
Initially, the efficiency of the DRS method is given by revealing the computational
time performances of the restoration decision process considering (i) whole system
topology and (ii) radial/ring structures separately. Moreover, the superiority of the
incomplete Cholesky factorization in the proposed DRS method is also presented.
As mentioned earlier, although IRS is not included in the restoration process, the
improvement in the IRS is validated by identifying the ring structures of a system
with/without employing the DRS method. The tools that are employed in situational
awareness are also analyzed in this chapter. The computational time performances
and accuracy results of both tools are given. The selection of the estimation method
is justified by utilizing different types of estimators in sample systems. The

improvement in the estimator performance by partial linearization is also validated.
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To evaluate the accuracy of the proposed tools, well-known metrics are utilized, e.g.,
MSE, MAPE, etc. Lastly, the test environments for each case are presented

throughout the chapter.

5.1  Test Results for the Partition of Distribution System

Case 1: In the detection of ring structure method, it is stated that incomplete
Cholesky factorization is utilized to G,,, and the state vector is calculated using the
equation Z,,, = ((LLy, - L,,) ™! - t5,,) instead of taking row reduced echelon form of
the matrix. In this case, the computational performances of those two methods are
compared in Figure 5.1. As shown in the figure, the incomplete Cholesky
factorization is superior compared to the taking row reduced echelon form when the
size of the matrix is increased while the sparsity ratio is kept constant. As the figure
is given in the logarithmic scale, the difference between the performance of those
two methods increases significantly as the matrix size increases. The given test is

conducted on an Intel i7, 8GB computer using MATLAB environment.
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Figure 5.1. The computational performance comparison of (i) Cholesky

factorization and (ii) taking row reduced echelon form
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Case 2: In this case, a real-life distribution system is partitioned using the proposed
DRS method. The results of the partitioning are given in Table 5.1. As stated in the
motivation of the method, the method is efficient and makes the restoration process
feasible in large-sized distribution systems. To test the computational time,
2xIntel(R) Xeon(R) CPU E5-2650 v4 @ 2.20GHz with 64GB RAM hardware setup

is used.

Table 5.1 8477 Bus Distribution System Results

Property Value
Number of Buses 8477
Number of Branches 8498
Computational Time of the DRS method 59.25 sec

Case 3: The partitioning method is proposed to reduce the computational time of the
restoration decision process. In this case, the computational time performances of
the decision process are given with/without using the proposed partitioning method.
To test the computational time, 2xIntel(R) Xeon(R) CPU E5-2650 v4 @ 2.20GHz
with 64GB RAM hardware setup is used.

Table 5.2 Comparison of the computational performance of restoration decision

process (i) without using the partitioning method, and (ii) using the partitioning

method
Performance of the Without With
Restoration Decision Process partitioning  partitioning
123 Bus System with %10 Radial Structure 356.851sec  347.727 sec
123 Bus System with %50 Radial Structure 18.185 sec 9.602 sec
123 Bus System with %90 Radial Structure 3.908 sec 2.26 sec
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As seen in Table 5.2, the computational performance test is conducted using a 123
bus system with modified density of radial structures. It is expected to observe more
improvement in the restoration as the ratio of radial structures increases. When %10
of the branches are radial structured, the partitioning does not contribute a significant
improvement to the restoration process since the majority of the branches are ring
structured, and they maintain the combinatorial restoration possibilities. However,
when the %50 of the branches are radial, the computational time is almost halved as
the ring/radial structures are processed separately. In the %90 radial structure case,
since the possible restoration paths are already limited due to a few ring structured
branches, the improvement in the computational performance cannot be observed

clearly.

Case 4: In this case, the performance improvement of the IRS method is shown. The
computational time of identifying independent ring structures and its elements using
graph based method, e.g., Minimum Cycle Basis (MCB) method is compared with
the computational time of Ring system Detection and Extraction (RDE) followed by
MCB. To test the computational time, 2xIntel(R) Xeon(R) CPU E5-2650 v4 @
2.20GHz with 64GB RAM hardware setup is used. 5 Monte-Carlo simulations are
run, and their average is given as a result. The standard deviation of the simulation

results is less than %3.

For the test, various number of buses in a real-life distribution system is employed.
Figure 5.2 shows the difference of computational time performances in the
logarithmic scale for (i) MCB is utilized to identify the ring structures for the whole
system and (ii) radial structure is detected and extracted from the system, and then
MCB is utilized. As seen in the figure, the proposed method is superior compared to
the conventional graph based method. Elimination of the radial structure simplifies
the computational complexity and makes the IRS method efficient for large-sized
distribution systems using MCB. As stated in the motivation of the method, MCB

only method can not converge in a reasonable time when the size of the system is
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around ten thousand. Considering large-sized distribution systems, the partitioning

method plays a significant role in the topology analysis.
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Figure 5.2. Performance of IRS using (i) MCB only, and (ii) RDE followed by
MCB

5.2 Test Results for Situational Awareness

Case 1: The performance of the FBPF method is evaluated by comparing the result
of the power flow analysis with the result of the simulation tool. In 12 bus system,
the MSE of the FBPF method is revealed as 6.0356~*, and computational time is
found as 3.5615msec. The given test is conducted on an Intel i7, 8GB computer

using MATLAB environment.

Case 2: In this case, 38 bus system is employed to assess the computational

performance of the LAV based and WLS based estimators. As seen in Table 5.3, the
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proposed partial linearization of the measurement function improves the
computational time. As the system size expands, the difference becomes more
significant. Although WLS is the fastest compared to the LAV based estimators, an
additional pre-process, namely bad data detection is required to obtain accurate
results. Considering the inserted pseudo injection measurements are unreliable, WLS
without bad data detection estimates the states with bias. On the other hand, since
the nature of the LAV based estimation relies on selecting the minimum number of
measurements satisfying the least absolute values of error, LAV based estimation
automatically rejects bad/biased data. 500 Monte-Carlo simulations are executed on

an Intel i7, 8GB computer to obtain unbiased results.

Table 5.3 Computational performance results for 38 bus system

Type of Estimation Computational Time
Original LAV Estimation 250msec
Proposed LAV Estimation 238msec
WLS Estimation 68msec

The aim of using state estimation in this study is to find the most probable system
state based on real-time measurements and to validate the actions. As seen in the
results, the computation time for the 38 bus test system is in the order of hundreds
of milliseconds. Although this performance might not be sufficient for conventional
real-time monitoring and control problems, it is acceptable for validation of the

restoration process.

Case 3: In order to validate the selection of estimation method, the 3-bus sample
system shown in Figure 5.3. is utilized. The accuracy of LAV estimation and WLS
estimation for the given system is compared with and without biased data. The test

is conducted on an Intel i7, 8GB computer.

66



12 ‘ lll23
O Voltage magnitude measurement
—O > : Real and reactive power injection measurements
O : Current magnitude measurement

Figure 5.3. Sample 3-bus system with a measurement configuration

In Table 5.4, the MSE of the estimated states for two estimators is given with and
without bad data. As seen in the table, without bad data, the WLS estimator is
superior to the LAV based estimator since WLS aims to minimize the MSE.
However, when a bad (biased) data is inserted to reflect the effect of unreliable
pseudo measurements, the result of WLS is highly biased whereas the LAV estimator

is robust against the biased data.

Table 5.4 Estimation results for different measurement sets

Type of Estimator MSE without bad data MSE with bad data
WLS 1.065 x 10710 0.0043
LAV 3.65 x 10710 3.65 x 10710

The performance of the estimator under biased data is crucial considering the lack of
measurements and the unreliable nature of pseudo measurements in the distribution

system.
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In Figure 5.4, the collected measurements, the actual (true) values of the
measurements, the estimated measurements by LAV and WLS estimators are given.
As seen in the figure, the real power injection of bus-2 is manipulated to assess the
robustness of the estimator. While real power injection measurement, P,, and current
magnitude measurement, I,,, are significantly biased using WLS estimation, the
estimated measurements by LAV are completely unbiased. This case shows that
while LAV estimation provides automatic rejection of the bad data, unreliable
pseudo measurement, an additional bad data analysis is required in WLS estimation

to obtain unbiased results with low redundancy as in the distribution system.
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Figure 5.4. Comparison of WLS and LAV estimation under biased measurements
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Case 4: In this case, a 12-bus system is employed to reveal the accuracy of the
estimators. %1 Gaussian error is added to the measurement set to make the accuracy
results noticeable. In Table 5.5, the metrics used to evaluate the accuracy are MSE
and MAPE. While the error of the proposed LAV estimator is comparable with the
original LAV estimator, the accuracy of the WLS estimation has the best
performance comparing to LAV based estimators. However, in this application the
accuracy under biased data is critical considering the unreliable pseudo injection
measurements. Therefore, as validated in Case-3, the LAV based estimation which
is robust against bad data is utilized. The test is conducted on an Intel i7, 8GB

computer.

Table 5.5 State estimation results for 12 bus system

Type of Estimation MSE MAPE
Original LAV Estimation 3.122 x 1078 0.0574
Proposed LAV Estimation 4,525 x 1078 0.0582
WLS Estimation 1.186 x 1078 0.0552

Case 5: The proposed estimator is also utilized in a 600 bus system which is a subpart
of a real-life distribution system. The computational time of the process in the 600
Bus system is 2.67 seconds. To test the computational time, 2xIntel(R) Xeon(R) CPU
E5-2650 v4 @ 2.20GHz with 64GB RAM hardware setup is used. 5 Monte-Carlo

simulations are run, and their average is given as a result.

5.3  Chapter Summary

In this chapter, the proposed methods are validated. Firstly, the effectiveness of the

partitioning method is validated in different cases. The partitioning of the 8477 bus
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system in under a minute shows that the partitioning method can be utilized in a real-
time online decision process. Furthermore, the comparison of MCB only and RDE
followed by MCB shows that the computational performance of identification of the
system can be significantly improved. In the corresponding graph, it is shown that
MCB only method fails in the systems with around ten thousand. Considering the
size of the distribution systems can be a few tens of thousands, and they expand
continuously, the proposed partitioning method is crucial to analyze the systems in

a fast manner.

The performance of the situational awareness tool is also validated in this chapter.
The reasoning of the LAV based estimation is selected as distribution system
estimation is justified. The results related to the performance improvement of the
estimator show that the gain in the computational performance is promising while
the accuracy is comparable. The robustness and accuracy of the LAV based
estimation are validated using the sample system to provide the audience better
understanding. As a result, the tests show that both the FBPF and LAV estimator are
efficient and accurate enough to be utilized in the restoration to improve the

situational awareness.
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CHAPTER 6

CONCLUSION

In this thesis, the overall performance of the distribution system restoration
procedure is improved. The aim of the given work can be divided into two where the
novel partitioning algorithm improves the computational performance of the
restoration decision process; the situational awareness monitors the power system

and predicts the possible infeasible actions to be realized.

The partitioning algorithm is employed to detect the ring and radial structures in the
distribution system topology so that restoration strategy can be obtained for the
ring/radial structures separately. In addition to that, the situational awareness tool is
developed to monitor the power system and predict the possible infeasible actions to
be realized. The LAV based three-phase state estimator is proposed in this study to
monitor the system in real-time using the measurements gathered from the energized
part of the system. Furthermore, the performance of the estimator is improved by

partial linearization of the measurement function.

The efficiency of the partitioning method is validated by comparing the
computational time of the restoration decision process with/without utilizing the
proposed DRS method. Furthermore, in the thesis, it is also shown that utilizing the
DRS method increases the performance of identification of each ring since the graph

based method is employed only to ring structured part instead of the whole system.

The robustness, accuracy and time performances of the conventional LAV based
estimation, the LAV based estimation with the proposed measurement function, and
WLS based estimation are presented to validate the superiority of the proposed
estimation method. The sequential operation of the estimator and the flow analysis

ensures that the energized part of the system is monitored in real-time using reliable
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measurements, and the given action set can be realized in the whole system by power

flow analysis using load/generation forecasts and profiles of the un-energized part.

To sum up, the partitioning method improves the performance of the system analysis
to be utilized in the online decision support mechanism for distribution system
restoration. The partitioning method makes the online decision support mechanism
for the restoration of large-sized distribution systems possible. Moreover, the
partitioning method is capable of analyzing large-sized systems where graph based
methods may fail to converge in a reasonable time. The test results show that both
the FBPF and developed LAV estimator are efficient and accurate enough to be
utilized in the restoration to improve the situational awareness. Considering the
heuristic and rule-based restoration procedures available in the literature, the
proposed restoration methodology optimizes the restoration strategy considering

electrical constraints

As future work, PMUs can also be included. PMUs are not considered in this study
since PMUs are not commonly used distribution systems. However, in the presence
of those measurements, the proposed method can be used without loss of generality.
Moreover, the estimator can be constructed using the sparse data structure. The
computational performance of the estimator is expected to increase significantly in

sparse structure considering the sparsity ratio of the utilized matrices.
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APPENDICES

A. The Formulation of Elements of Jacobian Matrix
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B.

Input Files for The Distribution System State Estimation

Figure B.1. Sample 3 bus system

BUS DATA FCLLCWS

1 0000
2 0000
3 0000
-9%9
BRANCH DATA FOLLOWS
1 2 00000 O 0.
2 3 0000 0O a.
-9%9
LOSS ZONES FOLLOWS
-9g
INTERCHANGE DATA FOLLOWS

]
TIE LINES FOLLOWS
-]

o

4 W
oo

o o

Figure B.2. CDF file structure of a sample distribution system
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19%18.58 0.001 O

19%18.58 0.001 O

19%18.58 0.001 O

-10015.4 1 1.0450
-16669.1 0 1.0100

-10015.4 1 1.0450
-16669.1 0 1.0100

-10015.4 1 1.0450
-16669.1 0 1.0100

-1018.79 0 1.0450
-670.166 0 1.0100

-1018.79 0 1.0450
-670.166 0 1.0100

-1018.79 0 1.0450
-670.166 0 1.0100

2 1344.37 0
3 839.59%5 0

2 1344.37 0
3 839.595 0

2 1344.37 0
3 839.59%5 0

R R R S N R S R SR SR TR SR X PR R SR OB N U R S R OB I SV SV SR SR SR

Figure B.3. Measurement file of a sample distribution system
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