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CHAPTER 1
Introduction

1.1 Background and Motivation

A power system is a network that consists of a generation system, transmission
system, and distribution system. The electric power is delivered to users from the
generation system that supplies the electricity through the transmission system and
the distribution system [1]. This transmission causes power loss in a power system [2].
In addition, the power demand is increasing every year, and consumers distribute
from the power source resulted in increasing the power loss in the system. Therefore,
the study of power loss minimization is very important. Power loss minimization can
increase the reliability and performance of a power system by generating lower
power, but load demand remains unchanged. Moreover, the cost of power loss and
energy production can be reduced. Power loss can be minimized by the alternating

current optimal power flow (ACOPF) [3].

The ACOPF is a fundamental tool for determining an optimal operating point
in an alternating current (AC) power system. The goal of the ACOPF problem is to
minimize the total power loss while maintaining the security of the power system
operation. This operation is subjected to keep each device in the system within its
required operation range at steady state. This includes the limits of power generation,
maximum power flow of transmission line, as well as voltage limit at each bus [4].
The general ACOPF problem is a nonconvex and NP-hard optimization problem with
nonlinear objective function and constraints [5]. Thus, this problem is computationally
expensive and difficult to solve in practice. To reduce the complexity, second order
cone program (SOCP) relaxation is applied [6]. SOCP relaxation can convert the
conventional ACOPF problem to a convex optimization problem [7]. Thereby, the

global optimal solution can be obtained within polynomial time.



Power loss in the system can be varied from power system devices, such as
distributed generation (DG) or static var compensator (SVC). DG is playing important role
in a power system because DG is a renewable energy generation that can improve the
reliability of the system [8]. Moreover, DG can reduce transmission power and power
loss of a distributed system since DG is close to the load location, so the transmission
distance is reduced [9]. Therefore, the appropriate placement of DG with a suitable size
can reduce the power loss and improve the reliability of the power system. While the
unreasonable location and capacity of DG lead to greater power loss [10]. As a result,

the optimal placement and size of DG are necessary to determine.

SVC is one type of flexible AC transmission system (FACTS) device, which is used
to ensure power system reliability and security by appropriate control. SVC can
continuously supply or absorb reactive power to the system [11]. Thus, a transmission
system and a distribution system use SVC to control voltage and reactive power. The
integration of SVC at the appropriate location can reduce the power loss and increase
the transmission capability while maintaining the smooth voltage profile [12]. Therefore,
the placement of SVC with a suitable size is necessary to consider for minimizing the

power loss in the network.

The thesis aims to minimize power loss in the power system by using the
ACOPF which is reformulated from SOCP relaxation. The optimal solution can be
obtained without violating the power system limit. Additionally, the appropriate

location and size of DG and SVC are also considered to reduce power loss.
1.2 Objective

The objective of this study is to enhance the power system performance in
terms of total power loss minimization by using alternating current optimal power flow

(ACOPF) with second order cone program (SOCP) relaxation.

1. To develop the computation of the ACOPF by using SOCP relaxation.



2. To analyze the appropriate site and size of distributed generation (DG) and

static var compensator (SVC) to reduce power loss in distribution line.

3. To minimize power loss in distribution line.

1.3 Scope of Works

1.

5.

The study considers only power system in steady state operation.

The study considers only power loss minimization in distribution line and

the suitable placement and sizing of DG and SVC.
The study considers the ACOPF formulation with SOCP relaxation.
The study is applied on the standard MATPOWER test system.

The simulations are performed using CVX optimization solver on Matlab.

1.4 Methodology

1.

Studying literature works related to the thesis as follows:

1.1 Studying the power system analysis and the optimal power flow for

power loss minimization.
1.2 Studying the convex optimization and SOCP relaxation.
1.3 Studying CVX optimization solver to solve SOCP relaxation.
1.4 Studying the effects of DG and SVC to the power system.

Formulating the ACOPF problem with SOCP relaxation to relax nonconvex

problem to convex problem.
Defining the scope and methodology of the thesis.
Considering data related to the test system.

Developing a program for computing the ACOPF of total power loss

minimization problem in the system with MATLAB and CVX.



6. Performing the proposed method and program on test systems.
7. Discussing the result and concluding the research.

1.5 Expected Contribution

1. The ACOPF formulation with SOCP relaxation for minimizing total power

loss in distribution line.
2. The suitable site and sizing of DG and SVC for power loss minimization.
3. The reliable solution of the problem under system constraints.

1.6 Literature Review

The minimization of power loss in transmission and distribution system is very
important to increase the reliability and efficiency of the system. Nowadays, the
problem of loss minimization is an interesting topic. The power loss in transmission
lines depends on the admittances, leakage losses, and voltages [13]. Due to this, the
power loss can be optimized by the optimal power flow (OPF) under the limits of

power generations, bus voltages, and network flows.

The OPF is a fundamental tool in electrical power system analysis. It focuses
on finding an optimal operation. Carpentier first defined the OPF problem in the
early 1960s [14]. After that, Dommel and Tinney complete the OPF formulation and
multiple algorithms in their work [15]. Several optimization methods have been
established to efficiently solve the OPF problem. However, this problem is also a

challenging optimization problem in the power system.

From [16], there are 2 challenges in the OPF problem. First, the problem is
solved every few minutes due to an operational level problem. Consequently, the
computational budget is limited. Second, the problem is a nonconvex and NP-hard
problem owing to nonlinear constraints. Hence, the algorithms, that are suggested for

the OPF problem, are based on approximation or relaxation. Direct current optimal



power flow (DCOPF) approximation is used in the practical electricity industry [17]. In
contrast, the original nonconvex OPF is the ACOPF. DCOPF is a linearization of ACOPF
by approximating the power flow equations. The important aspects are ignored, such
as voltage angle and reactive power so the computation is faster. However, the

solution is not precise and cannot guarantee the global optimal solution.

In [18], Newton-method is applied to the OPF problem. Then many methods
according to Newton-method and gradient algorithm are arisen [19]-[20]. These
methods solved the OPF problem from the iterative method in a specific direction.
Hence, the convergence speed near the optimal point is very low. Moreover, the
global optimal solution is obtained difficultly. From [21], non-deterministic search
techniques like Ant Colony Optimization (ACC), Particle Swarm Optimization (PSO), or
Tabu Search (TS) are applied to solve the OPF problem. Moreover, hybrid methods
which combine various optimization techniques into one algorithm are also applied
to the OPF problem [21]. These methods can handle nonconvex, dynamics, and

discrete variables but the calculation speed is very slow.

In recent years, the semidefinite program (SDP) and the second order cone
program (SOCP) are applied to the OPF problem. The research [22] converts the
power flow model into the SDP model by primal-dual interior point algorithm. For
the mesh network, the OPF problem is solved using SDP relaxation from [23]. There
are 4 different formations to consider the problem. Only one of the formations
provide the exact solution. The research [24] presents the SDP relaxation is exact
only if the duality gap is zero. The work shows a necessary and sufficient condition to
guarantee the existence of no duality gap for the OPF problem. The SDP relaxation
provides the global optimal solution to the OPF problem when the relaxation is
exact. However, the exactness can be guaranteed only for some problems within
some assumptions, such as radial networks under load over-satisfaction, or lossless
networks with cyclic graphs [25]-[27]. When the solution matrices are not rank one,

some problems in the terms of recovering an optimal solution are posed [28].



Therefore, the SDP relaxation is difficult to solve in the real large-scale power

network.

The work [29] presents SOCP to convexify power flow equations in the radial
distribution networks. The research [30] describes an exact SOCP model for
reformulating the power flow equation with the branching aspect. In [31], the OPF
problem applies SOCP relaxations. The relaxations are proved to be tight with the
application of the convex hull. In addition, the research [32] indicates the ACOPF
formulation with SOCP relaxation in the radial network. The work shows that the
SOCP relaxation is exact under certain conditions. As a result, the SOCP method is
less sensitive to the power system scale and less computational time. The SOCP

solves the ACOPF problem faster than the SDP.

To reduce power loss in the system, the power system devices, such as
distributed generation (DG) or static var compensator (SVC) are considered. The study
[33] formulate the optimal photovoltaics sizing problems as SOCP model for loss
minimization in a distribution network. The research [10] proposes a distributed
generation (DG) siting and sizing for minimizing the total active power loss. The SOCP
model is used to solve the problem and provides the optimal solutions.
Furthermore, the suitable locations of SVC in the transmission network are
determined in [12]. The active power loss can be reduced from several SVCs with

appropriate placement.

As a result of all literatures above, this thesis focuses on power loss
minimization which can be determined from reformulating the ACOPF with SOCP
relaxation. Moreover, DG and SVC with suitable placement and size are considered to

reduce power loss in the system.



CHAPTER 2

Basic Power System

This chapter describes the basic knowledge in the power system which
encloses 3 parts. The first part describes the distribution system which carries
electricity through the transmission system to consumers. The distribution system
can be classified into 3 types according to feeder connection topologies. The second
part describes bus type which is used in power flow analysis. The last part describes

an introduction to power loss and the factors that affect power loss minimization.

2.1 Distribution System

From [1], the distribution system is part of the power system that receives
electricity from the generation system through the transmission network in order to
deliver electric power to the users in different areas. The transmission system and
the distribution system are connected through a substation which regulates the

voltage to a suitable level for the user application.

The distribution system is divided into 2 system types that are an overhead
aerial system and an underground cable system. Several factors are considered to
select the system type, such as safety, environment, and investment cost. Generally,
the distribution system in Thailand is the overhead aerial system because the price is
lower than the underground cable system. However, the underground cable system

is used in the high load density area or within industrial estates.

The distribution system consists of 3 typical feeder connection topologies as

following.
1. Radial distribution system
2. Loop distribution system

3. Network distribution system



2.1.1 Radial Distribution System

The radial distribution system is the most commonly used due to the
simplest connection system and the lowest installation cost. The radial system has
only one power generation and various feeders radiate from a substation to feed the
user at one end as shown in Figure 2.1. Thus, the power flow in radial system has
one direction. The reliability of the system is not highly. When a fault occurs at any
point in the feeder, power in the entire line is interrupted and there is no alternative

feeders to feed load.

Load Load

@ Load

Generator

Load

Figure 2.1 Radial distribution system
2.1.2 Loop Distribution System

The loop distribution system loops through the load area and returns to the
initial point which is the substation bus as shown in Figure 2.2. The strategic
placement of switches allows the utility to supply power to customers from either
direction. If the fault occurs, the circuit breaker will open the circuit to trip until the
fault disappears from all directions. The fault can be eliminated with a minimum of
customer interruptions. Hence, the loop system provides better reliability and
continuity of service than the radial system. However, this system is more expensive

because more switches are required.



Generator Generator
Ve
& &)
N /
AN | 7
Load
|
Load

Figure 2.2 Loop distribution system
2.1.3 Network Distribution System

The network distribution system is the most complicated system that consists
of several interconnecting circuits operating at the same voltage level. The utility can
supply loads from two or more power supplies with various direction as shown in
Figure 2.3. When one power source fails, the other sources can supply power to the
customer without interruption. Therefore, the loss in this system is lower than the
radial distribution system. Moreover, the network system is the most reliable in terms
of continuity of service. However, it is also the most expensive. For this reason, it is
usually used only in high load density area or downtown area.

Generator Generator

& o &

Generator @- —@ Generator

Load l—
D @ ITO—ad—I

Generator

Figure 2.3 Network distribution system
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2.2 Bus Classification

The buses in a power system are associated with four quantities which are
the magnitude of the voltage, the angle of the voltage, the active power, and the
reactive power [34]-[35]. Thereby, the buses are placed in three categories: voltage

bus, load bus, and slack bus which can be summarized in Table 2.1.

2.2.1 Voltage Bus

The voltage bus is also known as the generator bus or PV bus in which the
generators are connected. The voltage magnitude corresponding to the generator
voltage, and the active power corresponding to the generator rating are specified.
The voltage magnitude is set by adjusting the synchronous generator field current.

The constant power generation is controlled through a prime mover.
2.2.2 Load Bus

The load bus is also called the PQ bus where no generators are connected.
Thus, the active and reactive power generation is zero, but the active and reactive
power of the load is specified. The bus voltage magnitude may vary within tolerable
rates and the voltage angle is not very crucial for the load. The load bus is the most

abundant bus in the power system.

2.2.3 Slack Bus

The slack bus is also known as the swing bus which is taken as a reference
bus. The voltage magnitude and the voltage angle are predefined with the angle set
to zero. No load is connected to this bus so the loss can be considered during the
transmission of power. The generator bus supplies the active and reactive power, but
the load bus is not receiving all the power as a result of power loss in the system.
The slack bus supplies the loss and the unfulfilled demand from other buses.
Accordingly, the slack bus maintains the balance of the power by absorbing or

supplying the active or reactive power.



Table 2.1 Comparison of bus types
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Bus type | Active power | Reactive power | Voltage magnitude | Voltage angle
Voltage Bus constant unknow constant unknow

Load Bus constant constant unknow unknow

Slack Bus unknow unknow constant constant

2.3 Introduction to Power Loss

From [1], [36] and [37], power loss in the power system is the power that

loses in the transmission line by converting from electrical energy to thermal energy.

The power loss can be divided into 2 types as follows.

1. Technical loss

Technical loss consists of power loss in the transmission line, transformers, or

other components. Moreover, it also includes core loss of transformer and

discharge oss.

2. Non-technical loss

Non-technical loss is caused by faulty measurements or defective data

collection processes. It is generally calculated from the difference between

the total power loss and the technical loss.

In this part, the technical loss is focused. The technical losses can be

considered from power flow analysis through power system model such as

transmission lines, transformers, or impedance. Therefore, the utility can plan to

reduce the power loss for example installing a capacitor or selecting a suitable

transformer size. Furthermore, there are two types of causes of the technical loss.
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Power loss dependent on load loss

This loss comprises power loss in transmission line and transformer. This loss
is caused by the electric current flowing through the various components of
the power system. The loss is converted into heat, causing high temperatures
in components, and energy waste is wasted.

Power loss independent of load loss

This loss mostly is transformer core loss. This loss is especially in distribution

systems with a large number of distribution transformers.

Generally, the utility computes the power loss occurring in the system to

examine the cause and amount of power loss from each component and then

determines an effective plan for reducing the loss. The power loss can be calculated

from the difference between the power unit generated and the power usage from

the customer. This loss is a total loss that includes both the technical loss and the

non-technical loss. After that, the technical loss is calculated. For accurate results,

power flow analysis is applied to calculate loss. In order to reduce loss, there are 5

factors to consider as follows.

1.

Distributed generator size and placement

Installing a distributed generator with a suitable capacity and location can
reduce the power loss in the system. The loss will increase when installed
too high capacity due to the reverse power flow to the generator at the
substation.

Load demand capacity

Each electricity user has different power consumption behavior so, there are
various load characteristics. Industrial users consume a lot of power during
the day while consuming less power at night. Residential users consume a lot
of power during the night while consuming less power during the day. The
higher the power demand, the higher the power loss. Thus, the power loss

depends on the amount of power demand.
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3. Transmission line type and length
The power loss occurs in transmission lines so, the transmission line type and
length have a direct effect on power loss. There are various types of
transmission lines that have different conductivity. In addition, the length of
the transmission line varies in line impedance. The higher impedance, the
higher power oss.

4. Capacitor size and placement
The utility requires a high power factor, especially in the load bus with high
power demand. The higher the power factor, the lower the power loss in the
system. To improve the power factor, the capacitors are installed at the
appropriate size and location. Therefore, capacitors can affect the power loss.

5. Transformer tap changing
In a radial distribution system, the voltage level decreases along with the
distance of the transmission line. The longer the distance, the lower the
voltage level and it depends on the amount of power demand in each
location. The transformer tap is adjusted to increase or decrease the voltage
level. Therefore, adjusting the transformer tap can reduce the power loss in
the power system. This method applies the same principle as raising the
voltage level to high so that the current in the transmission line is low

resulting in lower power loss.



14

CHAPTER 3

Conventional Alternating Current Optimal Power Flow

This chapter describes the conventional alternating current optimal power
flow (ACOPF) problem which is a nonlinear optimization program. The ACOPF is
power dispatch proposed to satisfy an objective function while system constraints
are taken into account, for example power flow equations, generation capacity limits,
transmission line flow limits, etc. The explicit ACOPF formulation can be derived from
the power system model. Hence, the suitable model and components are very
important in the system. This section consists of 2 parts. The first part describes the
power system modeling. The last part explains the ACOPF formulation with the

objective function and the constraints.

3.1 Power System Modelling

From [38]-[39], a power system model is key factor in the alternating current
optimal power flow (ACOPF) analysis. The appropriate model provides accurate
results of the ACOPF problem. This section consists of 5 components of the power
system which are generators, loads, shunt compensation elements, transformers, and

transmission lines.
3.1.1 Generator

A generator is a device that transforms mechanical energy into electrical
power in the power system. The complex power which is generated from the

generator can be imposed as below.
Sgi = Pgi +ngi (3.1)
Where Py, is active power generated at bus i.

Qgi is reactive power generated at bus i.
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The generator is modeled as a controllable power source as illustrated in Figure 3.1.

T

Sgi = Pgi +JQyqi
Figure 3.1 Generator model

Most of the based load in the power system is originated from thermal units.
Hence, the fuel cost of the generator can be represented as a quadratic function of

active power generation,

C(Pgi) = a; + B,(Pgi) + ,(Pg)? (3.2)
where ¢; is the thermal plant fixed cost.
B, is first-order coefficient of the cost curve.
% is second-order coefficient of the cost curve.

3.1.2 Load

A load is one of the portions of the power system which consumes electrical
energy in the form of current and converts current into other forms such as heat,
lisht, work, or motion. The load is resistors, inductors, or capacitors. Moreover, the
electric load is also called power demand. The power demand is determined as
constant complex power consumption which is not dependent on the voltage as

express below.
Sdi = Pdi +dei (33)
Where Pg; is active power demand at bus i.

Quai is reactive power demand at bus i.
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Figure 3.2 shows the load model with constant active and reactive power.

\J
Sai = Pai +jQai

Figure 3.2 Load model

3.1.3 Shunt Compensation Element

In shunt compensation, the shunt elements operate as a controllable current

source and are connected in parallel with the transmission line in the power system.

The current is injected into the transmission line to set the voltage magnitude by

changing shunt impedance. There are 2 major types of shunt compensation

elements.

1.

Shunt inductive compensation

Shunt inductive compensation is used to limit the voltage when the load at
receiving end is very low. Due to the light load, a very low current flows
through the transmission line then the reactive power demand is less than
the reactive power generated. As a result of the shunt capacitance of the
line, the voltage tends to rise. To control the voltage, reactive power is
necessary to draw out. This is accomplished by connecting the shunt
inductors across the transmission line.

Shunt capacitive compensation

Shunt capacitive compensation is often used to raise the voltage on the
transmission line and reduce power loss in the power system. When the load
is high, the large reactive power flows from sending end to the receiving end

and resulted in a large voltage drop due to the series inductance of the line.
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To improve the voltage, shunt capacitors are connected to feed the reactive

power to the load.

Shunt elements are indicated from the voltage magnitude dependent
complex power as shown in equation (3.4). Hence, the active and reactive power

which are injected via the shunt compensation admittance are presented in equation

(3.5)-(3.6).
st =P™ +jQ (3.9)
P™ = UZG; (3.5)
Q" = ~UZB; (3.6)

Where Pii"j is active power injection at bus i.

Q™ s reactive power injection at bus i.

U; is voltage magnitude at bus i.
G; is shunt conductance of shunt compensator at bus i.
B; is shunt susceptance of shunt compensator at bus i.

3.1.4 Conventional Transformer

A transformer is one of the major components in the power system which
transfers power from one voltage level to another level with high efficiency. The
power of the primary and the secondary winding are almost equal except for the
transformer losses. Accordingly, the secondary voltage is increased by a ratio of a
using a step-up transformer of turn ratio a. The loss in the line will decrease and the

power can be transmitted to the load over long distances.
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The two winding transformer is modeled having complex tap ratio on both
primary and secondary windings. The model also considers the magnetizing branch
under saturated conditions for the core loss. The two winding transformer equivalent

circuit is shown in Figure 3.3.

U U
P s
z, L u % n % oy, oz
I, I
Iy
T,: 1 1:N,
Till 1:Ni".
GO BU

Figure 3.3 Two winding transformer equivalent circuit

The primary winding is represented as an ideal transformer with complex tap
ratios Tp,: 1and Tj: 1in series with the impedance Z,, where T, = T = T,, £ @y, and the
* denotes the conjugate operation. In the same manner, the secondary winding is
represented as an ideal transformer with complex tap ratios N,:1and N;: 1 in series
with the impedance Z;, where N, = N; = N, £ @,,. The primary voltage U, and
current I, are related to the secondary voltage U and current I through the transfer
admittance matrix of the two winding transformer is defined by equation (3.7). In the

alternating current (AC) network, T, N, U, and I are all complex variables.

I G,, G B,, B U
D 194 ps . 124 ps D
. N el a7
7] [[Gsp )+ Bop  Bosl| LU
Where
F; (N2 + R)+F,R,
Gpp = 2 2
F? + F;

_ FyR, — F,(Nj + Ry)
PP Ff + F}
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_ Fi(T7 + R3)+F,R,
s F? + F?

_ FiR, — F,(T} + Rs)
s FZ + F?

_ —T,N,(F; cos(®,) + F, sin(@,))

s FZ + F}
_ T,N,(F; cos(9,) + Fy sin(@,))
s FZ+ F}
G = —T, Ny, (F; cos(D;) + F, sin(0;))
sp —

Ff + F}

S5 T‘UN‘U(FZ COS((DZ) + Fl Siﬂ(@z))
- FZ+F?

Fy = T7Rs + NZR, + Roqy
Fp = TZXs + N2 Xy + Xega
Req1 = (RyRs — X, X5)Go — (RyXs — RsX,,)By
Xeq1 = (RyRs — X, X5)Bo + (R, X5 — RsX,, )Gy
Ry = R,Gy — X;B,
R, = RyBy — X,G,
R; = R,Go — X,,B,
R, = R,By — X,,G
D1 =Dty — Do

By = By — Dty
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3.1.5 Transmission Line

A transmission line is used to transfer electric energy from generating units at
various locations to the distribution units which ultimately supply the load. It
transmits the wave of voltage and current from sending end to receiving end. The
transmission line is characterized by series resistance, series inductance, shunt
conductance, and shunt capacitance. Figure 3.4 displays the m equivalent model of
the transmission line.

U; Ui

Yij = Gij — jBij
I P AN N Ii

1 B B
2

IJ? J I

Figure 3.4 Equivalent circuit of the transmission line

Let [; and U; denote the injection current and the voltage at bus i. The series
resistance, series inductance, and shunt susceptance are indicated as R, L, and B,
respectively. The relation of the current and the voltage is presented in equation

(3.8) in the form of the bus admittance matrix.
- [
= (3.8)
[Ij Y Yl 1Uj
Where

B. .
Yii =Y = (3’ij +J ?) = Gi; — jBii
Yij =Y = —yij = Gij — jBj;

R

i =R T ly?

B — wlL
Y R? + (wl)?
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The power injection at bus i through the transmission component connected

between bus i and j is explained as follows.

S; = UI} (3.9)

I; = YU; + YU (3.10)
Therefore, equation (3.9) can be reformulated as

S; = U;(YyU; + Y;;U)" (3.11)

Moreover, the power injection can be presented in the form of the active and

reactive power at bus i as follows.
Si = P +j0; (3.12)

The Euler identity is applied to the voltage at bus i and bus j in equation (3.11).
Then, the complex power injection is separated into real and imaginary parts as in

equation (3.13)-(3.14).
Pi = UizGil' v ULU][GU COS(Qi = 9]) + Bl] sin(@i — 91)] (313)

Qi = UizBii + UlU][Gl] Sin(Bi = 6]) _BU COS(gi — 9])] —jBC Uiz (3.14)

2
Where 6; is voltage angle at bus i.
3.2 Conventional Alternating Current Optimal Power Flow Problem

The alternating current optimal power flow (ACOPF) problem is concerned
with determining a steady state optimal operating point of an alternating current (AC)
in the power system. The ACOPF problem minimizes a certain objective function
such as generation cost or power loss subject to network and physical constraints.

From [6], [32], and [40], the general ACOPF problem can be stated as follows.
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Minimize  f(x) (3.15)
Subjectto  g(x) =0 (3.16)
h(x) <0 (3.17)
X < x < xyp (3.18)

Where f(x) is the objective function.

X is variable of the power system which encloses voltage magnitude,

voltage angle, power generation and power demand.

g(x) are the equality constraints which are power flow equations

and control equations.
h(x) are the inequality constraints which are transmission line flow limit.
X1p are lower limit of the variables.
Xyp  are upper limit of the variables.

Equation (3.14)-(3.17) can be summarized as minimizing the value of the objective

function when the equality and inequality constraints are satisfied.

This part is organized by the objective function, the equality constraints, and

the inequality constraints.
3.2.1 Objective Function

The objective function of the ACOF problem in this study focuses on
transmission power loss minimization. The transmission power loss can be
determined with the difference in the power generated and the power demand.
Furthermore, the total transmission power loss can be also formulated with the sum
of power injection at bus i. However, the total transmission power loss is mostly
concerned with the active power only, so the objective function can be represented

as below.



F =Y, 3V, G [UF + U — 2U,U; cos(6; — 6))] i€N,i,jEE
Where G;; is conductance on branch ij.

U; is voltage magnitude at bus i.

0; is voltage angel at bus i.

i is from bus.

j is to bus and not equal to from bus.

N is total number of bus.

E is total number of branch.

3.2.2 Equality Constraints
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(3.19)

The equality constraints are the power balance equation which is formulated

from the Kirchhoff law and the power flow equations. The power balance of the

power system must be satisfied in order to represent the steady state. Let a* denote

the conjugate form of a. The power balance equation is as follows.

Si=Q Py —XPy)+jXQgi — X Qui) [EN

Si = Xj~iSij i€N,i,jEE

Sij = Uiljj i€N,i,j €EE

lij = (Uy = UpYy; + 22 U; i€ N,ij€E
Where §; is complex power at bus i.

2 Pg; s the sum of active power generated at bus i.
Y. Py is the sum of active power demand at bus i.
% Qg; s the sum of reactive power generated at bus i.

Y. Qqi is the sum of reactive power demand at bus i.

(3.20)

(3.21)

(3.22)

(3.23)
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Sij is complex branch flow from bus i to bus j.
I is current from bus i to bus j.
Y is admittance on branch ij.

Equation (3.22) indicates the relations of the bus voltage, the current, and the
complex power flow according to equation (3.9). Equation (3.23) shows the Kirchhoff
law which explains the relations between the current and the voltage difference of

the branch according to the model in Figure 3.4.

The complex power in equation (3.22) can be separated into the active and
reactive power according to equation (3.13)-(3.14). The power flow equations can be

represented as follows.
Sij = Pij +jQi; i,j EE (3.24)
P;; = G;;U;* — G;;U;U; cos(6;;) + B, U U; sin(6;) i€N,i,jEE (3.25)

Qij = B;jU;* — B;;jU;U; cos(8;;) — G;;U;U; sin(6;;) — %Uﬁ i€N,i,j EE (3.26)

Where Py is active power flow on branch ij.
Qij is reactive power flow on branch ij.
B;; is susceptance on branch ij.
0 is 6; — 6.

3.2.3 Inequality Constraints

The inequality constraints are considered to assure the safe and stable
operation of the power system. The inequality constraints include the bus voltage
limit and the capacity of active and reactive power generation limit. In the stable
operation, the bus voltage should not fluctuate much, so the bus voltage limit is
typically +5% within the base voltage. The inequality constraints are shown as

follows.
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Pgi,min < Pgi < Pgi,max IEN (3.27)
Qgi,min < Qgi < Qgi,max LEN (3.28)
Ui,min < Ui < Ui,max IEN (3.29)

Where Py min is the lower bound of the active power generation at bus i.
Pyimax 1s the upper bound of the active power generation at bus i.
Qgimin is the lower bound of the reactive power generation at bus .
Qgi,max s the upper bound of the reactive power generation at bus i.
Ui min is the lower bound of the voltage at bus i.
Ui max is the upper bound of the voltage at bus i.

All the above inequality constraints are for the PQ bus and the PV bus. For
the slack bus, the active and reactive power generation are not limited. Moreover,
the voltage is fixed so the lower and upper bounds are equivalent to the voltage at

the slack bus.

The inequality constraints also include the limit on power transmission line

between bus i to bus j which can be manifested as follows.
1S5l < Sijmax i,j EE (3.30)
1Sjil < Sijmax ij €E (3.31)

J

Where S;;jmax is the upper bound of the complex power in the branch ij.
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CHAPTER 4

Power Loss Minimization with SOCP relaxation

The conventional alternating current optimal power flow (ACOPF) problem is
a nonconvex problem from a nonlinear objective function and nonlinear constraints
that is difficult to find the global optimal solution. Therefore, the ACOPF problem is
computationally intractable in practice. To reduce the complexity of the
computation, the ACOPF problem is transformed into a convex optimization format.
In this chapter, second order cone program (SOCP) relaxation is applied to minimize
total power loss in the ACOPF problem. The proposed method can obtain the global
optimal solution within polynomial time. This chapter consists of 4 parts. The first
part describes the convex optimization problem and the convex relaxation. The
second part explains the SOCP format. The third part illustrates SOCP relaxation
which is applied to the ACOPF problem for power loss minimization. The last part

presents the flowchart of the ACOPF computational algorithm.

4.1 Convex Optimization

Convex optimization is a special class of mathematical optimization problem
which has applications in a wide range of disciplines. There are many advantages to
formulate a problem as a convex optimization problem, for instance the problem
can be solved efficiently and reliably. Moreover, convex optimization can interpret
the original problem to obtain an efficient method for solving the problem. Affine
set, convex set, and convex function must be also considered to determine a convex

optimization problem [41]-[42].

Suppose x; # x, are 2 points in R™. The line passing through x; and x, can be

indicated as
y=0x;+(1—0)x,, (4.1)

where 8 € R. The line can be displayed as Figure 4.1.
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Figure 4.1 The line passing through x; and x,

A set C is affine if it contains the line through any 2 distinct points in the set,
i.e., forany xq,x, € C and 6 € Rthen 6x; + (1 — 8)x, € C. However, a set C is convex
if it contains line segment between any 2 points in the set, i.e., for any x4,x, € C and
any 8 with 0 <0 <1 then 8x; + (1 —6)x, € C. Accordingly, every affine set is also
convex because it contains the whole line between any two distinct points, and also
the line segment between the points. Figure 4.2 shows the example of simple

convex and nonconvex set.

—,

convex nonconvex

Figure 4.2 Convex and nonconvex sets

A function f : R"*—> Ris convex if the domain of the function f (dom f) is a

convex set and if for all x,y € dom f, and 8 where 0 < 0 < 1 then

fOx+(1-0)y) <0f(x) + (1 -)f(). (4.2)
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From equation (4.2), the inequality means that the line segment between (x, f(x))
and (y, f(y)) lies above the graph of f. Moreover, the line segment is also the chord

from x to y. Graph of convex function is demonstrated in Figure 4.3.

(y.f)
(%, f ()

Figure 4.3 Graph of a convex function

From all above, the convex optimization can be written in standard form as

minimize fo () (4.3)
subject to filx) <0, i=1,..,m, (4.4)
a’x = b, i=1,..,p, (4.5)

where fy, ..., fm are convex function. There are 3 requirements of the convex
problem. The first, the objective function must be convex. The second, the
inequality constraint functions must be convex. The last, the equality constraint
functions must be affine. Besides, there has an important property which is the
feasible set of a convex optimization problem is convex. Consequently, a convex
objective function is minimized over a convex set in a convex optimization problem
which means they satisfy the equation (4.2). The problem may have zero, one, or

many solutions but there is only one optimal solution, which is globally optimal.

Global optimal solution is the solution of an optimization problem that is the
most optimal among all feasible solutions whereas a local optimal solution is a
solution that is optimal within a neighboring set of feasible solutions. The concept of

local optimal solution and the global optimal solution is illustrated in Figure 4.4.
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fx)

Local optima

Local optima

Global optimum

Figure 4.4 Local optimal solution and global optimal solution

In a convex optimization problem, there is only one optimal solution, so any
locally optimal point is also globally optimal. On the other hand, a nonconvex
problem has many optimal solutions which are local optima and global optimum.
Therefore, a convex optimization problem is more efficient to find the true global

solution than a nonconvex problem.

Many problems are nonconvex problems, such as matrix completion, deep
neural networks, or principal component analysis. The power flow equation is also
one of the nonconvex optimization problems. In order to convexify the nonconvex

problem, relaxation, and approximation are applied [7].

Approximation is an approximate representation of the feasible space. The
feasible space is the space where all variable assignments satisfying all problem
constraints. Approximations simplify the nonconvex problem by using assumptions
regarding certain quantities. A convex approximation can closely display the behavior
of the problem when the relevant ascriptions are exact. Moreover, many convex
approximation problems are reasonably accurate for problem constraints. However,
the approximation may not contain all feasible points and may also contain points

that are not feasible.
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A relaxation is an extension of the feasible space which contains all feasible
points. Relaxation encircles the nonconvex feasible spaces in a larger space.
Therefore, relaxation can be nonconvex, nonlinear, or linear. However, the larger
space is typically considered as convex to determine the problem as convex

optimization problems.

The conceptual examples of the relaxation and the approximation of a

nonconvex feasible space are shown in Figure 4.5.

Nonconvex space o Nonconvex space
Relaxation Approximation

i f M J‘}

Figure 4.5 Concept of a convex relaxation and a convex approximation

Optimization problems that use convex relaxations provide bounds on the
optimal objective value for the original nonconvex problem. Moreover, sufficient
conditions for certifying problem infeasibility are also obtained. Some convex
relaxations provide global optima for limited classes of power system optimization
problems which can be guaranteed by related sufficient conditions. In contrast, any
of the above theoretical guarantees which is obtained by relaxation are not obtained

from approximations.

In this study, the relaxation of the ACOPF problem is only considered due to
the mathematical guarantees. Moreover, relaxations are superior to approximations

because relaxations can provide bounds on true optima.
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4.2 Second Order Cone Programming

A second order cone program (SOCP) is the class of convex optimization
problem which is closely related to quadratic programming [41]-[42]. The SOCP
problem includes linear and quadratic programming. The objective function which is
a linear function is minimized subject to linear constraints and the intersection of an
affine set and the product of second order (quadratic) cones. The standard form of

the SOCP problem is shown as

minimize fTx (4.6)
subject to NAix +bill, <cfx+d;, i=1,..,m @.7)
Fx=g, (4.8)

where x € R"is the optimization variable. The problem parameters are f € R", 4; €
R™*" ph, e R™, ¢c; ER", d; €ER, FERP*" and g € RP. The norm |[|x|l, in the

constraints is the Euclidean norm and ¢] denotes the transpose of c;.

A constraint in equation (4.8) is called a second order cone constraint which is

represented as
lAx + b|l, < cTx +d, (4.9)

where A € REK*™ The second order cone constraint in SOCP arises from the
constraints which are the same as requiring the affine function (Ax + b, cTx +d) to

lie in the second-order cone in Rk+1,

To demonstrate the convexity of SOCP, the standard second order (convex)

cone of dimension is determined as follows.
Ck = { m lu e Rt e R |ull < t}
For k = 1, the unit second order cone as

Cr1={t|teR0<t}
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The set of points satisfying a second order cone constraint is the inverse image of the

unit second order cone under an affine mapping as below.
A; b; .
lAix +bill, <clx+d; < [CTl]x + [dl] € O
i i

Therefore, the SOCP in equation (4.5)-(4.7) is a convex programming problem with

the convexity of the objective function and constraints.

Second order cone constraints can be employed to represent many general
convex constraints. For instance, when 4; =0, i = 1, ...,m, then the SOCP reduces to
a general linear program (LP). Similarly, when ¢; = 0, i = 1, ..., m, the SOCP equivalent
to a quadratically constrained quadratic program (QCQP). The SOCP is more general
than LP, QCQP, and other nonlinear convex optimization problems. Accordingly,
many nonlinear convex optimization problems can be reformulated from SOCP.
Additionally, a variety of engineering problems can be formulated as second order
cone problems to solve more complicated problems. In this research, the SOCP is

only focused to apply in the ACOPF problem.

4.3 Alternating Current Optimal Power Flow with SOCP Relaxation

In this part, the power system model is exploited to reformulate the power
flow equations. Moreover, SOCP relaxation is applied to the traditional ACOPF
problem. The proposed ACOPF for power loss minimization is solved through 2
steps. In the first step, the conventional power flow constraints are reformulated by
reformulating the power flow equations with new variables. In the second step, SOCP
relaxation relaxes the nonconvex equations into convex format. The structure of this

method is predicated in Figure 4.6.
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ACOPF Problem

Reformulating l

Power flow equations

with new variables

SOCP relaxation l

Nonconvex equations

converted into convex

Figure 4.6 SOCP relaxation structure

4.3.1 Reformulating the Power Flow Equations

In order to reformulate the conventional power flow equation, the new
variables are introduced by exploiting the network structure. Let a* denote the

conjugate form of a. The power flow equation is presented as follows.

Sij = Uil}; i€EN,i,jEE (4.10)
Sji = Ujlj; i€ N,i,j €E (4.11)
Iij = =l i,jEE (4.12)
lij = (U = Up)Yy; + 2 U; i€ N,ij€E (4.13)
i = (U; = UDYy; + 22U i€ N,ij€E (4.14)
Where S, is complex power flow from bus i to bus j.

U; is voltage at bus i.

I;j is current from bus i to bus j.

Y is admittance on branch ij.

B, is shunt susceptance.
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From the transmission line model in Figure 3.4, the variables S;; and S;; are
introduced at the same time for a branch ij. The power loss of the branch ij can be
imposed by the sum of S;; and Sj;. Although I;; equals to —Ij; from equation (4.12),
the complex power §;; is not equal to —Sj; thanks to the voltage difference. The
power flow formulation can be reformulated by eliminating the current I;; and Ij; as

below.

Sij = YUU; = Y;5U0,U7 _j%UiUi* (4.15)

* * * * -Bc *
Sii = YiUiUj = Y5007 — j =2 U;Uf (4.16)

From the complex number property, the product of a complex conjugate pair
is a positive real number. Therefore, the new variables are defined in terms of the

bus voltage as follows.

V; = UU; i€ N @.17)
Vij = U;Uf i€ N,i,j €E (4.18)
Vij =Vji i,jEE (4.19)

Where Vi € Rand Vi = 0, Vl] € C.

The power flow equations can be rewritten by the new variables as follows.

Sij = YiiVi = Y;3Vi —j%Vi (4.20)
* * 7% . B¢
Sjp =YV =YV =57V (4.21)

From all above, the relation between the bus voltage and the branch voltage

can be displayed as below.
2
Vi;|” = v (4.22)

Since V;; is the complex number, the real and imaginary part of V;; is defined

as new variables a;; and b;;, respectively. V;; can be represented as
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Then, equation (4.22) can be illustrated as follows.

af; + bf; = ViV (4.24)

Equation (4.20)-(4.21) are the new power flow equation that eliminates the
current term and indicates the new voltage variables in each branch of the power
system topology. Therefore, equation (3.22)~(3.23) are replaced with new variables

and a new format.

From the convex optimization problem, the objective function and the
inequality constraints must be convex. Moreover, the equality constraints must be
affine. Both §;; and Sj; in equation (4.20)-(4.21) are the general affine function
depending on the variables V;, V; and V;; where Yjj is the constant. When combining
the 2 equations together, the affine functions disappear owing to the nonaffine

relation between V;; and V.

In order to modify the equality constraints to be affine, V;; and Vj; are
replaced by a;; and b;;. Then, the complex power S;; and Sj; are decoupled into the
active and reactive power. Hence, the complex problem is a real convex problem.

From equation (3.25)-(3.26), the power flow equations are represented as follows.

Py = Gij(Vi — aj;) + Byjb;j (4.25)
Pii = Gy;(V; — ayj) — Byjby (4.26)
Qij = —Gyjby; + Bij(Vi — ay;) — %Vi (4.27)
Qi = Gisbij + By (V; — aij) — =2V (4.28)
Where P, is active power flow on branch ij.
Qij is reactive power flow on branch ij.
Gij is conductance on branch ij.

Bj; is susceptance on branch ij.
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Equation (4.25)-(4.28) are totally linear and convex in simple form.
Furthermore, all the variables are in real format. Accordingly, the active and reactive

power flow on branch ij are only considered with V;, V}, a;;, and by;.

From all the above mentioned, the power balance equations which are the

equality constraints can be represented as follows.

2j~iSij = X Pgi — X Pgi) +j(X Qg — X Qui) (4.29)
Yj~iPij = XL Pgi — X Pa; (4.30)
2j~iQij = X Qg — X Qui (4.31)
Where P, is active power generated at bus i.
Py is active power demand at bus i.

Qgi is reactive power generated at bus i.
Qai is reactive power demand at bus i.

Since the power flow equations are modified, the objective function for
power loss minimization must be reformulated. The total power loss is mostly

considered the active power only, so the objective function can be represented as

follows.
F =Y Pioss (4.32)
2 Ploss = X Pij + X Py (4.33)
2 Pross = X Gij (Vi +V; — 2a) (4.34)

For the inequality constraints, the voltage constraint in equation (3.29) must

be reformulated as below.
Ul'z,min <V < Uiz,max (4.35)

Vi = Ulop (4.36)
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Where U,,, is reference voltage at the slack bus.

Moreover, the limit of a;; must be considered. Since the value of a;; is greater
than the value of b, the limit of a;; is only considered. The a;; constraints are

determined as below.

Ui,mint,min < aij < Ui,maxUj,max (4-37)
4.3.2 SOCP Relaxation

To consider the ACOPF problem as a convex optimization problem, SOCP
relaxation is applied to the quadratic equation which is not affine. Equation (4.24) is
the nonconvex quadratic equality constraint. The relaxation of the sign of equality
into the sign of inequality in equation (4.24) can transform the quadratic equation

into a rotating cone. The SOCP relaxation is as below.

af; + b < ViV (4.38)

Equation (4.38) can be written as

(2a;)* + (2bi)* + (Vi = V))? < (Vi + V2. (4.39)

Equation (4.38) can be presented as a cone in a 2-norm form as follows.

Zaij
2bij || < VitV (4.40)
vi=Vil,
Equation (4.38) is the inequality constraint in conic format. Therefore, the
ACOPF problem is a convex optimization problem that can be computed more

tractable.
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4.3.3 ACOPF Formulation

After 2 steps of relaxation, the conventional ACOPF problem which is a
nonlinear and nonconvex problem is converted to the proposed ACOPF problem
with convex objective function and constraints. The proposed ACOPF problem can

be summarized as follows.
Minimize G (Vi +V; — 2a;5)
Subjectto X iPjj = X Pgi — X Py

2j~iQij =X Qgi — X Qi
Pij = Gij(Vi — a;j) + Bijb;;
P = Gy;(V; — ai;) — Bijby;

B¢
Qij = —Gijbij + Bij(Vi —a;;) ——V;

B
Qji = Gyjby; +Byj(V; — aij) =7V,

2 2 2
Pii® + Qji" = Sijmax
Pgi,min < Pgi < Pgi,max

Qgi,min < Qgi < Qgi,max
U? <V, <U?

imin = Yimax

Ui,mint,min < aij < Ui,maxUj,max

From the ACOPF formulation, Py, Qg;, Vi, a;j, and b;; are variables while P;j,
P, Q;j, and Qj; are just the intermediate variables. All the variables are real numbers.
In addition, the objective function and the inequality constraints are convex. The

equality constraints are affine.
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4.4 Exactness of the Relaxation

To guarantee the correctness of the solution, the final result of the relaxation
must exist within the boundary of the cone. The relaxation is exact if the optimal
solution is obtained from the problem when changing the inequal sign to the equal

sign in equation (4.40). Moreover, the relaxation is exact if there is no upper bound

on Pd,max and Qd,max-

To describe the exactness, branch kl is introduced where k is from bus and [
is to bus. V;, Vj, a;j, and b;j which are a group of optimal solutions are obtained from
the relaxation problem. The exact solutions on branch ij are obtained where i,j # 0

except the branch kl. That is, {i,j} n {k, 1} # @ and
ajj + biy = ViV {ij}# k8, (8.41)
af; + bf; < ViV {i,j} = {k,1}. (4.42)
On branch kl, new variables are indicated as follows.

ag; = ViV — by (4.43)

IRET (4.45)
VE =, (4.46)

The power flow equations in equation (4.25)-(4.28) are rewritten with the

following variables as

Pi = GVl — ai) + Biybi, (4.47)
Pfi = le(VlH - aﬁz) — By bgi, (4.48)
Qir = —Grbiy + By (V' — aiy) — %Vlfy (4.49)

Qit = Gubgy + By (V! — aj) — %Vﬂ (4.50)



Since aZ; + b2, < ViV, all; is ereater than a,;. Then
Pt — P = G(agy — aiy),
G (ah — a) <0,
Qft — Qu = Bra(ag — aiy),

B (agy — ax) <0,
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(4.51)

(4.52)

(4.53)

(4.54)

The difference of the active and reactive power flow on branch kl are shown

in equation (4.51) and (4.53). From the power balance equation, the active power at

bus k can be determined as
Y. Pgic — X Plic = P + Sin~i P
Y Pfle = X Pfic = P + i Pui
P&+ Yieri~i Pri <X Pgie — X Pag
Similarly, the active power at bus I can be represented as
Y Pyt — %Pl =Pl + Zi-i P
Y Pl = X P = Pl + X~ Py
Pl + Yipi Pt <X Py — X Py
For the reactive power, the reactive power at bus k can be indicated as
Y Qb — X0l = Qf + Xk~ OF
Y Qg — X Qlk = Qfy + Zier~i Qs

Qi + Zkr~i Qi <X Qg — X Qax

(4.55)

(4.56)

(4.57)
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Similarly, the reactive power at bus I can be represented as
Y Qy — X Qi = Qff + Xun~i Qi
Y Q5 — X0 = Qff + Xin~i Qu (4.58)
Qlk + X1a~i Qi <X Qg1 — X Qu

From all above mentioned, ng < Py, and Pg*{ < Pz when the active power
demand at bus k and bus [ still unchanged. Likewise, Q& < Qax and Qf; < Qg when

the reactive power demand at bus k and bus [ still unchanged.

The value of Py; and Qg; can be changed when the value of P; and Q4 has
already reached the minimum limit which is Py in and Qg min thanks to theorem1
which is there is no upper bound for Pgmax and Qg max- The value of Pg; and Qg;
cannot be changed because it must satisfy the upper and lower limit of the power
generation. In addition, the objective function which is the transmission power loss

can be represented as follows.
P]?l + PlI;I( - (Pkl + Plk) = le(V{I - Vk + VlH — Vl = Za,lgl + 2akl) < 0. (459)

Thereby, the objective function which is P;; + P;; has a lower value.

The set of solution which is VA, VH, alf,, and b} satisfies equation (4.25)-
(4.28), (4.35)-(4.36) and (4.38). The optimal solution is obtained when inequality sign

in equation (4.40) converts to equality sign.
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4.5 ACOPF Computational Algorithm

In this thesis, the ACOPF problem with SOCP relaxation is solved by using CVX
optimization solver. CVX is a Matlab-based modeling system for convex optimization.
CVX turns Matlab into a modeling language which objective function and constraints
can be determined Matlab expression syntax. Hence, The ACOPF algorithm can be

summarized as the following step.

1. Download system data case.

2. Convert the power system data to per unit in order to normalize the system
quantities.

3. Set optimization variables which is x = [VT a” b B] Q}]".

4. Formulate the ACOPF problem.
4.1 Formulate the objective function which is total power loss.
4.2 Formulate constraints which include equality and inequality constraints.
4.3 Set boundary of the variables, especially the voltage magnitude and

voltage angle of slack bus.
5. Run CVX optimization solver to obtain the solution of the ACOPF problem.
6. Compute the power flow of the network from the optimal solution x.

7. Report all results.

The ACOPF computational procedure can be illustrated as the flowchart in Figure

a.7.
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CHAPTER 5

Distributed Generation and Static Var Compensator

Power loss in a power system can be varied from power system devices,
especially distributed generation (DG) or static var compensator (SVC). The
appropriate site of DG and SVC with suitable size can reduce the power loss and
improve the efficiency of a power system. However, the inappropriate location and
size of DG and SVC can result in negative impacts such as power loss increment. As a
result, the optimal site of DG and SVC with optimal size are necessary to determine.

Therefore, this chapter describes basic knowledge of DG and SVC.
5.1 Distributed Generation

The traditional power generation system is the centralized power generation
system. Large power plants are built near energy sources to generate electricity with
an emphasis on economic cost. In addition, power plants are built in remote areas to
prevent negative effects on the environment and the livelihoods of residents.
Therefore, the popularity of centralized power generation system is declining. This
system should be properly addressed to meet economic and environmental
challenges. Moreover, fossil fuels are steadily decreasing and conventional power
plants are difficult to construct at present. Thus, the distributed generation system is
formed to alleviate the problem governs by a centralized system. The objective is to
deliver electricity to end-users within the network continuously at a lower price

without polluting the environment. Thereby, DG is important in the power system.

DG is defined as a small-scale generator with a capacity less than 100 MW. DG
should be installed within a distribution network or the customer side of the network
near end-users. Moreover, DG can be based on non-renewable energy such as
natural gas, coal, or diesel fuel and renewable energy such as solar energy, wind
power, or hydroelectric power. In addition, DG can be categorized based on output

characteristic into 4 types as follow.
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1. DG generating only active power, e.g., fuel cells, photovoltaic.

2. DG generating only reactive power, e.g., capacitors, synchronous
compensator.

3. DG generating both active and reactive power, e.g., synchronous machines.

4. DG generating active power but absorbing reactive power, e.g., induction

generators used in the wind turbines.

The integration of DG in the distribution system can significantly impact the
power flow and voltage at customer side and utility equipment. The optimal
placement of DG with suitable size can bring about various benefits to a power
system such as transmission loss reduction, voltage profile improvement, increased
reliability, grid reinforcement, and reduced greenhouse gas emission. Additionally, DG
is economically beneficial in terms of investment cost reduction. DG can upgrade the
system when the load is increased. DG can be operated stand-alone, however, DG is

normally connected to the main grid as shown in Figure 5.1.

PCC

‘ Main
Grid

DG Inverter

Circuit

Load Breaker

Figure 5.1 DG integration diagram

DG is usually installed close to the load but the determination of the location
from Point of Common Coupling (PCC) is also very important. Inappropriate location
and size of DG can result in a negative effect on the power system. Hence, many
optimization techniques are reported to find the optimal site for DG. There are 2

major types of techniques as follows.
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Conventional optimization techniques

Conventional techniques are widely used due to simple in implementation
and less convergence issues. For example, a 2/3 rule which said DG capacity
should be 2/3 of the load demand and installed at 2/3 of the feeder length.
This rule cannot apply to non-uniform load because this rule is a simple
approximation. Additionally, an analytical method is one of the conventional
techniques. In this method, the model is developed for identifying problems
in the same manner as optimization analysis. This approach includes optimal
power flow (OPF), linear programming, and mixed-integer linear programming.
The analytical method is simple, fast, and accurate.

Non-conventional optimization techniques

Non-conventional optimization techniques include artificial intelligence (Al)
method, Metaheuristic method, and Hybrid method. These methods are
widely used due to their ability to solve complex problems. Al is a soft
computing technique inspired by nature which can provide local optimal
solutions. This method can apply with both continuous and discrete
parameters. However, this method sometimes does not converge and less
accurate in a large-scale system. Metaheuristic method is a high-level
procedure with optimal controlling parameters. This method can bring near-
optimal solutions, but reliability is not considered during modeling. Examples
of this method are Tabu search (TS), Particle swarm optimization (PSO), and
Ant colony optimization (ACO). Hybrid method is the method that combine
various optimization techniques into one algorithm. This approach can
provide fast convergence with a smaller number of iterations. In addition, this
method brings more accurate results and works as a better decision-making

tool.
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The integration of DG leads to consideration of distribution system planning
and operations. Inappropriate capacity of DG can cause voltage fluctuation and
harmonic. Therefore, the appropriate DG size should be determined. Each DG is
treated as a generator which injects power to the system. Voltage and line limits are
major determining factors for the installation size of DG. A commonly used rule in
the U.S. allows peak powers of DG installation up to 15% of the peak load on a
feeder without a detailed system effect study. In this work, the maximum allowable
integration of DG is determined by Metropolitan Electricity Authority (MEA) Grid Code
[46]. The total installed capacity of DG installed in the same feeder must not exceed
8 MW/feeder for 24 kV system and 4 MW/feeder for 12 kV system. In addition, the
total installed capacity from all feeders must be no reverse current to the
transmission side of the Electricity Generating Authority of Thailand (EGAT). Thus, the

total DG installation capacity constraint can be considered as follow.

Pagmin < Pag < Pagmax (5.1)

Where Pyq4 is the total power generated from DG.

Pygmin s the lower bound of the total DG installation capacity.
Pygmax is the upper bound of the total DG installation capacity.

Additionally, the constraint of DG capacity should be added to the ACOPF

formulation in Chapter 4 part 3.3.
5.2 Static Var Compensator

Mostly, the optimal operating point in a power system is determined based
on economic criteria. However, other criteria like power loss, voltage profile, and so
on should also be considered. Flexible AC Transmission System (FACTS) devices are
considered to maximize the use of existing transmission facilities. FACTS devices can
increase power system reliability and security as well as minimize transmission power

loss of the system. Moreover, FACTS devices can improve power factor by absorbing
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or delivering reactive power. There are various types of FACTS devices such as SVC,
Static Synchronous Compensator (STATCOM), Thyristor-Controlled Series Capacitor
(TCSO), and Unified Power Flow Controller (UPFQ). In this work, SVC is only

considered since SVC is the best option for voltage control.

SVC is a shunt compensation component that is used in transmission and
distribution systems to control voltage and reactive power. SVC responds very fast
and has high reliability compared with mechanically switched capacitor banks. In
addition, SVC can be used in steady-state and transient voltage control with high
efficiency. There are many advantages of SVC such as transient stability
improvement, transmission capacity increment, and power system damping
improvement. SVC can improve voltage profile by supplying or absorbing reactive
power to the system. The appropriate placement of SVC in the network can reduce
real power loss and enhance the system transfer capability while maintaining smooth

voltage profile.

SVC is modeled as a shunt variable admittance. SVC can be installed at the
terminal bus or the middle of a long transmission line. SVC is usually treated as a
shunt connected static VAr generator which can transfer inductive or capacitive
current to control bus voltage. SVC comprises one thyristor-controlled reactor (TCR),

several thyristors switched capacitors (TSC) and filters as shown in Figure 5.2.

Filters TCR TSC

Figure 5.2 SVC diagram
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The most popular simple configuration of SVC is a fixed capacitor with a
thyristor-controlled reactor (FC-TCR) as presented in Figure 5.3. In this model, an
inductance is connected as shunt impedance in order to produce the required
compensating current. When an overvoltage occurs, inductance operates as an

inductor. On the other hand, when an undervoltage occurs, inductance operates as a

i

capacitor.

FC =

Y ‘A TCR

s

Figure 5.3 FC-TCR model

Reactive power is absorbed or supplied by SVC and current through SVC are

expressed as follows.
Qsvei = BsyciVi (5.2)
Isyc = BsyciVi (5.3)
Where Qgy¢; is reactive power of SVC at bus i.
Bgyci is susceptance of SVC at bus i.
Vi is voltage at bus i.

Isyc  is current through SVC at bus i.
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If B is positive, SVC delivers reactive power. However, if B is negative, SVC absorbs

reactive power. The limit of reactive power is dependent on susceptance as follows.

BSVC,min < BSVC < BSVC,max (5-4)

1
(5.5)

Bsycmin =| Sp | |X |
Qind tipu

1
Bsycmax = Sh |X | (5.6)
+
Qcap tipu
Where S, is base apparent power of the system.

Qina is reactive power of inductance in SVC.

Qcap s reactive power of capacitance in SVC.

Xepu 15 SVC transformer reactance in per unit.
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CHAPTER 6

Numerical Results

In this chapter, the proposed alternating current optimal power flow (ACOPF)
problem with second order cone program (SOCP) relaxation has been applied to
MATPOWER test systems and carried out into 4 cases as follows.

1. Base case

2. Installing distributed generation (DG)

3. Installing static var compensator (SVC)

4. Installing DG and SVC
The simulations were performed using MATLAB software with CVX optimization
solver. The total power loss of the power system was determined by using the
proposed ACOPF. Moreover, the results from the proposed method were compared

with the conventional ACOPF problem.
6.1 Base Case

This part illustrates the simulations on base test systems which are the
system without installing any device. Base test systems are 9-bus, 24-bus, 33-bus,

and 118-bus MATPOWER test systems.
6.1.1 9-Bus Test System

This part presents the results for the 9-bus test system obtained by the
proposed ACOPF for power loss minimization. The test system is the network
topology which consists of 3 generators, 6 load buses, and 9 branches. The total
load demand is 315 MW and 115 MVAr. The additional data of the system is in

appendix A.1 from [49]. The network is shown in Figure 6.1.
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Figure 6.1 9-bus network system
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The results of the proposed method compared with the conventional ACOPF

method are shown in Table 6.1-6.3. Table 6.1 shows all voltage magnitudes, active

power, and reactive power at each bus. Table 6.2 shows active and reactive power

flow between each transmission line where FB is from bus and TB is to bus. The

active power loss and reactive power loss on each branch are shown in Table 6.3.

Table 6.1 Comparison of bus data result in 9-bus test system

Conventional ACOPF ACOPF with SOCP Relaxation
- V(p.u.) Py (MW) | Qg (MVAR) |V (p.u.) Py (MW) | Qg4 (MVAr)
1 1.100 157.65 12.12 1.100 158.19 12.37
2 1.097 88.10 -2.37 1.097 89.48 -2.52
3 1.088 71.57 -21.80 1.088 69.63 -20.44
a4 1.097 - - 1.097 - -
5 1.087 - - 1.087 - -
6 1.100 - - 1.100 - -
7 1.089 - - 1.089 - -
8 1.100 - - 1.100 - -
9 1.076 - - 1.076 - -
Total 317.32 -12.06 317.13 -10.59




Table 6.2 Comparison of branch data result in 9-bus test system
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Conventional ACOPF ACOPF with SOCP Relaxation

FB | TB Py Qij Py Qj; Py Qij Py Qj;
(MW) | (MVAr) | (MW) | (MVAr) | (MW) | (MVAr) | (MW) | (MVAr)
1 a4 157.65 1212 | -157.65 | -0.21 | 158.19 | 1237 | -158.19 | -0.39
a 5 65.45 -8.64 | -64.85| -692| 63.03| -832| -6247| -7.48
5 6 -25.15 | -23.08 25.36 | -18.83 | -27.53 | -22.52 27.78 | -19.20
3 6 71.57 -21.8 -71.57 | 2457 | 69.63 | -20.44 | -69.63 | 24.37
6 7 46.20 -5.75 -4599 | -17.48 | 41.85| -5.17| -41.67 | -18.37
7 8 -54.01 | -17.52 54.23 1.48 | -58.33 | -16.63 58.57 0.88
8 2 -88.10 6.40 88.10 | -2.37 | -89.48 | 6.69 89.48 | -2.52
8 9 33.87 -7.88 | -33.54 | -26.65| 3091 | -7.57| -30.62| -27.20
9 a4 -91.46 | -23.35 92.20 8.86 | -94.38 | -22.80 95.16 8.70

Table 6.3 Comparison of power loss in 9-bus test system

From To Conventional ACOPF ACOPF with SOCP Relaxation

Bus Bus Pjyss (MW) Qioss (MVAT) Pjyss (MW) Qi0ss (MVAr)
1 a4 0.00 11.90 0.00 11.99
a4 5 0.61 3.28 0.56 3.04
5 6 0.21 0.92 0.25 1.09
3 6 0.00 2.77 0.00 393
6 7 0.21 1.82 0.18 1.51
7 8 0.21 1.82 0.25 2.10
8 2 0.00 4.03 0.00 4.16
8 9 0.33 1.68 0.28 1.43
9 il 0.74 6.27 0.78 6.66
Total 2.32 34.48 2.31 3591
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Furthermore, power generation and voltage magnitude from the proposed method is
compared with the power generation limit to verify the results as shown in Table 6.4

and Table 6.5, respectively.

Table 6.4 Comparison of power generation and power generation limit in 9-bus test

system
Power Generation Power Generation Limit
Bus Fy Qg Prax Prin Omax Qmin
(MW) (MVAr) (MW) (MVAI) (MVAI) (MVAr)
1 157.65 12.12 250.00 10.00 300.00 -300.00
2 88.10 L 300.00 10.00 300.00 -300.00
3 71.57 -21.80 270.00 10.00 300.00 -300.00
Table 6.5 Comparison of voltage and voltage limit in 9-bus test system
Voltage Limit
Bus V (p.u.)
Vinax (p-u.) Vinin (p.U.)

1 1.100 1.100 0.900

2 1.097 1.100 0.900

3 1.088 1.100 0.900

4 1.097 1.100 0.900

5 1.087 1.100 0.900

6 1.100 1.100 0.900

7 1.089 1.100 0.900

8 1.100 1.100 0.900

9 1.076 1.100 0.900

The result shows that voltage at each bus of the 2 methods are equal. The
summation of power generated can supply the total load demand sufficiently.
Furthermore, the summation of the active power generated of the proposed ACOPF
is lower than the conventional ACOPF while the reactive power generated is greater.

The total active power loss which is the objective function of the proposed method
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is slightly lower than the other method whereas the total reactive power is higher. In
addition, voltage magnitudes, active and reactive power generation of the proposed
method are inside the limits. However, voltage magnitude at bus 1, 6, and 8 are

equal to the maximum voltage limit.
6.1.2 24-Bus Test System

The results of the proposed method compared with the conventional
method on the 24-bus test system are presented in this part. Moreover, Figure 6.2

displays the network structure.

17 23

Figure 6.2 24-bus network system
The test system is the network topology. There are 33 generators, 17 load
buses, and 38 branches. The total load demand is 2,850 MW and 580 MVAr.
Furthermore, the system is divided into 4 area. The additional information of the

system is in appendix A.2 from [50].

The bus data result which is voltage magnitude, active and reactive power
generation from 2 methods is shown in Table 6.6. The total power loss obtained by
the proposed implementation are compared to the conventional ACOPF and present

in Table 6.7. The supplementary result is in appendix B.1.



Table 6.6 Comparison of bus data result in 24-bus test system
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Conventional ACOPF

ACOPF with SOCP Relaxation

e Vipu) | B (MW) | Qg (MVAD | V(pu) | B (MW) | Q4 (MVAD
1 1013 | 16394 | 14.15 0.967 192.00 4217
2 1013 | 16504 | 14.15 0.968 192.00 -50.00
3 0.973 . . 0.968 . .

4 0.981 - - 0.957 . .
5 1.00 - - 0.984 . .
6 0.995 - / 1.042 . .
7 1022 | 23463 | 61.13 1.031 281.15 56.44
8 0.985 - s 0.992 . .
9 0.988 - 1 0.984 . .
10 1.013 - : 1.029 . .
1 0.984 - - 1.014 . .
12 0.983 - : 1.012 . .
13 1006 | 53216 | 106.7 1.028 591.00 55.15
14 0.992 0.00 75.82 1.022 0.00 34.63
15 0.995 | 16886 | 47.56 1.041 215.00 110.00
16 0.998 | 13452 17.9 1.040 155.00 57.27
17 1.009 i ! 1.047 . .
18 1012 | 35623 | 44.41 1.049 400.00 58.19
19 0.996 - - 1.034 . .

20 1.005 - - 1.038 . .
21 1016 | 34802 | 4534 1.050 298.44 8.61
22 1031 | 19433 6.7 1.050 60.00 24.13
23 1014 | 58745 | 50.58 1.044 495.78 35.68
24 0.965 - - 1.005 . .

Total 2885.18 | 484.43 2880.40 | 282.46
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Table 6.7 Comparison of total power loss in 24-bus test system

Conventional ACOPF ACOPF with SOCP Relaxation

Pioss (MW) Qioss (MVAr) Pioss (MW) Qioss (MVAr)

Total Power Loss 35.26 337.61 30.37 255.67

Additionally, power generation and voltage magnitude from the proposed method is
compared with the power generation limit to verify the results as shown in Table 6.8

and Figure 6.3, respectively.

Table 6.8 Comparison of power generation and power generation limit in 24-bus test

system
Power Generation Power Generation Limit
Bus Py Qq Prax Prin Qmax Qmin
(MW) (MVAr) (MW) (MVAr) (MVAr) (MVAr)
1 192.00 -42.47 192.00 62.40 80.00 -50.00
2 192.00 -50.00 192.00 62.40 80.00 -50.00
7 281.15 56.44 300.00 75.00 180.00 0.00
13 591.00 55.15 591.00 207.00 240.00 0.00
14 0.00 34.63 0.00 0.00 200.00 -50.00
15 215.00 110.00 227.00 66.30 110.00 -50.00
16 155.00 57.27 155.00 54.30 80.00 -50.00
18 400.00 58.19 400.00 100.00 200.00 -50.00
21 298.44 -8.61 400.00 100.00 200.00 -50.00
22 60.00 -24.13 300.00 50.00 80.00 -50.00
23 495.78 35.68 660.00 248.60 310.00 -125.00
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Figure 6.3 Comparison of voltage magnitude and voltage magnitude limit in 24-bus

test system

From Table 6.6, the total power generation can supply the total load
demand sufficiently. The total active power generation between 2 methods is slightly
different. However, the total reactive power generation of the traditional methods is
lower than the proposed method. Additionally, the total active and reactive power
loss of the proposed ACOPF are lower than the traditional ACOPF 4.89 MW and 81.94
MVAr, respectively. In addition, voltage magnitudes, active and reactive power
generation of the proposed method are inside the limits. However, active power
generation from bus 1, 2, 13, 16, and 18 are equal to the upper limit. Reactive power
generation from bus 15 is equal to the upper limit while reactive power generation
from bus 2 is equal to the lower limit. Moreover, voltage magnitude at bus 21 and 22

are equal to the maximum voltage limit.
6.1.3 33-Bus Test System

This part illustrates the comparison results between the proposed ACOPF and
the conventional ACOPF which the objective function is power loss minimization.

The 33-bus system structure is shown in Figure 6.4.
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23 24 25

Figure 6.4 33-bus system structure

The test system is a radial topology. The system includes 1 generator at bus 1
which is a slack bus and 32 load buses. There are 32 transmission lines. Besides, the
total load demand is 3.715 MW and 2.3 MVAr. The additional data of the system is in

appendix A.3 from [51].

The comparison results between the proposed method and the conventional
method are presented in Table 6.9-6.10. The bus voltage magnitudes, active and
reactive power generation is in Table 6.9. Table 6.10 shows the total active and

reactive power loss. Moreover, the additional result is also in appendix B.2.

Table 6.9 Comparison of bus data result in 33-bus test system

Conventional ACOPF ACOPF with SOCP Relaxation
- V (p.u.) Py (MW) | Q4 (MVAI) |V (p.u.) Py (MW) Qg (MVAI)
1 1.000 3.86 2.39 1.000 3.86 2.39
2 0.997 - - 0.997 - -
3 0.986 - - 0.986 - -
a4 0.983 - - 0.983 - -
5 0.979 - - 0.979 - -
6 0.971 - - 0.971 - -




60

Conventional ACOPF ACOPF with SOCP Relaxation
- Vipu) | B (MW) | Q4 (MVAN) | V (p.u.) Py, (MW) | Q4 (MVA)
7 0.970 - - 0.970 - -
8 0.969 - - 0.969 - -
9 0.966 - - 0.966 - -
10 0.965 - - 0.965 - -
11 0.966 - - 0.966 - -
12 0.966 - - 0.966 - -
13 0.962 - 7 0.962 - -
14 0.961 - - 0.961 - -
15 0.961 - - 0.961 - -
16 0.959 - - 0.959 - -
17 0.955 - - 0.955 - -
18 0.954 / z 0.954 - -
19 0.995 J 2 0.995 - -
20 0.981 - = 0.981 . -
21 0.977 - - 0.977 - ,
22 0.973 - - 0.973 - }
23 0.981 - - 0.981 . .
24 0.970 - - 0.970 - -
25 0.963 - - 0.963 - -
26 0.970 - - 0.970 - -
27 0.969 - - 0.969 - -
28 0.964 - - 0.964 - .
29 0.960 - - 0.960 - -
30 0.957 - - 0.957 - _
31 0.954 - - 0.954 . .
32 0.954 - - 0.954 - .
33 0.954 - - 0.954 - -
Total 3.86 2.39 3.86 2.39
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Conventional ACOPF

ACOPF with SOCP Relaxation

P loss (MW)

Qloss (M\/AI’)

P loss (MW)

Qloss (MVAr)

Total Power Loss

0.12

0.09

0.12

0.09

Additionally, power generation and voltage magnitude from the proposed method is

compared with the power generation limit to verify the results as shown in Table

6.11 and Figure 6.5, respectively.

Table 6.11 Comparison of power generation and power generation limit in 33-bus

test system

Power Generation Power Generation Limit
Bus Pg Qg Pmax Pmin Qmax Qmin
(MW) (MVAY) (MW) (MVAY) (MVAY) (MVAT)
1 3.86 2.39 10.00 0 10.00 -10.00
Voltage profile
1.150
1.100 S O R S [ N S P U A SRS S A S A [ U T N SR [ A S S NS N S ——
;:‘ 1.050
i 1.000
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— i
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Figure 6.5 Comparison of voltage magnitude and voltage magnitude limit in 33-bus

test system

The result shows that all bus variables which are voltage magnitude, active

and reactive power generation are within the power system constraints. All power

generators can supply all loads sufficiently. Moreover, the total active and reactive

power generation using the proposed ACOPF are equal to the conventional ACOPF.
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Similarly, the total active and reactive power loss from the proposed method are

also equal to the other method.
6.1.4 118-Bus Test System

In this part, the results from the proposed ACOPF are compared with the
results from the conventional ACOPF. The 118-test system is a network topology that
comprises 54 generators, 64 load buses, and 186 branches. The total load demand is

4,242 MW and 1,438 MVAr. The additional data is in appendix A.4 from [52].

The total active and reactive power generated between the 2 methods are
displayed in Table 6.11. The total active and reactive power loss are also compared

in Table 6.11. In addition, more results are in appendix B.3.

Table 6.11 Comparison of total power generation and total power loss

Conventional ACOPF ACOPF with SOCP Relaxation
P (MW) Q (MVAr) P (MW) Q (MVAr)
Total Power generation 4319.40 388.26 4314.50 1378.10
Total Power Loss 77.40 483.52 72.54 1423.40

From Table 6.11, the results show that the total active power generation and
the total active power loss from the traditional ACOPF is greater than the ACOPF with
SOCP relaxation. Whereas the total reactive power generation and the total reactive
power loss are greatly lower. Besides, the total power generation can supply the

total load demand sufficiently.
6.2 Installing DG

This part presents the results obtained by the proposed ACOPF when
installing DG in the 33-bus MATPOWER test system. In this system, the total load
demand is 3.715 MW and 2.3 MVAr. DG which generates only active power is used as
a new generator in the system. The maximum allowable integration of DG which is 4
MW/feeder is set by Metropolitan Electricity Authority (MEA) Grid Code. Moreover,

this part is divided into 3 cases which are one DG, two DGs, and three DGs.
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6.2.1 One DG

In this case, the optimal size of one DG is determined by the proposed
method for power loss minimization. DG is installed at each bus to analyze the
appropriate site. Table 6.12 shows total power loss when installing DG at each bus
and compares with total power loss from the base case. Besides, the optimal size of
DG is also presented. Figure 6.6 displays total active power loss when installing DG at

each bus compared with total active power loss from the base case.

Table 6.12 Comparison of power loss between base case and one DG installation at

each bus
Base Case DG Installation
Pioss (MW) | Qposs (MVAN) | Bus Number | Size (MW) | Poss (MW) | Qj0ss (MVAr)
0.1225 0.0875 1 1.4677 0.1225 0.0875
0.1225 0.0875 2 3.8285 0.1135 0.0828
0.1225 0.0875 3 3.0122 0.0910 0.0691
0.1225 0.0875 a4 2.4694 0.0899 0.0683
0.1225 0.0875 5 2.2953 0.0863 0.0667
0.1225 0.0875 6 2.4306 0.0714 0.0547
0.1225 0.0875 7 2.3420 0.0722 0.0558
0.1225 0.0875 8 2.1909 0.0738 0.0540
0.1225 0.0875 9 1.8652 0.0765 0.0552
0.1225 0.0875 10 1.6325 0.0819 0.0579
0.1225 0.0875 11 1.6316 0.0820 0.0580
0.1225 0.0875 12 1.6599 0.0816 0.0585
0.1225 0.0875 13 1.5066 0.0815 0.0602
0.1225 0.0875 14 1.5625 0.0788 0.0580
0.1225 0.0875 15 1.6789 0.0751 0.0558
0.1225 0.0875 16 1.5828 0.0756 0.0568
0.1225 0.0875 17 1.5646 0.0731 0.0553
0.1225 0.0875 18 1.6245 0.0700 0.0537
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Base Case DG Installation
Pioss (MW) | Qposs (MVAN) | Piogs (MW) | Qposs (MVAI) | Pross (MW) | Q155 (MVAN)
0.1225 0.0875 19 2.2309 0.1146 0.0841
0.1225 0.0875 20 1.7217 0.0981 0.0742
0.1225 0.0875 21 1.8294 0.0917 0.0689
0.1225 0.0875 22 1.5685 0.0924 0.0691
0.1225 0.0875 23 2.3795 0.0884 0.0674
0.1225 0.0875 24 2.1919 0.0751 0.0572
0.1225 0.0875 25 2.2279 0.0638 0.0491
0.1225 0.0875 26 2.2923 0.0727 0.0551
0.1225 0.0875 27 2.1593 0.0736 0.0557
0.1225 0.0875 28 2.0541 0.0699 0.0532
0.1225 0.0875 29 2.2849 0.0596 0.0452
0.1225 0.0875 30 2.0586 0.0617 0.0462
0.1225 0.0875 31 1.8038 0.0647 0.0490
0.1225 0.0875 32 1.7523 0.0655 0.0497
0.1225 0.0875 33 1.6905 0.0675 0.0521
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Figure 6.6 Comparison of total active power loss between base case and one DG

installation at each bus
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From Table 6.12 and Figure 6.6, the best location of DG for total power loss

minimization is bus 29. Installing DG at bus 29 with a size of 2.2849 MW can reduce

the total active power loss from 0.1225 to 0.0596 MW or equal to 51.38%. Moreover,

power generation from conventional generator and DG do not violate the power

generation limit as shown in Table 6.13.

Table 6.13 Power generation from conventional generator and DG at bus 29

Power Generation Power Generation Limit
Bus Fy Qg Prax Prin Omax Qmin
(MW) (MVAr) (MW) (MVAr) (MVAr) (MVAr)
1 1.4897 2.3452 10 0 10 -10
29 2.2849 0 4 0 0 0
6.2.2 Two DGs

The optimal size of two DGs at different bus is determined by the proposed

ACOPF and presented in this part. Figure 6.7 shows total active power loss when

installing two DGs at each bus. The color scale shows the total active power loss

from maximum to minimum by red to green scale.

DGBus 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

0.1225

0.1075

0.0925

0.0775

0.0625

0.0588

0.0551

0.0514

0.0477

Figure 6.7 Total active power loss when installing two DGs at each bus
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From Figure 6.7, installing DG at bus 15 and 29 provides the minimum total

active power loss. Furthermore, the optimal size of DGs at bus 15 and 29 are shown

in Table 6.14.

Table 6.14 Comparison of power loss between base case and two DGs installation

DG Location DG Size Power Loss
(bus number) (MW) Pyyss (MW) Qioss (MVAr)
Base Case - - 0.1225 0.0875
15 0.9641
Two DGs 0.0477 0.0351
29 1.7285

Installing DG at bus 15 with the size of 0.9641 MW and bus 29 with the size of
1.7285 MW can minimize power loss. This installation can reduce power loss from
0.1225 to 0.0477 MW or equal to 61.06%. Moreover, active and reactive power

generation and total load demand are shown in Table 6.15.

Table 6.15 Power generation when installing DG at bus 15 and 29

Power Generation Total Load Demand
o B (MW) Qg (MVAI) P, (MW) Q; (MVAr)
1 1.0700 2.3351 - -
15 0.9641 - - -
29 1.7285 - - -
Total 3.7626 2.3351 3.7150 2.300

6.2.3 Three DGs

This part presents the optimal DG sizes and their corresponding sites by
employing the proposed method. The optimal site and size of three DGs for power
loss minimization are shown in Table 6.16. Moreover, the table shows the
comparison results between this case and the base case by sorting the best 3

performance groups which these groups are a set of DG installing sites.
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Table 6.16 Comparison of power loss between base case and three DGs installation

DG Location DG Size Power Loss
(bus number) (MW) Pioss (MW) Qioss (MVAr)
Base Case - - 0.1225 0.0875
6 0.9646
Group 1 15 0.8288 0.0435 0.0324
25 1.3413
6 0.8791
Group 2 15 0.7779 0.0439 0.0326
29 1.3873
15 0.9549
Group 3 25 0.8485 0.0457 0.0333
29 0.9998

From Table 6.16, Installing DG at bus 6 with the size of 0.9646 MW, bus 15

with the size of 0.8288 MW and bus 25 with the size of 1.3413 MW can minimize

power loss. This installation can reduce power loss from 0.1225 to 0.0435 MW or

equal to 64.49%. Moreover, Table 6.17 shows active and reactive power generation

and total load demand.

Table 6.17 Power generation data when installing DGs at bus 6, 15, and 25

Power Generation

Total Load Demand

o P, (MW) Q4 (MVAr) P, (MW) Q; (MVAr)
1 0.6238 2.3324 - -
6 0.9646 - -
15 0.8288 - - -
25 1.3413 - - -
Total 3.7585 2.3324 3.7150 2.300
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6.3 Installing SVC

This part presents the results obtained by the proposed ACOPF when
installing SVC in the 33-bus MATPOWER test system. In this system, the total load
demand is 3.715 MW and 2.3 MVAr. SVC is considered as a new generator which
supplying reactive power. SVC sizing is varied from 0-4 MVAr. In addition, this part is
divided into 3 cases which are one SVC, two SVCs, and three SVCs.

6.3.1 One SVC

In this case, the optimal size of one SVC is determined by the proposed
method for power loss minimization. SVC is installed at each bus to analyze the
appropriate site. Table 6.18 shows total power loss when installing SVC at each bus
and compares with total power loss from the base case. Besides, the optimal size of
SVC is also presented. Figure 6.8 displays total active power loss when installing SVC

at each bus compared with total active power loss from the base case.

Table 6.18 Comparison of power loss between base case and SVC installation at

each bus
Base Case SVC Installation
Pross (MW) | Qposs (MVAr) | Bus number | Qjpss (MVAI) | Poss (MW) | Q155 (MVAT)
0.1225 0.0875 1 0.3209 0.1225 0.0875
0.1225 0.0875 ] 2.4465 0.1191 0.0857
0.1225 0.0875 3 1.9234 0.1095 0.0805
0.1225 0.0875 a4 1.5634 0.1092 0.0803
0.1225 0.0875 5 1.4412 0.1078 0.0798
0.1225 0.0875 6 1.5328 0.1018 0.0749
0.1225 0.0875 7 1.4643 0.1026 0.0756
0.1225 0.0875 8 1.3508 0.1037 0.0756
0.1225 0.0875 9 1.1386 0.1050 0.0763
0.1225 0.0875 10 0.9906 0.1072 0.0773
0.1225 0.0875 11 0.9900 0.1072 0.0774
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Base Case SVC Installation

Pioss Qioss Bus Number Size Pioss Qioss

(MW) (MVA) (MVAr) (MW) (MVA)
0.1225 0.0875 12 1.0046 0.1070 0.0776
0.1225 0.0875 13 0.9206 0.1067 0.0780
0.1225 0.0875 14 0.9636 0.1055 0.0771
0.1225 0.0875 15 1.0402 0.1039 0.0763
0.1225 0.0875 16 0.9909 0.1037 0.0764
0.1225 0.0875 17 1.0148 0.1012 0.0749
0.1225 0.0875 18 1.0760 0.0990 0.0737
0.1225 0.0875 19 1.3648 0.1196 0.0863
0.1225 0.0875 20 1.0383 0.1136 0.0830
0.1225 0.0875 21 1.1095 0.1110 0.0813
0.1225 0.0875 22 0.9489 0.1113 0.0816
0.1225 0.0875 23 1.5357 0.1081 0.0795
0.1225 0.0875 24 1.4379 0.1017 0.0746
0.1225 0.0875 25 1.5113 0.0949 0.0697
0.1225 0.0875 26 1.4559 0.1019 0.0749
0.1225 0.0875 27 1.3859 0.1018 0.0748
0.1225 0.0875 28 1.3831 0.0980 0.0718
0.1225 0.0875 29 1.5955 0.0911 0.0662
0.1225 0.0875 30 1.4958 0.0893 0.0653
0.1225 0.0875 31 1.2426 0.0943 0.0697
0.1225 0.0875 32 1.1919 0.0955 0.0708
0.1225 0.0875 33 1.1389 0.0970 0.0725
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Figure 6.8 Comparison of total active power loss between base case and one SVC

installation at each bus

From Table 6.18 and Figure 6.4, the best location of SVC for total active

power loss minimization is bus 30. Installing SVC with a size of 0.1496 MVAr can

reduce the total active power loss from 0.1225 to 0.0893 MW or equal to 27.12%.

Moreover, power generation from conventional generator and SVC do not violate the

power generation limit as shown in Table 6.19.

Table 6.19 Power generation from conventional generator and SVC at bus30

Power Generation Power Generation Limit
Bus Fy Qg Prax Prin Qmax Qmin
(MW) (MVAr) (MW) (MVAr) (MVAr) (MVAr)
1 3.8043 0.8695 10 0 10 -10
30 0 1.4958 0 0 a4 0

6.3.2 Two SVCs

The optimal size of two SVCs at different bus is determined by the proposed

ACOPF and presented in this part. Figure 6.9 shows total active power loss when

installing two SVC at each bus. The color scale shows the total active power loss

from maximum to minimum by red to green scale.
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Figure 6.9 Total active power loss when installing two SVCs at each bus

From Figure 6.9, installing SVC at bus 8 and 30 provide the minimum total
active power loss. Additionally, the optimal size of SVCs at bus 8 and 30 are shown

in Table 6.20.

Table 6.20 Comparison of power loss between base case and two SVCs installation

SVC Location SVC Size Power Loss
(bus number) (MVAr) Poss (MW) Q10ss (MVAT)
Base Case - - 0.1225 0.0875
8 0.6399
Two SVCs 0.0860 0.0627
30 1.2404

From Table 6.20, Installing SVC at bus 8 with the size of 0.6399 MVAr and bus
30 with the size of 1.2404 MVAr can minimize power loss. This installation can reduce
power loss from 0.1225 to 0.0860 MW or equal to 29.80%. Moreover, active and

reactive power generation and total load demand are shown in Table 6.21.




Table 6.21 Power generation when installing SVCs at bus 8 and 30
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Power Generation Total Load Demand
o P, (MW) Qg (MVAr) P, (MW) Q; (MVAr)
1 3.8010 0.4824 - -
8 - 0.6399 - -
30 - 1.2404 - -
Total 3.8010 2.3627 3.7150 2.300

6.3.3 Three SVCs

This part presents the optimal SVC sizes and their corresponding location by

employing the proposed method. The optimal site and size of three SVC for power

loss minimization are shown

in Table 6.22. Moreover, the table shows the

comparison results between this case and the base case by sorting the best 3

performance groups which these groups are a set of SVC installing sites.

Table 6.22 Comparison of power loss between base case and three SVCs installation

SVC Location SVC Size Power Loss
(bus number) (MVAr) Pyoss (MW) Qioss (MVAT)
Base Case - - 0.1225 0.0875
8 0.5792
Group 1 24 0.4347 0.0848 0.0619
30 1.0488
6 0.5207
Group 2 13 0.3143 0.0851 0.0623
30 1.1241
6 0.5841
Group 3 24 0.4045 0.0855 0.0629
30 1.0493




73

From Table 6.22, Installing SVC at bus 8 with the size of 0.5792 MVAr, bus 24
with the size of 0.4347 MVAr and bus 30 with the size of 1.0488 MVAr can minimize
power loss. This installation can reduce power loss from 0.1225 to 0.0848 MW or
equal to 30.78%. Moreover, Table 6.23 shows active and reactive power generation

and total load demand.

Table 6.23 Power generation data when installing SVCs at bus 8, 24, and 30

Power Generation Total Load Demand
o P, (MW) Qg (MVAr) P, (MW) Q; (MVAr)
1 3.7998 0.2992 - -
8 - 0.5792 - -
24 - 0.4347 - -
30 - 1.0488 - -
Total 3.7998 2.3619 3.7150 2.300

6.4 Installing DG and SVC

This part presents the results obtained by the proposed ACOPF when
installing DG and SVC in the 33-bus MATPOWER test system. In this system, the total
load demand is 3.715 MW and 2.3 MVAr. DG type 1 which generates only active
power is used as a new generator. DG sizing is varied from 0-4 MW while SVC sizing is
varied from 0-4 MVAr. Moreover, this part is divided into 2 cases. The first case is one

DG and one SVC. The second case is two DGs and two SVCs.
6.4.1 One DG and One SVC

In this case, the optimal size of one DG and one SVC are determined by the
proposed method for power loss minimization. DG and SVC are installed at each bus
to analyze the appropriate sites. Figure 6.10 shows total active power loss when
installing DG and SVC at each bus. X-axis is defined as DG installed bus, Y-axis is
imposed as SVC installed bus, and Z-axis is defined as the total active power loss. In

addition, the total active power loss is varied from 0 to 1 MW with blue to yellow.
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Figure 6.10 Total active power loss when installing DG and SVC at each bus

Installing DG at bus 29 with the size of 2.2844 MW and SVC at bus 30 with the

size of 1.5022 MVAr is the best site with the optimal sizes for total active power loss

minimization. This installation can reduce the power loss from 0.1225 to 0.0281 MW

or equal to 77.06%. The result can be summarized as in Table 6.24.

Table 6.24 Comparison of power loss between base case and DG and SVC

installation
DG Bus DG Size SVC Bus | SVC Size Power Loss
Ploss Qloss
Number (MW) Number (MVAr) (MW) (MVA)
Base Case - - - - 0.1225 0.0875
DG and SVC
29 2.2844 30 1.5022 0.0281 0.0235
Installation

In addition, active and reactive power generation data and total load demand are

shown in Table 6.25.
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Table 6.25 Power generation data when installing DG at bus 29 and SVC at bus 30

Power Generation

Total Load Demand

- P, (MW) Qg (MVAr) P, (MW) Q; (MVAr)
1 1.4587 0.8213 - -
29 2.2844 - - -
30 - 1.5022 - -
Total 3.7431 2.3235 3.7150 2.300

6.4.2 Two DGs and Two SVCs

The optimal size of two DGs and two SVCs at different bus is determined by

the proposed ACOPF and presented in this part. The optimal site and size of DGs and

SVCs for power loss minimization are shown in Table 6.26.

Table 6.26 Comparison of power loss between base case and installing two DGs and

two SVCs.
DG Bus DG Size SVCBus | SVC Size Power Loss
Ploss Qloss
Number (MW) Number (MVAr) (MW) (MVA)
Base Case - - - - 0.1225 0.0875
DG and SVC 15 0.9613 13 0.4127
0.0144 0.0117
Installation 29 1.7196 30 1.2863

The best sites of DGs for total active power loss minimization are bus 15 with

the size of 0.9613 MW and bus 29 with the size of 1.7196 MW. Additionally, the best

sites of SVCs are bus 13 with the size of 0.4127 MVAr and bus 30 with the size of

1.2863 MVAr. This installation can reduce power loss from 0.1225 to 0.0144 MW or

equal to 88.24%. Moreover, active and reactive power generation data and total load

demand are shown in Table 6.27.
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Table 6.27 Power generation when installing two DGs and two SVCs

Power Generation Total Load Demand
o P, (MW) Qg (MVAr) P, (MW) Q; (MVAr)
1 1.0485 0.6127 - -
13 - 0.4127 - -
15 0.9613 - - -
29 1.7196 - - -
30 - 1.2863 - -
Total 3.7294 23117 3.7150 2.300

6.5 Summary

This section summarizes the numerical results of this work. From the first
part, the simulations on base cases which are 9-bus, 24-bus, 33-bus, and 118-bus
MATPOWER test systems without installing any device are illustrated. The
implementations show that all power system variables do not violate the power
system constraints. Some variables reach the limit to verify global optimal solution
from optimization theory as shown in the result. Moreover, power generation can
supply total loads sufficiently. The total active and reactive power loss using the
proposed ACOPF are close to the conventional ACOPF. Thus, the proposed method
can solve ACOPF efficiently and reliable. Additionally, the proposed method is not
sensitive to the system scale. This method still solves large-scale power systems

within polynomial time.

From the remaining case, the simulation results are obtained by the proposed
ACOPF in the 33-bus test system are carried out into 3 cases. The first case is
installing only DG. The second case is installing only SVC. The last case is installing
DG and SVC. The implementations show that the proposed method is applicable to
optimize the site and size of DG and SVC. The total active power loss is less than the
base case for all cases when DG and SVC are installed in an appropriate site with
optimal size. However, the total loss reduction for each case is different. The best

case of power loss minimization is the last case. Installing both DG and SVC which
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generates active and reactive power to the system provides the lowest power loss.
Hence, DG should be deployed close to the load center or high load demand bus.
While SVC should be deployed at high reactive power demand bus. When DG cannot
be installed at the appropriate site and power system has a small size generation
capacity, DG should be installed at the end of the distribution line to reduce the
distance between generator and load. Moreover, the more DG and SVC installed, the
total power loss is greatly reduced. However, installing DG and SVC too much may

provide increased power loss.
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CHAPTER 7

Conclusion and Future Work

This thesis proposes the conventional alternating current optimal power flow
(ACOPF) with second order cone program (SOCP) relaxation for power loss
minimization in the power system. In this chapter, the proposed method and the
simulation results are summarized. Additionally, the future work of the power loss

minimization problem is also presented.
7.1 Conclusion

The conventional ACOPF problem for the power loss objective is formulated
as a nonlinear and nonconvex problem. To convexify the ACOPF problem, the SOCP
relaxation is applied to minimize the total power loss. The global optimal solution

can be obtained from the proposed ACOPF within polynomial time.

To formulate the ACOPF with SOCP relaxation, the thesis has already done on
the following methodologies. First, the basic knowledge of the power system is
reviewed to consider the power flow analysis. Second, the power system model is
reviewed in order to formulate the power flow equations. The conventional ACOPF
formulation can be derived in this step. Lastly, convex optimization and SOCP
relaxation are considered to convexify the general ACOPF by reformulating the
power flow constraints with new variables. Then, the ACOPF becomes the convex
optimization. Moreover, one sufficient condition is proposed in this step to guarantee

the exactness of the relaxation.

The proposed ACOPF with SOCP relaxation was tested in 4 cases. The first
case is a base case which is the test system without installing any device. The
second case is a 33-bus test system with installing distributed generation (DG). The
third case is a 33-bus test system with installing static var compensator (SVC). The
last case is a 33-bus test system with installing DG and SVC. For benchmarking
between the proposed ACOPF and the conventional ACOPF in the first case, the
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MATPOWER 9-bus, 24-bus, 33-bus, and 118-bus systems are employed as test cases.
The numerical results show that all the bus voltage magnitudes, active power
generation, and reactive power generation do not violate the system limits. The total
power generated can supply the total load demand sufficiently. The optimal value
of the objective function from the 2 methods is close. Thereby, the optimal value
shows that the proposed method is exact and reliable. Moreover, this method can
solve the power loss minimization problem in both radial topology and network
topology within polynomial time. For large-scale power systems, the proposed
method still solves the ACOPF problem efficiently. From the remaining cases, the
results show that installing DG and SVC with optimal size at the appropriate site can
reduce the total active power loss from the base case. DG and SVC should be
deployed close to the load center or bus with high load demand to have minimum
power loss. Additionally, the larger the number of DG and SVC stands, the greater
the reduction in power loss. Finally, power loss minimization presents the

performance of the power system transmission.
7.2 Future Work

This thesis develops the computation of ACOPF problem for power loss
minimization with SOCP relaxation and illustrates the example of implementation.
However, the work is only applied to the MATPOWER test system which is not the
real power system. Therefore, future work can apply the proposed ACOPF to the real
power system such as central region power system or Thailand power system to
obtain a better objective function value. Moreover, power loss minimization can be
adopted in a real power system for planning, scheduling, or improving the power
system performance. Furthermore, the proposed ACOPF can solve the power loss
minimization problem in large-scale systems but result in higher computational time.
Hence, future research can find other convex optimization solvers to improve the
computation time. Lastly, the other energy related problems should be explored to

use the proposed ACOPF.
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APPENDIX

A. Data of Test Systems
A.1 9-Bus Test System

The test system consists of 3 generators, 6 load buses, and 9 branches. Let
bus type 1 denotes load bus, 2 denotes voltage bus, and 3 denotes slack bus. The
data of the system is shown in Table A.1-A.3 where the system complex power base

is 100 MVA.

Table A.1 Bus data of 9-bus test system

Voltage
Bus o ta G Area & i base Ymax | Vimin
type (MW) | (MVAr) (p.u) | (deg) (p.u) | (p.u.)
(kV)
1 3 0 0 1 1 0 345 1.1 0.9
2 2 0 0 1 1 0 345 1.1 0.9
3 2 0 0 1 1 0 345 1.1 0.9
4 1 0 0 1 1 0 345 1.1 0.9
5 1 90 30 1 1 0 345 1.1 0.9
6 1 0 0 1 1 0 345 1.1 0.9
7 1 100 35 1 1 0 345 1.1 0.9
8 1 0 0 1 1 0 345 1.1 0.9
9 1 125 50 1 1 0 345 1.1 0.9
Table A.2 Generator data of 9-bus test system
- F Qg Qmax Qmin Vy Pnax Prin
(MW) (MVAr) (MVAr) (MVAr) (p.u.) (Mw) (MW)
1 72.30 27.03 300 -300 1.040 250 10
2 163.00 6.54 300 -300 1.025 300 10
3 85.00 -10.95 300 -300 1.025 270 10




Table A.3 Branch data of 9-bus test system

89

R X B, Line limit
Branch From bus To bus (p.u) (b.u) (b.u) (VA
1 1 aq 0.000 0.058 0.000 250
2 aq 5 0.017 0.092 0.158 250
3 5 6 0.039 0.170 0.358 150
4 3 6 0.000 0.059 0.000 300
5 6 7 0.0119 0.101 0.209 150
6 7 8 0.009 0.072 0.149 250
7 8 2 0.000 0.062 0.000 250
8 8 9 0.032 0.161 0.306 250
9 9 4 0.010 0.085 0.176 250

A.2 24-Bus Test System

The test system consists of 33 generators, 17 load buses, and 38 branches.

The system is divided into 4 area. The information of the system is shown in Table

A.4-A.6 where the system complex power base is 100 MVA.

Table A.4 Bus data of 24-bus test system

Bus Bus Pq Qa QR! 14 0 Vbase | Vmax | Vmin
type | (MW) | (MVAY) (p.u) | (deg) | V) | (p.u) | (p.u)

1 2 108 22 1 1 0 138 1.05 0.95
2 2 97 20 1 1 0 138 1.05 0.95
3 1 180 37 1 1 0 138 1.05 0.95
4 1 74 15 1 1 0 138 1.05 0.95
5 1 71 14 1 1 0 138 1.05 0.95
6 1 136 28 2 1 0 138 1.05 0.95
7 2 125 25 2 1 0 138 1.05 0.95
8 1 171 35 2 1 0 138 1.05 0.95
9 1 175 36 1 1 0 138 1.05 0.95
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Bus Bus Pq Qa Ares 14 6 Vbase | Vmax | Vinin
type (MW) | (MVAr) (p.u) | (deg) (kV) (p.u) | (p.u.)
10 1 195 40 2 1 0 138 1.05 | 0.95
11 1 0 0 3 1 0 230 1.05 | 0.95
12 1 0 0 3 1 0 230 1.05 | 0.95
13 3 265 54 3 1 0 230 1.05 | 0.95
14 2 194 39 3 1 0 230 1.05 | 0.95
15 2 317 64 q 1 0 230 1.05 | 0.95
16 2 100 20 a4 1 0 230 1.05 | 0.95
17 1 0 0 q 1 0 230 1.05 | 0.95
18 2 333 68 aq 1 0 230 1.05 | 0.95
19 1 181 37 3 1 0 230 1.05 | 0.95
20 1 128 26 3 1 0 230 1.05 | 0.95
21 2 0 0 q 1 0 230 1.05 | 0.95
22 2 0 0 q 1 0 230 1.05 | 0.95
23 2 0 0 = 1 0 230 1.05 | 0.95
24 1 0 0 4 1 0 230 1.05 | 0.95
Table A.5 Generator data of 24-bus test system

BUs Fy Qg Qmax Qmin Vg Prax Prin

(MW) (MVAr) (MVAr) (MVAr) (p.u.) (MW) (MW)

1 10.0 0 10 0 1.035 20.0 16.0

1 10.0 0 10 0 1.035 20.0 16.0

1 76.0 0 30 -25 1.035 76.0 15.2

1 76.0 0 30 -25 1.035 76.0 15.2

2 10.0 0 10 0 1.035 20.0 16.0

2 10.0 0 10 0 1.035 20.0 16.0

2 76.0 0 30 -25 1.035 76.0 15.2

2 76.0 0 30 -25 1.035 76.0 15.2
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- Py Qq Qmax Qmin Vy Prax Pmin
(MW) (MVAr) | (MVAr) | (MVAr) (p.u.) (MW) (MW)
7 80.0 0 60 0 1.025 100.0 25.0
7 80.0 0 60 0 1.025 100.0 25.0
7 80.0 0 60 0 1.025 100.0 25.0
13 95.1 0 80 0 1.020 197.0 69.0
13 95.1 0 80 0 1.020 197.0 69.0
13 95.1 0 80 0 1.020 197.0 69.0
14 0.0 353 200 -50 0.980 0.0 0.0
15 12.0 0 6 0 1.014 12.0 2.4
15 12.0 0 6 0 1.014 12.0 2.4
15 12.0 0 6 0 1.014 12.0 2.4
15 12.0 0 6 0 1.014 12.0 2.4
15 12.0 0 6 0 1.014 12.0 2.4
15 155.0 0 80 -50 1.014 155.0 54.3
16 155.0 0 80 -50 1.017 155.0 54.3
18 400.0 0 200 -50 1.050 400.0 100.0
21 400.0 0 200 -50 1.050 400.0 100.0
22 50.0 0 16 -10 1.050 50.0 10.0
22 50.0 0 16 -10 1.050 50.0 10.0
22 50.0 0 16 -10 1.050 50.0 10.0
22 50.0 0 16 -10 1.050 50.0 10.0
22 50.0 0 16 -10 1.050 50.0 10.0
22 50.0 0 16 -10 1.050 50.0 10.0
23 155.0 0 80 -50 1.050 155.0 54.3
23 155.0 0 80 -50 1.050 155.0 54.3
23 350.0 0 150 -25 1.050 350.0 140.0




Table A.6 Branch data of 24-bus test system
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R X B, Line limit
Branch From bus | To bus (p.u) (b.u) (b.u) (MVA)
1 1 2 0.0026 0.0139 0.4611 175
2 1 3 0.0546 0.2112 0.0572 175
3 1 5 0.0218 0.0845 0.0229 175
4 2 4 0.0328 0.1267 0.0343 175
5 2 6 0.0497 0.1920 0.0520 175
6 3 9 0.0308 0.1190 0.0322 175
7 3 24 0.0023 0.0839 0.0000 400
8 4 9 0.0268 0.1037 0.0281 175
9 5 10 0.0228 0.0883 0.0239 175
10 6 10 0.0139 0.0605 2.4590 175
11 7 8 0.0159 0.0614 0.0166 175
12 8 9 0.0427 0.1651 0.0447 175
13 8 10 0.0427 0.1651 0.0447 175
14 9 11 0.0023 0.0839 0.0000 400
15 9 12 0.0023 0.0839 0.0000 400
16 10 11 0.0023 0.0839 0.0000 400
17 10 12 0.0023 0.0839 0.0000 400
18 11 13 0.0061 0.0476 0.0999 500
19 11 14 0.0054 0.0418 0.0879 500
20 12 13 0.0061 0.0476 0.0999 500
21 12 23 0.0124 0.0966 0.2030 500
22 13 23 0.0111 0.0865 0.1818 500
23 14 16 0.005 0.0389 0.0818 500
24 15 16 0.0022 0.0173 0.0364 500
25 15 21 0.0063 0.0490 0.1030 500
26 15 21 0.0063 0.0490 0.1030 500
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R X B, Line limit
Branch From bus To bus (p.u) (b.u) (b.u) (VA
27 15 24 0.0067 0.0519 0.1091 500
28 16 17 0.0033 0.0259 0.0545 500
29 16 19 0.003 0.0231 0.0485 500
30 17 18 0.0018 0.0144 0.0303 500
31 17 22 0.0135 0.1053 0.2212 500
32 18 21 0.0033 0.0259 0.0545 500
33 18 21 0.0033 0.0259 0.0545 500
34 19 20 0.0051 0.0396 0.0833 500
35 19 20 0.0051 0.0396 0.0833 500
36 20 23 0.0028 0.0216 0.0455 500
37 20 23 0.0028 0.0216 0.0455 500
38 21 22 0.0087 0.0678 0.1424 500

A.3 33-Bus Test System

The test system consists of 1 generator, 32 load buses, and 37 branches. The

information of the system is shown in Table A.7-A.9 where the system complex

power base is 100 MVA.

Table A.7 Bus data of 33-bus test system

Bus Bus Pq Qa Ares 14 6 Vbase | Vmax | Vmin

type (kW) | (KVAr) (p.u) | (deg) | v) | (p.u) | (p.u.)
1 3 0 0 1 1 0 12.66 1.0 1.0
2 1 100 60 1 1 0 12.66 1.1 0.9
3 1 90 40 1 1 0 12.66 1.1 0.9
4 1 120 80 1 1 0 12.66 1.1 0.9
5 1 60 30 1 1 0 12.66 1.1 0.9
6 1 60 20 1 1 0 12.66 1.1 0.9
7 1 200 100 1 1 0 12.66 1.1 0.9
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Bus Bus Pq Qa Ares 14 6 Vbase | Vmax | Vmin
type | (W) | (VAD (p.u) | (deg) | V) | (p.u) | (p.u)

8 1 200 100 1 1 0 12.66 1.1 0.9
9 1 60 20 1 1 0 12.66 1.1 0.9
10 1 60 20 1 1 0 12.66 1.1 0.9
11 1 45 30 1 1 0 12.66 1.1 0.9
12 1 60 35 1 1 0 12.66 1.1 0.9
13 1 60 35 1 1 0 12.66 1.1 0.9
14 1 120 80 1 1 0 12.66 1.1 0.9
15 1 60 10 1 1 0 12.66 1.1 0.9
16 1 60 20 1 1 0 12.66 1.1 0.9
17 1 60 20 1 1 0 12.66 1.1 0.9
18 1 90 40 l 1 0 12.66 1.1 0.9
19 1 90 40 1 1 0 12.66 1.1 0.9
20 1 90 40 1 1 0 12.66 1.1 0.9
21 1 90 40 1 1 0 12.66 1.1 0.9
22 1 90 40 1 1 0 12.66 1.1 0.9
23 1 90 50 1 1 0 12.66 1.1 0.9
24 1 420 200 1 1 0 12.66 1.1 0.9
25 1 420 200 1 1 0 12.66 1.1 0.9
26 1 60 25 1 1 0 12.66 1.1 0.9
27 1 60 25 1 1 0 12.66 1.1 0.9
28 1 60 20 1 1 0 12.66 1.1 0.9
29 1 120 70 1 1 0 12.66 1.1 0.9
30 1 200 600 1 1 0 12.66 1.1 0.9
31 1 150 70 1 1 0 12.66 1.1 0.9
32 1 210 100 1 1 0 12.66 1.1 0.9
33 1 60 40 1 1 0 12.66 1.1 0.9




Table A.8 Generator data of 33-bus test system

95

- Py Qq Qmax Qmin V Prnax Pmin

(MW) (MVAr) (MVAr) (MVAr) (p.u.) (MW) (MW)
1 0 0 10 -10 1 10 0

Table A.9 Branch data of 33-bus test system
R X B, Line limit

Branch From bus To bus (p.u) (p.u) (p.u) (MVA)
1 1 2 0.0922 0.0470 0 0
2 2 3 0.4930 0.2511 0 0
3 3 aq 0.3660 0.1864 0 0
4 q 5 0.3811 0.1941 0 0
5 5 6 0.8190 0.7070 0 0
6 6 7 0.1872 0.6188 0 0
7 7 8 0.7114 0.2351 0 0
8 8 9 1.0300 0.7400 0 0
9 9 10 1.0440 0.7400 0 0
10 10 11 0.1966 0.0650 0 0
11 11 12 0.3744 0.1238 0 0
12 12 13 1.4680 1.1550 0 0
13 13 14 0.5416 0.7129 0 0
14 14 15 0.5910 0.5260 0 0
15 15 16 0.7463 0.5450 0 0
16 16 17 1.2890 1.7210 0 0
17 17 18 0.7320 0.5740 0 0
18 2 19 0.1640 0.1565 0 0
19 19 20 1.5042 1.3554 0 0
20 20 21 0.4095 0.4784 0 0
21 21 22 0.7089 0.9373 0 0
22 3 23 0.4512 0.3083 0 0
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R X B, Line limit
Branch From bus To bus (p.u) (b.u) (b.u) (VA
23 23 24 0.8980 0.7091 0 0
24 24 25 0.8960 0.7011 0 0
25 6 26 0.2030 0.1034 0 0
26 26 27 0.2842 0.1447 0 0
27 27 28 1.0590 0.9337 0 0
28 28 29 0.8042 0.7006 0 0
29 29 30 0.5075 0.2585 0 0
30 30 3d 0.9744 0.9630 0 0
31 31 32 0.3105 0.3619 0 0
32 32 33 0.3410 0.5302 0 0

A.4 118-Bus Test System

The test system comprises 54 generators, 64 load buses, and 186 branches.

The information of the system is shown in Table A.10-A.12 where the system

complex power base is 100 MVA.

Table A.10 Bus data of 118-bus test system

Bus Bus Py Qa Ares 14 6 Vbase | Vinax | Vimin
type | (MW) | (MVAY) (p.u) | (deg) | V) | (p.u) | (p.u)

1 2 51 27 0.955 | 10.67 138 1.06 | 0.94
2 1 20 9 0971 | 11.22 138 1.06 0.94
3 1 39 10 0.968 | 11.56 138 1.06 0.94
4 2 39 12 0.998 | 15.28 138 1.06 0.94
5 1 0 0 1.002 | 15.73 138 1.06 0.94
6 2 52 22 0.990 | 13.00 138 1.06 0.94
7 1 19 2 0.989 | 12.56 138 1.06 0.94
8 2 28 0 1.015 | 20.77 345 1.06 0.94
9 1 0 0 1.043 | 28.02 345 1.06 0.94
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Bus Bus Pq Qa Ares 14 6 Vbase | Vmax | Vmin

type | (MW) | (MVAY) (p.u) | (deg) | V) | (p.u) | (p.u)
10 2 0 0 1 1.050 | 35.61 345 1.06 0.94
11 1 70 23 1 0985 | 12.72 138 1.06 0.94
12 2 47 10 1 0.990 | 12.20 138 1.06 0.94
13 1 34 16 1 0.968 | 11.35 138 1.06 0.94
14 1 14 1 1 0.984 | 11.50 138 1.06 0.94
15 2 90 30 1 0970 | 11.23 138 1.06 0.94
16 1 25 10 1 0.984 | 1191 138 1.06 0.94
17 1 11 3 1 0.995 | 13.74 138 1.06 0.94
18 2 60 34 1 0.973 | 1153 138 1.06 0.94
19 2 45 25 1 0.963 | 11.05 138 1.06 0.94
20 1 18 3 l 0.958 | 11.93 138 1.06 0.94
21 1 14 8 1 0.959 | 1352 138 1.06 0.94
22 1 10 5 1 0.970 | 16.08 138 1.06 0.94
23 1 7 3 1 1.000 | 21.00 138 1.06 0.94
24 2 13 0 1 0.992 | 20.89 138 1.06 0.94
25 2 0 0 1 1.050 | 27.93 138 1.06 0.94
26 2 0 0 1 1.015 | 29.71 345 1.06 0.94
27 2 71 13 1 0.968 | 15.35 138 1.06 0.94
28 1 17 7 1 0.962 | 13.62 138 1.06 0.94
29 1 24 4 1 0.963 | 12.63 138 1.06 0.94
30 1 0 0 1 0.968 | 18.79 345 1.06 0.94
31 2 43 27 1 0.967 | 12.75 138 1.06 0.94
32 2 59 23 1 0.964 | 14.80 138 1.06 0.94
33 1 23 9 1 0.972 | 10.63 138 1.06 0.94
34 2 59 26 1 0.986 | 11.30 138 1.06 0.94
35 1 33 9 1 0.981 | 10.87 138 1.06 0.94
36 2 31 17 1 0.980 | 10.87 138 1.06 0.94
37 1 0 0 1 0.992 | 11.77 138 1.06 0.94
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Bus Bus Pq Qa Ares 14 6 Vbase | Vmax | Vmin

type | (MW) | (MVAY) (p.u) | (deg) | V) | (p.u) | (p.u)
38 1 0 0 1 0.962 | 1691 345 1.06 0.94
39 1 27 11 1 0.970 | 8.41 138 1.06 0.94
40 2 66 23 1 0970 | 7.35 138 1.06 0.94
41 1 37 10 1 0.967 | 6.92 138 1.06 0.94
42 2 96 23 1 0.985 | 8.53 138 1.06 0.94
43 1 18 7 1 0978 | 11.28 138 1.06 0.94
44 1 16 8 1 0.985 | 13.82 138 1.06 0.94
45 1 53 22 1 0.987 | 15.67 138 1.06 0.94
46 2 28 10 1 1.005 | 18.49 138 1.06 0.94
a7 1 34 0 1 1.017 | 20.73 138 1.06 0.94
48 1 20 11 l 1.021 | 19.93 138 1.06 0.94
49 2 87 30 1 1.025 | 20.94 138 1.06 0.94
50 1 17 4 1 1.001 | 18.90 138 1.06 0.94
51 1 17 8 1 0.967 | 16.28 138 1.06 0.94
52 1 18 5 1 0.957 | 15.32 138 1.06 0.94
53 1 23 11 1 0.946 | 14.35 138 1.06 0.94
54 2 113 32 1 0.955 | 15.26 138 1.06 0.94
55 2 63 22 1 0.952 | 1497 138 1.06 0.94
56 2 84 18 1 0.954 | 15.16 138 1.06 0.94
57 1 12 3 1 0.971 | 16.36 138 1.06 0.94
58 1 12 3 1 0.959 | 1551 138 1.06 0.94
59 2 277 113 1 0.985 | 19.37 138 1.06 0.94
60 1 78 3 1 0.993 | 23.15 138 1.06 0.94
61 2 0 0 1 0.995 | 24.04 138 1.06 0.94
62 2 7 14 1 0.998 | 23.43 138 1.06 0.94
63 1 0 0 1 0.969 | 22.75 345 1.06 0.94
64 1 0 0 1 0.984 | 24.52 345 1.06 0.94
65 2 0 0 1 1.005 | 27.65 345 1.06 0.94
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Bus Bus Pq Qa Ares 14 6 Vbase | Vmax | Vmin

type | (MW) | (MVAY) (p.u) | (deg) | V) | (p.u) | (p.u)
66 2 39 18 1 1.050 | 27.48 138 1.06 0.94
67 1 28 7 1 1.020 | 24.84 138 1.06 0.94
68 1 0 0 1 1.003 | 27.55 345 1.06 0.94
69 3 0 0 1 1.035 | 30.00 138 1.06 0.94
70 2 66 20 1 0.984 | 22.58 138 1.06 0.94
71 1 0 0 1 0.987 | 22.15 138 1.06 0.94
12 2 12 0 1 0.980 | 20.98 138 1.06 0.94
73 2 6 0 1 0.991 | 21.94 138 1.06 0.94
74 2 68 27 1 0.958 | 21.64 138 1.06 0.94
75 1 47 11 1 0.967 | 2291 138 1.06 0.94
76 2 68 36 l 0.943 | 21.77 138 1.06 0.94
77 2 61 28 1 1.006 | 26.72 138 1.06 0.94
78 1 71 26 1 1.003 | 26.42 138 1.06 0.94
79 1 39 32 1 1.009 | 26.72 138 1.06 0.94
80 2 130 26 1 1.040 | 28.96 138 1.06 0.94
81 1 0 0 1 0.997 | 28.10 345 1.06 0.94
82 1 54 27 1 0.989 | 27.24 138 1.06 0.94
83 1 20 10 1 0.985 | 28.42 138 1.06 0.94
84 1 11 7 1 0.980 | 30.95 138 1.06 0.94
85 2 24 15 1 0.985 | 32.51 138 1.06 0.94
86 1 21 10 1 0.987 | 31.14 138 1.06 0.94
87 2 0 0 1 1.015 | 31.40 161 1.06 0.94
88 1 48 10 1 0.987 | 35.64 138 1.06 0.94
89 2 0 0 1 1.005 | 39.69 138 1.06 0.94
90 2 163 42 1 0.985 | 33.29 138 1.06 0.94
91 2 10 0 1 0.980 | 33.31 138 1.06 0.94
92 2 65 10 1 0.993 | 33.80 138 1.06 0.94
93 1 12 7 1 0.987 | 30.79 138 1.06 0.94
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Bus Bus Pq Qa Ares 14 6 Vbase | Vmax | Vmin

type | (MW) | (MVAY) (p.u) | (deg) | V) | (p.u) | (p.u)
94 1 30 16 1 0.991 | 28.64 138 1.06 0.94
95 1 42 31 1 0.981 | 27.67 138 1.06 0.94
96 1 38 15 1 0.993 | 27.51 138 1.06 0.94
97 1 15 9 1 1.011 | 27.88 138 1.06 0.94
98 1 34 8 1 1.024 | 27.40 138 1.06 0.94
99 2 42 0 1 1.010 | 27.04 138 1.06 0.94
100 2 37 18 1 1.017 | 28.03 138 1.06 0.94
101 1 22 15 1 0.993 | 29.61 138 1.06 0.94
102 1 5 3 1 0.991 | 32.30 138 1.06 0.94
103 2 23 16 1 1.001 | 24.44 138 1.06 0.94
104 2 38 25 l 0.971 | 21.69 138 1.06 0.94
105 2 31 26 1 0.965 | 20.57 138 1.06 0.94
106 1 43 16 1 0.962 | 20.32 138 1.06 0.94
107 2 50 12 1 0.952 | 1753 138 1.06 0.94
108 1 2 1 1 0.967 | 19.38 138 1.06 0.94
109 1 8 3 1 0.967 | 18.93 138 1.06 0.94
110 2 39 30 1 0.973 | 18.09 138 1.06 0.94
111 2 0 0 1 0.980 | 19.74 138 1.06 0.94
112 2 68 13 1 0.975 | 14.99 138 1.06 0.94
113 2 6 0 1 0.993 | 13.74 138 1.06 0.94
114 1 8 3 1 0.960 | 14.46 138 1.06 0.94
115 1 22 7 1 0.960 | 14.46 138 1.06 0.94
116 2 184 0 1 1.005 | 27.12 138 1.06 0.94
117 1 20 8 1 0.974 | 10.67 138 1.06 0.94
118 1 33 15 1 0.949 | 21.92 138 1.06 0.94




Table A.11 Generator data of 118-bus test system
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Bus Fy Qg Qmax Qmin Vy Prax Pmin
(MW) (MVAr) | (MVAr) | (MVAr) (p.u.) (MW) (MW)
1 0 0 15 -5 0.955 100 0
a4 0 0 300 -300 0.998 100 0
6 0 0 50 -13 0.990 100 0
8 0 0 300 -300 1.015 100 0
10 450 0 200 -147 1.050 550 0
12 85 0 120 -35 0.990 185 0
15 0 0 30 -10 0.970 100 0
18 0 0 50 -16 0.973 100 0
19 0 0 24 -8 0.962 100 0
24 0 0 300 -300 0.992 100 0
25 220 0 140 -47 1.050 320 0
26 314 0 1000 -1000 1.015 414 0
27 0 0 300 -300 0.968 100 0
31 7 0 300 -300 0.967 107 0
32 0 0 a2 -14 0.963 100 0
34 0 0 24 -8 0.984 100 0
36 0 0 24 -8 0.980 100 0
40 0 0 300 -300 0.970 100 0
42 0 0 300 -300 0.985 100 0
46 19 0 100 -100 1.005 119 0
49 204 0 210 -85 1.025 304 0
54 48 0 300 -300 0.955 148 0
55 0 0 23 -8 0.952 100 0
56 0 0 15 -8 0.954 100 0
59 155 0 180 -60 0.985 255 0
61 160 0 300 -100 0.995 260 0
62 0 0 20 -20 0.998 100 0
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- Py Qq Qmax Qmin Vy Prax Pmin
(MW) (MVAr) | (MVAr) | (MVAr) (p.u.) (MW) (MW)
65 391 0 200 -67 1.005 491 0
66 392 0 200 -67 1.050 492 0
69 516.4 0 300 -300 1.035 805.2 0
70 0 0 32 -10 0.984 100 0
72 0 0 100 -100 0.980 100 0
73 0 0 100 -100 0.991 100 0
74 0 0 9 -6 0.958 100 0
76 0 0 23 -8 0.943 100 0
7 0 0 70 -20 1.006 100 0
80 qa77 0 280 -165 1.040 577 0
85 0 0 23 -8 0.985 100 0
87 4 0 1000 -100 1.015 104 0
89 607 0 300 -210 1.005 707 0
90 0 0 300 -300 0.985 100 0
91 0 0 100 -100 0.980 100 0
92 0 0 9 -3 0.990 100 0
99 0 0 100 -100 1.010 100 0
100 252 0 155 -50 1.017 352 0
103 40 0 40 -15 1.010 140 0
104 0 0 23 -8 0.971 100 0
105 0 0 23 -8 0.965 100 0
107 0 0 200 -200 0.952 100 0
110 0 0 23 -8 0.973 100 0
111 36 0 1000 -100 0.980 136 0
112 0 0 1000 -100 0.975 100 0
113 0 0 200 -100 0.993 100 0
116 0 0 1000 -1000 1.005 100 0




Table A.12 Branch data of 118-bus test system
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R X B, Line limit
Branch From bus | To bus (p.u) (p.u) (p.u) (V)
1 1 2 0.0303 0.0999 0.0254 0
2 1 3 0.0129 0.0424 0.0108 0
3 4 5 0.0018 0.0080 0.0021 0
4 3 5 0.0241 0.1080 0.0284 0
5 5 6 0.0119 0.0540 0.0143 0
6 6 7 0.0046 0.0208 0.0055 0
7 8 g 0.0024 0.0305 1.1620 0
8 8 5 0.0000 0.0267 0.0000 0
9 9 10 0.0026 0.0322 1.2300 0
10 4 11 0.0209 0.0688 0.0175 0
11 5 11 0.0203 0.0682 0.0174 0
12 11 12 0.0060 0.0196 0.0050 0
13 2 12 0.0187 0.0616 0.0157 0
14 3 12 0.0484 0.1600 0.0406 0
15 7 12 0.0086 0.0340 0.0087 0
16 11 13 0.0223 0.0731 0.0188 0
17 12 14 0.0215 0.0707 0.0182 0
18 13 15 0.0744 0.2444 0.0627 0
19 14 15 0.0595 0.1950 0.0502 0
20 12 16 0.0212 0.0834 0.0214 0
21 15 17 0.0132 0.0437 0.0444 0
22 16 17 0.0454 0.1801 0.0466 0
23 17 18 0.0123 0.0505 0.0130 0
24 18 19 0.0112 0.0493 0.0114 0
25 19 20 0.0252 0.1170 0.0298 0
26 15 19 0.0120 0.0394 0.0101 0
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R X B, Line limit
Branch From bus To bus (b.u) (p.u) (p.u) (VA
27 20 21 0.0183 0.0849 0.0216 0
28 21 22 0.0209 0.0970 0.0246 0
29 22 23 0.0342 0.1590 0.0404 0
30 23 24 0.0135 0.0492 0.0498 0
31 23 25 0.0156 0.0800 0.0864 0
32 26 25 0.0000 0.0382 0.0000 0
33 25 27 0.0318 0.1630 0.1764 0
34 27 28 0.0191 0.0855 0.0216 0
35 28 29 0.0237 0.0943 0.0238 0
36 30 17 0.0000 0.0388 0.0000 0
37 8 30 0.0043 0.0504 0.5140 0
38 26 30 0.0080 0.0860 0.9080 0
39 17 31 0.0474 0.1563 0.0399 0
40 29 31 0.0108 0.0331 0.0083 0
41 23 32 0.0317 0.1153 0.1173 0
42 31 32 0.0298 0.0985 0.0251 0
a3 27 32 0.0229 0.0755 0.0193 0
aa 15 33 0.0380 0.1244 0.0319 0
a5 19 34 0.0752 0.2470 0.0632 0
46 35 36 0.0022 0.0102 0.0027 0
a7 35 37 0.0110 0.0497 0.0132 0
48 33 37 0.0415 0.1420 0.0366 0
49 34 36 0.0087 0.0268 0.0057 0
50 34 37 0.0026 0.0094 0.0098 0
51 38 37 0.0000 0.0375 0.0000 0
52 37 39 0.0321 0.1060 0.0270 0
53 37 a0 0.0593 0.1680 0.0420 0
54 30 38 0.0046 0.0540 0.4220 0
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R X B, Line limit
Branch From bus To bus (b.u) (p.u) (p.u) (VA
55 39 a0 0.0184 0.0605 0.0155 0
56 a0 a1 0.0145 0.0487 0.0122 0
57 a0 a2 0.0555 0.1830 0.0466 0
58 a1 a2 0.0410 0.1350 0.0344 0
59 a3 a4 0.0608 0.2454 0.0607 0
60 34 a3 0.0413 0.1681 0.0423 0
61 a4 a5 0.0224 0.0901 0.0224 0
62 a5 a6 0.0400 0.1356 0.0332 0
63 a6 ar 0.0380 0.1270 0.0316 0
64 a6 a8 0.0601 0.1890 0.0472 0
65 ar a9 0.0191 0.0625 0.0160 0
66 a2 a9 0.0715 0.3230 0.0860 0
67 a2 a9 0.0715 0.3230 0.0860 0
68 a5 a9 0.0684 0.1860 0.0444 0
69 a8 a9 0.0179 0.0505 0.0126 0
70 a9 50 0.0267 0.0752 0.0187 0
71 a9 51 0.0486 0.1370 0.0342 0
72 51 52 0.0203 0.0588 0.0140 0
73 52 53 0.0405 0.1635 0.0406 0
74 53 54 0.0263 0.1220 0.0310 0
75 a9 54 0.0730 0.2890 0.0738 0
76 a9 54 0.0869 0.2910 0.0730 0
77 54 55 0.0169 0.0707 0.0202 0
78 54 56 0.0028 0.0096 0.0073 0
79 55 56 0.0049 0.0151 0.0037 0
80 56 57 0.0343 0.0966 0.0242 0
81 50 57 0.0474 0.1340 0.0332 0
82 56 58 0.0343 0.0966 0.0242 0
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R X B, Line limit
Branch From bus To bus (p.u) (p.u) (p.u) (VA
83 51 58 0.0255 0.0719 0.0179 0
84 54 59 0.0503 0.2293 0.0598 0
85 56 59 0.0825 0.2510 0.0569 0
86 56 59 0.0803 0.2390 0.0536 0
87 55 59 0.0474 0.2158 0.0565 0
88 59 60 0.0317 0.1450 0.0376 0
89 59 61 0.0328 0.1500 0.0388 0
90 60 61 0.0026 0.0135 0.0146 0
91 60 62 0.0123 0.0561 0.0147 0
92 61 62 0.0082 0.0376 0.0098 0
93 63 59 0.0000 0.0386 0.0000 0
94 63 64 0.0017 0.0200 0.2160 0
95 64 61 0.0000 0.0268 0.0000 0
96 38 65 0.0090 0.0986 1.0460 0
97 64 65 0.0027 0.0302 0.3800 0
98 a9 66 0.0180 0.0919 0.0248 0
99 a9 66 0.0180 0.0919 0.0248 0
100 62 66 0.0482 0.2180 0.0578 0
101 62 67 0.0258 0.1170 0.0310 0
102 65 66 0.0000 0.0370 0.0000 0
103 66 67 0.0224 0.1015 0.0268 0
104 65 68 0.0014 0.0160 0.6380 0
105 at 69 0.0844 0.2778 0.0709 0
106 a9 69 0.0985 0.3240 0.0828 0
107 68 69 0.0000 0.0370 0.0000 0
108 69 70 0.0300 0.1270 0.1220 0
109 24 70 0.0022 0.4115 0.1020 0
110 70 71 0.0088 0.0355 0.0088 0
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R X B, Line limit
Branch From bus To bus (p.u) (p.u) (p.u) (V)
111 24 72 0.0488 0.1960 0.0488 0
112 71 72 0.0446 0.1800 0.0444 0
113 71 73 0.0087 0.0454 0.0118 0
114 70 74 0.0401 0.1323 0.0337 0
115 70 75 0.0428 0.1410 0.0360 0
116 69 75 0.0405 0.1220 0.1240 0
117 74 75 0.0123 0.0406 0.0103 0
118 76 7 0.0444 0.1480 0.0368 0
119 69 77 0.0309 0.1010 0.1038 0
120 75 77 0.0601 0.1999 0.0498 0
121 77 78 0.0038 0.0124 0.0126 0
122 78 79 0.0055 0.0244 0.0065 0
123 77 80 0.0170 0.0485 0.0472 0
124 77 80 0.0294 0.1050 0.0228 0
125 79 80 0.0156 0.0704 0.0187 0
126 68 81 0.0018 0.0202 0.8080 0
127 81 80 0.0000 0.0370 0.0000 0
128 77 82 0.0298 0.0853 0.0817 0
129 82 83 0.0112 0.0367 0.0380 0
130 83 84 0.0625 0.1320 0.0258 0
131 83 85 0.0430 0.1480 0.0348 0
132 84 85 0.0302 0.0641 0.0123 0
133 85 86 0.0350 0.1230 0.0276 0
134 86 87 0.0283 0.2074 0.0445 0
135 85 88 0.0200 0.1020 0.0276 0
136 85 89 0.0239 0.1730 0.0470 0
137 88 89 0.0139 0.0712 0.0193 0
138 89 90 0.0518 0.1880 0.0528 0
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R X B, Line limit
Branch From bus To bus (b.u) (p.u) (p.u) (V)
139 89 90 0.0238 0.0997 0.1060 0
140 90 91 0.0254 0.0836 0.0214 0
141 89 92 0.0099 0.0505 0.0548 0
142 89 92 0.0393 0.1581 0.0414 0
143 91 92 0.0387 0.1272 0.0327 0
144 92 93 0.0258 0.0848 0.0218 0
145 92 94 0.0481 0.1580 0.0406 0
146 93 94 0.0223 0.0732 0.0188 0
147 94 95 0.0132 0.0434 0.0111 0
148 80 96 0.0356 0.1820 0.0494 0
149 82 96 0.0162 0.0530 0.0544 0
150 94 96 0.0269 0.0869 0.0230 0
151 80 97 0.0183 0.0934 0.0254 0
152 80 98 0.0238 0.1080 0.0286 0
153 80 99 0.0454 0.2060 0.0546 0
154 92 100 0.0648 0.2950 0.0472 0
155 94 100 0.0178 0.0580 0.0604 0
156 95 96 0.0171 0.0547 0.0147 0
157 96 97 0.0173 0.0885 0.0240 0
158 98 100 0.0397 0.1790 0.0476 0
159 99 100 0.0180 0.0813 0.0216 0
160 100 101 0.0277 0.1262 0.0328 0
161 92 102 0.0123 0.0559 0.0146 0
162 101 102 0.0246 0.1120 0.0294 0
163 100 103 0.0160 0.0525 0.0536 0
164 100 104 0.0451 0.2040 0.0541 0
165 103 104 0.0466 0.1584 0.0407 0
166 103 105 0.0535 0.1625 0.0408 0
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R X B, Line limit
Branch From bus To bus (b.u) (p.u) (p.u) (V)
167 100 106 0.0605 0.2290 0.0620 0
168 104 105 0.0099 0.0378 0.0099 0
169 105 106 0.0140 0.0547 0.0143 0
170 105 107 0.0530 0.1830 0.0472 0
171 105 108 0.0261 0.0703 0.0184 0
172 106 107 0.0530 0.1830 0.0472 0
173 108 109 0.0105 0.0288 0.0076 0
174 103 110 0.0391 0.1813 0.0461 0
175 109 110 0.0278 0.0762 0.0202 0
176 110 111 0.0220 0.0755 0.0200 0
177 110 112 0.0247 0.0640 0.0620 0
178 17 113 0.0091 0.0301 0.0077 0
179 32 113 0.0615 0.2030 0.0518 0
180 32 114 0.0135 0.0612 0.0163 0
181 27 115 0.0164 0.0741 0.0197 0
182 114 115 0.0023 0.0104 0.0028 0
183 68 116 0.0003 0.0041 0.1640 0
184 12 117 0.0329 0.1400 0.0358 0
185 75 118 0.0145 0.0481 0.0120 0
186 76 118 0.0164 0.0544 0.0136 0

B. Additional Results

B.1 24-Bus Test System

The active and reactive power flow results and power loss of ACOPF with

SOCP Relaxation on each branch are shown in Table B.1.




Table B.1 Branch data result in 24-bus test system
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From To P;j Qij Py Qji Pioss Quoss
Bus Bus (MW) (MVAr) (MW) (MVAr) (MW) (MVAD)
1 2 28.78 -28.42 -28.75 -14.60 0.02 0.13
1 3 13.16 -6.36 -13.05 1.42 0.11 0.42
1 5 42.07 -29.39 -41.47 29.53 0.60 2.32
2 4 38.98 -2.50 -38.45 1.39 0.53 2.06
2 6 84.77 -52.90 -79.60 67.60 5.17 19.96
3 9 -10.34 =11.31 10.40 8.50 0.07 0.26
3 24 -156.62 -27.11 157.24 49.71 0.62 22.60
4 9 -35.55 -16.39 35.99 15.43 0.44 1.69
5 10 -29.53 -43.53 30.16 4355 0.63 2.44
6 10 -56.40 -95.60 56.99 -165.46 0.59 2.57
7 8 156.15 31.44 -152.35 -18.46 3.80 14.68
8 9 -7.36 4.68 7.40 -8.88 0.04 0.17
8 10 -11.29 -21.22 11.51 17.48 0.21 0.82
9 11 -91.19 -29.80 91.41 37.77 0.22 7.98
9 12 -137.60 -21.26 138.06 38.07 0.46 16.81
10 11 -114.67 26.01 114.97 -15.04 0.30 10.97
10 12 -178.99 38.43 179.72 -11.85 0.73 26.58
11 13 -198.55 0.22 200.89 7.62 2.34 18.26
11 14 -7.82 -22.96 7.84 14.01 0.02 0.16
12 13 -179.56 -8.86 181.48 13.46 1.92 15.00
12 23 -138.22 -17.36 140.54 13.98 2.32 18.07
13 23 -56.38 -19.94 56.72 3.12 0.35 2.69
14 16 -201.84 -18.37 203.80 24.91 1.96 15.24
15 16 2.03 1.94 -2.03 -5.88 0.00 0.00
15 21 -131.52 -3.97 132.53 0.54 1.01 7.82
15 21 -131.52 -3.97 132.53 0.54 1.01 7.82
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From To P;j Qij Pj; Qji Pioss Qioss
Bus Bus (MW) (MVAr) (MW) (MVAr) (MW) (MVA)
15 24 159.01 52.01 -157.24 -49.71 1.77 13.72
16 17 -159.11 -7.61 159.88 7.74 0.77 6.06
16 19 12.34 25.84 -12.31 -30.85 0.03 0.21
17 18 -122.44 1.67 122.69 -3.03 0.25 1.97
17 22 -37.44 -9.41 37.61 -13.56 0.17 1.35
18 21 -27.84 -3.39 27.87 -2.43 0.02 0.18
18 21 -27.84 -3.39 27.87 -2.43 0.02 0.18
19 20 -84.35 -3.07 84.69 -3.22 0.34 2.64
19 20 -84.35 -3.07 84.69 -3.22 0.34 2.64
20 23 -148.69 -9.78 149.26 9.29 0.58 4.45
20 23 -148.69 -9.78 149.26 9.29 0.58 4.45
21 22 -22.35 -4.82 22.39 -10.56 0.04 0.31

B.2 33-Bus Test System

The branch results of ACOPF with SOCP relaxation are shown in Table B.2.

Table B.2 Branch data result in 33-bus test system

From To P;; Qij P;; Qji Pioss Qioss
Bus Bus (MwW) (MVAD) | (MW) (MVAr) (MW) (MVAr)
1 2 3.92 2.44 -3.91 -2.43 0.01 0.01
2 3 3.44 2.21 -3.39 -2.18 0.05 0.03
3 4 2.36 1.68 -2.34 -1.67 0.02 0.01
4 5 2.22 1.59 -2.20 -1.58 0.02 0.01
5 6 2.14 1.55 -2.11 -1.52 0.04 0.03
6 7 1.10 0.53 -1.09 -0.52 0.00 0.01
7 8 0.89 0.42 -0.89 -0.42 0.00 0.00
8 9 0.69 0.32 -0.68 -0.32 0.00 0.00
9 10 0.62 0.30 -0.62 -0.29 0.00 0.00
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From To P;; Qij Py; Qji Pioss Qioss
Bus Bus (MW) | (MVAD | (MW) | (MVAD | (MW) | (MVA)
10 11 0.56 0.27 -0.56 -0.27 0.00 0.00
11 12 0.52 0.24 -0.51 -0.24 0.00 0.00
12 13 0.45 0.21 -0.45 -0.21 0.00 0.00
13 14 0.39 0.17 -0.39 -0.17 0.00 0.00
14 15 0.27 0.09 -0.27 -0.09 0.00 0.00
15 16 0.21 0.08 -0.21 -0.08 0.00 0.00
16 17 0.15 0.06 -0.15 -0.06 0.00 0.00
17 18 0.09 0.04 -0.09 -0.04 0.00 0.00
2 19 0.36 0.16 -0.36 -0.16 0.00 0.00
19 20 0.27 0.12 -0.27 -0.12 0.00 0.00
20 21 0.18 0.08 -0.18 -0.08 0.00 0.00
21 22 0.09 0.04 -0.09 -0.04 0.00 0.00
3 23 0.94 0.46 -0.94 -0.46 0.00 0.00
23 24 0.85 0.41 -0.84 -0.40 0.01 0.00
24 25 0.42 0.20 -0.42 -0.20 0.00 0.00
6 26 0.95 0.97 -0.95 -0.97 0.00 0.00
26 27 0.89 0.95 -0.88 -0.95 0.00 0.00
27 28 0.82 0.92 -0.81 -0.91 0.01 0.01
28 29 0.75 0.89 -0.75 -0.88 0.01 0.01
29 30 0.63 0.81 -0.62 -0.81 0.00 0.00
30 31 0.42 0.21 -0.42 -0.21 0.00 0.00
31 32 0.27 0.14 -0.27 -0.14 0.00 0.00
32 33 0.06 0.04 -0.06 -0.04 0.00 0.00

B.3 118-Bus Test System

The bus data results of the conventional ACOPF and the proposed ACOPF are

shown in Table B.3. The active and reactive power flow results on each branch of

ACOPF with SOCP Relaxation are shown in Table B.4.




Table B.3 Comparison of bus data result in 118-bus test system
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Conventional ACOPF ACOPF with SOCP Relaxation
- V (p.u.) P, (MW) | Qg4 (MVAI) V(p.u.) P, (MW) | Q4 (MVAr)
1 1.033 26.48 15.00 1.032 0.00 15.00
2 1.039 - - 1.042 - -
3 1.038 - - 1.038 - -
il 1.06 0.00 71.52 1.060 0.00 64.82
5 1.057 - - 1.058 - -
6 1.053 0.04 33.28 1.055 0.00 30.72
7 1.051 = : 1.055 0.00 0.00
8 1.041 0.00 -78.64 1.047 0.00 -163.52
9 1.06 - - 1.060 - -
10 1.053 401.87 -99.68 1.044 349.20 -128.97
11 1.046 7 v 1.050 - -
12 1.05 85.79 54.44 1.056 185.00 57.53
13 1.034 - 5 1.037 - -
14 1.049 = = 1.052 - -
15 1.049 20.88 23.85 1.047 0.00 30.00
16 1.046 - - 1.049 - -
17 1.06 - - 1.058 - -
18 1.05 13.22 30.47 1.050 0.00 4381
19 1.048 21.58 23.96 1.046 0.00 24.00
20 1.036 - - 1.036 - -
21 1.031 - - 1.032 - -
22 1.035 - - 1.037 - -
23 1.049 - - 1.050 - -
24 1.046 0.00 -7.30 1.046 0.00 -0.69
25 1.06 193.81 -470 1.060 200.22 99.61
26 1.027 279.76 -27.58 1.060 285.77 72.08
27 1.041 9.92 25.53 1.044 0.00 24.59
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Conventional ACOPF ACOPF with SOCP Relaxation
- V (p.u.) P, (MW) | Qg4 (MVAN) V (p.u.) P, (MW) | Q4 (MVAr)
28 1.035 - - 1.039 - -
29 1.035 - - 1.042 - -
30 1.031 - - 1.060 - -
31 1.039 7.25 27.19 1.046 49.78 29.19
32 1.041 14.86 21.83 1.043 0.00 19.94
33 1.046 - - 1.043 - -
34 1.056 4.88 -7.93 1.053 0.00 24.00
35 1.054 ~ Z 1.050 - -
36 1.054 10.66 19.77 1.051 0.00 24.00
37 1.06 - - 1.056 - -
38 1.015 - - 1.060 - -
39 1.042 - - 1.036 - -
40 1.042 49.32 28.75 1.036 0.00 41.55
a1 1.035 - = 1.030 - -
a2 1.041 40.99 22.10 1.037 0.00 32.08
43 1.04 = = 1.035 - -
a4 1.031 - - 1.025 - -
45 1.025 - - 1.028 - -
46 1.038 19.04 -4.15 1.057 60.09 19.54
av 1.045 - - 1.058 - -
48 1.047 - - 1.054 - -
49 1.05 193.33 19.68 1.060 304.00 30.28
50 1.039 - - 1.052 - -
51 1.022 - - 1.038 - -
52 1.017 - - 1.033 - -
53 1.016 - - 1.033 - -
54 1.031 49.54 34.87 1.048 148.00 31.17
55 1.031 32.13 20.01 1.046 0.00 20.72




115

Conventional ACOPF ACOPF with SOCP Relaxation
- V (p.u.) P, (MW) | Qg4 (MVAN) V (p.u.) P, (MW) | Q4 (MVAr)
56 1.031 32.56 14.88 1.046 0.00 15.00
57 1.032 - - 1.046 - -
58 1.024 - - 1.039 - -
59 1.047 149.70 95.67 1.060 247.57 122.78
60 1.046 - - 1.058 - -
61 1.048 148.41 31.96 1.060 187.76 32.40
62 1.044 0.00 0.89 1.056 0.00 11.14
63 1.016 ~ Z 1.057 - -
64 1.023 - - 1.059 - -
65 1.016 352.24 -66.99 1.060 276.42 40.48
66 1.06 348.86 -67.00 1.060 277.13 153.38
67 1.047 - - 1.053 - -
68 1.015 - : 1.060 - -
69 1.06 453.67 -111.09 1.060 425.45 76.47
70 1.039 0.00 28.87 1.039 0.00 32.00
71 1.039 - - 1.040 - -
72 1.04 0.00 -5.20 1.041 0.00 -4.49
73 1.038 0.00 -2.22 1.041 0.00 1.57
74 1.022 16.93 9 1.010 0.00 9.00
75 1.024 - - 1.016 - -
76 1.012 22.85 23 1.000 0.00 23.00
7 1.047 0.00 69.99 1.042 0.00 70.00
78 1.042 - - 1.036 - -
79 1.044 - - 1.035 - -
80 1.06 430.84 -9.42 1.060 447.85 125.73
81 1.011 - - 1.059 - -
82 1.038 - - 1.025 - -
83 1.04 - - 1.027 - -
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Conventional ACOPF ACOPF with SOCP Relaxation
- V (p.u.) P, (MW) | Qg4 (MVAN) V (p.u.) P, (MW) | Q4 (MVAr)
84 1.043 - - 1.034 - -
85 1.051 0.00 23.00 1.044 0.00 23.00
86 1.044 - - 1.041 - -
87 1.057 3.63 3.54 1.056 11.92 3.80
88 1.048 - - 1.046 - -
89 1.06 501.84 -24.01 1.060 381.36 2.06
90 1.042 0.00 47.21 1.041 0.00 45.22
91 1.046 0.00 1.56 1.044 0.00 0.48
92 1.05 0.00 9.00 1.050 0.00 9.00
93 1.04 - - 1.040 - -
94 1.038 - - 1.037 - -
95 1.027 - - 1.024 - -
96 1.035 - : 1.031 - -
97 1.043 - = 1.040 - -
98 1.052 - - 1.053 - -
99 1.054 0.00 -3.17 1.055 0.00 -3.30
100 1.058 231.29 a5.77 1.060 301.94 29.93
101 1.043 - - 1.044 - -
102 1.047 - - 1.048 - -
103 1.051 38.25 11.72 1.059 95.99 20.12
104 1.043 0 22.87 1.042 0.00 23.00
105 1.04 5.16 9.31 1.038 0.00 23.00
106 1.034 - - 1.032 - -
107 1.034 29.03 3.26 1.029 0.00 16.10
108 1.039 - - 1.039 - -
109 1.039 - - 1.039 - -
110 1.041 7.03 19.67 1.043 0.00 23.00
111 1.049 35.24 -0.25 1.060 79.07 1.31
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Conventional ACOPF ACOPF with SOCP Relaxation
- V (p.u.) P, (MW) | Qg4 (MVAN) V (p.u.) P, (MW) | Q4 (MVAr)
112 1.034 36.48 10.28 1.030 0.00 16.58
113 1.055 0.00 -10.23 1.057 0.00 2.85
114 1.037 - 1.039 - -
115 1.036 - 1.038 - -
116 1.015 0.00 1.059 0.00 -1.97
117 1.035 - 1.041 - -
118 1.012 - 1.002 - -
Table B.4 Branch data result in 118-bus test system

From To P;; Qij P Qji Poss Qross
BUS Bus (MW) (MVAr) (MW) (MVAr) (MW) (MVAr)
1 2 -16.47 -6.58 16.56 4.14 0.09 0.28
1 3 -34.53 -5.42 34.67 4.74 0.15 0.48
q 5 -74.87 48.20 74.99 -47.87 0.12 0.56
3 5 -58.56 -5.83 59.33 6.17 0.77 3.46
5 6 63.36 -8.51 -62.93 8.89 0.43 1.97
6 7 10.93 -0.17 -10.92 -0.42 0.00 0.02
8 9 -343.59 -66.02 346.22 -30.02 2.63 32.88
8 5 240.46 -36.39 -240.46 50.81 0.00 14.42
9 10 -346.22 30.02 349.20 | -128.97 2.98 37.17
il 11 35.87 4.61 -35.62 -5.75 0.25 0.81
5 11 42.78 -0.59 -42.45 -0.22 0.33 1.12
11 12 -25.57 -24.31 25.63 23.97 0.07 0.22
2 12 -36.56 -13.14 36.81 12.25 0.26 0.84
3 12 -15.12 -8.92 15.24 4.87 0.12 0.41
7 12 -8.08 -1.58 8.09 0.63 0.01 0.02
11 13 33.64 7.28 -33.40 -8.53 0.24 0.80
12 14 21.18 -2.69 -21.09 0.96 0.09 0.29
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From To P;j Qij P Qji Pyoss Quoss
Bus Bus (MW) (MVAr) (MW) (MVAr) (MW) (MVAr)
13 15 -0.60 -7.47 0.62 0.71 0.01 0.04
14 15 7.09 -1.96 -7.06 -3.48 0.03 0.09
12 16 10.92 3.86 -10.89 -6.12 0.03 0.11
15 17 -96.62 2.30 97.75 -3.49 1.13 3.73
16 17 -14.11 -3.88 14.19 -0.97 0.08 0.33
17 18 91.50 -4.97 -90.57 7.32 0.92 3.79
18 19 30.57 2.49 -30.48 -3.32 0.10 0.42
19 20 12.19 4.44 -12.15 -7.47 0.04 0.20
15 19 14.23 -1.36 -14.21 0.33 0.02 0.07
20 21 -5.85 4.47 5.86 -6.72 0.01 0.05
21 22 -19.86 -1.28 19.94 -1.00 0.08 0.36
22 23 -29.94 -4.00 30.23 0.94 0.29 1.33
23 24 50.35 -7.54 -50.04 3.21 0.31 1.14
23 25 -130.33 14.30 132.78 -11.33 2.45 12.58
26 25 38.85 122.50 -38.85 122.50 0.00 245.00
25 27 106.30 -11.56 -103.10 8.44 3.20 16.39
27 28 13.13 1.63 -13.10 -3.83 0.03 0.14
28 29 -3.90 -3.17 3.90 0.61 0.00 0.02
30 17 270.19 24.99 -270.19 13.71 0.00 38.70
8 30 75.13 -61.10 -74.87 T7.17 0.26 3.10
26 30 206.92 -50.42 -242.58 -4.94 4.34 46.67
17 31 28.44 -2.08 -28.10 -1.21 0.34 1.13
29 31 -27.90 -4.61 27.98 3.95 0.08 0.24
23 32 42.75 -10.70 -02.22 -0.23 0.53 1.93
31 32 6.90 -0.55 -6.89 -2.14 0.01 0.04
27 32 2.79 -1.17 -2.79 -0.92 0.00 0.01
15 33 -1.17 1.84 1.17 -5.31 0.00 0.02
19 34 -12.50 -2.44 12.61 -4.16 0.11 0.36
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From To P;j Qij P Qji Pyoss Quoss
Bus Bus (MW) (MVAr) (MW) (MVAr) (MW) (MVAr)
35 36 8.74 -7.15 -8.74 6.86 0.00 0.01
35 37 -41.74 -1.85 41.92 1.18 0.17 0.79
33 37 -24.17 -3.69 24.40 0.42 0.22 0.77
34 36 22.30 -0.65 -22.26 0.14 0.04 0.12
34 37 -112.11 -1.39 112.40 1.36 0.29 1.07
38 37 294.07 27.21 -294.07 1.90 0.00 29.11
37 39 66.81 0.22 -65.52 1.08 1.29 4.25
37 40 48.55 -5.09 -47.29 4.06 1.26 3.57
30 38 47.27 -27.23 4717 -19.11 0.09 1.08
39 40 38.52 -12.08 -38.25 11.32 0.28 0.91
40 41 23.49 5.42 -23.41 -6.45 0.08 0.27
40 42 -3.95 -2.26 3.96 -2.72 0.01 0.03
41 42 -13.59 -3.55 13.66 0.11 0.07 0.24
43 44 0.05 1.23 -0.04 -7.63 0.01 0.05
34 43 18.19 4.19 -18.05 -8.23 0.14 0.57
44 45 -15.96 -0.37 16.01 -1.77 0.05 0.22
45 46 -38.05 -12.11 38.64 10.50 0.59 2.00
46 47 -3.46 -1.23 3.46 -2.29 0.00 0.01
46 48 -3.09 0.27 3.10 -5.49 0.01 0.03
a7 49 -24.81 3.05 24.92 -4.49 0.11 0.35
42 49 -56.81 5.84 59.03 -5.29 2.22 10.02
42 49 -56.81 5.84 59.03 -5.29 2.22 10.02
45 49 -30.96 -8.12 31.61 5.03 0.64 1.75
48 49 -23.10 -5.51 23.19 4.35 0.09 0.25
49 50 30.90 0.16 -30.68 -1.61 0.23 0.64
49 51 36.52 3.23 -35.93 -5.34 0.59 1.66
51 52 16.30 1.75 -16.25 -3.09 0.05 0.15
52 53 -1.75 -1.91 1.75 -2.42 0.00 0.00
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From To P;j Qij P Qji Pyoss Quoss
Bus Bus (MW) (MVAr) (MW) (MVAr) (MW) (MVAr)
53 54 -24.75 -8.58 24.91 5.98 0.16 0.75
49 54 18.77 -4.07 -18.54 -3.23 0.23 0.91
49 54 15.74 -4.15 -15.55 -3.32 0.19 0.64
54 55 13.48 -0.89 -13.46 -1.20 0.03 0.12
54 56 61.75 1.51 -61.65 -1.99 0.10 0.33
55 56 -11.91 0.19 11.91 -0.58 0.01 0.02
56 57 -1.59 -0.68 1.60 -1.96 0.00 0.00
50 57 13.68 -2.39 -13.60 -1.04 0.08 0.23
56 58 9.41 2.96 -9.38 -5.50 0.03 0.09
51 58 2.62 -4.41 -2.62 2.50 0.00 0.01
54 59 -31.06 -0.88 31.50 -3.74 0.44 2.03
56 59 -20.76 -1.47 21.09 -3.84 0.33 0.99
56 59 -21.32 -1.24 21.65 -3.71 0.34 1.00
55 59 -37.64 -0.26 38.26 -3.19 0.62 2.81
59 60 0.54 -0.66 -0.54 -3.55 0.00 0.00
59 61 -6.82 -0.65 6.84 -3.64 0.01 0.07
60 61 -91.09 0.71 91.28 -1.34 0.20 1.00
60 62 13.62 -0.16 -13.60 -1.39 0.02 0.09
61 62 49.59 0.42 -49.41 -0.69 0.18 0.82
63 59 135.64 8.77 -135.64 25.58 0.00 34.35
63 64 -135.64 -8.77 135.92 -12.11 0.28 3.30
64 61 -40.05 27.72 40.05 36.96 0.00 64.68
38 65 -246.90 -8.10 251.99 -53.69 5.09 55.75
64 65 -95.88 -15.61 96.10 -24.55 0.22 2.49
49 66 -38.32 6.76 38.57 -8.30 0.25 1.26
49 66 -38.32 6.76 38.57 -8.30 0.25 1.26
62 66 -13.54 -2.01 13.62 -4.10 0.08 0.36
62 67 -0.45 1.23 0.45 -4.67 0.00 0.01
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From To P;j Qij P Qji Pyoss Quoss
Bus Bus (MW) (MVAr) (MW) (MVAr) (MW) (MVAr)
65 66 -118.77 155.99 118.77 155.99 0.00 311.99
66 67 28.62 0.08 -28.45 -2.33 0.16 0.74
65 68 47.10 -37.28 -47.07 -34.07 0.03 0.32
a7 69 -12.65 -0.76 12.78 -6.77 0.13 0.42
49 69 -6.06 -2.75 6.09 -6.44 0.04 0.12
68 69 -173.59 88.64 173.59 90.77 0.00 179.41
69 70 95.36 -6.39 -92.94 3.23 2.43 10.28
24 70 29.24 -2.20 -29.23 -5.63 0.02 3.26
70 71 10.26 -71.53 -10.24 6.63 0.01 0.05
24 72 7.80 -1.70 =177 -3.51 0.03 0.11
71 72 4.24 -3.80 -4.23 -0.98 0.01 0.03
71 73 6.00 -2.83 -6.00 1.57 0.00 0.02
70 74 29.66 12.09 -29.26 -14.31 0.40 1.32
70 75 16.24 9.84 -16.08 -13.11 0.16 0.53
69 75 85.66 6.40 -82.95 -11.60 2.71 8.16
74 75 -38.74 -3.69 38.92 3.23 0.18 0.60
76 14 -57.94 -10.50 59.46 11.75 1.52 5.08
69 7 51.97 -1.10 -51.22 -7.91 0.75 2.45
75 7 -30.27 -5.49 30.80 2.01 0.54 1.79
7 78 25.14 39.54 -25.06 -40.65 0.08 0.26
78 79 -45.94 14.65 46.06 -14.81 0.12 0.53
77 80 -90.03 -9.13 91.31 7.57 1.28 3.64
14 80 -51.86 -3.87 52.59 3.96 0.73 2.61
79 80 -85.06 -17.19 86.15 20.07 1.09 4.93
68 81 36.55 -45.36 -36.53 -45.07 0.02 0.24
81 80 36.53 45.07 -36.53 50.53 0.00 95.60
77 82 16.71 9.60 -16.58 -17.96 0.13 0.37
82 83 -5.12 -5.96 5.12 1.98 0.00 0.01
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From To P;j Qij P Qji Pyoss Quoss
Bus Bus (MW) (MVAr) (MW) (MVAr) (MW) (MVAr)
83 84 -5.94 -4.13 5.97 1.44 0.03 0.05
83 85 -19.18 -7.85 19.35 4.69 0.16 0.57
84 85 -16.97 -8.44 17.07 7.32 0.10 0.21
85 86 9.16 -1.26 -9.13 -1.65 0.03 0.09
86 87 -11.87 -8.35 11.92 3.80 0.05 0.34
85 88 -17.27 -0.01 17.32 -2.72 0.06 0.28
85 89 -52.30 -2.73 52.90 1.87 0.60 4.34
88 89 -65.32 -7.28 65.87 7.93 0.55 2.80
89 90 46.86 -3.11 -45.85 0.95 1.01 3.67
89 90 102.17 -5.09 -99.96 2.66 2.21 9.26
90 91 -17.20 -0.39 17.27 -1.70 0.07 0.23
89 92 90.73 1.53 -90.00 -3.92 0.73 3.71
89 92 22.84 -1.07 -22.66 -2.80 0.18 0.74
91 92 -27.27 2.18 27.54 -4.88 0.27 0.89
92 93 15.25 7.30 -15.18 -9.45 0.07 0.23
92 94 9.64 3.96 -9.59 -8.20 0.06 0.19
93 94 3.18 2.45 -3.18 -4.46 0.00 0.02
94 95 32.37 20.06 -32.19 -20.64 0.18 0.60
80 96 39.70 7.78 -39.16 -10.44 0.53 2.73
82 96 -32.30 -3.08 32.46 -2.14 0.16 0.53
94 96 9.74 2.87 -9.72 -5.23 0.03 0.09
80 97 46.98 12.55 -46.59 -13.35 0.39 2.00
80 98 23.51 0.77 -23.39 -3.43 0.12 0.54
80 99 14.15 -3.49 -14.07 -2.25 0.08 0.37
92 100 -9.17 -3.97 9.22 -1.05 0.05 0.23
94 100 -59.35 -26.27 60.02 21.82 0.67 2.19
95 96 -9.81 -10.36 9.84 8.90 0.03 0.10
96 97 -31.43 -6.08 31.59 4.35 0.16 0.84
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From To P;j Qij P Qji Pyoss Quoss
Bus Bus (MW) (MVAr) (MW) (MVAr) (MW) (MVAr)
98 100 -10.61 -4.57 10.65 -0.55 0.04 0.19
99 100 -27.93 -1.06 28.06 -0.79 0.13 0.57
100 101 22.75 6.94 -22.60 -9.90 0.15 0.67
92 102 4.40 3.30 -4.40 -4.90 0.00 0.02
101 102 0.60 -5.10 -0.60 1.90 0.00 0.01
100 103 38.83 -11.38 -38.60 6.10 0.22 0.74
100 104 48.26 -2.35 -47.33 0.61 0.94 4.23
103 104 33.14 -0.43 -32.69 -2.50 0.46 1.56
103 105 36.78 -0.23 -36.13 -2.29 0.65 1.97
100 106 47.14 -0.70 -45.94 -1.54 1.20 4.54
104 105 42.01 -0.11 -41.85 -0.35 0.16 0.61
105 106 19.67 6.13 -19.62 -7.45 0.06 0.22
105 107 28.10 -4.88 -27.71 1.19 0.39 1.35
105 108 -0.79 -1.61 0.79 -0.37 0.00 0.00
106 107 22.56 -7.02 -22.29 291 0.26 0.91
108 109 -2.79 -0.63 2.79 -0.19 0.00 0.00
103 110 41.67 -1.32 -41.07 -0.96 0.61 2.81
109 110 -10.79 -2.81 10.82 0.70 0.03 0.08
110 111 -77.85 0.69 79.07 1.31 1.23 4.21
110 112 69.09 -7.43 -68.00 3.58 1.09 2.82
17 113 27.31 -5.20 -27.25 4.55 0.06 0.21
32 113 -21.00 -3.19 21.25 -1.70 0.25 0.82
32 114 13.90 3.41 -13.87 -5.06 0.03 0.12
27 115 16.17 2.70 -16.13 -4.65 0.04 0.19
114 115 5.87 2.06 -5.87 -2.35 0.00 0.00
68 116 184.10 -9.21 -184.00 -7.97 0.10 1.22
12 117 20.13 4.63 -20.00 -8.00 0.13 0.56
75 118 43.38 15.98 -43.08 -16.19 0.30 1.00
76 118 -10.06 -2.50 10.08 1.19 0.02 0.06
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